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Preface 

Over two decades  have e l a p s e d  s i n c e  t h e  d i s c o v e r y  of  t h e  Z i e g l e r -  

N a t t a  c a t a l y s t .  Tremendous r e s e a r c h  e f f o r t  h a s  been aimed a t  improv- 

i n g  t h i s  marvelous c a t a l y s t .  I n  twen ty - f ive  y e a r s  s i n c e  t h e  f i r s t  

p u b l i c a t i o n  m o r e  t h a n  1 5 , 0 0 0  p a p e r s  and p a t e n t s  have appea red  concern-  

i n g  it and r e l a t e d  s u b j e c t s .  Th i s  e f f o r t  h a s  y i e l d e d  new g e n e r a t i o n s  

of  Z ieg le r -Na t t a  c a t a l y s t s  w i t h  s u p e r i o r  a c t i v i t y  and s t e r e o s p e c i f i -  

c i t y .  The c o m p l e x i t i e s  a r i s i n g  from t h e  h e t e r o g e n e i t y  o f  t h e  c a t a l y s t ,  

however,  have h inde red  unde r s t and ing  of t h e  c a t a l y t i c  p r o c e s s e s  which 

t a k e  p l a c e  on t h e  c a t a l y s t  s u r f a c e .  N e v e r t h e l e s s ,  many fundamenta l  

f e a t u r e s  o f  t h e  c a t a l y s t  sys tem have now been  c l a r i f i e d  r e a s o n a b l y  

w e l l .  Recen t ly ,  a h i g h l y  a c t i v e  homogeneous c a t a l y t i c  sys tem h a s  been 

deve loped ,  which i s  c a p a b l e  of  c a t a l y z i n g  even  i s o t a c t i c  p o l y m e r i z a t i o n  

of  propene .  There i s  no doub t  t h a t  t h i s  f i n d i n g  w i l l  n o t  on ly  

c o n t r i b u t e  t o  ou r  u n d e r s t a n d i n g  of t h e  d e t a i l e d  mechanism of  polymer i -  

z a t i o n ,  b u t  a l s o  s t i m u l a t e  t h e  development of v a r i o u s  k i n d s  of 

t a i l o r e d  polymers .  Thus t h i s  s u b j e c t  w i l l  remain of  paramount impor- 

t a n c e  i n  t h e  development  of chemis t ry  and polymer s c i e n c e  f o r  a long  

t i m e  t o  come. 

A t i m e l y  symposium on "Fu tu re  Aspec t s  on O l e f i n  Po lymer i za t ion"  

was h e l d  i n  Tokyo i n  J u l y  1 9 8 5 .  Many a c t i v e  r e s e a r c h e r s  r e p o r t e d  
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I~ECXANISTIC STUDIES ON ZIEGLER-NATTA CATALYSIS 

-A Piethodological Reconsideration- 

TOivlINAGA KEJI 
Numazu College of Technology, Ooka 3600, Numazu 410, Japan 

SUMMARY 

Although our present fundamental understanding of Ziegler-Natta 

catalysis is one of the most advanced among the commercial catalysts, 

it is still far from perfect. Here, the kinetic approaches are 

critically summarized on the basis of a thres-stage methodological 

classification system: characterization, phenomenological formalism 

and mechanistic approach. Under characterization the present concep- 

tion of stereoregularity is criticized. In the second stage the 

proposed rate equations are discussed in light of experimental preci- 

sion and kinetic models. The contradictions of our models with the 

experimental data found in studies on the effect of hydrogen on 

polymerization are pointed out, and the theories proposed for molecu- 

lar weight distributions are discussed. Under mechanistic approach, 

the confusion in defining polymerization centers are pointed out. 

The definition suffers from both the definition in radical polymeri- 

zations and experimental operations. Reconsideration reveals some 

problems which remain unsolved and these are listed herein. Finally, 

an attempt is made to explain the effect of hydrogen on both poly- 

merization rate and molecular weight. 

INTRODUCTION 

What is the present status of our understanding of Ziegler-Natta 

polymerizat ion ? 

Since the findings of Ziegler and Natta first made their impact 

felt on the world plastic industry, much fundamental research has 

been conducted on the nature of Ziegler-Natta catalysts. Undoubtedly, 

our fundamental understanding of these catalysts is the most advanced 

of the many commercial catalysts. Of course, there are some widely 

investigated catalytic reactions such as the transition metal-cata- 
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lyzed hydrogenation of olefin and ammonia synthesis. The under- 

standing of such reactions, however, still remains in the phenomeno- 

logical stages because of the lack of methods to determine the number 

of active centers. On this point, our working methods for determi- 

ning the concentration of polymerization centers are so remarkably 

advantageous in the fundamental research of Ziegler-Natta catalysts 

that we can discuss them in terms of respective sets of rate con- 

stants of elementary reactions such as propagation and transfers. 

The success of the ongoing fundamental research has, more or 

less, built some solid bases for future technical developments. 

Nevertheless, our present understanding is far from a complete under- 

standing of the nature of Ziegler-Natta catalysts. Indeed it is un- 

certain whether complete understanding is possible. 

In this article, the author will reconsider mainly the present 

kinetic approaches on the mechanism of Ziegler-Natta polymerization 

and point out some problems which remain unsolved, classifying them 

according to a three-stage methodological rating system. 

The three stages taken up here are characterization, phenomeno- 

logical formalism and mechanistic approach. The first stage is des- 

cription of phenomena. In the research on commercial catalysts 

descriptive efforts usually suffer from application. The second 

stage is a middle stage between the others, generally regarded as a 

stage of explanation in understanding. However, the author deals 

with this as an independent stage useful in the course of scientific 

discovery. The last stage is the explanation of phenomena. Many 

separate studies on various researches using numerous methods are 

classified into these three stages and reconsidered. The purpose of 

this reconsideration is to improve the tools of research and to 

clarify the problems which exist in order to further advance our 

understanding of Ziegler-Natta catalysis. 

METHODOLOGICAL SUMMARY OF ONGOING STUDIES 

The research efforts which have been devoted to the fundamental 

understanding of Ziegler-Natta catalysis may be summarized as follows 

on the basis of the above classification method. 
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( 1  ) Characteriz?.tion 

Catalyst yield for a prescribed time. 

Polyinerization rate-time curve. 

Stereoregularity of produced polymers. 

Molecular weight of produced polymers. 

Molecular weight distribution of produced polymers. 

Specific surface area, pore structure and $article shape 

of catalysts. 

(2) Phenomenological Formalism 

Kinetic studies to construct rate equations. 

Kinetic analysis of rate-time curves. 

Kinetic studies of molecular weights. 

Kinetic studies of effects of additives. 

Construction of MWD equation. 

(3) Mechanistic Approach 

Kinetic analysis of molecular weight-time curves. 

Measurement of active center concentration: 

radioactive tracer tagging, 

poisoning of catalyst activity. 

ESR measurement during polymerization. 

Chemical analysis of catalyst. 

Electron microscopy of the surface of catalyst. 

Microscopy of polymer particles and catalyst particles. 

Reconsideration of Characterization Studies ( 1 )  

The above methodological classification of ongoing research may 

be useful for re-evaluating our present line of approach. A s  to the 

characterization methods the following should be pointed out. In a 

purely fundamental point of view, the characterization of a catalyst 

must be done by factors which are directly connected tothe nature of 

the catalyst, i.e. the activity and selectivity of the catalyst. 

Furthermore, catalyst yield cannot be used as representative of 

activity, except in the case of "kinetic analysis of molecular 

weight-time curve." What we must discuss here mainly is "stereoregu- 

lation (tacticity)" of produced polymers as a characterization factor 

of the stereospecificity of a catalyst. Usually we use the weight 

fraction of heptane-insoluble polymers as the stereoregularity. This 

is the most convenient characterization of produced polymers for 
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of stereos2ecificity of the catalyst. As is well-known, total 

polymers can be fractionized by the use of a set of solvents. The 

extraction of polymers by boiling heptane is only one of many ways of 

se;,sarating polymers into two groups, crystalline and amor2hous. Fur- 

thermore, the recent development of ' 3C-NPlR s2ectroscopy has revealed 

that the microtacticities of polymer fractions by heptane extraction 

are not so different, i.e. 90% < (insoluble ;solymers) and 30% > 

(soluble polymers) in percent meso-aiads. Therefore, the weight 

fraction of heptane-insoluble polymers cannot be used as being repre- 

sentative of the stereospecificity of a catalyst, in the sense of 

catalyst selectivity to yield a polymer of isotactic structure. Of 

course, the weight fraction can be used as can selectivity to yield 

the polymer insoluble for boiling heptane. The relationship between 

the solubility of a polymer solid for a solvent and the microstruc- 

ture of the polymer chain is a problem of polymer physics. The 

stereoregularity of produced polymers in the fundamental characteri- 

zation should be represented by a micro-tacticity distribution, e.g. 

a spectrum of differential weight of polymer versus percent meso- 

diads. It should be noted that the use of solubility as a measure of 

catalyst stereospecificity is not effective in fundamental research, 

although it is convenient for practical purposes. There is no 

problem concerning the average molecular weight of produced polymers, 

since the development of GPC gave us number average and weight av- 

erage molecular weights. The use of viscosity average molecular 

weight as a substitute for number average molecular weight must be 

avoided, even though viscosity average molecular weight is closely 

connected to "melt flow index." 

The BET method for measuring specific surface areas and pore 

structures of solid catalysts is not useful for the Ziegler-Natta 

catalysts because of its applicability to ensembles of secondary 

particles. The working state of the catalyst particles may be that 

of the primary particles as a result of deaggregation of secondary 

particles. In addition, the deaggregation in the case of M g C 1 2 -  

supported catalysts may be more complicated. Thus it is necessary to 

develop some methods useful for catalysts. However, the BET method is 

effective qualitatively for traditional TiC13 and Solvey catalysts, 

the BET-surface areas of which may be those of primary particles. 
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~ec9nsid~ration of Phenomenologlcal Formalism (2) 

(a) The experlrnental equations proposed for stationary rates are 

those of adsorption kinetics, as follows. 

- 
RP - 

Rp = 

Rp = 

Rp = 

R =  
P 

Rp = 
k [ M J K  [A' 1 
1 + K[A']1/2 

with [A'] = [A] - const. 

( 3 )  

( 4 )  

( 5 )  

Equations (5) and (6) are emphasize the dependence of the rate on the 

concentration of alkylaluminum [ A ]  in the region of low concentra- 

tion. Indeed, the dependency seems to be of a second order with 

respect to [ A ]  in the region of low concentration. However, the 

molar ratios, [Al/[Til, in such region are less than unity, which 

strongly suggests that the true concentrations of alkylaluminum are 

lower than those expected from its dosed amount, because of the 

consumption by the alkylation of titanium chlorides. In addition, 

the second order dependence of the polymerization rate on alkylalumi- 

nium may not be realistic in conventional heterogenous kinetics. In 

the latter sense, equation ( 6 )  was proposed') as being compatible 
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with a kinetic model in which alkylaluminum participates in its 

monomer form. However, the applicability of (6) has not been sup- 

ported by experiments. The first four types of rate equations, (1)- 

(4), may be useful for the phenomenological formulation of the poly- 

merization rate. The four equations are discussed below. Equation 

(3) has been obtained from propylene polymerization with some soluble 

Ziegler catalysts at low temperatures (around -78OC) ,2) while equa- 

tions ( 1 )  and (2) have been obtained from polymerization with hetero- 

geneous catalysts in a slurry system at medium temperatures (30- 

1 0 0 ° C ) . 3 )  Because of the constant K M  of small value, the Langmuir 

dependence of rate on monomer concentration [MI appears only in low 

temperature polymerization where higher concentrations of monomers 

(about 1 0  mol/l) can be used. On the other hand, the monomer concen- 

trations in slurry polymerizations under several atmospheric pres- 

sures are lower (0.4 mol/l at 4OoC and 1 atm) and the simple first 

order kinetics with respect to [MI in equation ( I ) ,  as an approximate 

form, appears. Similarly, equation (2) may be regarded as an ap- 

proximate form of equation (4) which was proposed by Vessely') for 

propylene polymerization with TiC13/A1Et3 at 5OoC and [MI = 0.58 and 

2.3 rnol/l. The applicability of equation (41, however, has not been 

confirmed for propylene polymerizations under similar conditions, 

though the equation is useful for further kinetic consideration of 

the polymerization. It is worthwhile to examine the effect of the 

monomer concentration on polymerization rate for a wider range of 

propylene pressure. The observed rates of propylene polymerization 

in liquid pool (vapor pressure is about 30 atm) roughly correspond to 

those expected from slurry polymerization under about 20 atm. This 

cannot be taken simply as evidence of the role of K M [ M ]  in the 

denominator of rate equation, because of the fugacity effect of 

propylene appears in such a high-pressure region. 

According to adsorption kinetics, the above rate equations may 

be understood as follows. Assuming that the rate of polymerization 

corresponds to theirate of the rate-determining step of propagation 

(chain growing), the rate equations (3) and ( 4 1 ,  Langmuir-Hinshelwood 

type, are considered to represent the surface reaction between an 

adsorbed monomer and an adsorbed alkylaluminum-dimer. The difference 

between (3) and (4) is that the adsorption sites of both molecules 

are the same in ( 4 )  while they are not the same but specific for each 
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molecule in (3). A 2roSlem arises from the kinetic interpretation of 

another equeation. For equation ( 1  ) , Rideal type, there are three 
possibilities: one is that equation ( 1 )  corresponds to the reaction 

between a solute monomer and an adsorbed alkylaluminum-dimer (Rideal 

mechanism5)), the second is that ( 1 )  is an approximate form of (3) 

when KN[M] is negligibly smaller than unity, and the third possibili- 

ty is that ( 1 )  is an approximate form of (4) whenKM[M] is negligible 

and KA[A] is comparable to unity. The last interpretation also 

corresponds to the possibility that ( 1 )  is an approximate form of 

(2). As for (2) a similar formalism may be applied. That is, it 

may be considered as representing the reaction of a solute monomer 

with a pair of adsorbed alkylaluminum-dimer molecules and a vacant 

site, or it may be an approximate form of (4). The problem to 

decide whether an equation is an approximate form or not is one of 

experimental level, mentioned above. However, the decision is also 

connected with the problem that we prefer to take a plausible kinetic 

model. The possibility that (2) represents a special three-body 

reaction which involves a vacancy may be eliminated. Then (2) must 

be an approximate form of ( 4 1 ,  which corresponds to the surface 

reaction between an adsorbed monomer and an adsorbed alkylaluminum- 

dimer. 

From these considerations we must recognize the three rate equ- 

ations, ( I ) ,  (3) and ( 4 1 ,  as being confirmed on the phenomonological 

level, taking into account that ( 1 )  is perhaps an approximate form of 

( 3 )  or ( 4 ) .  

Based upon conventional kinetics, we can take these three rate 

equations thus obtained as representing possible kinetic models (phe- 

nomenological forms or reaction types of the mechanism of the rate- 

determining step of chain-growing reaction). That is, we can suppose 

that the molecularity of the rate-determining step is ( 2 ) ,  i.e. the 

step is the reaction of an adsorbed alkylaluminum-dimer with a solute 

monomer in the case of ( 1  ) ,  or an adsorbed monomer in the cases of 

(3) and (4). In Ziegler-Natta catalysis, however, the above kinetic 

conclusion has not been accepted because of its contradiction with 

the Cossee Mechanism6) in which alkylaluminum does not participate as 

the dimer but as the monomer. Can we find a plausible explanation 

for this contradiction between the kinetic conclusion and the chemi- 

cal model ? In this connection, it may be necessary to check other 
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possibilities that these rate equations do not represent the usual 

models of adsorption kinetics but other kinetic models, e.g. those 

based on some stationary states which are different from adsorption 

(coordination) equilibrium. For this a key may be to clear the 

temperature coefficient of KAl which has not been well established. 

(b) The dependence of rate on polymerization time 

As is well-known, except for the living polymerization systems 

found by Doi et al.,*) the rates of all polymerization systems change 

with The rate of propylene polymerization with TiC13 /AIR3 

increases to its maximum and then gradually decreases to stationary 

value. With A1R2X, the rate increases to its stationary value fol- 

lowed by a slight decrease. In the cases of ethylene polymerization 

with TiCl3/ALEt3 or A1Et2C1 and of propylene polymerizations with 

TiC13/ZnEt2 or MqC12-supported TiC14/A1Et3, the rates of polymeriza- 

tion monotonically decrease to stationary values. In addition to the 

above types of rate changes, the details of the changes depend on the 

kinds of monomer, catalyst and cocatalyst as well as on tempera- 
ture. 3) 

The initial increase of polymerization rate depends on the order 

of addition of monomer and alkylaluminum to TiC13 as 

in the case of polymerization started by the final addition of mono- 

mer, and 

in the case of polymerization started by the final addition of alkyl- 

aluminum. The case of polymerization started by the final addition 

of TiC13 has not been examined. The above two kinetic equations for 
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the initial increase of Dolymerization rate can be understood on the 

basis of a kinetic model which does not contradicted all models 

corresponding to ( I ) ,  (3) and ( 4 ) .  That is, the rate increase is due 

to the increase of polymerization center concentration. Assuming the 

rate equation for the polymerizations to be 

* 
Rp = kp[M]C 

we have 

and 

These two equations can be considered as those which express that the 

polymerization centers are formed by the reaction of a solute monomer 

and an adsorbed alkylaluminum-dimer equilibrated with solution in the 

case of (10) and by the adsorption of an alkylaluminum-dimer from 

solution in the case of (11). These are compatible with the usual 

initiation model that Ti-R changes into polymerization center C* by 

the insertion of one monomer, R* + M _j MI* in conventional radi- 

cal polymerizations. 

Some studies have been conducted on rate decreases. The gradual 

decrease of the polymerization rate after reaching maximum in propy- 

lene polymerization with TiC13/A1Et3 could be expressed by a first 

order decay with respect to the rate itself and the decay constant 

was mostly independent of both [ A ]  and The rapid decay of the 

rate just after the beginning of propylene polymerization with MgC12- 

supported catalyst is rather complicated. We can express it by a 
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second order decay, except for the initial region of more rapid 

decay.7) Galli et al., however, proposed a first order decay.8) 

Thus, the rate decay in the case of the highly active supported 

catalysts should be examined more closely, which may be important 

also in a technical sense for enhancing the catalyst yield. .However, 

some useful results may be noted here. According to the results 

obtained by Suzuki and the author,’) the form of the rate equation is 

independent of the polymerization time at which the rate equation is 

determined, excepting only the values of the apparent rate constant, 

k, as 

This suggests that the rate decay is independent of monomer and 

alkylaluminum. Furthermore, the decay does not stop but continues 

during intermission of polymerization after the monomer is removed, 

indicating that the produced polymer is not responsible for the rate 

decay and suggesting that the diffusion of monomer through polymer is 

not responsible for the rate-determining step of chain growing. In 

connection with the mechanism of the rate decay, Ambroz showed that 

alkylation of TiC13 corresponded to the rate decay,’) and Kashiwa 

showed that reoxidation of deactivated catalyst recovered its cataly- 
tic activity. 1 0 )  

(c) Kinetic studies on average molecular weights 

V(a~ac)~/AlEt~Cl~) the molecular weight was expressed by 

In the case of living polymerization of propylene with 

and the yield at the same time by 
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From these two equations we have the number of growing chains, i.e. 

the concentration of polymerization centers as 

a tV1 KA[A; 
[N] = C* = Y,/M, = 

where [Vl is the concentration of V(acac)3 and ti is a constant less 

than unity. This system is a trivial case of polymerization without 

transfer reaction but it is important as a controlled system for the 

discussion of transfer reactions. Non-living polymerization with 

V ( a ~ a c ) ~ / A l ~ E t ~ C l ~ ~ ~ )  can be understood as polymerization where only 

a transfer by adsorbed monomer occurs in addition to the situation of 

the case with A1Et2C1. The effect of molecular hydrogen on the 

transfer reaction is clearly understandable with the living polymeri- 

zation system. The concentration of total chains in the presence of 

hydrogen can be represented by 

[ N ]  = C* (1 + kh[H21 t) 

This form is compatible with the idea that the transfer reaction by 

hydrogen occurs as 

> cat-H + PH kh cat-P + H 2  

with rapid reinitiation 



12 Toninaga Keii 

Cat-H + )I -> Cat-P 

In heterogeneous catalysis the corresponding situation is one of 

confusion, because inany observed dependencies of the transfer reac- 

tion on hydrogen pressure are not of first but half order. Natta”) 

was aware of this discrepancy between the above idea and his own 

experimental result. He suggested the role of atomic hydrogen, which 

was compatible with the fact that a rapid equilibriation reaction 

between H2 and D2 occurs in the gas phase of propylene polymerization 

system with TiC13/AlEt3.12) At the phenomenological level, however, 

experimental confirmation of the kinetic order is necessary to deter- 

mine whether it is of half order or Langmuir type, as in the case of 

the dependence of polymerization rate on concentrations of alkyl- 

aluminum. More strictly, the effect of hydrogen must be reconsidered 

in connection with the other effect of hydrogen on the catalysis, 

e.9. the effect on polymerization rate. Essentially, the effects of 

hydrogen on the catalysis can be summarized as being additives on 

polymerization systems. 

(d) Effects of additives 

The effect of hydrogen on polymerization rate has not been es- 

tablished experimentally. For a long time it has been generally 

accepted that the polymerization rate decreases upon the addition of 

hydrogen. The rates of propylene polymerization in the presence of 

hydrogen were represented by 

R = R - a[H2] 1/2 
P P 

or 

R H =  RP 
P 1 + b[H2] 1’2 
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where a and b are constant. These were obtained with stationary 

$olymerizations with TiC13/A1Et3. Equation (19) was reported by 

Natta”) who supposed (17) to be rapid and (18) to be slow, while 

equation (20) was reported by the present author and his co- 

workers.12) Our report was based on the assumption that hydrogen 

atoms adsorbed dissociatively are inactive for polymerization but 

active for transfer. This assumption, however, is faulty, because 

the half order dependence on hydrogen refutes the first half of the 

supposition and coordination chemistry refutes the latter half. 

Thus, we have no plausible explanation for the rate lowering by 

hydrogen as represented above. In addition, it has been recognized 

that this effect of hydrogen on polymerization rate is not simple but 

complicated. The effect of hydrogen in polymerization with TiC13/ 

A1Et2C1 is usually one of rate-lowering but sometimes it has no 

effect on the rate or an effect of slight rate-enhancement. 3 1  Also, 

marked enhancement by hydrogen has been noted by Mason et a1.,l4) who 

examined butene-I polymerization, and by Pijpers et al.,’ 5 ,  who 

examined 4-methyl-I-pentene polymerization; both used TiC13 activated 

by A ~ ( ~ - B U ) ~ ,  A1Et3 or A1Et2C1. These notes on rate-enhancement have 

not been generally accepted because of the use of TiC13(AA), AlC13 of 

which might be responsible for the effect. However, the enhancement 

of polymerization rate by hydrogen is now well established by many 

authors’ 6 - 1  8 ,  who examined propylene polymerizations with MgC12- 

supported TiC14/A1Et3. The rate enhancement by hydrogen refutes deci- 

sively the idea based on the combination of (17) and (18). It is 

necessary to come up with a new idea which can cover both types of 

effects of hydrogen: lowering molecular weight and complicated 

effects on polymerization rate. The latter effect should particular- 

ly be examined in connection with polymerization conditions, which 

means that the fundamental understanding of the effect of hydrogen is 

still in the stage of “characterization,” as Natta”) found the 

effect of hydrogen to be reversible and we found that in the absence 

of solute alkylaluminum the effect is irreversible, in spite of the 

presence of a monomer.3) That is to say, the description of the 

effect of hydrogen is still not complete. 

The most important effect of additives is undoubtedly that as 

electron donors. The effect of an electron donor substance has many 

aspects, i.e. on the stereoregularity and molecular weight of pro- 



14 Tominaga Keii 

duced polymers and also on the polymerization rate. Although many 

studies have been conducted on the effect of electron donor substan- 

ces, our understanding remains in the phenomenological stage. A 

reciprocal relationship between "isotacticity" and polymerization 

rate was pointed out by the author3) in polymerization with TiC13- 

/A1Et3. The relation can be understood on the basis that the poly- 

merization centers constitute two kinds: one that is highly stereo- 

specific and the other less so; and the addition of a substance which 

acts as poison to centers of the latter kind causes such a relation. 

In the case of electron donor substances which react not only with 

transition metals but also with alkylaluminum their effect may appear 

in a complex way. Indeed, their complexations with alkylaluminum 

results in lowering the effective concentration of the latter, chan- 

ging the polymerization rate. Here, both the complexes and their 

decomposed compounds may cause further complicated effects on the 

polymerization, as pointed out by Guyot") and Soga.20) However, the 

foregoing studies on the effect of additives on the stereospecifici- 

ties of TiC13 were limited by rather narrow allowances of "stereo- 

regularity" such as those from 80% to 95% in wt% of heptane-insoluble 

fraction, because of the industry oriented character of the studies. 

In a purely fundamental viewpoint some substances which widely de- 

press "stereoregularity" should be used, even if such substances are 

not useful for industry. In this connection the effect of ethyl- 

benzoate ( E B )  on MgC12-supported TiC14 catalyst is a good target of 

our studies. The author proposed an explanation for the effect of EB 

on the basis of the above-mentioned idea of poisoning of 'latactic'' 

centers and lowering of effective concentration of A1Et3.21) On the 

other hand, Kashiwa prefers a different idea, i.e. that EB produces 

new highly "isotactic" centers and kills 'latactic'' centers.22) The 

formation of new 'lisotacticll centers should be followed by rate 

increases in any rate. The observed small increase of the rate in 

the region of small amounts of EB added is now the target of the two 

different explanations. Of course, some remarkable increases in 

polymerization rates upon the addition of electron donor substances 

such as amines have been confirmed with the traditional catalyst 

system.23) 

A1Et2C1 an increase in the number of living polymers (polymerization 
centers) upon the addition of anisol was confirmed by Ueki et al. 24) 

In the case of living polymerization with V ( a ~ a c ) ~ /  
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The rate-increase with a maximum in the same catalyst system was 

observed earlier by Zambelli et al.25) It is questionable whether 

the fundamental understanding of the effect of electron donor sub- 

stances can be improved using our present research methods which are 

in the phenomenological stage. 

(e) Construction of molecular weight distribution 

The molecular weight distributions (MWD) of polymers produced 

with V ( a ~ a c ) ~  are well represented by a Poisson distribution (in the 

case of living polymerization with A1Et2X) or Flory's most probable 

distribution (in the case of polymerization with transfer with 

A12Et3C13).26) These formulations are compatible with our kinetic 

models. 

Those of polymers obtained with heterogeneous catalysts have 

been expressed empirically by Wesslau with log-normal distribu- 

t i ~ n ~ ~ )  and by Tun9 with exponential distribution.28) The I'isotac- 

tic" polymers obtained with TiC13/A1Et3 were expressed by Tung's 

distribution while the "atactic" polymers express irregular ones.29) 

On the other hand, both polymers obtained with MgC12-supported 

catalyst have been well represented by Wesslau and the only diffe- 

rence between them is a constant deviation in the logarithm of 

molecular weight, These results suggest that 

the polymers obtained with the traditional catalyst are mixtures of 

polymers of two different kinds in distribution and the latter are 

not mixtures but polymers of single distribution. The phenomenologi- 

cal explanation of these empirical equations of MWD has been not yet 

fixed. However, the remarkable character of these MWDs is that they 

are all broad. That is, the polydispersity of these MWDs is larger 

than 2 .  This character has been recognized and discussed. At 

present, three approaches are in controversy. Gordon and Roe supposed 

that physical adsorption of a long chain retards the transfer re- 

action in accordance with the length of chain and derived a theoreti- 

cal MWD which is similar to We~slau's.~') Clark and Bailey tried to 

explain on the basis of non-uniformity of polymerization centers for 

transfer rate.32) The present author pointed out that a surface 

heterogeneity for propagation rate constant, f(k ) = akp- b , results 
in MWD curves similar to experimental ones. 3 0 f 3 3 p  The third group 

is based on the monomer diffusion control model of p01ymerization.~~- 

i.e. Miso = 7 Mats. 3 0 )  
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36) The last model may be CorrelateC! !.Jith the ahysical change gccur- 

ring in heterogeneous polymerization, i.e. the catalyst particles 

continue to disintegrate (deaggregate) in the matrix of growing 

polymers during polymerization. It is not easy to determine which is 

predominant among these three theories of chain length, non-uniformi- 

ty of polymerization centers and of diffusion control. One criterion 

has been proposed by Roe, who pointed out the importance of the 

effect of hydrogen on the polydispersity of polymer produced.37) 

Many experiments showed no effect of hydrogen on polydispersity, 

which is good evidence for the theory of non-uniform centers, accor- 

ding to Roe. However, sometimes a slight decrease of the polydisper- 

sity in the region of low concentrations of hydrogen added was found, 

supporting the other two theories. 

The above three theories are essentially based upon the same 

idea that the broadening of MWD might be explained by revising 

Flory's distribution with the use of its parameter averaged by some 

procedure related to the surface of the catalyst. Flory's most 

probable distribution for high polymers may be represented by the 

normalized frequency function, 

with 

This distribution gives l/p and 2/p2 for the first moment and the 

second moment, respectively. The polydispersity, Mw/Mn, can be repre- 

sented by ( 2 / ~ ~ ) / ( I / p ) ~ =  2. Therefore, if the parameter p could be 

replaced by an averaged one, < p >  , the polydispersity must be repre- 
sented by (2/~p~>)/(l/<p>)~ > 2. The targets of averaging procedure 

were ktr, kp and [ M I  in the above three theories. Apart from the 

physics, this may be treated as a mathematical problem to find the 

- -  
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function f ( p )  from the following equation. 

This mathematical procedure applied to both empirical distributions 

numerically gave us an approximate form 

It is important in physics to attribute a model to the last function. 

We attribute the surface heterogeneity of k ( 3 0 ) r ( 3 3 )  on the basis of 

the experimental result obtained with CO poisoning (inhibition) 

method. At any rate, other experiments of higher methodology must 

be conducted to solve the problem. 

P 

Reconsideration of the Mechanistic Approach (3) 

(a) Kinetic analysis of molecular weight-time curve 

In heterogeneous polymerizations the most useful equation is 

where Y is the yield, Pn the number average degree of polymerization 

and the subscript t the value at time t. Applying this equation to 

the experimental data, we have the value of polymerization center 

concentration, C*. However, this method must be used with great 

care. The use of the equation in its linear form, 

Yt/Fnrt = c* + Yt/Fn,m 
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is erroneous for data of higher yields where the linearity of the 

values of the left hand side against the yields is well guaranteed. 

The linearity guaranteed by higher yields may lead to a smaller 

value of C*. It should be noted that the method is effective only for 

data in which Pnlt changes largely with time, i.e. for the cases 

where the values of Yt/Pn In 

addition, the above method cannot be used for cases where the poly- 

merization rate increases with time and the rate constant of propaga- 

tion or transfer changes with chain length or C*. In such cases, 

this method must be further refined. 

- 
- 

are comparable to the value of C*. 
I 

(b) Measurements of active center concentration 

In principle, the radio active tracer tagging  neth hod^^,^') may 
be better than the poisoning (inhibition) m e t h ~ d ~ ' - ~ ~ )  which is based 

on the assumption that all adsorptions occur only on the active 

centers. However, the former method itself may also be narrow because 

of the uncertainty of the mechanism of the insertion of the tracer 

into growing chains. Besides these discussion on techniques, the 

author calls attention to the definition of ''active centers'' or 

"polymerization centers." In traditional heterogeneous catalysis 

"Active Centers (Sites)" means the surface sites on which a reaction 

can occur. In polymerization we use the term "polymerization 

centers". "Polymerization center'' is usually defined by C* of the 

"rate equation," 

* 
R = kp[MIC 
P 

which has been well established with the radical polymerizations in 

homogeneous systems. Therefore, this definition is undoubtedly an 

empirical one and lower in dimension than the present status of our 

understanding of "polymerization centers'' in coordination polymeriza- 

tions. In our understanding, even in the phenomenological rank, the 

rate-determining step is the insertion of a coordinated monomer into 

a growing chain, expressed by 
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Rp = kinsCoO (M) 0 (P*) 

where kins is the rate constant ofthe insertion, Cothe total number 

of active sites (two sites per an active metal site in the polymeri- 

zation expressed by (4) or (2)), 0 ( M )  or e(P*) the occupation proba- 

bility ofthe coordinated monomer or growing chainon the site.If we 

take the phenomenological model in traditional adsorption kinetics 

for these two probabilities as 

and 

* KA [ A ]  
O(P = 

1 + KM[M] + K A I A l  

we have the following expression for C* defined by (9). 

The right hand side indicates the number of sites on which a P* and a 

vacancy exist. On the other hand, the total number of growing poly- 

mers may be expressed by 
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which may be the subject of a tagging method using labeled water and 

alcohols. The method using radioactive CO may give the total number 

of growing chains combined with vacancies, in which case the two 

methods will not give the same but different values with the latter 

always giving a small value.43) The chemisorption of CO or allene can 

occur on all vacant sites, not only on active but also on inactive 

sites. Thus, the definition of working sites of the catalysts should 

be reconsidered taking into account present methods and the theory of 

coordination polymerization. 

Here, a new kind of experimental results is described and dis- 

cussed. Giannini found that the observed value of polymerization 

rate constant defined by (9) increased by increasing the observed 

value of C* obtained using radioactive C0.44) Murata et al. found 

that the decrease of polymerization rate on the addition of CO was 

not constant but gradually lowered with increasing CO added in the 

gas phase polymerizations with traditional and MgC12-supported cata- 

l y s t ~ . ~ ~ )  A similar result has been obtained by Tait who examined the 

inhibition effect of CO and allene on polymerization with traditional 

catalysts.42) As shown by the author,30,33) the latter results may 

be explained by polymerization centers non-uniform in k value (of 

so-called surface heterogeneity for k ). Of course, this discussion 

is based on the assumption that all adsorbates occupy only the active 

sites. 

P 

P 

(c) Other methods used for mechanistic research 

The spectroscopic methods which have been used are ESR and IR. 

The use of ESR method combined with polymerization gave some correla- 

tions between ESR active species and polymerization activities during 

polymerization. 46) Okura et al. pointed out the close correlations 

between ESR intensity and rate of propylene polymerization during 

polymerization with TiC13/A1Et3 or A1Et2C1. 47) The intensity was 

proportional to the surface area of TiC13 during milling, suggesting 

that the surface Ti+3 ions are responsible for the ESR signal. 

Recently, Chien discussed this point. 48) The complexities arising 

from the surface generally make spectroscopic analyses less power- 

ful. However, at present the field of heterogeneous catalysts such 

as metals and zeolites is in a more advanced stage than is ours. On 

the other hand, the microscopies applied to the surface or particles 



Mechanistic Studies on Ziegler-Natta Catalysis 21 

of catalysts gave us some important information. Rodorigues et al. 

obtained beautiful photographs of the surface of a single TiC13 

crystal activated by A1Me3 just after ethylene polymerization for a 

short time. 4 9 )  The photographs showed that polymerization occurred 

on dislocation of the crystal. Okura obtained a similar photograph 

from the surface of an active TiC13 polycrystal, showing that poly- 

merization occurred on the defective structures on the surface.50) 

Clearly, this kind of experiment using single crystals is very impor- 

tant and fruitful, because that we can see directly the reaction loci 

by the spots of produced polymers. This approach should be further 

investigated. It is also believed that comparison of particle shapes 

of catalysts and polymers may lead to establishing the concept of 

replication effect of the catalyst. 

The thermogravitational method, which is described by Terano et 

al.51) in this monograph, and elementary analysis may be effective 

for cases where substances such as TiClq or EB do not correspond to 

inactive sites but to active sites. In this connection, precise 

measurements of the concentration of the active fraction in the total 

concentration of Ti, for example, are very important. 

PROBLEMS WHICH REMAIN UNSOLVED 

(a) How we can correlate the rate equations to our present 

models of the initiation reaction such as the Cossee model ? 

(b) Are the active sites uniform or non-uniform ? 

(c) Does alkylaluminum participate in the active sites ? 

(d) Does EB participate in the active sites ? 

(e) What is the mechanism of the effects of hydrogen ? 

(f) Are there some uselful phenomenological relations, such as 

"Linear Free Energy - Energy Relation", in our field ? 

(g)Are the present kinetics of copolymerization effective for 

heterogeneous polymerization ? 

AN ATTEMPT TO EXPLAIN THE EFFECTS OF HYDROGEN 

As mentioned above, the effects of hydrogen on polymerization 

are not yet established. The author's supposition is described 

herein. The following kinetic model seems to be applicable to the 

effect of hydrogen on the rate of polymerization in some polymeriza- 

tion systems. 
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The b a s i c  i d e a  o f  t h e  m o d e l  i s  t h a t  h y d r o g e n  a d s o r b s  d i s s o c i a -  

t i v e l y  on t h e  a c t i v e  s i t e s  and f o r m s  a c t i v e  h y d r i d e s ,  e.g. Ti-H, f o r  

t h e  i n s e r t i o n  o f  monomer a n d  t r a n s f e r  o f  g r o w i n g  c h a i n .  The a d -  

s o r p t i o n  of h y d r o g e n  o c c u r s  n o t  o n l y  o n  t h e  s i t e  w h i c h  i s  a v a i l a b l e  

f o r  t h e  g r o w i n g  c h a i n  b u t  a l s o  o n  t h e  s i t e  w h i c h  i s  a v a i l a b l e  o n l y  

f o r  t h e  monomer i n  t h e  c a s e  o f  ( 3 ) .  T h i s  i s  p l a u s i b l e  b e c a u s e  o f  t h e  

m o l e c u l a r  s i z e  of hydrogen ,  and  t h e  r a t e  e q u a t i o n  i n  t h e  p r e s e n c e  o f  

hydrogen  may be r e p r e s e n t e d  as  f o l l o w s .  

R H =  C O ( M )  ( O ( P * )  + O ( H 2 ) )  P k i n s  o 

w i t h  

or  

and  

or 
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The set, (33) and (351,  is applied to the polymerization, the rate of 

which is expressed by (3), and the set, (34) and (36), to the poly- 

merization expressed by (4). Accordingly, these two sets can be 

applied to the polymerizations expressed by ( 1 )  and (2) respectively, 

providing that KMIMI < 1. 

The above rate equation corresponding to that of the initiation 

reaction, Ti-H + M -+ Ti-P, is rapid and the following insertion of 

monomer is then the same as that of usual polymerization center (kins 

is the same). The rate equations with the two sets of probability 

expressions result in rate-increase or rate-decrease upon addition of 

hydrogen, according to the nature of the catalyst and the experimen- 

tal conditions of the original polymerization system. For covenience, 

this will be shown in an approximate form of rate equations in the 

case of negligibly small KM[M]. 

This equation can be changed into the following form, 

1 + a[HZl 
2 

R H = R  
P (1 + Oo(P*)a[H21) 

where R 

and a and eo(P*) are 

is the rate ofthe polymerization in the absence of hydrogen P 

a = K /K [A] H A  
(39) 

and 
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From these we have the following relations for the polymerizations in 

the presence of hydrogen 

H o *  
Rp /R 5 1 when 0 (P ) 1 / 2  or KA[A] 6 1 

P 

> 1 when Oo(P*)  < 1/2 or KA[A] < 1 
RP lRP 

and 

H 
(RP /RpImax = 1 / 4 0 ° ( P * )  (1 - Co(A)) > 1 when KA[A] < 1 (43) 

These relations show us that the polymerizations, the value of KA[A] 

of which is not less than unity, show rate-decreases upon addition of 

hydrogen whereas the polymerizations with KA[A] of values smaller 

than unity show rate-increase to maximum increase, which is deter- 

mined by (431, followed by gradual decrease to zero. This conclusion 

may qualitatively be compatible with the foregoing experiments. 

Almost all cases where rate-lowerings were observed were under condi- 

tions in which the value of KAIAI was close to unity or larger than 

unity (in the case of ( I ) ) ,  i.e. high concentrations of alkylaluminum 

and lower temperatures. This assumption regarding the conditions can 

be deduced from the fact that the polymerizations were in their 

optimum rates corresponding to the above values of KA[A]. In cases 

of MgC12-supported catalysts the polymerizations are carried out 

under the conditions of low value of [A] and rather higher tempera- 

tures, which favor rate-increases up on the addition of hydrogen. 

Indeed, the marked effect of hydrogen on polymerization rate observed 

by Guastella and Giannini' 6, in polymerizations with MgC12-supported 

TiC14/A1Et3 and the slight effect observed by Ueki et may be 

explained quantitatively by (381, and (32) combined with the set, 

(33) and (35), respectively. 

The above model of the effect of hydrogen leads to the explana- 

tion of the transfer reaction by hydrogen in which that adsorbed 
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hydrogen reacts with a growing chain to form a dead polymer. Thus, 

the transfer reaction must be proportional to the concentration of 

adsorbed hydrogen, which may be expressed by a Langmuir equation that 

appears as half order respect to hydrogen pressure. This point m u s t  

be discussed. In addition, the dissociative adsorption of hydrogen 

is essentially an oxidative adsorption and the adsorption may acti- 

vate some inactive sites of highly reduced Ti+2 or Ti''. This effect 

must also be considered. A detailed study will be published in the 

near future. 
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ZIEGLER POLYMERIZATION OF ETHYLENE: CATALYST DESIGN AND MOLE- 
CULAR MASS DISTRIBUTION 

L.L. BOHM, J .  BERTHOLD, R .  FRANKE, W .  STROBEL, U. WOLFMEIER 

K u n s t s t o f f - F o r s c h u n g ,  Hoechst AG, 6230 F r a n k f u r t  ( M )  80 

ABSTRACT 

For  h i g h  d e n s i t y  p o l y e t h y l e n e  t h e  m o l e c u l a r  mass d 

Germany 

s t r i b u t i o n  i s  one 

o f  t h e  most i m p o r t a n t  b a s i c  parameter .  

pends on b o t h  m o l e c u l a r  mass and m o l e c u l a r  mass d i s t r i b u t i o n ,  

e f f o r t s  have been made t o  de te rm ine  t h e  o r i g i n s  o f  m o l e c u l a r  mass d 

b u t i o n  and, consequen t l y ,  t o  c o n t r o l  m o l e c u l a r  mass d i s t r i b u t i o n  i n  

n i c a l  processes.  W h i l e  t h e  r e g u l a t i o n  o f  t h e  m o l e c u l a r  mass i n  p o l  

As t h e  p r o c e s s a b i l i t y  s t r o n g  y de- 

g r e a t  

s t r i  - 

t e c h -  

mer i  - 

z a t i o n  processes i s  w e l l  unders tood  today,  t h e r e  i s  no commonly accepted 

t h e o r y  wh ich  c o u l d  e x p l a i n  t h e  dependence o f  m o l e c u l a r  mass d i s t r i b u t i o n  

on c a t a l y s t  s t r u c t u r e  and p o l y m e r i z a t i o n  parameters.  

From exper imen ta l  r e s u l t s  we conc lude  t h a t  t h e  m o l e c u l a r  mass d i s t r i -  

b u t i o n  o f  p o l y e t h y l e n e  p repared  w i t h  heterogeneous Z i e g l e r  systems i s  

m a i n l y  de te rm ined  b y  chemica l  p r o p e r t i e s  o f  t h e  c a t a l y s t .  T h e r e f o r e  we 

c o n c l u d e  t h a t  b road  m o l e c u l a r  mass d i s t r i b u t i o n s  o r i g i n a t e  f r o m  number and 

p r o p e r t i e s  o f  t h e  d i f f e r e n t  t y p e s  o r  s t a t e s  o f  a c t i v e  s i t e s .  

S t a r t i n g  f r o m  t h i s  h y p o t h e s i s ,  we s u c c e s s f u l l y  developed a c a t a l y t i c  

system wh ich  enab les  us t o  c o n t r o l  m o l e c u l a r  mass d i s t r i b u t i o n  b y  s p e c i f i c  

m a n i p u l a t i o n s  o f  t h e  c a t a l y s t  as w e l l  as by chang ing  t h e  c o n d i t i o n s  o f  t h e  

p o l y m e r i z a t i o n  p rocess .  

INTRODUCTION 

H i g h l y  a c t i v e  Z i e g l e r  c a t a l y t i c  systems f o r  t h e  p o l y m e r i z a t i o n  o f  

e t h y l e n e ,  c o n s i s t i n g  o f  a heterogeneous t r a n s i t i o n  me ta l  c a t a l y s t  and an 

a lum in ium-o rgan ic  compound as a c o c a t a l y s t ,  a r e  a v a i l a b l e  s i n c e  about  

29  
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1966. These c a t a l y s t s  a re  a t  l e a s t  by a f a c t e r  o f  20 more a c t i v e  than  con- 

v e n t i o n a l  Z i e g l e r  systems'").  I n  a comprehensive paper, D i e d r i c h  d e s c r i -  

bed a l l  types o f  h i g h l y  a c t i v e  c a t a l y t i c  systems known u n t i l  19753). For  

more than  10 years,  these modern c a t a l y s t s  have been a p p l i e d  t o  t e c h n i c a l  

processes o f t e n  c a l l e d  "second genera t i on  processes". They a re  s imp le r  and 
more economic than  comparable " f i r s t  genera t i on  processes , ,3)  . 

Todays research i n  i n d u s t r i a l  l a b o r a t o r i e s  i s  concentrated upon i m -  

provements o f  t hese  "second genera t i on  processes". New h i g h l y  a c t i v e  ca 

l y t i c  systems have t o  be developed t o  produce " t a i l o r  made" polymers 
e a s i l y  c o n t r o l l a b l e  p o l y m e r i z a t i o n  p l a n t s  4) . 

One impor tan t  f i e l d  i s  t h e  search f o r  c a t a l y t i c  systems which a1 

a- 

i n  

ow 

t o  r e g u l a t e  t h e  mo lecu la r  mass d i s t r i b u t i o n s ,  e i t h e r  by v a r i a t i o n  o f  t h e  

c a t a l y s t  composi t ion,  o r  by m a n i p u l a t i o n  o f  t h e  process. 

I n  t h i s  paper, ou r  knowledge o f  t h e  o r i g i n s  o f  mo lecu la r  mass d i s t r i -  

b u t i o n  w i l l  be summarized, and we w i l l  i n d i c a t e  how t o  r e g u l a t e  mo lecu la r  

mass d i s t r i b u t i o n  by c a t a l y s t  des ign o r  process c o n t r o l .  

MOLECULAR MASS DISTRIBUTIONS OF ZIEGLER POLYETHYLENES 

I n  p rev ious   paper^^-^) i t  was r e p o r t e d  t h a t  t h e  Z i e g l e r  po lymer iza-  

t i o n  process comprises a p ropaga t ion  process and d i f f e r e n t  c h a i n  t r a n s f e r  

r e a c t i o n s  f o r  example w i t h  hydrogen and t h e  c o c a t a l y s t .  

Under usual  p o l y m e r i z a t i o n  c o n d i t i o n s  as i n  p o l y m e r i z a t i o n  p l a n t s ,  

h i g h  mo lecu la r  mass p o l y e t h y l e n e  compounds w i t h  Schu lz -F lo ry  9310) most 

probable mo lecu la r  mass d i s t r i b u t i o n s  should be formed"). For  po l ymer i -  

z a t i o n  i n  a s l u r r y  process w i t h  f o r m a t i o n  o f  s e m i c r y s t a l l i n e  p o l y e t h y l e n e  

p a r t i c l e s ,  i n s o l u b l e  i n  t h e  hydrocarbon d i spe rgen t  medium, these cond i -  

t i o n s  imp ly  cons tan t  monomer, hydrogen, and c o c a t a l y s t  concen t ra t i ons ,  

p l u s  cons tan t  temperature between 20 and 90 "C, e thy lene  p a r t i a l  pressures 

up t o  10 ba r  and cons tan t  space t i m e  y i e l d .  

Kaminsky, Sinn and coworkers 12 -14 )  r e p o r t e d  a system c o n s i s t i n g  o f  

d i c y c l o p e n t a d i e n y l  z i r con ium d i c h l o r i d e  and an o l  i gomer i c  me thy la l  umi n- 

oxane compound. W i t h i n  exper imenta l  e r r o r ,  t h i s  system produces h i g h  mole- 
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c u l a r  mass po lye thy lene  w i t h  a Schu lz -F lo ry  most probable mo lecu la r  mass 

d i s t r i b u t i o n  when o p e r a t i n g  under t e c h n i c a l  c o n d i t i o n s .  The exper imenta l  

r e s u l t  i s  shown i n  F i g u r e  1 .  The polymer sample was prepared i n  t h e  

1 abo ra to ry  o f  Kami nsky, t h e  g. p. c .  measurements 

Hoechst AG l a b o r a t o r i e s .  

were c a r r i e d  o u t  i n  

A-' 

Figure 1. 1: Schu lz -F lo ry  most p robab le  mo lecu la r  mass d i s t r i b u t i o n  

w i t h  Mn = 1.45. 10 g/mol 

2: Po lye thy lene  sample prepared by  Kaminsky e t  a l .  

5 

These experiments c o n f i r m  t h a t ,  i n  p r i n c i p l e ,  polymers w i t h  t h e  

Schu lz -F lo ry  most p robab le  mo lecu la r  mass d i s t r i b u t i o n  can be syn thes i zed  

w i t h  Z i e g l e r  systems. C l a r k  and B a i l e y 1 5 )  demonstrated t h a t  

polymers w i t h  p o l y d i s p e r s i t y  i n d i c e s  of 2 can be formed by means o f  

heterogeneous c a t a l y t i c  systems, i r r e s p e c t i v e  o f  t h e  r e a c t i o n  mechanism. 

T h i s  ho lds  t r u e  f o r  t h e  Rideal  as w e l l  as f o r  t h e  Langmuir- 

Hinshel  wood 1 7 y 1 8 )  mechanism, p rov ided  t h a t  t h e r e  i s  o n l y  one t y p e  o f  

a c t i v e  s i t e s .  

I n  a paper, 

The f o r m a t i o n  o f  po l ye thy lenes  w i t h  much broader mo lecu la r  mass 

d i s t r i b u t i o n s  which may be f i t t e d  t o  l o g a r i t h m i c  normal o r  exponen t ia l  

f u n c t i o n s  ( W e s ~ l a u ~ ~ ) ,  Tung")) has been exp la ined  by c e r t a i n  models: I n  

these  models, s p e c i a l  r e a c t i o n  e f f e c t s  a re  assigned t o  t h e  h e t e r o g e n i t y  o f  

t h e  c a t a l y t i c  system. Gordon and Roe21) proposed t h e  c h a i n  t r a n s f e r  reac -  
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t i o n  t o  be determined by t h e  degree of po lymer i za t i on ,  because t h e  polymer 

c h a i n  i s  adsorbed on t h e  su r face  o f  t h e  c a t a l y s t .  Based on t h i s  assump- 

t i o n ,  t h e  mo lecu la r  mass d i s t r i b u t i o n s  o f  po l ye thy lene  samples were ca l cu -  

l a t e d  i n  accordance w i t h  exper imenta l  r e s u l t s .  From t h i s  model i t  has been 

concluded t h a t  t h e  mo lecu la r  mass d i s t r i b u t i o n  i s  t o  change w i t h  average 

mo lecu la r  mass. High mo lecu la r  compounds should have broad d i s t r i b u t i o n s ,  

low molecular  compounds narrow ones''). But t h i s  does n o t  agree w i t h  ex- 

pe r imen ta l  r e s u l t s  f o r  samples prepared w i t h  a h i g h l y  a c t i v e  Mg,Ti-cata- 

l y s t 8 )  and A 1  (C2H5)3 as c o c a t a l y s t .  The mo lecu la r  mass d i s t r i b u t i o n s  a re  

shown as i n t e g r a l  p l o t s  f o r  l o g a r i t h m i c  normal f u n c t i o n s  on F i g u r e  2. 

Figures 2. I n t e g r a l  mass d i s t r i b u t i o n  f u n c t i o n s :  
4 4 

5 
1 :  M = 1,7 - 10 ; 2: M = 3,1 * 10 ; 3: Mn = 4,2 

4:  Mn = 1,05 - 10 ; 
n n 

Mw/Mn = 7,5 - + 2 

1 04; 

The i n t e g r a l  p l o t  i s  used because t h i s  p l o t  i n d i c a t e s  t h e  same mole- 

c u l a r  mass d i s t r i b u t i o n  by p a r a l l e l  s t r a i g h t  l i n e s .  The average mo lecu la r  

mass was changed by v a r y i n g  t h e  hydrogen p a r t i a l  pressure.  Th is  r e s u l t  has 

a l s o  been confirmed by r h e o l o g i c a l  measurements o f  F l e i 1 3 n e r ~ ~ ) ;  he showed 

t h e  shear v i s c o s i t y  curves t o  have t h e  same shape i r r e s p e c t i v e  o f  t h e  v i s -  

c o s i t y  va lue.  I t  has a l s o  been found t h a t  t h e  e l a s t i c  behav io r  o f  a l l  sam- 

p l e s  was t h e  same. These r e s u l t s  demonstrate t h a t  a t  l e a s t  f o r  t h e  h i g h l y  

a c t i v e  Mg,Ti/Al ( C 2 H 5 I 3  system under i n v e s t i g a t i o n ,  t h e  Gordon- Roe model 

cannot be v a l i d .  
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I n  many papers 24-29) i t  has been p o i n t e d  ou t  t h a t  t h e  i n s o l u b l e  p o l y -  

mer formed under s l u r r y  o r  gas phase p o l y m e r i z a t i o n  c o n d i t i o n s  i s  c o a t i n g  

t h e  c a t a l y s t  p a r t i c l e s  and b u i l d i n g  up a d i f f u s i o n  b a r r i e r  f o r  t h e  i n c o -  

ming monomer. As a consequence t h e  p o l y d i s p e r s i t y  Mw/Mn reaches h i g h  

va lues  a t  t h e  beg inn ing  o f  p o l y m e r i z a t i o n  and decreases w i t h  t ime .  E x p e r i -  

mental r e s u l t s  show t h e  s l i g h t l y  m o d i f i e d  "po l ymer i c  f l o w  model" o f  Ray 

and coworkers29)  t o  be t h e  bes t  model t o  desc r ibe  t h e  p a r t i c l e  fo rm ing  

process d u r i n g  e thy lene  p o l y m e r i z a t i o n  w i t h  t h e  Mg,Ti/Al ( C 2 H 5 ) 3  system . 
The experiments do n o t  show t h e  p o l y m e r i z a t i o n  process t o  be d i f f u s i o n  

c o n t r o l l e d .  Th is  i s  demonstrated i n  F i g u r e  3. 

8 )  

300 

200 

Figure 3. C a t a l y s t  y i e l d  KA (g/mM T i )  ( c u r v e  1 )  and v i s c o s i t y  number VZ 

Mg,Ti/Al(C2H5l3 system, 85 "C, w i t h  hy- ( c u r v e  2) versus t ime;  

drogen 

The l i n e a r  i nc rease  o f  c a t a l y s t  y i e l d  and t h e  n e a r l y  cons tan t  v i s c o -  

s i t y  numbers as f u n c t i o n s  o f  t i m e  show t h a t  a t  l e a s t  f o r  t h i s  system d i f -  

f u s i o n  l i m i t a t i o n  o f  e t h y l e n e  under s l u r r y  p o l y m e r i z a t i o n  c o n d i t i o n s  can- 

n o t  be detected.  The mo lecu la r  mass d i s t r i b u t i o n  a l s o  does n o t  change. I n  

a l l  cases i t  was l o g a r i t h m i c  normal w i t h  Mw/Mn va lues o f  7,5 - + 2 as shown 

i n  F i g u r e  2. 

The f o r m a t i o n  o f  p o l y e t h y l e n e  w i t h  mo lecu la r  mass d i s t r i b u t i o n s  much 

broader  than  t h e  Schu lz -F lo ry  d i s t r i b u t i o n  can be exp la ined  by t h e  

e x i s t e n c e  o f  d i f f e r e n t  t ypes  o r  s t a t e s  o f  a c t i v e  s i t e s  a t  t h e  s u r f a c e  o f  

t h e  heterogeneous c a t a l y s t  p a r t i c l e  p o l y m e r i z i n g  s imu l taneous ly .  Th i s  
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model was proposed by d i f f e r e n t  au tho rs  3 9 3 1 5 ' 2 2 ) .  There a re  exper imenta l  

r e s u l t s  suppor t i ng  t h i s  model 7 y 3 1 ) .  It has been shown by i n v e s t i g a t i o n  o f  

p o l y m e r i z a t i o n  k i n e t i c s  t h a t  t h e  p ropaga t ion  r a t e  cons tan t  f o r  t h e  Mg,Ti/ 

A1(C2H5I3 system i s  80 dm3/mol.s a t  85 "C .  On t h e  o t h e r  hand i t  i s  a l s o  

known f o r  t h i s  system t h a t  t h e  mo lecu la r  mass increases ve ry  r a p i d l y  w i t h  

t ime .  I f  a polymer sample i s  withdrawn f rom t h e  r e a c t o r  15 seconds a f t e r  

e thy lene  a d d i t i o n ,  t h e  mo lecu la r  mass d i s t r i b u t i o n  shows h i g h  mo lecu la r  

mass compounds j u s t  l i k e  t h e  major amounts o f  a sample taken a f t e r  2 hours 

polymer i z a t  i on t i m e 7 ) .  Th i s  i s  shown i n  F i g u r e  4. 

Figure 4. Molecu la r  mass d i s t r i b u t i o n  ( - - - f renquency  and 

w i t h o u t  -mass d i s t r i b u t i o n ) :  Mg,Ti/A1(C2H5I3 system, 85 "C, 

hydrogen; p o l y m e r i z a t i o n  t i m e :  1 : 15 sec; 2 : 2 h 

From t h e  degree o f  p o l y m e r i z a t i o n  o f  t h e  h i g h  mo lecu la r  f r a c t i o n  o f  

t h e  15 seconds sample i t  may be assumed t h a t  t h e r e  must be a c t i v e  s i t e s  

w i t h  p ropaga t ion  r a t e  cons tan ts  o f  a t  l e a s t  2,9 l o 3  dm3/mol.s. I n  compari- 

son t o  t h e  average va lue  o f  80 dm3/mol.s determined f rom k i n e t i c  measure- 

ments, t h i s  shows t h e  p ropaga t ion  r a t e  cons tan ts  t o  be q u i t e  d i f f e r e n t  f o r  

t h e  d i f f e r e n t  t y p e s  o r  s t a t e s  o f  a c t i v e  s i t e s  a t  l e a s t  f o r  t h i s  system. 

S i m i l a r  r e s u l t s  were pub l i shed  by Meyer and R e i c h e r t  31 . 
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From a l l  these exper imenta l  r e s u l t s  i t  must be concluded t h a t  t h e  

mo lecu la r  mass d i s t r i b u t i o n  of po l ye thy lene  prepared w i t h  heterogeneous 

systems i s  ma in l y  i n f l u e n c e d  and determined by t h e  number and p r o p e r t i e s  

o f  t h e  d i f f e r e n t  t ypes  o r  s t a t e s  o f  a c t i v e  s i t e s .  S t a r t i n g  f rom t h i s  hypo- 

t h e s i s  " t a i l o r  made" c a t a l y s t s  f o r  t h e  p r e p a r a t i o n  o f  p o l y e t h y l e n e  samples 

w i t h  d i f f e r e n t  mo lecu la r  mass d i s t r i b u t i o n s  have been developed. 

MANIPULATION OF MOLECULAR MASS DISTRIBUTION I N  BATCH PROCESSES 

The bas i c  i d e a  was t o  prepare a c a t a l y s t  composed o f  seve ra l  o r  a t  

l e a s t  two components which produce p o l y e t h y l e n e  w i t h  d i f f e r e n t  average 

va lues o f  mo lecu la r  mass under t h e  same p o l y m e r i z a t i o n  c o n d i t i o n s .  The 

Mg ,T i - ca ta l ys t  desc r ibed  e l ~ e w h e r e ~ - ~ )  was coated w i t h  a f u r t h e r  t r a n s i -  

t i o n  meta l  component. How t h e  morphology o f  t h e  Mg,Ti c a t a l y s t  i s  changed 

can be v i s i b i l i z e d  by Scanning E l e c t r o n  Microscopy as shown i n  F i g u r e  5. 

Figure 5. Scanning E l e c t r o n  Micrographs o f  t h e  c a t a l y s t  sur faces;  mag- 

n i  f i c a t i  on : 6.000; Mg,Ti - c a t a l y s t  ( 1 e f t  s i d e )  ; Coated Mg ,Ti -ca- 

t a l y s t  ( r i g h t  s i d e ) .  

Th i s  c a t a l y s t  was used f o r  e thy lene  p o l y m e r i z a t i o n  under t h e  f o l l o -  

wing exper imenta l  c o n d i t i o n s :  A r e a c t o r  was f i l l e d  w i t h  d i e s e l  o i l  a t  

85 "C  (100 dm3), t h e  c o c a t a l y s t  ( i n  t h i s  case i s ~ p r e n y l - a l u m i n i u m ~ ~ ) ;  360 

mmol) was added, t h e n  t h e  c a t a l y s t  (10 mmol Ti-compound) was in t roduced .  

Be fo re  p r e s s u r i z i n g  t h e  r e a c t o r  f i r s t  w i t h  hydrogen (5,3 b a r )  and then  

w i t h  e thy lene  ( 3 , O  b a r ) .  Both components ( c a t a l y s t ,  c o c a t a l y s t )  had t i m e  
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t o  r e a c t  w i t h  each o t h e r  f o r  10 minutes or  l onger .  The p o l y m e r i z a t i o n  was 

observed by measuring c a t a l y s t  y i e l d  KA, v i s c o s i t y  number VZ and mo lecu la r  

mass d i s t r i b u t i o n  versus t ime .  The r e s u l t s  are shown i n  F igu res  6, 7 .  

0 1 2 3 L 5 6 7 8  

tlh 
- 

Figure 6. C a t a l y s t  y i e l d  KA ( c u r v e  1 )  and v i s c o s i t y  number VZ ( cu rve  2 )  

versus t i m e  t; c a t a l y s t  and c o c a t a l y s t  r e a c t  f o r  10 minutes be- 

f o r e  e t h y l e n e  i n t r o d u c t i o n  

There i s  no s u r p r i z i n g  e f f e c t  d i scove red  i n  t h i s  experiment. C a t a l y s t  

y i e l d  i nc reases  wi th  t ime, f i r s t  r a p i d l y ,  t h e n  s low ly .  The v i s c o s i t y  num- 

b e r  VZ as a measure o f  average mo lecu la r  mass i s  n e a r l y  cons tan t  w i t h  

t ime,  and t h e  mo lecu la r  mass d i s t r i b u t i o n  does n o t  depend on t ime,  b u t  

shows a h i g h  mo lecu la r  mass p o r t i o n .  T h i s  demonstrates t h a t  2 c a t a l y t i c  

systems a re  p o l y m e r i z i n g  s imul taneously ,  i n  accordance w i t h  c a t a l y s t  p re -  

p a r a t i  on. 

The r e a c t o r  was f i l l e d  again w i t h  d i e s e l  o i l  a t  85 "C (100 dm3), t hen  

t h e  c o c a t a l y s t  was added (100 mnol ) .  The r e a c t o r  was p r e s s u r i z e d  w i t h  hy- 

drogen (5 ,3  b a r )  and e thy lene  ( 3 , O  b a r ) .  The p o l y m e r i z a t i o n  was s t a r t e d  by 

i n j e c t i o n  o f  t h e  c a t a l y s t  (10  mmol Ti-compound) i n t o  t h e  p r e s s u r i z e d  reac-  

t o r .  Again c a t a l y s t  y i e l d  KA, v i s c o s i t y  number VZ, and mo lecu la r  mass d i -  

s t r i b u t i o n  were recorded as f u n c t i o n s  o f  t ime.  These d a t a  a r e  p l o t t e d  i n  

F i g u r e  8, 9. 
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Figure 7. Molecu la r  mass d i s t r i b u t i o n  as a f u n c t i o n  o f  r e a c t i o n  

t i m e :  1 : 35 min; 2 : 6 h ;  values >10 g/mol a re  n o t  g iven,  

because these compounds cannot be comp le te l y  separated. For  

r e a c t i o n  c o n d i t i o n s  see F i g u r e  6. 

8 

Figure 8. C a t a l y s t  y i e l d  KA ( cu rve  1 )  and v i s c o s i t y  number VZ ( c u r v e  2) 

versus t i m e  t; c a t a l y s t  and c o c a t a l y s t  d i d  n o t  r e a c t  b e f o r e  

e thy lene  i n t r o d u c t i o n .  
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Figure 9. Molecular mass distribution as function o f  reaction time: 

1 : 2 h; 2 : 4,5 h; 3 : 7 h; 4 : 9,5 h; 5 : 12 h; 6 : 14 h 

For reaction conditions see Figure 8. 

The experimental results presented in Figure 8 and 9 show the cata- 

lyst yield to be very low over a long time (2,5 h), then increases until 

the rate maximum is reached at 5 h, and finally increases slowly to reach 

a nearly constant value after 14 h. This behaviour is completely different 
in relation to the behaviour shown in Figure 6. The viscosity number ver- 

sus time curve is again quite different in comparison to the curve in 

Figure 6 demonstrating this curve to be extremely time dependent. At short 

reaction times the viscosity numbers are high and decrease with time until 

they reach approximately the same value as plotted in Figure 6. 

Figure 9 clearly points out the different behaviour, because this 

picture shows different bimodal molecular mass distributions depending on 

reaction time. As all curves intersect at one point it must be concluded 
that there are two catalytic systems operating independently. The main 

point is - and this is of great importance - that these molecular mass 

distributions can be varied by changing the polymerization time. The bimo- 

dal distributions obtained are very favorable in regard to properties and 

application of those polymers. 
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DISCUSSION 

The bas ic  c a t a l y s t  c o n s i s t s  o f  a h i g h l y  a c t i v e  Mg ,T i - ca ta l ys t  which 

forms po lye thy lene  w i t h  mo lecu la r  mass d i s t r i b u t i o n s  n o t  depending on 

average molecular  mass o r  v i s c o s i t y  number and t i m e  as p o i n t e d  o u t  i n  

F i g u r e s  2, There a r e  no p o s s i b i l i t i e s  t o  i n -  

f l u e n c e  t h e  mo lecu la r  mass d i s t r i b u t i o n  by changing t h e  f o r m a t i o n  o f  t h e  

c a t a l y t i c  system. 

3 ( c o c a t a l y s t  A1(C2H5)3). 

I f  t h i s  c a t a l y s t  i s  coated w i t h  another  t r a n s i t i o n  metal compound, a 

new c a t a l y s t  i s  formed, t h e  behaviour  o f  which i s  ex t reme ly  d i f f e r e n t  f r o m  

t h e  b a s i c  c a t a l y s t .  By changing c o n d i t i o n s  d u r i n g  c a t a l y t i c  system forma- 

t i o n ,  t i m e  independent o r  t i m e  dependent mo lecu la r  mass d i s t r i b u t i o n s  can 

be observed under t h e  same process parameters i n  a batch process. An ex- 

p l a n a t i o n  f o r  t h i s  behaviour  which i s  i n  accordance w i t h  a l l  exper imenta l  

r e s u l t s  so f a r  observed, i s  shown i n  F i g u r e  10. 

Catalyst particle - 
30 pm 

Polymer particle 

H - 
100 pm 2 M p m  

Figure 10. C a t a l y s t  des ign  and p a r t i c l e  f o r m i n g  process: 1 Befo re  

e thy lene  a d d i t i o n ,  c a t a l y s t  and c o c a t a l y s t  have r e a c t e d  f o r  

a t  l e a s t  10 minutes; 2 Befo re  e thy lene  a d d i t i o n  b o t h  

components have n o t  i n t e r a c t e d .  

F i g u r e  10 rep resen ts  t h e  c a t a l y s t  p a r t i c l e  t o  c o n s i s t  o f  s m a l l e r  p r i -  

mary p a r t i c l e s  o f  two d i f f e r e n t  t ypes  ( f i l l e d  and open p a r t i c l e s ) .  The 
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f i l l e d  p a r t i c l e s  a re  l o c a t e d  i n  t h e  c e n t e r  and they  a re  coated w i t h  open 

p a r t i c l e s .  Th is  p i c t u r e  i s  c o n s i s t e n t  w i t h  c a t a l y s t  p r e p a r a t i o n .  Path 1 

shows t h a t  a1 1 p r imary  p a r t i c l e s  s t a r t  p o l y m e r i z a t i o n  i f  c a t a l y s t  and co- 

c a t a l y s t  have had t i m e  t o  i n t e r a c t  b e f o r e  e thy lene  a d d i t i o n .  I n  t h i s  case 

c a t a l y s t  y i e l d  KA increases r a p i d l y  w i t h  t i m e  t; v i s c o s i t y  number VZ and 

mo lecu la r  mass d i s t r i b u t i o n  a re  n e a r l y  independent of t i m e  t .  Molecular  

mass d i s t r i b u t i o n  i s  c a t a l y s t  dependent, b u t  t i m e  independent. 

Path 2 i s  an a l t e r n a t i v e  way t o  prepare p o l y e t h y l e n e  w i t h  t h e  same 

c a t a l y t i c  system. I f  t h e r e  i s  no t i m e  f o r  c a t a l y s t / c o c a t a l y s t  i n t e r a c t i o n  

b e f o r e  e thy lene  a d d i t i o n ,  o n l y  t h e  p r imary  p a r t i c l e s  a t  t h e  su r face  s t a r t  

p o l y m e r i z a t i o n  because t h e y  a re  a c t i v a t e d  by t h e  c o c a t a l y s t .  I n  t h i s  case 

c a t a l y s t  y i e l d  KA i nc reases  very s l o w l y  w i t h  t i m e  t, and t h e  v i s c o s i t y  

number VZ i s  ex t reme ly  h igh,  because t h e  open c a t a l y s t  p a r t i c l e s  a re  l e s s  

a c t i v e  b u t  produce h i g h  mo lecu la r  p o l y e t h y l e n e  even a t  h i g h  hydrogen con- 

t e n t  (-64 Vo1.-%). Dur ing p o l y m e r i z a t i o n  t h e  c o c a t a l y s t  pene t ra tes  i n t o  

t h e  po lymer i z ing  p a r t i c l e  by d i f f u s i o n  t o  a c t i v a t e  t h e  p r imary  p a r t i c l e s  

i n  t h e  c e n t e r .  The p o l y m e r i z a t i o n  r a t e  i nc reases  and t h e  v i s c o s i t y  number 

decreases w i t h  t ime,  because t h e  f i l l e d  p r imary  p a r t i c l e s  a r e  more a c t i v e  

and average mo lecu la r  mass i s  r e g u l a t e d  e f f e c t i v e l y  by hydrogen. A s  a con- 

sequence t h e  mo lecu la r  mass d i s t r i b u t i o n  changes w i t h  t ime.  So i n  t h i s  

case mo lecu la r  mass d i s t r i b u t i o n  i s  c a t a l y s t  and t i m e  dependent. 

The concept t h a t  c o c a t a l y s t  d i f f u s i o n  i n t o  t h e  p o l y m e r i z i n g  p a r t i c l e  

i s  b a s i c a l l y  t h e  r e g u l a t i n g  process f o r  mo lecu la r  mass d i s t r i b u t i o n  can be 

suppor ted by exper iments demonstrat ing t h a t  p o l y m e r i z a t i o n  behaviour  and 

mo lecu la r  mass d i s t r i b u t i o n  v i a  p a t h  2 can be i n f l u e n c e d  by c o c a t a l y s t  

c o n c e n t r a t i o n  and t h e  t y p e  o f  c o c a t a l y s t .  I f  i n  pa th  2 c o c a t a l y s t  con- 

c e n t r a t i o n  i s  i nc reased  and/or mo lecu la r  mass o f  c o c a t a l y s t  decreases t h e  

behaviour  i s  s h i f t e d  i n  t h e  d i r e c t i o n  o f  t h e  pa th  1 behaviour .  Conse- 

q u e n t l y  t h i s  c a t a l y t i c  system can be i n f l u e n c e d  e a s i l y  by d i f f e r e n t  para- 

meters t o  change t h e  bimodal mo lecu la r  mass d i s t r i b u t i o n .  

E v i d e n t l y  t h e  h i g h l y  f l e x i b l e  c a t a l y t i c  system developed i s  capable 

o f  producing " t a i l o r  made" h i g h  mo lecu la r  po l ye thy lenes  i n  ba tch  as w e l l  

as cont inuous processes. 
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THE ROLE OF ETHYL BENZOATE IN HIGH-ACTIVITY AND HIGH-STEREOSPECIFICITY 

MgC12-SUPPORTED TiC14 CATALYST SYSTEM 

N.KASHIWA, M.KAWASAK1 and J.YOSHITAKE 

Research Center, Mitsui Petrochemical Industries, Ltd., Waki-cho, 

Kuga-gun, Yamaguchi-ken, 740, Japan 

ABSTRACT 

The role of ethyl benzoate (EB) in a highly active and highly 
stereospecific MgC12/TiC14-A1Et /EB catalyst system for propylene 

polymerization was investigated. It was found that suitable amounts 

o f  EB increased the yield o f  isotactic polymers, at the same time 

decreasing very sharply the yield of atactic polymers and consequently 

enhancing stereospecificity. From the results of a kinetic study of 

short-time polymerization, the said increase in yield of isotactic 

polymers and decrease in yield of atactic polymers may be attributed 

to increase in the value of the propagation rate constant at isotactic 

active centers and decrease of the concentration of atactic active 

centers. 

3 

INTRODUCTION 

For propylene polymerization, Mitsui Petrochemical Industries 

Ltd., in collaboration with Montedison S.P.A., was the first in the 

world to succeed in the research and development o f  activity-high 

stereospecific MgC12-supported TiC14 catalyst systems, and 

subsequently in their manufacture on an industrial scale in 

conjunction with resource and energy coservation. In these catalyst 

systems, an electron donor (Lewis base) such as an ester is used as an 

important catalyst component for outstanding effectiveness. It is the 

purpose of this paper to discuss the role o f  ethyl benzoate known as a 

typical example of an effective electron donor by comparing the 

catalyst systems o f  MgCl2/TiClq-A1Et and MgC1,/TiC14-A1Et3/ethyl 

benzoate. 
3 
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EXPERIMENTAL 

Preparation of the catalysts: 

MgC12/TiC14: 2.8 Kg of stainless steel balls (15mm in diameter) was 

put into a pot of internal volume 800 ml. The inside of the pot was 

purged efficiently with N2, then MgC12(20g) was added and the pot was 

placed on a roller-type milling machine for 60 h at room temperature. 

Ten grams of the solid thus obtained was transferred into a flask, 

reacted for 2 h at 80°c with 100 ml of TiC14; the solid portion was 

then separated by filtration and washed with n-decane. Eight 

milligrams of Ti atoms was contained in 1 g of the supported Ti 

catalyst. 

TiC13(AA): The product used was TAC-131 made by Toho Titanium Co., 

Ltd. 

Polymerization: 

Chapter 1: (a) Propylene polymerization was conducted by adding 500 

ml of n-decane solvent to a 1000 ml glass flask. After saturating the 

solvent with propylene, AlEt3(0.5 mmol) and MgC12/TiC14(or TiC13(AA), 

0.05 mmol) were added and polymerization was performed for 1 h at 60°C 

under atmospheric pressure. After completion of polymerization, a 

slight amount o f  ethanol was first added to the system to stop the 

polymerization and followed by a large quantity o f  methanol. The 

resulting solid polymer was collected and dried under decreased 

pressure. 

(b) Propylene polymerization was done by adding 250 ml of n-decane 

solvent to a 500 ml glass flask. After saturating the solvent with 

propylene, A1Et3(0.725, 1.45, 2.175, 2.90 or 3.625 mmol) and 

MgC1,/TiC14 catalyst (0.145 mmol of Ti) were added ([Al]/[Til=5, 10, 

15 J 20 or 25) and polymerization was performed f o r  30 min at 50°C 

under atmospheric pressure. The rest o f  the polymerization procedure 

was the same as (a). 

Chapter 2: After saturating the solvent with propylene, A1Et3(3 

m o l ) ,  EB(0, 0.3625, 0.725, 1.015, 1.450 or 2.175 mmol) and MgC12/ 

TiC14 catalyst (0.145 mmol of Ti) were added in the said order ([All/ 

[Ti]=25, [EB]/[Ti]=O, 2.5, 5.0, 10.0 or 15.0). The rest o f  the 

polymerization procedure was the same as described in chapter 1. 

Chapter 3: (a) Propylene polymerization was performed for 5 rnin, 10 

rnin, 20 rnin and 30 min with MgC12/TiC14-A1Et or MgC12/TiC14-A1Et3/EB 

at the condition of [A1]=14.5 mmo111, [Ti]=O.58 mmol/l, [EBI=O or 4.06 

mmo1/1. The rest o f  the polymerization procedure was the same as 

3 
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described in chapter 2. 

(b) EB (1.015 mmol) was added into the polymerization system with 

MgCl2/TiCl4-A1Et 5 min after start of polymerization. The rest of 

the polymerization procedure was the same as described in chapter 1. 

Chapter 4: (a) Catalyst system MgC12/TiC14-A1Et3/EB: Propylene 

polymerization was carried out in 500 r n l  of n-decane, which was first 

filled with propylene. A1Et3 (5.0 m m o l ) ,  EB (1.25 mmol) and 

MgC1,/TiC14 catalyst (0.2 mmol of Ti) were added in the said order, 

and polymerization was performed at 60°C for a short time (7-60 sec). 

The rest of the polymerization procedure was the same as described in 

chapter 1. 

( b )  Catalyst system MgC12/TiC14-A1Et Polymerization conditions were 

the same as those in (a) of this chapter except that EB was not used. 

3 

3 :  

Characterization of the produced polymer 

Isotactic Index (1.1.) of the polymer produced was measured as the 

weight fraction of polymer insoluble in boiling heptane. The 13C-NMR 

isotactic value was determined from the triad peaks of the primary 

carbon resonances. The polydispersity and % of the polymers were 

measured by gel permeation chromatography (GPC) (Waters Associates, 

Model ALC/GPC 150C) using mix polystyrene gel column (10 , 10 , lo5, 

lo4 and lo3 pore sizes) and at 135°C with o-dichlorobenzene as 

solvent. 

7 6  

RESULTS AND DISCUSSION 

1. Propylene polymerization with the MgC12/TiC14-A1Et catalyst 3 
system : 

- Comparison with the TiCl (AA)-A1Et catalyst system 
3 3 

- Effect of the concentration of AlEt 3 
The MgC12-supported TiC14 catalyst system is well known to 

exhibit very high activity in olefin polymerization. Fig. 1 shows the 

kinetic curve obtained for propylene polymerization with 

MgC12-supported TiC14 (represented as MgC12/TiC14) catalyst in 

conjunction with A1Et3. MgC12/TiC14 catalyst was obtained by 

ball-milling of MgC12 followed by reacting with TiC14 and separating 

the solid product. For comparison, the kinetic curve under identical 

Table 1 shows conditions is shown in Fig. 1 for TiC13(AA)-A1Et 

propylene polymerization activity and the analytical results of 

polypropylene with each catalyst system. 

3'  
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0-a- . a - - I  

Po lymer i za t i on  T i m e ,  min 

20 40 60 

F i g .  1 K i n e t i c  c u r v e s  of  p r o p y l e n e  p o l y m e r i z a t i o n  a t  60°C; [ T i ] =  

0 . 1  mmol/l; [ A l E t  ]=l.O mmol/l; (0) MgC1,/TiCl4-A1Et3; ( 0 )  T i C 1 3  3 
(AA)-A1Et3 

a )  T a b l e  1 Comparison o f  p o l y m e r i z a t i o n  p e r f o r m a n c e  

c )  I s o .  v a l u e  b )  A c t i v i t y  1.1 
C a t a l y s t  

MgC12/TiC14-A1Et 

(g/mmolTi .h)  ( w t % )  (%I 

968 33.9 89 3 
T i C 1 3 ( A A ) - A 1 E t 3  23 7 5 . 9  91 

a )  P o l y m e r i z a t i o n  c o n d i t i o n s  a re  t h e  same as i n  F i g .  1. 

b )  Weight f r a c t i o n  o f  p o l y m e r s  i n s o l u b l e  i n  b o i l i n g  h e p t a n e .  

c )  De te rmined  f rom t h e  t r i a d  p e a k s  of p r i m a r y  c a r b o n  r e s o n a n c e  u s i n g  

t h e  f r a c t i o n  i n s o l u b l e  i n  b o i l i n g  h e p t a n e .  

A s  i s  a p p a r e n t  f rom t h e  g i v e n  r e s u l t s ,  t h e  MgC12/TiC14 c a t a l y s t  s y s t e m  

was h i g h l y  a c t i v e  i n  t h e  y i e l d  p e r  1 mmol o f  T i  i n  c o m p a r i s o n  w i t h  t h e  

T i C l  c a t a l y s t  s y s t e m ,  b u t  t h e  s t e r e o s p e c i f i c i t y  ( i s o t a c t i c  i n d e x ,  

1.1.) of po lymer  p r o d u c e d  was q u i t e  low. However, one s h o u l d  n o t i c e  

t h a t ,  as shown i n  T a b l e  1, t h e  y i e l d  of p o l y m e r s  i n s o l u b l e  i n  b o i l i n g  

h e p t a n e  ( i s o t a c t i c  p o l y m e r s )  p e r  u n i t  of T i  a tom was e x t r e m e l y  h i g h  i n  

compar i son  w i t h  t h a t  of T i C l  and  t h e  i s o t a c t i c i t y  v a l u e  of  t h i s  

3 

3 
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polymer by "C-NMR ( t r i a d )  was a l m o s t  a s  h i g h  a s  t h a t  o f  i s o t a c t i c  

po lymers  o b t a i n e d  w i t h  t h e  TiCl c a t a l y s t  s y s t e m ,  which s u g g e s t s  t h a t  

t h e r e  a r e  h i g h l y  s t e r e o s p e c i f i c  ( i s o t a c t i c )  a c t i v e  c e n t e r s  i n  t h e  

MgC12/TiC14 c a t a l y s t  s y s t e m  as  w e l l  as  i n  t h e  T i C l  

So i t  i s  r e a s o n a b l e  t o  assume t h a t  a h i g h l y  a c t i v e  and  h i g h l y  

s t e r e o s p e c i f i c  c a t a l y s t  c o u l d  be o b t a i n e d  by u s i n g  v e r y  s e l e c t i v e l y  

o n l y  t h e  s t e r e o s p e c i f i c  ( i s o t a c t i c )  a c t i v e  c e n t e r s  i n  t h e  MgC12/TiC14- 

A 1 E t 3  c a t a l y s t  s y s t e m .  

I n  o r d e r  t o  o b t a i n  more d e t a i l e d  i n f o r m a t i o n  on p o l y m e r i z a t i o n  

w i t h  t h e  MgC12/TiC14 c a t a l y s t  s y s t e m ,  t h e  e f f e c t  o f  t h e  c o n c e n t r a t i o n  

o f  A l E t  [ A l l ,  was s t u d i e d  a t  5 O o C  s l u r r y  p o l y m e r i z a t i o n  f o r  30 min. 

T a b l e  2 and F i g s .  2-7 show t h e  p o l y m e r i z a t i o n  r e s u l t s  o b t a i n e d  by 

c h a n g i n g  A l E t  c o n c e n t r a t i o n  from 2 . 9  t o  1 4 . 5  mm0111 u n d e r  c o n s t a n t  T i  

c o n c e n t r a t i o n  o f  0 .58  mmo1/1 ( t h e r e f o r e ,  [ A l ] / [ T i ]  m o l a r  r a t i o  was 

changed i n  t h e  r a n g e  o f  5 - 2 5 ) .  

From t h e s e  s t u d i e s ,  t h e  f o l l o w i n g  was n o t e d .  

O v e r a l l  po lymer  y i e l d s  were c o n s t a n t  a n d  i n d e p e n d e n t  o f  [ A l l  i n  a l l  

e x p e r i m e n t s  and  I.I. o f  t h e  p r o d u c e d  p o l y m e r ,  as  shown i n  F i g .  2 ,  was 

a l m o s t  unchanged ( a r o u n d  3 5 % )  i n  t h e  r a n g e  be tween  8 . 7  a n d  1 4 . 5  mmo1/1 
o f  [ A l ] ( [ A l ] / [ T i ] = 1 5 - 2 5  m o l / m o l ) ,  b u t  e l e v a t e d  s l i g h t l y  ( 4 2 - 4 4 % )  a t  

l o w e r  [ A l l  o f  5 . 8  ( [ A l ] / [ T i ] = 1 0 ) - 2 . 9  mmo1/1 ( [ A l l / [ T i I = 5 )  by s l i g h t  

c h a n g e s  i n  t h e  y i e l d s  o f  h e p t a n e - i n s o l u b l e  a n d  - s o l u b l e  p o l y m e r s  i n  

F i g .  3. 
M o l e c u l a r  w e i g h t  o f  b o i l i n g  h e p t a n e - i n s o l u b l e  po lymers  and  b o i l i n g  

h e p t a n e - s o l u b l e  p o l y m e r s  ( h e r e a f t e r ,  r e p r e s e n t e d  as  C 7 - i n s o l u b l e  and  

C - s o l u b l e  p o l y m e r s ,  r e s p e c t i v e l y )  r e m a i n e d  a l m o s t  c o n s t a n t ,  e x c e p t  

t h o s e  p r o d u c e d  u n d e r  t h e  c o n d i t i o n  o f  l o w e s t  CAl I (2 .9  mmo1/1, 

[ A l ] / [ T i ] = 5 ) ,  which were s i g n i f i c a n t l y  h i g h e r  t h a n  o t h e r s  as  shown i n  

F i g .  4 .  
The p o l y d i s p e r s i t y ( m w / m n )  c o u l d  be  r e g a r d e d  t o  be  a l m o s t  c o n s t a n t ,  

e x c e p t  t h e  s l i g h t  d e c r e a s e  o f  C 7 - i n s o l u b l e  p o l y m e r s  a t  t h e  l o w e s t  

[ A l ] ( F i g .  5 ) .  GPC c u r v e s  o f  C - s o l u b l e  p o l y m e r s  ( F i g .  6 )  were a l l  

symmet r i c  a n d  showed no s i g n i f i c a n t  d i f f e r e n c e  among t h e m s e l v e s  e x c e p t  

f o r  a s l i g h t  s h i f t  t o  a h i g h e r  m o l e c u l a r  w e i g h t  a t  t h e  l o w e s t  [ A l l .  
On t h e  o t h e r  hand ,  as shown i n  F i g .  7 ,  GPC c u r v e s  o f  i s o t a c t i c  

p o l y m e r s  were a l l  a s y m m e t r i c  and t h e y  seemed t o  b e  d i v i d e d  i n t o  two 

p e a k s  a t  a r o u n d  l o 5  a n d  105-10 m o l e c u l a r  w e i g h t .  With l o w e r i n g  of  

[ A l ] / [ T i ]  o r  [ A l l ,  t h e s e  a symmet r i c  c u r v e s  moved t o  a h i g h e r  m o l e c u l a r  

w e i g h t ,  c h a n g i n g  s h a p e s  by i n c r e a s i n g  t h e  p o r t i o n  o f  h i g h e r  m o l e c u l a r  

3 

c a t a l y s t  s y s t e m .  3 

3 ,  

3 

7 

7 

6 
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Table 2 The effect of the concentration of AlEt in the MgC12/TiC14-A1Et catalyst system 1) 
3 3 

[Al]/[Ti] 1.1. Yield GPC 

c - s o l .  7 C -insol. 7 
4 - - - -4 - - - 

C -insol. C -sol. Overall 7 7 No. Overall 

(mol/mol) (wt%) (g) (g/mmolTi) (g/mmolTi) (g/mmolTi) mnxl0- Mw/Mn MnxlO Mw/Mn MnxlO-' Ew/En 

10 1 5 42 54.8 378 15 9 2 19 2.57 7.27 9.52 3.47 1.93 4.41 

10 2 10 44 51.2 353 155 198 2.62 6.77 7.61 4.27 1.61 4.47 

103 15 35 58.2 401 140 261 2.53 6.72 7.84 4.54 1.46 4.69 

104 20 35 55.9 386 135 251 1.77 10.2 7.75 4.77 1.42 4.67 

1062) 25 84 42.9 296 249 47 5.78 8.14 9.36 4.96 1.25 5.13 
105 25 37 55.0 379 14 0 239 2.19 8.18 7.49 4.34 1.36 4.59 

1) n-decane 250 ml, 50°C, 30 min, [Ti]=O.58 mmo1/1 

2) MgC12/TiC14-A1Et3/EB, [EB]/[Ti]=7 mol/mol 



The Role of E t h y l  Benzoate  4 9  

400. 
.- 
I- 
I 

E 

d 

300. 

2l 
-200 .  
3 
a, .- > 

100 . 

EB 
0 

0 

EB 
0 

500 

400 
F 

E 300 
E 

I 
0 
A 

h -- 200 '  
d 

a, .- > 

EB 
0 

0 d- 
0 o o  

0 
0 5 10 15 20 25 

[ A l E k  I/[  Ti I ,  mol/mol 

100 

50 f 
+I 
c: 

0 

Fig. 2 Effect of [AlEt ]/[Ti1 on the yield ( 0 )  and Isotactic Index 

(1.1.) of produced polymer (0) with MgC12/TiC14-A1Et 

OEB and OEB: MgCl2/TiCl4-A1Et3/EB. Polymerization conditions are 

the same as those in Table 2. 

3 

3'  
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0 

EB 

EB 
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O L  A I 
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[ A lE t3  I/[ Ti I ,  mol/mol 

Fig. 3 Effect of [A1Et31/[Til on the polymer yields (overall polymers 

( a ) ,  C -soluble polymers (01, C7-insoluble polymers (0)) with 7 
MgC12/TiC14-A1Et Polymerization conditions are the same as those in 

Table 2. 
3 '  
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* 

x 5.0 t 
8- -@---.- 0- 0- 
EB 

0' I I 
I I I 

0 5 10 15 20 25 

[ AlEts I/[ Ti 1, mol/mol 

3 
7 

Fig. 4 Effect of [AlEt ]/[Ti] on Rn of the produced polymers (C7- 

soluble polymers ( a ) ,  C -insoluble polymers (0)) with MgC12/TiC14- 

A1Et3. Polymerization conditions are the same as those in Table 2. 

0' I 
I I 

0 5 10 15 20 25 

[ AlEts I/[ Ti I ,  mol/mol 

Fig. 5 Effect of [AlEt ]/[Ti] on Rw/fin (C soluble polymers ( e ) ,  
Polymerization C insoluble polymers (0)) in MgC1,/TiC14-A1Et 

conditions are the same as those in Table 2. 

3 7- 
3 '  7- 
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Molecular Weight 

Fig. 6 Effect of [A1Et3]/[Ti] on the GPC curves of C -soluble 7 
polymers with MgC12 /TiC14-A1Et [ AlEt 1 /[Ti 1 = 

10, 15, 20 and 25(------- ) .  Polymerization conditions are the same as 

those in Table 2. 

[ AlEt 3] / [ Ti] = 5 (-) ; 3' 

Molecular W e i g h t  

Fig. 7 Effect of [A1Et3]/[Ti] on the GPC curves of C -insoluble 

polymers with MgCl2/TiCl4-A1Et [AlEt ]/[Ti]=5(-); [AlEt ]/[Ti]= 

Polymerization conditions are the same as those in Table 2. 

7 
3' 3 3 

); [AlEt ]/[Ti]=15, 20 and 25(-------- 1. 3 10 (---- 
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5 6  7 w e i g h t ( l 0  - 1 0  ) .  

p o l y m e r s  a t  t h e  l o w e s t  [All i n  F i g .  4 c o u l d  b e  a t t r i b u t e d  t o  t h e  

s i g n i f i c a n t  i n c r e a s e  o f  t h e  c o n t r i b u t i o n  o f  t h e  peak  a t  h i g h e r  

m o l e c u l a r  w e i g h t .  

The a f o r e m e n t i o n e d  i n c r e a s e  o f  Rn o f  C - i n s o l u b l e  

These c h a n g e s  i n  t h e  s h a p e  o f  GPC c u r v e s  o f  C - i n s o l u b l e  

( i s o t a c t i c )  po lymer  may b e  e x p l a i n e d  as  f o l l o w s :  T h e r e  would b e  a t  

l e a s t  two s e p a r a t e  g r o u p s  o f  i s o t a c t i c  a c t i v e  c e n t e r s  which would 

p r o d u c e  C - i n s o l u b l e  ( i s o t a c t i c )  p o l y m e r s  h a v i n g  d i f f e r e n t  m o l e c u l a r  

w e i g h t .  And, u n d e r  c o n d i t i o n s  o f  h i g h e r  [All, a g r o u p  o f  a c t i v e  

c e n t e r s  t o  p r o d u c e  i s o t a c t i c  p o l y m e r s  o f  l o w e r  m o l e c u l a r  w e i g h t  c o u l d  

be formed p r e f e r e n t i a l l y ;  on t h e  o t h e r  hand ,  u n d e r  c o n d i t i o n s  o f  l o w e r  

[ A l l ,  t h e  o t h e r  g r o u p  o f  a c t i v e  c e n t e r s  t o  p r o d u c e  i s o t a c t i c  polymer 

o f  h i g h e r  m o l e c u l a r  w e i g h t  c o u l d  become comparab le  t o  t h e  f i r s t  g r o u p .  

I n  o t h e r  words ,  t h e r e  would b e  two g r o u p s  o f  i s o t a c t i c  a c t i v e  

P 
c e n t e r s  o f  which one  would have  a l o w e r  p r o p a g a t i o n  r a t e  c o n s t a n t ,  k 

a n d / o r  c o u l d  

be formed w i t h  t h e  h i g h e r  p r o b a b i l i t y  u n d e r  c o n d i t i o n s  of h i g h e r  [All. 

C o n s i d e r i n g  t h a t  T i C 1 4  i s  e a s i l y  r e d u c e d  by t h e  r e a c t i o n  w i t h  A l E t  

i t  may be  t h a t  a c t i v e  c e n t e r s  formed a t  l o w e r  [ A l l  c o n s i s t  of T i  a toms  

of h i g h e r  v a l e n c e  s t a t e .  

7 

7 

h i g h e r  c h a i n  t r a n s f e r  ra te  c o n s t a n t ,  k t r  and  t h e  f o r m e r  

2) 
3’ 

I n  summary, w i t h i n  t h e  r a n g e  o f  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  

MgC12/TiC14-A1Et c a t a l y s t  s y s t e m  showed v e r y  h i g h  a c t i v i t y  p e r  u n i t  

o f  A 1 E t 3  

i n  t h i s  c a t a l y s t  s y s t e m  was n o t  i m p o r t a n t  on e i t h e r  a c t i v i t y  o r  

s t e r e o s p e c i f i c i t y .  G P C  c u r v e s  o f  o b t a i n e d  p o l y p r o p y l e n e  s u g g e s t  t h a t  

t h e r e  a r e  a t  l e a s t  two g r o u p s  o f  i s o t a c t i c  a c t i v e  c e n t e r s  t o  p r o d u c e  

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

o f  t h e  c o n t r i b u t i o n  of e a c h  g r o u p  d e p e n d s  on  t h e  c o n c e n t r a t i o n  o f  

A l E t  3 .  

3 
T i  a tom b u t  low s t e r e o s p e c i f i c i t y ,  and  t h e  c o n c e n t r a t i o n  o f  

2 .  P r o p y l e n e  p o l y m e r i z a t i o n  w i t h  t h e  MgC12/TiC14-A1Et / e t h y l  3 
b e n z o a t e ( E B )  c a t a l y s t  s y s t e m  

- E f f e c t  o f  a d d i t i o n  o f  EB 

Next ,  e t h y l  b e n z o a t e ( E B )  was i n t r o d u c e d  t o  t h e  p o l y m e r i z a t i o n  

s y s t e m  f o l l o w i n g  A l E t  a d d i t i o n  u n d e r  t h e  c o n d i t i o n  o f  [ E B l / [ T i l = 7  
(mol/mol), [ A l 1 / [ T i l = 2 5 ( m o l / m o l )  a n d  [ T i ] = O . 5 8  mmol/l i n  o r d e r  t o  

examine p r e l i m i n a r i l y  t h e  r o l e  o f  EB. The r e s u l t s  a r e  l i s t e d  a t  t h e  

3 
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po t tom o f  T a b l e  2 .  These  da ta  were p l o t t e d  w i t h  n o t a t i o n  o f  EB i n  

F i g s .  2-5 f o r  compar i son  w i t h  d a t a  w i t h o u t  EB a d d i t i o n .  

F i r s t ,  a s  shown i n  F i g .  2 ,  by a d d i t i o n  o f  EB,  1.1. o f  t h e  

o b t a i n e d  polymer was marked ly  enhanced  from 37 w t %  t o  84 w t % ,  b u t  a t  

t h e  same time, t h e  o v e r a l l  polymer y i e l d  was l o w e r e d  c o n s i d e r a b l y .  

One c a n  see from F i g .  3 t h a t  t h e  d e c r e a s e  o f  t h e  o v e r a l l  po lymer  y i e l d  

was a t t r i b u t a b l e  t o  t h e  s h a r p  d e c r e a s e  o f  C - s o l u b l e  ( a t a c t i c )  

p o l y m e r s ,  which c a n c e l l e d  t h e  i n c r e a s e  o f  C - i n s o l u b l e  ( i s o t a c t i c )  

p o l y m e r s ,  and t h e  d r a s t i c  i n c r e a s e  o f  1.1. was a t t a i n e d  by t h e s e  v e r y  

f a v o r a b l e  changes  o f  y i e l d s  f o r  b o t h  p o l y m e r s .  Namely, by a d d i t i o n  o f  

EB,  t h e  y i e l d  o f  C - s o l u b l e  ( a t a c t i c )  p o l y m e r s  was l o w e r e d  t o  20%,  

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

i n c r e a s e d  t o  175% o f  t h o s e  w i t h o u t  EB. These  c h a r a c t e r i s t i c  e f f e c t s  

o b s e r v e d  by a d d i t i o n  o f  EB c o u l d  n o t  b e  s e e n  by c h a n g i n g  A 1 E t 3  

c o n c e n t r a t i o n s  i n  t h e  MgC12/TiC14-A1Et c a t a l y s t  s y s t e m  ( F i g .  2 ,  3 ) .  
T h e r e f o r e ,  t h e s e  e f f e c t s  c o u l d  n o t  be a t t r i b u t e d  t o  t h e  d e c r e a s e  o f  

” e f f e c t i v e  A 1 E t 3  c ~ n c e n t r a t i o n ” ~ )  by t h e  r e a c t i o n  o f  A 1 E t 3  w i t h  

E B 4 - 6 ) ,  b u t  c o u l d  be  w e l l  e x p l a i n e d  by t h e  f a c t  t h a t  EB h a d  d i r e c t  b u t  

e n t i r e l y  d i f f e r e n t  a c t i o n  t o  a t a c t i c  and  i s o t a c t i c  a c t i v e  c e n t e r s ,  

namely,  EB p o i s o n e d  a t a c t i c  a c t i v e  c e n t e r s  v e r y  p r e f e r e n t i a l l y ,  w h i l e  

i t  a s s o c i a t e d  w i t h  i s o t a c t i c  c e n t e r s  ir,  s u c h  a manner as  t o  enhance  

t h e  a c t i v i t y .  

EB showed a s imi la r  e f f e c t  on m o l e c u l a r  w e i g h t  and  p o l y d i s p e r s i t y  

o f  t h e  p o l y m e r s .  A s  for t h e  p o l y d i s p e r s i t y ,  Mw/% v a l u e s  o f  b o t h  

a t a c t i c  a n d  i s o t a c t i c  p o l y m e r s  were s l i g h t l y  e n l a r g e d  ( F i g .  5 ) .  
On t h e  o t h e r  hand,  Mn of b o t h  p o l y m e r s  ( i s o t a c i t c  and  a t a c t i c )  were 

a f f e c t e d  by EB i n  a d i f f e r e n t  way, t h a t  i s  i n c r e a s e  o f  Mn f o r  

i s o t a c t i c  p o l y m e r s  a n d  s l i g h t  d e c r e a s e  o f  En f o r  a t a c t i c  p o l y m e r s  

( F i g .  4 ) .  A l though  t h e  same i n c r e a s e  o f  En for i s o t a c t i c  p o l y m e r s  was 

o b s e r v e d  i n  F i g .  4 a t  t h e  l o w e s t  [ A l E t  ] w i t h o u t  EB, t h e  b e h a v i o r  of 

t h e  a t a c t i c  po lymers  was o p p o s i t e  t o  t h a t  o b t a i n e d  by EB a d d i t i o n .  

MgC12/TiC14- 

A 1 E t 3 / E B  c a t a l y s t  s y s t e m ,  t h e  f o l l o w i n g  may be  p o i n t e d  o u t  as t h e  

e f f e c t s  o f  EB a d d i t i o n .  

1) C o n s i d e r a b l e  i n c r e a s e  i n  y i e l d  of i s o t a c t i c  p o l y m e r s  

2 )  S h a r p  d e c r e a s e  i n  y i e l d  o f  a t a c t i c  p o l y m e r s  

3 )  I n c r e a s e  o f  Fin o f  i s o t a c t i c  p o l y m e r s ,  and  some d e c r e a s e  o f  t h a t  of  

a t a c t i c  p o l y m e r s  

7 
7 

7 

7- 

3 

- 

- 
- 

3 

A s  t h e  r e s u l t  o f  t h e  p r e l i m i n a r y  e x a m i n a t i o n  on t h e  

F u r t h e r  i n v e s t i g a t i o n  t o  o b t a i n  more d e t a i l e d  i n f o r m a t i o n  on t h e  
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r o l e  o f  EB was c a r r i e d  o u t  b y  c’langing t h e  amount o f  EB added  from 0 

to 15 i n  terms o f  t h e  m o l a r  r a t i o  o f  [ E B ] / [ T i ]  u n d e r  t h e  c o n d i t i o n s  o f  

[ A 1 E t 3 ] / [ T i ] = 2 5 ,  

The r e s u l t s  a r e  l i s t e d  i n  T a b l e  3 and shown i n  F i g s .  8-13. 

[ T i ] = 0 . 5 8  mmol/l, 5 0 ° C ,  15 min p o l y m e r i z a t i o n .  

F i g u r e  8 shows t h e  dependence  o f  t h e  y i e l d s  and  1.1. o f  a l l  

po lymers  on t h e  amount o f  added  EB. EB enhanced  1.1. o f  t h e  po lymers  

marked ly  from 35% t o  maximum v a l u e s  o f  9O%, b u t  w i t h  c o n s i d e r a b l e  

loss of  t h e  y i e l d  o f  a l l  p o l y m e r s .  F i g .  9 shows t h a t  t h e  loss o f  a l l  

po lymers  was a t t r i b u t a b l e  t o  t h e  s u c c e s s i v e  d e c r e a s e  o f  C - s o l u b l e  

( a t a c t i c )  p o l y m e r s  by EB a d d i t i o n  which c a n c e l e d  t h e  i n c r e a s e  o f  

C - i n s o l u b l e  ( i s o t a c t i c )  p o l y m e r s .  The y i e l d  o f  C - s o l u b l e  ( a t a c t i c )  

p o l y m e r s  d e c r e a s e d  t o  o n l y  7 %  a s  much as  t h a t  o f  a c o n t r o l  a t  t h e  

h i g h e s t  amount o f  EB ( [ E B ] / [ T i ] = 1 5 ) .  On t h e  o t h e r  hand ,  t h e  y i e l d  

c u r v e  o f  C - i n s o l u b l e  ( i s o t a c t i c )  p o l y m e r s  showed maximum p e a k ,  a t  

which t h e  y i e l d  was 1 . 9  times t h a t  of a c o n t r o l .  EB i n c r e a s e d  t h e  

y i e l d  o f  C - i n s o l u b l e  ( i s o t a c t i c )  p o l y m e r s  w i t h i n  t h e  whole r a n g e  o f  

c o n c e n t r a t i o n s  o f  EB i n  t h e  p r e s e n t  e x p e r i m e n t s .  However, F i g .  9 
shows t h a t  t h e  u s e  o f  a n  e x c e s s  amount o f  EB r e s u l t s  i n  t h e  loss o f  

C i n s o l u b l e  ( i s o t a c t i c )  p o l y m e r s ,  f o r  example ,  by t h e  complex ing  of 

EB t o  t h e  i s o t a c t i c  a c t i v e  c e n t e r ;  t h e r e f o r e  t h e  o b t a i n e d  y i e l d  c u r v e  

c o u l d  be  c o n s i d e r e d  t o  be  t h e  r e s u l t  o f  t h e  m u t u a l  c a n c e l l a t i o n  o f  t h e  

p o s i t i v e  and  n e g a t i v e  e f f e c t s  o f  EB on t h e  y i e l d  and  t h e  r e s u l t  o f  

ove rcoming  t h e  p o s i t i v e  e f f e c t  w i t h i n  t h e  p r e s e n t  e x p e r i m e n t s .  F i g .  

10  shows t h a t  EB i n c r e a s e d  t h e  p o l y d i s p e r s i t y ,  fvfw/mn v a l u e  o f  t h e  b o t h  

p o l y m e r s  o f  C - i n s o l u b l e  ( i s o t a c t i c )  a n d  C7-so lub le  ( a t a c t i c )  p o l y m e r s  

w i t h  i n c r e a s e  o f  t h e  amount added  ( s e e  a l s o  F i g s .  1 2 ,  1 3 ) .  F i g .  11 

shows t h a t ,  w i t h  i n c r e a s e  o f  t h e  a d d e d  amount ,  EB i n c r e a s e d  marked ly  

t h e  m o l e c u l a r  w e i g h t  o f  C - i n s o l u b l e  ( i s o t a c t i c )  p o l y m e r s ,  b u t  

d e c r e a s e d  s l i g h t l y  t h e  m o l e c u l a r  w e i g h t  o f  C - s o l u b l e  ( a t a c t i c )  

p o l y m e r s  i n d i c a t i n g  t h a t  EB had q u i t e  o p p o s i t e  a c t i o n s  on t h e  two 

a c t i v e  c e n t e r s .  

F i g u r e s  1 2  a n d  13 r e f l e c t  c l e a r l y  t h e  c h a n g e s  o f  mw/mn and  mn i n  

F i g s .  10  and  11 by a d d i t i o n  o f  EB. F i g .  1 2  shows t h a t ,  w i t h  i n c r e a s e  

i n  t h e  amount o f  added  EB, G P C  c u r v e s  o f  C 7 - s o l u b l e  ( a t a c t i c )  po lymers  

s h i f t e d  t o  l o w e r  m o l e c u l a r  w e i g h t ,  b r o a d e n i n g  t h e  p e a k  a rea .  A s  

m e n t i o n e d  a b o v e ,  EB v e r y  e f f e c t i v e l y  i n a c t i v a t e s  a c t i v e  c e n t e r s  t o  

p r o d u c e  C s o l u b l e  p o l y m e r s .  T h e r e f o r e ,  t h e  above r e s u l t s  may be  

e x p l a i n e d  as  t h e  p r e f e r e n t i a l  i n a c t i v a t i o n  o f  a c t i v e  c e n t e r s  t o  

p r o d u c e  C 7 - s o l u b l e  ( a t a c t i c )  p o l y m e r s  o f  h i g h e r  m o l e c u l a r  w e i g h t .  

7 

7 7 

7 

7 

7- 

7 

7 
7 

7- 



1) Table 3 Effect of addition of ethyl benzoate into the MgC12/TiC14-A1Et catalyst system 3 

[EB]/[Ti] 1.1. Yield GPC 

c -sol. 
7 

C -insol. 
4 -  - - 7 

C -insol. C -sol. Overall 

- 
7 7 

No. Overall 

(mol/mol) (wt%) (g) (g/mmolTi) (g/mmolTi) (g/mmolTi) K ~ X ~ O - ~  Mw/h MnxlO- Mw/Mn MnxlO-' Rw/li?n 

201 0 35 26.5 230 81 147 2.05 7.93 6.96 4.81 1-47 3.53 

203 5.0 78 22.4 195 152 43 5.26 7.00 8.37 4.68 1.52 3.74 

202 2.5 58 25.9 225 13 1 94 2.33 10.5 7.10 4.08 1.22 3.70 

204 10.0 85 20.4 177 150 27 5.17 8.78 9.62 4.57 l.Q5 5.44 
205 15.0 9 0  12.0 104 94 10 6.36 9.99 11.1 5.52 0.96 6.91 

1) n-decane 250 ml, 50°C, 30 min, [Ti]=O.58 mmo1/1, [AlEt ]=14.5 mmol/l 
3 
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J I100 

0-0 
0 5 10 15 

[ EB I/[ Ti I ,  mol/mol 

Fig. 8 Effect of [EB]/[Ti] on the yield ( 0 )  and Isotactic Index 

(1.1.) (0) of polymers produced with MgC1,/TiC14-A1Et3/EB. 

Polymerization conditions are the same as those in Table 3. 

[ EB I/[ Ti I ,  mol/moL 

Fig. 9 Effect of [EB]/[Ti] on the yields (overall polymers ( a ) ,  
C -soluble polymers ( o ) ,  C -insoluble polymers (0)) with MgC12/ 

TiCl4-A1Et3/EB. Polymerization conditions are the same as those in 

Table 3. 

7 7 
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2voL OO 5 10 15 

[ EB I/[  Ti I ,  rnol/rnol 

F i g .  1 0  E f f e c t  o f  [ E B ] / [ T i ]  on 

Mw/Rn ( C 7 - s o l u b l e  p o l y m e r s  (01, 
C - i n s o l u b l e  p o l y m e r s  (0)) i n  

MgC1,/TiC14-A1Et3/EB. 

P o l y m e r i z a t i o n  c o n d i t i o n s  a r e  

t h e  same as  t h o s e  i n  T a b l e  3. 

- 

7 

F i g .  11 E f f e c t  of [ E B I / [ T i l  on 

Mn ( C 7 - s o l u b l e  p o l y m e r s  ( 1, 
C - i n s o l u b l e  p o l y m e r s  (0)) i n  

MgC1,/TiC14-A1Et3/EB. 

P o l y m e r i z a t i o n  c o n d i t i o n s  a r e  t h e  

same as  t h o s e  i n  T a b l e  3 .  

- 

7 

F i g .  13 shows t h a t  w i t h  t h e  i n c r e a s e  of t h e  amount of added EB,  

a s y m m e t r i c  G P C  c u r v e s  o f  C - i n s o l u b l e  ( i s o t a c t i c )  p o l y m e r s  s h i f t e d  t o  

h i g h e r  m o l e c u l a r  w e i g h t ,  b r o a d e n i n g  t h e  p e a k  area by i n c r e a s e  o f  t h e  

r e l a t i v e  c o n t r i b u t i o n  o f  t h e  polymer p o r t i o n  h a v i n g  m o l e c u l a r  w e i g h t  
5 6  o f  1 0  -10 . One c a n  see t h a t  t h e s e  c u r v e s  c a n  b e  d i v i d e d  i n t o  two 

p e a k s  i n  which t h e  i n d i v i d u a l  c e n t e r s  would be l o c a t e d  a t  m o l e c u l a r  

w e i g h t s  of a r o u n d  l o 5  (L p e a k )  and o f  105-106 (H p e a k ) ,  r e s p e c t i v e l y ,  

and  t h a t  t h e s e  p e a k s  a r e  t h e  same as  t h o s e  s e e n  i n  F i g .  7 ( n o  E B ) .  A s  

p o i n t e d  o u t  i n  t h e  p r e v i o u s  c h a p t e r ,  t h e  c o n t r i b u t i o n  of t h e  H p e a k  t o  

t h e  G P C  c u r v e s  i n  F i g .  7 was i n c r e a s e  w i t h  d e c r e a s i n g  c o n c e n t r a t i o n  o f  

A 1 E t 3  o r  [ A l ] / [ T i ]  m o l a r  r a t i o  i n  t h e  MgC1,/TiC14-A1Et c a t a l y s t  

s y s t e m .  T h e r e f o r e ,  i t  c a n  be  assumed t h a t  a c t i v e  c e n t e r s  t o  p r o d u c e  

H p e a k  a re  formed by t h e  r e a c t i o n  o f  A l E t  and  T i  c a t a l y s t  u n d e r  

mi lde r  c o n d i t i o n s  s u c h  as l o w e r  [Al ] / [T i ] .  I n  t h e  MgC12/TiC14- 

A l E t  /EB c a t a l y s t  s y s t e m ,  i n c r e a s e  of t h e  amount of EB enhanced  t h e  

r e l a t i v e  c o n t r i b u t i o n  o f  H p e a k  t o  L p e a k  as  shown i n  F i g .  13 ( N o t e :  

However, t h e  a b s o l u t e  y i e l d s  of p o l y m e r s  of b o t h  L and  H p e a k s  

d e c r e a s e d  a t  h i g h e r  c o n c e n t r a t i o n s  of E B . ) .  C o n s i d e r i n g  t h e  a b o v e ,  EB 

would b r i n g  a b o u t  m i l d e r  r e a c t i o n  c o n d i t i o n s  t o  fo rm a v t i v e  c e n t e r s  t o  

7 

3 

3 

3 
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Molecular Weight 

Fig. 12 Effect of [EB]/[Ti] on the GPC curves of C -soluble polymers 

with (---.~ ; 

[EB]/[Ti]=15(-). Polymerization conditions are the same as those 

in Table 3. 

7 
MgC l2 /Tic 14-A1Et /EB . [ EB] / [Ti ] = 0 (---------) ; [ EB 1 / [Ti 1 = 10 

Molecular Weight 

Fig. 13 Effect of CEB]/CTil on the GPC curves of C -insoluble 

polymers w i t h  MgC1,/TiC14-A1Et3/EB. [EB]/[Til=O(.-------.); [EBl/[Til=5 

(----- ); [EB]/[Ti]= 10 (-----. ); [EB]/[Ti]=15 (-). Polymerization 

conditions are the same as those in Table 3. 

7 



The Role of E t h y l  B e n z o a t e  59  

p r o d u c e  H peak  b y  l o w e r i n g  t h e  c o n c e n t r a t i o n  o f  A l E t  by r e a c t i n g  w i t h  

A 1 E t 3  t o  form A1 a l c h o x i d e  compounds a n d / o r  by weaken ing  t h e  

r e a c t i v i t y  o f  A l E t  by complex ing  w i t h  i t ,  and a t  t h e  same t i m e ,  a n  

e x c e s s  o f  EB would p a r t i a l l y  i n a c t i v a t e  i s o t a c t i c  a c t i v e  c e n t e r s .  

3 

3 

A s  t h e  c o n c l u s i o n  o f  t h i s  c h a p t e r ,  t h e  f o l l o w i n g  c a n  b e  s a i d  t o  

be t h e  r o l e  o f  EB.  EB d e c r e a s e d  t h e  y i e l d  o f  a t a c t i c  p o l y m e r s  v e r y  

s h a r p l y  w i t h  r e l a t i v e  i n c r e a s e  i n  t h e  y i e l d  o f  i s o t a c t i c  po lymers  

u n d e r  t h e  p r e s e n t  c o n d i t i o n s  and c o n s e q u e n t l y  enhanced  s t e r e o -  

s p e c i f i c i t y  w i t h  minimum s a c r i f i c e  of  o v e r a l l  a c t i v i t y .  EB 

i n a c t i v a t e s  a t a c t i c  a c t i v e  c e n t e r s  v e r y  p r e f e r e n t i a l l y ,  and  a s s o c i a t e s  

w i t h  i s o t a c t i c  a c t i v e  c e n t e r s  i n  a manner s o  as  t o  enhance  t h e  

a c t i v i t y  f i r s t  and t h e n  i n a c t i v a t e  them g r a d u a l l y  w i t h  i n c r e a s e d  

c o n c e n t r a t i o n .  F u r t h e r m o r e ,  G P C  c u r v e s  f o r  C - i n s o l u b l e  ( i s o a t a c t i c )  

po lymers  s u g g e s t  t h e  p r e s e n c e  o f  a t  l e a s t  two s e p a r a t e  g r o u p s  o f  

i s o t a c t i c  a c t i v e  c e n t e r s ,  and EB a p p e a r s  t o  enhance  t h e  r e l a t i v e  

c o n t r i b u t i o n  o f  a g r o u p  o f  a c t i v e  c e n t e r s  t o  p r o d u c e  p o l y m e r s  o f  

h i g h e r  m o l e c u l a r  w e i g h t  and  c o n s e q u e n t l y  i n c r e a s e d  m o l e c u l a r  we igh t  

and p o l y d i s p e r s i t y  o f  C - i n s o l u b l e  ( i s o t a c t i c )  p o l y m e r s .  

7 

7 

3. P r o p y l e n e  p o l y m e r i z a t i o n  w i t h  t h e  MgC12-supported T i C 1 4  c a t a l y s t  

s y s t e m :  E f f e c t  o f  t h e  p o l y m e r i z a t i o n  t ime  

H i t h e r t o ,  we have  examined t h e  e f f e c t  o f  t h e  c o n c e n t r a t i o n  o f  

AlEt and  t h e  amount o f  added  EB on p r o p y l e n e  p o l y m e r i z a t i o n  w i t h  t h e  

MgCl2/TiCl4-A1Et c a t a l y s t  s y s t e m .  These  s t u d i e s  d e a l  w i t h  po lymers  

o b t a i n e d  by p o l y m e r i z a t i o n  f o r  15 o r  30 min. 

3 

3 

3 
c a t a l y s t  s y s t e m  i n  p r o p y l e n e  p o l y m e r i z a t i o n  d e c r e a s e d  w i t h  i n c r e a s e  of  

p o l y m e r i z a t i o n  t ime. 7)98) Namely, t h e  n a t u r e  o f  t h e  a c t i v e  c e n t e r s  of  

t h i s  c a t a l y s t  s y s t e m  may change d u r i n g  t h e  p o l y m e r i z a t i o n  t i m e .  The 

e f f e c t  o f  p o l y m e r i z a t i o n  t ime was examined u s i n g  p o l y m e r i z a t i o n  data  

l i s t e d  i n  T a b l e  4 f o r  5 ,  1 0 ,  20 and  30 min w i t h  MgCl2/TiCl4-A1Et a t  

[ A 1  ] / [ T i  ] = 2 5 ( mo 1 /mo 1 ) , 5 0 C and  MgC 1 / T i  C 1 - A l E t  /EB a t  [ A  11 / [ EB 1 = 7 
( m o l / m o l ) ,  50°C. F i g .  14 shows t h e  c h a n g e s  i n  a c t i v i t y  by m o n i t o r i n g  

t h e  consumpt ion  of  p r o p y l e n e  monomers w i t h  a f l o w  meter i n  

p o l y m e r i z a t i o n s  No.304 and  No.308 i n  T a b l e  4. Two c a t a l y s t  s y s t e m s  

showed d i f f e r e n t  o v e r a l l  p o l y m e r i z a t i o n  a c t i v i t y  b u t  a l m o s t  t h e  same 

ra te  of  decay  i n  a c t i v i t y .  F i g .  15  shows t h e  dependence  o f  1.1. of  

o v e r a l l  po lymers  on t h e  p o l y m e r i z a t i o n  t ime .  1.1. r e m a i n e d  a l m o s t  

unchanged i n  e a c h  c a t a l y s t  s y s t e m  i n  s p i t e  o f  c o n s i d e r a b l e  decay  i n  

A s  i n d i c a t e d  e a r l i e r ,  t h e  a c t i v i t y  o f  t h e  MgC12/TiC14-A1Et 

3 
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T a b l e  4 E f f e c t  of p o l y m e r i z a t i o n  t ime on MgC12/TiC14-A1Et and  3 MgC12/TiC14-A1Et3/EB 1) 

[ E B ] / [ T i ]  Time 1.1. Yie ld  

C - i n s o l .  C - s o l .  7 7 No. O v e r a l l  

(mo l /mol )  ( m i n )  ( w t % )  ( g )  (g/mmolTi)  (g/mmolTi)  (g/mmolTi)  

3 0 1  0 

302 0 

303 0 

304 0 

305 7 
306 7 
307 7 
308 7 
30g2)  0-7 

5 
1 0  

20 

30 

5 
1 0  

2 0  

30 
30 

32 2 3 . 1  

34 3 3 . 5  

35 45.8 

37 55 .0  
a 2  1 5 . 2  

a3 23 .6  

84 3 3 . 8  

84 4 2 . 9  

6 1  4 9 . 1  

159 

2 3 1  

3 16 

379 
1 0 5  

163 

233 

2 9 6  

339 

5 1  

7 9  
111 

1 4  0 

86 

13 5 
19  6 

249 

2 0 7  

108 

152 

205 

239 

1 9  

37 
47 

13 2 

28 

1) n-decane 250 m l ,  50°C, [Ti]=O.58 mmol/ l ,  [ A 1 ] = 1 4 . 5  mmol/l 

2 )  EB was added  a t  a l a p s  o f  5 min. 

a c t i v i t y  d u r i n g  p o l y m e r i z a t i o n .  EB i n c r e a s e d  y i e l d  of C i n s o l u b l e  

( i s o t a c t i c )  p o l y m e r s  a t  t h e  same r a t i o  a t  any g i v e n  moment d u r i n g  

p o l y m e r i z a t i o n ,  and  t h e r e f o r e  t h e  i n c r e a s e  of  t h e  y i e l d  f o r  

C i n s o l u b l e  ( i s o t a c t i c )  p o l y m e r s  by a d d i t i o n  of EB t o  t h e  

MgC12/TiC14-A1Et ca t a lys t  s y s t e m  c a n  n o t  be  e x p l a i n e d  by t h e  

e l o n g a t i o n  o f  t h e  l i f e  t ime  of i s o t a c t i c  a c t i v e  c e n t e r s  by t h e  

a s s o c i a t i o n  of EB, b u t  may be  e x p l a i n e d  by t h e  i n c r e a s e  of t h e  

c o n c e n t r a t i o n  of i s o t a c t i c  a c t i v e  c e n t e r s  ar ,d/or  by t h e  i n c r e a s e  of 

t h e  p r o p a g a t i o n  r a t e  c o n s t a n t  by t h e  i n t r o d u c t i o n  o f  EB. 

7- 

7- 
3 

T i l l  now, EB was i n t r o d u c e d  t o  t h e  p o l y m e r i z a t i o n  s y s t e m  a t  t h e  

b e g i n n i n g  o f  p o l y m e r i z a t i o n .  Can t h e  same e f f e c t  of EB a d d i t i o n  a l s o  

be  s e e n  i n  t h e  c a s e  i n  which EB i s  i n t r o d u c e d  t o  t h e  p o l y m e r i z a t i o n  

3 
s y s t e m  a f t e r  t h e  f o r m a t i o n  o f  a c t i v e  c e n t e r s  i n  t h e  

c a t a l y s t  s y s t e m ,  i . e .  a f t e r  t h e  b e g i n n i n g  of  p o l y m e r i z a t i o n ?  The 

a n s w e r  t o  t h i s  q u e s t i o n  was o b t a i n e d  i n  t h e  f o l l o w i n g  way. F i g .  16 

shows t h e  t i m e  dependence  o f  c a t a l y s t  a c t i v i t y .  Two s o l i d  l i n e  c u r v e s  

c a t a l y s t  s y s t e m  and  MgC12/ were g i v e n  w i t h  MgC12/TiC14-A1Et 

T i C 1 4 - A 1 E t  /EB c a t a l y s t  s y s t e m  ( E B  was added  a t  t h e  b e g i n n i n g ) .  Next ,  

p o l y m e r i z a t i o n  i n  wh ich  EB was i n t r o d u c e d  a f t e r  5 min u n d e r  a m o l a r  

MgC12/TiC14-A1Et 

3 
3 
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0' 
0 10 20 30 

Polymerization Time, min 

Fig. 14 Dependence of activities with polymerization time observed 

with MgC12/TiC14-A1Et3(.) and MgC1,/TiC14-A1Et3/EB(0). 

Polymerization conditions are the same as those in Table 4. 

100 

0 10 20 30 
O L  

Polymerization Time, min 

Fig. 15 Dependence of Isotactic Index (1.1.) on polymerization time 

observed with MgC1,/TiC14-A1Et3(.) and MgC1,/TiC14-A1Et3/EB(0). 

Polymerization conditions are the same as those in Table 4. 
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r a t i o  o f  [ E B l / [ T i l = 7  w i t h  t h e  MgC12/TiC14-A1Et c a t a l y s t  s y s t e m  was 

c a r r i e d  o u t  f o r  3 0  min. The o b t a i n e d  d a t a  a r e  l i s t e d  i n  T a b l e  4 

(No.309)  w i t h  t h e  a c t i v i t y  p l o t t e d  by t h e  symbol"." i n  F i g .  1 6 .  One 

c a n  s e e  from F i g .  1 6  t h a t  a f t e r  a d d i t i o n  o f  EB,  t h e  p l o t  o f  t h e  

o v e r a l l  c a t a l y s t  a c t i v i t y  s h i f t e d  w i t h i n  1 min from t h e  c u r v e  f o r  t h e  

MgC12/TiClq-A1Et c a t a l y s t  s y s t e m  t o  t h a t  f o r  t h e  MgC12/TiC14-A1Et3/EB 

c a t a l y s t  s y s t e m .  I f ,  a f t e r  t h e  i n t r o d u c t i o n  o f  EB,  a l l  c a t a l y s t  

p e r f o r m a n c e s  t r a n s f e r r e d  from t h e  f o r m e r  t o  t h e  l a t t e r  c a t a l y s t  

s y s t e m ,  t h e  p o l y m e r s  o b t a i n e d  by t h i s  e x p e r i m e n t  s h o u l d  be  a m i x t u r e  

o f  t h e  po lymers  p r o d u c e d  i n  t h e  " A "  zone f o r  5 rnin w i t h  t h e  MgC12/ 

TiC14-A1Et c a t a l y s t  s y s t e m  and  t h e  p o l y m e r s  i n  t h e  "Bll zone for 25 

rnin w i t h  t h e  MgC1,/TiC14-A1Et / E B  c a t a l y s t  s y s t e m  as  s e e n  i n  F i g .  1 6 .  
The d a t a  f o r  " A "  was a l r e a d y  g i v e n  i n  T a b l e  4 ( N o . 3 0 1 ) .  The d a t a  f o r  

was c a l c u l a t e d  f rom a compar i son  o f  t h e  d a t a  f o r  5 min ( " C " )  and  

30 rnin ("D") (Nos .305 ,  308  i n  T a b l e  4 )  w i t h  t h e  MgC12/TiC14-A1Et / E B  

c a t a l y s t  s y s t e m .  The c a l c u l a t e d  d a t a  for t h e  m i x t u r e  o f  p o l y m e r s  " A "  

and  "B" a r e  g i v e n  as  "X" i n  T a b l e  5 t o g e t h e r  w i t h  " A , "  ''B,'' " C "  and  

The o b s e r v e d  d a t a  r r Y r t  i n  t a b l e  5 (No.309 i n  T a b l e  4) was 

c o n s i s t e n t  w i t h  d a t a  "X" c a l c u l a t e d  f rom " A "  and  "B." 

3 

3 

3 
3 

11 B 11 

3 

11 D . 11 

200- 
/ 

/ 
/ 

M g C Lz / T i C (4 -A I E t a  

0 10 20 30 
Polymeritation Time, min 

F i g .  1 6  K i n e t i c  c u r v e s  o f  p r o p y l e n e  p o l y m e r i z a t i o n .  EB added  t o  t h e  

MgC1,/TiC14-A1Et s y s t e m  5 min a f t e r  s t a r t  of  p o l y m e r i z a t i o n .  3 



T a b l e  5 EB a d d i t i o n  t o  t h e  MgCl2/TiCl4-A1Et c a t a l y s t  s y s t e m  5 min a f t e r  s t a r t  o f  p o l y m e r i z a t i o n  3 

0-5 min 0-30 min 5-30min 

[EB]/[Ti]  1.1. Yie ld (g /mmonTi )  1.1. Y i e l d ( g / m m o l T i )  1.1. Y i e l d ( g / m m o l T i )  

(mol/rnol)  ( w t % )  a l l  i n z o l .  sa l .  ( w t % )  a l l  inZo1 .  si1. (wt % ) all inZo1. 7,,1. 

C a t a l y s t  
s y s t e m  Over- C - C - Over- C - C - Over- C - C - 

I1 * I1 

(1) 0 I 32 159 5 1  108 1 

3 1) MgC12/TiC14-A1Et 

2 )  MgC12 /TiC14-A1Et ?/EB 

3 )  EB was a d d e d  t o  1) a f t e r  5 min. 

" A , "  r l C , l l  r r D , l l  r r Y t r :  same as No.301, 305,  308,  309 i n  T a b l e  3 
"B": c a l c u l a t e d  f r o m  "C" a n d  "D" 

1 1 ~ 1 1 .  . c a l c u l a t e d  f rom "A" a n d  l lBfr 

ol 
W 
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A s  a c o n c l u s i o n ,  t h e  answer  t o  t h e  q u e s t i o n  a s k e d  above  i s  ”Yes, 

t h e  same e f f e c t  c a n  b e  s e e n . ”  T h i s  i n d i c a t e s  t h a t  a c t i v e  c e n t e r s  o f  

t h e  MgC12/TiC14-A1Et c a t a l y s t  s y s t e m  c a n  be e a s i l y  c o v e r t e d  t o  t h o s e  

of t h e  MgC1,/TiC14-A1Et /EB c a t a l y s t  s y s t e m  and  t h a t  t h e  a c t i o n  o f  EB 

on a c t i v e  c e n t e r s  p r o c e e d s  v e r y  q u i c k l y  and  e a s i l y .  

3 
3 

4 .  The e a r l y  s t a g e  of p r o p y l e n e  p o l y m e r i z a t i o n  w i t h  t h e  MgC12/TiC14- 

A l E t  

I n  c h a p t e r  2, we p o i n t e d  o u t  t h a t  b o t h  t h e  i n c r e a s e  o f  t h e  y i e l d  

o f  C - i n s o l u b l e  ( i s o t a c t i c )  p o l y m e r s  and  t h e  s h a r p  d e c r e a s e  o f  t h e  7 
y i e l d  o f  C - s o l u b l e  ( a t a c t i c )  p o l y m e r s  were t h e  most i m p o r t a n t  e f f e c t  

of EB a d d i t i o n  on t h e  p e r f o r m a n c e  of t h e  MgC12/TiC14-A1Et c a t a l y s t  

s y s t e m .  On t h e  o t h e r  hand , t h e  r e s u l t s  of c h a p t e r  3 showed t h a t  

s u p p r e s s i o n  o f  t h e  a c t i v i t y  decay  i n  i s o t a c t i c  a c t i v e  c e n t e r s  was n o t  

t h e  r e a s o n  f o r  t h e  i n c r e a s e  o f  t h e  y i e l d  of C - i n s o l u b l e  ( i s o t a c t i c )  

p o l y m e r s ,  and  t h e r e f o r e ,  t h e  above-mentioned e f f e c t s  by EB a d d i t i o n  

may be a t t r i b u t e d  t o  t h e  change  i n  c o n c e n t r a t i o n  o f  a c t i v e  

c e n t e r s ( [ C * ] )  a n d /  o r  t h e  change i n  t h e  p r o p a g a t i o n  r a t e  c o n s t a n t ( k  ) 

by EB a d d i t i o n .  

and  MgC1,/TiC14-A1Et3/ 

EB c a t a l y s t  s y s t e m s  showed c o n s i d e r a b l e  change i n  a c t i v i t y  w i t h  

p o l y m e r i z a t i o n  t i m e  ( F i g .  1 4 ) ,  s o  i n  t h e s e  c a t a l y s t  s y s t e m s ,  [ C * l  a n d /  

o r  k change d u r i n g  p o l y m e r i z a t i o n .  However, e v e n  t h e s e  c a t a l y s t  

s y s t e m s  were found  t o  have  c o n s t a n t  a c t i v i t y  a t  t h e  v e r y  e a r l y  s t a g e  

of  6OoC p o l y m e r i z a t i o n  f o r  b o t h  C - i n s o l u b l e  and C 7 - s o l u b l e  po lymers  7 
( w i t h i n  1 min o f  s t a r t  o f  p o l y m e r i z a t i o n  as  shown i n  F i g .  1 7 ) .  A l l  

c o r r e s p o n d i n g  d a t a  a r e  l i s t e d  i n  T a b l e s  6 and 7 .  I n  t h i s  s h o r t  

p e r i o d ,  [ C * ]  a n d  k o f  t h e s e  c a t a l y s t  s y s t e m s  c a n  be c o n s i d e r e d  

c o n s t a n t .  Moreover ,  a l s o  i n  t h i s  p e r i o d ,  t h e  c h a r a c t e r i s t i c  e f f e c t s  

o f  EB ( t h e  i n c r e a s e  o f  C 7 - i n s o l u b l e  p o l y m e r s  and  t h e  s h a r p  d e c r e a s e  of 

C s o l u b l e  p o l y m e r s )  were o b s e r v e d  as  shown i n  F i g .  1 7 ,  i n d i c a t i n g  

t h a t  t h e  c o n c l u s i o n  c o n c e r n i n g  t h e  r o l e  o f  EB o b t a i n e d  f rom 

e a r l y - s t a g e  p o l y m e r i z a t i o n  a t  6 o o c  c a n  be e x t r a p o l a t e d  t o  p o l y -  

m e r i z a t i o n  f o r  15 o r  30 min a t  50°C. 

Us ing  k i n e t i c - m o l e c u l a r  w e i g h t  me thods ,  11) t h e  v a l u e  o f  [C*l c a n  

be d e t e r m i n e d  from t h e  f o l l o w i n g  e q u a t i o n  e x p r e s s i n g  t h e  r e l a t i o n s h i p  

be tween  t h e  number o f  po lymer  c h a i n s ,  “1, and  t h e  po lymer  y i e l d ,  Y .  

and MgC12/TiC14-A1Et /EB c a t a l y s t  s y s t e m s  9 , 1 0 )  
3 3 

7 
3 

7 

P 

A s  d e s c r i b e d  a b o v e ,  b o t h  MgC12/TiC14-A1Et 3 

P 

P 

7- 

“1 = C C * I  + ( ktr*[C*]/R )-Y 
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Fig. 17 Time dependence of polymer 

yield with MgCl2/TiClQ-A1Et (Cat 1) 

and MgC12/TiC14-A1Et3/EB (Cat 2). 

C -soluble polymers with Cat 1( m ) ;  
C -insoluble polymers with Cat l (0) ;  
C -soluble polymers with Cat 2(.); 

C -insoluble polymers with Cat 2(0). 

Polymerization conditions are the same 

as those in Table 6. 

3 

7 
7 
7 
7 

Table 6 Short-time polymerization of propylene with MgC12/TiC14- 

AlEt 1) 

[N1xlO2 (mol/molTi) Time Yield 1.1. Mnx 10- 

( s e e )  (g/mmolTi) (wt%) Overall C -insol. Overall C -insol. 

4 - 

7 7 
~~ ~ ~ 

7.5 12.5 20.6 1.17 2.00 107 13 

12 18.5 24.1 1.38 2.35 139 19 
15 24.1 26.3 1.07 2.35 224 27 

20 32.8 24.8 1.13 2.20 290 37 
25 40.5 21.2 1.36 2.15 297 40 

30 44.0 22.5 1.24 2.20 352 45 
60 89.2 21.8 1.39 2.30 640 84 

1) n-decane 500 ml, [Ti]=O.4 mmol/l, [AlEt ]=lo mmol/l, 6 O o C  3 



Table 7 Short-time polymerization of propylene with MgCl2/TiCl4-A1Et3/EB 1) 

2 - - 
“1x10 (mol/molTi) 

7 7- 7 7 7 

T i m e  Yield 1.1. Mnx 1 0 - ~  (g /moi  Mw /Nn 

(sec) (g/mmolTi) (wt$) Overall C - i n s o l .  C sol. Overall C7-insol. C -sol. C -insol. C -sol. 

7 5.6 63.0 2.93 5.76 1.50 3.77 2.64 2 :66 6.10 14.0 

12 12.3 68.3 3.51 6.52 1.48 3.94 2.74 2.90 12.9 26.4 

15 13.8 67.2 2.62 6.49 1.51 4.38 2.87 3.04 14.3 30.0 

20 17.4 68.9 3.61 6.79 1.42 4.10 2.80 3.02 17.7 38.0 

25 20.0 66.9 3.32 6.52 1.43 4.06 2.74 2.88 20.4 46.8 

30 24.2 71.4 3.01 6.54 1.51 3.63 2.82 2.55 26.5 45.7 
60 48.0 71.6 3.32 7.43 1.56 4.39 3.42 3.07 46.2 87.2 

1) n-decane 500 ml, 6OoC, [Ti]=O.4 mmo1/1, [AlEt ]=lo mmol/l, [EB]=2.5 mrnol/l 3 
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where R i s  t h e  p o l y m e r i z a t i o n  r a t e ,  “1 i s  o b t a i n e d  f rom Y and  t h e  

number a v e r a g e  m o l e c u l a r  w e i g h t ,  Mn a s  Y / h .  F i g s .  18  a n d  19 show t h e  

r e l a t i o n s h i p  between “1 and Y w i t h  t h e  MgC12/TiC14-A1Et3 c a t a l y s t  

system and  t h e  MgC12/TiC14-A1Et /EB c a t a l y s t  s y s t e m ,  r e s p e c t i v e l y .  

The c o n c e n t r a t i o n s  of  t h e  i s o t a c t i c ,  a t a c t i c  o r  o v e r a l l  a c t i v e  

c e n t e r s ,  [‘*’ata or [ C * ’ o v e r a l l ’  were d e t e r m i n e d  f rom t h e  

i n t e r c e p t s  o f  F i g s .  18  and  19 a c c o r d i n g  t o  E q . ( l ) .  R c a n  be  e x p r e s s e d  

by E q s . ( 2 )  and  ( 3 ) .  

- 

3 

where [MI i s  t h e  p r o p y l e n e  c o n c e n t r a t i o n  i n  t h e  s o l v e n t  ([M1=0.24 

m o l / l  u n d e r  t h e  p r e s e n t  e x p e r i m e n t a l  c o n d i t i o n s )  a n d  t i s  t h e  

p o l y m e r i z a t i o n  t ime .  R was o b t a i n e d  f rom t h e  s l o p e  o f  t h e  s t r a i g h t  

l i n e s  i n  F i g .  17, a n d  k was d e t e r m i n e d  f rom E q . ( 2 ) .  The c h a i n  

t r a n s f e r  r a t e ,  k t r ,  was o b t a i n e d  f rom t h e  s l o p e  o f  t h e  s t r a i g h t  l i n e s  

i n  F i g s .  18 and 19 and  E q . ( l ) .  A l l  k i n e t i c  p a r a m e t e r s  a l i s t e d  i n  

T a b l e  8.  A compar i son  o f  t h e  MgC1,/TiC14-A1Et c a t a l y s t  s y s t e m  w i t h  

t h e  MgC12/TiC14-A1Et /EB c a t a l y s t  s y s t e m  i n  T a b l e  8 ,  shows t h a t  

a d d i t i o n  o f  EB t o  t h e  MgC12/TiC14-A1Et c a t a l y s t  s y s t e m  changed  t h e  

c o n c e n t r a t i o n  o f  i s o t a c t i c  a c t i v e  c e n t e r s ,  C C * I ~ ~ ~ ,  s l i g h t l y  , b u t  

i n c r e a s e d  k p ( i s o )  marked ly  f rom 500-1500 ( l / m o l * s e c )  t o  2100-6300 

( l / m o l . s e c ) .  On t h e  o t h e r  hand,  t h e  c o n c e n t r a t i o n  o f  a t a c t i c  a c t i v e  

c e n t e r s ,  [c*lata  d r a m a t i c a l l y  d e c r e a s e d  f rom 14-58mol% t o  2-6mo1%, 

w h i l e  k r e m a i n e d  unchanged .  

I n  c o n c l u s i o n ,  r e g a r d i n g  s h o r t - t i m e  p o l y m e r i z a t i o n ,  t h e  i n c r e a s e  

i n  y i e l d  o f  i s o t a c t i c  p o l y m e r s  by a d d i t i o n  o f  EB i s  c o n s i d e r e d  t o  be 

a n d  n o t  t o  t h e  i n c r e a s e  o f  m a i n l y  due t o  t h e  i n c r e a s e  o f  k 

[ C * l i s 0 ;  on t h e  c o n t r a r y ,  t h e  s h a r p  d e c r e a s e  i n  y i e l d  o f  a t a c t i c  

p o l y m e r s  seems t o  be  due  t o  t h e  l a r g e  d e c r e a s e  o f  [ C * l a t a ,  a n d  n o t  t o  

t h e  d e c r e a s e  o f  k 

P 

3 
3 

3 

p ( a t a )  

p ( i s o )  , 

p ( a t a )  ’ 

SUMMARY 

Some s t u d i e s  on p r o p y l e n e  p o l y m e r i z a t i o n  w i t h  t h e  c a t a l y s t  s y s t e m  

o f  MgC12-supported TiC14 c a t a l y s t  (MgC12/TiC14) i n  c o n j u n c t i o n  w i t h  

A l E t  o r  A 1 E t 3  and e t h y l  b e n z o a t e  ( E B )  have  b e e n  made t o  e l u c i d a t e  t h e  

r o l e  of  e t h y l  b e n z o a t e  ( E B ) ,  wh ich  i s  known t o  i n c r e a s e  t h e  

s t e r e o s p e c i f i c i t y  o f  p r o d u c e d  p o l y p r o p y l e n e .  

3 
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Table 8 Kinetic parameters of propylene polymerization with 

MgC12/TiC14-A1Et and MgC12/TiC14-A1Et3/EB 3 

k 
P 

Catalyst Polymn. rate 1.1. i c* l  
Fractions 

systems (mol/molTi.sec)a) (wt%) (mol%) (l/mol*sec) 

MgC12/TiC14 overall 35 21-26 20-60 240-730 

C -insol. 8 2-6 500-1500 
7 

14-58 200-800 
3 

-AlEt 

c7-so1. 27 

MgCI2/TiCl4 overall 20 63-76 4-7 1200-2100 

C -insol. 15 1-3 2100-6300 
7 
7 

-AlEt 3/EB 

c - s o l .  5 2-6 350-1000 

a) m o l  of propylene / mol of Ti-sec 
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3 
catalyst system (without EB). This catalyst system showed very high 

activity per unit of Ti atom but low stereospecificity, and the 

concentration of A1Et3 was not important to the activity or 

stereospecificity in a considerably wide range. 

Next, propylene polymerization was done with the MgC12/TiC14- 

A1Et3/EB catalyst system (with EB). As a result, EB was found to 

considerably increase the yield of isotactic polymers, at the same 

time sharply decreasing the yield of atactic polymers and conse- 

quently, enhance stereospecificity. These results can be explained by 

the fact that EB has entirely different actions on isotactic and 

atactic active centers, associating with isotactic active centers in 

such a way as to enhance their activity, and in contrast, inactivating 

atactic active centers very preferentially. 

Fir7st, p r o p y ; e n e  was polymerized with the MgC12/TiC14-A1Et 

Finally, from the results of kinetic study on short-time 

polymerization of propylene with both catalyst systems, it can be said 

that the increase of isotactic polymers by adding EB was mainly due to 

the increase of kp(iso)y and not by increase of [C*lis0; on the 

contrary, the large decrease in the yield of atactic polymer was due 

to the large decrease in [C*IataJ and not to the decrease of k 

Furthermore, the concentration of AlEt or EB was found to affect the 

polydispersity and molecular weight of the obtained polypropylene, 

particularly of isotactic polypropylene. 

p(ata)' 

3 
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STRUCTURE COMPOSITION AND ACTIVITY OF SUPPORTED TITANIUM-MAGNESIUM 

CATALYSTS FOR ETHYLENE POLYKERIZATION 

V.A. ZAKHAROV, S ,  I. MAKHTARULIN, D.V. PERKOVETS, E.M.MOROZ, 

T.B.MIKBNhS and G.D.BUKATOV 

I n s t i t u t e  of Cata lys i s ,  Novosibirsk 630090, USSR 

ABSTRACT 

Studied is the  e f f e c t  of the  subs t ruc ture  of magnesium ch lo r ide  

on t h e  composition and a c t i v i t y  o f  Ti-Mg c a t a l y s t s  prepared by d i f -  

f e r e n t  methods: ( i )  adsorp t ion  o f  T i C 1 4  on highly dispersed magne- 

sium chlor ide  

( i i )  adsorpt ion of T i C 1 4  on magnesium chlor ide  ac t iva t ed  by mi l l i ng ,  

and ( i i i )  co-milling of magnesium chlor ide  with T i C 1 4 .  T i C 1 4  i s  
shown t o  r e a c t  with t h e  de fec t s  of t h e  magnesium chlor ide  s t ruc tu re .  

The concent ra t ion  of t hese  d e f e c t s  is assoc ia ted  with the s ize  of 

t he  coherent s c a t t e r i n g  range, which i s  determined from X-ray data. 

Evidences have been obtained that t h e  sur face  o f  magnesium chlor ide  

i s  nonuniform wi th  respec t  t o  t h e  i n t e r a c t i o n  wi th  T i C 1 4  and VC14. 

The r e s u l t i n g  V4+,  T i 4 +  and T i 3 +  sur face  compounds a l s o  are nonuni- 

form i n  t h e  coordinat ion s t a t e  and c a t a l y t i c  proper t ies ,  The s t a t e  

of Ti3+ i o n s  a f t e r  t h e  i n t e r a c t i o n  of Ti-Mg c a t a l y s t s  w i th  t r i a l k y l -  

aluminum has  been examined. It i s  assumed that a c t i v e  c e n t e r s  of 
t hese  systems a r e  i n  t h e  surface a s s o c i a t e s  of Ti3+ ions. 

prepared f r o m  nonsolvated buthylmagnesiumchloride, 

INTRODUCTION 

In  recent  years ,  h ighly  a c t i v e  c a t a l y s t s  o f  o l e f i n  polymeriza- 

t i o n ,  which conta in  titanium chlor ide  supported over a highly d is -  

persed anhydrous magnesium chlor ide  (titanium-magnesium c a t a l y s t s ,  

TIIC), occupy great d e a l  of a t t en t ion .  A s  repor ted  in ') ,  t h e  amount 

of T i C 1 4  t i g h t l y  bound t o  magnesium chlor ide  i s  determined by 

t h e  extent of the support  c r y s t a l l i n i t y .  Some da ta  on t h e  substruc- 

t u r e ,  t he  composition and t h e  a c t i v i t y  of TMCs obtained by co-mill ing 

71 
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o f  T i C l  

r a t h e r  high, t h e  composition o f  these  cen te r s  has not been s o  far  

r e l i a b l y  establ ished.  It has been proposed 4 p 5 )  t h a t  i s o l a t e d  Ti3' 
i ons  observable by EPR are the  a c t i v e  cen te r s  of these  systems. 
An a l t e r n a t i v e  opinion i s  that the  a c t i v e  cen te r s  of TMCs a r e  e i t h e r  
i n  the  sur face  a s s o c i a t e s  o r  i n  h ighly  dispersed Tic1 p a r t i c l e s  
which a r e  s t a b i l i l i z e d  on the  sur face  of M @ 1 2  6 )  . 

In this work we r epor t  on the  e f f e c t  of t h e  magnesium chlor ide  
subs t ruc ture  on t h e  composition and t h e  a c t i v i t y  of supported Ti-Eag 
c a t a l y s t s  prepared by d i f f e r e n t  methods. We have s tudied  the  i n t e r -  
a c t i o n  o f  T i C l  and VC14 wi th  magnesium chlor ide  and t h e  composition 
of t h e  compounds that a r e  formed dur ing  t h e  i n t e r a c t i o n  o f  supported 
t i t an ium chlor ide  wi th  organoaluminum co-catalysts .  Based on t h e  data 
obtained,  t he  c a t a l y t i c  p rope r t i e s  and the  composition of r e s u l t i n g  
t i t an ium compounds a r e  discussed. 

with magnesium chlor ide  can be found in293) .  4 
Despite t h a t  t he  number of a c t i v e  cen te r s  i n  supported TMCs is  

3 

4 

EXPEXIMENTAL 

Three types of c a t a l y s t s  were used. Catalyst  A w a s  prepared by 
adsorbing T i C 1 4  from i ts  so lu t ion  i n  hexane on t h e  support ,  which 
w a s  prepared by t h e  i n t e r a c t i o n  o f  magnesium wi th  n-butylchloride i n  
t h e  hexane at the  molar r a t i o  RCl/iUg > z7) .  The support  had no a lkyl -  
magnesium bonds; i t  cons is ted  predominantly of magnesium chloride.  
Cata lys t  B w a s  prepared by m i l l i n g  anhydrous h ighly  c r y s t a l l i n e  ma- 
gnesium chlor ide  and by f u r t h e r  t r e a t i n g  wi th  t h e  s o l u t i o n  o f  T i C 1 4  

i n  hexane. The m i l l i n g  w a s  performed i n  a s t e e l  b a l l  p l ane ta ry  m i l l .  
Ca ta lys t  C was obtained by co-milling anhydrous h ighly  c r y s t a l l i n e  
magnesium chlor ide  wi th  t i t an ium t e t r a c h l o r i d e  (5% T i  by mass of 
MgC1 ) i n  a b a l l  p l ane ta ry  m i l l .  

A f t e r  the  i n t e r a c t i o n  with T i C 1 4 ,  a l l  c a t a l y s t s  were washed 
wi th  hexane. 

The polymerization of ethylene w a s  c a r r i e d  out i n  hexane a t  
80% f o r  1 hr  a t  e thylene pressure of 3.5 a t m  and hydrogen pressure 
of 1 a t m .  The concentrat ion of t h e  c a t a l y s t  was 0.03-0.1 g/l  and 
and that of t h e  co-catalyst  - tri-iso-butylaluminum - 0.5 g/l. 

2 
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RESULTS AND DISCUSSION 
1. Influence of the  preparation method and magnesium chloride 

substructure on the composition and the a c t i v i t y  of the  ca- 
t a l y s t  s. 

1.1. Substructure and composition of the ca ta lys t s ,  
In  the case of ca t a lys t  A ,  a highly dispersed support i s  formed 

d i r e c t l y  i n  the course of the transformation o f  butylmagnesium chlo- 
r i d e  t o  magnesium chlor ide lV7) .  It i s  characterized by a r a the r  
la rge  surface area (30-100 m /g) and by a small s i ze  of c r y s t a l l i t e s  
( the  coherent s ca t e r r ing  regions - c.s.r.) found from X-ray data 
(100-140 A i n  the d i r ec t ion  o f  110 and 20-40 A i n  the d i r ec t ion  of 

001 >. This s i ze  of c r y s t a l l i t e s  may correspond t o  the  surface area 
of 350-400 m2/g,  which la rge ly  exceeds the  area found f o r  these 

2 species from adsorption data (30-100 m / g ) .  This f a c t  i s  due t o  that 
the primary ca ta lys t  p a r t i c l e s  with s i ze  200-400 A a r e  characte- 
r ized  by a s ign i f icant  number o f  d i s t o r t i o n s  of the c r y s t a l l i n e  
s t ruc ture .  Therefore, the  s i zes  of t he  c.8.r. determined by X-ray 
method a r e  f a r  smaller than the s i z e s  o f  primary pa r t i c l e s ,  I n  t h i s  
case, the  s i z e  of c.9.r. can characterize the  defectness of magne- 
sium chloride primary par t ic les .  The amount o f  T i C 1 4 , t h a t  i s  strongly 
bound t o  the suppor t  during adsorption, decreases a s  the  s i ze  o f  
the  c.8.r. grows'). Thus, we can conclude that a t  adsorption T i C l  

i n t e r a c t s  with the defec ts  of  the MgC12 structure.  
Catalyst B. Data on the  e f fec t  of the  duration o f  mi l l ing  on 

the substructure of the  support and on the  titanium content i n  
the  ca t a lys t  i s  given i n  Fig. 1. The s i ze  of c.9.r. sharply decreases 
with increasing the time of milling; i t  is  100-120 A a f t e r  24-48 brs 

and then remains unchanged. By t h i s  time, the  surface area a t t a i n s  

i t s  maximum value (115 m /g) but has a tendency t o  decrease with 
f u r t h e r  increasing the  time o f  milling. The s i z e  of c.9.r. equal t o  
100-120 A" corresponds t o  200 m2/g, which i s  noticeably higher than 

the value found f o r  the  species from adsorption data (77-115 m /g). 
The content o f  titanium i n  ca ta lys t  B d r a s t i c a l l y  increases when 
the time of mi l l ing  i s  increased up t o  24 hrs. Upon fu r the r  increas- 
i n g  the time o f  mill ing,  the  content of titanium and the  s i ze  o f  
c.s.r. do not change, although the surface area becomes approximately 
1.5 times smaller, The surface concentration o f  T i C 1 4  i n  these spe- 
c i e s  is 7.2 * 10-4-11.6 
d i s t r i b u t i o n  of one T i C 1 4  molecule over the  area of 145-232 A 

2 

0 0 

0 

4 

0 

2 

2 

2 mmol/m which corresponds t o  a mean 
02 
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2 

Thus, only a small part  o f  the surface o f  magnesium chloride i s  oc- 
cupied by T i C 1 4 .  This seems t o  be due t o  the  presence o f  a l imited 

number of centers (probably s t ruc tu ra l  de fec t s ) ,  which can strongly 
be bound t o  T i C 1 4 ,  on the  surface o f  magnesium chloride activated by 

milling. 

120 
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80 

0-J 
' 60 
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Figure 1. Effect o f  the  mi l l ing  time o f  magnesium chloride on 

i t s  substructure and titanium content i n  ca ta lys t  B. 1 - surface 
area; 2 and 3 - the s i z e  o f  c.s.r. i n  the  d i r ec t ion  of 001 and 

110 , respectively; 4 - titanium content, 

The data on the substructures o f  supports and the compositions 
o f  c a t a l y s t s  A and B a r e  compared i n  Table I ,  
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A 

B 

Table 1. Data on the  substructures o f  the supports and on 
the compositions of the  ca t a lys t s  (samples with the maximu T i  con- 
t e n t )  

95 

115 

surface 

C 11 91) 

Size o f  c . s .~ .  
110 

1 30 

120 

50’) 

00 1 

30 

100 

65’) 

Both s u p p o r t s  have similar surface areas;  

T i  content 

% mass 

1.2 

0.4 

4.5 

mmol T i  104 
2 m 

26 

7.2 

78 

however, the  content of 
t i tanium i n  ca t a lys t  A i s  much higher than i n  ca t a lys t  B. This d i f -  
ference seems t o  r e s u l t  from the  s p e c i f i c i t y  of the s t ruc tu re  of 
magnesium chloride obtained by method A ,  which is  r e f l ec t ed  by 
a smaller s i ze  of c.9.r. i n  the  d i r ec t ion  o f  001 . The support o f  
c a t a lys t  A is characterized by a higher number of  defec ts ,  as com- 
pared t o  ca ta lys t  B, and, hence, has a higher concentration of 
t he  surface s i t e s  which can strongly bind TiC14,  

Catalyst C, Data on the  influence of the  time o f  mi l l ing  on 
the  substructure of ca t a lys t  C and on the  titanium content a r e  shown 
i n  Figure 2. A s  the  time o f  mi l l ing  i s  increased, the c.s.~.  dras- 
t i c a l l y  decreases; even a f t e r  16 hrs i t  achieves a minimum s i ze  
(50-65 A )  and then remains unchanged. The change o f  t he  ca ta lys t  sur- 
face  with increasing the  mi l l ing  time is of a more complicated cha- 
r a c t e r ,  that is, the  surface area i s  maximum (180 m /g) even a f t e r  
8 hrs and then starts t o  decrease. The titanium content attains i ts  
m a x i m u m  a f t e r  16-24 hrs and fu r the r  remains constant, whereas 
the  surface a rea  f a l l s  by a f ac to r  o f  two. I n  general, t h e  types of 
t he  dependences p lo t ted  i n  Figure 2 a r e  similar t o  those obtained 
f o r  ca t a lys t  B (Figure 1). However, the  presence of T i C 1 4  a t  magne- 
s ium chloride mi l l i ng  noticeably speeds up the process o f  support 
dispergation and f i n a l l y  leads t o  more profound changes i n  the  sub- 
s t ruc tu re  and the composition of the  ca ta lys t .  I n  pa r t i cu la r ,  

2 



7 6  V.A. Zakharov et al. 

the maximum surface area and the minimum s i ze  o f  c . s . ~ .  of ca ta lys t  
C a r e  achieved a f t e r  8-16 hrs of  the  mill ing,  t o  be compared with 
24-48 hrs f o r  ca t a lys t  B. The m a x i m u m  content o f  titanium i n  cata- 
l y s t  C (4.5% mass T i  or 96 mmol/m ) i s  approximately one order 2 

Figure 2. Effect of the co-milling of magnesium chloride with 
T i C l  on the  substructure and titanium content in ca t a lys t  C. 

1 - surface area; 2 and 3 - the s i z e  o f  c . s . ~ .  i n  the d i r ec t ion  
o f  001 and 110 , respectively; 4 - the  content o f  titanium. 

4 

of magnitude higher than i t s  content i n  ca ta lys t  B. Evidently, 
during the course of mi l l ing  there a r i s e s  a high nonequilibrium con- 
cent ra t ion  of defec ts  i n  the M & l 2  s t ruc ture ,  through which titanium 
chloride i n t e r a c t s  with magnesium chloride. When mi l l i ng  i s  per- 
formed i n  the  absence of  T i C 1 4  ( ca t a lys t  B ) ,  par t ia l  re laxa t ion  of 
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defec t s  occurs before the  i n t e r a c t i o n  o f  T i C l  with magnesium chlo- 
r ide .  We bel ieve that  during the  co-mill ing p a r t  o f  t i t an ium chlo- 

r i d e  e n t e r s  e i t h e r  the  sub-surface l a y e r  or t he  bulk o f  magnesium 

chlor ide  pa r t i c l e s .  Titanium ions i n  the  bulk o f  magnesium chlor ide  
seem t o  be inaccess ib le  t o  the  organoaluminum co-catalyst .  To v e r i f y  
t h i s  i dea ,  we have analyzed the  oxidat ion s t a t e  of t i t an ium ions  i n  
c a t a l y s t s  A ,  B and C a f t e r  t h e i r  i n t e r a c t i o n  w i t h  t r iethylaluminum 
(Table 2 ) .  A s  found, i n  the  case o f  c a t a l y s t s  A and By which have 

4 

Table 2. Data on the  number o f  T i 3 +  and T i 2 +  i ons  r e s u l t i n g  
f r o m  the  i n t e r a c t i o n  Ti-Mg c a t a l y s t s  with tr iethylaluminum (Al/Ti= 
5; T=20°C) 

~ 

Cata lys t  T i  content , T i 3 +  and T i 2 +  conten ts ,  
% m o l a r  1 1  /o mass 

T i 3 +  T i 2 +  

1.2 80 20 

0.4 100 0 

1.65') 30 - 
4. 52) 10 1 

' 4-hour mi l l i ng  

2)24-hour mi l l i ng  

been obtained by adsorp t ion  o f  T i C 1 4  on magnesium chlor ide ,  major 

p a r t  o f  t i t an ium i s  access ib l e  t o  tr iethylaluminum and is reduced 
producing T i 3 +  and T i 2 +  compounds. I n  the  case of c a t a l y s t  C ,  a s ig-  

n i f i c a n t  pa r t  o f  t i t an ium i s  inaccess ib le  t o  and is  not reduced wi th  
tr iethylaluminum under i d e n t i c a l  conditions.  Par t  o f  access ib l e  ti- 
tanium decreases  with inc reas ing  the  m i l l i n g  time and the  titanium 
content i n  the  ca t a lys t .  The above comparison o f  c a t a l y s t s  A and B 
(Table 1) has ind ica ted  t h e  r e l a t i o n s h i p  between the  quant i ty  of 
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the titanium chloride in these catalysts and the size of c.s.1". in 

the direction o f  001 . F o r  catalysts A ,  B and C prepared by dif- 
ferent methods, there is a linear correlation between the value re- 
ciprocal of the size of c.s.r. in the direction 001 and the amount 
of TiC14, which can strongly binds with magnesium chloride (Figure 3 ) .  

L. 

0,2 

t /  D,,, x lo3 

Figure 3.  The content of Ti in catalysts A ,  B and C vs, inverse 

size of c.s*r. in the direction of 001 . 
Probably, there is a correlation between the size of  c.s.1'. in this 
direction and the concentration of defects of magnesium chloride, 
which interact with TiC14. 

1,2. Catalyst activity. 
Figure 4 illustrates the kinetic curves of ethylene polymeriza- 

tion on catalysts A ,  B and C. The shape of the curves depends on 
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t he  c a t a l y s t  p repara t ion  procedure. Cata lys t  A r ap id ly  achieves i t s  
maximum a c t i v i t y ,  which remains constant  during the long period o f  
time (F igure  4, curve I ) .  Fo r  c a t a l y s t s  B t h e  shape o f  t he  k i n e t i c  
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Polymerization time, min 

Kine t ic  curves  f o r  e thylene polymerization: 1 - cata- 
l y s t  A ;  2 and 3 - c a t a l y s t  B, milling time 4 and 48 hrs, r e spec t i -  
vely;  4 and 5 - c a t a l y s t  C ,  m i l l i n g  time 4 and 24  hrs, respec t ive ly .  

curves  depends on the  m i l l i n g  time, A t  a shor t  period of m i l l i n g  

c a t a l y s t  B i s  charac te r ized  by qu i t e  s t a b l e  a c t i v i t y  (Figure 4, 
curve 2) .  A t  a long per iod of m i l l i n g  t h e  a c t i v i t y  i s  maxirmun i n  
t h e  i n i t i a l  period and then sharply f a l l s  down t o  t h e  s t a t i o n a r y  
value (Figure 4, curve 3 ) .  Por c a t a l y s t s  C ,  t he  k i n e t i c  curves a r e  
uns t a t iona ry  too; but i n  a l l  cases  t h e  a c t i v i t y  i s  maximum i n  
t h e  i n i t i a l  period of t h e  r e a c t i o n  (Figure 4, curves  4 and 5). There- 
f o r e ,  i n  f u r t h e r  c a t a l y s t  es t imat ions  e i t h e r  t h e  maximum a c t i v i t i e s ,  
which are achieved dur ing  the  first 10-20 rnin o f  polymerization, o r  
s t a t i o n a r y  a c t i v i t i e s  have been used. 
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Data on  the  dependence o f  t he  a c t i v i t i e s  o f  c a t a l y s t s  13 and C 

on t h e  mi l l i ng  time a r e  shovm i n  Figure 5. The maximum a c t i v i t y  o f  

c 

60 k 
50 "E 

40 

30 ; 

20 

10 

1 

L 

4 

I I 1 I I I 1 I I I 

10 20 30 40 50 60 70 80 90 
Milling t ime,  h r  

Figure 5. Effect of m i l l i n g  time on t h e  a c t i v i t y :  1 and 2 - ca- 
t a l y s t  B; 3 and 4 - c a t a l y s t  C. 

c a t a l y s t  13 r e f e r r e d  t o  t h e  weight u n i t  o f  t i t an ium increases  w i t h  

t h e  m i l l i n g  period up t o  72 hrs (Figure 5, curve 1). Fur ther  t he  ac- 
t i v i t y  tends t o  decrease. The maximum a c t i v i t y  of c a t a l y s t s  C dras- 
t i c a l l y  f a l l s  as t he  time of  m i l l i n g  inc reases  (Figure 5, curve 3 ) .  
This  means that dur ing  the  co-milling of magnesium chlor ide  w i t h  

T i C l  pa r t  of t i t an ium,  which can p a r t i c i p a t e  i n  the  formation of 

a c t i v e  cen te r s ,  sharp ly  decreases  a s  the  content o f  T i  i n  t he  cata-  
l y s t  is  increased. Thus, a sharp growth of the  content of t i t an ium 
occurs  predominantly due t o  t he  s t a b i l i z a t i o n  of i n a c t i v e  forms of 
titanium chlor ide.  A s  mentioned above, the m o s t  probable reason f o r  
t h i s  i s  the  i n s e r t i o n  of t i tanium ch lo r ide  i n t o  the  bulk o f  t h e  ma- 

4 
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gnesium chlor ide  species.  I n  t h i s  case ,  t i t an ium chlor ide  becomes 

inaccess ib l e  t o  t he  organoalminum co-catalyst  and the  monomer. 

The maximum s p e c i f i c  a c t i v i t y  o f  c a t a l y s t  B per u n i t  o f  c a t a l y s t  

sur face  a rea  continuously grows with  the  time o f  m i l l i n g  (Figure 5, 
curve 2 ) .  Hence, the  sur face  concentrat ion of a c t i v e  cen te r s  con- 
t inuous ly  g r o w s  during the  mil l ing.  The s p e c i f i c  a c t i v i t y  of cata- 
l y s t  C i s  maximum a t  t h e  minimum time o f  m i l l i n g  and then  decreases  

t o  some constant  value (Figure 5, curve 4). Ca ta lys t s  B and C have 
similar s p e c i f i c  a c t i v i t i e s  (30-55 and 40-60 9 / m 2  
Thus, t h e  sur face  concent ra t ions  of a c t i v e  cen te r s  in these  systems 
a l s o  a r e  similar. 

I n  conclusion, i t  i s  expedient t o  es t imate  p a r t  of working ti- 
tanium ( t h e  number o f  a c t i v e  centers )  f o r  titanium-magnesium cata- 

l y s t s  prepared by d i f f e r e n t  methods (Table 3). The number o f  a c t i v e  

hr ,  respec t ive ly) .  

Table 3. Data on the  a c t i v i t y  and number o f  a c t i v e  cen te r s  (C ) 

a t  e thylene polymerization on Ti-Mg c a t a l y s t s  
P 

c I )  
P 

Cata lys t  T i  conten t ,  A c t i v i t y  , 
Sa mass kg/g T i -  h r e a t m  C2H4 mol/mol T i  

A 0.05 670 ( s t a t iona ry )  0.47 
1 .o 120 ( s t a t iona ry )  0.09 

B 0.40 470 (maximal) 0.33 
107 ( s t a t iona ry )  0.075 

0.55 210 (maximal) 0.15 C 

35 ( s t a t iona ry )  0.025 

4.5 100 (maximal) 0.071 
29 ( s t a t iona ry )  0.021 

"Calculated with t h e  use o f  t he  propagation r a t e  constant  
1 10 4 l / m o l -  S found by employing I4CO 
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cen te r s  i s  high (0.47 mol/mol  T i )  for c a t a l y s t  A with a low titanium 
content ( s ee  sec t ion  2.1) and f o r  c a t a l y s t  B (0.33 m o l / m o l  Ti)  i n  
t he  i n i t i a l  period of polymerization. In  the  o ther  cases ,  the  pre- 

dominant p a r t  of T i  i s  inac t ive .  This  noiiuniformity of  T i  s t a t e s  
can o r ig ina t e  both a t  the  f irst  s t e p  o f  c a t a l y s t  formation, that i s  

dur ing  the  i n t e r a c t i o n  o f  t i t an ium chlor ide  with ruagnesium chlor ide ,  
and a t  t he  subsequent s t e p  o f  the  formation o f  a c t i v e  cen te r s ,  t h a t  
is ,  dur ing  the  i n t e r a c t i o n  o f  t h e  c a t a l y s t  wi th  the  organoaluminum 
co-catalyst ,  

2. Formation o f  t h e  a c t i v e  component and of a c t i v e  cen te r s  

2.1, I n t e r a c t i o n  of t i t an ium and vanadium ch lo r ides  w i t h  

X-ray data. The i n t e r a c t i o n  of T i C 1 4  wi th  highly dispersed 
magnesium chlor ide  ( c a t a l y s t  A )  was shown') t o  r e s u l t  i n  some in-  
c rease  i n  t h e  s t r u c t u r a l  order  of t h e  support ,  which i s  charac te r ized  
by t h e  growth of t he  s i z e  of c . s .~ .  The similar e f f e c t  has a l s o  been 

repor ted  in8). This  e f f e c t  i s  observed a l s o  a t  a d r y  mixing o f  highly 
d ispersed  magnesium chlor ide  with a s o l i d  complex, TiC14*C6115COOC2H5, 
and T i C l  (Table 4). Addit ional  data about t he  i n t e r a c t i o n  o f  T i c 1  

o f  Ti-Mig ca t a lys t .  

magnesium chlor ide ,  

4 3 

Table 4. Data on the  change of t h e  magnesium chlor ide  substruc- 
t u r e  during i ts  i n t e r a c t i o n  wi th  t i t an ium chlor ide  

0 

Sample T i  content ,  Size of c,s.r . ,  A 
% mass 

00 1 110 

20 130 

MgC1 2+TiC14 1.2 40 1 70 

iUgCl2 - 

MgC12+TiC1 4' C 6 H 5 COOC,H5 3.0 40 175 

MgC12 -t d - T i C 1 3  3.9 40 1 70 

wi th  magnesium chlor ide  comes from r a d i a l  atomic d i s t r i b u t i o n  analy- 
sis (Figure 6, Table 5). The defec tness  o f  t h e  i n i t i a l  support s t ruc-  
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t u r e  manifests i t s e l f  i n  the  increase o f  the interatomic distances,  
a s  compared t o  those cha rac t e r i s t i c  o f  c rys t a l l i ne  magnesium chlo- 

r i d e  (Table 5). The a rea  of the peak of the  f i r s t  coordination sphere 

200 

00 

0 

t 'r: 
Mo-Mo ! A  

I I I I I I 

1 2 3 4 5 6 7 8 
r ,  A 

Figure 6. Radial atomic d i s t r ibu t ion  curves f o r  the  support (1) 

and the  ca ta lys t  A (2 )  

Table 5. Interatomic distances i n  the aupport and i n  the  cata- 
l y s t  A ,  as  found from atomic r a d i a l  d i s t r ibu t ion  data 

I 

0 

Sample Interatomic distances,  A 

Ng-Cl  IVIg-Mg Ig-C1 M g - C f  M g - C 1  Mg-Elfg Mg-Mg 

MrlgCl2 c rys ta l .  2.48 3.59 4.45 5.05 5.72 6.22 7.18 

M g C l ,  support  2.52 3.60 4.50 5.10 5.75 6.30 7.25 

TiCl4/MgCI2 2.49 3.59 4.43 4.95 5.70 6.15 7.18 
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corresponding t o  the  ILg-Cl d i s tance  i s  255'; lower than the  ca lcu la ted  
area.  This  a l s o  ind ica t e s  the  presence o f  d i s t o r t i o n s  i n  the  s t ruc-  
t u r e ,  such as  ch lor ine  vacancies and the  s h i f t  o f  magnesium ca t ions  
from normal pos i t ions .  During the  i n t e r a c t i o n  oi t he  support with 
T i C 1 4 ,  these  c a t i o n s  may d i f fuse  i n t o  normal octahedral  posi t ions.  

This  process corresponds t o  a sharp  growth of t he  peaks that char- 
a c t e r i z e  t h e  XIg-Mg dis tance  (Figure 5).  Chlorine ions  f r o m  t i t an ium 
chlor ide  may occupy anion vacancies. It i s  a l s o  poss ib le  t h a t  t i t a -  
nium ions a r e  loca ted  i n  the  octahedra made of ch lo r ine  ions i n  
t h e  sub-surface l a y e r  o f  magnesium chlor ide ,  s ince  the  T i 4 1  d i s -  

t ances  (2.45 A )  a r e  s imi l a r  t o  the  I.lg-Cl d i s t ances  i n  magnesium 
chlor ide.  A t  support ing t i tanium chlor ide  the  C 1 - C 1  d i s tance  grows. 

e f f e c t  observed dur ing  adsorpt ion of var ious  amounts o f  T i C l  on 
a highly dispersed magnesium chlor ide  ( ca t a lys t  A )  a r e  shown i n  

Figure 7, A s h a r p  decreasing o f  t h e  heat  e f f e c t  wi th  increas ing  

0 

Calorimetr ic  data.  The r e s u l t s  o f  t he  determinat ion o f  the  heat  

4 

I 1 I I I 

0,2 0,3 0,4 0,5 
Content of T i ,  % mass. 

Figure 7. 
ch lor ide  vs. amount o f  t i t an ium chlor ide  ( c a t a l y s t  A )  

Heat e f f e c t  o f  the  i n t e r a c t i o n  o f  T i C 1 4  with magnesium 
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t he  t i t an ium content po in t s  t o  the  nonuniformity o f  sur face  adsorp- 
t i o n  s i t e s  and t i t an ium complexes t h a t  a r e  formed on t h e  surface.  
I n  the  range of l o w  concentrat ions ( l e s s  than 0.204 mass T i  o r  one 
molecule o f  T i C 1 4  per  a r e a  o f  200 A ) ,  t he  high hea t  e f f e c t  ("14 
kcal/mol) corresponding t o  the  chemisorption heat i s  observed. 

An increase  i n  the  t i t an ium content l e a d s  t o  a d r a s t i c  lowering o f  
t he  hea t  e f f ec t  down t o  4 kcal/mol. Such a low heat e f f e c t ,  which 
i s  similar t o  the  hea t  o f  physical  adsorp t ion ,  does not correspond 
t o  t h e  observable s t rong  binding of T i C l  wi th  the  magnesium chlor ide  

sample up t o  t h e  T i  content of 1.2% mass. i t  seems that i n  t h i s  
range o f  t i tanium concentrat ions (0.3-1.276 mass), a s t rong  i n t e r -  
a c t i o n  o f  t i t an ium chlor ide  with magnesium chlor ide  a l s o  occurs and, 
correspondingly,  i s  charac te r ized  by a high heat  e f f e c t  (HI). 
However, some por t ion  of t h e  heat  of t h i s  i n t e r a c t i o n  (H2) i s  used 
e i t h e r  f o r  the recons t ruc t ion  of t h e  support subs t ruc ture  ( see  X-ray 

da ta )  o r  f o r  t he  formation o f  more complex surface s t r u c t u r e s  con- 
t a i n i n g  t i t an ium chlor ide.  A s  a r e s u l t ,  i n  t h e  experiment a small 
d i f f e rence  between t h e  two values  i s  observed: Q=H1-I12X 4 kcal/mol. 

Ca ta ly t i c  p rope r t i e s  and EPR data. The nonuniformity of sur- 
f a c e  titanium compounds shows i t s e l f  i n  the c a t a l y t i c  p rope r t i e s  of 
these  systems as well. Figure 8 i l l u s t r a t e s  t he  e f f e c t  of t h e  t i t a -  
nium content i n  c a t a l y s t  A on the  a c t i v i t y  i n  e thylene polymeriza- 
t ion.  I n  the  range of t i t an ium concentrat ions from 0.4 t o  1.2% mass, 
the  c a t a l y t i c  a c t i v i t y  i s  constant.  It sharply inc reases  a s  the  t i ta-  
nium content is  lowered down t o  0.2%. 

t i o n  s t a t e  of  t h e  t r a n s i t i o n  metal  i n  these  systems can be obtained 
by applying EPR method t o  the  study o f  t h e  c a t a l y s t  prepared by sup- 
po r t ing  V C 1 4  on t h e  h ighly  dispersed magnesium chlor ide ,  similar t o  
that used f o r  t h e  prepara t ion  of c a t a l y s t s  A'), The max imurn  amount 
of V C 1 4 ,  which can s t rongly  be adsorbed by t h e  support  a t  2OoC, i s  
1.2% mass V o r  4 .  lom3 mmol VG14/m2. S imi la r  da t a  have been obtained 
f o r  T i C l  adsorbed on t h e  same support  (1.1% mass T i  o r  4 mmol 
T i C l  /m ). The dependence of t he  a c t i v i t y  o f  V-Mg c a t a l y s t  on t h e  con- 4 
t e n t  of vanadium (Figure 8, curve 2) is  t h e  same as that f o r  Ti-Mg 
c a t a l y s t .  We can, t he re fo re ,  conclude t h a t  V C 1 4  and T i C 1 4  i n t e r a c t  
wi th  magnesium chlor ide  i n  the  same manner. 

mass) i n  the  VC14/MgC12 system, vanadium i s  i n  the  form o f  i s o l a t e d  

02 

4 

Valuable information about t he  p e c u l i a r i t i e s  of the coordina- 

24 

A s  fo l lows  from EPR da ta  a t  a low content o f  vanadium (0.1% 
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Act iv i ty  vs, the t r a n s i t i o n  metal content i n  ca t a lys t s  

paramagnetic complexes, which produce a cha rac t e r i s t i c  signal i n  

the  EPR spectrum. Upon fu r the r  increasing the content o f  vanadium 
i n  the ca ta lys t  the  signal in t ens i ty  does not change. Only the t r ea t -  
ment o f  these species with pyridine sharply enhances the in t ens i ty  

of  EPR s igna l s  at the  expense of pyridinate VC14 complexes formed, 
Thus, at  a vanadium concentration of  l e s s  that 0.2% mass ( < 6 
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2 mmol V C 1 4 / m  1, V C 1 4  i s  present as  i s o l a t e d  sur face  complexes i n  
the  V C 1 4 / M g C 1 2  system. A t  h igher  concent ra t ions  of vanadium, V C 1 4  

i s  i n  t h e  f o r m  o f  a s s o c i a t e s  containing exchange-bound V4+ ions.  
The similar conclusion about two s t a b i l i z a t i o n  s t a t e s  o f  T i c 1  can 
be made f o r  the  TiCI4/liigCl2 system. Data on the  c a t a l y t i c  p r o p e r t i e s  

of Ti-Ng and V-Ivlg c a t a l y s t s  (Figure 8) i nd ica t e  that the  a c t i v e  cen- 
t e r s  o f  these  systems a r e  formed both from i s o l a t e d  V4+ and Ti4'  com- 
plexes (range o f  low concentrat ions)  and from surface a s s o c i a t e s  o f  
these  ions  (range o f  high concentrat ions o f  T i  and V). However, 

the  y i e l d  o f  a c t i v e  c e n t e r s  formed from t h e  i s o l a t e d  ions  i s  no t i -  

ceably higher. 
2.2. On the  composition of a c t i v e  cen te r s  of Ti-Mg c a t a l y s t s .  
The formation process  of a c t i v e  cen te r s  i n  su ported Ti-Mg ca- 

4 

t a l y s t s  of type A has been s tudied previously i n  6p by Em. A s  found, 
dur ing  the  i n t e r a c t i o n  of t h i s  c a t a l y s t  wi th  tr iethylaluminum, T i C 1 4 ,  

which i s  adsorbed on the  surface of magnesium chlor ide ,  i s  r e a d i l y  
reduced even a t  l o w  temperatures. A s  a r e s u l t ,  three-valent T i  com- 
pounds d i f f e r e n t  i n  t h e  coordinat ion s t a t e  a r e  formed, These a re :  
i s o l a t e d  T i 3 +  i o n s  i n  t h e  octahedral  and t e t r a h e d r a l  ch lo r ine  sur- 
roundings,  T i 3 +  i ons  involved i n  t h e  weak exchange i n t e r -  
a c t i o n  and highly d ispersed  p a r t i c l e s  o r  sur face  T i c 1  assoc ia tes .  
The l a t t e r  type o f  compounds produce EPR s i g n a l s  only a f t e r  t h e  ca- 
t a l y s t  treatment wi th  pyr id ine  due t o  t h e  formation of pyr id ina te  
complexes of Ti3+ compounds. Furthermore, sinall amounts o f  T i 2 +  i ons  
can a l s o  be formed. Data on the  inf luence  o f  t he  composition of 
Ti-Mg c a t a l y s t s  and o f  t h e  condi t ions of t h e i r  i n t e r a c t i o n  wi th  
the  organoaluminum co-catalyst  on the  c a t a l y t i c  p rope r t i e s  and on 
the  y i e l d  of var ious  T i 3 +  compounds suggest that i s o l a t e d  Ti3+ i ons  

a r e  side-products and cannot serve as  a c t i v e  centers6) .  It i s  as- 
sumed that the a c t i v e  cen te r s  o f  t hese  systems a r e  i n  t h e  composi- 
t i o n  of highly dispersed p a r t i c l e s  o r  of sur face  T i C l  a s s o c i a t e s  

and, t he re fo re ,  a r e  not de tec tab le  by EPR technique. 

according t o  k i n e t i c  data, t h e  number of a c t i v e  cen te r s  i s  0.05-0.10 

mol/rnol T i  has been s tudied  i n  6 ) .  Thus, major  par t  of titanium i n  
these  samples i s  inac t ive .  More d e t a i l e d  information about t h e  com- 
p o s i t i o n  o f  t he  a c t i v e  cen te r s  can be obtained f r o m  t h e  invest iga-  
t i o n  of t h e  c a t a l y s t s  wi th  low t i t an ium contents ,  and a higher  a c t i -  
v i t y  and,correspondingly,  a higher  number of t h e  a c t i v e  cen te r s  

3 

3 

Cata lys t  A with  t h e  t i t an ium content of 1.2% mass, i n  which, 
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(Figure 8 ,  curve 1). For  c a t a l y s t s ,  that conta in  0.05-0.2:; mass T i  
and have the  a c t i v i t y  o f  320-670 kg/g T i e  h atm, the  concentrat ion 
of a c t i v e  cen te r s  i s  0.22-0.47 m o l / m o l  T i .  

t he  treatment o f  t h i s  sample with tr iethylaluminum (Al/Ti=5) pro- 

duces s igna l s  corresponding t o  Ti3' i ons  i n  the  EPR spectrum. 
However, a subsequent treatment of t h e  l a t t e r  sample with pyridine 
l e a d s  t o  t he  appearance of t he  EPn signal ascr ibed  t o  t h e  pyr id ina te  
complex o f  T i 3 + ,  which is  s imi l a r  t o  the  signal descr ibed i n  6 )  , 

The s i g n a l  i n t e n s i t y  corresponds t o  t h e  complete reduct ion  of T i C l  

t o  Ti3+.  Thus, i n  t he  c a t a l y s t  A w i th  a low T i  content and a high 
concentrat ion of a c t i v e  cen te r s ,  almost t he  whole o f  t h e  t i t an ium 

t h a t  has reac ted  with tr iethylalwninum i s  i n  the  f o r m  o f  a s s o c i a t e s  
o f  Ti3+ i ons  charac te r ized  by a s t rong  exchange in t e rac t ion .  I s o l a t e d  
T i 3 +  i ons  a r e  not formed a t  a l l  i n  t h i s  system, Evident ly ,  the  a c t i v e  
cen te r s  a r e  loca ted  i n  the  sur face  a s s o c i a t e s  of T i 3 +  ions. 

Thus, a t  t h e  first s t e p  o f  t he  formation o f  t hese  c a t a l y s t s ,  
when T i C 1 4  i s  supported on the  h ighly  dispersed magnesium chlor ide ,  
i s o l a t e d  sur face  complexes o f  T i C l  can be formed provided that 4 
t h e  t i t an ium content i s  low ( see  sec t ion  2.1).  But a f t e r  the  i n t e r -  

a c t i o n  of t h i s  c a t a l y s t  with the  organoaluminum co-ca ta lys t ,  i s o l a t e d  
sur face  compounds o f  T i 4 +  transform t o  Ti3+ a s s o c i a t e s ,  which con- 
t a i n  t h e  a c t i v e  c e n t e r s  of these  ca t a lys t s .  

Catalyst  A with 0.08% of  T i  produces no EPR s i p a l .  Neither 

4 
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ETI-IY LEKE FOLY DlERI Z A T I O N  WITH PIODIFI ED SUPPORTED CATALYSTS 

SIiAMGAN L I N  E'AIHUA WANG Q I X I N G  ZHANG ZEJIAM LU YUN LU 

I n s t i t u t e  o f  Polymer Sc ience ,  Zhongshan U n i v e r s i t y ,  Guangzhou, China 

ABSTRACT 

S l u r r y  po lymer i za t ion  o f  e t h y l e n e  g i v i n g  h igh  y i e l d s  o f  poly- 

e t h y l e n e  under  ambient or enchanced p r e s s u r e  wi th  c a t a l y s t  o f  T i c 1  / 
MgC12/A1Et3 ( named GZ-Catalyst ) prepa red  by c o m i l l i n g  method h a s  

been s tud ied .  

4 

With modif ied c a t a l y s t  compris ing T i C l  T i (  0-n-Bu) /MgC1Z/A1Et3 4' 4 
( named ZS-Catalyst ), t h e  y i e l d  o f  e t h y l e n e  po lymer i za t ion  o r  

e thylene /pro  pylene  co po lymer i za t ion  a r e  r a i s e d  up q u i t e  d i s t i n c t l y  . 
For  p r e p a r a t i o n  o f  u l t r a  h igh  molecular  weight  po lye thy lene  ( UHKWPE), 

a modif ied c a t a l y s t  o f  T i C l  /KgC12/A1Et3, RMgCl ( named HE-Catalystff 

) was found t o  be e s p e c i a l l y  h i g h l y  a c t i v e .  With c a t a l y s t  compris ing 

T i C l  Ti(0-n-Bu) /i\TgC12, ZnC1dA1Et3 ( named l 1  YJ-Catalyst  ) o r  

w i t h  c a t a l y s t  compr is ing  TiCl  /MgC12/A1Et3,ZnEt2 ( named ZE-Catalyst 

c u l a r  weight  polymer. A nova1 modi f ied  c a t a l y s t  o f  T i c 1  NdC13/MgC1d 

A l E t  ( named SN-Catalyst It ) i s  h i g h l y  a c t i v e  f o r  po lymer i za t ion  o f  

e t h y l e n e  as wel l  as s t e r e o  s p e c i f i c  po lymer i za t ion  o f  s t y r e n e  and 

copo lymer i za t ion  o f  t h e s e  two monomers. 

po lymer i za t ion  wi th  each o f  t h e  above c a t a l y s t s  have been s tud ied .  

4 

4' 4 
4 

) e t h y l e n e  po lymer i za t ion  i n  absence o f  hydrogen g i v e s '  lower  mole- 

4' 
3 

The e f f e c t s  o f  po lymer i za t ion  c o n d i t i o n s  and k i n e t i c s  o f  e thy lene  

S l u r r y  po lymer i za t ion  o f  e t h y l e n e  was c a r r i e d  o u t  g i v i n g  h igh  
y i e l d  o f  po lye thy lene  under  ambient or enhanced p r e s s u r e  ( Tab le  1-4, 
F i g u r e  1-2 ), wi th  suppor t ed  c a t a l y s t  o f  T i C l  /MgClgAlEt ( named (1 

GZ-Catalyst l 1  ) prepa red  by c o m i l l i n g  method 
With modif ied c a t a l y s t  compris ing T i C l  

( named ZS-Catalyst ) 2 ) ,  t h e  c a t a l y t i c  e f f i c i e n c y  o f  e t h y l e n e  
po lymer i za t ion  i s  r a i s e d  up q u i t e  d i s t i n c t l y  ( Table  1-4' F i g u r e  1-2)' 

suppor t ed  c a t a l y s t s  i n  t h e  absence  o f  hydrogen were s tudied3) .  The 

41 ) 3 

Ti(0-n-Bu) /MgC1dA1Et3 4' 4 

The k i n e t i c s  o f  e t h y l e n e  po lymer i za t ion  wi th  GZ-1 and ZS-1 

91 
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po lymer i za t ion  r a t e  V - t ime k i n e t i c s  c u r v e s  a r e  o f  qu ick  s t a t i o n a r y  
t y p e  ( Figure  1 ). The degree  o f  po lymer i za t ion ,  t h e  s p e c i f i c  a c t i v e  
c e n t e r  : T i ]  c o n c e n t r a t i o n  [C"] , ( e.e;., [C"] = [ T i ]  active/[Ti] total ) ,  

t h e  propagat ion  r a t e  c o n s t a n t  !<. appa ren t  a c t i v a t i o n  e n e r g i e s  E and 
l i f e  time o f  cha in  growing I; were de te rmined  ( Table  2 1. 

F 

P9 

Tab le  1.  Cornparation o f  GZ-1 and ZS-2 c a t a l y s t s  €or e t h y l e n e  
po lymer i za t ion  

Fo l y m e r i z a t i o n  C a t a l y t i c  e f f i c i e n c y  C a t a l y t i c  e f f i c i e n c y  
t empera tu re  (kg Pug T i )  r a t i o  

("C) GZ- 1 2s-2 ( ZS-2/GZ- 1 ) 

60 10 30 3 
45 12.3 18 1.4 
35 8.1 11.4 1.4 
25 5.1 7.8 1.5 

Polymer i za t ion  c o n d i t i o n s :  Cat [Ti] = ~ - ~ O X I O - ~  mmol/drn3 ( g a s o l i n e ) ,  
Al/Ti = 150 mol/mol, 810 mag, 2 h, s t i r r i n g  r a t e  = 520 rpm ( f o r  
250 ml- reac tor  c o n t a i n i n g  100 ml p u r i f i e d  g a s o l i n e  as d i l u e n t  1. 

For p r e p a r a t i o n  o f  u l t r a  h i g h  molecu la r  weight  po lye thy lene  
( UHMVE'E ), a modif ied  suppor ted  c a t a l y s t  o f  T i C l  /MgCl~A1Et3,Ri!gC1 
( named H S C a t a l y s t  ) was found t o  be  e s p e c i a l l y  h i g h l y  a c t i v e  . 
I n  r e c e n t  y e a r s ,  h i g h l y  a c t i v e  c a t a l y s t s  o f  t i t a n i u m  system c o n t a i n i n g  
organomagnesiurn compounds f o r  e t h y l e n e  po lymer i za t ion  have been 

usage  of  organomagneium compound as a promoter  f o r  c a t a l y s t s  o f  
t i t an iu rn  system w i t h  MgCl as c a r r i e r  s o  as t o  i n c r e a s e  t h e  c a t a l y t i c  
e f f i c i e n c y  t o  a v e r y  h i g h  l e v e l  ( Table  3-4, F i g u r e  2 1. 

ar ise  from two f ac to r s ' ) :  I > ,  f a c t o r  o f  i n c r e a s i n g  p o r o s i t y  o f  
suppor t ed  c a t a l y s t  a f t e r  t rea t rnent  w i th  C6H5MgC1, as shown by t h e  SEM 

micrographs  o f  v a r i o u s  c a t a l y s t s  with o r  w i thou t  C H I4gC1 as promoter ;  
21, f a c t o r  o f  l i g a n d ' s  e l e c t r o n i c  e f f e c t s .  an i n c r e a s e  o f  e l e c t r o n  
d e n s i t y  o f  a c t i v e  c e n t e r  T i  i o n  owing t o  t h e  pushing e l e c t r o n i c  e f f e c t  
o f  t h e  R group ( C6H5- group ) i n  RbIgC1 l i g a n d  w i t h  i t s  C 1  g roup  a c t s  
as a c h l o r i n e  b r i d g e  connec t ing  t o  t h e  a c t i v e  c e n t e r  T i  ion.  T h i s  

f a v o r s  t h e  c o o r d i n a t i o n  and i n s e r t i o n  o f  e t h y l e n e  monomer toward t h e  
a c t i v e  T i  i o n  and Ti-C bond s u c e s s i v e l y  du r ing  t h e  c h a i n  p ropaga t ion  

r e a c t i o n ,  

4 )  4 

b u t  none h a s  been communicated i n  l i t e r a t u r e s  about  t h e  

2 

I t  i s  cons ide red  t h a t  t h e  promotive e f f e c t  o f  C H IlgCl should  6 5  

6 5  
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F i g u r e  1.  

Polymerizat ion cond i t ion :  t h e  same as i n  Table 1. 

Ethylene polymerizat ion k i n e t i c s  cu rves  with GZ-I  and ZS-2 c a t a l y s t s .  



Table 2. 
GZ-I and ZS-2 c a t a l y s t s  

Experimental r e s u l t s  and k i n e t i c s  parameters  o f  e thylene  polymerizat ion w i t h  

'vP [c" 1 4 E  
- 
L 

k J  
dm3. (~16~) (min) [Ti] a c t i v e  C a t a l y s t  sy stem T mo 1C2H 

("C) mo 1 T i  . min [ T i ]  t o t a l  mo1.mn 
( s t a t i o n a r y )  (mol%> (x10-3 ) 

TiC14/MgC1~ 45 180 

35 114 
25 62 

A1Et3 

(GZ-1) 

6.3 
3.8 
2.1 

24.3 33.8 11.8 
22.4 45.3 15.1 

45 
35 

T i C 1 4  Ti(0Bu) 4/ 
MgC12/A1Et3 

(ZS-2) 25 

249 
154 
108 

8.4 23.5 34.0 11.5 

4.2 23.0 3a7 43.3 12.0 

2.7 22.1 57.7 14.4 
~ ~ ~ ~ 

Polymerizat ion condi t ion:  t h e  same as i n  Table 1 and Figure  1. 



The promot ive  e f f e c t  o f  C 11 IJIgC1 on i n c r e a s i n g  c a t a l y t i c  e f f i c i e n c y  o f  G Z  and ZS 6 5  Tab le  3. 
t y p e  h i g h  a c t i v e  suppor t ed  c a t a l y s t s  f o r  e t h y l e n e  p o l y m e r i z a t i o n  

T i (  G-n-Bu) / T i C 1 4  C a t a l y t i c  e f f i c i e n c y  Increment  o f  c a t a l y t i c  

e f f i c i e n c y  ( 7 6 )  
4 

(mol/mol)  (kg PWg T i )  C a t a l y s t  system 

- GZ- 1 o/ 1 00 10 

SZ- 1 +CGH51~lgC1 7 21 110 

zs- 1 5/ 95 18 - 
28 56 ZS- 1 +C6H5PigCl 7 

_. zs- 2 lo/ 90 30 
ZS-2+C H NgCl - 35 ( 75* 1 17 ( 150* ) 

6 5  

20/ 80 
I_ 

- 15 
19 27 

Po lymer i za t ion  c o n d i t i o n :  C a t r T i ]  =4.3x10-2 mmol/dm3 ( g a s o l i n e  ), Al/Ti=70 mol/mol, 

Mg/Ti=l mol/mol, 810 mmHg, 60°C,  2 h, ( * :  70°C, 4 h ) .  

W 
ul 
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Figure  2. 
c a t a l y s t s :  

Kinetics curves  o f  e thylene  polymerizat ion with var iou  h ighly  a c t i v e  supported 
I ) ,  GZ-1 ;  21, G%l+C6H+$1; 31, ZS-3; 4)s 

Polymerization condi t ion:  C a t  [Ti] =4.3x10’2m~ol/dm3 ( g a s o l i n e )  Al/Ti=70 mol/mol, 
Mg/Ti=l mol/mol, 820 r a g ,  60°C, 2 h. 
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Ultra h igh  molecular  weight, m l y e t h y l e n e  syn thes i zed  wi th  EE- 
C a t a l y s t  d i s p l a y s  h igh  i m p a c t - r e s i s t a n c e  p r o p e r t i e s ,  and i t s  p h y s i c a l  

b e h a v i o r s  were c h a r a c t e r i z e d  e x t e n s i v e l y  
Another modif ied suppa r t ed  c a t a l y s t  o f  T i C l  /KgC12/A1Etg, ZnEt2 ( 

named l1 Z C C a t a l y s t  ) was prepared13) ,  wi th  which e t h y l e n e  polymeri- 

z a t i o n  was c a r r i e d  o u t  i n  t h e  absence o f  hydrogen. The c a t a l y t i c  e f f i -  
c i ency  i n c r e a s e s  and t h e  molecular  weight  o f  po lye thy lene  d e c r e a s e s  
w i t h  i n c r e a s i n g  of  Z n / T i  molar r a t i o  as shown i n  F i g u r e  3. The k i n e t i c s  

pa rame te r s  were determined ( s e e  Table  5 and were compared wi th  t h o s e  
k i n e t i c s  o f  GZ-1 and GZ-l+C H "IgC1 c a t a l y s t s  e t c .  

and ZnEt2 

as t r a n s f e r r i n g  a g e n t s  and t h e  coresponding appa ren t  a c t i v a t i o n  energy 

of  t h e  cha in  t r a n s f e r r i n g  r e a c t i o n  were determined f o r  GZ-1 and ZE 
c a t a l y t i c  po lymer i za t ion  ( i n  Table  5 ) as shown i n  Tab le  6 13) . 

From Table  5 and 6, i t  i s  noted  t h a t  e t h y l e n e  w l y m e r i z a t i o n  w i t h  

Z E 2  c a t a l y s t  i n  which ZnEt2 a c t s  as an  e f f i c i e n t  po lymer i za t ion  r a t e  

pmmotor  as well  as cha in  t r a n s f e r r i n g  agen t ,  g i v e s  v e r y  h igh  y i e l d  o f  

po lye thy lene  o f  lower  molecular  weight. The appa ren t  s p e c i f i c  a c t i v e  
c e n t e r  T i  c o n c e n t r a t i o n  [C*l v a l u e  i s  exceedingly  h igh  w h i l e  v a l u e  o f  

appa ren t  a c t i v a t i o n  energy o f  cha in  t r a n s f e r r i n g  r e a c t i o n  AEtr,ZnEt i s  

e s p e c i a l l y  lower thandEtr,AIEt . The cha in  t r a n s f e r r i n g  r e a c t i o n  may 
be  r e p r e s e n t e d  as i n  t h e  fo l lowing  scheme: 

10-12) 

4 

6 5' 
The cha in  t r a n s f e r r i n g  r e a c t i o n  r a t e  c o n s t a n t s  o f  A l E t  3 

P 

- 
' I  ' c .  

P 
f H 2  
CH ----Zn-CH CH I 2  1 2 3  

P-CH2-CH2-Zn-CH CH 
2 3  

S i n c e  ZnC12can r e a c t  w i th  AlEt 
i n s t e a d  o f  ZnEt 

modi f ied  suppor ted  c a t a l y s t  o f  T i C l  

( named YJ-Catalyst  ) was p repa red  f o r  e t h y l e n e  polymer iza t ion14) .  

The molecular  weight  o f  po lye thy lene  can  be c o n t r o l l e d  i n  t h e  absence  
o f  hydrogen by a d j u s t i n g  Zn/Ti  molar  r a t i o  wh i l e  t h e  c a t a l y t i c  e f f i c i -  

ency m a i n t a i n s  more s t a t i o n a r i l y  a t  q u i t e  h igh  l e v e l  as i l l u s t r a t e d  i n  
Tab le  7 and F i g u r e  4. 

With f i x a t i o n  o f  Zn/Ti  molar r a t i o  a t  8, t h e  c a t a l y t i c  e f f i c i e n c y  
and molecular  weight  can  be a f f e c t e d  by a d j u s t i n g  t h e  amount o f  

t o  g i v e  ZnEt2, by u s i n g  ZnC12 

as an i n g r e d i e n t  o f  c a t a l y s t  composi t ion,  a nove l  
3 

4' 
2 

Ti(O-n-BuI4/MgCl2, ZnCldAlEt3  



I 
4 

28 t 

4 t  

e 

0 20 40 60 80 100 

Zn/Ti  ( m l / m o l )  

F igu re  3.  
of e thy lene  polymerizat ion with ZE c a t a l y s t  ( e.g, , TiCl4/MgC1dA1Et3,ZnEt2 system ). 

Polymerizat ion cond i t ion :  Ca tCTiT=l  .0x10-4mmol/dm3 ( g a s o l i n e  ) , A l / T i = 1 5 0  mol/mol, 810 m a g ,  

Af fec t ion  o f  Z n / T i  molar r a t i o  on molecular weight ( Ew) and c a t a l y t i c  e f f i c i e n c y  

45"C, 2 he 

W 
W 



P 
0 
0 

Table 5. Cornparativ e experimental r e s u l t s  and kine  t i c s  parameters o f e t h y 1  ene polymerization 

- - 
A E  'n L 

kJ 
~ 0 - 3 )  (min )  

[ C * l  kP 
vP 

[ T i ]  a c t i v e  dm3 C a t a l y s t  system T mo 1C2H 

molTi.min [ T i ]  t o t a l  mol.min mo 1 
(mol%) ( x 1 0-3) 

( "  C >  
( s t a t i o n a r y )  

TiC14/MgC12/  45 180 
A1Et3 35 114 

25 62 ( G Z - 1 )  

6.3 
3.8 

24.3 33.8 11.8 
22.4 45.3 15.1 

2.1 18.5 50.7 17.0 

T i c  14/MgC 12/ 45 175 6.5 20.8 32.2 12.0 

A1Et3, PhMgC1 35 97 3.5 19.3 43.5 15.7 
25 53 2.0 17.0 58.8 22.1 

7.8 

( HE-1 Mg/Ti=l 

TiC14/MgC12/ 45 418 89 3.70 8.2 17.8 
A l E t  , ZnEt2 35 268 58 3.16 10.4 22.5 

25 148 31 2.76 10.7 22.4 
3 

(ZE-2) Zn/Ti=20 

T i c 1  /NdC13/ 50 393 4.0 26.7 26.1 8.3 
MgC1dA1Et3  40 303 4.5 37.9 11.8 23.8 9.2 4 

( SIj- 1 ) 34 125 12.5 21.7 72.3 23.0 

Polymerization condi t ion:  C a t  [Ti]  =5-10 mmol/ddlnJ ( g a s o l i n e ) ,  A l / T i = 1 5 0  mol/mol, 810 mmIig,  2 h ,  

s t i r r i n g  ra te  = 520 rpm ( for 250 ml-reactor conta in ing  100 ml pur i f i ed  g a s o l i n e  as d i l u e n t  ) .  



Table 6 ,  Chain t r a n s f e r r i n g  r a t e  c o n s t a n t  ktr  and apparent  a c t i v a t i o n  energy  A E t r  

ktr, ZnEt2 **ti-, ZnEt2 
dm3 

) biz kJ ) 

3 C a t a l y s t  system T k t r , A l E t 3  AEtr, A l E t  
k J  

(" (mol.min dd ) (7iizr) (mol.min 

TiC14/MgCldAlEt3 45 
( G Z . 1 )  35 

Z n / T i = O  25 

7.05 
3.50 
2.03 

45 
35 
25 

Polymerizat ion cond i t ion :  t h e  same as i n  Table 5. 
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Table 7. 
and molecular  weight  ( zw o f  e t h y l e n e  po lymer i za t ion  w i t h  Y J  

c a t a l y s t  ( e .  g., T i C l  Ti(O-n-Bu)4/PlgC12, ZnC12/A1Et system) 

Af fec t ion  o f  Zn /T i  molar r a t i o  o n  c a t a l y t i c  e f f i c i e n c y  

4' 3 

- 
% Zn/Ti C a t a l y t i c  e f f i c i e n c y  

(mol/mol) ( kg PE/g T i  ) ( ~ 1 0 - 3 )  

26 1 

274 
280 

272 
278 

46 5 
356 
33 1 

312 
280 

Po lymer i za t ion  c o n d i t i o n :  

[A1Et3]= 8 mmol/dm3, 4 kg/cm2, 75"C, 2 h. 

CatlTi1=15x10'3 mmol/drn3 ( g a s o l i n e  ), 

Table  8. 
e f f i c i e n c y  and molecu la r  weight  ( kw ) 

C o r r e l a t i o n  o f  t h e  amount o f  YJ c a t a l y s t  t o  c a t a l y t i c  

- 
MW 

Cat [Ti3  C a t a l y t i c , e f f i c i e n c y  

(x l0-3  mmol/dm3) ( kg Pug T i  1 ( ~ 1 0 - 3 )  

4 384 188 

8 262 196 
22 262 21 4 

Po lymer i za t ion  c o n d i t i o n :  Z n / T i = 8  mol/mol, IA1Et31 =I0  mrnol/dm3, 
Lt kg/cm2, 85'C, 2 h. 



Ethy lene  Po lymer i za t ion  w i t h  Modif ied  Suppor ted  C a t a l y s t s  1 0 3  

4.0 

3.0 

2.0 

1.0 

\. 

\4d. Zn/Ti=6 

Zn/Ti  =O t 

0 20 40 60 80 100 1 20 
Time (min) 

F igu re  4. K i n e t i c s  curves  of e thylene polymerizat ion with Y J  

c a t a l y s t  ( e.g., TiC14,  T i ( o - n - B ~ ) ~ / M g C l ~ ,  ZnC1,/A1Et3 1. 
Polymerizat ion cond i t ion :  t h e  same as i n  Table 7. 



40 
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10 
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Propylene c o n t e n t  (moL%) 

Dependence o f  f eed ing  r a t i o  o f  C H /C H on c a t a l y t i c  e f f i c i e n c y .  2 4  3 6  
F i g u r e  5. 
Copolymerization cond i t ion :  l ) ,  6 O o C ,  Cat CTil=O. 1.5 mmol./dm3; 2 ) ,  60°C, GatCTi7 =O. 10 mmol/dm3 
31, 50°C, C a t C T i f = O .  10 mo1/dm3. 



0 20 40 60 80 100 

But  ene conten t  ( mo 1%) 

Affect ion o f  ethylene/butene molar r a t i o  on  c a t a l y t i c  e f f i c i e n c y  of  copoly- 60 
meriza t ion  o f  e thylene  with butene. 
Copolymerization condi t ion:  C a t [ T i l  =O. 1 mmol/dm 3 g a s o l i n e  Al/Ti=150 mol/mol,  55"C, 
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c a t a l y s t  used ( Table 8 1. 
As shown i n  Table 5, t h e  l as t  modified supported c a t a l y s t  o f  

T i C l  

which a small amount of  r a r e  e a r t h  compound KdCl was used as an 
ing red ien t .  The f e a t u r e  of SN-1 C a t a l y s t  i s  o f  high va lue  o f  r a t e  
cons t an t  ( k ) and high c a t a l y t i c  e f f i c i e n c y  f o r  e thylene polymeriza- 

t i o n  15) .  SI4-1 C a t a l y s t  i s  a l s o  very a c t i v e  f o r  homopolymerization o f  

s t y r e n e  and copolymerization o f  e thylene and s t y r e n e  15). Highly iso- 
t a c t i c  polystyrene was prepared with far higher  c a t a l y t i c  e f f i c i e n c y  

than  t h e  r e s u l t s  r e p o r t e d  i n  l i t e r a t u r e s .  Copolymerization g i v e s  good 

y i e l d  which c o n s i s t s  s ty rene -un i t  con ten t  from 4 t o  85 mol% of  copoly- 
mer products. By t h e  way, ZS-Catalyst i s  a l s o  very e f f e c t i v e  f o r  

copolymerization of  e thylene and propylene16). The c a t a l y t i c  e f f i c i e n c y  

i s  even higher  than t h a t  o f  homopolymerization o f  e thylene with t h e  
same c a t a l y s t  and polymerization c o n d i t i o n s  as shown i n  F igu re  5. With 

t h e  similar modified supported c a t a l y s t ,  ethylene/butene-1 copolymeri- 

zat ion17)can be c a r r i e d  o u t  with good y i e l d s  as we l l  ( s e e  F igu re  6 ). 

WdCl /T~lgCl2/A1Et3 ( narned SIT-1 C a t a l y s t  ’’ ) was exp lo i t ed  i n  4’ 3 
3 

P 
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SYNTHESIS OF EP-RUBBER USING TI-CATALYSTS 

- 1  K.SOGA T.SAN0, R.OHNISH1, T.KAWATA, K.ISHI1, T.SHION0 and Y.DOI 

Research Laboratory of Resources Utilization, Tokyo Institute of 

Technology, Nagatsuta, Midori-ku, Yokohama 227, Japan 

ABSTRACT 

Based on the theory of catalyst design, which we established, we 

developed an efficient Ti-based catalyst for the production of an EP 

rubber. The catalyst was prepared by milling the T ~ ( O B U ) ~ / M ~ C ~ ~  

mixture in heptane, followed by treatment with A1Et2C1. The 

catalyst combined with A ~ ( ~ - B u ) ~  showed a markedly high activity for 

ethylene-propylene copolymerization and gave quality EP rubber. 

Addition of hydrogen to the system controlled molecular weight 

without diminishing polymerization activity. The optimum 

conditions of the copolymerization were also investigated. 

INTRODUCTION 

Many patents and publications claim the synthesis of random and 

block copolymers from ethylene and propylene' I. The copolymer 

composition strongly depends upon the catalytic systems. Soluble 

catalysts such as V0Cl3 and VC14 combined with A1Et2C1(DEAC) give a 

random or moderately alternating copolymer, while heterogeneous 

catalysts which seem to contain multiple active species usually give 

block  copolymer^^-^). The copolymers of ethylene and propylene are 

very important in commercial products and industrial efforts have 

been directed towards finding novel and more efficient catalysts for 

the synthesis of the desired copolymer. However, much remains to be 

studied regarding the nature of the active sites. 

From a detailed study of the copolymerization of ethylene with 

various olefins and diene compounds by using a simplified catalytic 

system composed of titanium, we recently found an important 

correlation between the oxidation states of titanium and the 

polymerization activities of these monomers, i.e., the Ti3+ species 

are active for all these monomers, whereas the Ti2+ species are 

1 0 9  
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active only for eth~lene~-~). Therefore, it is of great importance 

for the production of linear low density polyethylene (LLDPE) and an 

ethylene/propylene/diene copolymer (EPDM) to prevent over-reduction 

of the Ti3+ species. 

On the other hand, the activity of Ziegler-Natta catalysts for 

olefin polymerization has been substantially increased by supporting 

the titanium compound on ~ g ~ 1 ~ ~ - ~ ~ ) .  However, the initial high 

activity usually decreases to a great extent during the course of 

polymerization. Such a decline in polymerization rate was also 

found when activated TiC13 was used as the catalyst. We have 

previously carried out a detailed kinetic study 3 6 )  on propylene 

polymerization using activated TiC13 combined with A1Et3(TEA), and 

found that the rate of polymerization decreases exponentially with 

time as described by Eq.(l), 

where Rot Rt and R, are the rates of polymerization at t = 0, t and 

, and k is constant. By differentiating E q . ( l ) ,  we obtain 

- Rt = k(Rt - Rm) 
at 

Ambroz et a ~ ~ "  examined the same catalytic system and found that a 

considerable amount of C1- is extracted from TiC13 during the course 

of polymerization, The 

rate of C1- extraction was given by Eq.(3), 

resulting in the reduction of Ti3+ to Ti2+. 

- dtC1-l = k'([C1-It - [Cl-]m) 
dt 

(3) 

where [Cl-], and [C1-Im are the concentrations of C1- in the catalyst 

at t = t and m , and k' is constant. The apparent activation 

energies of k and k' were estimated to be approximately 2 - 3 

kcal/mol. 

Assuming that the C1- extraction is responsible for the decline 
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in polymerization rate, -(dRt/dt) should be proportional to -(d[C1-It 

/dt). Then, E q . ( 3 )  becomes identical to E q . ( 2 ) .  These results 

strongly imply that C1- extraction from the surface of TiC13 results 

in the deactivation of the active species. It may be considered 

that a similar deactivation also takes place in the M9C12-supported 

TiC14 catalyst. 

As is well known, no apparent deactivation takes place during 

propylene polymerization with a soluble Ti(oB~)~/A1Et~Cl/MgCl~[in 2- 

ethyl-I -hexanol( 2-EHA) ]/toluene system33). The stability of this 

catalyst may also be interpreted in terms of the above model. 

Based on the above theoretical background, we developed an 

efficient Ti-based catalyst for the production of an EP rubber. 

EXPERIMENTAL 

Materials Commercial extra pure grade heptane, ethylene and 

propylene were purified following the usual procedures. Research 

grade MgC12(Toho Titanium Co. Ltd.), alkylaluminums and Ti(OBu)q were 

commercially obtained and used without further purification. 

Nitrogen (Nihon Sanso Co. Ltd., 99 .9995% purity) was used after 

passing through a molecular sieve 3A column. 

Preparation of the Catalyst The mixture of T~(OBU)~(O.I 5mol) 

and MgC12(0.15mol) in 50 cm3 of heptane was ground in a ball mill at 

2OoC for 24 h under a nitrogen atmosphere, followed by washing with 

abundant heptane. The resultant mixture was treated with a DEAC 

solution ( 1 0  mol-%) in heptane ([All/[total Ti] = 1 )  at 2OoC for 16 

h, washed frequently with heptane and dried i.vac. at 2OoC to give 

the catalyst. 

Copolymerization and Analytical Procedures The copolymerization 

of ethylene and propylene was usually carried out in a 300 cm3 glass 

reactor equipped with a magnetic stirrer. A given amount of an 

alkylaluminum was added to the reactor containing 50 cm3 of heptane, 

followed by introduction of the mixture of ethylene and propylene. 

After 10 min at the reaction temperature, a given amount of the 

catalyst was added. The mixture of ethylene and propylene was 

continuously supplied under a total pressure of 1 atm. The 

copolymerization was terminated by adding a dilute hydrochloric acid 

solution in methanol. The precipitate was dried i.vac. at room 
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temperature. The amounts of titanium and magnesium contained in the 

catalyst were determined by atomic absorption spectrophotometry 

(Shimadzu AA-6105). The composition of the copolymer was determined 

by I3C NMR spectra 3 8 f 3 9 )  measured at 12OoC using a JEOL J N M  PS-100 

spectrometer equipped with the PFT-100 Fourier transform system 

operating at 25.14 M H z .  The molecular weight distribution of the 

copolymer was measured at 12OoC by GPC (Shodex LC HT3) using o- 

dichloro-benzene as solvent. DSC measurements were made using a Du 

Pont 990 Thermal Analyzer at a heating rate of 10°C/min. 

RESULTS AND DISCUSSION 

Stability and Structure of the Catalyst The catalyst whose 

surface area measured by the BET method with nitrogen adsorption was 

60 m2/g contained 2.3 wt-% of titanium. The polymerization of 

propylene was first conducted at 4OoC by using the catalyst combined 

with TEA. 

Figure 1. 

1 I I .  1 

1 
Time [h] 

Rate c u r v e s  of propylene polymerization 

2 
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The kinetic curve of propylene polymerization is illustrated in 

Fig.1 together with that obtained with the use of the conventional 

supported catalyst (TiC14/MgC12, 43m2/g, Ti content: 0.84 wt-%) for 

reference. The present catalyst seems to be very stable as compared 

with the usual supported catalyst. The isotacticity of the polypro- 

pylene formed with the present catalyst was approximately 70 8, which 

was improved greatly (approximately 95 % )  by adding 0.18 mmol of 

ethylben~oate~' ) .  

As is well known, the soluble Ti(OB~)~/TEA/toluene system is 

incapable of propylene polymerization even in the presence of MgC12 

(dissolved in 2-EHA)33). However, considerable activity appears by 

using DEAC in place of TEA. Similar results were also obtained in 

ethylene polymerization with Battelle-type catalysts: Addition of 

MgC12 to the Cr(CH3C00)3 .(CH3C0)20/DEAC or Cr(OButI4/DEAC system 

resulted in a remarkable increase in polymerization activity. 

However, no apparent enhancement was observed when TEA was used in 

place of DEAC4' r 4 2 ) .  

These results strongly indicate that some ligand exchange 

reactions take place between the original transition metal compounds 

and DEAC, followed by forming the active complexes between the 

resultant transition compounds and MgC12 through C1 bridges35). 

The formation of the active species in the present catalyst 

might be schematically shown as in Fig.2. 

Figure 2. Plausible model of active species 

Copolymerization of Ethylene with Propylene The copolymerization 
of ethylene with propylene was carried out at 3OoC under a total 

pressure of 1 atm by using the catalyst combined with various 

alkylaluminums(Tab1e 1 ) .  The activity was strongly dependent upon 
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the alkylaluminums used as cocatalyst. So far as polymerization 

activity and copolymer composition are concerned, little difference 

was observed between TEA and triisobutyl aluminum (TIBA). However, 

the copolymer obtained with TEA showed very weak absorption at 721 

cm-I attributed to a crystalline polyethylene, indicating that trace 

amounts of the Ti2+ species may be formed in this catalytic system. 

Table 1. 

catalyst 

Copolymerization results over the Ti(OBu)4/MgC12/A1Et2C1 

- 

Run No. Catalyst Cocatalyst Polymer Yield Activity Cs content 

Is1 [Kg/g-Ti hl [mol % I  3 [mmol/dm I [mmol/dm3 I 

1 0.156 A1 (i-Bu) 1.19 3.20 31.5 

7.78 

2 0.134 AlEt3 

6.72 

1.06 3.28 33.0 

3 0.082 A1Et2C1 0. 007 0.04 - 
4.14 

4 0.310 A12Et3C13 0.04 0.06 

7.25 

~ 

Polymerization conditions; 30°C, 1 h, total pressure = 1 atm [C=/C= 
2 3  

(gas phase) = 2/33 , heptane = 50 cm . 3 

The copolymerization was thus carried out in some detail using 

TIBA as cocatalyst. Typical results obtained are summarized in 

Table 2. The highest activity was obtained at 3OoC with 5 mmol/dm3 

of TIBA. The content of propylene in the copolymer slightly 

decreased when the copolymerization was carried out either at low 

concentrations of TIBA (Runs No.5 and 6) or at low temperatures (Runs 

No.12, 13 and 14), the precise reason for which is, however, not 

clear at present. The number average molecular weight of the 

copolymer was 2.1 x104 with a Q(Mw/Mn) value of 9.7. 
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Table 2. 

- A1 (i-Bu) catalyst 

Copolymerization results over the Ti(0Bu),/MgCl2/A1Et2Cl 

- - 

Run No. Cocatalyst Polymerization Activity c i  content 
conditions [Kg/g-Ti *h] [mol % I  3 [mmol/dm ] 

5 1 3OoC 1 h 5.4 31.0 

6 

7 

3 

5 

,I 

II 

5.3 

11.3 

35.7 

47.5 

Polymerization conditions; 

[Cy/CT(gas phase) = 2/31, heptane = 50 cm . 
[Ti] = 0.1 mmol/dm', total pressure = 1 atm 

3 

Fiqs.3, 4 and 5 show the IR and I3C NMR spectra as well as the 

DSC curve of the copolymer obtained under best conditions (Run No.7). 

Although weak absorption at 995 cm-I in Fig.3 indicates the presence 

of small amounts of isotactic PP block, the DSC curve hardly displays 

an absorption at around 135"C, indicating that the sequences of 

propylene units are fairly short. On the other hand, the 

intensities of the peaks at 34.9(SaB), 33.6(Tyy) and 27.9 pprn(S 

which are assigned to the carbons in the sequences with inverted 

propylene units, are negligible in Fig.4. The absence of propylene 

inversion in the copolymer is considered to be due to high regios- 

pecificity of the catalytic system. The present copolymerization 

can be therefore analyzed as a binary copolymerization of ethylene 

( E )  and propylene (P). 

By)' 
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Figure 3. IR spectrum of sample 7 
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Figure 4. 13C-NMR spectrum of sample 7 
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Figure 5. DSC curve of sample 7 

The dyad and triad sequence distributions were determined using 

the following relations. 

PP = I ( S a a )  

EP = I (S ) + I ( S a 6 )  

EE = 112 [ I ( S g 6 )  + I (S66)I + 114 I ( S y 6 )  
aY 

PPP = I ( T B B )  

PPE = I (TB6) 

EPE = I ( T 6 s )  

PEP = I ( S g B )  = 112 I ( S  ) QY 
PEE = I ( S a 6 . )  = I ( S  B6' 
EEE = 112 I ( S 6 6 )  + 114 1 ( S v 6 )  

The monomer composition in the copolymer was calculated from the dyad 

and triad sequence distributions using Eqs.(l3) and (14). 

P = PP + 112 PE = PPP + PPE + EPE 
E = EE + 11.2 PE = EEE + EEP + PEP 
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The observed sequence distributions of connecting monomer units 

may be interpreted in terms of a first-order Markovian process of a 

binary copolymerization involving the following four propagation 

steps. 

PE-Ti ( 1 7 )  _ _ _  P-Ti + C2H4 k21 , _ - _  

- _ -  P-Ti + C3H6 k22 , _ _ _  PP-Ti ( 1 8 )  

Here kij is the rate constant of step ij, and the subscripts I and 2 

refer to ethylene and propylene. Assuming a statistical stationary 

condition in the copolymerization, we can calculate the monomer 

reactivity ratios rI and r2 by using Eqs.(l9) and (20), where X is 

the ratio of ethylene concentration to propylene concentration in the 

feed. 

Table 3. Monomer composition, sequence distribution and reactivity 

ratio of sample 7 
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L I  

The results obtained are shown in Table 3. The monomer reac- 

tivity ratios were determined as rl = 5.25 and r2 = 0.21 , i.e., r1r2 

= 1.11, indicating that the present copolymerization proceeds quite 

randomly. 

The copolymerization was then carried out in a 5 dm3 stainless 

reactor using 0.1 mmol of the catalyst, 1 mmol of TIBA and 1 dmj of 

heptane at 4OoC for 30 min under a total pressure of 2.5 bar by 

supplying the mixed gas ( C Z H ~ / C ~ H ~  = 1 1 1 )  continuously at a rate of 5 

dm3 rnin-’ (Run No.16). A transparent random copolymer with a propy- 

lene content of 38 mol % was obtained having a specific activity of 

75.2 kg-polymer g-Ti-‘.h-‘. The effect of hydrogen on the copolyme- 

rization was also examined by supplying the above system with 

hydrogen gas at a rate of 0.5 dm3 min-’. A similar copolymer was 

obtained with a specific activity of 90.6 kg-polymer g-Ti-l-h-’ (Run 

No.17). 

Fig.6 shows the molecular weight distribution curves of the 

copolymers. Addition of hydrogen to the system could thus control 

the molecular weight without diminishing (rather increasing) the 

polymerization activity. 

In conclusion, we succeeded in preparing a stable catalyst by 

milling the Ti(0Bu4)/MgCl2 mixture in heptane, followed by treatment 

with DEAC. The catalyst combined with TIBA showed a very high 

activity for ethylene-propylene copolymerization to give a quality EP 

rubber. 
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- 30 
Hp HnX ~ ~ ' M W X ~ ~ ' H Z X ~ ~ ~  Hw/Hn H d M s  

13.5 1.6 26.9  138 18.3 5. 1 1 6  - 
18. 1 . I. 4 13.8 57 9.7 4.2 17 ^-------- 

Molecular Weight 

Figure 6. GPC chromatograms of samples 16 and 17 
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DESIGN OF SUPPORTED ZIEGLER-NATTA CATALYSTS USING Si02 AS 

CARRIER 

A. MUROZ-ESCALONA, J. G. HERNANDEZ and J . A .  GALLARDO 

Laboratorio de Polimeros. Centro de Quimica. IVIC. 

Apartado 1872, Caracas 1010A. Venezuela. 

ABSTRACT 

The systematic preparation of supported Ziegler-Natta 

catalysts for ethylene polymerization was investigated. 

Catalysts were synthesized by a series of reactions of Si02 

with TiC14, A1R3-xClx, ZnEt2 and RMgI compounds. The main co- 

catalysts used for activation were A1Et2C1, A1Et3 and 

Al(iso-Bu)3. Silicas Davison 951 and 952 having different sur- 

face areas, porosities and mechanical properties were employed 

as carriers. It could be shown that, for the catalysts pre- 

pared by simple impregnation of Si02 with TiC14 and by co- 

impregnation with TiC14 and A1Et2C1, the carriers control the 

kinetic behavior of the catalysts. Thus, catalysts based on 

Davison 951 silica showed an acceleration type kinetic curve 

while those based on Davison 952 give a decay kinetic curve. 

Catalysts obtained by re-impregnation methods showed the 

highest activities when A1 (iso-Bu) was used for synthesis and 

for activation. In this case, the catalytical behavior is 

controlled by a layer of very active TiC13 crystallite formed 

as a consequence of the large amount of TiCl used. Catalysts 

with activities as high as 18.000 g. PE x g. Ti-’ x h. x 
-1 4 

-1 
atrn. and having a good control of the polymer morphology 

could be obtained. 

INTRODUCTION 

In the past ten years great efforts have been made to 

synthesize highly active catalysts for olefin polymerization. 

Systems based on the support of TiC14 on carriers having high 

A1203 or SiO - A1203, followed surface areas, such as: Si02, 2 

1 2  3 
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by activation with alkyl aluminum compounds have been reported 

in the technical and scientific literature . These ca- 

talysts exhibit higher activities than the conventional ones 

based on TiC13 and also better ability in controlling the 

nascent polymer morphology . 

1-4) 

5 , 6 )  

Highly active catalysts have also been prepared using 

anhydrous MgC12 as support. Due to the low surface area of 

MgC12, this and the TiC14, alone or together with other com- 

pounds, have to be ball-milled intensively in order to activate 

the MgC12 and to introduce sufficient amount of titanium in its 

crystal lattice 7 ' 8 ) .  The result is a very high active ca- 

talyst for ethylene and propylene polymerization, showing, 

however, the catalysts poor morphology. This is a very impor- 

tant factor, because as it has been reported') the catalyst 

imposes its shape and size to the polymers particle. There- 

fore, undesirable amounts of fine polymer particles could be 

obtained in the reactor, specially when insufficient activity 

is present and consequently the replication factor (i.e. 

polymer size to catalyst size relationship) is very low. 

Improvement of the catalyst morphology can be achieved, 

however, by treatment with high Al/Ti ratios . 1 0 )  

The ability of the catalyst to control the shape and size 

of the nascent polymer particles has been named replication 

phenomenum. The catalyst particles are formed by more or less 

loosely bounded aglomeration of subparticles, which at the same 

time consist of primary particles, leaving cracks and poros 

inside. The monomer diffuses through the particles and poly- 

merization takes place at the active centers located at the 

surface of the primary particles. The poros and cracks are 

filled by the growing polymer, leading to the fissuring, rup- 

ture and expansion of the aggregate and of the whole particle, 

exposing new active centers to polymerization. Therefore, the 

size, shape and texture (type of aggregation, porosity, etc.) 

of the catalyst particles control not only the resulting poly- 

mer morphology'') , but also the polymerization kinetic, as 

established by Natta's finding12) The acceleration type 
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kinetic curves obtained d u r  iny propylene polymerizatior: with 

ungrounded samples of o(- TiC13 have been understood on the 

basis of these explanations. 

In regard to ethylene polymerization with supported 

Ziegler-Natta catalysts very little is shown in the literature 

on how carriers influence the polymerization dctivity and 

stabilize the active sites, and also how the catalyst mor- 

phology influences the kinetic behavior and the morphology of 

the resulting polymers. 

EXPERIMENTAL 

General outline procedures for the preparation of the 

supported catalysts have been described elsewhere6) . Two grades 
of silica, Davison 951 and 952, both from Grace Davison USA, 

having very different characteristics were used as carriers. 

The 951 silica shows a high surface area (610 m2 x g.-'), 

microporosity ( 0 . 9 0  ml x g.-' porous volume) and good mechani- 
2 

cal strength; while the 952 exhibits lower surface area (220 m 
-1 -1 6 )  x g. ) ,  macroporosity (1.60 ml x g. ) and breaks-up easily . 

Before being used, the silicas were treated with diluted 

H2S04 and HC1 solutions, washed with plenty of distilled water 

and finally dried at 150°C under vacuum for 4 hours. 

A group of catalysts were prepared by simple reaction of 

TiC14 with both silicas, following procedures described in 

reference 6 and summarized later on in this paper. 

A second group of catalysts were obtained by reaction of 

Si02 simultaneously with each of the following pairs of 

reagents diluted in n-heptane: TiC14 and A1R3-xClx, TiC14 and 

ZnR2, and TiC14 and MgXR, as described in schemes 1-3. Similar 

procedures were employed for preparing a third group of ca- 

talysts identical to those prepared in the second group, ex- 

cepting that they were heat treated at 450°C under vacuum for 4 

hours followed by re-impregnation with the same mixture of 

reagents 
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Careful precautions were taken to ensure anaerobic and 

anhydrous conditions in all steps of the catalysts preparation. 

The catalysts prepared were subsequently characterized by 

determining their surface area by BET method, surface acidity 

(Lewis and Breston acid centers) by Webb method based on the 

amount of chemisorbed NH3 gas, and metal content by colori- 

metric and atomic absorption methods (see references 5 and 6 

and also references therein for more details). 

Polymerization of ethylene was carried out at 50°C under a 

constant monomer pressure of 5 atm. in 1 liter stirred glass 

autoclave reactor using 0.5 liter of n-heptane as a solvent. 

The reactor was stirred at 1.200 rpm’s speed in order to 

minimize mass transfer control of polymerization rates. Both 

catalyst components, supported Ti and co-catalyst, were intro- 

duced separately in the reactor, putting first in a glass 

ampoule the Ti containing catalyst, and then the alkyl 

aluminium compound in the solvent, when it was saturated with 

ethylene at the selected polymerization pressure. The Al/Ti 

ratio was kept constant at 10 and the polymerization was timed 

just after breaking the ampoule containing the catalyst. The 

polymerization rate was determined from the rate of monomer 

consumption (volume of ethylene flow into the reactor) measured 

by a method similar to that described by Schnecko et. al. 

This method has a very good reproducibility and the error in 

the rate measurements does not exceed 1%. After 2-3 hours 

polymerization time the reaction was quenched by introducing a 

solution of ethanol containing hydrochloric acid. The polymers 

obtained were washed several times with ethanol and dried in 

vacuum at 50°C.  

1 3 )  

The intrinsic viscosity of the polyethylenes was measured 

at 1 3 5  - + 0.05OC in decalin and molecular weight were calculated 

following procedures given in references 5 and 6. 

Finally, catalysts and resulting polymers were observed 
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under  t h e  scanning  e l e c t r o n  microscope ( S E M )  by j o i n i n g  them t o  

SEM s t u b s  wi th  conduc t ive -adhes ive  s i l v e r  p a i n t .  P a r t i c l e s  

s i z e  d i s t r i b u t i o n  w e r e  t hen  o b t a i n e d  from t h e  micrographs  

t a k i n g  a p o p u l a t i o n  of 500 p a r t i c l e s .  

RESULTS AND DISCUSSION 

C a t a l y s t s  p repa red  by s imple  r e a c t i o n  of S i 0 2  w i t h  T i C 1 4  

The f i r s t  g roup  of c a t a l y s t s  w e r e  s y n t h e s i z e d  by s imple  

r e a c t i o n  a t  room t empera tu re  of bo th  s i l i c a s  w i t h  T i C 1 4  i n  

n-heptane f o r  1 hour .  The suppor t ed  s o l i d s  w e r e  f i l t e r e d  and 

washed w i t h  n-heptane ,  u n t i l  no t r a c e  of me ta l s  cou ld  be 

d e t e c t e d  i n  t h e  s o l u t i o n s .  F i n a l l y ,  t h e y  were d r i e d  a t  5 0 ° C  

under  vacuum f o r  more t h a n  1 hour t o  o b t a i n  c a t a l y s t s  N o .  515 

(951  s i l i c a )  and 548 (952 s i l i c a ) ,  r e s p e c t i v e l y .  

Due t o  t h e  r e a c t i o n  of T i C 1 4  w i th  hydroxyl  g roups ,  t h e  

s u r f a c e  a r e a s  of b o t h  s i l i c a s  dec reased .  S i l i c a  951 undergoes 

g r e a t e r  r e d u c t i o n  i n  i t s  a v a i l a b l e  s u r f a c e  a r e a  a s  a r e s u l t  of 

p lugg ing  of i t s  microporos .  T h i s  d i d  n o t  happen t o  t h a t  ex ten -  

s i o n  wi th  s i l i c a  952, because  it h a s  macroporos (see Tab le  1 ) .  

I n  r e g a r d  t o  t h e  amount of T i  suppor t ed ,  s i l i c a  951 can l o a d  a 

g r e a t e r  amount (6 .7%)  as compared t o  s i l i c a  952 (4 .9%)  due t o  

t h e i r  d i f f e r e n c e s  i n  s u r f a c e  a r e a s .  

The k i n e t i c  behav io r  of bo th  c a t a l y s t s  w e r e  v e r y  d i f f e r e n t  

as shown i n  F i g u r e  1. C a t a l y s t  515 based  on s i l i c a  951 pre- 

s e n t s  an a c c e l e r a t i o n  t y p e  cu rve ,  w h i l e  c a t a l y s t  548 shows a 

decay  curve .  A s  a consequence of t h a t ,  c a t a l y s t  515 h a s  lower 

a c t i v i t y  than  c a t a l y s t  548 based on Si02 952 (see Table  2 ) .  

These r e s u l t s  may b e  e x p l a i n e d  c o n s i d e r i n g  t h e  d i f f e r e n c e s  i n  

mechanica l  p r o p e r t i e s  and p o r o s i t i e s  of t h e  two suppor t s .  

E thy lene  monomer d i f f u s e  more e a s i l y  i n t o  c a t a l y s t  548, a s  a 

r e s u l t  of i t s  h i g h e r  p o r o s i t y ,  t han  i t  does i n t o  t h e  c a t a l y s t  

515. The re fo re ,  t.he polymer growths i n s i d e  of t h e  p a r t i c l e s  of 

c a t a l y s t  548 b reak ing  them up i n t o  s m a l l e r  f r agmen t s ,  due t o  

i t s  lower mechanica l  s t r e n g t h ,  g e n e r a t i n g  new a c t i v e  c e n t e r s  

f o r  po lymer i za t ion .  T h i s  p r o c e s s  does  n o t  t a k e  p l a c e  i n  so  



TABLE 1. PHYSICO-CHEMICAL CHARACTERIZATION OF CATALYSTS PREPARED BY 

REACTION OF TiC14 AND CO-REACTION OF TiC14 AND AlEt2C1 ON Si02 

Catalyst Surf ace Surface Acidity Ti Al Al/Ti Total Amount of Metals 

Catalyst Preparation NO. Area(m xg. ) (ml.~~~xg.  cat. ) (w~) (a) (mo1) (mls x 100 g. cat.-') 2 -1 -1 

Si02 (951) 

Si02(951) + TiC14 
Si02 (951) + TiC14-AlEt2C1 

a) t-lh 

Cat. 543,T = 450°C, 4h 

Vacuum 

Si02 (952) 

Si02(952) + TiC14 
SiO (952) + TiC14-A1Et C1 2 

a) t=3h 

Si02 (952) + TiC14-AlEt2C1 
a) t=lh 

Cat. 541, T = 450°C, 4 h 

Vacuum 

- 

515 

543 

545 

- 

548 

(541) 

541 

542 

610 

350 

280 

260 

240 

190 

150 

150 

150 

0.35 

8.7 

12.3 

7.8 

0.40 

3.5 

9.4 

9.5 

7.1 

- - - 

6.7 - - 

4.5 3.4 1.3 

1.9 0.8 0.75 

- - - 

4.9 - - 

5.5 2.3 0.75 

3.5 3.7 1.9 

2.6 0.5 0.3 

0.14 

0.22 

0.069 

- 

0.10 

0.20 

0.21 

0.073 

a) t = reaction time 



Design of Suppor ted  Z ieg le r -Na t t a  C a t a l y s t s  129 

1500 

c 
E 

i 1000 

c 
0 

.- 
I- 
m 
\ 

w 

CI, 

n 

e 

* 500 I- 
> 
!- 
0 

- 
- 
a 

\ 

+*,*--*-+-+- --- 
1- 

L 
I 2 3 

T I M E  ( h )  

F i g u r e  1. C a t a l y t i c  a c t i v i t y  VS.  t i m e  f o r  t h e  c a t a l y s t s  : 

( 0 )  548, ( A )  515, ( 0 )  (541)  ( A )  541 and ( * )  543. Polyrneri- 

z a t i o n  c o n d i t i o n s :  P=5atm. T = 5 0 ° C ,  A l / T i = l O .  Co-ca ta lys t  

A l E t  C 1  

1 

g r e a t  e x t e n s i o n  i n  c a s e  of c a t a l y s t  515, where t h e  c a t a l y s t  

p a r t i c l e s  become e n c a p s u l a t e d  w i t h  polymer and a s  a r e s u l t  i t s  

a c t i v i t y  t e n d s  t o  be  lower.  

F igu res  2 and 3 show t h e  k i n e t i c  c u r v e s  o b t a i n e d  u s i n g  

d i f f e r e n t  c o - c a t a l y s t s  ( A 1 E t 3 ,  A 1 E t 2 C 1  and A 1  ( iso-Bu) 3 )  f o r  

bo th  c a t a l y s t s .  The same c a t a l y s t i c  behav io r  can be  seen  w i t h  

a l l  t y p e s  of c o - c a t a l y s t s  u sed ,  i . e .  a c c e l e r a t i o n  c u r v e s  f o r  

c a t a l y s t s  based on S i 0 2  9 5 1  and decay  cu rves  f o r  c a t a l y s t s  

based  on S i 0 2  952 ,  r e s u l t i n g  t h e  A l ( i s o - B u ) 3  t h e  best co- 

c a t a l y s t ,  p roducing  22.8 Kg. PE x g.  Ti- '  w i t h  c a t a l y s t  548 and 

5 . 4  Kg. PE x g .  Ti-'  w i t h  c a t a l y s t  515 (see Table  2 ) .  
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Table 2. Influence of co-catalysts on the catalytic 

activity of catalysts obtained by simple impregnation and 

co-impregnation of SiO Davison 951 and 952 with TiC14 and 

TiCl -AlEt C1. Polymerization time = 2h., P = 5 atni., T = 
2 

4 2 
~ O O C ,  A~/TL = 10. 

Catalytic Activity (Kg. PExg.Ti-’) 

Catalyst Preparation a) Catalyst No. AlEt2C1 AlEt3 Al (is-Bu) 

Si02 (951)+TiC14 515 4.9 3.5 5.4 

Si02 (952) +TiC14 548 11.2 11.7 22.8 

SiO (951) +TiC14-AlEt2C1 543 0.04 - - 
2 

SiO (952) +TiC14-AlEt2C1 541 0.81 - 
2 

b) t=lh 

SiO (952) +TiC14-A.lEt2C1 (541) 3.2 
2 

b) t=3h 

a) 

b, t = reaction time 

See schemes 1 and 2 for details 

Catalysts prepared by co-impregnation of Si02 with TiC14 

and AIEtZCl 

As it has been published many years ago by Tornqvist et. 

a d 4 ) ,  the reduction of TiC14 with A1Et2Cl leads to the forma- 

tion o f  a solid solution of A1C13 in the crystal lattice of the 

TiC13 formed. The isomorphous substitution of the Ti atoms f o r  

aluminium may produce the activation of the titanium by 

disrupting its crystal lattice and due to the electronic in- 

fluence of the A 1  through chlorine atom bridges. Bearing in 
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c a t a l y s t  548  u s i n g  t h e  f o l l o w i n g  c o - c a t a l y s t s :  

( * )  A l ( i s o - B u ) 3 ,  

ZnEt2.  P o l y m e r i z a t i o n  c o n d i t i o n s :  P=5atm. 

T=50°C, A l / T i  = 1 0  

( 0 )  A 1 E t 3 ( o )  A 1 E t 2 C 1  and  ( A )  
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mind these i d e a s ,  we tricd to produce a birrietallic corriplex by 

4 
co-impregnation of both silicas with dilute solutions of TiCl 

and AlEt2Cl in n-heptane, following procedures described in 

schemes 1 and 2. Catalysts 541 and (541)l based on silica 952 

and catalyst 543 based on silica 951 were prepared. Catalysts 

541 and (541)' differ by the co-impregnation time, been lh. for 
1 the 541 and 3h. for the (541) . Under these conditions both 

metals compete for the hydroxyl groups of the silicas and could 

be supported. The supported amounts are shown in Table 1. A s  

a result, the surface areas of both silicas undergo higher 

reduction compared to the simple impregnation with TiC14. The 

surface acidities, however, increase. The kinetic curves 

follow the same pattern, i.e. those catalysts obtained with 

silica 951 give rise to acceleration curves, while those based 

on silica 952 decay one (See Fig. 1). It is noteworthy, that 

the catalytic activity of catalysts obtained by co-impregnation 

are much lower than the ones prepared by simple reaction with 

TiC14 (Fig. 1 and Table 2). This could be explained by the 

umbrella effect of the aluminium and its chlorine atoms 

attached to it, which cover the titanium atoms. On the other 

hand, catalysts based on silica 952 (541 and (541)') are more 

active than the ones based on silica 951, although the latter 

have higher surface areas. The result may be explained by 

admitting that the mechanical properties and porosities of the 

carriers still influence the catalytic behavior at this step of 

the preparation. 

Catalysts prepared by re-impreqnation of modified Si02 

with TiC14 and alkyl aluminium compounds 

The catalysts prepared by co-impregnation of silicas 951 

and 952 with TiC14 and A1Et2Cl were calcinated at 450°C under 

vacuum for 4h. to obtain catalysts 545 and 542 respectively 

(see schemes 1 and 2). By this treatment, part of the supported 

metals are removed from the silica, leaving behind on 

its surface metal oxide partially chlorinated (see Table 1) , 
having, as a consequence, a high population of chloride vacan- 

cies. Furthermore, these catalysts were re-impregnated by 
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t = l h .  

S i O a  (951) 
n -  heptone 

T = 2 0 ° C  

1 I 

t = 4 h  T = 4 5 0 ° C  

Fi 1 ter 
Wash& Dry 

i 

C a t a l y s t  
545 

A 

e n -  h e p t a n e  

1 I 

Fi l te r  

Wash 8 Dry 

C a t a l y s t  

n- hap t a n r T n -  hop tan e 

t= 3 h. 1 T =  5 O o C  

Fi l ter  

t = l h  T = 5 0 ° C  

C a t a l y s t  

W a s h 8  Dry 

C a t a l y s t  

Scheme 1. 

a l k y l  aluminium compounds ove r  S i 0 2  9 5 1 .  

C a t a l y s t  p r e p a r a t i o n  by s u p p o r t i n g  T F C 1 4  and 
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S i 02 (952) 

n - h e p t a n e  

t = 3 h l  

I 

(541)' 

F i l t e r  

VA CC . 

n - hep t o n e .  t- 
n- hrptanr n- hrptanr  

F i l t e r  

Wash 8 D r y  

F i l t e r  F i l t e r  

Scheme 2. 

a l k y l  aluminium compounds over SiO 952. 

Catalyst preparation by supporting TiC14 and 

2 
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reacting them with diluted solutions of TiC14 in n-heptane to- 

gether with solutions of AIEtZCl, A1Et3 and Al(iso-Bu) 

pectively, in order to obtain catalysts 546, 555 and 554 based 

on silica 951 and the series 565, 567 and 566 based on silica 

952. The physico-chemical characterization of these catalysts 

i s  presented in Table 3. The surface areas were further re- 
2 -1 duced due to the re-impregnation, falling down to 150 m xg. 

and 110 rn xg. for the two series of catalysts. The surface 

acidities and amount of supported T i ,  on the contrary, in- 

crease. Catalytic activities as a function of polymerization 

time are given in Figs. 4 and 5 for the two series of ca- 

talysts. The polymerization rates decay rapidly with time for 

catalysts based on silica 952 and 951. It is very interesting 

to point out the change in the kinetic behavior of the ca- 

talysts based on silica 951, changing from acceleration curves 

to decay ones. These results suggest that the catalytic be- 

havior is now controlled by the solid layer formed on the sur- 

face of the silica, rather than by the silica itself. The 

physical and chemical nature of this layer has to be very com- 

plicated, but it may be speculated here that it could be very 

porous allowing monomer diffusion inwards. In addition to 

that, it may be formed by very active T i C 1 3  cystallites pro- 

duced by the transformation of existing o( -TiC13 under the 

action of TiC14, which behaves as a catalyst. 

3' res- 

2 -1 

-1 

xatm-I could be obtained with catalyst 554 using Al(iso-Bu13 as 

co-catalyst (see Fig. 4). This catalyst system has, therefore, 

potential as a high mileage if the over-reduction of the tita- 

nium is depressed by adequate formulation of the co-catalyst 

system15). In Fig. 5 the kinetic curves €or the catalysts pre- 

pared with silica 952 are presented. The productivities of 

these catalysts activated with different co-catalysts are given 

in Table 4. The best catalysts are those synthesized using 

Al(iso-Bu)3 both for re-impregnation and also as co-catalyst. 

Catalytic activities as high as 18.000 g. PE x g.Ti-lxh. 



TABLE 3 .  PHYSICO-CHEMICAL CHARACTERIZATION OF CATALYSTS PREPARED BY REIMPREGNATION 

OF MODIFIED Si02 WITH TiC14 AND ALKYL ALUMINIUM COMPOUNDS 

Catalyst Surf ace Surf ace Acidity Ti Al Al/Ti Total Amount of Metals 

Catalyst Preparation NO. Area(m xg. ) (rnl.~~~xg.cat.-') (w%) (w%) (ml) (rmls x 100 g- cat.-') 2 -1 

SiO (951) + TiC14AlEt2C1 
T=45OoC, t=3h vacc. 

2 

Cat. 545 + TiC14-AlEt2C1 

Cat. 545 + TiC14-AlEt3 

Cat. 545 + TiC14-Al (iso-Bu) 

Si02 (952) + TiC14-AlEt2C1 
T = 450°C, t=3h vacc. 

Cat. 542 + TiC14-AlEt2C1 

Cat. 542 + TiCl4-AlEt3 

Cat. 542 + TiCl -Al(iso-Bd3 4 

545 

546 

555 

554 

542 

565 

567 

566 

260 

150 

146 

150 

150 

117 

103 

115 

7.8 1.9 0.8 0.75 

15.3 8.8 3.1 0.63 

7.7 7.3 3.9 0.95 

10.9 7.8 0.5 0.11 

7.1 2.6 0.5 0.30 

9.3 9.4 0.5 0.10 

8.8 9.1 5.5 1.10 

10.2 2.7 2.7 0.50 

0.069 

0.30 

0.30 

0.18 

0.073 

0.22 

0.39 

0.31 
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Table 4. Influence of the co-catalyst on the catalytic 

activity of the catalysts obtained by re-impregnation of silica 

Davison 951 and 952 with TiC14 and alkyl aluminium compounds 

Polymerization conditions: T=5O0C, P=5atm., Al/Ti=10, Time=2h. 

1 
Catalytic Activity (Kg. PEXg.Ti- ) 

Catalyst Preparation a) Catalyst No. AlEt2Cl AlEt3 A 1  (iso-Bu) ZnEX2 

Catalyst 545+ 

TiCL4-AlEt2C1 

Catalyst 545+ 

TiCl -AlEt3 
4 

Catalyst 545-t 

TiC14-Al (iso-Bu) 

Catalyst 542+ 

TiC14-AlEt2C1 

Catalyst 542-t 

TiC14-AlEt 3 

Catalyst 542+ 

TiCl -Al (iso-Bu) 3 4 

546 6.6 

555 8.2 

554 14.6 

565 2.1 

567 1.2 

566 4.1 

20.8 15.4 10.5 

10.1 34.8 2.2 

11.0 16.8 15.2 

18.1 14.1 - 

13.1 7.1 - 

14.5 25.0 - 

a) See schemes 1 and 2 for details. 

Catalysts prepared by co- and re-impregnation of SiO 951 2 
with TiCln-ZnEt? and TiC14-RYgI mixtures 

Owing to the fact that silica 951 with the highest surface 

area produces a very active catalytic system by the re- 

impregnation method, catalysts based on this silica were syn- 



Design of Supported Ziegler-Natta Catalysts 139 

thesized using TiCl4-LnEt2 dnd T i C 1 4 - R M j I  mixtures, following 

procedures already described. In Scheme 3, the steps to obtain 

2 
catalysts No. 556, 557 and 558 are presented. Replacing ZnEt 

by RMgI the corresponding catalysts No. 562, 563 and 568 were 

also synthesized (see Table 5). For the co-impregnation step 

the mixture Tic1 -MeMgI was used, while for re-impregnation the 

mixture TiCl -HexMgI was preferred. Table 5 shows the physico- 

chemical characterization of all catalysts. It can be seen 

that catalysts prepared by TiCl -RMgI have higher surface areas 
4 

and acidities than those based on TiCl -ZnEt 2. It is also 

noteworthy, that the surface area of catalyst No. 563 obtained 

by calcination of catalyst 562 increases due to the heat treat- 

ment. 

4 

4 

4 

The kinetic curves obtained with the re-impregnation 

catalysts (No. 558 and 568) are shown in Figs. 6 and 7. Both 

catalysts present a decay curve, and the best co-catalyst for 

activation is now the A1Et3. The productivities are given in 

Table 6 reaching values as high as 61,2 Kg.PE x g.Ti- , with 
the catalyst containing Mg, after 2h, 5 0 ° C  and 5 atm. poly- 

merization pressure. Furthermore, this catalyst is very 

sensitive to the type of co-catalyst used for activation. 

Thus, very low activities could be obtained when A1Et2Cl and 

A l ( i s 0 - B ~ ) ~  were used for activation, wnile A1Et3 give very 

good results, emerging as the best co-catalyst. Similar 

results, have been found with catalysts based on TiC14 sup- 

ported over M g C 1 2 .  

1 

Viscosity average molecular weights 

Very high molecular weights were obtained with all ca- 

when no H 2  was used as chain transfer agent for mole- talysts, 

cular weight control, as shown in Table 7. 

Morphology of catalysts and polymer particles 

A good catalyst must have very high activity in order to 

produce high purity polymer, it must also have an excellent 
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t = 4 h. 

n -  h e p t a n e  + 

T = 4 5 0 ' C  

n - h e p t a n e  

T i  CI4 

n - h e p t a n e  

F i l t e r  

+n- h e p t a n e  

Z n  E t 2  

n - h e p t a n e  
-1 _- 

C a t a l y s t  WJ 

Scheme 3.  

ZnEt2 o v e r  Si02 9 5 1 .  

C a t a l y s t s  p r e p a r a t i o n  by s u p p o r t i n g  T i C 1 4  and 



TABLE 5. PHYSICO-CHEMICAL CHARACTERIZATION OF CATALYSTS PREPARED BY CO- AND 

RE-IMPREGNATION OF S i 0 2  9 5 1  WITH TiC14-ZnET AND TiC14-RMqI MIXTURES 2 

Catalyst Surf ace Surface Acidity Ti Zn Q M/Ti Total Amunt  of Metals 

Gtdyst Preparation NO. wea(m xg. ( r n l . ~ ~ ~ X q .  cat. (w%) (a) (m) (moll (mls x 100 g .  cat.-') 
2 -1 -1 

S i O  + TiCl -ZnEX2 556 240 5.4 3.3 9.0 - 2.0 0.21 2 4 

Cat. 556, T = 50°C 557 230 3.2 3.1 4.0 - 0.95 0.13 

t = 4h. vacc. 

Cat. 557 + TiClq-ZnEt2 558 54 6.9 3.0 9.6 - 2.3 0.21 

SiO + TiC14-MeMgI 562 310 13.9 3.6 - 2.3 1.26 0.17 
2 

Cat. 562, T = 50°C 563 400 

t = 4h. vacc. 

6.2 3.5 - 0.7 0.39 0.10 

Cat. 563 + TiC14-Me&QI 568 102 14.2 4.7 - 5.9 2.5 0.34 
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Figure 7. Catalytic activity vs. time f o r  

catalyst 568 using the following co-catalysts: 

( * )  Al(i~o-Bu)~, ( 0 )  A1Et2C1 and (0) A1Et3. 

Polymerization conditions: P=5atm., T=50°C 

and Al/Ti=lO 



Design of Supported Ziegler-Natta Catalysts 143 

Table 6. Influence of the co-catalysts on the activity of 

catalysts prepared by co- and re-impregnation of silica 951 

with TiC14-ZnEt2 and Tic1 -RMgI mixtures. 

Polymerization temperature = 50°C, P = 5 atm., Al/Ti = 10, Time 

= 2h. 

4 

Catalyst Catalytic activity (Kg.PE x g. . T i - L )  

No. AlEt2C1 A1Et3 A1 (iso-Bu) 

558 4.3 27.5 24.8 

568 0.31 61.2 0.13 

Table 7. Viscosity average molecular weights. 

515 

548 

541 

543 

555 

0.5 

0.6 

1.9 

1.8 

1.5 

control of polymer morphology. These characteristics should be 

of main concern in the catalyst synthesis. By controlling the 

average size and size distribution of the polymer particles, as 

well as the bulk density, the reactor productivity can be en- 

hanced and many problems in plant operations can be eliminated. 

This can be done by synthesizing catalysts with good morpho- 

logical characteristics. The ability of the catalysts syn- 

thesized to control the size of the nascent polymer particles 
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were tested. Figure 8 shows the particle s i z e  distribution of 

silica 951 and of the resulting catalyst 545. 

By reacting silica 951 with TiClq and A1Et2C1 its size 

The increases slightly, and its surface becomes more rough1’) 

Figure 9 polymer particle size distribution of the resulting 

polymer is shown. It can be seen that most polymer particles 

are bigger than 500 m and that only a small percentage can be 

considered as fine. 
r- 

80 

64 
W 
c3 
Q 
I- 48 z 
W 
V 
cc 32 

2 
16 

0 
< 3 8  38-45 45-75 75-150 150-250 250-500 ,500 

DIAMETER ( p m )  

Figure 9. Particle size distribution of the polyethylene 

obtained with the catalyst 555 using Al(iso-Bu)3 as 

co-catalyst. 
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FUNCTION OF T H E  B I N A R Y  A N D  T E R N A R Y  COMPLEXES I N  THE PROPYLENE 

POLYMERIZATION CATALYSTS 

A .  GUYOT,  R. SPITZ, L. DURANEL ( * )  and J . L .  LACOMBE(*) 

CNRS - L a b o r a t o i r e  d e s  Mate'r iaux Organiques  

BP 2 4  - 69390 LYON VERNAISON ( F r a n c e )  

A BS TRAC T 

I n f r a r e d  a n a l y s i s  of t h e  p r e c a t a l y s t s  M g C 1 2 - A r o m a t i c  

e s t e r - T i C 1 4  i n d i c a t e  t h e  p r e s e n c e  of b i n a r y  complexes between t h e  

a r o m a t i c  e s t e r  a n d  e i t h e r  MgCl o r  T i C 1 4  , b u t  some s h i f t s  of  

a n d  v b a n d s  s u p p o r t  t h e  i d e a  of t e r n a r y  complexes ; 

t h e  a c t i v i t y  o f  t h e  c a t a l y s t s  seems t o  be r e l a t e d  t o  t h e s e  t e r n a r y  

complexes.  

2 

t h e  v c = o  c =c 

3 
a n d  t h e  a romat ic  ester have a c o m p o s i t i o n  and a s t a b i l i t y  depending  

o n  t h e  n a t u r e  of t h e  c o m p o n e n t s  : t h e  r e d u c t i o n  towards a l c o x y  

a l u m i n i u m  c o m p o u n d s  i n v o l v e s  a n  i n t e r m o l e c u l a r  r e a c t i o n  w i t h  free 

A l R 3  ; i ts  r a t e  i s  d e c r e a s e d  i n  t h e  p r e s e n c e  of  o l e f i n .  

T h e  b i n a r y  c o m p l e x e s  o f  t h e  c o c a t a l y s t  s o l u t i o n  between A 1 R  

R e v e r s i b l e  e q u i l i b r i u m  between t h e  c o c a t a l y s t  s o l u t i o n  and i t s  

c o m p o n e n t s  a d s o r b e d  on or complexed w i t h  t h e  p r e c a t a l y s t  d o e s  govern  

t h e  a c t i v i t y  and s t e r e o s p e c i f i c i t y  of t h e  c a t a l y s t .  S t a b l e  a c t i v i t y  

c a n  b e  o b t a i n e d  i f  a p r o p e r  c h o i c e  o f  t h e s e  components  is made. 

H o w e v e r ,  i n  any  case, t h e  s t e r e o s p e c i f i c i t y  is  d e c r e a s i n g  d u r i n g  t h e  

p r o c e s s ,  owing t o  a g e i n g  o f  t h e  complex s o l u t i o n .  

( * )  P r e s e n t  address : ATO CHEM - SNEAfP ) - BP 34 LACQ 
64170 ARTIX ( F r a n c e )  

1 4 7  
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I N T R O D U C T I O N  

T h e  m o s t  r e c e n t  g e n e r a t i o n  of  p o l y m e r i z a t i o n  c a t a l y s t s  f o r  t h e  

s y n t h e s i s  o f  p o l y p r o p y l e n e  , s o - c a l l e d  h i g h  m i l e a g e - c a t a l y s t s  

2 ) ,  i n c l u d e s  a t  l e a s t  f o u r  c o m p o n e n t s  : a MgC12 s u p p o r t ,  T i C 1 4 ,  

a t r i a l k y l a l u m i n i u m  A I R J ,  a n d  o n e  o r  e v e n t u a l l y  t w o  e l e c t r o n  

d o n o r s ,  m o s t  o f t e n  aromatic esters and more r e c e n t l y  phenyl  s i l a n e  

d e r i v a t i v e s .  The c a t a l y t i c  s y s t e m  i n v o l v e s  t w o  d i f f e r e n t  p a r t s  : one 

i s  a s o - c a l l e d  s o l i d  p r e c a t a l y s t  i n c l u d i n g  MgCl T i C 1 4  and one  

e l e c t r o n  d o n o r  ; t h e  s e c o n d  , t h e  c o c a t a l y t i c  s o l u t i o n  i n v o l v e s  

A l R 3  a n d  o n e  e l e c t r o n  d o n o r  : f o r  e a c h  p a r t ,  t h e  same o r  t w o  

d i f f e r e n t  e l e c t r o n  d o n o r s  c a n  b e  u s e d .  T h e  p e r f o r m a n c e  of t h e  

c a t a l y t i c  s y s t e m ,  b o t h  a c t i v i t y  o r  p r o d u c t i v i t y  a n d  

s t e r e o s p e c i f i c i t y ,  a r e  v e r y  much d e p e n d e n t  on t h e  d e t a i l s  of t h e  

p r e p a r a t i o n  of  b o t h  t h e  p r e c a t a l y s t  and t h e  c o c a t a l y t i c  s o l u t i o n .  

2 ‘  

D o n o r - a c c e p t o r  c o m p l e x e s  c a n  b e  formed between t h e  aromatic 

e s t e r s  a n d  e a c h  o f  t h e  t h r e e  o t h e r  components .  I n  p r e v i o u s  p a p e r s  
( 3 ) ,  FTIR t e c h n i q u e s  h a v e  b e e n  u s e d  t o  s t u d y  t h e  i n t e r a c t i o n  

b e t w e e n  t r i e t h y l a l u m i n i u m  (TEA 1 and e t h y l b e n z o a t e  ( E B )  f o r m i n g  a 2-1 

c o m p l e x  w h i c h  i s  r a t h e r  s t a b l e  i n  t h e  p o l y m e r i z a t i o n  c o n d i t i o n s .  I t  

w a s  s h o w n  t h a t  t h e  f u n c t i o n  o f  EB w a s  n o t  l i m i t e d  t o  t h e  s e l e c t i v e  

p o i s o n i n g  o f  t h e  a t a c t i c  c a t a l y t i c  s i tes ,  as  p r e v i o u s l y  s u g g e s t e d  

( ”  2 ,  ; b o t h  t h e  c a t a l y t i c  a c t i v i t y  and t h e  i s o s p e c i f i c i t y  were 

s h o w n  t o  be governed  by t h e  r e v e r s i b l e  i n t e r a c t i o n  between t h e  s o l i d  

p r e c a t a l y s t  and t h e  s p e c i e s  p r e s e n t  i n  t h e  c o c a t a l y t i c  s o l u t i o n .  I n  

t h i s  p a p e r ,  a more e x t e n s i v e  s t u d y  of t h e  complex f o r m a t i o n  between 

a s e t  o f  a l k y l a l u m i n i u m  and a set of e l e c t r o n  d o n o r s  i s  p r e s e n t e d ,  

t o g e t h e r  w i t h  t h e  c o n s e q u e n c e s  of t h e  c h o i c e  of t h e  p a r t n e r s  upon 

t h e  s t a b i l i t y  of t h e  complexes and t h e i r  e f f e c t  on p o l y m e r i z a t i o n .  

T h e  s t u d y  o f  t h e  p r e c a t a l y s t  i s  s t i l l  i n  t h e  i n f a n c y .  It  has 

b e e n  shown t h a t  t h e  best p e r f o r m a n c e s  are o b t a i n e d  i f  t h e  s u p p o r t  is 

f i r s t  g r i n d e d  i n  t h e  p r e s e n c e  of  t h e  e l e c t r o n  d o n o r ,  b e f o r e  b e i n g  

i m p r e g n a t e d  w i t h  TiC14.  The p o s s i b l e  p r e s e n c e  of t e r n a r y  complexes 

MgC 1 - E B - T i c  l4 h a s  b e e n  s u g g e s t e d  ( 4 ,  ) . Some c o m p l e m e n t a r y  

r e s u l t s  are p r e s e n t e d  h e r e .  
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I N F L U E N C E  O F  THE NATURE OF THE COMPONENTS ON THE PERFORMANCE OF THE 

CATALYST 

I n  t h e  c a t a l y t i c  s y s t e m ,  t w o  k i n d s  of  components  c a n  be v a r i e d :  

t h e  a l k y l a l u m i n i u m  a n d  t h e  e l e c t r o n  donor .  The f o l l o w i n g  examples  

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

d r a m a t i c  e f f e c t s .  

Figure 1 - Polymerization o f  
propylene i n  the presence o f  ethyl 
ani  s a t e  
MCIBT-1 (A1)=10 mM:l 

Al/EA = 4 ,  6 2 " C ,  4 bars 

T i  Ire 
0 40 00 120 180 200 240 20ymi n .  ) 

So, i n  F i g u r e  1 a r e  s h o w n  t h e  k i n e t i c  c u r v e s  f o r  p r o p y l e n e  

p o l y m e r i z a t i o n  u s i n g  t h e  same p r e c a t a l y s t ,  t h e  same e l e c t r o n  d o n o r  

i n  t h e  c o c a t a l y t i c  s o l u t i o n ,  b u t  d i f f e r e n t  a l k y l a l u m i n i u m ,  namely 

t r i e t h y l a l u m i n i u m  (TEA 1 and i s o p r e n y l a l u m i n i u m  ( I P R A  1 .  The l a t t e r  is  

a i l l - d e f i n e d  m i x t u r e  r e s u l t i n g  from t h e  reaction o f  i s o p r e n e  o r  

t r i i s o b u t y l a l u m i n i u m ,  a n d  i s  b e l i e v e d  t o  be a p o l y a l u m i n i u m  

c o m p o u n d  ; a p o s s i b l e  s c h e m a t i c  r e p r e s e n t a t i o n  of i t s  f o r m u l a  m i g h t  

b e :  

T h e  u s e  of I P R A  l e a d s  t o  a n  i n d u c t i o n  p e r i o d ,  a n d  s h o w s  

d e v e l o p m e n t  o f  t h e  a c t i v i t y  up t o  a s t a b l e  l e v e l ,  w h i l e  w i t h  TEA a 

v e r y  h i g h  a c t i v i t y  i s  r e a c h e d  i m m e d i a t e l y ,  b u t  decreases down t o  

v e r y  low level .  
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T a b l e  I - POLYMERIZATI3N RESULTS WITH VARIOUS ESTER S  I N  T H E  

COCATALYTIC SOLUTION 

Electron donor  

in the A1 Ester D u r a t i o n  P I1 

 rec catalyst compound mn 

C o n d i t i o n s  : 6 0 "  C 
EB TEA EA 60 1040 51.6 4 b a r s  of p o l y p r o p y l e n e  

EB TEA EPT 60 1300 93.8 A l / e s t e r  : 4 
( A l )  = 10 mM/1 

EB 

EB 

TEA EB 60 1570 92.4 EA : e t h y l a n i s a t e  

TEA EB 60 1270 9 2 . 8  EPT : e t h y l p a r a t o l u a t e  
EB : e t h y l b e n z o a t e  

MPT IPRA 90 1200 63.2 

MPT IPRA EA 90 280 89.6 

MPT IPRA EPT 90 530 87.6 

MPT IPRA EB 90 640 81.3 

As s h o w n  i n  T a b l e  I ,  i m p o r t a n t  c h a n g e s  i n  b o t h  a c t i v i t y  

( p r o d u c t i v i t y  P )  and i s o s p e c i f i c i t y  ( I s o t a c t i c  i n d e x  11) r e s u l t  from 

a c h a n g e  i n  t h e  n a t u r e  o f  t h e  e l e c t r o n  d o n o r  ( e s t e r )  i n  t h e  

c o c a t a l y t i c  s o l u t i o n  w i t h  b o t h  TEA o r  IPRA. T h e  more s t r i k i n g  

d i f f e r e n c e s  are o b s e r v e d  i n  t h e  p r e s e n c e  of  I P R A ,  where p r o d u c t i v i t y  

a n d  i s o s p e c i f i c i t y  show i n v e r s e  v a r i a t i o n s  w i t h  t h e  p o l a r i t y  of t h e  

e l e c t r o n  donor .  

I n  t a b l e  11, p r e c a t a l y s t s  p r e p a r e d  u s i n g  d i f f e r e n t  e l e c t r o n  

d o n o r s  a r e  u s e d  i n  s imi la r  c o n d i t i o n s  ( i n  t h e  p r e s e n c e  of TEA).  N o  

c l e a r  c o r r e l a t i o n  i s  o b t a i n e d  w i t h  t h e  L e w i s  b a s i c i t y  of t h e  ester,  

b u t  t h e r e  i s  a t r e n d  t o  cor re la te  t h e  c a t a l y t i c  a c t i c i t y ,  and maybe 

more ,  t h e  i s o s p e c i  f i c i  t y  , w i t h  t h e  s te r ic  h i n d r a n c e  of t h e  second 

s u b s t i t u a n t  o f  t h e  ester. 

I t  i s  c e r t a i n l y  d i f f i c u l t  t o  e x p l a i n  a l l  t h e s e  data  ; it must  

a l s o  b e  n o t e d  t h a t  i t  may be d a n g e r o u s  a l s o  t o  s t r i c t l y  compare t h e  

r e s u l t s  o f  d i f f e r e n t  s e r i e s  o f  e x p e r i m e n t s  which may d i f f e r  f rom 

b o t h  t h e  p u r i t y  of t h e  r e a c t a n t s  and  d e t a i l s  of t h e  e x p e r i m e n t a l  
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p r o c e d u r e .  H o w e v e r ,  t h e  i n t e r a c t i o n s  b e t w e e n  t h e  d i f f e r e n t  

c o m p o n e n t s  w h i c h  g i v e  r i s e  t o  t h e  f o r m a t i o n  of  v a r i o u s  complexes ,  

a n d  t h e  b e h a v i o r  of t h e s e  complexes w i l l  be u s e f u l l  e l e m e n t s  i n  t h e  

d i s c u s s i o n  of r e s u l t s .  

Table I1 - PROPYLENE POLYMERIZATIONS IN THE PRESENCE OF PRECATALYSTS 

CONTAINING VARIOUS ESTERS 

Co-catalytic solution : TEA - MPT 

Ester in the Lewis Steric hindrance P 11 

precatalyst basicity order 

(pk) 

EB 4.2 

M P T ~ )  4.35 

EA 4.5  

~ c ~ M B ~ ’  4 

1 1570 92.4 

2 1360 90.5 

3 870 85.6 

3 890 8 8 . 2  

1 1360 93.6 

a) pClMB : p.chloromethy1benzoate 

bl MPT : methylparatoluate 

c )  MB : methylbenzoate 

COMPLEXES I N  THE COCATALYTIC SOLUTION 

S e v e r a l  s t u d i e s  h a v e  a l r e a d y  d e a l t  w i t h  t h e  d e s c r i p t i o n  of 

c o m p l e x e s  b e t w e e n  A I R  a n d  t h e  aromatic esters, and also w i t h  t h e  
3 

c h e m i c a l  r e a c t i o n  b e t w e e n  t h e  c o m p o n e n t s  

g e n e r a l l y  a c c e p t e d  t h a t  t h e  r e a c t i o n  l e a d s  t o  t h e  r e d u c t i o n  of t h e  

e s t e r  p r o d u c i n g  a n  a luminium a l k o x i d e .  However, many p u b l i s h e d  data 

a r e  o f  l i t t l e  v a l u e  f o r  t h a t  d i s c u s s i o n ,  because t h e  e x p e r i m e n t s  

were carried o u t  i n  c o n d i t i o n s  v e r y  d i f f e r e n t  f rom t h o s e  used  i n  t h e  

p o l y m e r i z a t i o n  c o n d i t i o n s ,  i .e .  upon r a t h e r  h i g h  d i l u t i o n  a n d  i n  t h e  

p r e s e n c e  o f  m o n o m e r .  I n  o u r  p r e v i o u s  s t u d y  (2-8), FTIR w a s  used t o  

s h o w  t h a t  a 2 / 1  c o m p l e x  w a s  f o r m e d  b e t w e e n  T E A  a n d  E B ,  t h e  

e q u i l i b r i u m  b e i n g  f u l y  d i s p l a c e d  towards t h e  complex,  so t h a t  t h e  

f r e e  e s t e r  b a n d  a t  1 7 2 0  cm-’ was o b s e r v e d  o n l y  if t h e  A l / E B  r a t i o  

( 2 - 6 - 1 1 )  i t  i s  
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w a s  l o w e r  t h a n  2 .  T h e  y e l l o w  c o m p l e x  was  s h o w n  t o  b e  s l o w l y  

d e c o m p o s e d  a t  room t e m p e r a t u r e  t o  a color less  a l u m i n i u m  a l k o x i d e  , 
t h e  r e a c t i o n  r a t e  w a s  e n h a n c e d  upon h e a t i n g  o r  by i n c r e a s i n g  e i t h e r  

t h e  T E A  c o n c e n t r a t i o n  o r  t h e  TEA/EB r a t i o  ; on t h e  o t h e r  h a n d ,  t h e  

d e c o m p o s i t i o n  was i n h i b i t e d  i n  t h e  p r e s e n c e  of h e x e n e .  

S i m i l a r  r e s u l t s  were o b t a i n e d  w i t h  t h e  TEA/EA s y s t e m  ( e t h y l  

a n i s a t e )  , e x c e p t  t h a t  t h e  s t o i e c h i o m e t r y  of t h e  complex  was 1-1. 

F i g u r e  2 s h o w s  t h e  I R  s p e c t r a  of s y s t e m s  w i t h  v a r i o u s  TEA/EA r a t i o s  

l a r g e r  t h a n  1. 

Figure 2 - Infrared spectra Figure 3 - Infrared spectra of 
of a TEA-EA solution f o r  a IPRA-EA solution for various 
various Al/ester ratios Al/ester ratios 

R . 1  

I - . a  

R - .5  

R - 4  

R - 2  

R - 1  

R - . a  

I n  t h e  c a s e  of  TEA/MPT, t w o  complexes w i t h  s t o i e c h i o m e t r y  2 / 1  

a n d  1/1 a r e  l i k e l y  t o  e x i s t ,  b e c a u s e  for a r a t i o  1/1 of TFA/MPT, 

a b o u t  1 0  % of t h e  ester a p p e a r s  t o  be uncomplexed ,  p r o b a b l y  b e c a u s e  

t h e r e  i s  1 0  % of t h e  2 / 1  complex a n d  80  % of t h e  1/1 complex. 
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w -  

I n  t h e  c a s e  of t h e  IPRA/EA sys tem ( f i g u r e  3 ) ,  t h e  c a r b o n y l  band 

o f  t h e  f r e e  e s t e r  i s  o b s e r v e d  f o r  r a t io s  A l / E A  lower  t h a n  4 ,  b u t ,  

more p r o b a b l y ,  t h e  c o m p l e x a t i o n  e q u i l i b r i u m  is  less  d i s p l a c e d  t h a n  

f o r  TEA, owing t o  t h e  l a r g e  s ter ic  h i n d r a n c e  a round t h e  A 1  atoms. 

A t h o r o u g h  s t u d y  of t h e  r e d u c t i o n  o f  t h e  ester h a s  been c a r r i e d  

o u t ,  u s i n g  b o t h  UV a n d  I R  s p e c t r o s c o p y .  F o r  t h e  e x a c t  

s t o i e c h i o m e t r y ,  i t  b e g i n s  t o  a p p e a r  upon a g e i n g  a t  2OoC ( f i g u r e  

4 )  , d e c o m p o s i t i o n  b e i n g  c o m p l e t e  a f t e r  a b o u t  4 h o u r s  when t h e  \i c =o 
b a n d  o f  t h e  c o m p l e x  a t  1 6 5 5  c m  i s  n o  l o n g e r  v i s i b l e .  

More d e t a i l e d  r e s u l t s  w i l l  b e  p u b l i s h e d  e l s e w h e r e .  It h a s  been 

c o n f i r m e d  t h a t  t h e  r e a c t i o n  r a t e  i s  e n h a n c e d  i n  c o n c e n t r a t e d  

s o l u t i o n ,  a n d  upon h e a t i n g ,  b u t  i s  i n h i b i t e d  i n  t h e  p r e s e n c e  of  t h e  

m o n o m e r .  T h e  e f f e c t  o f  t h e  Al/ester r a t i o  l e a d s  t o  c o n c l u d e  t o  a n  

i n t e r m o l e c u l a r  r e a c t i o n  : t h e  complex ( e i t h e r  2 / 1  or 1 / 1 1  i s  reacted 

w i t h  a n  u n c o m p l e x e d  A 1 R 3  m o l e c u l e  : a n  a l u m i n i u m  a l c o x i d e  is 

f o r m e d  a n d  t h e  A 1 R 3  m o l e c u l e  i s  l iberated a g a i n .  The i n h i b i t i o n  of  

t h e  r e a c t i o n  by a n  o l e f i n e  may b e  e x p l a i n e d  by t h e  c o m p e t i t i v e  

c o m p l e x a t i o n  o f  t h e  e x c e s s  A 1 R  by t h e  o l e f i n  : t h e  e x i s t e n c e  of  

s u c h  c o m p l e x e s  was  p o s t u l a t e d  by Simon (6) and m i g h t  be s u p p o r t e d  

b y  o u r  p r e v i o u s  o b s e r v a t i o n  ( * )  of  t h e  e x a l t a t i o n  o f  t h e  i n t e n s i t y  

b a n d  o f  t h e  o l e f i n  a t  1 6 4 0  c m - l  i n  t h e  p r e s e n c e  of o f  t h e v  

- 1  

3 

c =c 
TEA. 

F igu re  4 - E v o l u t i o n  o f  a TEA-EA 
s o l u t i o n  f o r  r a t i o  1 d u r i n g  t ime  
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C o m p a r i n g  t h e  s t a b i l i t y  of t h e  complexes of EA w i t h  e i t h e r  TEA 

o r  I P R A ,  i t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  f o r m e r  i s  more s t a b l e  a t  

l o w  Al/EA r a t i o ,  b u t  less s t a b l e  a t  h i g h e r  r a t i o s  ( f i g u r e  5 and 6 ) .  

Figure  5 - Reduct ion k i n e t i c s  o f  EA by 
TEA f o r  var ious  complexat ion r a t i o s  ( R )  

( A l ) =  1.3 M/1  - 30" C 

-i 
t 

Figure 6 - Reduct ion k i n e t i c s  o f  €A by 
I P R A  f o r  var ious  complexat ion r a t i o s  (R) 
( A l )  = 0.5 M/1 - 30" C 

CONTROL OF THE ISOSPECIFICITY BY THE COCATALYTIC SOLUTION 

B o t h  t h e  a c t i v i t y  a n d  t h e  i s o s p e c i f i c i t y  o f  t h e  c a t a l y t i c  

s y s t e m  a r e  c h i e f l y  d e p e n d i n g  o n  t h e  A l / e s t e r  r a t i o  i n  t h e  

c o c a t a l y t i c  s o l u t i o n  : b o t h  u n c o m p l e x e d  A1R and complexes  ate 

p r e s e n t  i n  t h e  s o l u t i o n  a n d  c a n  b e  r e v e r s i b l y  a d s o r b e d  o n  t h e  

p r e c a t a l y s t  : t h i s  statement i n i t i a l l y  e s t a b l i s h e d  w i t h  t h e  T?&/EB 

s y s t e m  ( 5 )  w a s  s h o w n  t o  b e  t r u e  f o r  o t h e r  s y s t e m s  such  as TEA/EA 

or  TEA/EPT. 

3 
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F i g u r e  7 - R e v e r s i b l e  d e s a c t i v a t i  on 
by PTE i n  t h e  presence o f  T E A  
MC1BT-1 ,  ( A l )  = 3 mM/1 
63" C, 4 bars  

S o ,  a s  s h o w n  i n  f i g u r e  7 ,  t h e  a c t i v i t y  d e c r e a s e s  i f  t h e  L e w i s  

b a s e  i s  a d d e d ,  so t h a t  t h e  r = Al/EPT r a t i o  d r o p s  f rom 4 t o  2 ,  b u t ,  

u p o n  a d d i t i o n  o f  a d d i t i o n a l  TEA t o  r e s t o r e  t h e  r a t i o  a t  4 ,  t h e  

a c t i v i t y  i n c r e a s e s  a g a i n  t o  r e a c h  t h e  l e v e l  e x p e c t e d  f o r  t h a t  r a t i o  

i n  a n o r m a l  e x p e r i m e n t .  Upon a d d i t i o n  o f  t h e  f r e e  ester,  a new 

e q u i l i b r i u m  i s  e s t a b l i s h e d  i n s i d e  t h e  c o c a t a l y t i c  s o l u t i o n  f i r s t ,  

a n d  t h e n  b e t w e e n  t h a t  s o l u t i o n  a n d  t h e  c a t a l y s t .  E v e n  i f  t h e  

e q u i l i b r i u m  i s  l a r g e l y  d i s p l a c e d  t o w a r d s  t h e  f o r m a t i o n  of  t h e  

c o m p l e x ,  a small amount o f  f r e e  ester remains  i n  t h e  s o l u t i o n ,  which 

i s  a b o u t  p r o p o r t i o n a l  t o  t h e  i n v e r s e  o f  r a t i o  r ( t h e  e x a c t  

d e p e n d e n c e  b e i n g  a f u n c t i o n  of  t h e  s t o i e c h i o m e t r y  of t h e  complex) .  

T h a t  f r e e  e s t e r  i s  e x p e c t e d  t o  p o i s o n  t h e  ac t ive  si te,  because, as 

s h o w n  l a t e r  on by t h e  v a l u e  of  t h e  c h e m i c a l  s h i f t  of t h e  I R  c a r b o n y l  

b a n d ,  t h e  c o m p l e x  o f  t h e  e s t e r  w i t h  T i C 1 4  is v e r y  s t r o n g .  For  a 
(1-2-9-12) to l o n g  t i m e ,  t h e  f u n c t i o n  o f  t h e  e s t e r  w a s  b e l i e v e d  

s e l e c t i v e l y  p o i s o n  t h e  non i s o s p e c i f i c  c a t a l y t i c  c e n t e r s .  T h i s  view 

w a s  c h a l l e n g e d  by e x p e r i m e n t s  o f  Kashiwa ( I 3 )  who h a s  shown t h a t  

t h e  a d d i t i o n  o f  e s t e r s  l e a d s  t o  a n  increase i n  t h e  y i e l d  of t h e  

i s o s p e c i  f i c  s i t e s  p r o d u c i n g  h i g h  m o l e c u l a r  w e i g h t  i s o t a c t  i c  

p o l y p r o p y l e n e .  Some o f  o u r  e x p e r i m e n t s  d i d  c o n f i r m  t h e  s t a t e m e n t  by 

K a s h i w a .  As s h o w n  i n  f i g u r e  8 ,  u s i n g  t h e  same p r e c a t a l y s t  and  t h e  

same TEA c o n c e n t r a t i o n  a t  comparable  p o l y m e r i z a t i o n  c o n d i t i o n s t u p o n  

i n c r e a s i n g  t h e  EPT/TEA r a t i o  ( d e c r e a s i n g  r )  , t h e  p r o d u c t i v i t y  of t h e  
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i s o t a c t i c  s i t es  g o e s  t h r o u g h  a maximum w h i l e  t h e  p r o d u c t i v i t y  of t h e  

a t a c t i c  s i t e s  i s  c o n t i n u o u s l y  d e c r e a s i n g .  

F i g u r e  8 - T o t a l ,  i s o t a c t i c ,  a t a c t i c  
p r o d u c t i v i t y  versus  e s t e r / A l  r a t i o  

MCIBT)l, TEA, PTE, ( A l )  = 5 mM/1 
63"C, 4 bars  

We p r o p o s e  t h a t  t h e  a c t i v e  sites are a t  least  b i m e t a l l i c  o n e ,  

i . e .  i n v o l v e  t i t a n i u m  atoms o n  t h e  p r e c a t a l y s t  s u r f a c e ,  what w i l l  

g i v e  a c o m p l e x  w i t h  a l k y l a l u m i n i u m  c o m i n g  f r o m  e i t h e r  f r e e  

a l k y l a l u m i n i u m  o r  e s t e r - c o m p l e x e d  a l k y l a l u m i n i u m  (*l). Owing t o  
t h e  s t e r i c  h i n d r a n c e ,  t h e  s i t e s  i n v o l v i n g  a l k y l A l  f r o m  ester 

c o m p l e x e d  a l k y l a l u m i n i u m  a r e  more l i k e l y  to  be i s o s p e c i f i c .  Upon 

d e c r e a s i n g  r ,  l e s s  f r e e  a l k y l a l u m i n i u m  is p r e s e n t  a n d ,  due t o  t h e  

r e v e r s i b l e  e q u i l i b r i u m ,  a l a r g e  p r o p o r t i o n  of t h e  s i te  w i l l  be 

a s s o c i a t e d  w i t h  t h e  e s t e r  c o m p l e x e d  A I R  So, w e  p r o p o s e  t h a t  

a s p e c i f i c  s i t e s  may b e  r e v e r s i b l y  t r a n s f o r m e d  i n t o  i s o s p e c i f i c  

s i t e s .  T h e  f i n a l  decrease i n  t h e  p r o d u c t i v i t y  of t h e  i s o s p e c i f i c  

s i t e s  s h o w n  i n  f i g u r e  8 c o u l d  b e  c a u s e d  by p o i s o n i n g  w i t h  f r e e  

e s t e r s .  T h e  c o n t i n u o u s  decrease i n  t h e  a s p e c i f i c  s i t e  p r o d u c t i v i t y  

c o u l d  h a v e  t w o  reasons : p o i s o n i n g  o f  t h e  s i tes  upon a d s o r p t i o n  o f  

f r e e  e s t e r ,  a n d  c h a n g e  o f  t h e s e  s i tes  i n t o  i s o s p e c i f i c  s i t es  upon 

a s s o c i a t i o n  w i t h  t h e  e s t e r - c o m p l e x e d  A 1 R  

3' 

3' 
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Upon a g e i n g ,  1 . e .  d u r i n g  p o l y m e r i z t i o n ,  t h e  r e d u c t i o n  of  t h e  

e s t e r  b y  A 1 R  e v e n  i f  i t  i s  p a r t i a l l y  i n h i b i t e d  by t h e  p r e s e n c e  

o f  t h e  m o n o m e r ,  i s  e x p e c t e d  t o  t a k e  p l a c e  t o  some e x t e n t .  

C o n t r a d i c t o r y  r e s u l t s  a r e  r e p o r t e d  i n  t h e  l i t e r a t u r e  a b o u t  t h e  

e f f e c t  o f  t h e  r e d u c t i o n  p r o d u c t s  on t h e  p o l y m e r i z a t i o n  ; a c c o r d i n g  

t o  L a n g e r  e t  a 1  i t  i s  d e t r i m e n t a l  t o  t h e  i s o s p e c i f i c i t y  of 

t h e  c a t a l y s t  ; w e  d i d  o b s e r v e  t h e  same r e s u l t  ( 3 )  : b u t  r e c e n t l y  

K i s s i n  a n d  S i v a k  r e p o r t e d  t h a t  t h e  a l k o x i d e  produced  a b o u t  

t h e  same e f f e c t  as  t h e  p r e c u r s o r  es te r ,  a lso forming  a complex w i t h  

A 1 R 3  ( a l t h o u g h  t h e  c o m p l e x a t i o n  e q u i l i b r i u m  is much more s h i f t e d  

t owards  t h e  f r e e  components )  ; t h e y  s u g g e s t  t h a t  t h e  b e n e f i c  e f f e c t  

f o r  t h e  i s o s p e c i f i c i t y  o f  t h e  c a t a l y s t  m i g h t  be due more t o  t h e  
(11) a l k o x i d e  t h a n  t o  t h e  e s t e r s .  R e c e n t l y  a l s o ,  S e r g e e v  e t  a1 

s u g g e s t  t h a t  t h e  i n t e r a c t i o n  o f  t h e  a c t i v e  s i tes  w i t h  e i t h e r  t h e  

f r e e  e s t e r  o r  t e r t i a r y  a l k o x y  d e r i v a t i v e s  are r e s p o n s i b l e  f o r  t h e  

h i g h  s t e r e o s p e c i f i c i t y  ; however,  c a r e f u l 1  e x a m i n a t i o n  o f  t h e  d a t a  

o f  t h e s e  a u t h o r s  s h o w  t h a t ,  i n  s e v e r a l  c a s e s ,  t h e y  o b s e r v e d  a 

d e c r e a s e  i n  t h e  i s o s p e c i f i c i t y  upon a g e i n g  t h e  m i x t u r e  o f  A I R  and 

e s t e r  p r i o r  t o  p o l y m e r i z a t i o n .  So, i f  t h e r e  i s  some r e d u c t i o n  o f  t h e  

e s t e r  d u r i n g  p o l y m e r i z a t i o n ,  a decrase i n  t h e  i s o s p e c i f i c i t y  of t h e  

c a t a l y t i c  s y s t e m  i s  t o  b e  e x p e c t e d  w i t h  p o l y m e r i z a t i o n  t i m e .  The 

r e s u l t s  r e p o r t e d  i n  T a b l e  I11 show t h a t  t h i s  is  a c t u a l l y  t h e  case 

w i t h  t h e  t w o  t y p i c a l  s y s t e m s  s t u d i e d  h e r e .  The a v e r a g e  I1 of t h e  

w h o l e  p o l y m e r  d e c r e a s e s  w i t h  p o l y m e r i z a t i o n  t i m e .  From t h e  data of 

e x p e r i m e n t s  s t o p p e d  a t  d i f f e r e n t  t i m e s ,  t h e  a v e r a g e  I1 of t i m e  

i n t e r v a l  may be c a l c u l a t e d  ; t h e  r e s u l t s  r e p o r t e d  i n  t h e  l a s t  column 

o f  T a b l e  111 s h o w  t h a t  t h e  dec rease  i n  i s o s p e c i f i c i t y  is r a t h e r  

i m p o r t a n t .  T h a t  decrease seems t o  be more i m p o r t a n t  i n  t h e  case of 

IPRA ; t h e  r e a s o n  is  t h a t  t h e  c a t a l y t i c  a c t i v i t y  of t h e  c a t a l y s t  i s  

c o n t i n u o u s l y  d e c r e a s i n g  i n  t h e  case of TEA, so t h a t  p r o d u c t i v i t y  

d e c r e a s e s  a t  t h e  same t i m e  as i s o s p e c i f i c i t y  ; w h i l e  i n  t h e  case of 

IPRA, t h e  a c t i v i t y  r e m a i n s  s t a b l e  a n d  t h e  c o n t r i b u t i o n  o f  t h e  

p o l y m e r  p r o d u c e d  i n  t h e  l a s t  s t e p s  of t h e  r e a c t i o n  i s  more 

i m p o r t a n t .  On t h e  c o n t r a r y ,  o n e  may t h i n k  t h a t  t h e  a c t u a l  

i s o s p e c i f i c i t y  of t h e  c a t a l y s t  w i t h  IPRA may be h i g h e r  t h a n  w i t h  

TEA, i f  t h e  m a i n  d r i v i n g  f o r c e  f o r  t h e  i s o s p e c i f i c i t y  is t h e  steric 

h i n d r a n c e  ; t h e  lower i n i t i a l  i s o s p e c i f i c i t y  shown i n  T a b l e  I11 for  

t h e  I P R A  s y s t e m  i s  due  t o  t h e  f ac t  t h a t ,  i n  t h a t  case, t h e r e  is a n  

3 ’  

(7), 

3 
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T a b l e  I11 - CHANGES I N  ISOSPECIFICITY DURING POLYMERIZATION 

C a l c u l a t e d  v a l u e s  

C o c a t a l y t i c  T (  Oc) T i m e  P I1 I n t e r v a l  P I1 

s o l u t i o n  ( m i n )  ( m i n )  

TEA EPT 63  20 980 93.7 0-20 980 93.7 

60 1570  92.4 20-60 590  9 0 . 1  

240 3340 86 .1  60-240 1770  80.6 

IPRA EA 60 90 550 92.2 0-90 550  92.2 

270 2000 77.3 90-270 1 4 5 0  71.6 

P r e c a t a l y s t  ester : EB ; [All : 1 0  mM/1 ; Al/ester = 4 ; 

P o l y r o p y l e n e  pressure : 4 b a r s  
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i n d u c t i o n  p e r i o d  ( f i g u r e  1) a n d ,  d u r i n g  t h a t  p e r i o d ,  t h e  r e d u c t i o n  

o f  t h e  e s t e r  may b e  more r a p i d  (see f i g u r e s  5and 6 )  t h a n  w i t h  TEA 

s y s t e m  which i s  working  i m m e d i a t e l y  w i t h  h i g h  c a t a l y t i c  a c t i v i t y .  

COMPLEXES I N  THE PRECATALYSTS 

P r e c a t a l y s t s  a r e  g e n e r a l l y  p r e p a r e d  t h r o u g h  g r i n d i n g  of  d r y  

MgC12 w i t h  t h e  e l e c t r o n  d o n o r ,  followed w i t h  i m p r e g n a t i o n  w i t h  a n  

e x c e s s  o f  T i C 1 4  a n d  t h e n  w a s h i n g  w i t h  h y d r o c a r b o n  or t r e a t i n g  

u n d e r  vacuum. I n  t h e s e  o p e r a t i o n s ,  t w o  k i n d s  of  b i n a r y  complexes are 

f o r m e d  b e t w e e n  t h e  e l e c t r o n  d o n o r  a n d  M g C 1 2  a n d  T i C 1 4  

r e s p e c t i v e l y .  B u t ,  i n  a d d i t i o n ,  t h e  f o r m a t i o n  o f  t e r n a r y  complexes 

is p o s s i b l e ,  as a l r e a d y  s u g g e s t e d  by Chien  ( 4 )  a n d  us  

T h e  c o m p l e x  b e t w e e n  MgC12 a n d  EB w a s  s t u d i e d  by Simon 
15) who s h o w e d  t h a t  i t  c a n  be c h a r a c t e r i z e d  by DSC. Upon g r i n d i n g  

o f  b o t h  c o m p o n e n t s ,  a p a r t  o f  t h e  E B  becomes s t r o n g l y  bonded t o  

MgC12,  a n d  c a n n o t  b e  e x t r a c t e d  w i t h  h e p t a n e  o r  u n d e r  vacuum. I n  

o u r  e x p e r i m e n t s ,  M g C 1 2  w a s  p r e v i o u s l y  g r i n d e d  t o  g i v e  a material 

w i t h  h i g h  s u r f a c e  a r e a  ( 5 5  m / g )  a n d  t h e n  g r i n d e d  a g a i n  i n  t h e  

p r e s e n c e  o f  t h e  e l e c t r o n  d o n o r  ( w e i g h t  ra t io /MgCl2  ester a r o u n d  

1 0 )  a n d  f i n a l l y  w a s h e d  w i t h  h e p t a n e .  The i n f r a r e d  s p e c t r u m  of t h i s  

c o m p l e x  ( f i g u r e  9 )  s h o w s  a l a r g e  s h i f t  o f  t h e  vc=o band a t  1685 

c m - l  ( f o r  m e t h y l p a r a t o l u a t e  MPT a s  a n  e s t e r )  i n s t e a d  of  1725 

cm- '  f o r  t h e  f r e e  e s t e r .  I n  t h e  case o f  EB, t h e  vc=o band is  a t  

1695 c m - l .  

( 5 )  

( 1 4  - 

2 

Figure 9 - IR spectra of  complex 
MgCl $PTM 

Figure 10 - IR spectra o f  complex 
Ti C 1 4/ PTM 
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T h e  b i n a r y  c o m p l e x  b e t w e e n  T i C 1 4  a n d  MPT c a n  b e  p r e p a r e d  

i n d e p e n d e n t l y  f r o m  h e p t a n e  s o l u t i o n  ; i t  i s  a y e l l o w  s o l i d  

n e e d l e - l i k e  m a t e r i a l  w i t h  a l o w  s u r f a c e  area ( 3  m / g ) ,  s l i g h t l y  

s o l u b l e  i n  h o t  h e p t a n e  a n d  v o l a t i l e  i n  h i g h  vacuum. I ts  i n f r a r e d  

s p e c t r u m  s h o w s  t w o  b a n d s  a t  1 6 1 0  a n d  1 5 6 5  c m - l  

a t t r i b u t e d  t o  c o m p l e x e d  c=c  ( a r o m a t i c  r i n g )  a n d  v c = o  b a n d .  

T h e s e  b a n d s  a r e  o b s e r v e d  a t  1 5 9 2  a n d  1560 c m - l  f o r  t h e  T i C 1 4 - E B  

complex.  

S e v e r a l  s t u d i e s  d i d  c o n c l u d e  ( ” - ” )  t h a t  t h e  T i C 1 4 - E B  

c o m p l e x  c a n n o t  be i d e n t i f i e d  w i t h  t h e  a c t i v e  si tes,  because  t h e  

p o l y m e r i z a t i o n  a c t i v i t y  of t h a t  c o m p l e x  i n  t h e  p r e s e n c e  of A I R j  

w a s  p o o r .  ( 5 ) ,  w e  h a v e  c h a l l e n g e d  t h i s  

s t a t e m e n t ,  b e c a u s e  t h e  y e l l o w  color of  t h e  c a t a l y s t ,  s imi la r  t o  t h a t  

o f  t h e  c o m p l e x ,  d i s a p p e a r s  i f  t h e  c a t a l y s t  is h e a t e d  under  vacuum 

a n d  t h a t  a l a r g e  p a r t  o f  t h e  c a t a l y t i c  a c t i v i t y  is d e s t r o y e d  upon 

s u c h  a t r e a t m e n t .  D u r i n g  t h e  p r e s e n t  s t u d y ,  w e  d i d  p r e p a r e  a 

c a t a l y s t  t h r o u g h  g r i n d i n g  MgC12 i n  t h e  p r e s e n c e  o f  a p u r i f i e d  

complex TiC14-MPT. T h a t  c a t a l y s t ,  c o n t a i n i n g  2.6 % of T i ,  l e a d s  

t o  a p r o d u c t i v i t y  o f  8 7 0  and a n  i s o t a c t i c i t y  i n d e x  of 0 4 . 3  ( T a b l e  

I V )  : t h e s e  p e r f o r m a n c e s ,  a l t h o u g h  somewhat i n f e r i o r  t o  t h a t  of t h e  

r e g u l a r  c a t a l y s t  a r e  by no means n e g l i g i b l e  and show t h a t  t h e  p u r e  

c o m p l e x  may l e a d  t o  a c t i v e  s i tes ,  i f  i t s  d i s p e r s i o n  s t a t e  i s  h i g h  

e n o u g h  ; h o w e v e r ,  it may be a r g u e d  t h a t  t h e  g r i n d i n g  p r o c e s s  which 

was r a t h e r  l o n g  i n  t h a t  c a s e ,  d i d  c h a n g e  t h e  s t r u c t u r e  o f  t h e  

c o m p l e x  : a c t u a l l y ,  c a t a l y s t s  p r e p a r e d  by i m p r e g n a t i o n  of  MgC12 

w i t h  a s o l u t i o n  o f  t h e  complex have a v e r y  poor  c a t a l y t i c  a c t i v i t y .  

2 

( f i g u r e  1 0 )  

I n  o u r  p r e v i o u s  s t u d y  

Table IV - POLYMERIZATION RESULTS FOR VARIOUS CATALYSTS 

Catalyst Ester 8 S Ti c=o Vp(cm3) Pa) I1 

ester 

MCIBTl EB 12 5 0 . 3 6  1570 92.4 

HC2BT14 MPT 10 1.8 1682 0.36 310 89.4 

MC2BT6 MPT 9 2.3 1678 0.18 730 90.5 

MC2BT23 MPT 12 4.5 1674 0 . 3 0  1360 92.4 

HKLB-4 MPT 9,4 2.6 870 84.3 

a )  productivity in propylene polymerization : 1 h at 6 3 O C  ; 

propylene pressure : 4 bars ; [All : 10 mM/1 ; Al/EPT : 4 
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Figure 11 - I R  spectra  o f  various supported ca ta lys t s  

MCZBT-6 MCZET-23 ~ 

MCZBT- 14 MKZB-i 

% I 

T h e  i n f r a r e d  s p e c t r a  of t h e  c a t a l y s t s  ment ioned  i n  T a b l e  I V  are  

s h o w n  i n  f i g u r e  11. I n  t h e  c a r b o n y l  r e g i o n ,  t h e  s p e c t r a  a r e  

i n t e r m e d i a t e s  b e t w e e n  t h e  s p e c t r a  of t h e  t o  b i n a r y  complexes w i t h  

s h i f t s  f r o m  e a c h  o n e ,  b u t  are closer t o  t h e  s p e c t r u m  of  MgC12-MPT 

c o m p l e x .  T h e  s h i f t  i n  t h e  main band is t h e  l a r g e s t  when t h e  amount 

of T i  f i x e d  o n  t h e  c a t a l y s t  is t h e  l a rges t .  The bands  a t  1570-1575 

c m  a r e  v i s i b l e  e i t h e r  i n  t h e  case of  c a t a l y s t  MKZB-1 ( g r i n d i n g  

w i t h  TiC14-MPT c o m p l e x )  o r  w i t h  c a t a l y s t  MC2BT-23 which h a s  t h e  

h i g h e s t  T i  c o n t e n t ,  and which is t h e  most act ive.  The d i f f e r e n c e s  i n  

t h e  c a t a l y t i c  a c t i v i t i e s  a n d  a l s o  of  t h e  T i  c o n t e n t s  of t h e  

c a t a l y s t s  o f  series MC2BT ( p r e p a r e d  u s i n g  MPT as  an  es ter)  are more 

e a s i l y  e x p l a i n e d  o n  t h e  b a s i s  of  t h e  morphology of t h e  p r e c a t a l y s t  

( t h i s  p o i n t  i s  d i s c u s s e d  e l s e w h e r e  (I9 ) and t h e  c o r r e s p o n d i n g  d a t a  

-1 
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will be published separately). However, they tend to support the 

idea that a part of the ester might be coordinated with both Mg and 

T i ,  and that the most active centers could involve ternary 

complexes. 

It is interesting to note finally that the best performances 

( T a b l e  I 1  and I V )  are obtained when the ester used in the 

preparation of the precatalyst is ethylbenzoate, which the only 

3' 
ester which is complexed preferentially with 2 molecules of A 1 R  

Then, EB could be more easily complexed with both MgC12 and 

TiC14 than other esters. It might be the reason for the choice of 

difunctional esters (phtalate, maleates...) in the recent patents 

( 2 0 )  which s e e m s  to correspond to the performances of the 
"superactive third generation catalysts" reported by Galli (1) . 
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He P ing  L i ,  B e i j i n g ,  China 

ABSTRACT 

Two iaethods o f  k i n e t i c s  s t u d i e s  f o r  propene p o l y m e r i z a t i o n  were 
c a r r i e d  o u t  w i th  d i f f e r e n t  k i n d s  o f  h igh  a c t i v i t y  c a t a l y s t s .  The 

r e l i a b i l i t y  and t h e  i n f l u e n c i n g  f a c t o r s  o f  t h e  CO i n h i b i t i o n  method 

were emphasized. 

By changing  e l e c t r o n  donors  i n  t h e  p r e p a r a t i o n  o f  t h e  h igh  

a c t i v i t y  c a t a l y s t ,  main pa rame te r s ,  such  as a c t i v i t y ,  i s o t a c t i v i t y ,  

can  a l l  be improved s i g n i  f i c a r i t l y  . 
'l'he f f r e p l i c a f f  r e l a t i o n s h i p  o f  t h e  c a t a l y s t  and  p o l y o l e  f i n e  

P a r t i c l e  morphology were s t u d i e d .  PP has much b e t t e r  l l r e p l i c a l t  r e l a -  

t i o n s h i p  than  PE does.  The r eason  was e l u c i d a t e d .  

p o l y o l e f i n e s ,  and  i s  a l s o  a p a r a n e t e r  most d i f f i c u l t  t o  c o n t r o l .  

Comparison o f  bu lk  d e n s i t y  f o r  PE and  PP w a s  made, and  t h e  depen- 

dence  o f  b u l k  d e n s i t y  on s e v e r a l  pa rame te r s  f o r  PE were e l u c i d a t e d .  

Means, such  as p repo lymer i za t ion ,  was found t o  b e  q u i t e  e f f e c t i v e  

t o  improving  t h e  bu lk  d e n s i t y .  

I n  p o l y o l e f i n e  manufac tu r ing  p r o c e s s e s ,  g a s  phase p r o c e s s  was 
s t u d i e d  and  b e l i e v e d  t o  b e  t h e  most advanced  and p r e f e r r e d  p r o c e s s  

o f  a l l  PP p rocesses .  

B u l k  d e n s i t y  i s  one  o f  t h e  most i m p o r t a n t  c h a r a c t e r i s t i c s  f o r  

On t h e  b a s i s  o f  s t u d i e s  on o l e f i n  po lymer i za t ion ,  a f e w  impor- 

t a n t  p o i n t s  a r e  d i s c u s s e d  and e l u c i d a t e d  i n  t h e  p r e s e n t  paper .  

THE KINETICS STUDY A N D  C A T A L Y S T  A C T I V I T Y  

I n  t h e  s t u d y  o f  t h e  Ziegler-Natta po lymer i za t ion  k i n e t i c s ,  

e s p e c i a l l y  s i n c e  t h e  d i scove ry  o f  t h e  h igh  a c t i v i t y  c a t a l y s t ,  t h e r e  

h a s  been i n c r e a s i n g  i n t e r e s t  i n  t h e  i n v e s t i g a t i o n  o f  C *  ( a c t i v e  

c e n t e r  c o n c e n t r a t i o n )  and  kp, bo th  from academic and  i n d u s t r i a l  

1 6 5  
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p o i n t  o f  view. The well-known complex-type, i .e. ,  Solvay  t j p e ,  T i c 1 3  

c a t a l y s t  sys tem,  which i s  c h a r a c t e r i z e d  by i t s  r a t h e r  h igh  s t e r e o -  

s p e c i f i c i t y  and a c t i v i t y  , has  a l r e a d y  been employed i n  commercial  

p r o d u c t i o n ,  b u t  few works conce rn ing  i t s  k i n e t i c  behav io r  have been 

pub l i shed .  1 

A complex-type c a t a l y s t ,  T i C 1 3 - T i C 1 4  0nUu~O-l!:t2AlCl, developed 

by B R I C I  ( B e i j i n g  Research  I n s t i t u t e  o f  Chemical I n d u s t r y ) ,  composed 

o f  TiC13- 80%. T i C 1 4 -  a%, n3u20 5- 7%, s p e c i P i c  area > 100 F$/&', was 
uscd Lor k i n e t i c  s t u d y .  The v i s c o s i t y - k i n e t i c  method for C *  d e t e r -  

mina t ion  was used .2)  Owing t o  t h e  f a c t  t h a t  botki t h e  molecu la r  weight  

ar id  i s o t a c t i c i t y  of T T  o b t a i n e d  i n  t h d  absence  o f  I32 were too  h igh  

f o r  de te r . ! : in ing  M, by GPC, v i scomet r i c  method was employed. :'or t h e  

sake of  improving t h e  accuracy  o f  M n ,  t h e  i n f l u e n c e  o f  MIND on Mn 
shou ld  be t aken  i n t o  c o n s i d e r a t i o n .  I n  o u r  experiment  FW/Mn o b t a i n e d  

i n  t h e  presence  o f  Ii2 by G P C  were examined t o  be log-normal  d i s t r i -  

b u t i o n .  Thus,  by t h e  F.Iw/M, v a lue  (5.4) de te rmined  i n  o u r  s t u d i e s  i n  

p re sence  o f  a si . ial l  amount of '  H2 and t h a t  ( l .205)  o r i g i n a l l y  d e t e r -  

i;,ined i n  l i t e r a t u r e  i n  e s t a b l i s h i n g  t h e  viscosity-PTJ e q u a t i o n ,  M 
can  be c o r r e c t e d  a c c o r d i n g  t o  t h e  e q u a t i o n  Kn = K(Mw/J"!n) 

The r e s u l t s  are shown i n  Tab le  1 .  

0.5a (a+  17 

Tab le  1 .  Determina t ion  o f  C *  and  kp o f  d i f f e r e n t  c a t a l y s t s  

P - 860rnrn Hg, i n  hexane 
c3 - 

. -  

Ca t a  lys t Polyrnn. RP c*.102 kP 
temp. O C  gc3€l6/gTic13-h mol/mol l ' i  dm3/mol-s 

TiC13*TiCl4*nBu20 40 51 - 4  2.42 5.00 

-1Ct2AlCl 50 52.6 3.01 6.27 
60 62.1 5.17 8.18 

Convent iona l  

T i C 1 3 . 0 . 3 3 A l C 1 3  

-K t2A1C1 50 14.4 2.06 2.55 

kp cornplex 

-- 

Y - 2.5 C *complex w -- 1.5; 
C*convent iona l  kp conven t iona l  
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Hence i t  i s  concluded  t h a t  t h e  h i g n e r  c a t a l y s t  a c t i v i t y  o f  complex- 

t y p e  T i m 3  o v e r  t h e  c o n v e n t i o n a l  one i s  n o t  o n l y  due t;, i t s  h i g h e r  

C*, b u t  t o  a g r e a t  e x t e n t  t o  i t s  h i g h e r  kp. 

N e v e r t h e l e s s ,  t h e  above v i s c o s i t y - k i n e t i c  method i s  n o t  satis-  

f a c t o r y  because o f  i t s  l a r g e r  e r r o r ,  a l t h o u g h  some MIL c o r r e c t i o n  is  
made. The CO i n i l i b i t i o n  method i n  g a s  phase po lymer i za t ion  is be- 

l i e v e d  t o  be t h e  b e t t e r  one .3)  But t h e  r e l i a b i l i t y  o f  t h e  method and 

t h e  f a c t o r s  i n f l u e n c i n g  t h e  C* d e t e r m i n a t i o n  a r e  n o t  r e p o r t e d  y e t .  

The saine complex-type c a t a l y s t  was used i n  o u r  s t u d i e s  4) ( F i g .  1 ) .  

I n  o r d e r  t o  e l u c i d a t e  tile f u n c t i o n  o f  Et2AlC1 i n  t h e  C O  i n h i b i t i o n  

c o u r s e ,  we i n t e r r u p t e d  the  g a s  phase po lymer i za t ion  o f  propene ,  then  

t h e  c a t a l y s t - P P  mixture was washed wi th  hexane s e v e r a l  times, propene 

was i n t r o d u c e d  i n t o  t h e  r e a c t o r  a g a i n ,  and CO was added (F ig .  2 ) .  

48-60% of  a lkyla luminium was washed ou t .  

?'he r a t e  r ecove red  on ly  s lowly  a f t e r  d ropp ing  t o  t h e  minimum, 

and ma in ta ined  t h e r e  f o r  abou t  10 m i n i i  t,eR. 'The r e s u l t s  i l l u s t r a t e  

t h a t  t h e  cha in  t r a n s f e r  o f  t h e  f r e t  a l k y l a l u m i n i u m  i n  t h e  system 
p l a y s  a l e a d i n g  r o l e  f o r  r a p i d l y  r e c o v e r i n g  po lymer i za t ion  ra te  

a f t e r  be ing  depres sed  by CO. 

The i n h i b i t i o n  method i n v o l v e s  t h e  u s e  o f  an  i n h i b i t o r  t o  
I f t i t r a t e "  t i le a c t i v e  c e n t e r s ,  and e v a l u a t e  C *  by t h e  amount o f  CO,  

when t h e  ra te  i s  depres sed  t o  zero .  T h e r e f o r e ,  t h e  key o f  t h e  r e l i a -  

b i l i t y  o f  t h e  :!iethod l i e s  i n  whether  t h e r e  i s  a s t o i c h i o m e t r i c a l  

r e a c t i o n  between CO and C-x. We found t h a t  r e g a r d l e s s  o f  t h e  amount 

o f  CO added t o  t h e  r e a c t o r ,  even i f  i t  was as  h igh  as 9.20 mole 

r e f e r r i n g  t o  t h e  t o t a l  T i ,  t h e  r e s i d u a l  C O  c o n t e n t  i n  t h e  g a s  phase 

a t  t h e  l a t e r  s t a g e  o f  po lymer i za t ion  was a lways  s d i a l l e r  than t h a t  

i n  Lhe raw m a t e r i a l  propene (F ig .  3 ) .  

n e r a t e d  by alkylaLuminium be ing  i n h i b i t e d  a g a i n  by t h e  remain ing  

C n ,  i . e . ,  t o  t h e  " r e p e a t i n g  i n h i b i t i o n "  by CO. 

o f  CO. We compared t h e  r e s i d u a l  amount o f  CO ana lyzed  by g a s  

chromatography a t  t h i s  moment wi th  t h e  c a l c u l a t e d  r e s i d u a l  amount 

o f  C O  a c c o r d i n g  t o  deterrnined [ T i * ]  (Tab le  2 ) .  I t  i s  shown t h a t ,  

t h e  CO moles consumed c l o s e l y  c o i n c i d e  wi th  t h e  de te rmined  (Ti*] 

moles ,  

f u r t h e r  proved t h a t  t h e  i n f l u e n c e  o f  " r e p e a t i n g  i n h i b i t i o n "  could  

be  avoided  and t h e  s t o i c h i o m e t r i c a l  r e l a t i o n  t h a t  each a c t i v e  

T h i s  phenomeiion may be a t t r i b u t e d  t o  t h e  a c t i v e  c e n t e r s  rege-  

C* h a s  been i n h i b i t e d  comple te ly  w i t h i n  2 minutes  a f t e r  a d d i t i o n  

LCO)/[?'i*], i .e. ,  [ c o J / L c * ~ ,  b e i n g  0.93-0.94Zl. T h i s  
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c e n t e r  i s  i n h i b i t e d  by o n l y  o n e  C O  m o l e c u l e  i s  e s t a b l i s h e d  by o u r  
d e t e r m i n a t i o n .  

- 

C o (  0.02 mol/mol T i  ) 

- - - * ~ o g - L o &  
P 

- 0  

0 1  I I I I 1 I 

0 20 40 60 80 100 120 
Time (min.) 

F i g u r e  1. 

p h a s e  p o l y m e r i z a t i o n  o f  propene  (500C)  

Change o f  2~ w i t h  t h e  a d d i t i o n  o f  CO d u r i n g  t h e  gas 

7 0  

60 

50 

40 

30 

20 

10 

0 
0 20 40 60 80 100 120 

Time (mia . )  

F i g u r e  2. 

f ree  a l k y l a l u m i i u u r n  (50°c) 
Change o f  Hp w i t h  t h e  a d d i t i o n  o f  CO a f t e r  washing  

0 CO/Ti = 0.02 mol/mol, 0 CO/Ti = 0.03 mol/mol 
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(0.08 mol/mol T i )  

32 7 5 P P ~  

\ 
\ 
\ 

1 
\ -- - - - _  _ _ _  

co < 0.3Ppm 

I 

I 

40 60 80 100 120 0 20 

t ime (min)  

F i g u r e  3. Change o f  r e s i d u a l  CO c o n t e n t  i n  t h e  g a s  phase w i t h  

t h e  a d d i t i o n  o f  e x c e s s i v e  amount o f  CO 

Tab le  2 .  Comparison o f  consumed C O  from GC a n a l y s e s  wi th  t h a t  

c a l c u l a t e d  from C* i n  g a s  phase po lymer i za t ion  o f  propene 

Runs $0 amourit, added CO consumed from CO airiount c a l -  - [CO] 

(moles  r e f e r  t o  GC a n a l y s e s  c u l a t e d  from C* IC*] 
t o t a l  T i  moles)  (moles  r e f e r  t o  (moles  r e f e r  t o  

de te rmined  [ T i ]  de te rmined  [T i ]  

moles)  moles)  

1 0.08 0.0271 0.94 

0.0289 

2 0.08 0.0270 0.93 

The C *  o b t a i n e d  by t h i s  method, which is 2.90 X 10-2 rnol/mol 'pi 

a t  5@C, i s  q u i t e  c l o s e  t o  t h e  d a t a  from t h e  p r e v i o u s  v i s c o s i t y -  

k i l i e t i c  method. I n  f i g u r e  4 ,  i t  is  p-oved e x p e r i m e n t a l l y  t h a t  t h e  

ra te  decay c o i n c i d e s  w e l l  w i th  t h e  C* decay ,  and t h e r e f o r e  r e s u l t e d  

from i t ,  whi l e  t h e  k p  remained c o n s t a n t .  

AliBu3 c a t a l y s t  s y s t e m  i n  propene g a s  phase  po lymer i za t ion .  A t  30°C 

We employed t h e  CO i n h i b i t i o n  method t o  TiClq/MgC12/C6H5COOC2H5- 
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C' is 18.3 X 
a n  even lower va lue  of C* i s  ob ta ined .  1 1 1 1 s  i r i ipl ies  t n d t  tile d l i f u -  

S lon  c o n t r o l  e f f e c t  o c c u r s  because o f  c h e  h i g h  a L t i v i t y  o f  t i e  cata- 

l y s t  aild tile l o w  lLionoL1t r conccnLra t ion  in tiit .  g a s  phasc., hencc. t h e  

i iethod is n o t  reliable 1fJ this c a s e .  

mol /~ io l  '1'1 ,:nu iip IS )dm3/ wol*s ,  b u t  a t  >O°C, 

0 20 40 63 dd 100 

Time (min.) 

F igu re  4. Change o f  Rp,  C*  and kp  wl th  po lymer i za t ion  t i , , . e  (50012) . kP 0 c* O RP 

For  both  PE and PP, we have developed  v a r i o u s  h igh  a c t i v i t y  

c a t a l y s t s ,  an  a c t i v i t y  o f  1,000 kg  polymer/g T i  i n  s l u r r y  polymeri-  

z a t i o n  has been ach ieved  i n  bo th  c a s e s .  I n  l i q u i d  propene b u l k  poly- 

m e r i z a t i o n ,  an  a c t i v i L y  as h igh  as  3,OOO-6,030 kg  PP/@ T i  i s  ob- 

t a i n e d .  I n  t h e  c a s e  o f  PE, t h e  h igh  a c t i v i t j  can  be a t t r i b u t e d  t o  

t h e  h i g h  C X ,  which i s  known as 50-?Ox mol/mol T i .  Colaparing 

W I  t h  t h e  C* o f  propene po lymer i za t ion  de te rmined  above ,  t h e  h igh  

a c t i v i t y  o f  propene po lymer i za t ion  must ue due t o  t h e  h i g h  kp  va lue ,  

which would b e  c d n s i d e r a b l y  1ilAher than  triac o f  e t i iene polj.merLza- 

t i o n ,  a l thougn  i t  s e e m  t h a t  no d i r e c t  d e t e r m i n a t i o n  and comparison 

a r c  r e p o r t e d  f o r  e t h e n e  and propene po lymcr i za t idn  u s i n g  t h e  same 

i"gc12 suppor t ed  c a t a l y s r .  and so,ile worl;ers u e l i e v e  t h a t  k p  is h i g h e r  

i n  e t h e n e  po lymer i za t ion  than  t h a t  i n  propene po lymer i za t ion .  Anyway 

i t  i s  r e a s o n a b l e  t o  s a y  t h a t ,  a PP c a t a l y s t  capab le  o f  enhancin8  C* 

t o  a h igh  e x t e n t  w i l l  b r i n g  t h e  c a t a l y s t  a c t i v i t y  t o  a brand-new 

l e v e l .  
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‘L‘ F l ’ T ,  i ‘T ’  I Ir)I\!Oli T‘v’ 7’l jE C A ” A I , Y S l ’  SVC;“F,“ 

I t  has  been proved t h a t  by chandin,  e l c c t r o n  donors  t h e  c a t a l y s t  

a c t i v i t y ,  t h i ,  i s o t a c t i c i t y  of t i ic polymer and k i n e t i c  behav io r  a r e  

a l l  improved s i g r i i f i c a , i t l y  (Table  3 ) .  

Tab le  3. C a t a l y s t  c h a r a c t e r i s t i c s  u s i n g  d i f f e r e n t  dondrs  

8O0C, 34 kg/cm2, 2 h,  propene bu lk  po lymer i za t ion  

‘g lec t ron  donors  used  A c t i v i t y  T o t a l  K i n e t i c  

C a  t a l  y s t i n  c a t a l y s t  i n  polymn. kgPP/gTi 11, % b e h a v l o r  

TiCl4/:’gCl2 e thy l  b e n m a t c  meth i1  846 95.4 ra te  decays  
-___- p r e p a r a t i o n  

E t O H  1)- t o l u a  t e r a p i d l y  

_- --___ 

w i t h i n  t h e  

f i r s t  hour  

T i C l , + / b $ 1 2  e t h y l  h e w 1  Phz (Me012Si 1,760 98.8 r a t e  keeps  

a l c o h o l  e s s e n t i a l l y  

p h t h a l i c  anhy- s t e a d y  even 

d r i d e  

d ,  i s o b u t y l  

ph t h a l a  t e 

w i t h i n  s i x  
hour s  

‘These improvements a r e  b e l i e v e d  t o  be very s u c c e s s f u l  commer- 

c i a l l y ,  b u t  from t h e  v iewpoin t  of  s c i e n c e ,  unknowns s t i l l  remain.  

Among s e v e r a l  MgC12 s u p p o r t e d  c a t a l y s t  p r e p a r a t i o n  methods,  i t  h a s  

been proved by u s  and o t h e r  workers  t h a t  no m a t t e r  what t ype  o f  Mg 

compound ( e i t h e r  K g C 1 2 * K O H  o r  Mg compound s o l u b i l i z e d  i n  a medium 

and  t h e n  p r e c i p i t a t e d  o u t  a g a i n ,  or !,‘gRx, Mg(OR)2 e t c . , )  i s  used  

MgC12 m a t r i x  w i l l  u l t i m a t e l y  reform. Some e l e c t r o n  donors  remain on 

t h e  m a t r i x  wh i l e  some d i s a p p e a r  from trie s o l i d  phase.  Moreover, i t  i s  

found t h a t  t h e  e l e c t r o n  donor  a l s o  p l a y s  an  importar l t  r o l e  i n  t h e  

p r e c i p i t a t i o n  s t e p  o f  MgC12 from s o l u t i o n .  l’erhaps t h i s  i s  one o f  

t h e  r e a s o n s  why i n  the LLDPE c a t a l y s t  p r e p a r a t i o n ,  where no s t e r e o -  
s p e c i f i c i t y  probleni e x i s t s  a t  a l l ,  i t  i s  s t i l l  n e c e s s a r y  t o  add  

some e l e c t r o n  donors  t o  t h e  c a t a l y s t  sys tem.  ‘The r u l e  o f  t h e  solu- 
b i l i z a t i o n  o f  MgC12 in v a r i o u s  ,iieclia, and trie r u l e  and p a r t i c l e  con- 
t r o l  o f  t h e  p r e c i p i t a t i o n  o f  MgC12 from s , ) l u t i o n ,  and  t h e  p o s s i b l e  

s y n e r g e t i c  e f f e c t  between t h e  e l e c t r o n  donors  used  i n  c a t a l y s t  pre- 
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p a r a t i o n  aiid i n  polyrr ier izat ioi i  e t c . ,  & r e  1iot q u i t e  c l e a r  y e t .  

l l ~ ? : ~ ' ~ ' ~ ~  CA" RF::,ATT oxsm p 

i n g  s t e p  i s  now o f  i n c r e a s i n g  i n t e r e s t  i n  t h e  p o l y o l e f i r i e  i n d u s t r y .  

T h e r e f o r e ,  good 2nd u n i f o r m  morphology o f  t i ie po lymer  p a r t i c l e  is 

becoming a v e r y  s i g n i f i c a n t  c h a r a c t e r i s t i c .  Accordiii;: t:, o u r  p r d c t i c e ,  

by u s i n g  a c a t a l y s t  o f  TiClh/MgClZ s y s t e m  i n  P I ' ,  ) e~ ie  p o l y m e r i z a t i o n ,  

t h e  s p h e r i c a l  or s p h e r o i d a l  morphology o 1' trie c a t a l y s t  a n d  t h e  po ly -  
mer c a n  b e  more e a s i l y  k e p t  i n  l l r e p l i c a l l  r e l a t i o n s h i p  tha i i  i n  t h e  

c a s e  o f  t h e  e t h e n e  p o l y m e r i z a t i o n ,  as shown i r i  F i g u r e  5.6)  

For  t h e  s a k e  of ei iergy s a v i n g ,  t h e  e l i m i n a t i o n  oI' t h e  p e i l e t i z -  

100 

90 

80 

70 

20 

10 

0 

P a r t i c l e  Diameter (/"I 

F i g u r e  5 .  The l l r e p l i c a l l  r e l a t i o n s h i p  between t h e  c a t a l y s t  a n d  

p o l y p r o p y l e n e  
' K l O C ,  2 h 

a TiCl4/MgC12*iCgH170H/donor c a t a l y s t  

b PP(7kg/crn2, i n  h e x a n e )  

c pP( 30kg/cm2, p r o p e n e  b u l k  p o l y m e r i z a t i o n )  
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The Pp and c a t a l y s t  p a r t i c l e  s i z e  r a t i o  i s - 2 0  t imes ,  w h i l e  i n  t h e  
c a s e  o f  complex-type c a t a l y s t  and c o n v e n t i o n a l  TiC13.0 .33AlC13 c a t a -  

l y s t ,  t hey  a r e - 1 5  a n d - ?  t imes  r e s p e c t i v e l y  i n  t h e  nexane s l u r r y  

po lymer i za t ion .  N e v e r t h e l e s s ,  q u i t e  d i f f e r e n t  from V ,  t h e  PE par- 
t i c l e s  o b t a i n e d  by u s i n g  t h e  same s p h e r i c a l  c a t a l y s t  have r a t h e r  

rough s u r f a c e ,  l o o s e  s t r d c t u r e  and low bu lk  d e n s i t y ,  i t s  morphology 

i s  much worse than  t h e  c a t a l y s t  i t s e l f .  The r eason  i s  probably  a t t r i -  

bu ted  t o  e t h e n e  p e n e t r a t i n g  f a s t e r  i n t o  t h e  MgC12 c a t a l y s t  subpar -  

t i c l e s  t han  propene,  and  t h u s  b reak ing  i t  down. LVhen Si02 suppor t ed  

C r  c a t a l y s t  i s  used i n  e t h e n e  po lymer i za t ion  under  d r a s t i c  c o n d i t i o n s ,  

t h e  m o r p h o l o ~ y  i s  even worse and a l o t  o f  PL l i n e s  a r e  produced. T h i s  

i s  due t 3  t h e  i n h e r e n t  b r i t t l e  n a t u r e  o f  S i 0 2 ,  which i s  d i f f e r e n t  

from r.lgC12. To slow down t h e  i n i t i a l  r a t e  and ma in ta in  good " r e p l i c a T 1  

r e l a t i o n s h i p ,  p repo lymer i za t ion  i s  proveii t o  be a n  e l ' f e c t i v e  means. 

T:ven under  d r a s t i c  po ly ,ne r i za t ion  c o n d i t i o n s ,  such  a s  2 0  kg/cm2, 

?O°C, prepolyrner iza i ion  can  keep  t h e  p a r t i c l e s  i n t a ~ t . ~ )  T h i s  s u b j e c t  

W i l l  be d i s c u s s e d  i n  more d e t a i l  i n  t h e  fo l lowing  s e c t i o n .  

TIIF: BULK DENSITY 

T h i s  i s  one o f  t h e  most i m p o r t a n t  c h a r a c t e r i s t i c s  Of concern  t o  

p o l y o l e f i n e  manufac tu re r s ,  s i n c e  t h e  d i r e c t  p r o c e s s i n g  o f  poly-  

o l e f i n e  p a r t i c l e s  i s  now b e i n g  i n c r e a s i n g l y  i n t e r e s t e d .  By o u r  expe- 

r i e n c e ,  bu lk  d e n s i t y  is  t h e  parameter most d i f f i c u l t  t o  c o n t r o l  and 

reproduce .  Many f a c t o r s  i n f l u e n c e  i t ,  which have n o t  y e t  been f i g u r e d  

ou t .  For  example,  i m p u r i t i e s  i n  t h e  raw material  f o r  c a t a l y s t  pre-  

p a r a t i o n  w i l l  d e t e r i o r a t e  i t .  :Vhen employing t h e  same k i n d  o f  

s p h e r i c a l  c a t a l y s t ,  i t  i s  found t h a t  t h e  PP o b t a i n e d  e x h i b i t s  a much 

h i g h e r  b u l k  d e n s i t y  than  PE. (Tab le  4 )  

Tab le  4. The bulk  d e n s i t y  o f  p o l y o l e f i n e s  produced by t h e  same 
c a t a l y s t  TiC14/MgC12 EtOH/EB--AlEt3 

7kg/cm2, 7 0 O C ,  2 h ,  i n  hexane 

Konomer C a t a l y s t  a c t i v i t y  , kg/gTi Bulk d e n s i t y  , g/cm3 

e t h e n e  830 0.30 - 0.35 
proFene 220 0.40 - 0.45 

The h igh  i n i t i a l  po lymer i za t ion  ra te  o f  e t h e n e ,  t o g e t h e r  w i th  
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i t s  lower  c o n c e n t r a t i o n  i n  hexane l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e  

monomer d i f f u s i o n  and  mass t r a n s f e r  i n t o  t h e  c a t a l y s t  is  t h u s  t h e  

main r eason  f o r  PEfs low b u l k  d e n s i t y .  By va ry ing  t h e  c a t a l y s t  
p r e p a r a t i o n  c o n d i t i o n s ,  c a t a l y s t s  having  d i i ' f e r e n t  T i %  and  s u r f a c e  
a r e a  can  be o b t a i n e d ,  l ower  T i %  and  h i g h e r  s u r f a c e  a r e a  both a r e  

f a v o r a b l e  t o  t h e  d i i ' f u s i o n  o f  t h e  e thene  molecules  and  hence t o  a 

h i g h e r  b u l k  d e n s i t y  (Fig.  6). 8 )  

I I I 1 I 

2 4 6 8 10 

T i  ( % )  

F i g u r e  6.  Dependence o f  bu lk  d e n s i t y  o f  p o l y e t h y l e n e  on T i  
c o n t e n t  and s u r f a c e  area o f  TiC14*MgC12*EtOH-Al.iBu3 

0 T i  (%, a S u r f a c e  a r e a  

1,ower po lymer i za t ion  t empera tu re  i n c r e a s e s  e thene  c o n c e n t r a t i o n  
i n  hexane and  l o w e r s  t h e  po lymer i za t ion  rate;  t h e  l o n g e r  polymeriza-  
t i o n  time a l l o w s  e t h e n e  t o  f i l l  u p  t h e  i n s i d e  o f  t h e  c a t a l y s t ,  hence 
they  bo th  improve t h e  b u l k  d e n s i t y  (F ig .  7 ) .  8 )  

t i o n s  (room tempera tu re  and  a tmosphe r i c  p r e s s u r e ) ,  e x h i b i t e d  obv ious  
i n c r e a s e  o f  b u l k  d e n s i t y .  (Table  5 )  . 9 )  I n  t h e  c o u r s e  o f  prepolymeri-  

z a t i o n ,  o l e f i n e  polymer izes  and forms a l o o s e  s k e l e t o n  i n  t h e  c a t a -  

l y s t ,  o r  some polymers  a g g r e g a t e  a round t h e  o u t e r  s u r f a c e  o f  t h e  

c a t a l y s t ,  t h u s  s low down t h e  i n i t i a l  ra te  and  f a v o r  t h e  i n c r e a s e  o f  

b u l k  d e n s i t y .  I t  j s found s u r p r i s i n g l y  t ha t ,  i n  c a s e  o f  propene 

P repo lymer i za t ion  o f  o l e f i n e s  t o  a c e r t a i n  e x t e n t  i n  mi ld  condi-  
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0.4 

0.3 

0.2 

0.1 

polymerization tiiiie (min 1 
80 120 

I I 1 1 

55 65 75 85 
1 

polymerization temperature ( O C )  

Figure 7 .  Dependence o f  t he  bulk d e n s i t y  o f  polyethylene on 
t h e  polymerization temperature and time 

o Polymerization temperature 0 Polymerization time 

Table 5 .  'The i n c r e a s e  o f  bulk d e n s i t y  o f  po lyo le f ines  by 

p r  epo lymeri za t i o n  

For ethene: 

For  propene: 

70°C, 7 kg/cm2, 2 h,  i n  hexane 

8 O o C ,  34 kg/cm2, 2 h, bulk polymerizat ion 

-_- Bulk d e n s i t y ,  &/cm3 To ta l  11, % 
Runs Without .dri t h Without With 

prepolymn. prepolymn. prepolymn. prepolymn. 

PE TiCl4/MgC12*Et0H 

- A l E t 3  
Cat. sample 1 0.29 0.33 

C a t .  sample 3 0.24 0.30 

C a t .  sample 2 0.27 0.29 

PP TiC14/MgC12 donor 

- A l E t 3 -  donor 

Cat. sample 1 0.38 0.43 97.6 99.5 
C a t .  sample 2 0.39 0.43 98.3 99.4 
C a t .  sample 3 0.39 0.44 98.1 99.4 
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p o l y m e r i z a t i o n ,  b e s i d e s  bulk  d e n s i t y ,  i s o t a c t i c i t y  i s  a l s o  s i g n i -  

f i c a n t l y  i n c r e a s e d  by p repo lymer i z ing  t h e  c a t a l y s t .  

hexane s l u r r y  po lymer i za t ion  u s i n g  TiC14/MgC1, * i C ; ; H ,  70H-Al iBu  

c a t a l y s t  sys tem,  bulk d e n s i t y  i s  found t o  be a f u n c t i o n  o f  p d l y m e r i -  

z a t i o n  temperaz;ure and o €  1-butene c o n c e n t r a t i o n  (F ig .  ti).'') I t  
shows t h a t ,  i n t r o d u c i n g  1 -bu tene  i n t o  t h e  pa ly i i , e r iza t ion  system 

s lows  down t h e  ra te ,  and  t h u s  i n c r e a s e s  bulk d e n s i t y  o f  TJLDPE polymer. 

I n  t h e  c a s e  o f  ethene-1-butene copo lymer i za t lon  (LLDPE) i n  

3 

1-butene c o n c e n t r a t i o n  ( & )  

0 2 4 6 8 1 rO 
I I I 

0.36 - I 
0 

0.34 

0.32 0 

0.30 I I I I 

50 60 70 80 
po lymer i za t ion  temperatLire ( O c )  

F i g u r e  8. Dependence o f  bu lk  d e n s i t y  o f  LLDPE on t h e  

po lymer i za t ion  t empera tu re  and 1-butene c o n c e n t r a t i o n  

o Po lymer i za t ion  t empera tu re  (1-butene  5%) 
0 1-Butene c o n c e n t r a t i o n  ( 7 O o C )  

As t o  propene p o l y m e r i z a t i o n ,  monomer c o n c e n t r a t i o n  and  

d i i ' f u s i o n  problems a r e  much more advantageous  o v e r  t h a t  o f  ethe:ie, 

l e a d i n g  t o  much h i g h e r  bulk d e n s i t y  o f  PP. 

THE GAS W A S E  ~'OLPF!TS!!IZATION PROCESS 

F o r  PE, t h e  g a s  phase p r o c e s s  h a s  been e x t e n s i v e l y  comi~ier- 

c i a l i z e d .  But f o r  PP, i t  i s  f a r  l e s s  a v a i l a b l e  i n  i n d u s t r y  t h a n  
e i t h e r  s o l v e n t  s l u r r y  p r o c e s s  o r  l i q u i d  propene bu lk  p rocess .  From 

o u r  l a b o r a t o r y  s t u d i e s ,  t h e r e  a r e  no a p p r e c i a b l e  d i f f e r e n c e s  i n  t h e  



S t u d i e s  on O l e f i n  Po lymer i za t ion  1 7 7  

k i n e t i c  c u r v e s  and  the  C *  va lues  f o r  t h e  gas phase po lymer i za t ion  

and t h e  s o l v e n t  s l u r r y  po lymer i za t ion  under  t h e  same working 

co : id i t ions  (r3.g. 9 ) ,  b u t  t h e  kp  va lue  i s  5 - 7  t imes  l a r g e r  i o r  t h e  

formcr.  Consequent ly ,  t h e  a c t i v a t i o n  energy  o f  t h e  former i s  s m a l l e r  

(Tab le  6 ) .  

I I I I I I 

0 LO 40 60 80 100 120 

Time (min. ) 

F i g u r e  9. Comparison o f  po lymer i za t ion  ra te - t ime c u r v e s  

o f  s l u r r y  and  g a s  phase po l j rne r i za t ion  o f  propene 

( T i C l 3 . T i C l q * n B u 2 0 - E t ~ A 1 ~ l  , P  860mm H g ,  5 O o C >  c3 --- G a s  phase po lymer i za t ion  

S o l v e n t  s l u r r y  po lymer i za t ion  

The d e c r e a s e  o f  Ea  a n d  Ep o f  g a s  phase  po lymer i za t ion  may be  

a t t r i b u t e d  t o  t h e  e l i m i n a t i o n  o f  t h e  r e s i s t a n c e  o f  s o l v e n t  molecules .  

A l l  above  d a t a  a re  i n  f a v o r  o f  t h e  gas phase po lymer i za t ion .  G a s  

phase  p r o c e s s  a l s o  e x h i b i t s  t h e  advan tage  o f  t h e  s i m p l i c i t y  i n  

s h i f t i n g  from one  m e l t  f low i n d e x  g rade  t o  a n o t h e r ,  and  t h e  advan- 

t a g e  o f  s a f e t y  (because  o f  no 1arp;e q u a n t i t y  hold-up o f  l i q u i d  

propene  i n  t h e  r e a c t o r ) .  However, t h e r e  must be some b o t t l e n e c k s  

which de layed  t h e  development o f  propene g a s  phase po lymer i za t ion  

p r o c e s s  and caused  i t  t o  l a g  behind.  For  i n s t a n c e ,  f i r s t ,  how t o  

p r e v e n t  t h e  dead s p o t s  i n  g a s  phase r e a c t o r  c a u s i n g  a g g l o m e r a t i o n ,  
as  can  be s u b s t a n t i a l l y  avoided  i n  a s l u r r y  p rocess  ? Second,  s i n c e  

c o l l i s i o n  and  a b r a s i o n  between t h e  s o l i d  p a r t i c l e s  i n  a g a s  phase  
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Tab le  6. A c t i v a t i o n  energy  o f  propcne p d l j m e r i z a t i o n  by d i f f e r e n t  

po lymer i za t ion  inethods 

T i c 1  *TiC14.nBu20-Et2AlC1 3 

- __ - - - 
Polytnn. Temp. Ea EP E 
method i n t e r v a l  Apparent  A c t i v a t i o n  energy  of’ kcal /mol  

OC a c t i v a t i o n  c h a i n  p ropaga t ion  

energy kcal/mol 

kca l/mo 1 

S o l v e n t  s l u r r y  

polymn. 11.30 5.10 

Gas phase 40 - 60 
6.20 

polymn. 5.46 2.08 3.38 
-I_-^_____ 

r e n c t o - -  are  wore s e v e r e ,  i s  i t  p o s s i b l e  t o  o b t a i n  s p h e r i c a l  polymer 

by u s i n g  t h e  co r re spond ing  c a t a l y s t  f o l l o w i n g  t h e  “ r e p l i c e ‘ f  r e l a t i o n -  

s h i p  as can  be done i n  a s l u r r y  p r o c e s s  ? Thus, a f l u i d i z e d  bed 

r e a c t o r  is c o n s i d e r e d  t o  be b e t t e r  t han  a s t i r r e d  v e s s e l  r e a c t o r  i n  

t h e s e  r e s p e c t s .  I n  t h e  l as t  two o r  t h r e e  y e a r s  t h e  gas  phase p r o c e s s  

have been deve lop ing  s u c c e s s f u l l y .  I n  my o p i n i o n ,  t h e  g a s  phase 

p r o c e s s  i s  t h e  most advanced and p r e f e r r e d  p r o c e s s  o f  a l l  t h e  PP 

manufac tu r ing  processes .  
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I n s t i t u t e  o f  Ca ta lys i s ,  Kovosibirsk 630090, USSR 

ABSTBACT 
The s t h t e  o f  a r t  i n  t he  f i e l d  o f  polymerization c a t a l y s t s ,  

i n  which d i r e c t  precursors  of a c t i v e  s i t e s  a r e  obtained by i n t e r -  
ac t ing  organometallic t r a n s i t i o n  metal ccmpounds with sur faces  o f  

oxide supports ,  i s  considered. These c a t a l y s t s  a r e  widely used t o  
s t u d y  fundamental aspec ts  o f  organometall ic chemistry on the  sur- 
f a c e  o f  oxides including aspec ts  o f  t he  mechanism o f  o l e f i n  poly- 
merizat ion.  Some o f  t he  supported organometall ic c a t a l y s t s  a r e  em- 
ployed i n  indus t ry  f o r  t h e  production of  t h e  high-density poly- 

ethylene.  

INTRODUC T I  ON 

Supported organometall ic c a t a l y s t s  can be defined a s  systems 
obtained by supporting organometall ic complexes o f  t r a n s i t i o n  ele- 
ments on var ious c a r r i e r s .  This i s  a r e l a t i v e l y  new and broad c l a s s  

o f  c a t a l y t i c  systems. To our knowledge, t h e  f irst  systems o f  such 

type were prepared by support ing Mo, W and C r  hexacarbonyls over 
A1 0 Petroleum 
i n  B a r t l e s v i l l e  (Oklahoma) i n  t h e  middle o f  60-s. So-obtained systems 
conta in ing  Mo and W ca ta lyzed  metathesis  o f  o l e f i n s  ( thus  t h i s  re- 
markable r eac t ion  was discovered).  The Cr-containing system was ac- 
t i v e  i n  t h e  deep polymerization of ethylene.  La te r  on t h e  research- 
e r s  f r o m  d i f f e r e n t  coun t r i e s  made use o f  n e a r l y  a l l  known metal  
carbonyls ,  both mono- and polynuclear  t o  prepare supported systems 
( s e e  reviews 

gands, such a s  benzyl, a l l y 1  and cyclopentadienyl  l igands ,  which can 
be involved i n  the  p r o t o l y s i s  o f  metal-carbon bond opened up new 

( s e e  Table 1). These systems were used t o  ca t a lyze  a number o f  re- 

by Banks e t  a1.I)  a t  research  c e n t e r  o f  P h i l i p s  
2 3  

I* 2-4) 

Applicat ion o f  organometall ic complexes with o ther  organic li- 

p o s s i b i l i t i e s  o f  obtaining supported organometall ic c a t a l y s t s  5-10) 

181 
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f o r  exarfiple, p c l p e r i z a t i c n  of c l c f i n s  ail(i uiens,  me- 

t a t h e s i s  o f  o l e f in s  and hydrogenation. However, t h e i r  app l i ca t ion  

t o  e thylene polymerization i s  m o s t  comprehensively stuciicd; t he  re- 

I11 I V  v V I  

Table 1. Trans i t ion  metals used for c a t a l y s t  p repara t ion  

the  f o m  o f  t h e i r  homol.eptic MRx compounds capxble  o f  i n t e r a c  

with sur face  hydroxyls ( 4 -OR), + MRx-( f i  -0)MR x-n + nHR). 

elements given i n  c i r c l e s  a r e  a c t i v e  i n  e thylene polymerizzt i  

Dotted c i r c l e  means scarce  pol.ynierization a c t i v i t y  

VII V I I I  
t I I I I I 

1 1 I I 1 I 

i n  

. t ing  

The 

.on. 

s u l t s  o f  t he  inves t iga t ion  o f  these  c a t a l y s t s  can be found i n  some 

e a r l i e r  published”-’4) and i n  qu i t e  recent I5)  reviews. F o r  this 
reason, we do not t h ink  t h e r e  i s  a need t o  cons ider  here a l l  aspec ts  

o f  p repara t ion ,  performance and app l i ca t ion  o f  supported organonie- 

t a l l i c  polymerization c a t a l y s t s .  I n  t h i s  r epor t  we focuse on t h e  

da ta  obtained i n  recent  years  and only b r i e f l y  ou t l ine  some prepa- 

r a t i o n  methods and p rope r t i e s  o f  supported systems. 

INTERACTION OF ORGANOMTTALLIC COniIPOUNDS WITH THE SURFACE OF O X I D E S  

AND REACTIVITY OF THE SURFACE COI!JPLEXE,S FORMED 

We consider  only those systems, which a r e  formed f r o m  t h e  com- 

pounds ab le  t o  t ake  p a r t  i n  p r o t o l y t i c  i n t e r a c t i o n  with sur face  

hydroxyl groups o f  oxides. Alkyl and a l l y 1  t r a n s i t i o n  metal  comp- 
l e x e s  (as wel l  a s  cyclopentadienyl  complexes o f  C r )  r e a c t  with oxide 

supports  v i a  t he  scheme: 

here  f l  
M i s  a t r a n s i t i o n  ruetal; R i s  an organic l igand.  

i s  the  oxide sur face ;  E = S i ,  A l ;  n = 1 +. 3 ;  x = 2 + 4; 
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T h c  Gccurerxe o f  r eac t ion  (1) has been es tab l i shed  from IX 

NMR spectroscopy da ta ,  a s  w e l l  as f r o m  the  chemical ana lys i s  of 

deccmposition products c f  sur face  complexes I6-l8). The r eac t ion  

183 

and 
the  

stoicheometry and the  s u f a c e  composition o f  t h e  complexes obtained 

depend upon the  supported compound, t h e  type of supports and the  
temperature o f  t he  prel iminary dehydration (Td) o f  t he  support ,  

The optimal T d y  a t  which the  highest  c a t a l y t i c  a c t i v i t y  i s  achiev- 
ed, depends on the  type o f  supported organometall ic compounds. For 
example, T d  i s  ca.  100 "C for Zr(CjH ) /Si02 and ca.  800 O C  

Cr(C H ) / S O 2  systems. A s  Td r i s e s ,  t he  molecular mass o f  t h e  po- 
l y n e r  formed has a tendency t o  decrease.  Furthermore, by varying 
T d ,  i s  poss ib le  t o  change d r a s t i c a l l y  t h e  p rope r t i e s  o f  a c t i v e  
s i t e s .  For example, i f  C r ( C , H  ) i s  supported over Si02 a t  Td 300- 
500 "C, one obtains  t h e  a c t i v e  cen te r s  f o r  deep ethylene polymeri- 
zat ion.  A t  Td"600 "C t hese  a r e  mainly t h e  cen te r s ,  a t  which ethy- 

l e n e  i s  converted t o  a complicated mixture of l i q u i d  o l e f i n s  with 
a branched s t r u c t u r e ,  most  probably, due t o  t h e  simultaneous occur- 
ence o f  ol igomerizat ion metathesis  and isomerizat ion reac t ions .  

r e a c t i v e  compounds. They can e a s i l y  transform t o  sur face  hydrides 
a t  heating: 

which determines the  sur face  concentrat ion o f  hydroxyl groups 11). 

f o r  5 4  
5 5 2  

2 5 3  

Surface organometall ic complexes o f  t r a n s i t i o n  elements a r e  

H ~ ,  25 + 150 o c  

( 4  E - OInM-Rm ( fl  E - O)nM-Hm + nHR ( 2) 

( M  : T i ,  Zr, H f ,  R : C3H5, CH C H ). An in te rmedia te  formation o f  
sur face  hydrides seems t o  be t h e  main rou te  lead ing  t o  t h e  formation 

2 6 5  

o f  a c t i v e  s i t e s  o f  t h e  propagation reac t ion :  

( 4 E - O)nM-H + C2H+-( 4 E - O),M-CH 2 3  CH ( 3 )  

A s  evidenced by and NMRl8) data ,  a lky la t ion  o f  sur- 
f a c e  hydrides T i  and Zr, accompanied by ethylene polymerization 
occurs even a t  150 K. 

Apparently, a c t i v e  cen te r s  i n  c l a s s i c a l  chromium-oxide cata-  
l y s t s  of ethylene polymerization a r e  a l s o  produced v i a  t h e  forma- 
t i o n  o f  hydrides. The scheme o f  hydride formation proposed r e c e n t l y  
involves  an oxida t ive  addi t ion  o f  sur face  hydroxyls t o  low-valent 
chromium ions  19): 
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Tempera- Amount o f  

t u r e  o f  hydrogen 

t r e a t -  evolved a t  

ment by thermode- 

H2, "C s o rp t i or1 

150 2.3 

300 1.2 

600 0.1 

Tkius, i n  t h i s  ca se  low-vuient ckiromiu.m ions  ( C r + 2  o r  cr+3> a r e  

t h e  source o f  surfhce hydrides ,  t h a t  i s  o f  t he  d i r e c t  p recursors  o f  

a c t i v e  cen te r s .  The f a c t  t h a t  t h e  a c t i v e  c e n t e r s  i n  these  c a t a l y s t s  

a r e  f ornied f r o m  lorn-valent chromium ions  v!as demonstrzted i n  ea r l -  

i e r  works"), i n  which t h e  number o f  propagat ion cen te r s  had been 

compared with an average oxidat ion number o f  chromium io r i s  i n  ope- 

r a t i n g  c a t a l y s t s .  F i n a l l y ,  sur face  organometall ic compounds ;re 

formed a s  a c t i v e  polymerizat ion c e n t e r s  i n  c l a s s i c a l  chromium-oxide 

c a t a l y s t s  t o o .  Thus, informally,  t hese  c a t a l y s t s  a l s o  belong t o  
"supported organometall ic" systems. 

than t h e  corresponding compounds i n  t h e  s o l u t i o n .  For i n s t ance ,  

while a l l y l  compounds o f  Zr and C r  decompose i n  the  solut ion.  even 

a t  0 O C ,  a l l y l  complexes on the  sur face  o f  t h e  oxides a r e  s t a b l e  a t  

25-50 O C .  Surface hydride complexes o f  T i ,  Zr and H f  a r e  s t a b l e  

even at 150-300 OC. This  provides  t h e  p o s s i b i l i t y  t o  use such comp- 

l e x e s  as c a t a l y s t s  f o r  e thylene polymerizat ion i n  t h e  s o l u t i o n  a t  

Surface organic and hydride metal  complexes a re  more s t s b l e  

150-250 O C .  

* 
Average Predominant su r face  spec ie s  

oxida t ion  formed 

number o f  
T i  ions  

H 
and 10-Ti+3' 3 0' O Ti'H 'H 

lo- 

1:: I:= 

'H 
3.4 

'Ti'3-H 3.4 

2.7 T i + 2  and 01Ti '~  

Table 2. The p rope r t i e s  o f  samples obtained v i a  the  i n t e r a c t i o n  
o f  Ti(CH2C6H5)+ with Si02 as a func t ion  o f  t h e  hydrogen t reatment  

temperature (content  o f  Ti i s  1%) 
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i J : l i U  G I L  itie c o n t c n t  of !?ydrides i n  t h e  sample obta iped  by 

tirlc the Ti(Ck,C EL) /SiO,, system w i t h  hydrogen a t  d i f f e r e n t  
2 L J 4  L. 

t c m p e r s t u r e s  a r e  g iven  i n  Table  2. Kven when heated i n  H2 a t  300 O C  

r::j\iEly 

L ! L ~  cata1ys. l  x i t n  hydrogen a t  660 "C produces low-valent T i  ions, 

which aeserve  a t t e n t i o n  a s  p o s s i b l e  a c t i v e  s i t e s  o f  some c a t a l y t i c  
Ter-ictions. 

a Ti-iT sr,i.cies Yre p r e s e n t  oc t h e  s u r f a c e .  The t rea tment  o f  

max 

C2H4 

mmol M hatan 
--- 

200 

Table 3 .  Date on t h e  number. o f  p ropagat ion  c e n t e r s  ( C  ) corres -  

ponding t o  nnxinum polymer iza t ion  a c t i v i t i e s  ( V  ) o f  v a r i o u s  
suppor ted  organometa l l ic  c a t a l y s t s .  The d a t a  were c a l c u l a t e d  from 

t h e  propagat ion  r a t e  c c n s t a n t  (K  ) measured us ing  I 4 C O  as r s d i o -  
P 

a c t i v e  quenching agent .  Ethylene polymer iza t ion  temperature  was 
80 O C .  

P 
max 

P '  
C 

' m o l / m o l  M 

0.032 

C a t a l y s t  

1500 

380 

0.11 

0.027 

900 

600 

650 

76 

400 

200 

600 

0.048 

0.28 

0.12 

0.058 

0.35 

0.016 

0.05 

K .IO+ 
P 

l / rno l -  s 

0.95 

2.2 

2.2 

0.2 

0.18 

2.2 

2.0 

3.0 

0.3 

10 

a )  C a t a l y s t  was a c t i v a t e d  by t rea tment  w i t h  H2 a t  150 O C .  

b, C a t a l y s t  was a c t i v a t e d  by h e a t i n g  a t  220 O C .  

Hydride s u r f a c e  complexes call t a k e  p a r t  i n  a g r e a t  number of  
r e a c t i o n s :  t h e y  r e a c t  w i t h  o l e f i n s  and d i e n s ,  can e a s i l y  be i n -  
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volved i n  t h e  i so tope  exchange n i t h  D;! an? be decc iqosed  i n  r t i t e r .  

Note, t h a t  t h e r e  i s  a c o r r e l a t i o n  between the  content  of hydride 

hydrogen i n  c a t a l y s t s  and t h e i r  c a t a l y t i c  a c t i v i t y ,  both i n  ethy- 

l e n e  .polymerization and i n  hydrogenation of o l e f i n s  arid beri- 

OrLy p a r t  o f  sur face  organometall ic complexes can be t r ans -  

16) 

z ene 21). 

formed t o  t h e  a c t i v e  c e n t e r s  o f  o l e f i n  polymerization. Evidence f o r  

t h i s  comes f r o m  t h e  da ta  obtained by method o f  r ad ioac t ive  quench- 

i n g  technique with t h e  use o f  C O q 4  ( s e e  Table 3) .  Optimal condi- 

t i o n s  o f  c a t a l y s t  t rea tment ,  t h a t  provide a maximum y i e l d  o f  a c t i v e  

c e n t e r s ,  depend on t h e  composition o f  c a t a l y t i c  systems. For exam- 

p l e ,  t o  a t t a i n  t h e  maximum a c t i v i t y  o f  t h e  M(C H ) /Si02 system 
( M  = Z r ,  Hf) ,  hydrogen t reatment  a t  100-150 O C  has t o  be used. For 

Ivi(BH,)m/Si02 (or A 1 2 0 j )  ( M  = T i ,  Zr, H f ,  U )  hea t ing  a t  150-250 "C 
i s  needed, while f o r  MRx/Si02 (M = T i ,  Z r ;  R = benzyl or norbornyl) 

i t  i s  UV-irradiation. 

3 5 4  

NEW MODIFICATIONS OF SUPPORTED ORGANOIKETALLIC CATALYSTS 

1) .The  use o f  new organometall ic complexes. 

The use o f  carbonyl ,  a l l y l ,  benzyl and cyclopentadienyl  comp- 

l exes  o f  Groups 4 ,  6 and 8 metals f o r  t h e  prepara t ion  o f  support- 

ed organometall ic c a t a l y s t s  i s  a technique which may be considered 

now a s  convent ional  one. Consider now some new ways o f  t h e  prepara- 

t i o n  o f  t hese  c a t a l y s t s  based on t h e  broadening o f  t h e  c l a s s  o f  

compounds used f o r  support ing.  

The attempts t o  use G-organometal1.i~ complexes of Groups 4-5 
elements with such l i gands  as  n e ~ p h y l * ~ )  (-CH2C(CH ) C H ), norbor- 

ny12') and n a ~ h t h y l ~ ~ )  for prepara t ion  o f  supported polymerization 

c a t a l y s t s  have been repor ted  q u i t e  r ecen t ly ,  However, l i t t l e  i s  a s  

ye t  publ ished on t h e  r e s u l t s  o f  t h e  s tudy o f  t hese  systems. The 

system obtained by support ing T i ,  Zr, H f  and U te t rahydrobora te  

complexes 26y27)  has been s tud ied  i n  more d e t a i l .  For t hese  comple- 

xes ,  simple methods o f  syn thes i s  ( t h e  mi l l i ng  of  metal  ch lo r ides  

with LiBH, and f u r t h e r  i s o l a t i o n  of t e t rahydrobora tes  by sublima- 

t i o n )  have been developed28). The complexes a r e  thermally more 

s t a b l e  than 6-organometall ic or a l l y l  complexes and can e a s i l y  be 

d isso lved  i n  a l i p h a t i c  so lvents .  They r e a c t  with sur face  hydroxyl 

groups v i a  t h e  scheme: 

3 2 6 5  
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1 

I I I 

100 200 300 400 
Temperature, C 

The a c t i v i t i e s  of Zr(BH4),/Si02 (I), Zr(BH4),/A1 0 2 3  Figure 1. 

( 2 ) ,  U(BH4)4/S.i02(3) and Ti(BH ) / A 1 2 0 j ( 4 )  c a t a l y s t s  vs  t h e  tempera- 

t u r e  of heat ing i n  vacuum ( t h e  supports were dehydroxylated a t  400 O C ,  

f o r  sample ( 3 )  a t  700 “C). Polymerization o f  C2H4 a t  80 O C  and 6 atm. 

4 3  

(4)  
n 

3 ( 1 E-OH), + M(BH4)m-( 1 E-O)n-M(BH,)m-n + 7 H2 + nBH 

( n  = 1,2; m = 3,4) 

The occurrence of r eac t ion  (4) i s  confirmed by I R  ’7) , m 2 7 a )  data  

and by t h e  ana lys i s  o f  t h e  r eac t ion  products.  The s imi l a r  conclusion 

has been made f r o m  the  s tudy o f  the  i n t e r a c t i o n  between Zr(BH4)4 and 

sur face  hydroxyl groups formed during t h e  oxidat ion o f  t h e  aluminium 
f i l m 2 9 ) o  The evolving BH can e i t h e r  recombine producing diborane or 

r e a c t  with hydroxyl groups: 
3 

The hea t ing  o f  t he  anchored hydroborate complexes l eads  t o  t h e  f o r -  

mation o f  M-H bonds ( I R  absorpt ion bands a t  1560-1570 cm-’ for Ti- 
H,  a t  1665 em-’ f o r  Zr-H and a t  1730 cm-’ for Hf-H) . This formation 

i s  the  necessary s t e p  for providing t h e  c a t a l y t i c  a c t i v i t y .  This 

l a t t e r  s i g n i f i c a n t l y  depends on the  temperature o f  sample pre-heat- 

i ng  ( s e e  Figure 1 ) .  
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Based on I H ,  NhR and checiiczl ana lys i s  d z t a  the  ~ i c o ~ i p . o s i L i o r ~  

of  sur face  te t rnhycroborate  complexes c m  be described as: 

Surface hydrides produced by decomposition o f  sur face  t e t r a -  
hydroborate complexes a r e  highly s t a b l e  up t o  300 "C, a s  suggestea 
by I R  spectroscopy. Compare t o  t he  known ind iv idua l  hydride con- 
pounds, which possess  a f a r  lower thermal s t a b i l i t y ,  e.g. 

[(C H ) T i H I 2  
a t  100 O C .  The high thermal s t a b i l i t y  of sur face  hydrides seems t o  
be due t o  t h e i r  r i g i d  f i x a t i o n  on the  sur face ,  which precludes the  

p o s s i b i l i t y  o f  t h e i r  decomposition v i a  bimolecular reac t ions .  
I n  recent  works,  Burwell and co-workers3' :*, j3) have mentioned 

t h a t  c a t a l y s t s  obtained by supporting organometall ic de r iva t ives  o f  

a c t i n i d e s ,  M(C H ) (CH ) (EU or Th) induce t h e  polymerization o f  

ethylene.  The i n t e r a c t i o n  o f  these  compounds with alumina34) has 
been s tudied  i n  d e t a i l .  A s  found, t h i s  r eac t ion  f o l l o w s  mainly the  
rou te  of t h e  M-CH bond p r o t o l y s i s  by sur face  hydroxyls. Burwel l  e t  

r epor t  a l so  on t h e  high a c t i v i t y  o f  t h e  c a t a l y s t s  obtained i n  
hydrogenation, which i s  almost similar t o  t he  a c t i v i t y  o f  noble me- 

t a l s .  

t i o n  a l s o  were shown35) t o  be c a t a l y t i c a l l y  a c t i v e  i n  e thylene poly- 
merization. It would be i n t e r e s t i n g  t o  examine whether t h e  a c t i v i t y  
o f  t hese  complexes inc reases  a t  t h e i r  support ing on t h e  sur face  o f  
oxides. However, we a r e  unaware o f  any r e l i a b l e  evidence for t h i s  
fac t  (note ,  t h a t ,  t o  our opinion, first r e p o r t s  o f  t h e  a c t i v i t y  of 
so luble  a l l y 1  and benzyl complexes a r e  erroneous because an obser- 
vable  low a c t i v i t y  i s  determined by heterogeneous products of t h e i r  

dec omp o s i  t ion36) . Rec ent  1 y , support  ed c a t  a1  ys t s3' ) f r o m  M [C 5H4- 
CH(CH3)2]3 (M - La, Ce, Pr, Nd, Sm, Dy, Ho,  Tm, Yb) have been pre- 
pared a t  t he  I n s t i t u t e  o f  Ca ta lys i s ;  but t h e  attempts t o  a c t i v a t e  
these  systems for ethylene polymerization have been no success.  

Now l e t  us dwell  on the  use o f  diene complexes of t r a n s i t i o n  

and (C H ) Zr(H)BH4 complexes d e c ~ r n p o s e ~ ~ ~ ~ ~ )  even 5 5 2  5 5 2  

5 5 2  3 2  

3 

Organometallic compounds o f  l an thanides  (Yb, Lu) i n  t h e  solu- 

metals  synthesized r e c e n t l y  by Wilke, Bogdanovich e t  a l .  38,39). The 

c a t a l y s t s  obtained by supporting M(isoprene) ( M  = Mo or W )  over 
Si02 a r e  e f f i c i e n t  i n  o l e f i n  metathesis4') a t  l o w  temperatures ( see  
Figure 2) .  Diene complexes a r e  q u i t e  convinient  f o r  use owing t o  t he  

3 
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15 
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5 

Figure 2. A c t i v i t i e s  o f  t he  c a t a l y s t s  obtained by support ing Mo 
( i soprene)  or W(isoprene) (do t t ed  l i n e )  over Si02 i n  propylene me- 

t a t h e s i s  a t  100 O C  (1) c a t a l y s t  i n  t he  " i n i t i a l "  s t a t e ,  t h a t  is  with- 

out an add i t iona l  t reatment  a f t e r  supporting the  complexes; ( 2 )  

t reatment  with hydrogen a t  100 O C ;  (3) t reatment  with hydrogen a t  

500 OC; (4) treatment with oxygen a t  400 O C ;  (5) treatment o f  t h e  

oxidized c a t a l y s t s  with hydrogen a t  500 OC. Data obtained by A.N. 

S t a r t s e v  and V.N.Rodin. 

3 3 

ease o f  t h e i r  p repara t ion  and t o  t he  higher  s t a b i l i t y  a s  compared t o  
a l l y 1  c ompl exes. 

Data on the  app l i ca t ion  o f  organometall ic complexes t o  c a t a l y s t  

p repara t ion  allows one t o  compare systems i n  both metal  and l i gand  

s e r i e s  (Table 4). This comparison i s  based on t h e  da ta  on t h e  ac t i -  

v i t i e s  r e g i s t e r e d  under i d e n t i c a l  condi t ions  ( e q e r i m e n t s  made a t  

t h e  I n s t i t u t e  o f  Ca ta lys i s ) .  Ca ta lys t s  were ac t iva t ed  i n  optimal 

condi t ions  ( i t  i s  not excluded, c e r t a i n l y ,  t h a t  we f a i l e d  t o  f i n d  

optimal condi t ions f o r  some o f  t he  systems). From the  da ta  obtained 

we may conclude that;: 

1. I n  a l l  cases  the  a c t i v i t y  increases  when passing from T i  t o  Zr 
and H f .  This  i s  due t o  t h e  inc rease  i n  t h e  number o f  ac t ive  cen te r s ,  

which i n  tu rn ,  seems t o  r e s u l t  f r o m  t h e  growth o f  t he  s t a b i l i t y  o f  
hydride and organometall ic complexes i n  t h e  order  T i - Z r - H f .  

2. Upon varying organic l i gands ,  t he  complexes which can e a s i l y  
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Table 4. Ac-tivity o f  various s u p p o r t e d  c a t a l y s k s  p r c p z r e d  x i t h  

t h e  use of‘ homoleptic KRX compounds i n  C,;H 

i n  g C2 H4/mmol M- h. atm 
pGlymei’iz:ationo A.ctivii;y 1 4  

I 30 3 70 

35 90 

0 850 

1 T i  on 

Si02 A12@, 
~~ 

Ally1 

Benzyl 

Naphthyl 

Norbornyl 

2 yc 1 op en t  a- 
iii enyl  

BH, 45 220 

Zr. on 

Si02 A 1 2 0 ,  , 

180 280 

70 2400 

40 500 

300 1000 

H f  en 

SiO, i A120:, 

20 1300 

100 280 

C r  on 

Si02 

300 

250 

f o r m  hydride sur face  complexes, possess  t h e  h ighes t  a c t i v i t y .  
Note, t h a t  t h e  s t a b i l i t y  o f  su r f ace  organometall ic complexes 

inc reases  i n  t h e  order :  a l l y 1 4  b e n z y l L  caphthyl  L norbornyl.  
The systems on alumina a r e  more a c t i v e  than those on s i l i c a  

( i t  i s  important t o  t e l l  t h a t  f o r  t h e  purpose o f  polymerizat ion 

granules  of oxide supports  with l a r g e  pores  should be used, such 
granules  decompose t o  elementary p a r t i c l e s  during t h e  polymeriza- 

t i o n  process  and, t hus ,  provide t h e  p a r t i c i p a t i o n  o f  t h e  whole sup- 
p o r t  su r f ace  i n  t h e  r e a c t i o n  prevent ing i t s  blocking by t h e  poly- 
mer 41). 

2. Applicat ion o f  new supports  
The work has been c a r r i e d  out  r e c e n t l y  a t  t h e  I n s t i t u t e  o f  Ca- 

t a l y s i s  on t h e  use o f  supports  with low su r face  a reas  f o r  t h e  pre- 

p a r a t i o n  o f  supported organometall ic systems. The ob jec t ive  o f  
t h i s  r e sea rch  was t o  ob ta in  polymer iza t ion- f i l l ed  composite mate- 
r i a l s ,  i n  which t h e  polymer and t h e  support  would be i n  commensur- 
ab le  proport ions.  Data on t h e  polymerizat ion a c t i v i t i e s  o f  var ious  
systems a r e  l i s t e d  i n  Table 5. It i s  seen t h a t  t h e  a c t i v i t y  p e r  1 

mol o f  t h e  metal  i s  no t i ceab ly  lower than i n  t h e  case  o f  Si02. S t i l l  
t h i s  a c t i v i t y  i s  s u f f i c i e n t  t o  ob ta in  ma te r i a l s  with s e v e r a l  grams 
o f  t h e  polymer p e r  1 g o f  t h e  support .  A s  i s  shown by scanning 
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TaLle 5. 
v, i th  n a t u r a l  s i l i c a t e s .  Dehydrdtiori temperature of' supports was 

Da ta  on  c a t d i y s t s  prt;pi."ie;d by i n t c r a c t i o n  G f  Zr(EH+)4 

300 0c42). 

S upp o r  t and 

i t s  BET sur- 
f z c  e 

Tufa 

(2.6 m 2 m  

(2.7 m 2 m  
Pumice 

Kaolin 
r 

(12.6 m'/g) 

Content o f  Zr 
2 m o l / m  

Y.10-6 

4 - loW6 

2 

11 

11 

27.10-6 

Acti 

C2H4 

g cataheatm 

0.3 

0.4 

0.3 

=I m m o l  Zr-heatm 

I 28 

:: j 
e lec t ron  microscopic da t a  (Figure 3) ,  t he  polymer evenly envelopes 
t h e  sur face  o f  t h e  mineral  support .  The s t a r t i n g  mater ia l s  a r e  
p r a c t i c a l l y  nonporous ( s e e ,  e.g., micrographs o f  t u f a  p a r t i c l e s  i n  

Figure 3a).  In t h e  sample, containing about 10% o f  t h e  polymer (Fi-  
gure 3b) ,  t h e  f o r m  and t h e  s i z e  o f  p a r t i c l e s  d.0 not change. Thin 

polymeric threads  a r e  observed, but t h e i r  weight cannot achieve 
10% o f  t he  t o t a l  mixture. Thus, t he  predominant p a r t  o f  t h e  poly- 
mer i s  i n  t h e  f o r m  o f  t h e  f i l m  ( - 0 . 1 ~  ) t h a t  covers t u f a  p a r t i c -  
l e s .  A s  t h e  content  o f  t he  polymer inc reases  up t o  50%, f ace t ed  
p a r t i c l e s  a r e  no more observed; i n s t ead  elongated and rounded par- 

t i c l e s  appear i n  the  ma te r i a l  ( s ee  Figure 3c) .  A f i b rous  s t r u c t u r e  
o f  t h e  polymeric f i l m  i s  c l e a r l y  seen a t  t he  cracks.  A t  increas ing  

the  content  o f  t he  polymer i n  t h e  sample up t o  ca. 85%, t h e  poly- 
meric f i l m  cracks,  and worm-like formations with a 0.5-2/u diame- 
t e r  produced i n  the  mater ia l .  From the small  s i z e  o f  t hese  forma- 
t i o n s  we may judge t h a t  they  do not have t h e  mineral support  in-  

s ide .  Rather,  they  a r e  polymeric s t r u c t u r e s  which have come o f f  t h e  
ma te r i a l  surface.  A dense coverage o f  inorganic  mater ia l s  with t h e  
polymeric f i l m  a t  t he  polymerization makes i t  poss ib l e  t o  ob ta in  
a uniform by f i l l e d  ma te r i a l  o f  good mechanical s t r eng th ,  provided 

t h e  content  o f  t he  polymer i n  the  mixture i s  5O-lOO% (by weight 

o f  t h e  mineral  support) .  
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a b 

C 

Figure  3. SEM micrograph o f  t h e  samples o f  t u f a  ( a )  and f i l l e d  

polyethylene obtained o n  Zr(BH4)4/tufa with polyethylene content  

(b) 11% w t . ,  ( c )  50% w t . ,  (d )  85% w t .  

SUPPORTED ORGANOMETALLIC CATALYSTS AS OBJECTS OF THE STUDY OF 

THEORETICAL PROBLEMS OF CATALYSIS 

One of t he  authors43) has a l ready  considered why t h e  systems 

obtained v i a  anchoring metal  complexes a r e  advantageous f o r  theore- 

t i c a l  s tud ie s  o f  c a t a l y s i s  problems. These advantages a r e  primari-  

l y  assoc ia ted  with the  p o s s i b i l i t y  o f  purposeful  synthes is  o f  ac- 
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Figure 4. 

I I I 

1400 1500 1600 1700 2800 290j 3000 
3, cm-1 

I R  spec t r a  o f  Zr(BH4),/Si02 c a t a l y s t  p re t r ea t ed  

with ethylene and carbon mocoxide: (1) Zr(BH4),/SiOZ ac t iva t ed  by 

hea t ing  i n  vacuum a t  220 OC; (2)  e thylene adsorpt ion on sample (1) 

a t  room temperature; ( 3 )  treatment o f  sample ( 2 )  with hydrogen a t  

100 OC; (4)  C O  adsorpt ion on sample (1) a t  40 OC. 

t i v e  cen te r s  and with t h e  p o s s i b i l i t y  t o  ob ta in  more homogeneous 

sumface compositions a s  compared t o  convent ional  methods o f  prepa- 

r a t i o n .  This l a t t e r  f a c t  ensures more unambiguous information ob- 

t a ined  with the  use o f  phys ica l  methods. 

a r e  those  r e l a t e d  t o  t h e  mechanism o f  t h e  formation o f  a c t i v e  cen- 

t e r s  and t o  t he  mechanism o f  polymerization. 

When inves t iga t ing  c a t a l y s t s  conta in ing  sur face  T i ,  Zr o r  Hf 
hydrides ,  i t  i s  poss ib l e  t o  follow t h e  i n s e r t i o n  of ethylene i n t o  

t h e  M-H bond, F o r  example, ethylene adsorpt ion on t h e  c a t a l y s t  even 

a t  200 K l eads  t o  t h e  disappearance o f  t h e  adsorpt ion bands corres-  
ponding t o  l)M-H (1665 em-’, s ee  curve 1 i n  Fig. 4) and t o  t h e  ap- 

pearance o f  absorpt ion bands a t  2800-3000 em-’ and one band a t  

1465 em-’ a t t r i b u t e d  t o  methyl and methylene groups o f  t h e  polymer 

formed. These changes o f  spec t r a  correspond t o  t h e  fol lowing reac- 

I n  t h e  case  o f  polymerization, t h e  problems of primary concern 
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- t ions  : 

4 ~ - H  - 2H4 4 ~ - c  H - ~ M ( c ~ H ~ ) , c ~ H ~  nC 2Hq. 2 5  

The t reatment  o f  t h e  c a t a l y s t s  by H2 p a r t l y  r e s t o r e s  t h e  bands o f  

which i n d i c a t e s  t he  hydrogenolysis o f  t h e  metal-alkyl bond 
(F igure  4, curve 3): 

'JM-H 9 

(9) H2 
jM-(C2H4)fi-C2H5 - qM-H + H(C2Hq)n - C2R5 

Thus, sur face  hydride compounds a r e  d i r e c t  precursors  o f  a c t i v e  
c e n t e r s  . 

C O  adsorpt ion o f  hydride complexes o f  Z r  i s  of a r e v e r s i b l e  
c h a r a c t e r  up t o  0 OC. The temperature r i s e  up t o  20 O C  l eads  t o  

i r r e v e r s i b l e  changes i n  t h e  I R  spec t r a  ( s e e  Figure 4, curve 4). 

The t reatment  o f  such samples with hydrogen a t  100 O C  does not  re- 
s u l t  i n  t he  formation o f  t he  4.-H bonds. The da ta  obtained evidence 

t h a t  GO i n s e r t s  i n t o  t h e  

( y c o  = 1540 cm 

4 Z r - H  bond producing formyl complexes 
-1 

) :  

When su r face  formyl complexes a r e  decomposed by water,  methanol i s  
de tec ted  i n  t h e  decomposition products. 

Zr and T i  hydride complexes i n  the  s o l u t i o n  does not  y i e l d  formyl 
complexes, but gives  t h e  products o f  biomolecular i n t e r a c t i o n  bet- 
ween in te rmedia te  formyl complexes and t h e  metal  hydride ( see  e.g. 

A s  d i s t i n c t  f r o m  sur face  compounds, t h e  i n t e r a c t i o n  o f  GO with 

44)). 

The supports  conta in ing  sur face  low-valent ions  obtained by 
reduct ion  o f  anchored organometall ic complexes o f  Group 4 metals 
have been used r e c e n t l y  t o  s tudy t h e  na tu re  o f  t h e  "s t rong i n t e r -  
ac t ion  between t h e  metal  and t h e  support" (SIMS). The discovery 
o f  t h i s  phenomenon 45), which impl ies  unique p rope r t i e s  o f  metal  

p a r t i c l e s  on T i G 2 ,  La 0 and o ther  oxides capable o f  being reduced 
has been followed by a g r e a t  f low o f  works aimed a t  an i n s i g h t  in- 
t o  i t s  nature .  However, one can no t i ce  t h a t  t h e  s i m i l a r  change i n  
t h e  p r o p e r t i e s  o f  supported metals has been described e a r l i e r  
f o r  c a t a l y s t s  conta in ing  metal  p a r t i c l e s  s t a b i l i z e d  on sur face  low- 

va l en t  ions  o f  Mo and W. These changes have been accounted f o r  by 

2 3  

46-48) 
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t he  i n t e r a c t i o n  cf dispersed  metal  > a r t i c l e s  w i t ‘ ?  low-valent ions 
on t c e  sur face  o f  oxides. It can reasonably be proposed t h a t  ions 

o f  Group 4 elements cause t h e  s i m i l a r  v a r i a t i o n s  i n  the  p rope r t i e s  

o f  supported metal Gar t i c l e s .  T o  v e r i f y  t h i s  i dea ,  Ni, Pd o r  P t  

were supported f r o m  t h e i r  X-ally1 complexes over Si02 modified 

by T i ,  Z r  or H f  hydrides or ions  obtained f r o m  organometall ic com- 

plexes.  So-obtained c a t a l y s t s  revea l  SIMS e f f e c t s  ( f o r  Ni-contain- 

ing  systems see9) ) :  

(i) increase  o f  t he  s t a b i l i t y  o f  me ta l l i c  p a r t i c l e s  t o  s i n t e r i n g ;  

( i i )  increase  o f  t he  a c t i v i t y  i n  C O  hydrogenation; and 

( i i i )  decrease o f  t he  a c t i v i t y  i n  hydrogenation o f  benzene and 

Once t h e  c a t a l y s t s  a r e  oxidized and then reduced a t  moderate tem- 

pe ra tu res ,  t hese  e f f e c t s  disappear a s  i n  t h e  case  o f  Ti02 

Zr02 systems. An X-ray photoelectron spectrometer r e g i s t e r e s  t h e  

f a l l  o f  t he  s igna l  i n t e n s i t y  f r o m  T i  and Zr ions  when support ing 

Group 8 metals on Ti/Si02 and Zr/Si02 samples. A l l  these  da t a  evi- 

dence t h a t  t he  reason f o r  t he  v a r i a t i o n  i n  t h e  p rope r t i e s  o f  metal- 

l i c  p a r t i c l e s  on Ti02 and Z r 0 2  may a l s o  be t h e i r  i n t e r a c t i o n  with 

sur face  low-valent ions.  

hydrogenolysis o f  ethylene.  

and 

PRACTICAL VALUE OF SUPPORTED CATALYSTS OF ETHYLENE POLYMERIZATION 

Now we compare var ious  supported polymerization c a t a l y s t s .  If 

these  systems, inc luding  c l a s s i c a l  chromium-oxide c a t a l y s t s ,  a r e  

considered a t  t he  propagation s t e p ,  they  can be regarded a s  “sup- 

ported organometall ic” c a t a l y s t s  s ince  t h e i r  a c t i v e  cen te r s  a r e  

sur face  organometall ic species .  The r o l e  o f  t h e  process o f  poly- 
e thylene production on chromium-oxide c a t a l y s t  i s  as ye t  very  high 

i n  the  s l u r r y  technology o f  production o f  high-density polyethylene. 

I n  t h e  new process o f  t h e  gas phase polymerization developed by 

Union Carbide Co. t he  fol lowing c a t a l y s t s  a r e  used: 

a )  C r 0 2 (  OSiPh ) /Si02 ac t iva t ed  by diethylaluminiumetoxide. This 

c a t a l y s t  provides a high y i e l d  o f  polyethylene with a broad mole- 

c u l a r  mass d i s t r i b u t i o n  (MMD). This  c a t a l y s t  can be s u b s t i t u t e d  i n  

t h e  i n d u s t r i a l  process  by the  C r O  / S O 2  system subjected t o  a spe- 3 
c i a 1  ac t iva t ion .  

c i f i c  f e a t u r e  o f  t he  polymer i s  the  narrow MMD. The c a t a l y s t  has a 

3 2  

b) Cr(C H ) /Si02 a l so  provides a high y i e l d  o f  polyethylene.  Spe- 5 5 2  
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Table b. Ccn,: ~ r i s ~ n  ci tkLc r o p c r t i e s  ci v d r i o d s  S L L G ~  o r t e e  ca- 

t a l y s t s  used f o r  t h e  i n d u s t r i d  production o f  polyethylene 

; a t t i lys t  

:rC2[O-Si(C6H 5 3 2  ) 1 / 
3i02 + A1Et20Et 

: r ( C  H ). /Si02 5 5 2  

Polyme- 
ri z a t  ion  
? roc  ess  

gas-p has e 
20 atrn, 
100 OC 

gas-phas e 
20 atm, 
100 O C  

s l u r r y  

1 2  atm, 
70-90 O C  

Act iv i ty  under P rope r t i e s  o f  t he  

ccnd i t ions  o f  po lyner  obtained 
i n d u s t r i a l  ap- 

u l i c a t i o n  

IL”2; 
unique property,  t h a t  i s  t h e  molecular mass can e a s i l y  be regulat-  
ed by H2. It has not  been succeeded 
c a t a l y s t  by c a t a l y s t s  obtained with t h e  use o f  more simple inorga- 
n i c  chromium compounds. 

um systems, and apparent ly ,  can be used i n  t h e  technology o f  pro- 
duction o f  polyethylene o f  var ious  types.  

s o  f a r  t o  s u b s t i t u t e  t h i s  

Supported zirconium-orgacic c a t a l y s t s  a r e  a s  a c t i v e  a s  chromi- 

C OEC LUS I ONS 
The i n t e r a c t i o n  o f  organometall ic systems with su r face  func- 

t i o n a l  groups o f  t h e  support  i s  the  d i r e c t  method f o r  t h e  synthe- 
s i s  o f  neares t  p recursors  o f  a c t i v e  c e n t e r s  o f  e thylene polymeri- 
za t ion .  The complete u t i l i z a t i o n  o f  t h e  supported metal  i n  t h e  
formation o f  ac t ive  cen te r s  i s  not ye t  achieved, but a t  p resent  t h e  
number of a c t i v e  c e n t e r s  can reach up t o  30% o f  t h e  supported me- 

t a l .  
The i n t e r a c t i o n  o f  organometall ic complexes with sur face  hydro- 
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x y l  t r o u p s  makes it possible to obtain active catalysts f o r  ethy- 
lene polymerization. It does not allow, however., preparation of 

sterespecific catalysts of d-olefin polymerization. The search 
f o r  systems,  obtained by the interaction of organometallic com- 
pounds with more complex functional groups, which would provide 

steric control of the propagation reaction in supported organome- 
tallic systems, seems to be of great importance for future deve- 

lopment. 
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C H E L A T E  COMPLEXES OF N I C K E L :  CATALYSTS FOR THE OL IGOMERIZATION/POLY-  

M E R I Z A T I O N  OF ETHYLENE 

W .  K e i m  

I n s t i t u t  f u r  T e c h n i s c h e  C h e m i e  u n d  P e t r o l c h e m i e  d e r  R h e i n i s c h - W e s t -  

f a l i s c h e n  T e c h n i s c h e n  H o c h s c h u l e  A a c h e n ,  W o r r i n g e r  Weg 1 ,  

D5100 A a c h e n ,  F R G  

ABSTRACT 

A n u m b e r  o f  u n i - c o m p o n e n t  c o m p l e x e s  f o r  t h e  o l i g o m e r i z a t i o n /  

p o l y m e r i z a t i o n  o f  e t h e n e  a r e  p r e s e n t e d .  T h e  c o m p l e x e s  a r e  c h o s e n  

among  s q u a r e  p l a n a r  n i c k e l  c o m p l e x e s ,  w h i c h  p o s s e s s  a f i v e - m e m b e r e d  

c h e l a t e  r i n g  c o n t a i n i n g  a t  l e a s t  o n e  p h o s p h o r o u s  a t o m .  B e s t  r e s u l t s  

w e r e  o b t a i n e d  w i t h  P 0 - c h e l a t e s  y i e l d i n g  h i g h l y  l i n e a r  o l i g o m e r s  

( a - o l e f i n s )  a n d  p o l y m e r s .  T h e  u s e  o f  a m i n o - b i s ( i m i n 0 ) p h o s p h o r a n e s  

a s  l i g a n d s  g a v e  p o l y m e r s ,  w h o s e  p h y s i c a l  p r o p e r t i e s  l i e  b e t w e e n  t h o s e  

o f  h i g h - p r e s s u r e  p o l y e t h y l e n e  a n d  E P D M .  

I n t r o d u c t i o n  

T h e  oligomerizationlpolymerization o f  e t h e n e  c a n  b e  c a r r i e d  

o u t  w i t h  a v a r i e t y  o f  c a t a l y s t  s y s t e m s .  B e s t  k n o w n  a r e  c a t a l y s t s  

c o n s i s t i n g  o f  a t r a n s i t i o n  m e t a l  s a l t  c o m b i n e d  w i t h  a r e d u c i n g  a g e n t .  

B u t  a l s o  u n i - c o m p o n e n t  c o m p l e x e s  h a v e  b e e n  r e p o r t e d  t o  c a t a l y s e  oli- 

gomerizations/polymerizations. T h e  q u e s t i o n  a r i s e s  w h e t h e r  b o t h  c a t a -  

l y s t  p r e p a r a t i o n  m e t h o d s  w i l l  l e a d  t o  i d e n t i c a l  c a t a l y t i c  i n t e r m e d i a t e s  

( F i g u r e  1 ) .  

T h e  u s e  o f  u n i - c o m p o n e n t  c o m p l e x e s  a s  s t a r t i n g  m a t e r i a l  

o f f e r s  a v a r i e t y  o f  a d v a n t a g e s ,  e s p e c i a l l y  f o r  u n d e r s t a n d i n g .  F o r  

i n s t a n c e ,  s p e c t r o s c o p i c  i n  s i t u  i n v e s t i g a t i o n s  a r e  l e s s  c o m p l e x  c o m p a r e d  

t o  t h o s e  u s i n g  Z i e g l e r - N a t t a  t y p e  c a t a l y s t s .  A f u r t h e r  a d v a n t a g e  

r e s t s  i n  t h e  a m e n a b i l i t y  t o  t a i l o r  t h e  l i g a n d  f i e l d  i n  t h e  c o m p l e x e s  

t h u s  p r o v i d i n g  s t r u c t u r a l  d a t a .  B u t  o n e  a l w a y s  m u s t  k e e p  i n  m i n d  

t h a t  t h e  u n i - c o m p o n e n t  c o m p l e x  i t s e l f  i s  n o t  t h e  t r u e  c a t a l y s t  a n d  

s e r v e s  o n l y  a s  p r e c u r s o r .  

2 0 1  
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Transition metal salt/reducing agent 

ethene 1 
i n t ermedi ate 

ethene t 
Uni-component complex 

Figure 1. Different ways for catalyst preparation 

Results 

Some years ago, we initiated a program to investigate the oligo- 

merization of mono olefins by nickel complexes ( 1 - 3 ) .  For our cata- 

lyst selection the model shown i n  Figure 2 was chosen 

chelate square planar 

X = Y and X # Y 

Y - L; X = donor, Y = acceptor 

L 1  and L 2  must dissociate easily 

Figure 2. Model for mono olefin oligomerization 

Square planar nickel complexes provide appropriate orbitals 

to interact with incoming olefins. Chelate ligands favor square planar 

structures. I n  addition, the chelate should minimize the chance of 
coordinating olefins formed during the catalytic cycle. The ligands 

X and Y were chosen among soft and hard ligands. The ligands L 1  and 

L 2  should easily dissociate, thus providing empty coordination sites 

for the olefins to be oligomerized. The effect of the change on the 

metal and the attainment o f  an(l8-valence shell of electrons are 

also two strong forces in determining preferred coordination number. 
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A c c o r d i n g  t o  F i g u r e  3 t h e  c o m p l e x  1 was  s y n t h e s i z e d  w h i c h  c o n -  

s i s t s  o f  a m i x t u r e  o f  t w o  i s o m e r s  ( 4 ) .  

e 
F i g u r e  3 .  S y n t h e s i s  o f  P 0 - c h e l  a t e  c o m p l e x  a 

T h e  a d d i t i o n  o f  e t h e n e  t o  a t o l u e n e  s o l u t i o n  o f  - 1 y i e l d e d  l i n e a  

a - o l e f  i n s .  

T a b l e  1 .  R e s u l t s  o f  b a t c h  o l i g o m e r i z a t i o n  o f  e t h y l e n e  w i t h  c a t a -  

l y s t  1 

- 3  T, ‘C ‘ C 2 H 4 ,  1 0  Feat., c o n v e r s n ,  
-1  

m o l -  % N ,  s B C 1 0 - C 2 0  m o l  L - ’  
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2 . 7 0  

3 . 3 9  

2 . 6 4  

0 . 9 9  

5 . 0 0  

2 . 2 7  

2 . 2 9  

2 . 3 2  

5 3  

5 9  

5 0  

4 1  

3 2  

3 0  

1 5  

2 4  

6 5  

9 

6 2  

6 9  

0 . 1 4  

0 . 2 3  

0 . 4 7  

0 . 5 7  

0 . 6 2  

0 . 5 7  

0 . 4 8  

0 . 7 1  

0 . 5 3  

0 . 1 7  

1 . I 2  

1 . 8 3  

0 . 3 9  

0 . 3 0  

0 . 2 9  

0 . 2 9  

0 . 3 0  

0 . 3 4  

0 . 5 0  

0 . 2 4  

0 . 3 7  

0 .16 

0 . 1 0  

0 . 1 0  

C a p i l l a r y  G C  a n a l y s i s  a f t e r  3 5 - m i n  t o t a l  r e a c t i o n  t i m e ;  p r o d u c t s  a r e  

> 9 9  % l i n e a r ;  a - o l e f i n  c o n t e n t  > 9 5  %. 
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I n  T a b l e  1 t h e  r e s u l t s  o f  t h e  o l i g o m e r i z a t i o n  e x p e r i m e n t s  a r e  

s u m m a r i z e d .  A f t e r  t h e  a u t o c l a v e s  a r e  c h a r g e d  a t  r o o m  t e m p e r a t u r e  

a n d  i m m e r s e d  i n t o  a h e a t  b a t h ,  t h e r m a l  e q u i l i b r i u m  i s  r e a c h e d  w i t h i n  

3 - 5  m i n ,  u p o n  w h i c h  t h e  c a t a l y t i c  r e a c t i o n  c o m m e n c e s  i m m e n d i a t e l y  

a s  r e c o r d e d  b y  t h e  p r e s s u r e  d r o p .  A t  2 5 ° C  - 1 s h o w s  n o  a c t i v i t y .  F r o m  

t h e  i n i t i a l  r a t e s  s p e c i f i c  t u r n o v e r  n u m b e r s  N ( m o l  o f  e t h y l e n e  p e r  

m o l  o f  N i  p e r  s )  a r e  c a l c u l a t e d .  T h e  r a t e  i s  f i r s t - o r d e r  i n  c a t a -  

l y s t  c o n c e n t r a t i o n .  P l o t t i n g  1 / N  o v e r  r e c i p r o c a l  e t h y l e n e  c o n c e n -  

t r a t i o n  r e s u l t s  i n  a s t r a i g h t  l i n e ;  o n l y  a t  v e r y  h i g h  c o n c e n t r a t i o n s  

o f  C 2 H 4  i s  a d e v i a t i o n  o b s e r v e d ,  p r o b a b l y  d u e  t o  a s o l v e n t  e f f e c t  

o f  t h e  s u b s t r a t e  i t s e l f .  T h i s  s o - c a l l e d  L i n e w e a v e r - B u r k  d i a g r a m  i s  

i n  g o o d  a g r e e m e n t  w i t h  t h e  p r o p o s e d  M i c h a e l i s - M e n t e n - t y p e  m e c h a n -  

n i s m  ( 5 ) .  T h e  o l i g o m e r s  a r e  p r a c t i c a l l y  1 0 0  % l i n e a r  a n d  t h e  a - o l e f i n  

c o n t e n t  r a n g e s  f r o m  9 5  % t o  99'  %. T h i s  u n d e r l i n e s  t h e  r e m a r k a b l e  

s e l e c t i v i t y  o f  1 f o r  e t h y l e n e  o n l y .  

I n t e r e s t i n g l y ,  i f  c o m p l e x  - 1 i s  s u s p e n d e d  i n  n - h e x a n e  o n l y  h i g h  

d e n s i t y  l i n e a r  p o l y e t h y l e n e  o f  m o l e c u l a r  w e i g h t s  u p  t o  o n e  m i l l i o n  

i s  f o r m e d .  S i m i l a r  r e s u l t s  a r e  o b t a i n e d  o n  s u p p o r t i n g  1 t o  A 1 2 0 3  a n d  

u s i n g  n - h e x a n e  a s  s o l v e n t .  I t  i s  n o t e w o r t h y  t h a t  t h e  p o l y m e r i z a t i o n  

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

p o t e n t i a l  c a n d i d a t e s  f o r  t h e  oligomerizationlpolymerization o f  

f u n c t i o n a l  g r o u p  c o n t a i n i n g  m o n o m e r s .  

A r e a c t i o n  m e c h a n i s m  a c c o u n t i n g  f o r  t h e  p r o d u c t s  o b t a i n e d  i s  s h o w n  

i n  F i g u r e  4 .  START I N 0 1 STEP 

F i g u r e  4 .  R e a c t i o n  m e c h a n i s m  f o r  e t h e n e  o l i g o m e r i z a t i o n  
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A widely accepted mechanism for olefine oligomerization invokes 

metal hydrides as active species. The formation of a nickel-hydride 

from 1 can easily be explained according to equation ( 1 )  

f -  
P 0 = (I,PCH,COO 

Indeed, 7 % 1,5-cyclooctadiene, 3 4  % 1,4-cyclooctadiene, 8 % 

1,3- cyclooctadiene and 31 % Cyclooctene could be detected by GC 

analysis. However, all attempts to identify a nickel-hydride - even 

under reaction conditions using high pressure NMR (6) - failed. 

Therefore, one is forced to refer to analogous systems were hydrides 

have been isolated (7) or argue with known model reactions o f  metal- 

hydrides. It is not possible to completely rule out other mechanisms 

as depicted i n  Figure 5. 

* oligomers C H2=C H R 
LnM ------t LnM 

CH2=C H R R 
LnM-MLn t LnM(CH2-bH),-MLn - 01 igorners 

CR H 

* oligorners Ln M t Ln M o l e f l n  -- LnMCH2-?H- CR2 -- 
R2?H CH2=CHR 3 1  

R 

Figure 5. Possible reaction mechanisms for olefine oligomeri- 

zation (7). 

The use o f  OP(CHzCOOH)z and P(CH,COOH)3 in combination with 

(cod),Ni yielded only h i g h  density polyethylene. 

Further insight in the delicate nature o f  the chelate ligand 

necessary elucidated experiments using ligands such as 0,P(CH2),COOH 

(n = 2 , 3 ) ,  0,PCHZCH20H, 0zPCH2CH2SH, 0zPCHzCH2NH2. All those ligands, 

upon reaction as desribed i n  Figure 3, yielded inactive systems. 
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A p p l y i n g  (d P (CH2)nCOOH ( n  = 2 , 3 )  c o u l d  r e s u l t  i n  a t o o  l a r g e  c h e l a t e  

r i n g .  
2 

( 6  o r  7 m e m b e r e d  r i n g s  v e r s u s  a s m e m b e r e d  r i n g  i n  1) 

T o  u n d e r s t a n d  t h e  r e q u i r e m e n t s  o f  t h e  l i g a n d  f i e l d  b e t t e r  i t  
n 

a p p e a r e d  o f  i n t e r e s t  t o  i n v e s t i g a t e  t h e  d e m a n d s  o f  t h e  P 0 - c h e l a t e  

i n  m o r e  d e t a i l .  A c c o r d i n g  t o  e q u a t i o n  2 c o m p l e x  2 c o u l d  b e  i s o l a t e d  

a n d  i t s  s q u a r e  p l a n a r  s t r u c t u r e  - a s  r e q u e s t e d  b y  t h e  m o d e l  i n  F i g u r e  

1 - c o u l d  b e  c o n f i r m e d  b y  x - r a y  a n a l y s i s  ( 5 ) .  

R e a c t i o n  o f  a t o l u e n e  s o l u t i o n  o f  t h e  c o m p l e x  2 w i t h  e t h y l e n e  

( 5 0  b a r )  a t  50°C  a f f o r d s  n - o l e f i n s  w h i c h  a r e  u p  t o  9 9  % l i n e a r  a n d  

c o n s i s t s  o f  u p  t o  9 8  % o f  a - o l e f i n s .  T h e  o l e f i n s  u p  t o  C 3 0  a n a l y -  

z e d  b y  g a s  c h r o m a t o g r a p h y  a r e  p r e s e n t  i n  a g e o m e t r i c a l  d i s t r i b u t i o n .  

A c t i v i t i e s  o f  6 0 0 0  m o l  e t h y l e n e  p e r  m o l  o f  c o m p l e x  1. a r e  a c h i e v e d .  

When t h e  r e a c t i o n  o f  2 w i t h  e t h y l e n e  i s  c a r r i e d  o u t  i n  n - h e x a n e  

a s  s u s p e n s i o n  m e d i u m ,  a g a i n ,  h i g h  m o l e c u l a r  l i n e a r  p o l y e t h y l e n e  i s  

f o r m e d .  

A s  e v i d e n t  f r o m  T a b l e  2 t h e  B - v a l u e  o f  t h e  o l i g o m e r s  f o r m e d  

i s  d e t e r m i n e d  b y  t h e  e t h e n e  p r e s s u r e  u s e d .  T h e  t e m p e r a t u r e  h a s  o n l y  

a m i n o r  e f f e c t .  

T a b l e  2 .  E f f e c t  o f  p r e s s u r e  a n d  t e m p e r a t u r u r e  o n  t h e  B - v a l u e  

o f  t h e  e t h e n e  o l i g o m e r i z a t i o n  u s i n g  c o m p l e x  2 

P r e s s u r e  C 2 H 4  c o n v e r s i o n  B - v a l  u e  

( b a r )  ( % )  
1 0  2 0  2 . 3  

3 0  100  2 . 0  

5 0  100 1 . 5  

100  1 0 0  0 .7  
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Temperature* conversion B-value 

( " C )  ( X I  
3 0  - 
5 0  1 0  1 . I  

8 0  1 0 0  1 . 2  

1 0 0  1 0 0  1 . 2  

1 2 0  decomposition - 

- 

* 50 bar ethene applied. 

For a mechanistic discussion it is assumed that a reaction path 

as outlined i n  Figure 4 is operating. The formation o f  a nickel-hy- 

dride can proceed as shown i n  equation 3 .  

Indeed, styrene could be isolated i n  accordance with equation 

3. Again, the proof of the nickel-hydride intermediate i s  pending. 

Starting from the postulated intermediate 3 a pathway as indicated 
i n  Figure 6 could be invoked to describe the competition of ethene 

and g 3 P  for free coordination sides. 

c-c 
I 

Figure 6. Competition of ethene and 0 3 P  for coordination sides 
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I n  a k i n d  o f  " w i n d s h i e l d  w i p e r ' '  e x c h a n g e  g 3 P  w i l l  c o o r d i n a t e  

a n d  d i s s o c i a t e .  I f  s u c h  a p i c t u r e  i s  o p e r a b l e  a d d i t i o n  o f  Q 3 P  s h o u l d  

e f f e c t  t h e  p r o d u c t  s e l e c t i v i t y .  I n d e e d ,  b y  a d d i n g  O3P t o  2 t h e  B - v a l u e  

c a n  b e  a l t e r e d  ( s e e  T a b l e  3 ) .  

T a b l e  3 .  E f f e c t  o f  a d d i n g  Q 3 P  t o  c o m p l e x  - 2 

B 3 P  a d d e d  8 - V a l  u e  a c t  i v i  t y  

( m o l )  ( T O N )  
p u r e  c o m p l e x  0 . 7  5 0 0 0  

0 . 2  0 . 9  4 5 0 0  

1 2.0 3500 

4 7 . 4  5 0 0  

7 0 ° C ,  1 0 0  b a r  

S u c h  a 0 3 P  c o o r d i n a t i o n - d i s s o z i a t i o n  f i n d s  f u r t h e r  s u p p o r t  b y  

i n  s i t u  N M R  m e a s u r e m e n t s  u n d e r  r e a c t i o n  c o n d i t i o n s  a t  100 b a r  e t h e n e  

p r e s s u r e  ( 6 ) .  H e r e  t h e  0 3 P  d i s s o c i a t i o n  c a n  b e  o b s e r v e d  b y  P 3 ' - m e a s u r e -  

m e n t s .  I n  t h i s  w a y ,  t h e  a d d i t i o n  o f  0 3 P  i s  a f u r t h e r  h a n d l e  t o  c o n t r o l  

t h e  8 - v a l u e .  F u r t h e r m o r e ,  a d d i t i o n  o f  e q u i m o l a r  a m o u n t s  o f  E t 3 P  t o  

- 2 l e a d s  t o  i n a c t i v e  s y s t e m s .  T h i s  c a n  b e  e x p l a i n e d  b y  c o n s i d e r i n g  

a b l o c k i n g  o f  c o o r d i n a t i o n  s i d e s  f o r  e t h e n e  b e c a u s e  t h e  b a s i c  E t 3 P  

i s  s t r o n g l y  b o u n d .  I n t e r e s t i n g l y ,  a d d i n g  ( a - n a ~ h t h y l ) ~ P  y i e l d s  l i n e a r  

p o l y e t h y l e n e .  

I n  a g e n e r a l  a p p r o a c h ,  c o m p l e x e s  o f  t y p e  1 a n d  2 c a n  b e  b r o k e n  

u p  i n t o  a c h e l a t e  p a r t  a n d  i n t o  a n  o r g a n y l  p a r t  

Chelate Organyl 
p a r t  par t  
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W h a t  impact on e t h e n e  oligomerization d o  c h a n g e s  in t h e  organyl 

and t h e  P ? I - c h e l a t e  part have? T o  answer t h i s  question a variety o f  

c o m p l e x e s  w e r e  synthesized. For t h e  " y 1 i d " - c o m p l e x e s  reaction paths 

as s h o w n  in F i g u r e  7 w e r e  chosen (8). 

Fi g u r e  7. S y n t h e s i s  r o u t e s  f o r  " y 1 i d " - c o m p l e x e s  

F i g u r e  8 su m m a r i z e s  a number of c o m p l e x e s  in which t h e  P O - c h e l a t e  

w a s  s l i g h t l y  changed k e e p i n g  t h e  f i v e - r i n g  c h e l a t e  constant. 

F i g u r e  8. Co m p l e x e s  with c h a n g e s  in t h e  P O - c h e l a t e  part 
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A l l  c o m p l e x e s  a r e  h i g h l y  a c t i v e  i n  e t h e n e  o l i g o m e r i z a t i o n  a n d  

g i v e  s i m i l a r  r e s u l t s  r e g a r d i n g  l i n e a r i t y  a n d  a - o l e f i n  c o n t e n t .  F i g u r e  

9 l i s t s  t w o  g r o u p s  o f  c o m p l e x e s  i n  w h i c h  t h e  o r g a n y l  p a r t  was  a l t e r e d .  

F i g u r e  9 .  C o m p l e x e s  w i t h  c h a n g e s  i n  t h e  o r g a n y l  p a r t  

A l l  s e v e n  c o m p l e x e s  a r e  h i g h l y  a c t i v e .  A g a i n ,  a l l  c o m p o u n d s  

s h o w  o n l y  m i n o r  c h a n g e s  i n  p r o d u c t  s e l e c t i v i t y  r e g a r d i n g  l i n e a r i t y  

a n d  a - o l e f i n  c o n t e n t .  H o w e v e r ,  t h e r e  a r e  g r e a t  d i f f e r e n c e s  a t  w h i c h  

t e m p e r a t u r e s  t h e  c o m p l e x e s  w i l l  b e c o m e  a c t i v e .  T h e  i n d u c t i o n  p e r i o d e  

a n d  t h e  t e m p e r a t u r e  l e a d i n g  t o  t h e  a c t i v e  i n t e r m e d i a t e s  f o l l o w  t h e  

o r d e r  1. > >  - - -  6 > 4 .- 5 > >  - 7 .  T e m p e r a t u r e s  u p  t o  1 2 0 ° C  a n d  i n d u c t i o n  

p e r i o d s  o f  u p  t o  1 5  m i n u t e s  a r e  n e e d e d  t o  c o n v e r t  t h e  u n i - c o m p o n e n t  

s t a r t i n g  c o m p l e x  I i n t o  a n  a c t i v e  s y s t e m .  T h e s e  r e s u l t s  c a n  b e  u n d e r -  

s t o o d  b y  c o m p a r i n g  t h e  e a s e  o f  n i c k e l - h y d r i d e  f o r m a t i o n .  C o m p l e x  

- 2 e a s i l y  i n s e r t s  e t h e n e  y i e l d i n g  t h e  n i c k e l - h y d r i d e  a s  s h o w n  i n  e q u a -  

t i o n  3 .  T o  f o r m  n i c k e l - h y d r i d e  i n t e r m e d i a t e s  f r o m  t h e  a l l y 1  c o m p l e x e s  

- 4 ,  5,  b u t a d i e n e  o r  a l l e n e  m u s t  b e  e l i m i n a t e d ,  a r e a c t i o n  w h o s e  

e q u i l i b r i u m  l i e s  o n  t h e  s i d e  o f  t h e  c o m p l e x  ( e q u a t i o n  4 a n d  5 ) .  
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C o m p l e x  - 7 n e e d s  t e m p e r a t u r e s  a b o v e  1 2 0 ° C  e x p l a i n a b l e  b y  t h e  

d i f f i c u l t y  t o  d i s p l a c e  t h e  C 5 H 5 - r i n g .  A d d i t i o n  o f  g3P t o  - -  4,  5 ,  6, 
- 7 l o w e r s  t h e  a c t i v a t i o n  t e m p e r a t u r e .  I t  c a n  b e  a s s u m e d  t h a t  f r o m  

a l l  u n i - c o m p o n e n t  c o m p l e x e s  o f  F i g u r e  9 s i m i l a r  a c t i v e  i n t e r m e d i a t e s  

p r o p o s e d  a s  t h e  n i c k e l - h y d r i d e  c o m p l e x  3 w i l l  b e  d e r i v e d .  

A l l  o u r  r e s u l t s  a n d  o b s e r v a t i o n s  o v e r  m a n y  y e a r s  a r e  i n  a g r e e m e n t  

w i t h  t h e  f o l l o w i n g  s t a t e m e n t :  

T h e  u n i c o m p o n e n t  s t a r t i n g  c o m p l e x e s ,  w h i c h  w i l l  l e a d  

t o  a c t i v e  a n d  s e l e c t i v e  l i n e a r  e t h y l e n e  o l i g o m e r i -  

z a t i o n / p o l y m e r i z a t i o n  c a t a l y s t s  m u s t  b e  s q u a r e  p l a n a r  

a n d  m u s t  p o s s e s s  a f i v e - m e m b e r e d  P O - c h e l a t e  r i n g .  

B a s e d  o n  t h e  a b o v e  s t a t e m e n t  i t  a p p e a r e d  o f  i n t e r e s t  t o  i n c l u d e  

t h e  b i g g e r  a t o m  a r s e n i c  i n  o u r  i n v e s t i g a t i o n s .  U s i n g  02AsCH2COOH, 

w h i c h  h a s  t h e  same p k a - v a l u e  a s  02PCH2COOH, in  c o m b i n a t i o n  w i t h  

( c o d ) 2 N i  y i e l d e d  p r a c t i c a l l y  i n a c t i v e  s y s t e m s .  H o w e v e r ,  w i t h  t h e  

y l i d  0 3 A s C H C 0 0  t h e  c o m p l e x  8 c o u l d  b e  i s o l a t e d  ( 9 ) .  

T h e  x - r a y  s t r u c t u r e  c o n f i r m s  a s q u a r e - p l a n a r  a r r a n g e m e n t  o f  

t h e  l i g a n d s  w i t h  a s l i g h t  t i l t  t o  t e t r a h e d r a l  p r o b a b l y  d u e  t o  t h e  

b i g g e r  b i t e  o f  t h e  a r s e n i c  a t o m . .  T h e  r e a c t i o n  o f  8 w i t h  e t h e n e  l e a d s  

a l r e a d y  a t  25OC t o  a n  a c t i v e  c a t a l y s t .  T h e  o l i g o m e r s  a r e  > 9 5  % l i n e a r  

b u t  t h e  a - o l e f i n  c o n t e n t  i s  l o w e r e d  t o  6 0 - 8 0  % i n d i c a t i n g  i s o m e r i z a t i o n  

p r o p e r t i e s .  

I n  o u r  s e a r c h  f o r  a c t i v e  P ? - l i g a n d s  we f o u n d  t h a t  t h e  r e a c t i o n  

o f  ( c o d ) 2 N i  w i t h  a m i n o  b i s ( i m i n 0 ) p h o s p h o r a n e  r e s u l t s  i n  a c t i v e  c a t a -  

l y s t s  f o r  t h e  p o l y m e r i z a t i o n  o f  e t h e n e .  F i g u r e  10 s u m m a r i z e s  t h e  

r e a c t i o n  c o n d i t i o n s  a n d  t h e  p o l y m e r  d a t a  o b t a i n e d  ( 1 0 ) .  
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Tms21J-P(= r i -Tms)2 + (C03)2N1 

"complex" 

1 + C=C, 45 bar, 7OoC 

Poly ethylene ( @ -  0,903 - 0.904 g/crn3; 

Crystallnlty 45 - 50 X ;  

rn. P~ broad; 

end m.D. 100 - 105OC) 

F i g u r e  1 0 .  E t h e n e  p o l y m e r i z a t i o n  w i t h  a m i n o  b i s ( i m i n 0 ) p h o s p h o r a n e  

1 i g a n d s  

A c t i v i t i e s  o f  1000 m o l  e t h y l e n e  p e r  m o l  o f  n i c k e l  a r e  a c h i e v e d .  

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

w e e n  t h o s e  o f  h i g h - p r e s s u r e  p o l y e t h y l e n e  a n d  " E P D M " .  F o r  a d e t a i l e d  

d e s c r i p t i o n  o f  t h e  p o l y m e r  a n d  i t s  m e c h a n i s t i c  f o r m a t i o n  t h e  w o r k  

o f  D r .  F i n k  a n d  M o h r i n g ,  M a x - P l a n c k - I n s t i t u t  f u r  K o h l e n f o r s c h u n g ,  

w h i c h  i s  a l s o  i n c l u d e d  i n  t h i s  b o o k ,  m u s t  b e  c o n s u l t e d .  

A l l  o u r  a t t e m p t s  t o  i s o l a t e  t h e  " c o m p l e x "  i n  F i g u r e  10 f a i l e d  

s o  f a r .  H o w e v e r ,  u s i n g  b i ~ ( r ) ~ - a l l y l ) n i c k e l  t h e  c o m p l e x  - 9 c o u l d  b e  

i s o l a t e d  a c c o r d i n g  t o  e q u a t i o n  6 .  



C h e l a t e  Complexes of N i c k e l  213 

A n  y - r a y  a n a l y s i s  s h o w e d  t h a t  9 h a s  a s q u a r e  p l a n a r  s t r u c t u r e .  

D i s a p p o i t i n g l y ,  c o m p l e x  - 9 i s  i n a c t i v e  i n  e t h y l e n e  p o l y m e r i z a t i o n .  

E v e n  a d d i t i o n  o f  h y d r o g e n  d i d n ' t  l e a d  t o  a n  a c t i v e  s y s t e m .  B u t  t h e  

i n  s i t u  c o m b i n a t i o n  o f  b i s ( q  - a l l y l ) n i c k e l  w i t h  ( M e 3 S i N ) 2 P N ( S i M e 3 ) 2  

g a v e  a c t i v e  c a t a l y s t s .  T h e s e  r e s u l t s  o n c e  m o r e  s h o w  t h a t  i s o l a t e d  

c o m p l e x e s  a r e  n o t  i d e n t i c a l  w i t h  c a t a l y t i c a l l y  a c t i v e  i n t e r m e d i a t e s  

a n d  o n e  m u s t  b e  v e r y  c a u t i o u s  t o  r e f e r  t o  t h e m  a s  c a t a l y s t s  a s  o f t e n  

i s  d o n e .  U n i - c o m p o n e n t  c o m p l e x e s ,  h o w e v e r ,  c a n  b e  u s e d  i n  m o d e l  r e -  

a c t i o n s ,  w h i c h  a l l o w  u s  t o  p o s t u l a t e  i n t e r m e d i a t e s  - e v e n  c a t a l y t i c  

s p e c i e s .  

3 

1 

2 

3 

8 

9 

1 0  
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MOLECULAR BEHAVIOUR OF SOLUBLE CATALYSTS FOR OLEFIN POLYMERIZATION 

Part I: Ethylene insertion with soluble Ziegler Catalysts 

G. FINK, W. FENZL and R. MYNOTT 

Max-Planck-Institut fiir Kohlenforschung, D-4330 Miilheim a. d. Ruhr, 

Federal Republik of Germany 

ABSTRACT 

The development of the oligomer distribution during the polymeri- 

zation of I3C enriched ethylene by soluble Ziegler catalyst systems 

of the type Cp2TiMeC1/A1MenCln was followed by I3C NNR spectroscopy. 

It is shown that the rate of formation of new chains can be monitored 

directly from the spectra. The concentrations of Ti-propyl and Ti- 

pentyl species during the polymerization were followed: both attain 

a steady state concentration. These results give a greater insight 

into the way that the oligomer distribution develops and into the 

dependence on the chain length of the first insertion steps. 

INTRODUCTION 

active systems without disturbing the reaction is I3C NMR spectro- 

scopy. 

One suitable method for obtaining information on catalytically 

In an earlier publication’) we reported our studies on the poly- 

rnerization of 

A1EtC12 catalyst in an NMR sample tube. Experiments using a batch 

reactor have shown that this Ti-Et system is a much more active poly- 

merization catalyst than Ti-Me systems (see Fig. 1). The lowest curve 

(solid line) is for the Cp2TiWeC1/A1MeC12 catalyst system, with which 

the polymerization proceeds much mor slowly. This catalyst is ideally 

suitable for the I3C NMR investigations reported here and with the 

right choise of experimental parameters it has proved possible to 

obtain considerable detail of the reaction path of the insertion. 

3C-enriched ethylene using the soluble Cp2TiEtC1/ 

2 15 
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APPLICATION OF 3C-ENRICHED ETHYLENE 
I 3  

In these experiments we used ethylene to over 90 atom % C. 

Besides providing a considerable gain in sensitivity over ethylene 

with 13C at natural abundance this allows the carbons in the polymer 

chain derived from l3C-enriched ethylene to be distinguished from 

those from the Ti-Me or A 1 - M e  carbons on the basis of their signal 

intensities. Whereas 

natural abundance I3C NMR spectra only as very weak satellites, in 

enriched samples they may cause the signals to appear as multiplets. 

The proton-decoupled spectrum of enriched ethylene free in solution 

is a singlet because the two 13C nuclei are magnetically equivalent. 

Once incorporated into a chain, these carbons are no longer chemi- 

cally equivalent and the coupling between neighbouring I3C nuclei is 

observed. 

3C-1 3C spin-spin couplings are observed in 

Table 1 surnmarizes the multiplet structures expected for a Ti- 

alkyl chain formed by the repeated insertion of ethylene enriched to 

91 atom % 13C at both carbons start.ing with a Ti-methyl at the natural 

isotopic abundance. For those molecules containing 3C in the O(-posi- 

tion there is a probability of 91 % that the P-carbon will also be 

I3C and the O(-carbon signal will therefore be split into a doublet. 

The remaining 9 % of the molecules have 12C/3-neighbours and show no 

coupling. The %-carbon signal is thus observed to be a 6ouSlet super- 

imposed on a small signlet slightly shifted to the left of centre as 

a result of isotope shifts. The /jl-carbon has a probability of 82.8 % 

that both the ol- and &'-carbons are 13C anda triplet will be ob- 

served, while those isotopomers with only the O ( -  or only the 

carbon 13C (combined probability 16 .4  % )  will give a doublet. 
$- 

Inspection of the I3C chemical shifts of the n-alkanes shows that 

the q - ,  /3 - and & -carbons have characteristic shift ranges, but that 
for acrbon atoms from the /-position to the chain centre the environ- 

ments become too similar to produce any significant differences in 

their chemical shifts. These carbons in the middle of the chain have 

resonances at approximately 30 ppm. S?.milarly, for Ti-alkyls, the 

presence of the metal suhstituent on the Q-carbon will produce no 

significant effect beyond the g-carbon. Thus a signal at 30 ppm 

indicates that chains at least eight carbon atoms long are present: 

the larger its relative intensity the greater the fraction of even 

longer chains which are present. This peak is labelled in the spectra 



Rel. Intensity 

Fraction with 0 

" 1  

- 2  

13C neighbours (YO) 

0.91 0.91 0.91 

9.0 0.8 8.9 

91.0 16.4 90.1 

- 82.8 1 .o 

Ethylene: 91 atom% 13C 

Tab le  1 .  M u l t i p l e t  s t r u c t u r e s  expec ted  for a T i - a l k y l  c h a i n  formed 

of e t h y l e n e  e n r i c h e d  t o  91 a t o m  % I 3 C  a t  b o t h  ca rbons  s t a r t i n g  w i t h  a Ti-methyl  

i s o t o p i c  abundance 
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with the symbol .**.”- CH2-*. *... 

POLIMERIZATION 
I ”  
13 

Figure 2 illustrates the first of a series of C NYR spectra 

of the system reacting with ethylene. The upper spectrum was recorded 

at 213 K before the start of the reaction. The lower spectrum was 

measured after the sample had been kept at 258 K for 30 minutes and 

shows that the first insertion steps have occured as indicated by 

the small peaks of the p-carbons of Ti-propyl ar,d Ti-pentyl. The 

ethylene signal at 123 ppm remains a sharp singlet and is unshifted, 

demonstrating that even at the chosen ratio Ti : A1 : C2H4 = 1.0 : 

0.95 : 0.7 no interaction with the catalyst is detectable. 

In Figure 3, after a reaction ttme of 70 minutes, the o(, / $ , X I  
W - 2  andW-I signals of the different chains up to Ti-heptyl are to 

be discerned. In addition, the presence of a small peak at 30.7 ppm 

due to central CH2-groups indicates that chains with a least 9 carbon 

atoms are present. Figure 4 shows the situation after 1 1 0  minutes. 

The signals reveal the developing oligomer distribution and the size 

of the peak of the central CH2-groups has increased considerably. By 

the time that the reaction has been proceeding for approximately 3 

hours (Fig. 5) this peak has become the major feature of the oligomer 

spectrum, showing that most chains are longer than Ti-nonyl. 

Let us now consider how this result could arise when the initial 

concentration ratio Ti : C2H4 was 1.0 : 0.7. If all the initially 
added Ti had been active then at the end of the reaction on average 

less than one ethylene per Ti-CH would have undergone insertion. In 

this case we would find mostly Ti-propyl chains and possibly a small 

quantity of Ti-pentyl chains. This assumes that all the ethylene has 

been consumed, but as can be seen in Fig. 5 ,  there are much longer 

oligomer chains present even though there is a considerable amount 

of unreacted ethylene left. 

3 

The observation that longer oligomer chains have been formed is 

very important since it proves that not all the Ti has been able to 

undergo insertion. A large amount of Ti-CH3 groups must therefore 

still be present. This is confirmed by the corresponding signal at 

64 ppm, which represents a considerable concentration of Ti-methyl 

groups because the methyl group has natural I3C abundance. This leads 

again to the conclusion, that the primary complex formed between Ti- 
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and Al-compound cannot be already the active species. Figure 6 gives 

a brief synopsis of the true reaction scheme which has been deduced 

from our previous experiments 2 ) 4 ) 5 )  and which is confirmed by the 

experiments in this paper. The most important component of this reac- 

tion scheme for soluble Ziegler catalyst systems is the formation of 

the active species in two successive equilibrium steps. The first 

equilibrium lies well to the right, the second well to the left. 

Consequently at low ratios Al/Ti there is only a very small concen- 

tration of active species C . A further consequence is that the pro- 
pagation process itself is then an intermittent process which causes 

the molecular weight distribution to undergo a particular type of 

x 

development 4) 5) . 

The I 3 C  NMR spectrum recorded towards the end of the reaction 

(after 14.5 hours at 258 K )  is illustrated in Fig. 7 .  In addition to 

the oligomer distribution and the strong "polyethylene" peak, the 

following features should be noted: 

(I) Comparing the intensities of all Ti-0(-peaks (i.e., Ti-%- 

propyl, Ti-O(-(& pentyl)) at 90 pprn with the intensity of the 

Ti-methyl peak at 64 ppm and taking into account the I3C 

abundances of 91 % and 1.1 %, respectively, one obtains the 

true concentration ratio of about 0.1 : 1.0. This indicates 

that only 10 % of the initial Ti-methyl compound has been 

involved in insertion reactions. This is to be expected from 

the location of the successive equilibria at the chosen ratio 

of Ti/A1 = 1 : 1. 

(11) The signal of the W-carbon at approximately 14 ppm is very 

weak since it is at the natural abundance of I3C. 

(111) The (W-I) peak for Ti-heptyl and longer chains is clearly a 

doublet, produced by coupling with only one adjacent I3C 
nucleus (see Table 1). 

Both (11) and (111) prove that the insertion has occurred into 

the Ti-carbon bond. 

(IV) After the long reaction time of 15.5 hours, small quantities 

of q-olefines are formed as indicated by the weak signals at 

114 and 140 ppm. This means that a transfer reaction to the 

monomer via H- -elimination has occurred. P 
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The experiment described above has provided general information 

on the course of the polymerization reaction. We have carried out 

further investigations aimed at obtaining more details on the chain 

propagation itself. Figure 8 illustrates the series of spectra recor- 

ded for a sample of Cp2TiMeC1/A1Me2C1/13C2H4 in the ratio 1 : 2 : 2 ,  

to increase the concentration of active species. The potential of 

this approach is apparent, These spectra, each measured over a period 

of an hourF were recorded succcssively in order to follow the develop- 

ment in chain growth. The regions depicted are for the Ti- Mreso- 

nances and for the signals for the to&-1 positions. P 
First of all it is to notice in Figure 8 the rapid increase of 

the peak of the central CH2-groups. This is again in full agreement 

with our reaction scheme because now we have more active species. 

Furthermore it is to see in this presentation, that we were 

successful1 in better separating the peaks of the different chain 

carbon atoms. 

Hence, we discover that the propyl chains (as to see by the 

Ti-w - or Ti-p -propyl positions in the spectrum) and the pentyl 
chains (as to see by the Ti-( +& ) -  or (&-l)-pentyl positions in 

the spectrum) remain constant during the reaction; i-e., here is 

visible a steady state of the concentration of these chains. 

P 

The integration+’ of the Ti-propyl, the Ti-pentyl peaks and the 

peaks of! -heptyl and longer chains leads to the important result 

in Figure 9: after the starting phase of the chain development the 

concentrations of propyl chains and pentyl chains attain a steady 

state. The reason for i s  the dependence on the chain length of the 

first insertion steps. 

For this steady state now the equations hold written at the top 

of the diagram. The evaluation shows, that the ratio of the propa- 

gation constants k 

the insertion into a Ti-propyl chain is twice faster than the inser- 

tion into a Ti-pentyl chain. 

is about equal 2. That means, 
and kpentyl ProPYl 

+)This is a preliminary evaluation because the /3 - and &‘-resonances 
of the Ti-pentyl species lie very close together. A detailled 

separation by spectra simulation is in working. 
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This confirms exactly our former results of oligomer kinetics by 

means of a p!.ug flow reactor and GPC analysis3) 5,  , where we did find 
that k 

48 l/mol.sec. 

has a ~ 7 a l ~ e  of 9 6  l/mol-sec and k has a value of pentyl FroPY 1 

EXPERIMENTAL 

The I3C NMR spectra were recorded on a Bruker WM-3C0 spectrorr.eter 

at a frequency of 7 5 . 5  MHz. Samples were measured in 1 0  mm tubes dis- 

solued in E8-toluene which had been dried over LiA1H4, degassed 

several times and distilled in vacuum. Chemical shifts were recorded 

relative to the CD -signal of the D -toluene solvent as internal 

reference and converted to the TMS scale (&cD 
3 8 

= 2 0 . 4 7  at 2 5 8  K). 
3 

For preparation of the NFR-samples see ref. 1. 
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Overall polymerization rate of ethylene versus time for 

various Ti/Al catalysts determined in a batch reactor by following 

the rate of consumption of ethylene. 

reference2)). Al/Ti = 4; [Ti] = 3.10-3 mol/l; [CzH4] = 0.089 mol/l; 

solvent toluene; T = 283 K. 

(For experimental method see 
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1 100 80 b 0  LO 10 120 b 

10 LO LO 10 110 120 100 0 

F i g u r e  2 .  75.5 . _  MHz 3C NMR spectra o f  t h e  sys tem Cp2TiMeC1/AlFeC12 

r e a c t i n g  wi th  13C2H4 i n  to luene-dg  r eco rded  a t  213 K ;  

[Cp,TiMeCl] = 0.05 nol/l; [ T i ]  : [ A l l  : [ I 3 C 2 H 4 ]  = 1 : 0 . 9 5  : 0.7.  - 
Upper spectrum: a t  s t a r t  of r e a c t i o n  ( 0  m i n u t e s ) .  Lower spectrum: 

a f t e r  t h e  sample had r e a c t e d  for 30 minutes  a t  258 K and t h e n  been 

cooled r a p i d l y  t o  213 K.  
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CpZTifleCl / t4eAlC12 / 1 3 C 2 k  

Ti:Al:13C2H4= 1 : 0 . 9 5 : 0 . 7  

Toluene-dg [Ti]= 0.05 mol l [  

r.t.: 2YlK after 70rnin. rn.t.: a3 K 

Ti - P - h o p  

4 0  

1 
35 M 25 20 

CP I 

T i  - a -(>Pent1 

1s 

AI-Me 
1 

140 120 100 80 60 40 20 0 

F i g u r e  3 .  A s  f o r  F ig .  2 ,  b u t  a f t e r  a t o t a l  r e a c t i o n  t i m e  o f  7 0  

minu tes  a t  258 K .  
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1: 

lir 
35 i o  i5 20 1s 

n, 
CPl 

1 

I 
100 80 60 40 20 0 YO 120 

F i g u r e  4 .  

minu tes  a t  258 K .  

A s  f o r  F ig .  2 ,  b u t  a f t e r  a t o t a l  r e a c t i o n  t i m e  of 110 
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i 0  
1 " .  I '  I - - .  I ' ' " I ' ~ ' ~  

35 30 25 20 15 

CP I 

140 120 WO 80 60 b0 20 0 

F i g u r e  5. 

t i n g  w i t h  I 3 C 2 H 4  i n  to luene-d8  a t  258 K .  

[Cp7TiMeC1] = 0.05 m o l / l ;  

[ T i ]  : [All : [l3C2H4I = 1 : 0.05  : 0 . 7 .  

Spectrum reco rded  a t  258 K a t  between 2.5 and 3.5 hour s  of r e a c t i o n  

t i m e  . 

13C NMR spec t rum of t h e  sys tem Cp2TiMeC1/A1MeC12 reac -  
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Formation o f  active species For 283 K is valid 

kl SJ 10". . . 10" llrnol - s 
k; = l o 6 . .  . lo7 5- l  

k2 =3 k l  

Chain propagation 

C' + nM c' P, kp - 140 (Ethyl). ..50(Hexyll l lmol -s  

in detail respectively 

+ M  + M  C'P,,1 - C'P,+* - and 50 0" 

kP kP 
+ M  

C'P, - 
kP 

Figure 6. Reaction scheme of the successive equilibria using 

soluble Ziegler catalysts €or ethene polymerization (Cp2TiRC1/A1RxC1 / 
toluene). 

Y 
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I 

J. 
15 

140 im do 80 60 u) 20 6 

F i g u r e  7 .  

r e a c t i n g  w i t h  13C2H4 i n  t o l u e n e - d 8  a t  258 K .  

[CpZTiMeC1] = 0.05 m o l / l ;  

[Ti] : [ A l l  : [13C2H4] = 1 : 0 . 9 5  : 0 . 7 .  

R e a c t i o n  t i m e  from 1 4 . 5  t o  1 5 . 5  h .  

1 3 C  NPR s p e c t r u m  of t h e  s y s t e m  Cp2TiMeC1/A1MeCl2 
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CpZTiMeCl / Me2AlCl I I3C2Hk 

TI .Ai:13C2Hh: 1 : 2 : 2 

Toluene - d8 ITi1:O 05mo i I I  

m t : 2 5 8 K  

chain propagation in dependence on time 

I T i  -(w-ZI-lrHeptyl) 
-- 

Ti - y - b H e p t y l i  

13 75.5 VHZ C NMR spectra of the system cp TiKeCl/ 
2 Figure 8. 

A1Me2C1 reacting with I3C2H4 in toluene-d8 at 258 K. 

Initial [Cp2TiMeC1] = 0.05 mol/l; 

[Ti] : [All : [I3C2H4] = 1 : 2 : 2. 

These spectra, each measured over a period of an hour, were recorded 

successively in order to follow the development in chain growth. The 

regions depicted are €or the Ti-q resonances and for the signals 

for the /3 to (3 -1 positions. 
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Fig. 8; steady state concentrations for Ti-propyl and Ti-pentyl 

chains. 
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ABSTRACTS 

The soluble catalyst system Ni-compound/bis(trimethylsilyl)- 

amino-bis(trimethylsily1imino)phosphorane is able to polymerize o(- 

olefins only by 2-&-linkage of the monomers. 

This reactions leads to only methyl branched chains in which the 

methyl groups have the regular distance of n+l CH2-groups. A migration 

of the catalyst complex along the side chain of the o(-olefin is dis- 

cussed. 

INTRODUCTION 

The polymerization of ethylene with the catalyst system Ni- 

conpound/bis (trimethylsilyl) amino-bis (trimethylsilylimino) phosphorane 

(Figure 1 above) generates according Keim' 

polyethylene. Now we found, that this system can be used for &-olefin 

polymerization too and that surprisingly the structure of the pro- 

ducts does not correspond with the usual 1.2-linkage of the monomers 

to comblike polymers, but with a 2.W-linkage (Figure 1 middle line). 

short chain branched 

STRUCTURE OF THE POLYMERS 

The branching structure of these poly-*-olefins is unusual. 

Polymerizing of O(-olefins leads to only methyl branched polymer 

2 31 
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Tms: - Si(CH3)3 

Figure 1 Ni(O)/Phosphorane catalyst (above) 

2 . W -  linkage of the linear Q-olefin (be low)  
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chains, in which moreover the methyl groups have the regular distance 

of n+l CH2-qroups. Furthermore, these distances can be varied accor- 

ding to the length of the side chain of the b(-olefin. 

The structure of these products is proved unambiguous by I3C NMR 

analysis. 

Two examples are shown in Figures 2 and 3. The assignment of the 

signals was carried out by means of the increment rules of Lindemann/ 

Adams2). All signals, which are expected in 2. W-linkaged W-olefin 

polymers, have been found in the spectra. 

The analysis of the I 3 C  NMR spectra of polymers formed with 

deuterated W-olefins demonstrated, that the propagating chain is 

bound to the next O(-olefin by C- + C2-linkage; during this process 
the C1-atom of the double bond forms the later methyl branching in 

the polymer. 

Gel permeation chromatographical and ’ 3 C  NMR spectroscopical 

determination of the molecular weights of the formed poly-*-olefins 

shows further, that independent of the length of the used monomer 

the gram-molecular weight has always the same value (for instances 

at 298 K about 1000 g/mol). In other words, and this is shown in 

Figure 4, the polymerization degree is decreased linear with elongated 

a( -olef in. 

MIGRATION NECHANISM 

Considering all results3) we developed a mechanism which can 

explain this special structure of the poly-w-olefins. The central 

topics of the reaction scheme in Figure 5 are: 

i) the monomer can insert only in a primary Ni-alkyl on the end of 

the propagating chain. 

ii) there is regioselectivly only Cu --+C2-linkage of the propa- 

gating chain with the next monomer. 

iii) between two insertion steps a migration of the Ni-catalyst 

complex takes place along the polymer chain: during this migra- 

tion indeed transfer reactions to the monomer occur but no 

insertion reactions. 

A more detailled mechanistic proposal is shown in Figure 6. 

Again for the example of the buten-1-polymerization an alternating 
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Figure 3 a) Simulated 13C{1H) NMR spectrum of a polymer with the designed 

structure (with chain end) 

b )  13C{1H) NMR spectrum of poly-2,9-(nonene-l) 

(75.5 MHz, [ D6 ] benzene, 303 K) 
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Figure 4 Dependence of the polymerization degree on 

the C number of the used monomer 
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addition-elimination process is formulated with the formation of 

Ni-alkyl/Ni-hydrid species via a 1.2-Hydrid shift. 

This intermediate Ni-hydrid could act additionally as trans- 

ferring species (as demonstrated in the box below in Figure 6 ) ,  

whereby according the momentary position of the Ni-catalyst complex 

in the polymer chain via /a -H-elimination the different detectable 
double bonds (vinylidene, vinylene and vinyl groups) could result. 

As a consequence of the reversibility of the migration steps 

the Ni catalyst complex moves not only forward to the "right" end 

of the chain, but also moves back in direction to the beginning of 

the formed polymer chain. The longer the chain, the more from sta- 

tistical reasons the probability increases for the migration in both 

directions. So, the dependence of the polymerization degree on the 

length of the %-olefin may be caused through a limit of the chain 

length. Beyond this chain length then the probability for the forma- 

tion of a primary Ni-alkyl on the end of the chain and in this way 

the possibility of the insertion of the next monomer become zero. 
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STRUCTURE OF POLY-CX-OLEFINS AND REACTION MECHANISM OF ZIEGLER- 

NATTA POLYMERIZATION. 

ADOLFO ZAMBELLI and PAOLO AMMENDOLA 

University of Salerno, 84100 - Salerno, Italy. 

ABSTRACT 

Several problems concerning the mechanism of polymerization 

of a-olefins, in the presence of Ziegler-Natta catalytic systems, 

have been solved by investigating the structure of the resulting 

macromolecules. The stereochemical structure of polypropylene,as 

well as that of ethylene-propene copolymers,shows that isotactic 

polymerization is due to the asymmetry of the active sites. These 

results have been confirmed by analyzing the stereochemical struc 

ture of suitably I3C enriched end groups resulting from chain in- 

itiation on different alkyl groups. It has been also shown that 

isotactic polymerization involves anti-Markownikoff addition. 

The relative reactivities of a number of a-olefins ranging from 

ethylene to 3-ethyl-I-pentene have also been rationalized by cog 

sidering the structure and the conformation of the monomer to- 

gether with that of the growing chain end. 

INTRODUCTION 

It is generally accepted that the active sites involved in 

isotactic specific polymerization of I-alkenes in the presence of 

heterogeneous catalytic systems consisting of titanium halides 

(TiX 1 and organometallic compounds such as AIR' or A1R;Y or ZnR' 
n 3 2 

241 
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(R'=hydrocarbon radical, X,Y=halide liqands) are titanium atoms 

bonded to at least one hydrocarbon radical (R)'! The coordination 

number of the Ti atoms of the active sites, the presence of other 

ligands, the role of the organometallic cocatalyst other than al- 

kylating the surface of TiX by ligand exchangetare more or less 

speculative since a direct determination of the structure of the 

sites 

es involves consecutive antimarkownicoff 

tions of the "active titanium carbon bond" of the catalytic sites 

(Ti-R) to the monomer. In the initiation step R=R', i.e. the hy- 

drocarbon radical bonded to the titanium of the active sites comes 

from the organometallic cocatalyst and can be detected on the end 

groups of the resulting macromolecules . Of course, in the 
ith chain propagation step R is the growing polymer chain having 

degree of polymerization i-I. The stereoregular structure of the 

polymers of prochiral I-alkenes entails that during the propagation 

steps, the addition is highly enankioselective' 2! It is worthwhile 

to observe that for polymerizations of this sort there is no clear 

cut between initiation and propagation steps. For instance the ad- 

dition of a titanium isobutyl bond to propene could be considered 

the initiation step of a polymerization performed in the presence 

of a catalytic system consisting of TiX and Al(iC H ) 

Ti-CH -CH(CH ) 

The same addition should be considered the first propagation step 

n 

has not yet been achieved'! The growing of the macromolecul 
2 - 5 )  

suprafacia16) addi- 

2 , 7-1 1 ) 

n 4 9 3' 
+C H 

3 6 > Ti-CH2-CH(CH3)-CH2-CH(CH ) 

7,8) 
3 2' 2 

in the presence of a catalytic system consisting of TiX 

Ti-CH 

and A1(CH3)3 
n 

+C3H6, TiCH2CH (CH3) CH2CH (CH ) 3 +C3H6 Ti-CH2CH (CH3) 3 2' 
As a consequence information concerning the polymerization mechan- 

ism and the structure of the active sites can be derived both by 

determining the regiochemical and the stereochemical sequence of 

the monomer units inside the polymer chains and by deter- 

mining the structure of the polymer end groups resulting from the 

beginning addition steps . Additional information can also re 
sult from the structure of the end groups arising from the chain 

transfer or chain termination processes5' O! During this communica 

5,14-16) 

7-9,151 
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tion we will mainly review the data concerning the structure of the 

end groups of isotactic poly-1-alkenes reported in the literature, 

together with some new data we have recently obtained. Their mean- 

ing in view of the reaction mechanism will be also discussed. 

ADDITION OF Ti-CH and Ti-C H TO PROPENE AND 

Addition of Ti-CH to propene produces a 
3 

The two methyls of the isobutyl end groups of 

3 2 5  
1 -BUTENE . 

7 , 8 )  isobutyl group . 
polypropylene are 

diastereotopic due to the chiral carbon of the 2,4 dimethylpentyl 

group resulting from the subsequent addition to propene of the 

titanium-iC H produced in the initiation step (see also Fig. 1 ) . 
The different stereochemical environments of the considered methyls 

5f7f8! When Ti-CH is can be detected by means of I3C NMR analysis 

3C enriched, two diastereomeric selectively 5 ' 3C enriched 3 , 4 di- 

1 7 - 1  9 )  
4 9  

3 

methyl pentyl groups could result from the considered subsequent 

additions (see Figure 1 ) .  

In Figure 2 a it is reported the methyl region of the 13C NMR 

spectrum of highly isotactic polypropylene obtained in the pres- 

ence of &Tic1 -A1(13CH ) I7I8! The resonances of the enr.iched 

methyls of the considered diastereomeric end groups are at 20.6 ppm 

(w6t) and 21.7 ppm (uSe) from HMDS7I8! The intensities of the con- 

sidered resonances show that the population of the 2 end groups is 

higher than that of the 2 ones. Looking at Figure 1,one can easily 
visualiee that this result means that both the addition of Ti-I3CE 

and of Ti-CH CH(CH )-13CH to propene are more or less enantiose- 

lective and that the direction of enantioselectivity is the same 

for both the additions. It is relevant that, excepting the isotopic 

effect, the considered additions do not involve chiral alkyl groups. 

Therefore the different reactivity of the enantiofaces of propene, 

experimentally observed towards both the addition of Ti-CH and of 

Ti(i-C H ),implies a driving force coming from some chiral feature 

02 the active sites other than the presence of a chiral carbon at 

the last unit of the growing chain en?. 

3 3 2  

7 

8 

3 

2 3 3 

3 

4 9  
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C C 

C 

C 
Figure 1.  All trans projections of diastereomeric 5 I 3 C  enriched 2 , 4  

dimethylpentyl end groups. A c c o r d i n g l y t o a p r e v i o u s l y  proposed nomen- 

clature' the enriched carbon occupy the 6t (=syndiotactic) position 

in a and the $e(=isotactic) position in b relative to methyl 2'. 

lo PPm 40 30 20 

Figure 2 .  13C NMR spectra of a)isotactic polypropylene prepared in 
- 1  
I 3  

the presence of &-Tic1 -Al( CH ) I. b)isotactic polypropylene pre- 

CH3) ?; c) isotactic pared in the presence of 6-Tic1  -A1 ( I3CH ) -2n ( 

polypropylene prepared in the presence of 6-Tic1 -Al( CH CH ) - 3 2 3 3  
-2n ( I 3 C H  CH ) 2;  d) isotactic polybutene prepared in the presence of 

6-TiC13-A1 ('3CH ) -2n ( CH3) 2 .  Reprinted with permission of the 

authors from Ref.8. 

13 
3 3 2  

3 3 3  

1 3  
2 

3 3  
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In fact such a chiral carbon comes o f f  at the growing chain end 

only after the considered insertion steps. 
I 2  

In Figure 3 it is reported the C NMR spectrum of highly iso- 

tactic poly-I-butene obtained in the presence of 6-Tic1 -Al(C-H ) - 

-Zn(C H ) 
28j5 

selectively I3C enriched on the methylene carbons . 2 5 2  

Figure 3 .  

the presence of 8-TiC13-A1 (I 3CH2CH3) 3-Zn (I 3CH2CH3) 2 .  Reprinted with 

permission of the authors from ref.20. 

I3C NMR spectrum of isotactic poly-I-butene prepared in 

The different intensities of the resonances of the enriched 

methylene carbons occupying diastereotopic positions, relative to 

the 2'ethyl substituent of the 5I3C 2-4 diethylhexyl end groups 

(u6t=24.1 ppm; v6e=24.5 ppm from HMDS), confirm that the addition 

to the enantiofaces of a prochiral substrate may be enantioselec- 

tive even before the active sites involve any chiral growing chain 

end. Figure 2d shows the I3C NMR spectrum of isotactic poly-I-butene 

8 6 

13 8 )  
obtained in the presence of &-Tic1 -A1(13CH ) -Zn( C H 3 1 2  . 3 3 3  
One can observe, from the sharp resonances of the carbons of the 

inner monomer units of the chains,that this poly-I-butene is isotac 

tic to an extent comparable with the sample of Figure 3 .  However 

the resonances (at 17.8 and 18.1 ppm from HMDS) of the enriched 

methyls of the 4'I3C 2-ethyl, 4-methylhexyl end groups have, rough 

ly, the same intensity. This fact implies, at least, that the addi - 

tion of Ti-CH 

spectrum reported in Figure 2 b8) 

prepared in the presence of 6-Tic1 -A1 ( CH3) 3-Zn (I 3CH3) 2 )  

that even addition of Ti-CH3 to propene is not enantioselective 

4 3 

to I-butene is not enantioselective. The I3C NMR 
3 

(highly isotactic polypropylene 

shows 
3 

13 
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when the catalytic system does not include iodine ligands (compare 

Figure 2 a). Figure 2 c shows the 13C NMR spectrum of highly iso- 

tactic polypropylene prepared in the presence of 6-Tic1 -Al(C B ) 

8) 
and Zn (C2H5) 

The resonances 

hexyl groups occur at 27.72ppm (6t) and 28.82ppm (6e) from HMDS 

and have different intensities, showing that addition of Ti-C H 2 5  
to propene as well as to 1-butene (see Figure 3) is enantioselec - 

tive. By considering alone polymerization of propene, one could 

guess that there is no need of any chiral feature of the active 

sites, other than a chiral alkyl bonded to the titanium of the 

active sites,in order to explain the results reported in Figures 

2 b and 2 c.As a matter of fact one could explain the relative 

intensities of the observed resonances of the enriched carbons as 

suming that additions to propene of Ti-CH Ti-C H and Ti-(i-C H ) 

are not enantioselective, while addition of chiral Ti-CH CH(CH )C H 

is partially enantioselective. Likewise,the presence of a chiral 

carbon at the last unit of the growing chain end should be the 

driving force of the high enantioselectivity of the following chain 

propagation steps. The partial enantioselective addition of Ti-CH 

and Ti-(i-C H ) to propene inferred from the spectrum reported in 

Figure 2 a could be simply due to the presence of different halide 

ligands on the catalytic system. Actually, the active sites could 

become chiral as a result of a partial exchange of the halide 

ligands between the surface of TiCl and Al(CH ) I. This fact could 

well produce a supplementary driving force for enantioselective 

addition. It is true that the presence of different halide ligands 

enhances the driving force of the steric control2I! However, as 

reported in Ref. 22, the additions of Ti-CH and Ti-(i-C A ) are 

partially enantioselective even in the presence of the catalytic 

system Ti1 -Al( 

this catalytic system should reasonably have the same simmetry 

properties as the sites present on the dTiC1 -Al(CH ) system. 

3 2 5 3  

selectively 3C enriched on the methylene carbons . 
of the enriched methylenes of the 5' 3C-2, 4-dimethyl - 

3' 2 5  4 9  

2 3 2 5  

3 

4 9  

3 3 2  

3 4 9  

13 
CH313. The isotactic specific sites present in 

3 

3 3 3  
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On the other hand the above explanation is also conflicting with 

the results reported in Figure 3 and 2 d. The different intensities 

of the resonances at 24.1 and 24.5 ppm of Figure 3 entail that ad 

dition of Ti-C H and Ti-CH CH(C H ) to 1-butene are enantioselec 

tive although the considered alkyls are achiral, and the catalytic 

system contains only one sort of halide ligands2'! In addition, 

according to this reasoning, it appears almost impossible to unde: 

stand that the addition of the same chiral Ti-CH CH(CH )-C H to 

propene (Figure 2 c) looks enantioselective, while the addition to 

I-butene (Figure 3) does not8! Notice that the two monomers have 

the same simmetry properties. 

8 6 

2 5  2 2 5 2  

2 3 2 5  

A comprehensive interpretation of all the experimental facts 

reported in this and in the following sections implies that the 

isotactic specific sites are originally chiral (i.e. independent- 

ly from the presence of an active bond between titanium and any 

chiral alkyl). The driving force of the enantioselective additions 

eventually comes from this "original" chirality but the actual ex- 

tent of the enantioselectivity depends on additional features which, 

at least in part, shall be considered in the next sections. The 

structures of the end groups detected in the spectra reported in 

this and in the following sections, also show that the addition is 

antimarkownicoff. 

ADDITION OF Ti- (i-C H ) , Ti-CH2CH(CH )C H AND Ti-CH CH(C H ) TO 
4 9  3 2 5  2 2 5 2  

PROPENE AND 1-BUTENE IN COMPARISON WITH THE SUBSEQUENT CHAIN PROPA 

GATION STEPS. 

- 

A further splitting of the resonances of the enriched carbons of 

the previously discussed end groups should be consideredfin 

view of the stereochemical effect on the chemical shift of the en- 

riched carbons by the substituent of the third monomer unit incor- 

poreted into the growing polymer chain' 7 !  Actually, when, e.g. , 
propene is polymerized in the presence of the moderately syndiotac 

tic specific system VC1 -A1 (I 3CH ) C1 four resonances are detected 

for the diastereomeric enriched 7 C 2,4,6 trimethylheptyl end 
13 4 
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groups reported in Figure 4. 

1: 
c c  

A 

B 

C 

D 

Figure 4. Diastereomeric end groups detected on atactic polypropy- 

lene. Relative to methyls 2 '  and 4' the enriched carbons occupy the 

placements a) Gt<t (v=20.6 ppm) ; b) 6e'r;e(v=21 .7 ppm) ; c) Gtte(v= 

=20.8  ppm); d) Ge<t(~=21.5~ppm). HMDS scale. 
7 6 

7 

A similar splitting should also be considered for selectively 

enriched 7I3C 2,4,6-trimethyloctyl; 6'I3C 2,4-diethyl,6-methyloctyl 

and 7I3C 2,4,6-triethyloctyl end groups ,in view of the stereospeci- 

fic additivity rules of the chemical shift of branched hydrocarbons 

reported in the literature"! On the other hand, in the spectra of 

Figures 2 a, 2 b and 2 c,only the resonances of the 6t-qt and 6ete 

enriched carbons are detected. Only two resonances are similarly 

detected for the enriched carbons in the spectra of Figures 2 d and 3. 

These findings imply that addition of the quoted Ti-R to both 

propene and I-butene are enantioselective to an extent comparable 

with that of the subsequent chain propagation steps. The extent of 

the enantioselectivity of the chain propagation steps in the pres- 

ence of any of the catalytic systems reported in section 2 may be 

higher than 99% and can be evaluated by determining the stereo- 

chemical sequence of the configuration of the substituted carbons 
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of the polymer chain. Isotactic macromolecules prepared in the pres 

ence of catalytic systems based on &-Tic1 tipically consist of 

sequences of m diads spanned by pairs of r diads * . *  mmmrrm---mrrmm... 

On the whole the amount of r diads may be lower than 2%. The occur- 

rence of pairrof r diads, more often than isolated r diads,confirms 

that the driving force of the enantioselectivity is the "original" 

chirality of the active sites23! The same conclusion can be reached 
15) by considering that, as previously reported in the literature I 

the steric control of the addition to propene crosses intervening 

ethylene units in ethylene-propene copolymerization. 

16) 
3 

ADDITION OF Ti-C H TO PROPENE. 
6 5  

All the additions discussed up to now, including the propaga- 

tion steps, involved primary alkyl ligands bonded to Ti. In Figure 

5 is reported the aromatic region of the I3C NMR spectrum of highly 

isotactic pol.ypropylene prepared in the presence of 6-Tic1 -Zn(C H ) 

The resonances of the o r  m and p aromatic carbons are detected at 

124.88, 126.2 and 123.6 ppm from HMDS. A unique resonance is de- 

tected at 145.6ppm for the quaternary aromatic carbon. 

9) 
3 6 5 2 '  

3 5 

Figure 5. 

polypropylene prepared in the presence of &-TIC1 -Zn(C H ) HMDS 
3 6 5 2  

scale. Reprinted with permission of the authors from Ref.9. 

Aromatic region of 13C NMR spectrum of highly isotactic 
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On the other hand the resonance of the quaternary carbon is splitted 

in the spectrum of the mixture of (RR, SS) and (RS, SR) 2,4,6-tri- 

methylhexyl benzene . The chemical shift of the quaternary carbon 9) 

6t with respect to the 4' methyl is at 145.6ppm from HMDS, while 

that of the 6e cjuaternary carbon is at 146.2ppm . It can be con- 
cluded that addition of Ti-C H is highly enantioselective in the 

same direction as the following addition of Ti-CH CA(CH )C6H5. Even 

this addition is antimarkownicoff. 

9) 

6 5  

2 3 

ADDITION OF Ti-CH TO STYRENE AND VINYLCYCLOHEXANE. 
3 

The I3C NMR spectrum of isotactic polystyrene prepared in the 

presence of &-Tic1 - A d 3 C H  ) is reported in Figure 6b24! The re? 
3 3 3  1 3  

onances of the enriched methyls of the 5 I J C  2,4-diphenylpentyl end 

groups coming from the chain initiation steps are at 19.2 and at 

21.5 ppm. 
2 

2 

WO 110 126 ' 40 30 Po p#n 10 

Figure 6. 

insoluble-benzene soluble fractions of polystyrene prepared in the 

presence of 6-TiC1 -A1 ( 3CH3) 3 .  

1 3 C  NMR spectra of albutanone soluble and b) butanone 

3 

The assignment of the resonance at 19.2 ppm to the 6t methyls and 

of the resonance at 21.5 ppm to the 6e methyls is achieved by con- 

sidering the spectra of model compounds previously reported in the 

2 

2 
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literature25) and the additivity rules of the chemical shift of 

13C26). The structure of the observed end groups and the different 

intensities of the observed methyl resonances,show that the addition 

is antimarkownicoff an6 enantioselective. Similar conclusions are 

reached by observing the spectrum of isotactic polyvinylcyclohexane 

prepared in the presence of &-Tic1 -A1(I3CH ) -Zn( 

It can be observed that the enantioselectivity of the addition of 

Ti-CH increases while increases the steric demand of the substituent 

of the monomer. It is negligible for propene and I-butene,but it is 

clearly observable for styrene and vinylcyclohexane. Most probably 

such an effect has not been observed previously for 3-methyl-l-butener 

3-methyl-I-pentene and 3-ethyl-I-pentene 

(see also the next section) of the spectra. 

13 24 1 . CH3) 3 3 3  

3 

'due to lackof resolution 

ADDITION TO 3-METHYL-1-PENTENE. 

Additioq of T i - R '  to chiral I-alkenes may led to diastereomeric 

monomer units depending on the attacked monomer diastereoface (see 

Figure 7). 

Figure 7. Diastereomeric monomer units arising from attack 

of the frontface and the back face of ( R )  3-methyl-I-pentene on the 

growing polymer chain. 
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In Figure 8 it is reported the I3C NMR spectrum of isotactic 

po ly  (RlS)-3-methyl-l-pentene prepared in the presence of $ - T i c 1  - 3 

13 
Figure 8. C NMR spectrum of the acetone insoluble-benzene sol- 

uble fraction of poly (R,S)-3-methyl-1-pentene prepared in the 
13 

presence of 6-Tic1 -A1(13CH ) -Zn( CH ) The resonances of the 
3 3 3  3 2:- 

enriched methyls of the diastereomeric 2 ' "c 2 I 4-dimethylpentyl end 

groups are labelled with e and t.The e 13CH ' s  come from the front 

attack (i.e. 
3 

attack (i.e. ( S ' )  (R) or (R') ( S )  faces) of Figure 8. 

Reprinted with permission of the authors from Ref.10. 

3 
( R ' )  (R) or ( S ' )  ( S )  faces) I the t '3CH ' s  from the back 

The resonances centered at 15.1 ppm and at 13.3 ppm from HMDS 
8 3 

are due to the enriched methyls of the diastereomeric 2'13C 2,4- 

dimethylpentyl end groups resulting from the addition of Ti- 
13 
CH3 

to the monomer diastereofaces. The different intensities of the two 

considered resonances and the assignment reported in Figure 8 shows 
10) that the front attack of Figure 7 is faster than the back attack . 

The rate of attack of Ti-CH to the diastereofaces of 3-methyl-l- 

-pentenelin comparison with that of the attack to 3-methyl-I-butene 

and 3-ethyl-1-pentene previously reported in the literature ,sug- 

gests that,in the active state,the conformation of the I-alkenes 

branched on C might be either H skew' or H skew (more or less - 

3 

1 1 )  

- 
3 



Structure of P o l y - a - o l e f i n s  a n d  Mechanism o f  P o l y m e r i z a t i o n  253 

distorted). These conformations could lead to acceptable non bonded 

interactions between the incoming I-alkenes and the ligand environ- 

ment of the active sites11r27! A similarly different rate of attack 

to the diastereofaces of 3-methyl-I-pentene was found also during 

the chain propagation steps' O! and justifies the "stereoselective" 

behaviour of polymerization of chiral C-3 branched I-alkenes 
10-28) 

RELATIVE REACTIVITIES OF SOME 1-ALKENES 

Quantitative I3C NMR analysis of the enriched end groups resull 

ing from binary copolymerizations in the presence of 8-TiC1 and 

selectively 3C enriched cocatalysts, affords a fast and reliable 

method for determining relative reactivity of I-alkenes. We have 

determined in such way, the relative reactivities(t0ward addition 

of Ti-CH )of ethylene; propene; I-butene; 3-methyl-1-butene; 3- 

methyl-1-pentene. and 3-ethyl-l-penteneL , in the presence of 6-TiC1,- 

3 

3 

29-31! The results,reported in Reference 29, 
-A1 (l 'CH3h-Zn ( 13 CH3)2 

can be qualitatively understood by considering the steric restric- 

tions coming from the enantioselective character of the considered 

additions and the just mentioned conformational restrictions. 

In similar manner one can test the trend of the relative reac- 

tivity of a pair of 1-alkenes when changing the hydrocarbon radical 
31) bonded to the titanium atom of the active sites . 

CONCLUSION 

Considerable information on the reaction mechanism of stereo- 

specific polymerization of 1-alkenes can be achieved by determining 

the stereochemical structure of the polymers. Under this respect 

the structure of the end groups deserves particular attention. The 

results here reported show that in the presence of heterogeneous 

isotactic-specific catalytic systems, the addition to the monomer 

is antimarkownicoff even in the case of vinyl aromatic monomers 

such as styrene. The enantioselectivity of the addition, which en- 

sures the isotactic steric control, is due to the "original" chiralL 
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ty of the active sites and increases while increasing the size of 

any of the liqands of the catalyst components and the steric demand 

of the substituent of the monomer. 

Finally the addition to chiral C - 3  branched 1-alkenes is dia- 

stereoselective,most probably due to restrictions concerning the 

conformation of the monomer in the active state. 

Concerning the “original” chirality of the active sites,it is 

possible to speculate that it could come from the asymmetric con- 

figuration of the transition metal or else from the asymmetric 

spatial arrangements of ligands outside the coordination sphere, 

or even simply from restricted rotation of the active transition 

metal-carbon bond (at least when R I C H  ) .  The . . -  mmrrmm... steric 

defects of the stereochemical sequence of the configurations of the 

substituted carbons of the polymer chains should arise from a 

failure of enantioselective addition. --.mmrmm.*- defects should 

be caused e.9. by inversion of the configuration of the active site 

during the macromolecular growthlor by migration of the growing 
3 2 )  polymer chain from D preferring to L preferring sites . 

3 
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ABSTRACT 

"Living" polypropylene of uniform chain length was prepared by 

low-temperature polymerization of propene with some soluble vanadium- 

based catalysts. The chain end structure of living polypropylene 

was studied by 'H NMR analysis of iodine-bonded polypropylene. 'H 

NMR analysis revealed that the majority of active centers exist as a 

secondary vanadium-carbon bond during the chain propagation of living 

polypropylene. The mechanism of the living coordination 

polymerization is discussed based on kinetic and stereochemical data. 

INTRODUCTION 

The synthesis of "living" polyolef ins with Ziegler-Natta 

catalysts is one target of research in the field of coordination 

polymerization'). As has been proved in research on anionic 

polymerization, "living" polymers are of great importance as a tool 

for the synthesis of tailor-made polymers such as terminally 

functionalized polymers and block copolymers2). In addition, 

"living" polymers are also useful in the understanding of the 

mechanism on the propagation reaction of a growing chain end with 

monomers. 

The first example of "living" polypropylene of uniform chain 

length was found by Doi et. a1.3r4)in the syndiotactic-specific 

polymerization of propene with a soluble catalyst composed of tris 

(2,4-pentanedionato) vanadium and dialkyl aluminium halide as 

A1(C2H5)2Cla Kinetic studies on the living polymerization of 

propene have reached the following conclusions: (i) The living 

polymerization of propene takes place at low temperatures below 

257 
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- 6 5 " C 3 ) .  (ii) The formation of active centers is instantaneous5). 

(iii) The chain propagation reaction takes place via an insertion of 

coordinated propene into a vanadium-polymer bond and the rate is 

inf lenced by the aluminium component as ~ o - c a t a l y s t ~ ~ ~ ) .  (iv) The 

molecular weight distributions of polypropylenes produced are as 

narrow as 1.05 to 1.20 of Mw/Rn3r4). The syndiotactic regularities 

of monodisperse polypropylenes are influenced by the kind of 

aluminium component6' 'I. The living polypropylene end of the 

vanadium-carbon bond has been found to react with some additives such 

as I2 and CO to give terminally functionalized polypropylenes8-' O ) .  

In addition, this new type of living polypropylene has been applied 

to the synthesis of well defined block copolymers of propylene- 

ethylene , propy lene- tetrahydrof uran8) , propylene-styrene' , and 
propylene-methyl methacrylate 13). 

This paper is a report of recent advances we have made on the 

living coordination polymerization of propene with some soluble 

vanadium -ba sed cata 1 y s t s. 

RESULTS AND DISCUSSION 

1 .  Synthesis of "Living" Polypropylene 
Two different types of vanadium compound, tris (2,4- 

pentanedionato) vanadium, V(acacI3, and tris (2-methyl-I ,3- 

butanedionato) vanadium, V(n~bd)~, were used for the synthesis of 

living polypropylene. 

H 
I 

YH3 
I 

V(acac) v (mbd) 

Figure 1 shows time dependences of polymer yield, fin and Mw/Mn 

of polymers, and the number of polymer chains produced per vanadium 

atom "1 in the polymerization of propene with a toluene solution of 
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0 2 4 6 8 

6 ,  

4 '  

1.0 

0 2 4 6 8 

Time Ih)  T i m e  ( h )  

- 
Figure 1 .  

and of the number of polymer chains produced per vanadium atom I N ]  

in the polymerization of propene at -7OOC with the V(mbd)3/A1(C2H5)2 

C1 catalyst ( 0 )  and the V(acac)3/~1(~2~5)2C1 catalyst ( 1 .  

Polymerization conditions: propene=830 mmol, A1(C2H5)2C1=20 mmol, 

toluene solution=100 cm , V(mbd)3=0.05 rnmol, V(acac) =0.5 mmol. 

Time dependence of yield, Mn and kw/kn of polypropylene 

3 
3 
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V( acac) 3 / ~ 1 (  C2H5) 2C1 or V( mbd) 3/Al( C2H5)2C1 catalyst at -7OOC. Both 

the yield and %n of polymers increased proportionally to 

polymerization time, which indicates that any chain-terminating 

processes are not present in those polymerization systems. The 

molecular weight distributions of polypropylenes were unimodal and 

their polydispersities (Mw/kn) were as small as 1.2, independent of 

time. The number of polymer chains produced per vanadium atom [N] 

remained almost constant during the course of polymerization. In a 

living polymerization, the number of polymer chains [N] is consistent 

with the number of active centers. Here, it should be noted that 

the value of [N] in the polymerization with the V(mbd)j/A1(C2H5)2C1 

catalyst is almost unity (1.0+0.1) during the course of 

polymerization. This is the case of living polymerization where all 

of the vanadium species function as active centers. 

Temperature effects of polymerization activity and moleculare 

weight distribution ( M W D )  of polypropylene were examined in the range 

of -78'C to 3OC in the polymerization of propene with both catalysts 

V(acac)3/A1(C2H5)2C1 and V ( ~ I ~ ~ ) ~ / A ~ ( C ~ H ~ ) ~ C ~ .  For both catalysts, 

the M W D  of polypropylene obtained at temperatures below -65OC was 

close to the Poisson distribution, while the M W D  at higher 

temperatures above -6OOC became broader (Mw/&n = 1.5 - 2.3). Some 

chain-terminating processes took place at higher temperatures. It 

has been concluded that the living polymerization of propene occurs 

at temperatures below -65OC. 

The polymerization of propene was performed at -78OC with 

various types of dialkylaluminium monohalides in the presence of 

V(acacI3. The results are shown in Figure 2. For all the 

aluminium compounds in Figure 2, the fn of produced polypropylene 

increased proportionally t o  polymerization time and the 

polydispersity (Mw/fin) was as small as 1.15 0.05, indicative of the 

formation of living polypropylene. The rate of increase in Mn, 

1.e. the rate of propagation of a living polymer chain expressed by 

fin/(42*t), is influenced by the kind of aluminium component. 

The stereoregularities of monodisperse polypropylenes were 

determined from the I3C N M R  spectra. The result is listed in Table 

1. The syndiotactic triad fraction [rrl is also dependent upon the 

kind of aluminium component. 
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Figure 2. 

obtained at -78'C in the presence of different soluble catalysts 

composed of V(acac) and aluminium alkyls. 

( 0 ) :  A1(C3H7)2C1, ( 0 ) :  A1(C2H5I2C1, ( v ) :  A1(C2H5I2Br. 

aluminium alkyl=5 mmol, toluene solution=100 cm . 

Time dependence of Mn and Mw/Mn of polypropylene 

( A )  : A1 (i-C4H9) 2C1, 

Polymerization conditions: propene=830 mmol, V(acac)3=0.5 mmol, 
3 



Table 1. Stereoregularities and molecular weights of polypropylenes prepared with 

soluble vanadium-based catalysts at -78OC. 

V-component Al-component Polym.time Stereoregularity M o l .  wgt. 

in h [rrl [rml [mml [rl IO-~E, M J M ~  

V (acac) A1 ( C 2 H 5 )  2 C 1  3.0 0 . 6 5  0 . 3 2  0 . 0 3  0 . 8 1  1 . 5 0  1 . 1  

V(acac) A1 (C3H,) 2 C 1  2 . 0  0.63 0 . 3 3  0 . 0 4  0 . 7 9  0 . 7 6  1 . 1  

V (acac) A1 (i-C4H9) 2 C 1  3.0 0.52 0 . 3 8  0 . 1 0  0 .71  3 .50  1 . 1  

V (acac) A1 ( C 2 H 5 )  2 B r  8 .5  0.48 0 . 3 8  0 . 1 4  0 . 6 7  0 . 8 1  1 . 2  

V (mbd) A1 ( C 2 H 5 )  2 C 1  6.0 0 . 6 4  0 . 3 0  0 . 0 6  0 . 7 9  1 . 7 0  1 . 2  

acac: 2,4-pentanedionato, mbd: 2-methyl-1,3-butanedionato, r: syndiotactic(racemic)dyad, 

m: isotactic (meso) dyad. 
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These kinetic and stereochemical results are direct evidence of 

the bimetallic structure of the active center in which alkylaluminium 

components are involved as important ligands. 

2. Structure of "Living" Polypropylene End 
The structure of living polypropylene end was studied by 'H NMR 

analysis of iodine-terminated polypropylenes of low molecular 

weights. As reported in previous papers8"), the living 

polypropylene end of vanadium-carbon bond reacts instantaneously with 

the iodine molecule to give an iodine-bonded monodisperse 

polypropylene. The analysis of iodine-bonded polypropylene offers 

direct information on the structure of living polypropylene end, 

since active vanadium is replaced by an iodine atom. 

For the purpose of chain-end structure analysis, an iodine- 

bonded propylene oligomer was prepared by the reaction of iodine with 

a living propylene oligomer of 12 propylene units ( h  = 12) obtained 

at -78'C with the V(acac)3/A1(C2H5)2C1 catalyst. Figure 3 shows the 

'H NMR spectrum of iodine-bonded propylene oligomer. Except for 

the strong resonances of 0.7 - 1.7 ppm arising from protons in the 

polypropylene segment, two weak signals, a (d, 1.95 and 1.98) and b 

(m, 4.30), are observed at the lower magnetic field of the spectrum. 

As reported in a previous paper'), these new signals are assignable 

to the resonances of protons in the chain-end group bonding to iodine 

atom as formed by reaction 1,  

where *V3+ represents an active vanadium center and @ denotes the 
polypropylene chain. 

The chain-end structure ( 2 )  is formed by the reaction of I2 with 
a secondary vanadium-carbon bond (1) arising from a secondary 

insertion of propene into a vanadium-polymer bond. On the other 

hand, the addition of I2 to a primary vanadium-carbon bond ( 3 )  gives 
the chain-end structure (4) following the mechanism of reaction (2). - 
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Figure 3. 

oligomer ( = 12 ) .  Chemical shifts are in ppm down-field from 

TMS . 

1 0 0  MHz ' H  NMR spectrum of iodine-terminated propylene 

n 



Structure and Reactivity of "Living" Polypropylene 265 

The doublet resonance of n-methylene proton in the chain-end 

structure (4) is expected to appear at 3.1 - 3.2 ppm on the basis of 

the 'H NMR spectra of some model compounds such as CH3-CH(CH3)-CH2-I 

(cr-CH2 proton: d, s3.10). However, we could not detect any signal 

at around 3.1 ppm in the spectrum in Figure 3. These results are 

direct evidence that the majority of active vanadium complexes exist 

as secondary vanadium-carbon bonds during the syndiotactic-specific 

propagation of living polypropylene. 

The signal a of methyl proton in the last inserted propylene 

unit consists of two doublet resonances (see Figure 3). The weak 

doublet resonance (d, 61.98, JH-H = 6.8Hz) in the lower field is 

related to the erythro (isotactic) placement of the last propylene 

units (2-e), whereas the strong doublet resonance (d, 61.95, JH-H = 

6.8 Hz) in the higher field is related to the threo (syndiotactic) 

placement of the same units (2-t), as represented by 

Then, the intensity ratio, It/(It + Ie), represents the degree of 
syndiotactic regularity of the last propylene units formed via the 

secondary insertion into a vanadium-polymer bond. The value of 

It/(It + Ie) was determined as being 0.79 5 0.05 from the spectrum in 

Figure 3, and was almost identical with the syndiotactic diad 

fraction ([r] = 0.81) of propylene units in a long polymer chain (Pn 

= 690) obtained with the same catalyst. 

It has been found that the syndiotactic regularity of propylene 

units in the secondary insertion step is not influenced by the 

sequence length of a living polymer chain but dependent upon the kind 

of aluminium component used as co-catalyst' 4 ) .  
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3. Reactivity of "Living" Polypropylene End 
The propagation rate of living polypropylene chain can be 

expressed by Eq.(3) in the polymerization of propene with the 

catalyst V (  acac ) /A 1 ( C 2  1-1 c 1 : 

where [ M I  denotes the concentration of propene monomer and [N] 

represents the number of living polypropylene chains, i.e. the number 

of active centers. The values of the constants k, and KM found at 

-78, -65 and -48'C are listed in Table 2, together with their 

activation energies. 

Table 2. 

observed in the polymerization of propene with the catalyst 

V(acac)3/A1(C2H5)2C1. 

Rate constants ks and KM of elementary steps (Eq.3) 

E 
ks Eks KM KM 

Temp. 

("C) (S-1) (kcal /moll ( dm3 /mo 1 ) (kcal/mol) 

-78 0.053 

-65 0.12 } 8.1 

-48 0.89  

0.37 1 

0.28 1 

E q . ( 3 )  can be interpreted in terms of the mechanism ( 4 )  that the 

rate-determining step of the chain propagation is the insertion of 

the coordinated propene monomer into a vanadium-polymer bond. 

Pl+I (4) 
*v3+- Pi + 

The constants KM and k, denote the equilibrium constant for propene 

monomer coordination and the rate constant for the insertion of the 

coordinated monomer. The coordination energy of monomer to the 
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vanadium was as small as 0.8 kcal/mol, and the activation energy of 

the insertion step was determined to be 8.1 kcal/mol. 

We propose here a model for the chain propagation of living 

polypropylene bonded to an active vanadium center, as depicted in 

Figure 4. A tetracoordinated V 3 +  complex is proposed as an active 

center, in which bidentate dionato, chloride and alkyl ligands are 

coordinated to the V3+ ion and dialkylaluminium chloride in dimer 

form is bound via a chloride ligand. After propene coordination, 

the active complex changes from tetra- to pentacoordination. The 

activity and stereospecificity of active the vanadium complex may be 

regulated by the bound aluminium component which influences both 

electronic and geometric structures of vanadium-carbon bond. The 

pentacoordinated V 3 +  complex was originally proposed by Zambelli and 

Allegra 15). 

Molecular hydrogen was found to function as a chain transfer 

agent for living polypropylene16). In the presence of H2 the poly- 

dispersity (Mw/fin) of polymers increased with polymerization time and 

approached 2.0, corresponding to a most probable distribution of 

chain length. The chain transfer with H2 could be expressed by 

Eq. ( 5 1 . 

( 5 )  *V3+- H + P.- H 
*V3+- Pi + H2 --> kt 

1 

The rate constant for chain transfer reaction with H2, ktr was 

determined to be 0.2 bar-' h - l  at -78OC.  

The reaction of living polypropylene end with additives such as 

12, amine and CO is of importance €or the synthesis of terminally 

functionalized polypropylenes which exhibit new characteristic 

properties or function as initiators for block copolymer synthesis. 

As described in the preceding section, an iodine-bonded polypro- 

pylene was prepared by the reaction of I2 with the living polypro- 

pylene end. The reaction was completed within a few minutes at 

- 7 8 O C  to yield a monodisperse polypropylene (fiw/fin = 1.15). The 

element analysis of iodine-terminated polypropylene indicated that I2 

reacted quantitatively with a vanadium-polymer bond to give a new 

iodine-polymer bond along the scheme (1 1. The iodine-bonded mono- 

disperse polypropylene was reacted with an excess amount of ethylene 



h: 
cn 
W 

CII 
I 

Pi-l-V(acac)C1*A12Et4C12 Pi-l-V (acac) (C3H6)  C1.A12Et4C12 P .  -V(acac) C1- A12Et4C12 

F i g u r e  4 .  Proposed s t r u c t u r e  of a c t i v e  complex and mechanism € o r  c h a i n  

p r o p a g a t i o n  i n  t h e  l i v i n g  c o o r d i n a t i o n  p o l y m e r i z a t i o n  of propene  w i t h  t h e  

s o l u b l e  V ( a c a c ) 3 / A 1 ( C 2 H 5 ) 2 C 1  c a t a l y s t .  
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diamine for 120 h at room temperature in THF solution, followed by 

washing with aqueous alkaline solution. This reaction resulted in 

the formation of a NH2-functional polypropylene (5). 

YH3 r.t. NaOH 
I-CH-CH~-@ + H ~ N C H ~ C H ~ N H ~  - - 

H2° THF 
( 2 )  

0 ( 6 )  
y H 3  

H2N-CH2-CH2-NH-CH-CH2- P 

( 2  1 

The reaction of CO with the living polypropylene was performed 

by adding carbon monoxide of 1 or 3 0  bar into the toluene solutionof 

l i v i n g  p o l y p r o p y l e n e  p r o d u c e d  w i t h  t h e  c a t a l y s t  of 

V ( a ~ a c ) ~ / A l ( C ~ H ~ ) ~ c l  at -78'C, followed by hydrolysis with aqueous 

hydrochloric acid. The IR spectra of the CO-terminated 

bolypropylenes after hydrolysis showed an absorption band at 1723 

cm being attributable to the stretching vibration of CO groups. 

The number of CO groups per one polypropylene chain was found to be 

almost unity, which indicates that every living polypropylene chain 

reacts quantitatively with one molecule of CO. The reaction of CO 

with a living polypropylene end has been represented by the following 

scheme . 10 1 

CH 1 3  - 7 8 ° C  qH3 
*V3+-CH-CH2-@ + CO *V3+-$-CH-CH2-@ 

0 ( 1 )  
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LIGAND EFFECTS ON METALLOCENE CATALYZED ZIEGLER-NATTA POLYMERIZATIONS 

JOHN A .  EWEN 

Fina Oil and Chemical Company, Box 1200, Deer Park, Texas 77536. 

ABSTRACT 

The effects of the chiralities, steric requirements and 

basicities of ligands attached to soluble Ti and Zr metallocene 

catalysts on propylene and ethylene homo- and copolymerizations have 

been reviewed. Isotactic polypropylene configurational structures 

are controlled by chiral cyclopentadienyl (Cp) ligands and chiral 

chain-ends; possibly both individually and simultaneously. 

Ethylene-propylene copolymerization reactivity ratios are 

predominantly influenced by ligand steric effects. The 

polymerization rates and polymer molecular weights obtained in Zr 

catalyzed ethylene polymerizations vary according to both Cp 

basicities and steric requirements. Novel polypropylene 

microstructures, narrow polydispersities (Mw/Mn), bimodal 

polyethylene molecular weight distributions and tailored copolymer 

composition distributions have been obtained. 

- -  

INTRODUCTION 

Ligand effects on catalyst selectivities, polymerization rates 

and stabilities are of both practical and fundamental importance. 

Surprisingly, few investigations of substituted cyclopentadienyl (Cp) 

ligand effects have been published during the decade following the 

discovery of the versatile group 4b metallocene/methylalumoxane 
catalyst systems. 1,2) 

The polymerization behaviour of a series of titanoncene and 

zirconocene derivatives having substituents on the Cp rings are 

reviewed in this paper. The ligand effects provide insight into the 

polymerization reaction mechanisms and have enabled the syntheses of 

polypropylenes (PP) with novel microstructures , 3, ethylene/propylene 

copolymers (EP) with controlled composition  distribution^^'^) and 
high density polyethylenes (HDPE) with both narrow and bimodal 
molecular weight distributions (MWD) . 6 )  

2 7 1  
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The metallocenes have proven to be a nearly ideal system for the 

study of ligand effects on Ziegler-Natta polymerizations since the 

basicities, steric requirements and chiralities of the ligands 

attached to titanium and zirconium centers strongly influence the 

polymerizations. In addition, the catalysts and reaction 

intermediates possess controlled, well-defined ligand 
environments. 3,7,8) 

EXPERIMENTAL 

Catalyst and cocatalyst syntheses, kinetic and polymerization 

procedures, polymer molecular weight determinations and PP I 3 C  NMR 

structural characterizations have been described previously. 3 ,9 )  EP 

copolymer molecular weights were estimated from GPC data by empirical 

interpolation between the calculated values for PP and HDPE. RCps 

were prepared under a N2 atmosphere from stoichiometric quantities of 

LiCp and the corresponding alkyl bromides in THF; allowing the 

solutions to warm to ambient from dry icefacetone temperature. RCps 

were aromatized with n-BuLi and reacted with ZrC14 without isolation 

of the intermediates. The air stable complexes were purified by 

vacuum sublimation and found to be spectroscopically pure by 'H NMR. 

1:l  alumoxane/trimethyl aluimnum (TMA) mixtures were synthesized with 

CuSO .5H20 as described earlier.3) 

polydispersity and some EPR comonomer composition distribution 

studies was synthesized by incremental hydrolysis of 30 cc portions 

of a stock solution (600 cc of 14.5% TMA in hexane) with 0 . 3  cc water 

at 100 O C  in a high pressure reactor. 4-6) 
obtained with this latter procedure contained insoluble white 

material and resulted in relatively broad polymer MWDs of 3-4. 

The cocatalyst for the HDPE 4 

The cocatalyst solutions 

RESULTS 

Polymerization Scheme. 3 )  It has been previously shown that 

propylene polymerization rates for catalysts derived from Cp2Ti(Ph)2 

vary linearly with the product of monomer, transition metal and total 

A1 concentrations with < 11% propylene conversion and < 100 mM Al. 

Catalyst turn overs were typically between 0.1 to 5 sec-l. 

Polypropylene MWDs tend assymptotically to the most probable value 

for a single polymerization species with time at < -30 OC and 
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molecular weights vary linearly in direct proportion with the 

catalyst turn over numbers. 

Scheme I 

R ’  
CpaTi’ 

.CH$H-R + c 
I 

4 CH, - 
Scheme I, €or Cp2Ti(IV) polymerizations of propylene, is 

Under pseudo-first-order conditions: 

representative o f  the kinetics for all of  the polymerizations. 

The oligomeric alumoxane = [A1(CH3)-O-In is represented as C. 
The propagation kinetics indicate low pseudo-equilibrium (competing 

processes) and equilibrium levels of species 2 and 2 respectively 
under the polymerization conditions. Species - 1 and - 4 are presumably 
at high concentrations since intercepts of linear plots of the number 

of polymer chains/Ti vs time are consistent with 100% and 40% of the 

Ti having growing chains at -30 and -60 OC respectively; providing 
there is only one chain per Ti. 3) 

Species 1 and 4 are formally do 16-electron, coordinatively - - 
unsaturated, pseudo-tetrahedral, bent metallocenes in the four 

oxidation state. 

state. 

orbital with the three non-Cp ligands and the transition metal in a 

common plane. 7a) 

Structure 2 represents the catalyst in its resting 
Intermediate - 3 is shown with the monomer coordinated at a lal 

The carbon-carbon double bond is cis to and 
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coplanar with the metal alkyl sigma-bond prior to a concerted "1-2" 

cis-insertion. , lo)  

and the cocatalyst is unknown. 

The bonding mechanism between the metallocene 

Polypropylene stereoregulation. Two alternative 

configurational microstructures for isotactic polypropylene (PP)  are 

represented by Structures I and I1 

The pairs of adjacent methine carbons are predominantly meso (m) 

dyads of the same relative configuration. 

by one (Structure I) and two (Structure 11) racemic (r) dyads, 

respectively. 

influence they have on the mechanisms by which asymmetry is 

transfered to the growing polymer chain. 

to a chiral stereorigid Cp ligand, to a conformationally stable 

chain-end methine group or to both mechanisms simultaneously. 

The m dyads are connected 

Ligand effects on stereoregulation are apparent from the 

Stereoregulation can be due 

Table 1 .  Structures of metallocenes and their stereochemical 
control mechanisms in propylene polymerizations. 

ASPEClFlC 
CHAIN-END 
CONTROL 

CpzZrClz Ti -&R 

CpzTiClz 

CHAIN-END 
SITE AND SITE 

CONTROL CONTROL 
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The structures of the metallocenes used to investigate the 

mechanisms of stereochemical control are portrayed in Table 1. 

Chain-end control. Figure 2 is an example of the I3C NMR _ _ _ _ _ _ _ ~  
spectrum of the methyl pentad region for isotactic polypropylene 

obtained with Cp2Ti(Ph)2. 

arrangments of five adjacent monomer units are observed since the 

mmrm and rmrr pentads have the same chemical shifts. 

Only nine bands for the ten unique steric 

11) 

sntad Shift 

n r n m  0.000pprn 
n rn r 0.248 
I rn r 0.469 

n r r 0.nl 

::rm 0971 
r m r 1.170 

r r  1.482 
r m 1.659 
r r m  1.843 

.. .. . . . . . . 

... ,.. :I .. . 

nnrr 

CHEMICAL SHIFT.  PPP 

Figure 2. I3C NMR spectrum isotactic stereoblock polypropylene 
obtained with Cp2Ti(Ph)2 at -30 O C .  3 )  
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The t h r e e  most i n t e n s e  pentad  bands cor respond t o  t h e  l o n g e r  

i s o t a c t i c  sequences  (mmmm) and the s t e r e o b l o c k  j u n c t u r e s  (mmmr and 

mmrm). The predominant  pen tads  i d e n t i f y  t h e  polymer 

... mmmmrmmmmrmmmm. . .  s t e r e o s e q u e n c e s  i n  accord  w i t h  S t r u c t u r e  I .  

The connec ted  p e n t a d s  i n  F igu re  2 have e q u a l  i n t e n s i t i e s  w i t h i n  

e x p e r i m e n t a l  e r r o r ;  as r e q u i r e d  by the s t r u c t u r a l  model. F u r t h e r ,  

a l l  t h e  pentad  i n t e n s i t i e s  can be c a l c u l a t e d  u s i n g  one a d j u s t a b l e  

pa rame te r  and Bove y ' s 3 ,  t h e o r e  t i c  a 1  Bernoul  1 i a n  s t a t  i s  t i c a  1 
e q u a t i o n s  f o r  cha in-end  c o n t r o l l e d  s t e r e o s p e c i f i c  p o l y m e r i z a t i o n s .  3 )  

S r u c t u r e  I is  o b t a i n e d  s i n c e  s te r ic  i n v e r s i o n s  d u r i n g  p ropaga t ion  

r e s u l t  i n  t h e  new a b s o l u t e  c o n f i g u r a t i o n  o f  the l a s t  i n s e r t e d  monomer 

u n i t  becoming the most p robab le  one i n  the succeed ing  enchainment .  

The s t e r e o b l o c k  polymers w i t h  less  t h a n  95 %-m p lacements  d i d  

- 

in = 96,600 

i,., = 154,000 

BAND INTENSITIES 
Triad Experimental Calculated 

mm 0.54 0.54 
0.30 0.31 mr + rm 

rr 0.16 0.15 

P = 0.89 

W, = 0.37 

F i g u r e  3. 

o b t a i n e d  w i t h  meso- and r ac -E t [ Ind I2TiCl2  a t  -60 O C .  (m.pt .  = 94 "C).  

I 3 C  NMR spec t rum of methyl  r e g i o n  f o r  polymer mix tu re  

n o t  e x h i b i t  s h a r p  m e l t i n g  p o i n t s .  F i n a l  m.p ts .  f o r  the samples  

o b t a i n e d  a t  -30 O C  (83%-m) and a t  -60 OC (85%-m) w e r e  55 O C  and 

62 OC r e s p e c t i v e l y .  

S i t e  c o n t r o l .  The 1 3 C  NMR spec t rum f o r  the methyl  r e g i o n  of PP 
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obtained wi th  a mixture meso- and rac-Et[IndI2TiCl2 a t  -60 O C  i s  

d i sp l ayed  i n  Figure 3 .  

Heptad e f f e c t s  preclude accu ra t e  measurement of t h e  pentad 

i n t e n s i t i e s  f o r  t h i s  p a r t i c u l a r  spectrum. The experimental  and 

c a l c u l a t e d  t r i a d  band i n t e n s i t i e s  a r e  shown, however, t o  be i n  accord 

w i t h  a 2 parameter model f o r  a mixture of  63% i s o t a c t i c  and 37% 

a t a c t i c  PP wi th  t h e  c h i r a l  c a t a l y s t  having a p r o b a b i l i t y  parameter of  

0.89. 

Ca lcu la t ion  of  3 observables  wi th  2 parameters does not prove 

t h e  s i t e  c o n t r o l  mechanism. Indeed, t h i s  mixture of  a t a c t i c  and 

i s o t a c t  i c  material " f a l s e l y "  sat  is  f ies t h e  enant iomorphic-s i te  

c o n t r o l  t r i a d  ( 2 [ r r ] / [ m r ]  =1) and pentad (mmmr:mmrr:mrrm = 2:2:1)  

t e s t s  .3) Convincing evidence f o r  i s o t a c t i c  m a t e r i a l  w i th  

S t r u c t u r e  I1 due t o  an enant iomorphic-s i te  c o n t r o l  mechanism and an 

a t a c t i c  f r a c t i o n  c o n s i s t i n g  of  an i d e a l l y  random s t r u c t u r e  was 

obtained by c a l c u l a t i n g  t h e  n ine  pentad i n t e n s i t i e s  w i t h  a 2 
parameter model a f t e r  f r a c t i o n a t i o n  of  t h e  o r i g i n a l  sample.  3 )  

The c a t a l y s t  c h i r a l i t y  d i c t a t e s  s t e r e o r e g u l a t i o n  i n  the c h i r a l  

c a t a l y s t  s i t e  c o n t r o l  mechanism. This  r e s u l t s  i n  t h e  occas iona l  

s t e r i c  i nve r s ions  i n  t h e  chain being predominantly reversed i n  

succeeding monomer enchainments. 

Dual c o n t r o l .  The dua l  c o n t r o l  model assumes mixed 

s t e r e o r e g u l a t i o n  i n  which t h e  s t e reochemis t ry  i s  c o n t r o l l e d  by t h e  

enan t iomorph ic - s i t e  and by t h e  chain-end s imultaneously.  The 

mathematical framework f o r  t h i s  dua l  c o n t r o l  model w a s  l a i d  o u t  by 

Pr ice12)  and t h e  pentad equat ions l i s t e d  i n  Table 2 were der ived by 
S t e h l  i ng  . 26) 

The spectrum of  polypropylene obtained wi th  rac-Et[H4IndI2TiCl2 

a t  0 O C  i s  recorded i n  Figure 4 and Table 3. 

Mn = 37,100 and Mw/Mn = 2 . 1  (Figure 5 ) .  
produced by a s o l u b l e  c a t a l y s t .  13) 

model t e s t s  are c o n s i s t e n t  w i th  t h e  material  having t h e  

enantiomorphic s i t e  c o n t r o l  s t r u c t u r e  ( S t r u c t u r e  11) t o  a f i r s t  

approximation. 

The pentad i n t e n s i t i e s  are b e t t e r  accounted f o r  w i th  a 2 

parameter model i n  Table 3. (The 4 parameters are def ined i n  terms 

of each ~ t h e r . ~ ) )  

bands prove t h a t  enan t iomorph ic - s i t e  i s  the predominant mechanism. 

The sample had - - -  
This i n d i c a t e s  tha t  it w a s  

T r i ad  a n a l y s i s  and mechanis t ic  

The r e l a t i v e  i n t e n s i t i e s  o f  the m m r r  and m m r m  
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The lesser degree of stereochemical control by the chain-end is 

not surprising since this mechanism is only modestly effective or 

Isotactic polypropylene obtained with rac-Et[IndH4I2TiCl2 at 

ineffective near and above the PP glass transition temperatures. 3 )  

-60 OC contains 95%-m placements. The polymer had a melting point of 

144 OC. The only clearly discernible bands other than the mmmm pentad 

( t  
F4c;Ti-R 

Pentad 

rnrnrnrn 
rnrnrnr 

- 
@ rmmr 

rrnrr 
mrmr 
rrrr 
rrrrn 
mrrm 

L 

E 
E 
I 

Pa = 0.909 
Pb = 0.285 

Fa = 0.887 
Fb = 0.113 

BAND INTENSITIES 
Experimental Calculated 

0.56 0.61 
0.15 0.13 
0.019 0.01 
0.1 2 0.10 

0.04 

0.03 
0.070 >=0.07 

0.01 3 0.017 
0.006 0.004 
0.01 3 0.01 25 

0.048 0.049 - - 
1 .oo 1 .oo 

Figure 4. 
polypropylene obtained with rac-Et[IndH4I2TiCl2 at 0 OC. (m.pt .= 99°C) 

13C NMR spectra of the methyl pentad region of 
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Table 2. Summary of dyad, triad and pentad intensities for the 

one site mixed-control model. a> 

c type Intens it ies 

m 

r 

mm 

mr 

rr 

mmmm 

mmmr 

rmmr 

mmrr 

mmrm 

rmrr 

mrmr 

rrrr 

rrrm 

mrrm 

-1 where Fa = (1 - Pb)(2 - Pa - Pb) 
and F~ = (1 - pa)(2 - pa - Pb1-l 
a)Equations derived by F. C.  Stehling.26) 

ref. 3) 

Parameters were defined in 
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were two relatively small bands with a 1:l  intensity ratio which had 

the mmmr and the mmrm pentad chemical shifts. This is in accord with 

the polymer having Structure I and is evidence that the chain-end was 

the dominating chiral center for stereochemical control. The low 

level of steric imperfections compared to the mmmm band precluded 

detailed analyses of the other methyl pentads. 

Table 3. Experimental and calculated intensities for polypropylene 

obtained with rac-Et [ IndH4I2TiCl2 at 0 OC. 

Band Intens it ies 
One Species ;a) 

C-type Experimental Mixed Control Difference 

r 0.17 0.14  0.03 
m 0.83 0.86 -0.03 

mm 
mr 
rr 

mmmm 
mmmr 
rmmr 

0.73 
0.20 
0.068 

0.56 
0.15 
0.02 

0.74  
0.19 
0.065 

0.61 
0.13 
0.01 

-0.01 
-0.01 
0.003 

0.05 
-0.02 
0.01 

mmrr 0.12 0.10 0.02 
mmrm 
mrmr 
rmrm 

rrrr 
rrrm 
mrrm 

0.070 

0.013 

0.006 
0.013 
0.049 

O'O4\ 0.07 0.03' 
0.017 

0.004 
0.0125 
0.048 

0.00 

0.004 

0.002 
0.01 
0.001 

a)For mixed control model Pa = 0.909; 

Fb = 0.113. Parameters defined in ref.3). Polymerization conditions 

were - 60 OC; .014 mmoles Ti; 4.1 mmoles A l ;  

400 cc toluene;O.l5 g yield and 0 OC; 0.0042 mmoles Ti; 

Fa = 0.887; Pb = 0.285; 

1 h; 4.8  moles C3H6; 
36 mmoles 

5'05 '3H6; 400 cc toluene; 5.5 h and 0.60 g yield. 

The difference in the stereoregulation mechanisms for 

raC-Et[IndH4l2TiCl2 and rac-Et[IndI2TiCl2 is attributed to the chain 

being cis to a bulky non-Cp ligand in the former complex 

(conformationally stable chain-end) and cis to a small chloride 

ligand in the latter (freely rotating chain-end). 
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J 
.OcO3 

I I I 

1 .OE04 1.OE05 1.OE06 

Molecular Weight Average 

Figure 5. GPC elution curve of polypropylene produced with 

Et[IndH41TiC1 at 0 OC. En = 37,100 and flW/sn = 2.1. The impurity 

centered at 10 MW represents less than 2% of the total polymer. 26 

The different chain-end environments for the two chiral Ti 

catalysts may be a consequence of the relative basicities of the Cp 

ligands. The chloride ligands in rac-Et[IndH4I2TiCl2 are most 

probably labilized towards ligand exchange (electron donating Cps) 

resulting in two chains per site. The C1 anions are bound more 

tightly to Ti in rac-Et[IndI2TiCl2 (electron withdrawing Cps) 

resulting in only one chain per site. 

atable than rac-Et[ IndH4I2TiCl2 at -60 OC during polymerization and, 
as a result, gives moderately higher PP yields. 

interrnediate~~~) for the Zr complexes synthesized to investigate the 

cp steric effects on ethylene/propylene copolymerizations are shown 
i n  Table 4 .  

hindered than Cp2ZrC12 at the monomer coordination site. 

angle (10 degrees) and has an enlarged R-Zr-L angle. 14) 

i n  geometry creates a monomer coordination site which is less 

rac-Et[IndI2TiCl2 is more 

Ethylene/propylene copolymerizations. The structures of the 

The alkyl substituted Cp ligands are more sterically 

The Sibridged derivative is strained, with a reduced Cp-Zr-Cp 

This change 
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Table 4 .  S t r u c t u r e s  of r e a c t i o n  in t e rmed ia t e s  f o r  zirconocenes 

w i t h  s u b s t i t u t e d  C p s .  

(Me)2Si 

* 
s t e r i c a l l y  hindered by both t h e  Cp l i g a n d s  and t h e  chain ends.  Cp 

has  t h e  oppos i t e  e f f e c t .  The l i gand  s t e r i c  e f f e c t s  are c l e a r l y  more 

pronounced f o r  t h e  coord ina t ion  of b u l k i e r  monomers. 

A 1 3 C  NMR spectrum o f  an EP copolymer produced w i t h  a Cp2Ti(IV) 

based c a t a l y s t  has  been reported previously19)  and t h e  EP chemical 

s h i f t  ssignments have been summarized by Carmen e t .  a l .  15) 
EP copolymers produced wi th  T i ,  t h e  peaks a t  34.9,  33.6 and 27.9 ppm 

due t o  carbons i n  sequences wi th  i n v e r t e d  propylene u n i t s  w e r e  

n e g l i g i b l y  small. Table 5 con ta ins  some t y p i c a l  polymerizat ion 

cond i t ions  and polymer y i e l d s  f o r  copolymerization w i t h  s i n g l e  and 

mixed c a r a l y s t s .  

For t h e  

The dyad and t r i a d  sequence d i s t r i b u t i o n s  i n  t h e  copolymer 

samples were were determined from t h e  secondary and t e r t i a r y  carbon 

atom peak areas wi th  t h e  equat ions r epor t ed  by Knox e t .  a l .  16)  The 

polymer compositions w e r e  c a l c u l a t e d  from t h e  dyad and t r i a d  

d i s t r i b u t i o n  equa t ions  (Eqs .  4 and 5 ) .  
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Table 5. Representative yields, polymerization conditions and 

compositions of  ethylene/propylene copolymers prepared with 

metallocene complexes .a) 

Metallocene, A l ,  time, Yield Polymer 
mmo 1 mmo 1 h g mole-% 

C3H6 

35 

b, 16 1.5 76 3.4 
* 

Cp 2ZrC12 

(0.312) 

CP2Ti (Ph) 2 
(3.37) 

+ 16 1 .o  62 * 
Cp 2ZrC12 

(0.274) 

6 .O 

a) Reaction conditions: 402 cc toluene; 

conversion); 50 'C; P(C2H4) = 25 psig. b, Cp = Me5Cp. 
200 cc C3H6 (<lo% * 

P = PP + 1/2PE = PPP + PPE + EPE 
E = EE + 1/2PE = EEE + EEP + PEP 

( 4 )  
(5) 

The triad sequence distributions can be calculated in terms of 

the first-order Markovian satistical process for of a binary 

11-+ EE-M (6) 
k E-M + C2H4 - 

E-M + C3H6 - k22 + EP-M (7) 

P-M + C2H4 - k21 - PE-M (8) 

( 9 )  P-M + C3H6 - k 22h PP-M 
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copolymerization involving the propagating steps in Eqs. 6 to 9. 

Here kij is the rate constant for step ij, and the subscripts 

1 and 2 refer to ethylene and propylene, respectively. If steady 

state conditions are assumed the monomer reactivity ratios r1 and r2 

can be calculated from the dyad sequence distributions: 

r1 = kll/k12 = 2EE/PE.X (10) 

r2 = k22/k21 = 2PP.X/PE 

where X is the solution molar ratio o f  ethylene to propylene 

(determined by GC analysis) during polymerization. The calculated 

values are compared in Table 6. 

Table 6 .  Reactivity ratios of metallocenes in EP copolymerizations. 

Catalyst rl '2 rl "2 Method 

24 0.0085 0 . 2 0  NMR 

19.5 0.015 0.29 IR 

50 0.007 0.35 NMR 

48 0.015 0.72 IR 

24 .029 0.70 IR 

250 .002 0.50 IR 

60 IR 

a)Tebbe reagent with DMAC = dimethylaluminum chloride. b)Copolymer 

probably contains significant levels of H-H and T-T propylene 

regioirregularit ies . 
(r ) determined from IR measurements and assuming an ideal 

Bernoullian copolymerization with r1.r2 = 1. 

"Approximate "copolymerization parameter" 

1 

Determination of the reactivity ratio products using IR 

measurements and the Fineman and Ross equation17) and using 

alumoxanes that were obtained by direct water hydrolysis with the IR 

methods gave closely analogous results for r1 but with higher rl.r2 

values. Comparison of the values obtained by NMR and IR for the two 
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Cp2Ti(IV) and two Cp2Zr(IV) complexes (clearly the same intermediates 

with the same transition metal and same Cp ligand) demonstrates this 

point. Similar discrepancies between the Fineman and Ross IR 

procdure17) and the Carman and Wilkes NMR method18) were noted by 

other workers”) after this study was completed. 4, Anomolously high 

r l . r2  values can be obtained if more than one distinct polymerization 

species are present. 2 1 3 2 2 )  MWD studies (vide infra) indicate this is 

the case in metallocene catalyzed polymerizations where the 

cocatalyst is obtained by direct water hydrolysis of TMA as opposed 

to hydrolysis with CuS04.5H20. 

The large variation in the four zirconocene r1 values as a 

function of the Cp ligand steric requirements (Table 6) is consistent 
with the steric effects on coordination being more severe for 

propylene than ethylene. 

Cp2Ti(IV) and the more random copolymer structure for Cp2Zr(IV) are 

consistent with the former catalyst having, predictably, greater 

non-bonded interactions between the CH3 groups of coordinated C3H6 

and propylene chain-end units. The decrease in the L-Zr-R angle in 

Cp 2Zr(IV) relative to Cp2Zr(IV) results in the former complex 

producing a more alternating copolymer, as expected. The opposite 

effect with Me2SiCp2Zr(IV) may have been masked by neglecting the 

regioirregularities with this relatively unhindered species. 

HDPE/LLDPE and elastomer/medium density PE reactor blends with 

heterogeneous catalysts in the sense of two catalysts rather than two 

phases. An example of a reactor blend with the latter composition 

distribution obtained with a mixture of Cp 2Zr(IV) and Cp2Ti(IV) is 

shown in Table 5. 
analogous results from ligand effects alone but with lower molecular 

weights for the elastomeric fractions. 

The moderately alternating copolymer structure obtained with 

* 

* 
The Cp ligand offers a unique opportunity for synthesizing 

* 
* 

Cp 2Zr(IV) and Me2SiCp2Zr(IV) mixtures give 

The copolymer triad sequence distributions, with the exception 

of the two weakly populated and experimentally less certain P 

centered triads, could be calculated fairly satisfactorily using a 
first-order Markovian analysis. 20 1 
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High d e n s i t y  p o l y e t h y l e n e .  The e f f e c t s  o f  Cp s u b s t i t u e n t s  on 

p o l y e t h y l e n e  molecu la r  weights  u s i n g  z i r conocenes  under  e q u i v a l e n t  

c o n d i t i o n s  a r e  l i s t e d  i n  Table  7 .  

Tab le  7 .  R e p r e s e n t a t i v e  y i e l d s  and molecu la r  we igh t s  of HDPE 
p repa red  w i t h  z i r conocene  complexes.  a> 

Meta l locene ,  Y i e l d ,  .iw MWD 

kg/g-M.h.atm 

(MeCp) 2 Z r C 1 2  

(EtCp)2ZrC12 

Cp Z r C 1 2  

Cp 2 Z r C 1 2  
4 

46 7 
306 

252 
7 1  

21 2 3 . 8  

1 7 1  3.8  

140 3 . 5  

63 4 . 7  

a ) R e a c t i o n  c o n d i t i o n s :  402 cc t o l u e n e ;  8 0  O C ;  P(C2H4) = 60 p s i g ;  

A l / Z r  = 2 4 , 0 0 0 ;  t i m e  = 30 min. 

w i t h  w a t e r ,  r e s u l t s  i n  a lower En and a b r o a d e r  MWD t h a n  u s u a l .  

The alumoxane, o b t a i n e d  by h y d r o l y s i s  

The molecu la r  we igh t s  v a r y  l i n e a r l y  w i t h  t h e  p o l y m e r i z a t i o n  

rates (over  3 f o l d )  f o r  the f o u r  complexes a t  t h i s  p a r t i c u l a r  s e t  o f  

c o n d i t i o n s .  A b a l a n c e  between t h e  impor tance  o f  b o t h  s t e r i c  and 

e l e c t r o n i c  Cp l i g a n d  e f f e c t s  i s  a p p a r e n t  from comparisons o f  Cp2ZrC12 

w i t h  the complexes hav ing  a l k y l  Cp s u b s t i t u e n t s .  

The bulky  Cp l i g a n d s  d e c r e a s e  the p o l y e t h y l e n e  p r o p a g a t i o n  rate 

(Eq. 2)  by r educ ing  b o t h  Kc and Km (Scheme I ) .  

mo lecu la r  weight  is  n o t  a consequence o f  i n c r e a s e d  t e r m i n a t i o n  r a t e s .  

I t  h a s  been shown p r e v i o u s l y  t h a t  the h i g h e r  b a s i c i t y  o f  Cp 

d e c r e a s e s  k t  ( t e r m i n a t i o n  by P -hydr ide  e l i m i n a t i o n )  r e l a t i v e  t o  Cp i n  

p ropy lene  p o l y m e r i z a t i o n s  by d e c r e a s i n g  the a c i d i t y  o f  the metal . 3 )  

The monoalkyl s u b s t i t u t e d  Cps show the i n t e r e s t i n g  r e s u l t  t h a t  

* 
The  r e d u c t i o n  i n  

* 

t h e  c a t a l y s t  w i t h  MeCp i s  more a c t i v e  and g i v e s  a h i g h e r  molecu la r  
weight  t h a n  the c a t a l y s t s  w i t h  EtCp and Cp l i g a n d s .  The MeCp 
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Table 8 .  Molecular weights and p o l y d i s p e r s i t i e s  obtained with 
i n d i v i d u a l  and mixed complexes. a) 

- -  
Complex, mg Conditions Yie ld ,g  10-3.Kn Mw/Mn GPC 

JX 
CP 2Zr(CH3)2 (0.10) A 20.6 42.0 3.31 Unimodal 

C p 2 T i  (Ph) (1 .02) A 13.2 184 3.03 Un imod a 1 

Cp^2Zr(CH3)2 ( .102)  

Cp2Ti(Ph) ( .906) 

Cp2Zr(CH3)2 (0.015) 

Cp2Ti(Phl2 (5.18) 

Cp2Zr (CH3) (0 .1  51)  

Cp2Ti(Ph)2 (5.50) 

+ A 20.1 58.6 5.51 B imoda 1 

+ B 10 .7  63.0 7.8 Bimodal 

+ B 13.1 16.5 5 .4  Bimodal 

a)Polyrnerization cond i t ions :  (A) 511 cc  to luene ;  50 p s i g  e thy lene ;  

20 cc  of c o c a t a l y s t  w i th  0.64 M t o t a l  A l ;  50 O C ;  t = 30 minutes f o r  

i n d i v i d u a l  complexes and 15 minutes f o r  mixed complexes. 

(B) 441 cc to luene ;  60 p s i g  e thy lene ;  15 mmoles t o t a l  A 1  i n  

c o c a t a l y s t ;  80 O C ;  t = 40 minutes 

c a t a l y s t  r ece ives  t h e  b e n e f i t  of increased e l e c t r o n  d e n s i t y  a t  t h e  

metal  ( i n c r e a s i n g  k /kt)  with r e l a t i v e l y  l i t t l e  opposing s t e r i c  

e f f e c t s  on e thy lene  coord ina t ion .  
P 

The d a t a  c o l l e c t e d  i n  Table 8 shows t h a t  t h e  narrow molecular 

weight d i s t r i b u t i o n s  obtained with i n d i v i d u a l  metal locenes can be 

broadened cons ide rab ly  by adding c o n t r o l l e d  amounts of  more than one 

c a t a l y s t  t o  t h e  polymerizat ion s y s t e m .  F u r t h e r ,  t h e  h ighe r  molecular 

weights obtained with T i  r e l a t i v e  t o  Z r  under i d e n t i c a l  

polymerizat ion c o n d i t i o n s  have permit ted t h e  use  o f  mixed metal 

c a t a l y s t s  f o r  t h e  syn theses  of materials wi th  GPC e l u t i o n  curves 

having resolved bimodal i ty  (Figure 6 ) .  

r a t i o  p e r m i t s  t a i l o r i n g  of  En between 16,000 and 63,000. 

Simply varying the T i / Z r  
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I 

I 1 I 

104 105 106 

Molecular Weight Averages 

Figure 6. GPC elution curves of HDPE produced with Cp2Ti(Ph)2 and 

Cp2ZrC12 mixtures. 

DISCUSSION 

Chain-end control. Three alternative mechanisms in which 

transfer of asymmetry from an enantiomorphic active site have 

Table 2.  Concentration dependencies of stereoregularities from 

mechanisms that predict the isotactic-stereoblock PP structure. 
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H2kHMe 
MeCH=CH2 cp2;(2 

endo exo 

The decreased steric interactions with Me2SiCp2ZrC12 most 

probably results in a significantly higher level of exo complexes and 

hence regioirregularities in copolymerizations. Neglect of these in 

the copolymer analyses may have obscured the anticipated Cp effects 

on comonomer sequence distributions. 

Mixed-control. The good agreement between the theoretical and 

measured pentad intensities and the shift in the importance of the 

mechanisms of stereochemical control with temperature were cited as 

evidence of a mixed-control model. The trace impurity shown in 

Figure 5 suggests this mechanism is on less secure grounds than the 
chain-end and site control models and warrants further 

investigations. The pentad intensities listed in Table 3 ,  however, 

could not be calculated with precedented mixed homopolymer models. 

Carbon-carbon bond formation. A concerted bimetallic "1-2" 

insertion mechanism has been assumed as a working hypothesis. A 

carbene propagation mechanism is inconsistent with both the H/D 

kinetic isotope effects on ethylene polymerizations with 

Cp2Ti(IV) 16a) and with the elegant polyacetylene isotopic labelling 

experiments by Katz and Yannoni et. al. 16b) 

"Agostic" C-H-Ti bridges creating chirality at the methylene 

carbon of the chain-end is inconsistent 

effects on the polymer stereoregularity 
substituted for propylene. 3) 

Catalyst/cocatalyst interaction. 

alumoxane presumably prevents the solub 

with the lack of isotope 

when cis-CD3CD=CHD was 

The steric bulk of the 

e Cp2MRL.alumoxane species 

from deactivating by bimolecular reductions. The catalyst/cocatalyst 

bonding interactions in species - 3 (Scheme I) were suggested by 

Kaminsky et . a1 . 25) to create an inner-sphere, hexacoordinate complex 
with oxygen coordinated at the transition metal. The 18 electron 

rule requires that, in this model, the coordinated methylalumoxane 

oxygen in species - 2 dissociate prior to monomer coordination. 

The unhydrolyzed aluminium alkyl (TMA), which is essential for good 

polymerization rates, 26) can presumably free the catalyst monomer 

coordination site for polymerization by competing with Ti and Zr for 

the alumoxane oxygens. 

3 , 7 )  
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been proposed to result in Structure I. They involve isomerizations 

of chiral active sites ,") A1 transportation of polymer chains 

between enantiomeric sites22) and exchanges of polymer chains between 

soluble racemic Ti complexes. 3, 

processes changing the environment of the chain-end be slower than 

the monomer insertion rates. The pentad intensity distributions 

predicted for these mechanisms is the same as that for a chain-end 

control mechanism on condition that the chemical processes cause 

inversions sufficiently frequently so as to make errors in 

stereoregulation at a particular chiral catalyst site relatively 

negligible. 

The three alternating chiral site control mechanisms for 

structure I are kinetically distinguishable since they predict the 

polymer stereoregularity (m/r) will have the reactant concentration 

dependencies listed in Table 2 where m/r is the ratio of rates for m 

and r propagations and rates are in terms of catalyst turn over 

numbers. The expressions in parentheses correspond to reactions 

zero-order in Al. The alternating chiral site control mechanisms 

can be discarded since the polymer stereoregularity is independent of 

The chain-end Ti stereochemical control mechanism with "1-2" 

All three require that the chemical 

all the reactant concentrations. 3 )  

insertion3) takes effect at about the glass transition temperature 

for PP. dd G'is less than 2 kcals/mole, as it is for the chain-end 

controlled s ndiotactic VC14 "2-1" insertion polymerization of 

propylene. 237 Both chain-end control systems occur with a reversed 

enantioface stereoselectivity, i.e., with Si and Re face coordination 

of the monomer being promoted by R and S chain-end configurations 

respectively. Ti would be syndiotactic specific and V isotactic 

isotactic specific if the diastereoface selectivities were changed to 

R,Re and S,Si. Finally, it is remarked that the Cossee and Arlman 

proposal of syndiotactic propagation with catalyst isomerization as 
~ ~~ 

result of 

distributions analogous to the isotactic site-control model with m 

and r reversed in the distribution equations. 

affect regiospecificity through steric interactions with the 

propylene methyl group favoring the formation endo isomers. 

Predicts syndiotactic polymers with pentad 

Regiospecificty. Molecular models indicate the Cp ligands 
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Rearrangements to monohapto or ally1 Cps to create additional 

coordination vacancies are ruled out since the relative 

polymerization rates of Et[IndI2TiCl2 and Et[IndH 3 TiC12 indicate 
that monomer coordination is not accelerated by the "indenyl ligand 

4 2  

effect " . 27) 
Cp effects. Significant Cp steric and electronic ligand 

effects are apparent in the ethylene, propylene and 

ethylene/propylene homo- and copolymerizations that have been 

discussed. The ligand steric and electronic effects are both 

important with the Zr catalysts. The steric effects dominate the Ti 

polymerizations to the point where Cp2Ti(IV) complexes are 

practically inactive towards ethylene polymerizations. 

* 

ACKNOWLEDGEMENTS 

I am indebted to Fina Oil and Chemical Company for financial 

assistance which made this work possible. I also thank Dr. H. C. 

Welborn and Dr. F. C. Stehling for valuable contributions to the work 

covered in this review. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

A. Andresen, H. Cordes, J. Herwig, W. Kaminsky, A. Merck, R. 
Mottweiler, J .  Pein, H. Sinn and H. Vollmer, Angew. Chem. Int. 

Ed. Engl. - 15, 630 (1976). 

H. Sinn and W. Kaminsky, Adv. Organomet. Chem., - 18, 99 (1980). 

J. A. Ewen, J .  Amer. Chem. SOC., 106, 6355 (1984). 
J .  A. Ewen and H. C. Welborn, "Reactor Blend Polyolefins"; 

European Patent Publication N o .  128,046 (Dec. 12, 1984). 

J .  A. Ewen and H.C. Welborn, "Polyolefin Density and Molecular 

Weight Control"; European Patent Publication No. 129,368 (Dec. 

27, 1984) 

J .  A. Ewen and H. C. Welborn, "Polyethylene Having a Broad 
Molecular Weight Distribution"; European Patent Publication 

N o .  128,046 (Dec. 12, 1984). 

(a) C. J. Ballhausen and J. P. Dahl, Acta Chem. Scand., - 15, 1333  

(1961). (b) J .  W. Lauher and R. Hoffmann, J. Am. Chem. SOC., 98, 
1729 (1976). 



292 J . A .  EWen 

8. 

9. 
10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

M. E. Silver and R. C. Fay, Organometallics, 2, 44, (1983). 
H. Kopf and W. Kahl, J. Organometal.Chem.,64, - C37 (1974). 

(a) J. Soto, M. Steigerwald and R. H. Grubbs, J. Amer. Chem. 

SOC., - 104, 4479 (1982). (b) T. J. Katz, S .  M. Hacker, R. D. 

Kendrick and C. S .  Yannoni, J. Amer. Chem. SOC., - 107, 2180 

(1985). 

A. Zambelli, P. Locatelli, G .  Bajo, and F. A. Bovey, 

Macromolecules, - 8, 687, (1975). 

F. P. Price in "Markov Chains and Monte Carlo Calculations in 

Polymer Science", G. G .  Lowry, ed., Dekker, N.Y., pp187-256. 

Y. Doi, J. Kinoshita, A. Morinaga, T. Keii, J. Polym. Sci., 
Polym. Chem. Ed., - 13, 2491 (1975). 

J. A. Smith, J. V. Severl, G .  Huttner and H. H. Brintzinger, J. 

Organometal. Chem., 173, 175 (1976). 
C. J. Carman, R. A. Harrington and C. E. Wilkes, Macromolecules, 

- 10, 536 (1977). 

G .  J. Ray, P.E. Johnson and J .  R. Nox, Macromolecules, 10, 773 
(1977). 
M. Fineman and S .  D. Ross, J .  Polym. Sci.,5, - 259 (1950). 

C. J. Carman, C. E. Wilkes, Rubber Chem. Technol., - 48, 705 

(1975). 

V. Busico, L. Mevo, G .  Palumbo, A. Zambelli and T. Tancredi, 

Makromol. Chem., 184, 2193 (1985). 
J .  C. Randall, "Polymer Sequence Determination I3C NMR Method", 

Academic Press, New York, 1977. 

G. Natta and I. Pasquon, Adv. Catal., - 11, 30 (1959). 

J. P. Kennedy and A. W. Langer, Fortschr. Hochpo1ym.-Forsch., 3 ,  
508, (1969). 

A. Zambelli, P. Locatelli, A. Provasoli and D. R. Ferro, 

Macromolecules,z, 267 (1980). 

E. J. Arlman and P. Cossee, J. Catal.,?, 103 (1964). 

W. Kaminsky, M. Miri, H. Sinn and R. Woldt, Makromol Rapid 

Commun., - 4, 417 (1983). 
R. Job, personal communication. 

M. E. Rerek, L-N Ji and F. Basolo, J. Chem. SOC., Chem. Commun., 
1208 (1983). 



PREPARATION OF SPECIAL POLYOLEFINS FROM SOLUBLE ZIRCONIUM 

COMPOUNDS WITH ALUMINOXANE AS COCATALYST 

W. KAMINSKY 

Institut fur Technische und Makromolekulare Chemie, Universitat 

Hamburg, Bundesstr. 45, D-2000 Hamburg 13, FRG 

ABSTRACT 

The Ziegler-Natta catalyst containing soluble zirconium 

compounds and methylaluminoxane not only shows a very high ac- 

tivity of 25.10 g PE/g Zr-h but also produces polyolefins with 

special properties. It is possible to get polyethylene with 

density between 0,90 and 0,98 g/cm3 by incorporation of butene 

and a melting point of 140 C. 

6 

0 

With bis(cyclopentadieny1)zirconiumdichloride as transi- 

tion metal component we can polymerize propylene to pure atac- 

tic polypropylene with molecular weights up to 600 000. Also 

EPDM elastomers are formed by copolymerization. Changing the 

zirconium compound into the chiral ethylene(bistetrahydr0in- 

deny1)zirconiumdichloride leads to a catalyst which produces 

only isotactic polypropylene. The atactic part is less than 

0,5 %. 

All products show a very narrow molecular weight distri- 

bution Mw/Mn of 2. The mechanism for the polymerization will 

be discussed. 

INTRODUCTION 

The soluble Ziegler-Natta-Catalyst formed from bis(cyc1o- 

pentadieny1)zirconium compounds and the coactivator methylalu- 

moxane with the structure (A1 (CH3) 0) 6-20 gives activities up 

to 25.10 g polyethylene/g Zr-h. Assuming that every zirconium 

atom is an active center, the turnover time for one ethylene 
-5 .1-3) insertion step is only 5.10 

6 

29 3 
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Every active center inserts more than 20 000 ethylene mo- 

lecules per second at 90 C. It is also possible to use titan- 

ium or hafnium compounds as transition metals, but then the ac- 

tivity is smaller. 

0 

The catalysts are the more active the higher the degree 

of oligomerization of the aluminoxane, and possess a polymeri- 

zation activity which lasts for days. At temperatures below 

-20 OC the transfer reaction is so slow, that the molecular 

weight is only a function of the polymerization time, as is 

found in living polymer systems. The molecular weight of the 

polyethylene can be varied over a wide range between I 0  000 

and 2 000 000 by changing the polymerization temperature be- 

tween 20 and 100 OC and the zirconium concentration. In ad- 

dition, the molecular weight can be influenced by addition of 

hydrogen. In contrast to most heterogeneous catalysts, only 

traces of hydrogen were needed to lower the molecular weight 

of the polymer. The molecular weight distribution Mw/Mn is on- 

Natural substances like starch, cellulose and lignin can, 

due to their free water, form aluminoxane analogous structures 

an addition of trimethylaluminium. After addition of the metal 

compound starch grains or cellulose fibers treated in this man- 

ner have a considerable polymerization activity when suspended 

in toluene. By this procedure physical and chemical properties 

of natural and synthetic polymers can be c~mbined.~,~) 

ly 2. 

In the same manner it is possible to cover cellulose, lig- 

nin or inorganic materials like CaC03, CaS04*0,5 H20 or A1203 

with polyethylene or other polyolefins. 

COPOLYMERIZATION OF ETHYLENE AND HEXENE 

By incorporation of hexene-1 into the polyethylene matrix 

LLDPE is produced. In here there is a remarkable dependence of 

the activity upon the hexene proportion (Table 1 ) .  As long as 

less than 50 mol-% hexene are engaged the polymerization rates 

are in the same order as for homopolymerization of ethene 

(e.g. 10 g polymer/g Zr-h). When the amount of hexene in the 

solution is exceeding that of ethene the polymerization rate 

will increase drastically (for app. 65 mol-%: Rp = 1 , 8 - 1 0  ) ;  

further increase of the hexene proportion leads to a final de- 

8 

8 
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Table 1. Conditions and activity of ethylene (E) and 

hexene (H) copolymerization at 60 C in toluene with 

Cp2Zr(CH3) 2/methylaluminoxane (1,7.10 mol Al/1) 

0 

-2 

Activity Yield E H Zr Time H 

kg PEH 9 (bar) (mol/l) (mol/l) (h) in Polymer 
(mol-%) 

1970 6,O 4 0112 1 1 ,oo 0,4 

2300 7,O 4 0136 1. 1 0 - ~  1 ,oo 1 r 0  

2800 8r5 4 0172 I - I o - ~  1 ,oo 6r5 

2630 8 r O  4 1,20 I - I o - ~  1,oo 12,5 

1580 16,O 4 0136 1.10-6 0,20 1,4 

1900 14,5 4 0,72 1 - 0 1 1 5  11,5 

crease in the polymerization rate (Figure 1). Different reac- 

tion temperatures and concentrations of zirkonocene show all 

similarily a distinct maximum of the reaction rate. The acti- 

vation energy for thegrowth rate is for app. 67 mol-% hexene 

En = 47,5 kJ/mole. 

In spite of the greatextent of hexene (max. 95 mol-%) it 

is incorporated to a by far smaller degree than ethylene 

(max. app. 20 mol-%) due to its high steric demands. According 
6 to the method of Finemann-Ross the copolymerization parameters 

r, and r2 were calculated from the insertion rates. At 2 0  OC 

they were found to be r 

hexene, respectively (Table 2). 

Table 2. Ethylene-hexene-copolymerization parameters (Zr) 

= mol/l, ethylene 4 bar, hexene 25-95 mol-%. 

= 55 for ethylene and r2 = 0,005 €or 1 

'2 kl 1 k22 
( l/mol* s )  

rl T 

( l/mol* s )  

~ ~ ~~~~ 

20 OC 55 0,004 150 

40 OC 54 0 , 005 1 450 

60 OC 52 0,005 3 460 

70 OC 79 0 I 005 5 750 
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Figure 1. Ethylene-hexene-copolymerization rate versus 

time in toluene with different hexene concentrations 

1 0 g/1 4 6 0  q / 1  

2 10 q / 1  5 100 q / 1  

3 30 q / 1  6 200 q / 1  

These irigures 90 along well with tnose from 13-nnr-se- 

quence-analyses . Figure 2 shows the 
ethylene-hexene-copolymer with a high hexene content. The he- 

xene units are distributed at random into the polyethylene 

matrix. The content of hexene diads is relatively low. At 

70-80 OC there is even less insertion of the comonomer (r., = 

80). A drop in zirkonocene concentration by a factor of 10 

will lead to less incorporation of the a-olefin. 

aluminoxane concentration will cause an increase in activity, 

even for hexene concentrations of app. 75%. From this the re- 

3C-nmr--spectrurn of a 

A s  for homopolymerizations of ethylene an increase in the 



29 7 

SU6+ i i  %+ 

1 
so .  0 7 0 . 0  60 0 50 0 r n .  0 3n. 0 20.0 10.0 n o  - 1 0 . 0  

TP* 

Figure 2. 

copolymer with 23 mol-% of hexene, solvent: 1,2-dideuterotetra- 

chlorethane I 

3C-nmr-spectrum ( 9 0  M H z )  of ethylene-hexene- 

120 OC I nomenclature by Carman and Randall 7 , 8 )  
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activity 

there is 

the cop0 

Table 3. 

action order with respect to alurninoxane has been calculated 

to be 0.8. An exchange between biscyclopentadienylzirconiumdi- 

methyl and the corresponding dichloride has no marked influen- 

ce on the reaction pathway. 

Another striking feature of hexene as comonomer is its 

tendency for interrupting chains. 50 mol-% hexene lead at 6OoC 

to a molecular weight of 1 0 0  000 instead of 200 000 for ethy- 

lene homopolymerization. This is achieved without any loss of 

Right along with this decrease in molecular weight 

an increase in the proportion of vinyliden groups in 

ymer, as can be seen by ir-spectroscopy (Table 3 ) .  

Concentration of unsuturated endgroups in the 

ethylene-hexene-copolymers (IR-measurements) 

Hexene Trans- Vinyl/ Vinylidene/ 

in Copolymer vinyl/ 1 000 c 1 000 c 
mol-% 1 000 c 

0 0,03 0 , 1 2  

1 0 , 0 2  0 ,15  

1 1 9  0,03 0,20 

4,6 0 ,04  0,14 

7 1 7  0 ,04  0 , 1 1  

0 , 0 2  

0 , 0 6  

0 , 1 5  

1 ,oo 
1 , 2 0  

It is supposed that the unsaturated endgroups are formed pre- 

dominantly via chain transfer towards the monomer units and 

that hydrogen transfer to the transition metal is only of minor 

importance. Molecular weight distributions of copolymers arere- 

lativelynarrow; a typical figure of Mw is 2, which corresponds 

Mn 
- 

well with the predominance of one kind of active centers. 

In addition to ir 'H-' 3C-nrnr spectrochemical investiga- 

tions there have been performed DSC experiments which lead to 

correlation diagrams between melting points and comonomer 

amounts. Insertion of 6 weight-% hexene causes a drop of the 

melting point by 1 7  degrees to 1 1 9  C. 
0 
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Wide angle X-ray scattering is a profound means for in- 

vestigating the crystallinity of copolymers. Although the 

samples have been drastically frozen from 160 

ing the production of films, the effect of the butyl side 

chains was still manifest. Copolymers with amounts of hexene 

higher than 20 mol-% are nearly completely amorphous. 

0 C to 0 OC dur- 

Polyhexenes have been produced at polymerization tempera- 

tures of 20, 40, and 60 OC. They show much lower activities 

than copolymers. A typical figure is 14 kg/mol Zr-h. Molecular 

weights are extremely small. A polymer produced at room tempe- 

rature has a viscosity index of 0,05 dl/g, whereas a product 

from the polymerization at 60 C has a boiling point of app. 

80 OC under 0,OI Torr reduced pressure. 

0 

The proportion of vinyliden groups is extremely high 
10 (app. ,ooo C-atoms) and decreases with decreasing reaction 

temperature Melting points of polyhexenes cannot 

be determined, even not for those with higher molecular 

weights. This is due to their entirely amorphous character. 

EPDM-terpolymers need higher amounts (20-50 wt.-%) of 

a-olefins (esp. propene)if suitable elastomeric properties are 

to be achieved. This can be realized by special polymerization 

conditions. App. 4-6 wt.-% diene in the polymer are necessary 

for a proper vulcanization with sulfur and special additives. 

Activities for typical EPDM polymerization lie between 

10-100 kg polymer/g Zr-h. An increasing amount of propene in 

the reaction mixture will cause them to fall down continuous- 

ly. Nevertheless, these figures are higher than those of com- 

mon vanadium catalysts. 

Emphasis should be given to the fact that it might take 

10 hours time till the system has reached its maximum poly- 

merization rate and that it then will keep up this rate for 

several days. 

The induction phase can be shortened with smaller amounts 

of propene and diene. 
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POLYPROPYLENE 

Only atactic polypropylene is formed with Cp2ZrIV-corn- 

pounds, Cp (CH3) 5-CpZrC12 or (Cp (CH3) 5 )  2ZrC12. For low tempera- 

tures Ewen’) reported that small amounts of isotactic poly- 

propylene are obtained with Cp2ZrPh2. The atactic polypropy- 

lene shows a narrow molecular weight distribution of 1,6 to 

2 , 5 .  

I f  the n-bonded cyclopentadienyl ligands of the zirconium 

compound are changed for ethylene-bridged indenyl-rings a ste- 

reorigid chiral-zirconium is formed (Figure 3 ) .  

n 

Figure 3 .  Structure of rac-ethylene(bistetrahydr0-indenyl) 
zirconiumdichloride 1 0 , l l )  

Contrary to the analogous titan compound the chiral zir- 

conocene forms solely the racemic mixture and no additional 

meso-form. 

Using the chiral rac-ethylenebis(indeny1)-or tetrahydro- 

indeny1)zirconiumdichloride together with methylaluminoxane 

as catalyst we were able to obtain pure isotactic polypropy- 

lene. Table 4 shows the polymerization conditions and acti- 

vity . 12)  
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T a b l e  4 .  P o l y m e r i z a t i o n  of 70 m l  p r o p y l e n e  w i t h  rac-Et 

( I n d ) 2 Z r C 1 2  ( I )  or  rac-Et(TH-1ndl2 (11) and 1 , 6 * 1 0 - 2  m o l  A l / 1  

methyla luminoxane  i n  330 m l  t o l u e n e .  

-- ._ 

C a t a l y s t  T T i m e  Y i e l d  A c t i v i t y  

( m o l / l )  ( O C )  (min)  (9)  (kg PP/mol Z r - h )  

7 . 1 0 - ~  I 15  6 2 0  316 
7 . 1 0 - ~  I 21 500 31 

7 ,7-10-6  I 32 2 0  31 

8 , 4 - 1 0 - 6  I1 - 2 0  3 6 0  1 , 5  

8 ,4 .10-6  I1 -10 2 7 0  4 1 5  
8 , 4 * 1 0 - 6  I1 0 255 1 2 , 5  

8 , 4 - 1 0 - 6  11 8 180 13,O 

8 , 4 - 1 0 - 6  I1 15 170 26,7 

8 , 4 - 1 0 - 6  11 2 0  120 31 , 3  

8 , 4 ’ 1 0 - 6  11 6 0  90 38 ,7  

1 500 

1 6  000 

1 2  000 

80 

3 00 

880 

1 300 

2 900 

4 750 

7 7 0 0  

The ( i n d e n y l )  z i r c o n o c e n e  i s  more a c t i v e  t h a n  t h e  ( te t ra -  

hydroindeny1)zirconocene. The a c t i v i t y  i n c r e a s e s  w i t h  i n c r e a s -  

i n g  p o l y m e r i z a t i o n  t e m p e r a t u r e  and  r e a c h e s  a v a l u e  of 1 6  000 kg 

i s o t a c t i c  p o l y p r o p y l e n e  p e r  m o l  Z r  a n d  h .  The p r o p e r t i e s  of 

t h e  o b t a i n e d  p o l y p r o p y l e n e  are shown i n  T a b l e  5. 

T a b l e  5 .  P r o p e r t i e s  of i so t ac t i c  p o l y p r o p y l e n e  o b t a i n e d  

w i t h  t h e  z i r c o n i u m  c a t a l y s t .  

- 
S o l u b l e  Prod .  Isotact. Ind. 

T (OC)  MW MW’M, 

- 10 305 000 2,6 0 , 2 5  % 9 0 , o  

0 1 4 4  000 2 , 4  0,2  % 8 8 , l  

15  62 000 2 1 0  0 , 7  % 8 7 , 3  

2 0  4 5  000 119 110 % 86 ,O 

32 57 000 95  - - 
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The t o l u e n e  s o l u b l e  p a r t  c o n s i s t s  of less than  0,2 weight  

p e r c e n t  and t h e r e f o r e  l i e s  below t h a t  of i s o t a c t i c  polypropy-  

l e n e  produced w i t h  suppor t ed  c a t a l y s t s .  The h igh  index  of i s o -  

t . a c t i c i t y ,  de te rmined  v i a  t h e  method of Luongo, t o g e t h e r  w i th  

t h e  f requency  of t r i a d s  i n  nmr expe r imen t s  (95,9 mm; 3 , 2  m r ;  

0,9 r r )  s u g g e s t  t h a t  propene i s  e x c l u s i v e l y  head t o  t a i l  

bonded w i t h  t h e  same o v e r a l l  c o n f i g u r a t i o n .  Only e v e r y  50th  

propene u n i t  h a s  t h e  wrong c o n f i g u r a t i o n .  

Molecular  we igh t s  are s t r o n g l y  dependent  on r e a c t i o n  t e m -  

p e r a t u r e  a s  i s  shown i n  F igu re  4 .  

I - 
- 2 0  0 20 40 60 TRl0CI 

F i g u r e  4 .  Molecular  weight  of  i s o t a c t i c  po lyp ropy lene  i n  

dependence of  t h e  p o l y m e r i z a t i o n  t empera tu re .  

By v a r i a t i o n  of  r e a c t i o n  t e m p e r a t u r e  i n  t h e  r ange  from 

- 2 0  OC t o  6 0  OC molecu la r  we igh t s  from 300 000 t o  1 500 are 

y i e l d e d .  
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Fur thermore ,  a s e p a r a t i o n  of t h e  racemic  mix tu re  of t h e  

z i r cono-ene  compound i n t o  o p t i c a l l y  a c t i v e  pu re  enan t iomer i c  

forms cou ld  be per formed,  l e a d i n g  f o r  t h e  f i r s t  t i m e  t o  op- 

t i c a l l y  a c t i v e  po lypropy lene .  Table  6 r e p r e s e n t s  d i f f e r e n t  

v a l u e s  f o r  t h e  s p e c i f i c  r o t a t i o n s  of soaked polymer suspens ions  

as have been found € o r  v a r i o u s  s o l v e n t s  and a f t e r  d i f f e r e n t  

p r e t r e a t m e n t .  Being bound t o  t h e  o p t i c a l l y  a c t i v e  c e n t e r ,  t h e  

polymer c h a i n  i s  formed dominant ly  i n  on ly  one screw s e n s e .  

Table  6 .  Measurements of s p e c i f i c  r o t a t i o n s .  

In s t rumen t :  Pe rk in  E l m e r  243; employed wavelength:  Na-D-line 

(589 nm); s p e c i f i c  r o t a t i o n :  a = ameas..lOO; 
d -  1 

9 

RT = + 2 9 7  

1 = l e n g t h  of sample tube  = 1 dm; d = c o n c e n t r a t i o n  i n  ___ 100 m l  

s p e c i f i c  r o t a t i o n  of  t h e  employed c a t a l y s t :  a 436 

Sample S o l v e n t  d c1 meas, 

m 
1' 

a 589 

a t a c t i c  PP d e c a l i n  1 ,775  -0,025 -1 , 4  

i so t ac t i c  PP d e c a l i n  0 ,285 -0,350 -1 23 

i s o t a c t i c  PP o-xylene  0 ,280  - 0 , 7 0 0  -250 

i s o t a c t i c  PP t o l u e n e  53 ,O 20 - 
i s o t a c t i c  PP dcaa*  0 ,210  20 - 
i s o t a c t i c  

po lybu tene  d e c a l i n  0 ,114 +0,150 + I 3 0  

* dichloroaceticacid,helix-destroying s o l v e n t  

A f t e r  g e t t i n g  r i d  of  t h e  m e t a l  c e n t e r ,  t h e  so formed 

h e l i x  ( 3 / 1 )  remains  s t a b l e ,  u n l e s s  t r e a t e d  under  h i g h e r  tempe- 

r a t u r e s  o r  b e i n g  comple t e ly  d i s s o l v e d . I n t h e s e  cases t h e  op t ica l  

a c t i v i t y  w i l l  be  l o s t  by r a c e m i z a t i o n  i n t o  h e l i c e s  of bo th  

screw s e n s e s .  

A t r a n s p a r e n t  f o i l  of app.  0 , l  mm t h i c k n e s s  from t h e  op- 

t i c a l l y  a c t i v e  po lypropy lene  d i s p l a y s  a f t e r  o r i e n t a t i o n  an  

a n g l e  of  r o t a t i o n  of  -65 . 0 
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KINETIC STUDIES ON ZIEGLER-NATTA POLYMERIZATION - AN INTERPRETATION 
OF RESULTS 

P.J.T. TAIT 

Department of Chemistry, UMIST, Manchester M60 IQD, England 

ABSTRACT 

The phenomenological behaviour shown by many Ziegler-Natta 

catalyst systems is outlined and the factors controlling the observed 

rate-time profiles are discussed in the light of existing kinetic 

models. Results for C* and derived values of k 
polymerization of propylene and 4-methylpentene-I by MgCl /EB/TiCl - 
A1 (i-Bu) catalysts. The concentrations and activities of polymeriz- 

ation centres giving rise to atactic and isotactic polymer in 

propylene polymerization are evaluated. The higher overall rates 

observed in both propylene and 4-methylpentene-I polymerization are 

discussed in terms of C* and k 
obtained for higher a-olefin polymerization are also presented. 

are presented for the 
P 

2 4 

values. Increased values of C* 
P 

INTRODUCTION 

The kinetics of Ziegler-Natta polymerization have provided a 

facination for polymer chemists ever since the first discovery of 

these catalysts. As a result very many kinetic studies have appeared 

in the published scientific literature. Of the earlier publications 

which have helped to formulate our present understanding of the 

mechanism of these polymerizations it is appropriate to mention on 

this occasion the studies by Natta and by his coworkerslr2” 

by Chien3), and by Keii et a1 

propylene; by Grieveson et a1 6-8) and by B6hm 

polymerization of ethylene; by Yermakov et a1 2-1 5, on the polymer- 

ization of both ethylene and propylene; and by Tait et 31 

polymerization of a-olefins such as 4-methylpentene-I. 

4-6) 
on the polymerization of 

9-1 1 ) 
on the 

16-23) on the 

More recently many additional publications have appeared. Such 

studies have demonstrated that the kinetics of Ziegler-Natta 

polymerization are remarkably complex, involving centres of differing 

activity , differing stereospecificity and differing stability. 24 , 25) 

305 
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Additionally, physico-chemico processes such as adsorption have been 

shown t o  be important ’ 6 - 2  3 ,  and, under appropriate circumstances, 

diffusion processes may operate also26). 

the advent of second and third generation high activity supported 

catalysts 2 7 r 2 8 )  the overall kinetic behaviour is recognized to be even 

more complicated with the added complications of third component 

participation and related reactions . 

At the present time with 

2 9 )  

PHENOMENOLOGICAL BEHAVIOUR 

Early research by Natta and Pasquon2) using a-TiC13 catalysts 

clearly established that breakdown of the TiCl -matrix took place 

during the polymerization and that the steady state polymerization 

3 
rate was more or less independent of the initial size of the TiCl 

particles. This behaviour both provided a simplification and a 

complication in kinetic studies of Ziegler-Natta catalysts: a 

simplification in that steady state rates could be readily observed; 

a complication in that the actual surface area of the polymerization 

catalyst could not be measured directly. 

3 

This breakdown, during the early stages of the polymerization 

reaction of the TiCl matrix to yield primary catalyst particles, 

together with the chain initiation reactions , however, is very important 
in that it gives rise to the characteristic rate-time profiles 

exhibited by these catalyst systems. 

3 

Rate-time profiles are significant in Ziegler-Natta 

polymerizations in that their particular shape may be characteristic 

sometimes of a particular catalyst system. The importance of such 

profiles has been discussed previously by Keii5) and Tait22’24’. 

first generation catalysts such profiles can often be considered to 

consist of three periods, viz.,an acceleration period, a decay period, 

and a stationary period. However a number of different types of rate- 

time profiles are possible and some typical examples are shown in 

Figure 1. 

For 

Type A behaviour is shown by many first generation catalyst 

systems, e.g., a-Tic1 VC13, 6-TiC13 0.33 A1C13, etc. catalysts 

when used with dialkylaluminium halides as cocatalysts for the 

polymerization of propylene in hydrocarbon media. Type B behaviour 

is often observed when trialkylaluminium compounds are used as 

cocatalysts under similar conditions. In both cases there is a 

definite settling period during which the rate increases to a maximum 

value followed by a period during which the rate either remains 

3 ’  
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A 

E 

\ 
F 

time 

Figure  1 .  Some t y p i c a l  r a t e - t i m e  p r o f i l e s .  

c o n s t a n t  or  d e c r e a s e s  w i t h  t i m e .  The use  of t r i a l k y l a l u m i n i u m  as 

c o c a t a l y s t  normal ly  produces  a more a c t i v e  b u t  less s t a b l e  c a t a l y s t  

system. Many h igh  a c t i v i t y  suppor t ed  c a t a l y s t  sys tems show e i t h e r  

C o r  D t y p e  behaviour  i n  which t h e  r a t e  may e i t h e r  s t a r t  a t  a 

maximum v a l u e  or  r ise  v e r y  r a p i d l y  t o  a maximum v a l u e  and t h e n  

d e c r e a s e  r a p i d l y  w i t h  t i m e ,  e . g . ,  MgC12/EB/TiC1 - A l E t  

sys tems when used f o r  e i t h e r  propylene  o r  e t h y l e n e  po lymer i za t ion  

(EB e t h y l  b e n z o a t e ) .  Type C behaviour  has  a l s o  been observed  i n  

t h e  p o l y m e r i z a t i o n  of s t y r e n e  by c a t a l y s t s  d e r i v e d  from T i C 1 4  and 

A 1 E t 3  30 13’ ) and by many homogeneous c a t a l y s t  sys tems , e. g. , 
Cp T i E t C l - A l E t C l  

c a t a l y s t  sys tems,  e - g . ,  VOCl2.2THF-A1R 

p o l y m e r i ~ a t i o n ~ ~ )  . Solvay & C i e  e t h e r  t r e a t e d  c a t a l y s t s  i n  propylene  

p o l y m e r i z a t i o n  show E t y p e  behaviour  where t h e  s e t t l i n g  p e r i o d  i s  

more or  less e l i m i n a t e d  and breakdown o f  t h e  porous  c a t a l y s t  p a r t i c l e s  

i s  p r a c t i c a l l y  i n s t a n t a n e o u s  on t r e a t m e n t  w i t h  an a lkyla luminium 

compound. T h e r e a f t e r  t h e  r a t e  o n l y  d e c r e a s e s  v e r y  g r a d u a l l y  w i t h  

c a t a l y s t  
4 3 

i n  e t h y l e n e  p o l y r n e r i z a t i ~ n ~ ~ )  , and c e r t a i n  modi f ied  2 2 
i n  v i n y l  c h l o r i d e  

3 
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t i m e 3 4 ) .  

can  y i e l d  type  F behaviour  i n  t h e  p o l y m e r i z a t i o n  of 4-methylpentene-I 

(4-MP-1). Here no s e t t l i n g  p e r i o d  i s  observed  and t h e  r a t e  remains 

a lmos t  comple t e ly  c o n s t a n t  w i t h  t i m e  . 

The use o f  p h t h a l a t e  e s t e r s  i n  MgCIZ suppor t ed  c a t a l y s t s  

3 5 )  

The p r i n c i p a l  f a c t o r s  g i v i n g  r ise  t o  t h e  observed  t y p e s  of  r a t e -  

t i m e  p r o f i l e s  a r e  as f o l l o w s .  

( a )  C a t a l y s t  Ma t r ix  Type and P r e p a r a t i o n .  

The s t a b i l i t y  of t h e  c a t a l y s t  m a t r i x  has  a profound e f f e c t  on t h e  

r a t e - t i m e  p r o f i l e  and t h i s  i s  ev idenced  by t h e  p re sence  o r  absence of  

a s e t t l i n g  p e r i o d .  Solvay & C i e  e t h e r  t r e a t e d  t y p e  c a t a l y s t s  have 

h i g h l y  po rous  s t r u c t u r e s  and c a t a l y s t  m a t r i x  breakdown t a k e s  p l a c e  

v e r y  r a p i d l y  on t r e a t m e n t  w i t h  a lkyla luminium c h l o r i d e  t o  produce 

pr imary  c a t a l y s t  p a r t i c l e s  w i t h  good t i m e  s t a b i l i t y .  A t y p i c a l  p l o t  

of r a t e  v e r s u s  t i m e  i s  shown i n  F i g u r e  2 . 3 4  1 

TIC13 5.0 mmol dm-3 

1 .o 2.0 3.0 4.0 

t l m e  / h 

F i g u r e  2 .  P l o t  of ra te  v e r s u s  t i m e  f o r  t h e  p o l y m e r i z a t i o n  of 

PrOpYlene a t  60 OC u s i n g  a Solvay & C i e  e t h e r  t r e a t e d  T i C 1 3  C a t a l y s t .  

[ T i c 1  ] ( J V 1 6 1 )  = 5 . 0  X I f 3  mol/dm3; [ A 1 E t 2 C 1 ] :  [ T i C 1 3 ]  = 2 : 1 .  
3 

When u s i n g  MgC12/electron donor /TiCl  c a t a l y s t  sys tems t h e  t y p e  
4 

and c o n c e n t r a t i o n  o f  t h e  donor used  can  have an impor t an t  e f f e c t  on 

t h e  observed  rate-t ime behaviour .  F i g u r e  3 i l l u s t r a t e s  t h e  r a t e - t i m e  

behav iour  of  two MgC12/electron donor/TiC14 c a t a l y s t s  f o r  t h e  

p o l y m e r i z a t i o n  o f  4-MP-1, one c o n t a i n i n g  e t h y l  benzoa te  and t h e  o t h e r  

a p h t h a l a t e  ester 35136)  
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Figure 3. P l o t s  of ra te  ve r sus  t i m e  f o r  t h e  polymerizat ion of  4-MP-1 

using MgCl / e l e c t r o n  donor/TiCl - A l ( i - B u )  c a t a l y s t s .  
2 4 3 

b ) A1 ky l a  1 um i n  i um . 
Rate-time p r o f i l e s  are a f f e c t e d  by both t h e  type of a l k y l -  

aluminium compound used as  c o c a t a l y s t ,  e . g . ,  whether a t r i a l k y l -  

aluminium o r  a dialkylaluminium h a l i d e  i s  used, and by t h e  

concen t r a t ion  of alkylaluminium a s  i s  observed i n  t h e  polymerizat ion 

of propylene by f i - T i C 1  -0 .33  A l C l  - A l R  o r  A 1 R  C 1  c a t a l y s t  systems 
3 3 3 2 

i n  hydrocarbon media. The observed behaviour i s  complex a r i s i n g  from 

a l k y l a t i o n ,  r educ t ion ,  e x t r a c t i o n  ( i - e . ,  A 1 C 1 3 ) ,  and c a t a l y s t  

mod i f i ca t ion  r e a c t i o n s .  

Var i a t ion  of t h e  t r ia lkylaluminium concen t r a t ion  can b r i n g  about 

profound changes i n  r a t e - t ime  p r o f i l e s  f o r  MgCl / e l e c t r o n  donor/TiCl 

c a t a l y s t  systems a s  i s  shown i n  Figure 4 .  

and has been analysed by K e i i 3 ' ) .  

e l e c t r o n  donor i n  t h e  c o c a t a l y s t  a f f e c t s  a l s o  t h e  a c t u a l  r a t e - t i n e  

behaviour which i s  observed. 

4 2 

This behaviour of bel ieved t o  a r i s e  from adso rp t ion  r e a c t i o n s  

The presence o r  absence of an 

( c )  Monomer. 

For polymerizat ion using MgCl / e l e c t r o n  donor/TiCl c a t a l y s t s  it 

i s  not  o f t e n  r e a l i z e d  t h a t  t h e  a c t u a l  monomer may a f f e c t  t h e  observed 

r a t e - t ime  p r o f i l e s .  I n  p a r t i c u l a r  a - o l e f i n s  such a s  4-MP-1 e x h i b i t  

d i f f e r e n t  r a t e - t ime  p r o f i l e s  from those  shown i n  e i t h e r  e thy lene  or  

2 4 
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Ai(i-Bu) / mmol dm-3 
3 

+ a  
0 ¶ 4  

4 0  

I I I I 

0.5 1 .o 1.5 2.0 

time / h 

Figure 4. Plots of rate versus time for the polymerization of 

propylene at 6 0  C using a M9C12/EB/TiC14 catalyst for varying 

concentrations of triisobutyl aluminium. 

0 

propylene polymerization. For polymerization using 4-MP-1 very 

stable polymerization systems can be obtained involving fairly high 
36  1 concentrations of active centres . Figure 5 shows a typical 

plot for  the polymerization of ethylene and 4-MP-1 using similar 

types of catalyst. An analysis of this type of behaviour will be 

detailed in a forthcoming publication . 3 8 )  
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Figure 5. Plots of rate versus time for the polymerization of 

ethylene and 4-MP-1 using MgCl /EB/TiC1 catalysts. 

ethylene ~ at 60 C, 

2 4 
0 

at 40 C. 4-MP-I ------ 0 

(d) Pressure. 

The pressure of monomer may also affect the observed rate-time 

profiles as is shown in Figure 6. 

Many catalyst systems which exhibit steady rate-time profiles 

for polymerization at atmospheric pressure show decay type profiles 

when used at significantly higher monomer pressure, i.e., 5-10 bar. 
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0 
Figure 6. 

various pressures (Tic1 

n-heptane). 

Kinetic curves obtained by Keii et a1 5 t 3 9 )  at 4 4  C and 
3 3 

= 2 g/dm , A1Et3 = 15 mOl/dm3 in 250 cm 
3 

(e) Polymerization Medium. 

Normally Ziegler-Natta polymerizations are carried out in 

hydrocarbon media. When however, polymerizations are conducted 

in aromatic solvents very different rates and rate-time profiles 

are observed. This effect is illustrated in Figure 7 for the 

polymerization of propylene in toluene medium by a 6-TiC1 -0.33 A l C l  

catalyst. For the catalyst system under observation the observed 

behaviour is believed to arise from the finite solubility of the 

A1C13 in the catalyst matrix in the toluene medium (containing 

excess alkylaluminium) which leads to catalyst matrix breakdown. 

This breakdown generates additional active centres giving enhanced 

rates of polymerization but the catalyst system is not so stable 

with time and shows decay type characteristics. 

3 3 
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Figure  7 .  Rate- t ime p r o f i l e  f o r  t h e  po lymer i za t ion  o f  propylene  i n  

t o l u e n e  and EC180 media. 

( f )  Temperature .  

range  of 30-100 OC t h e  o v e r a l l  e f f e c t  o f  i n c r e a s e d  t empera tu re  appea r s  

t o  be d e s t a b i l i z a t i o n  o f  t h e  c a t a l y s t  sys tems above c e r t a i n  c r i t i c a l  

t empera tu re  v a l u e s .  However t h i s  e f f e c t  w i l l  be d i s c u s s e d  i n  a l a t e r  

s e c t i o n  of  t h i s  paper .  

Although most p u b l i s h e d  r e s u l t s  are l i m i t e d  t o  t h e  t empera tu re  

I t  i s  e v i d e n t  t h a t  t h i s  complex behaviour  i s  c o n t r o l l e d  by both  

chemica l  and p h y s i c a l  f a c t o r s  and t h e s e  may i n c l u d e  t h e  fo l lowing .  

( a )  C a t a l y s t  p a r t i c l e  s i z e  and morphology. The e f f e c t i v e  p a r t i c l e  

s i z e  and p a r t i c l e  s i z e  d i s t r i b u t i o n  a s  f u n c t i o n s  of  t i m e  w i l l  

d e t e rmine  t h e  numbers o f  exposed t r a n s i t i o n  m e t a l  atoms which can  be 

invo lved  i n  c a t a l y s t  forming  r e a c t i o n s  a t  any p a r t i c u l a r  t i m e .  

( b )  C a t a l y s t  c e n t r e  forming  and c a t a l y s t  d e s t r o y i n g  r e a c t i o n s .  These 

r e a c t i o n s  w i l l  c o n t r o l  t h e  i n s t a n t a n e o u s  c o n c e n t r a t i o n  of  p o t e n t i a l  o r  

a c t u a l  a c t i v e  c e n t r e s .  
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( c )  Complexation r e a c t i o n s  between a c t i v e  c e n t r e s  and alkylaluminium 

s p e c i e s ,  between a c t i v e  c e n t r e s  and donor  molecu le s ,  and between 

a lkyla luminium s p e c i e s  and donor molecu le s .  These r e a c t i o n s  w i l l  

c o n t r o l  t h e  r e l a t i v e  numbers of  p o t e n t i a l  and a c t u a l  a c t i v e  c e n t r e s .  

( d )  D i f f u s i o n  phenomena. 

K I N E T I C  MODELS 

The complex behaviour  o u t l i n e d  i n  t h e  p r e v i o u s  s e c t i o n  a r i s e s  

from v a r i a t i o n s  w i t h  t i m e  i n  i n t r i n s i c  c a t a l y s t  a c t i v i t y  ( i . e . ,  i n  

k v a l u e s ) ,  i n  a c t i v e  c e n t r e  c o n c e n t r a t i o n  of t h e  r e l e v a n t  s p e c i e s ,  

and i n  a v a i l a b l e  monomer c o n c e n t r a t i o n .  Thus a number of k i n e t i c  

models ( 9 ,  13 ,  1 7 ,  2 3 )  have been fo rmula t ed  t o  account  f o r  t h e  k i n e t i c  

behaviour  of  he te rogeneous  Z ieg le r -Na t t a  p o l y m e r i z a t i o n  r e a c t i o n s  i n  

terms of  t h e s e  pa rame te r s .  However l i t t l e  a t t e n t i o n  has  been pa id  t o  

t h e  occur rence  of  c e n t r e s  o f  d i f f e r i n g  i n t r i n s i c  a c t i v i t y .  

P 

P 

Normally t h e  i n s t a n t a n e o u s  r a t e  of  po lymer i za t ion  ( R  ) a t  a g iven  

t i m e  i s  r e p r e s e n t e d  by e i t h e r  ( I ) ,  

R = k C* [MI 
P P  

where [M] is  t h e  b u l k  c o n c e n t r a t i o n  o f  monomer; C* i s  t h e  c o n c e n t r a t i o n  

o f  a c t i v e  c e n t r e s  and k i s  t h e  r e l e v a n t  p ropaga t ion  r a t e  c o n s t a n t ,  
P 

o r  by ( l 8 ) ,  

R = k C* BM 
P P  

where OM i s  t h e  f r a c t i o n  of a c t i v e  c e n t r e s  covered  by adsorbed  monomer 

( o r  complexed by monomer); C* i s  t h e  t o t a l  c o n c e n t r a t i o n  of  a c t i v e  

c e n t r e s  ( p o t e n t i a l  and a c t u a l ) ;  and k i s  t h e  p r o p a g a t i o n  ra te  

c o n s t a n t  f o r  adsorbed  monomer. Thus e q u a t i o n  ( 1 )  may be r ega rded  a s  

a s p e c i a l  case of  e q u a t i o n  ( 2 )  where t h e  v a l u e  o f  0 i s  v e r y  low. 

P 

M 
I t  i s  impor t an t  t o  r e c o g n i s e  t h a t  t h e  t h e o r y  advanced p r e v i o u s l y  

(18)  f o r  a d s o r p t i o n  k i n e t i c s  i nvo lved  what w e  now r e c o g n i s e  a s  a two- 

s t a g e  p ropaga t ion  sequence ,  i . e . ,  a d s o r p t i o n  o r  complexa t ion  of  

monomer fo l lowed by an i n s e r t i o n  r e a c t i o n  of  complexed monomer. The 

more g e n e r a l  r e l e v a n c e  o f  t h i s  t y p e  o f  sequence h a s  become more 

a p p a r e n t  i n  t h e  l i g h t  of  t h e  observed  behaviour  i n  h i g h e r  a - o l e f i n  

p ~ l y m e r i z a t i o n ~ ~ )  and i n  copo lymer i za t ion  s t u d i e s  of  e t h y l e n e  and 

h i g h e r  a - o l e f i n s  u s i n g  MgCl / e l e c t r o n  donor /TiCl  c a t a l y s t s  . 4 0  
2 4 

A d d i t i o n a l l y  t h e  ear l ie r  theo ry ’  8 ,  c o n s i d e r e d  c o m p e t i t i v e  

a d s o r p t i o n  between monomer [MI and a lkyla luminium ( c h l o r i d e  o r  
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d i c h l o r i d e )  s p e c i e s  ( A )  and a c t i v e  c e n t r e s  ( S )  , v i z . ,  

s . .  .M KPl 
S + M  &- 

KA 
S + A S . . . A  

( 3 )  

( 4  

The f r a c t i o n  of a c t i v e  c e n t r e s  w i t h  a d s o r b e d  monomer (8 ) and t h e  
M 

f r a c t i o n  w i t h  a d s o r b e d  a l k y l  (8 ) may be  e x p r e s s e d  i n  terms o f  

Langmuir-Einshelwood i s o t h e r m s  a s :  
A 

KM [ M I  

1 + K M [ M ]  + K [ A ]  
A 

'M = 

and 

One a d v a n t a g e  of s u c h  a t r e a t m e n t  i s  t h a t  it c a n  be  e x t e n d e d  

r e a d i l y  f o r  t h e  case where a donor  (D) i s  p r e s e n t ,  i . e . ,  

(5 

2 1  where K i s  t h e  r e l e v a n t  a d s o r p t i o n  c o n s t a n t  . 
D 

I n  t h e  l i k e l y  s i t u a t i o n  where a number o f  t y p e s  of a c t i v e  c e n t r e  

o f  d i f f e r i n g  a c t i v i t y  is  p r e s e n t  t h e n  e q u a t i o n  ( 1 )  becomes 

n * 
= [ M I  C k C  

P i  P i  i = l  

and  e q u a t i o n  ( 2 )  becomes 

n 
R = C R  

P i = l  P i  

n 
= C k  

i = l  P i  

The s i m p l e s t  cases b e i n g  where 

c e n t r e s  of d i f f e r i n g  a c t i v i t y .  

* 
c e  

P i  M i  

t h e r e  are o n l y  t w o  t y p e s  o f  a c t i v e  

( l a )  
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* 
c x 10  2 /mol/mol 

Total Insol Sol  

ACTIVE CENTRE DETERMINATIONS ON MgC12/EB/TiC14 CATALYST SYSTEMS 

(1) Polymerization of Propylene - Use of I4co. 
Only very limited information may be obtained on the distri-bution 

of centres of differing activity in Ziegler-Natta catalysis. However, 

when combined with extraction procedures, the use of 

labelling is of importance in that it allows differentiation between 

centres producing soluble (and hence largely atactic) polymer from 

those producing insoluble (and thus mainly isotactic) polymer 

4C0 radio- 

24,41 ) 

Polymerizations of propylene were carried out at 185 mmHg pressure 

using a MgCl /EB/TiC14 catalyst containing 0.1% Ti, prepared by ball- 

milling dried MgCl 

6: 1 : 0-3) ; A1 (i-Bu) was used as cocatalyst . 
2 

with EB and SOC12 for 12 h (MgCl2:EB:SOCL = 
2 

42 1 2 

The polymerization system shows a typical rate-time profile of 

type C (See Figure 1). Active centre concentrations were performed 

Using I4CO which was added 2 min after the start of the 

polymerization. Values of C* for different temperatures together with 

corresponding values of k are listed in Table 1. For comparison 

corresponding values of C' and k obtained using 6-TiC1 0.33 A1C13 

and Solvay & Cie ether treated catalysts are shown in Table 2 . 

P 

24) P P 3' 

k /dm3/mol/s 

Total Insol so 1 

Table 1. 

Temp. 

10 

7.14 3.44 3.10 

8.03 4.93 3.10 

10.30 6.68 3.61 

11.31 1.47 3.84 

* 
Values of c and k at different polymerization temperatures 

P P 

369 703 59 

669 1034 89 

858 1256 122 

1341 1952 163 

I 

Note: (a) C* (total) was determined using the unextracted polymer. 
P 

(b) ci (insol) was determined using the insoluble part of 
polymer samples extracted by boiling n-heptane for 24 h. 

* * * 
(c) cP (sol) = C (total) - C (insol). 

(d) Polymerization time before injection of 14Co was 2 min. 
P P 
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* 
Table 2 .  Values of  c and k for d i f f e r e n t  c a t a l y s t  systems f o r  

p ropy lene  po lymer i za t ion  a t  6 0  c .  P Po 

C a t a l y s t  System 

* 3 
C x 1 0  /mol/mol 

T o t a l  I n s o l  Sol 

P 

6 - T i c 1  0 .33 A 1 C 1 3  
3 

- A 1 E t 2 C 1  

Solvay & C i e  

- A 1 E t 2 C l  

- A 1 E t 3  

3 
k /dm /mol / s  

T o t a l  I n s o l  Sol 

10.0 7.5 2.2 

7.9 6.7 1 . 1  

20.8 13.2 5.7 

8.2 '10.5 1.1 

1 7 . 0  2 0 . 0  1 . 6  

47.5 58.4 38.2 

The f o l l o w i n g  c o n c l u s i o n s  a r e  e v i d e n t .  

( a )  When u s i n g  a MgCl / E B / T i C l  t y p e  c a t a l y s t  o n l y  a maximum of  11.3% 

T i  (mol/mol) a t  7 0  C i s  invo lved  i n  a c t i v e  c e n t r e s  f o r  p ropy lene  

p o l y m e r i z a t i o n  ( c . f . ,  r e s u l t s  r e p o r t e d  l a t e r  f o r  t h e  po lymer i za t ion  o f  

4-MP-1). This  v a l u e  compares w i t h  a v a l u e  of abou t  1% T i  f o r  

6 - T i c 1  0 . 3 3  A l C l  - A l E t  C 1  t y p e  c a t a l y s t s  when used under  comparable  

c o n d i t i o n s  a t  6 0  C. 

( b )  Very h igh  v a l u e s  o f  k a r e  o b t a i n e d  d u r i n g  t h e  i n i t i a l  s t a g e s  of  

t h e  p o l y m e r i z a t i o n ,  and v a l u e s  of k a r e  much h i g h e r  t h a n  t h o s e  

o b t a i n e d  f o r  &-Tic1 

remembered t h a t  t h e s e  v a l u e s  w i l l  be average  v a l u e s  where c e n t r e s  of 

more t h a n  one k ind  produced a t a c t i c  ( s o l u b l e )  and i s o t a c t i c  ( i n s o l u b l e )  

polymer.  

(c )  Values  of k ( i n s o l )  a r e  g r e a t e r  by a f a c t o r  o f  abou t  t e n  t h a n  

t h o s e  o b t a i n e d  f o r  k ( s o l ) .  This  i s  i n  good agreement  w i t h  v a l u e s  

r e p o r t e d  ear l ier  f o r  & - T i c 1  0 . 3 3  A l C l  - A l E t  C1 t y p e  c a t a l y s t s  . 

2 4 
0 

2 a 3 

P 

P 
0.33 A l C l  - A 1 E t 2 C 1  t y p e  c a t a l y s t s .  I t  should  be 

3 3 

P 

2 4 )  

Although a t  f i r s t  s i g h t  it appea r s  s u r p r i s i n g  t h a t  k ( i n s o l )  

P 

3 3 2 

P 
shou ld  be g r e a t e r  t h a n  k (sol), t h e  r eason  i s  ve ry  l i k e l y  t h a t  t h e  

more exposed and less s t e r i c a l l y  crowded c e n t r e s  can  c o o r d i n a t e  more 

s t r o n g l y  w i t h  t h e  o l e f i n  i n  t h e  t r a n s i t i o n  s t a t e  t h u s  l e a d i n g  t o  a 

s lower  i n s e r t i o n  r e a c t i o n .  This  e x p l a n a t i o n  i s  c o n s i s t e n t  w i t h  t h e  

two-s tage  p ropaga t ion  model d i s c u s s e d  e a r l i e r  . 
( d )  Values  of C *  ( i n s o l )  i n c r e a s e  w i t h  t e m p e r a t u r e  i n  t h e  

t empera tu re  range  examined w h i l s t  t h o s e  f o r  C ( s o l )  remain more or 

less c o n s t a n t .  A c t i v a t i o n  e n e r g i e s  f o r  t h e  po lymer i za t ion  system 

P 

21 1 

P * 
P 
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T o t a l  

a r e  l i s t e d  i n  Table  3. 

12 .3  8 . 8  3 .5  

Table  3. A c t i v a t i o n  Energ ie s  

A c t i v a t i o n  Energy/kcal /mol  

E AE 
Ea P 

I n s o l u b l e  

S o l u b l e  

1 2 . 6  

7 . 6  

6.9 

7 . 1  

5.7 

0 . 5  

4 2  1 
The s i g n i f i c a n c e  of t h e s e  v a l u e s  w i l l  be d i s c u s s e d  e l sewhere  . 
(e )  Values  f o r  bo th  k ( i n s o l )  and k ( s o l )  i n c r e a s e  w i t h  t empera tu re  

a s  i s  expec ted .  
P P 

( 2 )  Po lymer i za t ion  of  4-methylpentene-I - use  of MeOT quenching.  

The po lymer i za t ion  o f  4-MP-1 u s i n g  a MgCl / E B / T i C l  -Al ( i -Bu)  

c a t a l y s t  sys tem has  a l r e a d y  been r e p o r t e d  and t h e  r e s u l t s  ana lysed  . 
The rate-time p r o f i l e  i s  v e r y  d i f f e r e n t  from t h a t  observed  i n  

p ropy lene  and e t h y l e n e  p o l y m e r i z a t i o n  and i s  of t y p e  A shown i n  

F igu re  1 .  Ac t ive  c e n t r e  c o n c e n t r a t i o n s  w e r e  de te rmined  u s i n g  a 

tritium quenching  t e c h n i q u e  1 8 r 4 1 ) .  Values  of  c*  and a r e  l i s t e d  

i n  Table  4 t o g e t h e r  w i t h  co r re spond ing  v a l u e s  f o r  S t a u f f e r  1 .13 

( A - T i C l  0.33 A l C l  donor  modi f ied)  and V C 1  c a t a l y s t  sys tems.  

C o r r e c t i o n s  f o r  t h e  k i n e t i c  i s o t o p e  e f f e c t  and f o r  c h a i n  t r a n s f e r  w i th  

adsorbed  a lkyla luminium w e r e  c a r r i e d  o u t  as d e s c r i b e d  p r e v i o u s l y  . 
I t  i s  i m p o r t a n t  t o  r e c o g n i s e  t h a t  t h e  use  o f  t r i t i a t e d  a l c o h o l s  t o  

de t e rmine  a c t i v e  c e n t r e  c o n c e n t r a t i o n s  i s  n o n - s e l e c t i v e  and t h u s  t h e  

v a l u e s  o f  t h e  c h a i n  p r o p a g a t i o n  c o n s t a n t  which a r e  o b t a i n e d  a r e  

ave rage  v a l u e s  o n l y  {S; ) .  

39)  2 4 

P P 

3 3 3 

1 8 )  

P 
An examinat ion  o f  Table  4 r e v e a l s  t h a t  t h e  p o l y m e r i z a t i o n  system 

MgCl / E B / T i C l  -Al( i -Bu)  /4-MP-1 behaves somewhat d i f f e r e n t l y  from 

MgC1,,/EB/TiC14-Al(i-Bu) / p ropy lene ,  e t h y l e n e  sys tems.  
2 4 3 

3 
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MgCl2/EB/TiCl4 2 9  

3 
- A 1  ( i -Bu)  

( c a t a l y s t  c o n t a i n s  

3 . 4 %  T i )  

S t a u f f e r  1 .13  9 . 7  

- A 1  ( i -Bu)  

0.03E 
vc13 
- A 1  ( i -Bu)  

Table  4 .  Comparative v a l u e s  of a c t i v e  c e n t r e  c o n c e n t r a t i o n s  and r a t e  

c o n s t a n t s  f o r  c h a i n  t r a n s f e r  and c h a i n  p r o p a g a t i o n  and a d s o r p t i o n  

c o n s t a n t s  f o r  v a r i o u s  c a t a l y s t  systems.  

co x l o L ,  

C a t a l y s t  System 
mo 1 /mo 1 

-1  
k a /  

min 

1 0  

0.20 

0 . 0 6 7  

-1 
KA/ 

3 
dm mol 

13 

1 6  

5. I 

dm 3 mo1-I 

2 . 6  

0 .38 

0.16 

10-;1 kp/  
-1 

min 

4 . 6 7  

1 . 2 9  

3.10 

-3 
[4-MP-1] = 2 . 0 0  mol dm ; 

0 
t empera tu re  = 40 C .  

( a )  The much h i g h e r  r a t e  of po lymer i za t ion  i n  comparison t o  t h a t  

observed  when u s i n g  S t a u f f e r  1 .13  c a t a l y s t s ,  i . e . ,  R v a l u e s  o f  1110 

and 3.6 mol m1n-l 

h i g h e r  Cp v a l u e s  (x43)  t o g e t h e r  w i t h  a smaller i n c r e a s e  i n  t h e  v a l u e  

o f  ?; 

p o l y m e r i z a t i o n  i s  c o n s i s t e n t  w i t h  t h e  r a t e  enhancement e f f e c t s  observed  

i n  copo lymer i za t ion  s t u d i e s  and w i t h  t h e  concep t  of  a two-s tage  

p r o p a g a t i o n  s t e p .  A f u r t h e r  p r e s e n t a t i o n  and d i s c u s s i o n  o f  t h i s  e f f e c t  

w i l l  be g iven  e l sewhere  

( b )  The use  of  t r i t i a t e d  a l c o h o l  i n  t h e  d e t e r m i n a t i o n  o f  C a l lows  

e v a l u a t i o n  of  k K and K t h e  v a l u e s  of  which canno t  be  o b t a i n e d  

from 4co r a d i o - l a b e l l i n g .  

P -1 
(mol T i )  r e s p e c t i v e l y )  a r i s e s  mainly from t h e  much 

( x 3 . 6 ) .  The h i g h e r  v a l u e s  o f  C* i n  h i g h e r  a - o l e f i n  
P 

35,40) 
* 

a‘ A M ‘  

( i )  Much h i g h e r  v a l u e s  of k a r e  observed  i n  comparison w i t h  
a 

3 3 
co r re spond ing  v a l u e s  from &-Tic1 0.33 A l C l  t y p e  c a t a l y s t s  a l though  

t h e  v a l u e s  of  K are more o r  less t h e  same. E v i d e n t l y  t h e  more 

a c t i v e  c e n t r e s  ( h i g h e r  v a l u e s )  i n  MgC12/EB/TiC14 t y p e  c a t a l y s t s  

t r a n s f e r  growing c h a i n s  much more r a p i d l y  w i t h  adsorbed  a l k y l -  

aluminium. 

A 

P 

( i i)  Higher v a l u e s  o f  K are a l s o  obse rved  i n d i c a t i n g  t h a t  t h e  
M 
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more active centres in MgC12/EB/TiC14 type catalysts have a greater 

affinity for coordination with monomer leading to higher (?M values 

and hence a higher rate of polymerization. This effect is additional 

to that described in (a) above. 

It is thus apparent that considerable progress has been and is 

being made towards a better and more comprehensive understanding of 

the intrinsic nature of Ziegler-Natta catalysis from the use of 

kinetic studies, a field of investigation which owes much to the 

pioneering research carried out by Professor T. Keii and his coworkers. 

The future promises to be as exciting as the past and we can 

confidently await further progress in our understanding and in the 

development of these fascinating polymerization systems. 
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CATALYSIS AND THE UNIPOL PROCESS 

_. FREDERICK J. KAROL and FELIX I. JACOBSON 

Union Carbide Corporation, UNIPOL Systems Department, P.O. Box 670, 

Bound Brook, NJ 08805, USA 

ABSTRACT 

Production of low-density polyethylene (LDPE) is undergoing the 

kind of revolution not seen in the field since the discoveries by 

Ziegler and Natta. Union Carbide has developed a unique and versa- 

tile low-pressure, fluid-bed process (UNIPOL) that yields vastly 

improved polyethylene resins, linear low-density polyethylenes 

(LLDPE), at greatly reduced costs. Proprietary catalysts are key to 

success of the UNIPOL process. Catalysts have an important effect 

on productivity, polymer molecular weight, polymer molecular weight 

distribution, copolymerization kinetics, and degree of stereoregu- 

larity. Moreover the size, shape, and porosity (morphology) of the 

catalyst particle play an important role in regulating the morphol- 

ogy of the resultant polymer. 

Today, Union Carbide and its more than twenty-five licensees are 

operating or constructing polyethylene plants based on the UNIPOL 

process in fifteen countries. By 1986 the combined capacity of UNI- 

POL reactors will be sufficient to supply 25% of the world's total 

demand for polyethylene. A recent development has been the produc- 

tion of polypropylene by the UNIPOL process. This is a result of a 

cooperative undertaking between Union Carbide and Shell Chemical, 

USA, and combines for the first time a high activity catalyst with 

simplicity and improved economics of gas-phase, fluidized-bed tech- 

nology. A new polypropylene plant of 80,000 tons per year based on 

the UNIPOL process is starting production in 1985 at Seadrift, Texas. 

UNION CARBIDE--WORLD LEADER IN POLYETHYLENE TECHNOLOGY 

The polyethylene industry and scientific community recently cel- 

ebrated its golden jubilee in London. l) Since its discovery in 

the 1930s polyethylene has grown to be the world's largest thermo- 

32 3 
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p l a s t i c .  I n d e e d ,  w o r l d  p l a n t - c a p a c i t i e s  for. p o l y o l e f i n s  a r e  v e r y  

l a r g e  ( T a b l e  I ) .  2 )  

By 1986 t h e  combined  c a p a c i t y  o f  UNIPOL reac tors  i n  o p e r a t i o n  or  

uncjer c o n s t r u c t i o n  a r o u n d  t h e  w o r l d  w i l l  be s u f f i c i e n t  t o  s u p p l y  25% 

of t h e  w o r l d ' s  t o t a l  demand f o r  p o l y e t h y l e n e .  F i f t y - t h r e e  r e a c t o r s  

w i l l  b e  i n  place i n  15 c o u n t r i e s  on s i x  c o n t i n e n t s .  L i n e a r  l o w -  

d e n s i t y  p o l y e t h y l e n e  (LLDPE) h a s  a l r e a d y  r e v o l u t i o n i z e d  t h e  p o l y -  

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

f u t u r e  o f  t h e  e n t i r e  p o l y o l e f i n s  b u s i n e s s .  The  UNIPOL p r o c e s s  i s  

r e c o g n i z e d  as  a s i g n i f i c a n t  t e c h n o l o g i c a l  a c c o m p l i s h m e n t .  Un ion  

C a r b i d e  r e c e i v e d  t h e  p r e s t i g i o u s  K i r k p a t r i c k  Award f o r  UNIPOL i n  

1979. 3, C h a n g e s  i n  p o l y e t h y l e n e  p r o c e s s  a n d  p r o d u c t  t e c h n o l o g i e s  

i n  t h e  l as t  d e c a d e  , b r o u g h t  a b o u t  t h r o u g h  p o l y m e r i z a t i o n  c a t a l y s i s ,  

a re  so  s i g n i f i c a n t  t h a t  t h i s  p e r i o d  w i l l  n o  d o u b t  b e  c a l l e d  " C a t a l y -  

sis a n d  The  P o l y e t h y l e n e  R e v o l u t i o n . "  Key t o  t h e  s u c c e s s  of t h e  

UNIPOL p r o c e s s  is  t h e  p r o p r i e t a r y  c a t a l y s t s  t h a t  o p e r a t e  a t  l o w  

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

g a s - p h a s e ,  f l u i d - b e d  reac tor .  I t  is p r i m a r i l y  by  m e a n s  of c a t a l y s t  

c o m p o s i t i o n  t h a t  r e s i n  propert ies  are c o n t r o l l e d  i n  t h e  UNIPOL pro- 

cess. H i g h - p r e s s u r e  t e c h n o l o g y ,  d o m i n a t e d  by c o n c e r n s  f o r  reac tor  

e n g i n e e r i n g  a n d  reactor c o n t r o l  of p o l y m e r  p r o p e r t i e s  i s  r a p i d l y  

g i v i n g  way t o  a new t e c h n o l o g y  i n  w h i c h  c a t a l y s i s  a n d  c h e m i c a l  con-  

t r o l  o f  p r o d u c t  p r o p e r t i e s  are k e y  f ac to r s .  

PROCESS DESCRIPTION AND BENEFITS OF UNIPOL PROCESS 

I n  t h e  UNIPOL p r o c e s s  ( F i g u r e  1, 21, g a s e o u s  e t h y l e n e ,  a comono- 

m e r  a n d  a c a t a l y s t  are  r e a c t e d  i n  t h e  p r e s e n c e  of a c h a i n  t r a n s f e r  

a g e n t  a t  t e m p e r a t u r e s  of a b o u t  1 0 0 ° C  o r  l ess  a n d  p r e s s u r e s  of 2 . 1  

MPa (300 p s i )  or  less  t o  p r o d u c e  a p o l y e t h y l e n e  p r o d u c t  t h a t  is  re- 

moved d i r e c t l y  from t h e  reactor  as a g r a n u l a r ,  s o l i d  mater ia l .  G a s -  

e o u s  e t h y l e n e ,  comonomer a n d  c h a i n  t r a n s f e r  a g e n t  are  f e d  c o n t i n u -  

o u s l y  i n t o  a f l u i d i z e d  b e d  reactor .  C a t a l y s t  is  a d d e d  s e p a r a t e l y .  

C i r c u l a t e d  by a sma l l  c o m p r e s s o r ,  t h e  gas stream f l u i d i z e s  t h e  p o l y -  

m e r  b e d ,  p r o v i d e s  r e a c t a n t s  f o r  p o l y m e r i z a t i o n ,  a n d  r e m o v e s  e x o t h e r -  

m i c  h e a t  of r e a c t i o n .  T h e  c i r c u l a t i n g  gas stream passes  t h r o u g h  a 

cooler before b e i n g  r e t u r n e d  t o  t h e  reac tor .  

G r a n u l a r  p o l y e t h y l e n e  is removed  t h r o u g h  a g a s - l o c k  c h a m b e r .  

O n l y  a small  amount  of r e s i d u a l  monomer a c c o m p a n i e s  t h e  p r o d u c t  i n t o  

t h i s  c h a m b e r ,  a n d  t h i s  i s  p u r g e d  s a f e l y  f r o m  t h e  r e s i n .  O v e r a l l ,  
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the combined conversion rate of ethylene and comonomer is approxi- 

mately 97% to 99%. The average catalyst residence time is three to 

five hours during which the polymer particles grow to an average 

size of 500-1000 microns. The granular product, with or without 

conventional additives, is ready for packaging and shipping to the 

customer without any further processing. The size and the shape of 

the polymer granules are such that their bulk density and solid flow 

characteristics are suitable for subsequent materials handling and 

processing operations by the customer. For pelleted product, the 

granular material may be fed to conventional pelleting equipment or  

to proprietary Union Carbide pelleting systems. 

PROCESS OPTIONS 

The UNIPOL Process is available in three versions, i.e., Grass 

Roots Plant, Waterborne Option, and Facility Modernization System 

(FMS) (Figures 3 - 4 ) .  The Waterborne Option involves construction of 

UNIPOL LLDPE plants on ocean-going barges and delivered as turnkey 

operations anywhere in the world accessible by deep water. The FMS 

Option offers high-pressure LDPE producers a highly efficient way to 

enter the LLDPE market immediately and minimizes investment costs by 

making maximum use of existing plant facilities. 

Waterborne ODtion 

Union Carbide has completed the first "Waterborne" plant fo r  

Ipako S.A., Argentina (Figure 5). The plant was constructed in the 

shipbuilding facilities of Ishikawajima-Harima Heavy Industries near 

Nagoya, Japan. It has a design capacity of 135,000 metric tons-per- 

year of LLDPE. The plant was delivered to Ipako's waterside site in 

Bahia Blanca, Argentina in late 1981. Construction of the plant 

from keel-laying to shipyard commissioning was completed in just 

eight months. The plant was in full commercial operation by Decem- 

ber 1981--just 22 months from signing of the sales agreement. This 

represents a reduction in construction time of at least a year from 

that required for land-based construction of a traditional polyeth- 

ylene plant. 

FMS Ostion 

UNIPOL FMS offers process and product technology equal to that 

formerly possible only with a "grass roots" UNIPOL facility. North- 

ern Petrochemical Company in Illinois chose FMS to upgrade its ex- 

isting high-pressure facility to produce LLDPE. With this approach 
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a c o s t - e f f i c i e n t ,  l o w - p r e s s u r e  U N I P O L  r e a c t o r  s y s t e m  c a n  b e  " d r o p p e d  

i n "  t o  a n  o u t m o d e d  h i g h - p r e s s u r e  p o l y e t h y l e n e  p l a n t  a n d  t i e d  i n t o  

e x i s t i n g  process  a n d  s u p p o r t  f a c i l i t i e s .  T h e  o l d  reactor  i s  t h e n  

s h u t  d o w n ,  a n d  t h e  "new" p l a n t  s t a r t e d  u p ,  c a p a b l e  of p r o d u c i n g  n o t  

o n l y  LLDPE, b u t  a f u l l  r a n g e  of p o l y e t h y l e n e s .  

T a b l e  1. W o r l d - P l a n t  C a p a c i t i e s  f o r  P o l y o l e f i n s 2 )  

MM T o n s / Y r .  
LDPE LLDPE HDPE pp 

1980 16.10 8.48 6.86 

1981 16.10 0.44 9.27 7.04 

1982 14.48 1 .78  8.70 7.27 

1983 13.92 2 . 9 1  9.40 7.93 

1984 14.22 3.92 9 .80  8.19 

1985 14.62 4.65 10.07 8 .81  

T o t a l  1984 C a p a c i t y  nd36 MM T o n s  (79  MMM l b s )  

F igu re  1: 
F l u i d - B e d  P l a n t  a t  S e a d r i f t ,  T e x a s  f o r  P o l y e t h y l e n e  P r o d u c t i o n  
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Figure 3: UNIPOL Facilities Modernization System (FMS) 
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Figure 4: UNIPOL Process Options 
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Figure 5: 
Ipako Barge-Mounted Plant 

POLYETHYLENE PRODUCTS FROM UNIPOL PROCESS 

The UNIPOL process commercially produces ethylene homopolymers, 

and copolymers with several alpha olefins including butene-1 and 

hexene-1. The process can produce products over the entire density 

range of polyethylene. Catalyst and process technology know-how 

permit control of polymer molecular weight o r  melt index from less 

than 0.1 g/10 min to melt indexes well above 100. Likewise, polymer 

molecular weight distribution may be adjusted from Mw/Mn as nar- 

row as 3 to as broad as 30. 

The development and commercialization in the United States of 

LLDPE products from the UNIPOL process have occurred at a rapid rate 

(Table 11-111). 4, By contrast it took traditional LDPE twenty 

years to reach a billion pounds annual consumption--HDPE over a 

decade. The pace was set with introduction of general purpose LLDPE 

products in 1978. Shortly thereafter film producers, using retrofit 

technology, were able to modify LDPE fabrication equipment to handle 

LLDPE products at competitive rates. Use of higher alpha-olefins 

such as hexene-1 as a comonomer, led to a line of new, high-strength 

LLDPE products. Through the use of specially-designed air rings 

with specially-formulated UNIPOL LLDPE products, a series of clar- 

ity-grade products was introduced in 1983. A new family of easy-flow 
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LLIIPE products has recently been developed and introduced to the 

marketplace. Shortly a line of IlhlW-LLDPE resins will also be seen 

in the marketplace. 5) 

T h e  fi lm industry represents two-thirds of the U . S .  polyethylene 

market. Film made Prom LLDPE resin offers high tensile strength, 

improvcd puncture resistance, and higher elongation, as well. as 

better toughness and improved properties at both low and high tempe- 

ratures. 

In jection molding is the second largest market for polyethylene 

accounting for 10% of consumption. LLDPE has virtually replaced 

conventional LDPE in all major injection molding applications due to 

its exceptional toughness and high environmental stress-crack resis- 

tance (ESCR). 

For  blow molders, LLDPE resins provide superior ESCR and higher 

modulus/lower gas permeability. These improved properties allow 

blow molders to go after new small-bottle and food-container mar- 

kets. Blow-molded LLDPE drum liners either meet or  exceed industry 

standards for low temperature toughness and ESCR. 

Rotational molders have turned to LLDPE because its high im- 

pact strength and improved ESCR provide a competitive alternative to 

more expensive resins. In addition, using a high melt index LLDPE 

resin, a rotomolder can reduce cycle time by more than 25% and still 

maintain maximum toughness. 

Pipe and tubing extruders have moved up to LLDPE because of its 

outstanding physical properties. Exceptional burst strength, high 

modulus values, excellent ESCR, low temperature toughness, and over- 

all thermal stability are some reasons LLDPE is finding widespread 

use in the extrusion market. 

LLDPE is rapidly penetrating such specialty markets as power and 

communications cable insulation and jacketing systems. These resins 

offer improved high and low temperature toughness, excellent ESCR 

and good dielectric properties. LLDPE is already the U.S. "stan- 

dard" for communications cable jacketing. 
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Table 11. LDPE and LLDPE Markets in USA (1980-1985)4) 

__ YEAR 
MM Tons/Yr 

LDPE LLDPE % LDPE % LLDPE 

19130 2.59 0.28 90 10 

1982 2.32 0.66 78 22 

19133 2.40  0.85 74 26 

1984 2.35 1 . 1 0  68 32 

( 1985) (2 .30)  ( 1 . 4 1 )  ( 6 2 )  (38) 

Table 111. Introduction of UNIPOL Process LLDPE Products5) 

1978 General Purpose LLDPE 

1979 Retrofit Film-Fabrication Technology 

1982 High-Strength LLDPE 

1983 Clarity Technology for LLDPE 

1984 Easy-Flow LLDPE 

1985 Ultra-Strength HMW-LLDPE 

UNIPOL PROCESS FOR POLYPROPYLENE 

Polypropylene by the UNIPOL process is the result of a coopera- 

tive undertaking between Union Carbide Corporation and Shell Chemi- 

cal (a Division of Shell Oil Company) and combines for the first 

time a high-activity catalyst with the simplicity and improved eco- 

nomics of gas-phase, fluid-bed technology. Polypropylene made by 

this process contains such low catalyst ash and atactic polymer le- 

vels that no removal steps are required (Figures 6-7). Therefore, 

investment and operating costs associated with conventional extrac- 

tion, purification, and drying steps are eliminated as well. 6 )  

The UNIPOL process offers the lowest investment and operating 

costs of any available polypropylene process. Featured are 10-1578 

lower investment and operating costs than that of any other "new 

generation" process being licensed. A new polypropylene plant (Fig- 

ure 6 )  of 80 thousand tons per year based on the UNIPOL process 

started production recently in our Seadrift, Texas plant. This 

plant, based on the FMS concept, was constructed in only nine months. 
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In the production of polypropylene by the UNIPOL process, cata- 

lyst, propylene, and othcr reactants, such as hydrogen, cocatalysts, 

and comonomers, are continuously fed to a reaction system. This 

system consists of a reactor, a blower, and a heat exchanger. The 

reactor is a vertical fluid-bed reactor containing granular polypro- 

pylene about 0.025 inches, and a small amount of active catalyst. 

Usually polymerization conditions are 1.7-4.1 MPa (250-600 psi) 

pressure and 50-88'C. Typically, high-activity catalysts yield o n  

the order of 20,000 lb of polypropylene/lb of catalyst. 

The gaseous reactants pass through the reactor, providing fluid- 

ization and absorbing the heat of reaction. After passing through 

the fluidized bed of polypropylene, the gas enters an expanded sec- 

tion where fine particles are disengaged. The gas then passes 

through a heat exchanger where it is cooled. The cooled gas is then 

recirculated to the reactor. Polypropylene is removed directly from 

the reactor through a discharge system where unreacted monomer is 

separated and recycled. The resin is then purged of any residual 

hydrocarbons and conveyed out of the system. 

Homopolymers and random copolymers are made using a single 

fluid-bed reactor. For production of in-situ impact copolymers, the 

polypropylene containing active catalyst is transferred from the 

homopolymer reactor to a second, smaller reactor, where the ethy- 

lene-propylene rubber phase is produced. Product recovery is simi- 

lar to the system used for homopolymers. Only two reactors in 

series are required to make the full range of medium- to super-high 

impact products. 

The UNIPOL process for polypropylene produces a full line of 

products consisting of homopolymers, and random and block copolymers 

(Table IV). 7 ,  The process produces impact copolymers directly in 

the reactor thereby eliminating post-reaction blending. Because Of 

independent control of (a) stereoregularity and molecular weight for 

homopolymers, (b) molecular weight, comonomer type/content for ran- 

dom copolymers, and (c) stereoregularity, molecular weight and ethy- 

lene content for impact (in-situ) copolymers, the process will allow 

the development of optimized products to satisfy demanding end-use 

requirements in the marketplace. 
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The UNIPOL process has gained worldwide recognition as the pre- 

eminent process for producing polyethylene. And the same simpli- 

city, minimal equipment requirements and reduced space needs which 

UNIPOL brought to polyethylene, it has now brought to polypropylene. 

Figure 6: 

Union Carbide/Shell Chemical UNIPOL PP Plant at Seadrift, Texas 

Product 
DIasharge 6 

Schematic of 

Purging/ 

Figure 7: 

Union Carbide/Shell Chemical UNIPOL PP Plant 
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7 )  Table IV: UNIPOL PP Product Capabilities 

IIomopo 1 vme r 

High, Controllable Stereoregularity (I1 93-98%) 

Broad Mi4 Range ((0.1 to >lo0 MF) 

Random Copolvmers 

Broad Range of Comonomer Content ((7%) 

Not Limited to Ethylene 

Broad hlW Range ((0.1 to > l o 0  MF) 

Impact (In-Situ) Copolvmers 

Excellent Impact/Stiffness Balance 

Competitive to World Leaders Using Complex Technology 

Broad Range of Total Ethylene Content ((25%) 

Not Limited to Ethylene 

Broad MW Range ((0.1 to > 5 0  MF) 

CATALYSTS MAKE IT ALL POSSIBLE 

Without suitable catalysts, the giant step in reducing the 

operating pressure for production of low density polyethylenes would 

not have been possible. 8-9) 

Polymerization catalysts must show attractive behavior in a 

number of areas, particularly catalyst productivity, polymer molecu- 

lar weight and molecular weight distribution, comonomer incorpora- 

tion, and polymer morphology (Table V ) .  In propylene polymeriza- 

tion, control of polymer isotactic index is also important. Produc- 

tion of catalysts should be made as simple as possible in order to 

provide the basis for reproducible production of polyolefins. 

Catalvst Productivity 

Catalyst productivities based on the transition metal should 

be sufficiently high (2105-106 kg polymer/kg transition metal) 

so that catalyst residues need not be removed from the polymer. 

Catalyst supports such as silica o r  magnesium chloride to improve 

polymerization activity by increasing the concentration of active 

sites are particularly effective. With chromium catalysts, chemical 

anchoring to silica supports to form new surface compositions has 

proven highly effective for providing catalysts showing very high 

ethylene polymerization activity. High-activity titanium catalysts 
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can b e  b a s e d  on c a t a l y s t  p r e c u r s o r s  p r e p a r e d  f rom b i m e t a 1 l . i ~  eom- 

p l e x e s  (Mg, T i ) ,  t h r o u g h  i n s e r t i o n  i n t o  d e f e c t s  of a hlgCI2 s u b -  

s t r a t e ,  by f o r m a t i o n  o f  h i g h  s u r f a c e  area s p o n g e s ,  a n d  by  f o r m a t i o n  

o f  s o l i d  s o l u t j o n s  of T i C 1 3  a n d  hlgC12 by c o c r y s t a l l i z a t i o n .  

T y p i c a l  e x a m p l e s  o f  h i g h  a c t i v i t y  c a t a l y s t s  d e s c r i b e d  i n  t h e  p a t e n t  

a n d  s c i e n t i f i c  l i t e r a t u r e  a r e  l i s t e d  i n  T a b l e  V I .  
1 0 ,  11) 

M o l e c u l a r  W e i g h t  a n d  M o l e c u l a r  Weigh t  D i s t r i b u t i o n  

M o l e c u l a r  w e i g h t  o f  t h e  p o l y e t h y l e n e s  c a n  be c o n t r o l l e d  by 

t h e  r e a c t i o n  t e m p e r a t u r e  a n d  t h e  c o n c e n t r a t i o n  o f  c h a j  n t r a n s f e r  

a g e n t  i n  t h e  s y s t e m .  Hydrogen  is  a n  e f f e c t i v e  c h a i n  t r a n s f e r  a g e n t  

w i t h  many c a t a l y s t s .  T h e  s p e c i f i c  c a t a l y s t  t y p e  s i g n i f i c a n t l y  a f -  

f e c t s  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n .  Many ch romium-based  c a t a l y s t s  

p r o v i d e  p o l y e t h y l e n e s  o f  i n t e r m e d i a t e  or  b r o a d  m o l e c u l a r  w e i g h t  431s- 

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

l e n e s  o f  r e l a t i v e l y  n a r r o w  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n .  C o n s i d e r -  

a b l e  e x p e r i m e n t a l  d a t a  s u p p o r t  t h e  v i e w  t h a t  a d i v e r s i t y  o f  chemi-  

c a l l y  d i s t i n c t  a c t i v e  s p e c i e s  is  p r i m a r i l y  r e s p o n s i b l e  f o r  t h e  r a n g e  

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

p o l y m e r i z a t i o n s .  Among t h e  f a c t o r s  t h a t  c o u l d  a f f e c t  t h e  d i v e r s i t y  

of a c t i v e  s p e c i e s  a re  t h e  s p e c i f i c  t r a n s i t i o n  metal compound i n c l u d -  

i n g  l i g a n d  e n v i r o n m e n t  a n d  o x i d a t i o n  s t a t e ,  t h e  t y p e  of c o c a t a l y s t  

a n d  e l e c t r o n  d o n o r  u s e d  t o  g e n e r a t e  t h e  c a t a l y t i c a l l y  a c t i v e  s p e -  

cies,  t h e  p h y s i c a l  s t a t e  of t h e  c a t a l y s t ,  a n d  t h e  n a t u r e  of t h e  ca t -  

a l y s t  s u b s t r a t e .  

C o m p r e h e n s i v e  s t u d i e s  h a v e  e v a l u a t e d  t h e  e f fec t  of n-bonded 

o r g a n i c  l i g a n d s  a t t a c h e d  t o  chromium on  p o l y m e r i z a t i o n  p a r a m e t e r s  o f  

chromium c a t a l y s t s .  I n  t h e s e  s t u d i e s  d i f f e r e n c e s  i n  h y d r o g e n  

r e s p o n s e ,  comonomer i n c o r p o r a t i o n ,  a n d  p o l y m e r i z a t i o n  a c t i v i t y  w i t h  

t h e s e  c a t a l y s t s  s u g g e s t e d  t h a t  t h e  n a t u r e  of t h e  a c t i v e  s i t e s  w a s  

d i f f e r e n t  d u e ,  a t  l e a s t  i n  p a r t ,  t o  c h a n g e s  i n  l i g a n d  e n v i r o n m e n t  

(eq. 1): 
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Table V: Catalyst Requirements in UNIPOL Process 

High Catalyst Productivities 

Control of Polymer Molecular Weight 

Control of Polymer Molecular Weight Distribution 

Good Comonomer Incorporation 

Good Polymer Morphology 

Simple, Reproducible Catalyst Preparation 

High Polymer Isotactic Index 

Table VI: Examples of High Activity Catalysts for Olefin 

Polymerization 

Titanium/Magnesium Composition Metal Alkyl 

TiC14/MgC12 (Activated) 

TiCl /MgC12/Electron Donor 4 
TiCl4/Mg(OC2H5l2 

TiCl4/MgCl2/Ethy1-p-Toluate 

Chromium Composition 

Cr03/Si02 + Modifiers 

(C5H5I2Cr/SiO2 

Po 1 vme r 

PE 
I t  

1 1  

PP 

PE 

PE 

Comonomer Incorporation 

Comonomer incorporation rates are highly dependent on the nature 

of the specific catalyst used to produce the copolymers. Improve- 

ments in comonomer incorporation lead to higher comonomer effi- 

ciency, and less dilution of the more reactive ethylene monomer. 

Generally heterogeneous catalysts, based on titanium or chromium, 

produce copolymers of broad compositional heterogeneity. 

Morphology 

Heterogeneous olefin polymerization catalysts can replicate 

their morphology into the morphology of the polymer particles. The 

catalyst particles act as a template for growth of the polymer par- 

ticles. For high activity catalysts in olefin polymerization, the 

average particle size of the polymer is about 15-20 times larger 

than the size of the catalyst particle. Polymer particle growth can 

be influenced by the specific catalyst activity, the nature of the 

support matrix, the kinetic profile of the polymerization, and the 

nascent polymer viscosity. 
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Isotactic Index 

Addition of electron donors to high activity catalysts for poly- 

propylene production raises the isotactic index of the polymer. 

With many high activity catalysts, electron donors added to both the 

titanium precursor and the aluminum alkyl cocatalyst provide a route 

to polypropylene of very high isotactic content. In addition to 

raising the isotactic index of polypropylene, the addition of elec- 

tron donors to high activity catalysts provides a means of stabiliz- 

ing catalyst crystallites and a route to accelerating the rate of 

reaction of the magnesium/titanium compounds. 

OUTLOOK FOR THE FUTURE 

The UNIPOL gas-phase process has evolved, first to IIDPE, then to 

low- and medium-density ethylene-propylene and ethylene-butene co- 

polymers, and more recently, to LLDPE containing higher n-olefins. 

The capability of the UNIPOL process is being extended outside of 

the density and melt index limits normally associated with polyethy- 
3 lene. In particular, products with densities lower than 900 kg/m 

offer significant new product opportunities where toughness and 

flexibility are special requirements. In addition, the process is 

now capable of producing a new line of easy-flow LLDPE resins that 

combine the excellent strength and drawdown characteristics of gen- 

eral-purpose LLDPE with the easy processability of a broad molecu- 

lar-weight-distribution product. 

Polypropylene by the UNIPOL process represents an extension of 

recent polypropylene technology trends to their most advanced level 

yet. Polypropylene technology using the UNIPOL process is capable 

of producing a full range of competitive homopolymer and copolymer 

products to serve all significant market segments. This technology 

offers considerable potential for new and improved products to meet 

future market demands. 

Olefin polymerization catalysis continues to be a fertile area 

of research, with worldwide participation in both industrial and 

academic laboratories. The intensity of research, documented in 

patents and publications, has shed light on important features in 

catalysis. The polyethylene revolution has instilled great vitality 

to studies in olefin polymerization catalysis. This renewed vitali- 

ty should provide an important stimulus for catalyst research in the 

1980s and beyond. The combination of polymerization catalysis 



Catalysis and the Unipol Process 337 

and the UNIPOL process will provide worldwide focus for future new 

developments in the polyolefin arena. 
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H E A T  A N D  MASS T R A N S F E R  L I M I T A T I O N S  A N D  C A T A L Y S T  D E A C T I V A T I O N  E F F E C T S  

I N  O L E F I N  P O L Y M E R I Z A T I O N  F O R  G A S  P H A S E  A N D  S L U R R Y  R E A C T O R S  

S .  F L O Y D ,  G .  E .  MA" and  W .  H .  R A Y  

D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g ,  U n i v e r s i t y  o f  W i s c o n s i n ,  

M a d i s o n ,  W I  5 3 7 0 6  

A B S T R A C T  

11 d e t a i l e d  m a t h e m a t i c a l  m o d e l  f o r  p o l y m e r i z a t i o n  o f  o l e f i n s  o v e r  

s o l i d  c a t a l y s t s ,  t h e  M u l t i g r a i n  M o d e l ,  i s  u s e d  a s  t h e  b a s i s  f o r  t h i s  

s t u d y .  T h i s  m o d e l  t a k e s  a c c o u n t  o f  t h e  m i c r o s t r u c t u r e  o f  t h e  g r o w i n g  

p a r t i c l e  a n d  c o n s i d e r s  d i f f u s i o n  o f  monomer i n  two d i s t i n c t  r e g i m e s .  

U s i n g  t h e  m o d e l ,  p o l y m e r i z a t i o n  r a t e  b e h a v i o r  o f  t h e  g r o w i n g  p o l y m e r  

p a r t i c l e s  i n  g a s  o r  s l u r r y  p o l y m e r i z a t i o n  may be p r e d i c t e d .  C r i t e r i a  

f o r  t h e  i m p o r t a n c e  o f  i n t r a p a r t i c l e  monomer d i f f u s i o n  a n d  h e a t  

t r a n s f e r  u n d e r  c o n d i t i o n s  o f  i n d u s t r i a l  i n t e r e s t  a r e  p r e s e n t e d  

g r a p h i c a l l y .  I n  a d d i t i o n ,  t h e  m a s s  a n d  h e a t  t r a n s f e r  r e s i s t a n c e s  i n  

t h e  e x t e r n a l  f i l m  a r e  e v a l u a t e d  f o r  c a t a l y s t s  o f  v a r y i n g  a c t i v i t y .  

T h e  e f f e c t s  o f  m a s s  a n d  h e a t  t r a n s f e r  a n d  c a t a l y s t  d e c a y  on r e a c t i o n  

r a t e  p r o f i l e s ,  a c t i v a t i o n  e n e r g i e s  a n d  p a r t i c l e  o v e r h e a t i n g  p h e n o -  

mena a r e  i l l u s t r a t e d .  

I N T R O D U C T I O N  

T h e  i m p o r t a n c e  o f  d i f f u s i o n  r e s i s t a n c e s  i n  p o l y m e r i z a t i o n  o f  

o l e f i n s  h a s  b e e n  s p e c u l a t e d  on  f o r  some t ime  1 - 9 ) .  I n  p a r t i c u l a r ,  

v a r i o u s  a u t h o r s  h a v e  s u g g e s t e d  t h a t  t h e  r a t e  o f  p o l y m e r i z a t i o n  i s  

d i f f u s i o n  c o n t r o l l e d 1 9 3 9 5 s 9 ) ,  t h a t  m a s s  t r a n s f e r  h a s  i m p o r t a n t  

e f f e c t s  on p o l y m e r  p r o p e r t i e s  a n d  t h a t  m a s s  t r a n s f e r  e f f e c t s  

r e s u l t  i n  t h e  o b s e r v e d  r a t e  d e c a y  l o ) .  

t i o n  o f  o l e f i n s  oyer  h e t e r o g e n e o u s  c a t a l y s t s  h a s  b e e n  u s e f u l l y  

m o d e l l e d  w i t h o u t  c o n s i d e r a t i o n  o f  h e a t  a n d  mass t r a n s f e r  r e s i s t a n c e s  

by K e i i  e t  a l .  ' ' - I 3 )  a n d  o t h e r s 1 4  ?I5), a n d  e x p e r i m e n t a l  e v i d e n c e  h a s  

b e e n  p r e s e n t e d  w h i c h  e s t a b l i s h e s  b e y o n d  r e a s o n a b l e  d o u b t  t h a t  m a s s  

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

many c a s e s  1 2 ' 1 6 ) .  

On t h e  o t h e r  h a n d ,  p o l y m e r i z a -  

I t  i s  t h e  p u r p o s e  o f  t h i s  p a p e r  t o  p r e s e n t  a n  

339 
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a c c u r a t e  m o d e l  o f  p o l y m e r i z a t i o n  o v e r  s o l i d  c a t a l y s t s ,  a n d  t o  q u a n -  

t i t a t i v e l y  e s t i m a t e  t h e  i m p o r t a n c e  o f  m a s s  t r a n s f e r  r e s i s t a n c e s  i n  

t h e s e  s y s t e m s .  I n  a d d i t i o n ,  h e a t  t r a n s f e r  e f f e c t s  w i l l  be c o n s i d e r e d  

a n d  r e l a t e d  t o  some commonly o b s e r v e d  i n d u s t r i a l  p r o b l e m s .  The  r e l a -  

t i v e  i m p o r t a n c e  o f  m a s s  t r a n s f e r  r e s i s t a n c e s  a n d  a c t i v a t e d  c a t a l y s t  

d e c a y  on t h e  o b s e r v e d  p o l y m e r i z a t i o n  r a t e  b e h a v i o r  a n d  a c t i v a t i o n  

e n e r g y  w i l l  a l s o  be  i l l u s t r a t e d .  F u r t h e r ,  i t  w i l l  be shown t h a t  t h e  

c a t a l y s t  p a r t i c l e  s i z e  a n d  t h e  p r i m a r y  c r y s t a l l i t e  s i z e  a r e  i m p o r t a n t  

d e s i g n  v a r i a b l e s  f o r  m o d e r n  h i g h  a c t i v i t y  c a t a l y s t s , .  i f  h e a t  a n d  m a s s  

t r a n s f e r  e f f e c t s  a r e  t o  be  a v o i d e d .  

I N T R A P A R T I C L E  H E A T  A N D  MASS TRANSFER L I M I T A T I O N S  

S i n c e  i t  i s  d i f f i c u l t  t o  m e a s u r e  c o n c e n t r a t i o n  g r a d i e n t s  a n d  

t e m p e r a t u r e s  w i t h i n  s o l i d  p a r t i c l e s ,  n u m e r o u s  a u t h o r s  h a v e  a t t e m p t e d  

t o  e l u c i d a t e  h e a t  a n d  m a s s  t r a n s f e r  e f f e c t s  t h r o u g h  m a t h e m a t i c a l  

m o d e l l i n g .  P e r h a p s  t h e  m o s t  r e a l i s t i c  m o d e l  is t h e  H u l t i g r a i n  Model  

( s c h e m a t i c a l l y  i l l u s t r a t e d  i n  F i g u r e  l ) ,  w h i c h  h a s  b e e n  e x t e n s i v e l y  

u s e d  by Ray e t  a l .  1 s 9 s 1 7 ) ,  a n d  by L a u r e n c e  a n d  C h i o v e t t a 8 ) .  

% 

F i g u r e  1 T h e  H u l t i g r a i n  Model  
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T h e  m o d e l  i s  b a s e d  on n u m e r o u s  o b s e r v a t i o n s  ( v i a  s c a n n i n g  e l e c t r o n  

m i c r o s c o p y )  by Hock a n d   other^'^,^^) 
t i c l e  b r e a k s  up i n t o  i t s  p r i m a r y  c r y s t a l l i t e s ,  a r o u n d  w h i c h  t h e  

p o l y m e r  g r o w s .  T h u s ,  t h e  l a r g e  m a c r o p a r t i c l e  i s  c o m p r i s e d  o f  many 

s m a l l  p o l y m e r  p a r t i c l e s  ( m i c r o p a r t i c l e s )  w h i c h  e n c a p s u l a t e  t h e s e  

c a t a l y s t  f r a g m e n t s .  I n  t h i s  i d e a l i z e d  p i c t u r e ,  a l l  m i c r o p a r t i c l e s  a t  

a g i v e n  l a r g e  p a r t i c l e  r a d i u s  a r e  a s s u m e d  t o  be t h e  same s i z e .  F o r  

monomer t o  r e a c h  t h e  a c t i v e  s i t e s ,  t h e r e  i s  b o t h  m a c r o d i f f u s i o n  i n  

t h e  i n t e r s t i c e s  b e t w e e n  m i c r o p a r t i c l e s  a n d  m i c r o d i f f u s i o n  w i t h i n  t h e  

m i c r o p a r t i c l e s .  R e a l i s t i c  v a l u e s  f o r  t h e  d i f f u s i v i t i e s  o f  monomer i n  

t h e s e  r e g i m e s  a n d  some o t h e r  p a r a m e t e r s  o f  i n t e r e s t  a r e  p r e s e n t e d  i n  

T a b l e  1. 

t h a t  t h e  s t a r t i n g  c a t a l y s t  p a r -  

To m o d e l  t h e  p a r t i c l e ,  w e  m u s t  w r i t e  t h e  p a r t i a l  d i f f e r e n t i a l  

e q u a t i o n s  f o r  t h e  monomer c o n c e n t r a t i o n  a n d  t e m p e r a t u r e  i n  t h e  two 

r e g i o n s .  From t h e  c o n c e n t r a t i o n  a n d  t e m p e r a t u r e  p r o f  i l e s  w e  may 

c a l c u l a t e  t h e  r e a c t i o n  r a t e s ,  y i e l d s  a n d  m o l e c u l a r  w e i g h t  d i s t r i b u -  

t i o n ' ) .  

T h e  g o v e r n i n g  e q u a t i o n  f o r  t h e  d i f f u s i o n  o f  monomer i n  t h e  

m a c r o p a r t i c l e  i s  

a t  r o 2  a r ,  

w h e r e  Ell i s  t h e  l a r g e  p a r t i c l e  p o r o s i t y ,  M I ( r L , t )  i s  t h e  monomer 

c o n c e n t r a t i o n  i n  t h e  p o r e s  o f  t h e  m a c r o p a r t i c l e ,  a n d  DI i s  t h e  

p s e u d o b i n a r y  m a c r o d i f f u s i o n  c o e f f i c i e n t .  T h e  r e a c t i o n  r a t e  t e r m ,  

R V ,  r e p r e s e n t s  t h e  t o t a l  r a t e  o f  c o n s u m p t i o n  o f  monomer i n  a n  i n f i n i -  

t e s i m a l  s p h e r i c a l  s h e l l  a t  a g i v e n  r a d i u s  o f  t h e  m a c r o p a r t i c l e .  T h e  

b o u n d a r y  a n d  i n i t i a l  c o n d i t i o n s  a r e  

a M  a 

a r  a 
r = O ;  - = 0  I ( 2 )  

or 

r I  - R I ;  ML - MS 

t = 0 ;  M I  = MIO 
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w h e r e  M b  i s  t h e  b u l k  monomer c o n c e n t r a t i o n  i n  t h e  r e a c t o r ,  k s  i s  

t h e  m a s s  t r a n s f e r  c o e f f i c i e n t  i n  t h e  e x t e r n a l  f i l m ,  a n d  M S  i s  t h e  

monomer c o n c e n t r a t i o n  a t  t h e  e x t e r n a l  s o l i d  s u r f a c e .  F o r  t h e  m i c r o -  

p a r t i c l e s ,  t h e  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n  g o v e r n i n g  monomer d i f -  

f u s i o n  i s  g i v e n  a s  

r < r c R  c -  

D S  
w h e r e  M ( r , t )  i s  t h e  monomer c o n c e n t r a t i o n  i n  t h e  m i c r o p a r t i c l e ,  

i s  t h e  p s e u d o b i n a r y  m i c r o d i f f u s i o n  c o e f f i c i e n t  a n d  i s  t h e  p o r o -  

s i t y .  I n  t h e  m i c r o p a r t i c l e s ,  a l l  o f  t h e  a c t i v e  s i t e s  a r e  a s s u m e d  t o  

b e  a t  t h e  s u r f a c e  o f  t h e  c a t a l y s t  c o r e  a t  r = r c  . T h u s ,  t h e  b o u n -  

d a r y  a n d  i n i t i a l  c o n d i t i o n s  a r e  g i v e n  by 

t = 0 ;  M = M S 0  

w h e r e  b o u n d a r y  c o n d i t i o n  ( 7 )  a l l o w s  f o r  t h e  p o s s i b i l i t y  of  s o r p t i o n  

e q u i l i b r i u m  a t  t h e  s u r f a c e  o f  t h e  m i c r o p a r t i c l e s .  H e r e  r c  i s  t h e  

c a t a l y s t  p r i m a r y  p a r t i c l e  r a d i u s ,  R s  i s  t h e  m i c r o p a r t i c l e  r a d i u s ,  

a n d  R c s  i s  t h e  r a t e  of p o l y m e r i z a t i o n  a t  t h e  c a t a l y s t  p a r t i c l e  s u r -  

f a c e  g i v e n  by 

w h e r e  k i s  t h e  p r o p a g a t i o n  r a t e  c o n s t a n t ,  C, is t h e  c o n c e n t r a t i o n  

o f  a c t i v e  c a t a l y s t  s i t e s ,  a n d  M c  is t h e  monomer c o n c e n t r a t i o n  a t  

t h e  c a t a l y s t  s u r f a c e .  The  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  f o r  t h e  

e n e r g y  b a l a n c e s  i n  t h e  m a c r o p a r t i c l e s  a n d  t h e  m i c r o p a r t i c l e s  a r e  

c o m p l e t e l y  a n a l o g o u s  t o  (1-8) a n d  a r e  shown i n  1 2 0 1 .  

P 

C o n s i d e r i n g  t h e  t i m e - s c a l e s  f o r  h e a t  a n d  m a s s  t r a n s f e r  t o  r e a c h  

q u a s i - s t e a d y - s t a t e  c o n d i t i o n s ,  i t  i s  p o s s i b l e  t o  show t h a t  t h e  q u a s i -  

s t e a d y - s t a t e  a p p r o x i m a t i o n  i s  g e n e r a l l y  v a l i d  f o r  t h e  m i c r o p a r t i c l e s  

a n d  f o r  h e a t  t r a n s f e r  i n  t h e  m a c r o p a r t i c l e s .  T h i s  i s  f o r t u i t o u s ,  

s i n c e  i t  e n a b l e s  a n a l y t i c  s o l u t i o n s  t o  be w r i t t e n  f o r  t h e  monomer 
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T A B L E  1 ( c o n t i n u e d )  

N o t a t i o n :  

M b  

T b  

- A H  
P 

k 
P 

c *  

k e  

D b  

D Q  

D S  

R S  

R Q  

B u l k  Monomer C o n c e n t r a t i o n  

B u l k  T e m p e r a t u r e  

H e a t  o f  P o l y m e r i z a t i o n  

P r o p a g a t i o n  R a t e  Cons  t a n  t 

A c t i v e  S i t e  C o n c e n t r a t i o n  

E f f e c t i v e  T h e r m a l  C o n d u c t i v i t y  o f  P o l y m e r  P a r t i c l e  

B u l k  D i f f u s i v i t y  of  Monomer 

L a r g e  P a r t i c l e  D i f f u s i v i t y  

S m a l l  P a r t i c l e  D i f f u s i v i t y  

S m a l l  P a r t i c l e  R a d i u s  

L a r g e  P a r t i c l e  R a d i u s  

c o n c e n t r a t i o n  a n d  t e m p e r a t u r e  a t  t h e  c a t a l y s t  s u r f a c e ,  i n  terms o f  

t h e s e  s t a t e s  i n  t h e  p o r e s  of  t h e  m a c r o p a r t i c l e .  U s i n g  t h e  p a r a m e t e r s  

f r o m  T a b l e  1 ,  t h e  m o d e l  p r e d i c t s  t h a t  t h e  m i c r o p a r t i c l e s  a r e  a t  u n i -  

f o r m  t e m p e r a t u r e ,  a s  a r e  t h e  m a c r o p a r t i c l e s  u n d e r  m o s t  c i r c u m s t a n c e s .  

H o w e v e r ,  d e p e n d i n g  on t h e  i n t r i n s i c  a c t i v i t y  o f  t h e  c a t a l y s t ,  c o n c e n -  

t r a t i o n  g r a d i e n t s  may e x i s t  i n  b o t h  t h e  m a c r o p a r t i c l e s  a n d  t h e  m i c r o -  

p a r t i c l e s .  F i g u r e  2 ( t a k e n  f r o m  [ Z O ] )  i l l u s t r a t e s  t h e  r e g i m e s  o f  

s i g n i f i c a n t  a n d  n e g l i g i b l e  d i f f u s i o n  r e s i s t a n c e  i n  t h e  m i c r o p a r t i c l e s  

i n  terms o f  t h e  o b s e r v e d  a c t i v i t y  o f  t h e  c a t a l y s t .  T h e  q u a n t i t y  

M 

i s  i n  e q u i l i b r i u m  w i t h  t h e  c o n c e n t r a t i o n  i n  t h e  p o r e s  o f  t h e  m a c r o -  

p a r t i c l e .  F o r  s l u r r y  p o l y m e r i z a t i o n ,  M i s  a s s u m e d  t o  be  e q u a l  t o  

t h e  monomer c o n c e n t r a t i o n  i n  t h e  p o r e s ,  w h i l e  i n  g a s  p h a s e ,  i t  w o u l d  

p r o b a b l y  be r o u g h l y  h a l f  t h a t  v a l u e  2 0 ) .  

t h e  e x i s t e n c e  o f  m i c r o p a r t i c l e  d i f f u s i o n  r e s i s t a n c e  d e p e n d s  s t r o n g l y  

o n  t h e  p r i m a r y  c r y s t a l l i t e  r a d i u s ,  r c .  S i n c e  v a l u e s  o f  t h e  s m a l l  

p a r t i c l e  d i f f u s i v i t y  r a n g e  f r o m  1 0 - 8 - 1 0 - 6  cm2/s  ( T a b l e  11, f o r  t h e  

s m a l l  v a l u e s  o f  rc  t y p i c a l  o f  m o d e r n  c a t a l y s t s  ( -  0 . 0 1  p ) ,  m i c r o p a r -  

t h e  monomer c o n c e n t r a t i o n  a t  t h e  s u r f a c e  of t h e  m i c r o p a r t i c l e s ,  
e q  ’ 

e q  

I t  i s  w o r t h w h i l e  t o  n o t e  t h a t  
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F i g u r e  2 R e g i m e s  f o r  m i c r o p a r t i c l e  d i f f u s i o n  r e s i s t a n c e  w i t h  

c a t a l y s t  p r i m a r y  p a r t i c l e  s i z e  0 . 0 0 5  2 r c  2 0 . 1  P. 

A p p r o x i m a t e  v a l u e s  f o r  t y p i c a l  c a t a l y s t s  i f  M e q  = M b  f o r  

s l u r r y  a n d  M = M b / 2  f o r  g a s  p h a s e .  
e q  

a , A  P r o p y l e n e  s l u r r y  p o l y m e r i z a t i o n ,  low a n d  h i g h  a c t i v i t y  c a t a l y s t .  

b , B  P r o p y l e n e  g a s  p h a s e  p o l y m e r i z a t i o n ,  low a n d  h i g h  a c t i v i t y  c a t a l y s t .  

c , C  E t h y l e n e  s l u r r y  p o l y m e r i z a t i o n ,  low a n d  h i g h  a c t i v i t y  c a t a l y s t .  

d ,D E t h y l e n e  g a s  p h a s e  p o l y m e r i z a t i o n ,  low a n d  h i g h  a c t i v i t y  c a t a l y s t .  

(Low a c t i v i t y :  R o b  = 400 g / g - c a t . h r ,  H i g h  a c t i v i t y :  

R o b  = 4000 g / g - c a t . h r  u n d e r  r e p r e s e n t a t i v e  i n d u s t r i a l  c o n d i t i o n s )  

t i c l e  d i f f u s i o n  r e s i s t a n c e  s h o u l d  n o t  l i m i t  t h e  r a t e ,  a t  l e a s t  f o r  

c u r r e n t  i n d u s  t r i a  1 c a t a l y s t s .  

T h e  p o s s i b i l i t y  o f  s i g n i f i c a n t  m a c r o p a r t i c l e  c o n c e n t r a t i o n  a n d  

t e m p e r a t u r e  g r a d i e n t s  m u s t  a l s o  be  c o n s i d e r e d .  F o r  s l u r r y  p o l y m e r i -  

z a t i o n ,  t h e  p r e s e n c e  o f  t h e  d i l u e n t  l i q u i d  e n s u r e s  i n t e r n a l  t e m -  

p e r a t u r e  r i s e s  o f  l e s s  t h a n  a few d e g r e e s  K .  I n  g a s  p h a s e  

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

f o r  l a r g e  p a r t i c l e s  o f  h i g h  a c t i v i t y  c a t a l y s t ,  a s  i l l u s t r a t e d  i n  

F i g u r e  3. H o w e v e r ,  f o r  c a t a l y s t s  i n  u s e  t o d a y ,  t e m p e r a t u r e  g r a d i e n t s  

g r e a t e r  t h a n  a few d e g r e e s  K w o u l d  o n l y  be l i k e l y  f o r  c a t a l y s t  p a r -  

t i c l e s  g r e a t e r  t h a n  5 0 - 6 0  m i c r o n s  d i a m e t e r .  N o t e  t h a t  a s  t h e  p o l y m e r  

p a r t i c l e  g r o w s ,  t h e  h e a t  o f  p o l y m e r i z a t i o n  b e c o m e s  d i l u t e d ,  so t h a t  
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Significant lntrapar t icle 
Tern perature Gradients 

F i g u r e  3 R e g i m e s  f o r  s i g n i f i c a n t  m a c r o p a r t i c l e  t e m p e r a t u r e  g r a d i e n t s  

f o r  e t h y l e n e  a n d  p r o p y l e n e  p o l y m e r i z a t i o n .  C a t a l y s t  s i z e  

d c  v e r s u s  o b s e r v e d  r a t e  f o r  v a r i o u s  m a c r o p a r t i c l e  g r o w t h  

f a c t o r s  (bg  = R t / R C  

t h e  p a r t i c l e  a p p r o a c h e s  i s o t h e r m a l i t y .  F i g u r e  4 i l l u s t r a t e s  t h e  

r e g i m e s  o f  h e a t  a n d  m a s s  t r a n s f e r  r e s i s t a n c e s  i n  t h e  m a c r o p a r t i c l e s  

f o r  s l u r r y  a n d  g a s  p h a s e  c o n d i t i o n s .  I n  g a s  p h a s e  p o l y m e r i z a t i o n ,  
2 

t h e  l a r g e  p a r t i c l e  d i f f u s i v i t y  Dt i s  o f  t h e  o r d e r  o f  1 0 - 4 - 1 0 - 3  cm Is, 

a n d  h e n c e  s i g n i f i c a n t  i n t r a p a r t i c l e  m a s s  t r a n s f e r  e f f e c t s  a r e  

u n l i k e l y ,  e x c e p t  f o r  l a r g e  p a r t i c l e s  o f  h i g h l y  a c t i v e  c a t a l y s t .  On 

t h e  o t h e r  h a n d ,  a s  s e e n  f r o m  T a b l e  1, l a r g e  p a r t i c l e  d i f f u s i v i t i e s  i n  

s l u r r y  p o l y m e r i z a t i o n  a r e  on t h e  o r d e r  o f  c m 2 / s ,  a n d  i n  

t h i s  r e g i o n  s i g n i f i c a n t  m a s s  t r a n s f e r  r e s i s t a n c e  i s  p r e s e n t  ( a t  

g r o w t h  f a c t o r  (b = 1) e v e n  f o r  c a t a l y s t s  o f  r e l a t i v e l y  low a c t i v i t y .  

N o t e  t h a t  m a c r o p a r t i c l e  d i f f u s i o n  r e s i s t a n c e  i s  more  s e v e r e  ( f o r  t h e  

same o b s e r v e d  r a t e )  i f  t h e  monomer c o n c e n t r a t i o n  i s  low.  T h u s ,  o n e  

may n o t  r u l e  o u t  s i g n i f i c a n t  i n t r a p a r t i c l e  m a s s  t r a n s f e r  r e s i s t a n c e  

e f f e c t s  u n d e r  l a b o r a t o r y  c o n d i t i o n s .  A s  t h e  p o l y m e r  p a r t i c l e  g r o w s  

( a g  > 11, 

r a t e  p e r  u n i t  v o l u m e  d e c r e a s e s .  F o r  t h e  h i g h e s t  a c t i v i t y  c a t a l y s t s ,  

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

s i g n i f i c a n t  t i m e  p e r i o d .  H e n c e ,  i n  t h e  c o m p l e t e  a b s e n c e  o f  c a t a l y s t  

d e a c t i v a t i o n ,  a n  a c c e l e r a t i o n - t y p e  p o l y m e r i z a t i o n  r a t e  b e h a v i o r  w o u l d  

g 

t h e  d i f f u s i o n  r e s i s t a n c e  b e c o m e s  l e s s ,  b e c a u s e  t h e  r e a c t i o n  
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Significant Intraparticle 

I Diffusion Resistance 

I a c b d  A C B D  

10-1 I 10 lo2 lo3 

F i g u r e  4 R e g i m e s  f o r  m a c r o p a r t i c l e  d i f f u s i o n  r e s i s t a n c e  a n d  

t e m p e r a t u r e  g r a d i e n t s .  DQ O g  v e r s u s  o b s e r v e d  c a t a l y s t  

a c t i v i t y .  A p p r o x i m a t e  v a l u e s  f o r  t y p i c a l  c a t a l y s t s  i f  

M S  = M b  . 
a , A  P r o p y l e n e  s l u r r y  p o l y m e r i z a t i o n ,  low a n d  h i g h  a c t i v i t y  c a t a l y s t .  

b , B  P r o p y l e n e  g a s  p h a s e  p o l y m e r i z a t i o n , l o w  a n d  h i g h  a c t i v i t y  c a t a l y s t .  

c , C  E t h y l e n e  s l u r r y  p o l y m e r i z a t i o n ,  low a n d  h i g h  a c t i v i t y  c a t a l y s t .  

d , D  E t h y l e n e  g a s  p h a s e  p o l y m e r i z a t i o n ,  low a n d  h i g h  a c t i v i t y  c a t a l y s t .  

(Low a c t i v i t y :  R o b  = 400 g / g - c a t . h r ,  H i g h  a c t i v i t y :  

R o b  = 4000 g / g - c a t . h r  u n d e r  r e p r e s e n t a t i v e  i n d u s t r i a l  c o n d i t i o n s )  

b e  e x p e c t e d .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  5 ( s o l i d  l i n e )  f o r  a 

c a t a l y s t  o f  i n t r i n s i c  a c t i v i t y  4000 g / g - c a t / h r  u n d e r  i n d u s t r i a l  c o n -  

d i t i o n s .  A c c e l e r a t i o n - t y p e  r a t e  b e h a v i o r  h a s  b e e n  o b s e r v e d  w i t h  some 

c a t a l y s t - m o n o m e r  s y s t e m s ,  e s p e c i a l l y  f o r  t h e  p o l y m e r i z a t i o n  o f  e t h y -  

l e n e  2 1 9 2 2 ) .  

t r a n s f e r  l i m i t a t i o n ,  d e c a y  t y p e  k i n e t i c s  a r e  o b s e r v e d  ( d a s h e d  l i n e ) .  

C h o i  2 3 )  h a s  e a r l i e r  o b s e r v e d  t h e s e  c o m b i n e d  e f f e c t s .  

7 i l l u s t r a t e  k i n e t i c  a n d  d i f f u s i o n  c o n t r o l  f o r  h i g h  a c t i v i t y  c a t a -  

l y s t s  w i t h  s e c o n d  a n d  f i r s t - o r d e r  c h e m i c a l  d e c a y ,  r e s p e c t i v e l y .  A s  

e v i d e n t  f r o m  t h e s e  f i g u r e s ,  k i n e t i c  c o n t r o l  may be  o b s e r v e d  when 

D~ = I X ~ O - ~  c m 2 / s .  

o f  c a t a l y s t  d e c a y  w i l l  be  o f f s e t  by i n c r e a s e d  d i f f u s i o n  o f  monomer 

N o t e  t h a t  w i t h  c a t a l y s t  d e a c t i v a t i o n  a n d  r e d u c e d  mass  

F i g u r e s  6 a n d  

When d i f f u s i o n  r e s i s t a n c e  i s  p r e s e n t ,  t h e  e f f e c t  
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.o 

F i g u r e  5 K i n e t i c  a n d  d i f f u s i o n  c o n t r o l  f o r  c a t a l y s t s ,  a v e r a g e  

a c t i v i t y  o v e r  a 2 h o u r  p e r i o d  - 4 0 0 0  g / g - c a t . h r .  
- - - -  2 n d - o r d e r  d e a c t i v a t i n g  c a t a l y s t ,  DQ = 5 ~ 1 0 - ~  cm2/ s  

n o n - d e a c t i v a t i n g  c a t a l y s t ,  DQ = 1 ~ 1 0 - ~  c m  /s 2 

i n t o  t h e  g r o w i n g  p a r t i c l e .  T h u s ,  t h e  o b s e r v e d  o r d e r  o f  r a t e  d e c a y  

w i l l  be  l e s s  t h a n  t h e  t r u e  o r d e r  i n  t h i s  c i r c u m s t a n c e .  U n d e r  s e v e r e  

d i f f u s i o n  i n f l u e n c e ,  h y b r i d - t y p e  r a t e  c u r v e s  r a t h e r  t h a n  d e c a y - t y p e  

c u r v e s  a r e  o b s e r v e d  ( C u r v e  3 i n  F i g s .  6 a n d  7 ) .  I f  s u c h  r a t e  c u r v e s  

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

t i o n s  on t h e  r a t e  s h o u l d  be c o n s i d e r e d .  I t  i s  o f  i n t e r e s t  t h a t  a 

t r a n s i  t i o n  f r o m  d e c a y -  t y p e  r a t e  c u r v e s  t o  h y b r i d - t y p e  was  o b s e r v e d  by 

B o u c h e r  e t  a l .  24), on l o w e r i n g  t h e  c o c a t a l y s t  c o n c e n t r a t i o n  i n  e t h y -  

l e n e  s l u r r y  p o l y m e r i z a t i o n  f r o m  5 mmol/Q t o  0 . 0 6  m o l / Q .  S i n c e  t h e  

r e a c t i o n  r a t e  d e p e n d s  on c o c a t a l y s t  c o n c e n t r a t i o n ,  i t  i s  p o s s i b l e  

t h a t  t h e  r a t e  c o u l d  h a v e  become l i m i t e d  by m a s s  t r a n s f e r  o f  c o c a t a -  

l y s t  i n  t h i s  c a s e .  T h i s  i s  e s p e c i a l l y  t r u e  b e c a u s e  t h e  c a t a l y s t  was  

n o t  p r e c o n t a c t e d  w i t h  c o c a t a l y s t ,  a n d  t h e  b u l k y  c o c a t a l y s t  ( T E A )  

m o l e c u l e  s h o u l d  be  more  s u s c e p t i b l e  t o  d i f f u s i o n  i n f l u e n c e s  t h a n  

monomer.  O f  c o u r s e ,  c h e m i c a l  e x p l a n a t i o n s  f o r  s u c h  r a t e  c u r v e s ,  s u c h  

a s  a s l o w  i n i t i a t i o n  s t e p ,  may a l s o  be  p r o f f e r e d .  C o n v e r s e l y ,  when 

r a t e  c u r v e s  w h i c h  d e c a y  s h a r p l y  f r o m  t h e  i n i t i a l  r a t e  a r e  o b s e r v e d ,  
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Second-order deactivation L 
c 
m ' '50001 k' 
0 
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n J  
v 

= 0 'oooo) 5000Y 
o ~ ~ ~ " ~ " " l ' " ' ~ a ' a ' ,  I .o I .5 
0.0 0.5 , 

TIME (hours) 
.o 

F i g u r e  6 K i n e t i c  a n d  d i f f u s i o n  c o n t r o l  for 2 n d - o r d e r  d e a c t i v a t i n g  c a t a -  

l y s t s ,  a v e r a g e  a c t i v i t y  o v e r  2 hour p e r i o d  - 5800 g / g - c a t . h r .  

C u r v e  1: D~ t 1 x 1 0 - ~  cm2/s  C u r v e  2 :  DQ = ~ x I O - ~  cm2/s 

C u r v e  3 :  

t r i n s i c  c a t a l y s t  a c t i v i t y ,  b u t  c o m p a r a b l e  o b s e r v e d  a c t i v i t y .  

2 DQ E 1 ~ 1 0 - ~  cm 1 s .  E a c h  c u r v e  has d i f f e r e n t  i n -  

20 000 

- First -order deoctivotion 

0 B 1 1 1 1 1 1 1 1 1 I ~ 1 1 ~ 1 1 ~ 1  

0.0 0.5 I .o 1.5 2.0 

TIME (hours) 

F i g u r e  7 K i n e t i c  a n d  d i f f u s i o n  c o n t r o l  f o r  1 s t - o r d e r  d e a c t i v a t i n g  

c a t a l y s t s ,  a v e r a g e  o v e r  2 hour p e r i o d  - 5300 g / g - c a t . h r .  

C u r v e  1: DQ = 1 x 1 0 - 5  cm2/ s  C u r v e  2 :  DQ = 2 ~ 1 0 - ~  c m 2 / s  

C u r v e  3: 

t r i n s i c  c a t a l y s t  a c t i v i t y ,  b u t  c o m p a r a b l e  o b s e r v e d  a c t i v i t y .  

D Q  = 1 ~ 1 0 - ~  c m 2 / S .  E a c h  c u r v e  h a s  d i f f e r e n t  i n -  
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a s  i n  R e f .  [ 1 2 ] ,  i t  i s  l i k e l y  t h a t  d i f f u s i o n  i n f l u e n c e  on  t h e  r a t e  i s  

m i n o r .  

From F i g u r e  4 i t  c a n  a l s o  be i n f e r r e d  t h a t  t h e  s i z e  of  t h e  c a t a -  

1 y s . t  p a r t i c l e s  i n  Z i e g l e r - N a t t a  s y s t e m s  w i l l  i n f l u e n c e  t h e  y i e l d s  

when mass  t r a n s f e r  l i m i t a t i o n s  a r e  p r e s e n t .  T h i s  is i l l u s t r a t e d  by 

e x a m p l e  i n  F i g u r e  8 .  The d i f f e r e n c e  in t h e  y i e l d s  o b t a i n e d  f r o m  

c a t a l y s t  p a r t i c l e s  o f  d i f f e r e n t  s i z e  d e p e n d s  upon t h e  a c t i v i t y  of  t h e  

c a t a l y s t  a s  w e l l  a s  t h e  m a c r o p a r t i c l e  d i f f u s i o n  c o e f f i c i e n t .  The 

h i g h e r  t h e  a c t i v i t y  of  t h e  c a t a l y s t  a n d  t h e  s m a l l e r  t h e  d i f f u s i o n  

c o e f f i c i e n t ,  t h e  g r e a t e r  t h e  e f f e c t  o f  c a t a l y s t  p a r t i c l e  s i z e  on t h e  

y i e l d s .  

From d e t a i l e d  s i m u l a t i o n s ,  t h e  d i f f e r e n c e  in t h e  y i e l d s  w i l l  be 

o b s e r v a b l e  f o r  h i g h  a c t i v i t y  c a t a l y s t s  i f  t h e  d i f f u s i o n  c o e f f i c i e n t  

i s  L e s s  t h a n  a r o u n d  5 x c m 2 / s e c ,  w h i l e  t h e  d i f f e r e n c e  w i l l  be  

o b s e r v a b l e  f o r  low a c t i v i t y  c a t a l y s t s  o n l y  i f  t h e  d i f f u s i o n  c o e f -  

f i c i e n t  i s  l e s s  t h a n  a p p r o x i m a t e l y  1 x cm / s e c .  I f  t h e  d i f -  

f u s i o n  c o e f f i c i e n t  i s  g r e a t e r  t h a n  a r o u n d  5 x 

d i f f i c u l t  t o  e x p e r i m e n t a l l y  o b s e r v e  a n  e f f e c t  of  c a t a l y s t  p a r t i c l e  

s i z e  on y i e l d s  e v e n  w i t h  r e l a t i v e l y  h i g h  a c t i v i t y  c a t a l y s t .  

2 

c m 2 / s e c ,  i t  may be 

From F i g u r e  8 i t  may be  c o n c l u d e d  t h a t  i n  o r d e r  t o  p r e v e n t  t h e  

y i e l d  o f  a c a t a l y s t  f r o m  b e i n g  i n f l u e n c e d  by t h e  c a t a l y s t  p a r t i c l e  

s i z e ,  e i t h e r  t h e  c a t a l y s t  p a r t i c l e  s i z e  r a n g e  s h o u l d  be  k e p t  s m a l l  o r  

t h e  e f f e c t i v e  d i f f u s i v i t y  i n  t h e  m a c r o p a r t i c l e  s h o u l d  be  k e p t  l a r g e  

( e . g .  t h r o u g h  i n c r e a s e d  p o r o s i t y ) .  

E X T E R N A L  F I L M  RESISTANCES 

We w i l l  now t u r n  t o  e x a m i n a t i o n  o f  t h e  h e a t  a n d  m a s s  t r a n s f e r  

r e s i s t a n c e s  i n  t h e  e x t e r n a l  f i l m .  To a n a l y z e  t h i s ,  we f o r m u l a t e  a 

q u a s i - s t e a d y - s t a t e  m a s s  o r  e n e r g y  b a l a n c e  f o r  t h e  p o l y m e r  p a r t i c l e ,  

u s i n g  t h e  o b s e r v e d  r e a c t i o n  r a t e  f o r  t h e  c a t a l y s t .  F o r  t h e  e x t e r n a l  

f i l m  m a s s  t r a n s f e r  r e s i s t a n c e  we t h u s  o b t a i n  

R o b  

V c M W  
ks A A M  = p, 

P 
( 1 0 )  
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- 
1 18" 1 1 ie  , J let  

1 1 1 1 I 1 1 1 1  

LhRCE PhRT1CI.E DIFFUSIUITY XIOc,  (C)IZ/SEC) 

F i g u r e  8 The e f f e c t  o f  c a t a l y s t  p a r t i c l e  s i z e  on p o l y m e r  y i e l d  a s  a 

f u n c t i o n  o f  m a c r o p a r t i c l e  d i f f u s i v i t y ,  DQ. 

w h e r e  P, a n d  V c  a r e  t h e  a p p a r e n t  d e n s i t y  a n d  v o l u m e  o f  t h e  c a t a l y s t  

m a c r o p a r t i c l e ,  M W  i s  t h e  m o l e c u l a r  w e i g h t  o f  monomer ,  A i s  t h e  

g e o m e t r i c  s u r f a c e  a r e a  o f  t h e  p o l y m e r  p a r t i c l e ,  ks i s  t h e  m a s s  

t r a n s f e r  c o e f f i c i e n t ,  a n d  A M  i s  t h e  c o n c e n t r a t i o n  d r o p .  V a r i o u s  

c o r r e l a t i o n s  may be  u s e d  t o  e s t i m a t e  ks, a n d  t h e  r e a d e r  i s  r e f e r r e d  

t o  [ 2 5 ]  f o r  a d i s c u s s i o n  o f  t h e s e .  I n  t h i s  p a p e r ,  w e  w i l l  p r e s e n t  

r e s u l t s  b a s e d  on t h e  R a n z - M a r s h a l l  c o r r e l a t i o n ,  f o r  b o t h  t h e  m a s s  a n d  

h e a t  t r a n s f e r  c o e f f i c i e n t s .  The  R a n z - M a r s h a l l  c o r r e l a t i o n  f o r  m a s s  

t r a n s f e r  i s  g i v e n  a s  

P 

1 1  

S h  = 2 + 0 . 6  R e 2  S c 3  
- -  

(11) 

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

s i c a l  p r o p e r t i e s  o f  p a r t i c l e  a n d  f l u i d .  F o r  s l u r r y  p o l y m e r i z a t i o n ,  

t h e  t e r m i n a l  v e l o c i t y  o f  t h e  p a r t i c l e  i n  t h e  d i l u e n t  l i q u i d  was  

a s s u m e d .  T h i s  s h o u l d  g i v e  c o n s e r v a t i v e  e s t i m a t e s  f o r  t h e  m a s s  

t r a n s f e r  r e s i s t a n c e ,  b e c a u s e  u n d e r  a g i t a t e d  c o n d i t i o n s ,  t h e  mass 

t r a n s f e r  c o e f f i c i e n t  i s  c o n s i d e r e d  t o  be  g r e a t e r  t h a n  t h e  v a l u e  t h u s  

c a l c u l a t e d  by a f a c t o r  up  t o  4. F i g u r e  9 i l l u s t r a t e s  t h e  p r e d i c t e d  

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

p o l y m e r i z a t i o n  w i t h  low a n d  h i g h  a c t i v i t y  c a t a l y s t s  o f  v a r i o u s  p a r -  
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loop 

5 
a 

R,b.(Q/Q- cat.hr) 

__--- 

I 

10-1 

10-2 

10-3 

1 0 - 4  

Y Q A I- Y lo' 10-1 I - - 

10-2 x 

10-3 

dc = 1 0 ~ .  '. '. '\ \, 

\\ 

'*\\,, 

I I I 1 1 1 1 1  I 1 1 1 1 1 1 1  I I I 1 1 1 1 1  1 I 

F i g u r e  9 E x t e r n a l  f i l m  mass  t r a n s f e r  r e s i s t a n c e  i n  p r o p y l e n e  s l u r r y  

p o l y m e r i z a t i o n  a s  a f u n c t i o n  o f  p o l y m e r  p a r t i c l e  s i z e ,  u s i n g  t h e  Ranz-  

M a r s h a l l  c o r r e l a t i o n  f o r  Low ( R o b  = 400 g / g - c a t . h r )  and H i g h  ( R o b  = 

4000 g / g - c a t . h r )  a c t i v i t y  c a t a l y s t s  w i t h  v a r i o u s  c a t a l y s t  p a r t i c l e  s i z e s  

F i g u r e  10 E x t e r n a l  f i l m  h e a t  t r a n s f e r  r e s i s t a n c e  i n  p r o p y l e n e  s l u r r y  

p o l y m e r i z a t i o n  a s  a f u n c t i o n  o f  p o l y m e r  p a r t i c l e  s i z e ,  u s i n g  t h e  Ranz-  

M a r s h a l l  c o r r e l a t i o n  f o r  Low ( R o b  = 400 g / g - c a t . h r )  and High ( R o b  = 

4000 g / g - c a t . h r )  a c t i v i t y  c a t a l y s t s  w i t h  v a r i o u s  c a t a l y s t  p a r t i c l e  s i z e s  
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t i c l e  s i z e s .  T h e  l i n e s  r e p r e s e n t  t h e  g r o w t h  of  t h e  p o l y m e r  p a r t i c l e  

f r o m  a c a t a l y s t  p a r t i c l e  of  i n d i c a t e d  s i z e .  I t  c a n  be s e e n  t h a t  t h e  

m a s s  t r a n s f e r  r e s i s t a n c e  e v e n  f o r  h i g h  a c t i v i t y  c a t a l y s t  i s  q u i t e  

i n s i g n i f i c a n t  c o m p a r e d  t o  t h e  b u l k  monomer c o n c e n t r a t i o n  ( u n d e r  

i n d u s t r i a l  c o n d i t i o n s )  o f  4 mol/ l l  when t h e  c a t a l y s t  p a r t i c l e  s i z e  i s  

s m a l l .  F o r  l a r g e  p a r t i c l e s  o f  h i g h  a c t i v i t y  c a t a l y s t ,  a s i g n i f i c a n t  

e x t e r n a l  f i l m  r e s i s t a n c e  w i l l  e x i s t  f o r  a s h o r t  p e r i o d  o f  t i m e  u n t i l  

t h e  p o l y m e r  p a r t i c l e  g r o w s  t o  s e v e r a l  t i m e s  t h e  o r i g i n a l  c a t a l y s t  

s i z e .  F i g u r e  10 i l l u s t r a t e s  t h e  e x t e r n a l  f i l m  t e m p e r a t u r e  r i s e  f o r  

p r o p y l e n e  s l u r r y  p o l y m e r i z a t i o n .  The  t e m p e r a t u r e  r i s e  i s  a r o u n d  2 K 

f o r  30 p p a r t i c l e s  o f  h i g h  a c t i v i t y  c a t a l y s t ,  b u t  f o r  l a r g e r  p a r -  

t i c l e s ,  t h e  i n i t i a l  AT m i g h t  r e a c h  a s  h i g h  a s  10 K .  H o w e v e r ,  

d e t a i l e d  s i m u l a t i o n s  show t h a t  i n t r a p a r t i c l e  d i f f u s i o n  r e s i s t a n c e  

e a r l y  i n  t h e  p o l y m e r i z a t i o n  c a u s e s  t h i s  i n i t i a l  t e m p e r a t u r e  r i s e  t o  

b e  s m a l l e r  t h a n  w o u l d  be  p r e d i c t e d  f r o m  t h e  c a t a l y s t ' s  i n t r i n s i c  

a c t i v i t y .  F o r  s l u r r y  p o l y m e r i z a t i o n ,  t h e  a s s u m p t i o n  o f  a n  i s o t h e r m a l  

p a r t i c l e  w i t h  t e m p e r a t u r e  e q u a l  t o  t h e  b u l k  l i q u i d  t e m p e r a t u r e  i s  

u s u a l l y  j u s t i f i e d ,  u n l e s s  t h e  i n i t i a l  a c t i v i t y  o f  t h e  c a t a l y s t  i s  

v e r y  l a r g e .  

r e l a t i v e  v e l o c i t y  o f  2 cm/s ,  q u o t e d  by W i s s e r o t h " )  f o r  s t i r r e d  b e d  

r e a c t o r s .  I n  f l u i d i z e d  b e d  r e a c t o r s ,  l a r g e r  v a l u e s  w o u l d  b e  

a p p r o p r i a t e 2 ' ) .  

i s  p r e s e n t  i n  t h e  r e a c t o r ,  we p r e d i c t  t h e  e x t e r n a l  f i l m  mass t r a n s f e r  

r e s i s t a n c e  f o r  e t h y l e n e  g a s  p h a s e  p o l y m e r i z a t i o n  a s  shown i n  

F i g u r e  11. F o r t u n a t e l y ,  t h i s  c o n c e n t r a t i o n  d r o p  t u r n s  out t o  b e  

i n s i g n i f i c a n t .  T h u s ,  t h e  c o m p o s i t i o n  o f  monomer ,  c o m o n o m e r ,  h y d r o g e n  

e t c .  a t  t h e  p a r t i c l e  s u r f a c e  may b e  a s s u m e d  e q u a l  t o  t h e  c o m p o s i t i o n  

i n  t h e  b u l k  g a s .  On t h e  o t h e r  h a n d ,  F i g u r e  1 2  s h o w s  t h a t  a s i g n i f i -  

c a n t  t e m p e r a t u r e  r i s e  a c r o s s  t h e  e x t e r n a l  f i l m  may b e  a n t i c i p a t e d  i n  

g a s  p h a s e  p o l y m e r i z a t i o n .  S p e c i f i c a l l y ,  a n  i n i t i a l  t e m p e r a t u r e  r i s e  

o f  g r e a t e r  t h a n  1 0  K i s  a t t a i n e d  f o r  30 m i c r o n  p a r t i c l e s  o f  h i g h  

a c t i v i t y  c a t a l y s t  a n d  1 0 0  m i c r o n  p a r t i c l e s  of low a c t i v i t y  c a t a l y s t .  

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

h i g h  a c t i v i t y  c a t a l y s t  l a r g e r  t h a n  60 u. S i n c e  a c a t a l y s t  p a r t i c l e  

d i s t r i b u t i o n  w i l l  g e n e r a l l y  c o n t a i n  some c o a r s e r  p a r t i c l e s  a n d  c a t a -  

l y s t  a g g l o m e r a t i o n  may t a k e  p l a c e  on  i n j e c t i o n ,  t h i s  e f f e c t  c a n  f r e -  

q u e n t l y  r e s u l t  i n  p o l y m e r  m e l t i n g ,  s t i c k i n g  o r  a g g l o m e r a t i o n  p r o b l e m s  

i n  i n d u s t r i a l  g a s  p h a s e  r e a c t o r s .  C l e a r l y ,  t h e s e  p r o b l e m s  c a n  be  

T u r n i n g  t o  g a s  p h a s e  p o l y m e r i z a t i o n ,  w e  e m p l o y  a p a r t i c l e - f l u i d  

C o n s i d e r i n g  t h e  c a s e  w h e r e  h y d r o g e n  o r  a comonomer 
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F i g u r e  11 E x t e r n a l  f i l m  m a s s  t r a n s f e r  r e s i s t a n c e  i n  e t h y l e n e  g a s  

p h a s e  p o l y m e r i z a t i o n  ( s t i r r e d  bed c o n d i t i o n s ,  u = 2 c m / s )  a s  a f u n c -  

t i o n  o f  p o l y m e r  p a r t i c l e  s i z e ,  u s i n g  t h e  R a n z - M a r s h a l l  c o r r e l a t i o n .  

Low ( R o b  = 4 0 0  g i g - c a t . h r )  a n d  H i g h  ( R o b  = 4 0 0 0  g i g - c a t . h r )  a c t i v i t y  

c a t a l y s t s  w i t h  v a r i o u s  c a t a l y s t  p a r t i c l e  s i z e s .  

F i g u r e  1 2  E x t e r n a l  f i l m  h e a t  t r a n s f e r  r e s i s t a n c e  i n  p r o p y l e n e  g a s  

p h a s e  p o l y m e r i z a t i o n  ( s t i r r e d  bed  c o n d i t i o n s ,  u = 2 c m / s >  a s  a f u n c -  

t i o n  o f  p o l y m e r  p a r t i c l e  s i z e ,  u s i n g  t h e  R a n z - M a r s h a l l  c o r r e l a t i o n .  

Low 

c a t a l y s t s  w i t h  v a r i o u s  c a t a l y s t  p a r t i c l e  s i z e s .  

( R o b  = 400 g / g - c a t . h r )  a n d  H i g h  ( R o b  = 4 0 0 0  g i g - c a t . h r )  a c t i v i t y  
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r e d u c e d  b y  c l o s e r  c o n t r o l  o f  t h e  c a t a l y s t  p a r t i c l e  s i z e  d i s t r i b u t i o n .  

On t h e  o t h e r  h a n d ,  t h e r e  i s  a l i m i t  t o  r e d u c i n g  t h e  a v e r a g e  s i z e  o f  

t h e  c a t a l y s t  p a r t i c l e s ,  b e c a u s e  v e r y  f i n e  p a r t i c l e s  c r e a t e  p r o b l e m s  

i n  h a n d l i n g  a n d  e n t r a i n m e n t  2 8 ) .  

minimum c a t a l y s t  s i z e  i s  n e c e s s a r y  t o  p r o d u c e  p o l y m e r  p a r t i c l e s  w h i c h  

d o  n o t  r e q u i r e  p e l l e t i z a t i o n .  A more  u s e f u l  a p p r o a c h  i s  t o  r e d u c e  

t h e  i n i t i a l  a c t i v i t y  o f  t h e  c a t a l y s t .  A s  i l l u s t r a t e d  i n  F i g u r e  1 3 ,  

when t h e  a c t i v e  s i t e s  do n o t  r e a c h  t h e i r  f u l l  a c t i v i t y  i m m e d i a t e l y ,  

b u t  become a c t i v a t e d  w i t h  a t i m e  c o n s t a n t  T C ,  t h e  t e m p e r a t u r e  r i s e  

d u r i n g  t h e  c r i t i c a l  f i r s t  few s e c o n d s  c a n  be r e d u c e d  f r o m  p o l y m e r  

m e l t i n g  l e v e l s  t o  a s  l i t t l e  a s  a few K .  I n  p r a c t i c e ,  t h i s  r e t a r -  

d a t i o n  o f  i n i t i a l  a c t i v i t y  c a n  be a c h i e v e d  i n  s e v e r a l  w a y s .  S e p a r a t e  

i n j e c t i o n  o f  c a t a l y s t  c o m p o n e n t s  2 9 ) ,  p r e m i x i n g  t h e  c a t a l y s t  w i t h  

p o l y m e r  p a r t i c l e s 3 ' ) ,  p r e p ~ l y m e r i z i n g ~ ~ ) ,  c o a t i n g  t h e  c a t a l y s t  w i t h  

wax3*'  a n d  t e m p o r a r y  d e a c t i v a t i n g  a g e n t s 3 3 )  a r e  some m e t h o d s  men- 

t i o n e d  i n  t h e  p a t e n t  l i t e r a t u r e  o f  i n d u s t r i a l  g a s  p h a s e  p o l y m e r i z a -  

t i o n .  I n  s u m m a r y ,  t h e  m o s t  i m p o r t a n t  h e a t  a n d  m a s s  t r a n s f e r  

r e s i s t a n c e s  i n  s o l i d - c a t a l y z e d  o l e f i n  p o l y m e r i z a t i o n  a r e  i n t r a p a r -  

t i c l e  m a s s  t r a n s f e r  r e s i s t a n c e s  i n  s l u r r y  a n d  t h e  e x t e r n a l  f i l m  tem- 

p e r a t u r e  r i s e  i n  g a s  p h a s e .  I n  t h e  f o l l o w i n g  s e c t i o n s ,  t h e  e f f e c t s  

o f  d i f f u s i o n  r e s i s t a n c e s  a n d  c a t a l y s t  d e a c t i v a t i o n  on t h e  o b s e r v e d  

a c t i v a t i o n  e n e r g y  w i l l  be  d i s c u s s e d .  

F u r t h e r m o r e ,  e v e n  a t  h i g h  y i e l d s ,  a 

THE EFFECT OF MASS T R A N S F E R  LIMITATIONS O N  THE EFFECTIVENESS 

OF Z I E G L E R - N A T T A  CATALYSTS A N D  O N  T H E I R  ARRHENIUS PLOTS 

A s  i n d i c a t e d  i n  t h e  l a s t  s e c t i o n ,  t h e  s e v e r i t y  of  t h e  m a s s  

t r a n s f e r  l i m i t a t i o n s  i s  h i g h l y  d e p e n d e n t  on t h e  a c t i v i t y  o f  t h e  c a t a -  

l y s t ,  t h e  d i a m e t e r  o f  t h e  c a t a l y s t ,  a n d  on t h e  m a g n i t u d e  of  t h e  d i f -  

f u s i o n  c o e f f i c i e n t s  g o v e r n i n g  t h e  mass t r a n s f e r .  T h i s  d e p e n d e n c e  i s  

i l l u s t r a t e d  i n  F i g u r e s  1 4 a ,  1 4 b  w h i c h  s h o w s  t h e  o v e r a l l  

( m i c r o p a r t i c l e  p l u s  m a c r o p a r t i c l e )  c a t a l y s t  e f f e c t i v e n e s s  f a c t o r s  

p r e d i c t e d  by t h e  m u l t i g r a i n  m o d e l  f o r  p r o p y l e n e  s l u r r y  p o l y m e r i z a t i o n  

w i t h  a h i g h  a c t i v i t y  c a t a l y s t  a n d  a low a c t i v i t y  c a t a l y s t  u n d e r  c o n -  

d i t i o n s  f o r  s e v e r e  mass t r a n s f e r  l i m i t a t i o n  a n d  f o r  m i l d  m a s s  

t r a n s f e r  l i m i t a t i o n .  Here t h e  c a t a l y s t  e f f e c t i v e n e s s  f a c t o r  i s  t h e  

r a t e  a t  w h i c h  p o l y m e r  i s  p r o d u c e d  d i v i d e d  by t h e  r a t e  a t  w h i c h  t h e  

p o l y m e r  w o u l d  be  p r o d u c e d  i f  m a s s  t r a n s f e r  l i m i t a t i o n s  d i d  n o t  e x i s t .  
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F i g u r e  1 4 a  The o v e r a l l  e f f e c t i v e n e s s  f a c t o r  f o r  a h i g h  a c t i v i t y  c a t a -  

l y s t  u n d e r  m i l d  a n d  s e v e r e  m a s s  t r a n s f e r  l i m i t a t i o n s  w i t h o u t  c a t a l y s t  

d e a c t i v a t i o n .  kpC* = 2 3 . 7 6  l i t e r s l g r a m  c a t a l y s t / h o u r ;  T = 70 C .  

- m i l d  m a s s  t r a n s f e r  l i m i t a t i o n  ( D a  = 5 ~ 1 0 - ~  c m 2 / s e c ) ,  

D s  = 1 ~ 1 0 - ~  cm2/  s e c , d c  = 40 m i c r o n s , r c  = 0 . 0 0 5  m i c r o n s )  

s e v e r e  m a s s  t r a n s f e r  l i m i t a t i o n  ( D ~  = 1 x 1 0 - ~  c m 2 / s e c )  

D~ = 1 x 1 0 - ~  cm / s e e ,  d c  = 100 m i c r o n s ,  r c  = 0.1 m i c r o n s  

--- 
2 

F i g u r e  1 3  E x t e r n a l  f i l m  h e a t  and mass t r a n s f e r  r e s i s t a n c e s  i n  g a s  

p h a s e  p o l y m e r i z a t i o n  o f  e t h y l e n e  u n d e r  s t i r r e d  bed c o n d i t i o n s  (u = 

2 c m / s ,  u s i n g  t h e  R a n z - M a r s h a l l  c o r r e l a t i o n )  w i t h  h i g h  a c t i v i t y  c a t a -  

l y s t .  E f f e c t  o f  c h a r a c t e r i s t i c  b r e a k u p  t i m e  o f  c a t a l y s t  T~ . A v e r a g e  

r a t e s  ( g / g - c a t . h r ) ;  T C =  0 . 5  s : 4 8 2 0 ,  T ~ =  1 s : 3 7 9 0 ,  lC= 5 s : 1180. 
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F i g u r e  1 4 b  The o v e r a l l  e f f e c t i v e n e s s  f a c t o r  f o r  a low a c t i v i t y  c a t a -  

l y s t  u n d e r  m i l d  a n d  s e v e r e  m a s s  t r a n s f e r  l i m i t a t i o n s  w i t h o u t  c a t a l y s t  

d e a c t i v a t i o n .  kpC* = 2 . 3 7 6  l i t e r s l g r a m  c a t a l y s t l h o u r ;  T = 70C. 
- 6  2 

_I_ m i l d  mass t r a n s f e r  l i m i t a t i o n  (Da = 5 x 1 0  cm /set), 

D s  = l x l O - ’  cm2/ s e c l d c  = 40  m i c r o n s , r c  = 0 . 0 0 5  m i c r o n s )  

s e v e r e  m a s s  t r a n s f e r  l i m i t a t i o n  ( D ~  = ~ X I O - ~  c m 2 / s e c )  

Ds = l ~ l O - ~  cm I s e c ,  dc  = 1 0 0  m i c r o n s ,  r c  = 0 . 1  m i c r o n s  

--- 
2 

T h e  h i g h  a c t i v i t y  c a t a l y s t  h a s  a n  i n t r i n s i c  r a t e  of  4 0 0 0  g / g - c a t . h r  

i n  t h e  a b s e n c e  o f  d i f f u s i o n  l i m i t a t i o n s ,  w h i l e  t h e  low a c t i v i t y  c a t a -  

l y s t  h a s  a n  i n t r i n s i c  r a t e  o f  400 g / g - c a t . h r .  I t  i s  a s s u m e d  t h a t  t h e  

c o n c e n t r a t i o n  o f  t h e  p r o p y l e n e  i n  t h e  s l u r r y  i s  4 m o l e s / l i t e r .  N o t e  

t h a t  b o t h  t h e  h i g h  a c t i v i t y  c a t a l y s t  a n d  t h e  low a c t i v i t y  c a t a l y s t  

c a n  e x p e r i e n c e  s i g n i f i c a n t  m a s s  t r a n s f e r  l i m i t a t i o n s  i f  t h e  c a t a l y s t  

p a r t i c l e s  a r e  l a r g e ,  t h e  p r i m a r y  c r y s t a l l i t e  s i z e  is large, o r  t h e  

d i f f u s i o n  c o e f f i c i e n t s  a r e  s m a l l .  

F i g u r e s  1 5 a  a n d  1 5 b  i l l u s t r a t e  t h e  e f f e c t  o f  m a s s  t r a n s f e r  l i m i -  

t a t i o n s  on t h e  A r r h e n i u s  p l o t s  o n e  o b t a i n s  f r o m  a low a c t i v i t y  

Z i e g l e r - N a t t a  c a t a l y s t .  I f  m a s s  t r a n s f e r  l i m i t a t i o n s  a r e  n e g l i g i b l e ,  

o n e  o b t a i n s  a s t r a i g h t  l i n e  A r r h e n i u s  p l o t ,  a n d  t h e  s l o p e  o f  t h e  p l o t  

y i e l d s  a n  a c t i v a t i o n  e n e r g y  e q u i v a l e n t  t o  t h e  t r u e  a c t i v a t i o n  e n e r g y  

f o r  t h e  c a t a l y s t  ( w h i c h  i n  t h e s e  s i m u l a t i o n s  is 1 0 . 0  k c a l / m o l e . )  

F u r t h e r m o r e ,  t h e  A r r h e n i u s  p l o t  b a s e d  on  t h e  i n i t i a l  r e a c t i o n  r a t e s  

is n e a r l y  i d e n t i c a l  t o  t h e  A r r h e n i u s  p l o t  b a s e d  on  t h e  r e a c t i o n s ’  

f o u r  h o u r  y i e l d s  ( i n  t h e  a b s e n c e  o f  c a t a l y s t  d e a c t i v a t i o n ) .  
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I, a.e- 

!! 
!2 8.6 
Y s 
t 0 . 4 4  
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l- 

2 
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On t h e  o t h e r  h a n d ,  i f  m a s s  t r a n s f e r  l i m i t a t i o n s  a r e  s i g n i f i c a n t ,  

o n e  o b t a i n s  a c u r v e d  A r r h e n i u s  p l o t ,  a n d  t h e  s l o p e  o f  t h e  p l o t  a t  a n y  

p o i n t  y i e l d s  a n  a c t i v a t i o n  e n e r g y  l e s s  t h a n  t h e  k i n e t i c  a c t i v a t i o n  

e n e r g y  o f  t h e  c a t a l y s t .  F u r t h e r m o r e ,  w i t h  s i g n i f i c a n t  m a s s  t r a n s f e r  

l i m i t a t i o n s ,  t h e  A r r h e n i u s  p l o t  b a s e d  o n  t h e  i n i t i a l  r e a c t i o n  r a t e s  

i s  n o t i c a b l y  d i f f e r e n t  f r o m  t h e  A r r h e n i u s  p l o t  b a s e d  on  t h e  r e a c -  

t i o n ' s  4 h o u r  y i e l d s .  T h e  d i f f e r e n c e  i s  d u e  t o  t h e  f a c t  t h a t  t h e  

mass t r a n s f e r  l i m i t a t i o n s  a r e  m o s t  s e v e r e  d u r i n g  t h e  i n i t i a l  p h a s e s  

o f  p a r t i c l e  g r o w t h ,  

....................... _.____-- d------- /._.-. . . . '  
:(/-//- /---- 
-/ ,//' 

, , , I  I . . ,  I , , ,  I , I I , I . I I  

4 5 
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F i g u r e  1 5 b  E f f e c t i v e n e s s  f a c t o r s  a n d  a c t i v a t i o n  e n e r g y  p l o t s  f o r  low 

a c t i v i t y  c a t a l y s t  w i t h  m i l d  d i f f u s i o n  l i m i t a t i o n s ,  a c t i v a t e d  m i c r o -  

s c a l e  d i f f u s i o n ,  D,, a n d  n o  c a t a l y s t  d e a c t i v a t i o n .  k C* = 2.376 

l i t e r s / g r a m  c a t a l y s t / h o u r  a t  7 0  C ,  DQ = 5 ~ 1 0 - ~  c m 2 / s e c ,  dc = 40 

m i c r o n s  r c  = 0.005 m i c r o n s ,  E = 1 0 . 0  k c a l / m o l e .  

P 

- 1 0  P 

P 

P 

P 

P 

T = 30 C ,  k C *  = 0 . 3 4 ,  Ds = 8 . 1 ~ 1 0  

T = 5 0  C ,  k C *  = 0 . 9 0 ,  Ds = 3 . 1 ~ 1 0 - ~  
-8  

-8  

- 
..... 

-.-.-.- T = 7 0  C ,  k C* 2 . 3 8 ,  Ds = 1 . 0 ~ 1 0  

- - - -  T .c 90 C ,  k C *  5 . 3 3 ,  Ds = 2 . 9 ~ 1 0  

F i g u r e s  1 6 a  a n d  1 6 b  i l l u s t r a t e  t h e  same e f f e c t s  f o r  h i g h  a c t i -  

v i t y  c a t a l y s t .  W i t h  a h i g h  a c t i v i t y  c a t a l y s t ,  a maximum c a n  o c c u r  i n  

t h e  A r r h e n i u s  p l o t  u n d e r  s e v e r e  m a s s  t r a n s f e r  l i m i t i n g  c o n d i t i o n s .  

The  d r o p  i n  r a t e  a t  t h e  h i g h  t e m p e r a t u r e s  r e s u l t s  when t h e  p r o p a g a -  

t i o n  c o n s t a n t  b e c o m e s  s o  l a r g e  t h a t  t h e  monomer c a n n o t  p e n e t r a t e  i n t o  

t h e  c a t a l y s t  b e f o r e  b e i n g  c o n s u m e d .  A l l  o f  t h e  r e a c t i o n  o c c u r s  a t  

t h e  c a t a l y s t  s u r f a c e  a n d  t h e  c a t a l y s t  b e l o w  t h e  s u r f a c e  is n o t  u s e d  

e f f e c t i v e  l y  . 
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A S  i l l u s t r a t e d  i n  F i g u r e  1 7  w h e r e  Ds i s  h e l d  c o n s t a n t  w i t h  tern- 

p e r a t u r e ,  t h e  same t r e n d s  a r e  o b s e r v e d  w h e t h e r  o r  n o t  t h e  s m a l l  p a r -  

t i c l e  d i f f u s i o n  c o e f f i c i e n t  i s  t h e r m a l l y  a c t i v a t e d  ( a s  i t  i s  i n  

F i g . u r e s  1 5  a n d  1 6 ) .  

I n  c o n c l u s i o n ,  t h e  e f f e c t i v e n e s s  f a c t o r  a n d  o b s e r v e d  a c t i v a t i o n  

e n e r g y  o f  Z i e g l e r - N a t t a  c a t a l y s t s  c a n  be  s t r o n g l y  a f f e c t e d  by d i f -  

f u s i o n  l i m i t a t i o n s .  The  s e v e r i t y  o f  t h e s e  l i m i t a t i o n s  i s  h i g h l y  

d e p e n d e n t  upon c a t a l y s t  d i a m e t e r ,  t h e  c a t a l y s t  p r i m a r y  c r y s t a l l i t e  

s i z e ,  t h e  m i c r o s c a l e  d i f f u s i v i t y  Ds a n d  t h e  m a c r o s c a l e  d i f f u s i v i t y  DQ. 

-_--.- 

#.# , , , , 

F i g u r e  1 6 a  E f f e c t i v e n e s s  f a c t o r s  a n d  a c t i v a t i o n  e n e r g y  p l o t s  f o r  h i g h  

a c t i v i t y  c a t a l y s t  w i t h  s e v e r e  d i f f u s i o n  l i m i t a t i o n s ,  a c t i v a t e d  m i c r o -  

s c a l e  d i f f u s i o n ,  Ds, a n d  n o  c a t a l y s t  d e a c t i v a t i o n .  k C *  = 2 3 . 7 6  

l i t e r s l g r a m  c a t a l y s t l h o u r  a t  70 C ,  Dt = 1 x 1 0  cm / s e c ,  d c  = 100 

m i c r o n s ,  r c  = 0 . 1  m i c r o n s ,  E = 10 .0  k c a l l m o l e .  

P - 6  2 

-11 T = 30 C ,  

T = 50 C ,  k C *  = 9 . 0 0 ,  Ds = 3 . 1 ~ 1 0 - ~ '  

P 
k C *  = 3 . 4 0 ,  Ds = 8 . 1 ~ 1 0  P 

P 

P 

P 

..... 
- 9  

- 9  
-.-.-.- T = 70 C ,  k C *  = 2 3 . 8 ,  Ds = 1 . 0 ~ 1 0  

- - - - T = 90 C ,  k C *  = 5 3 . 3 ,  Ds = 2 . 9 ~ 1 0  
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F i g u r e  1 6 b  E f f e c t i v e n e s s  f a c t o r s  a n d  a c t i v a t i o n  e n e r g y  p l o t s  f o r  h i g h  

a c t i v i t y  c a t a l y s t  w i t h  m i l d  d i f f u s i o n  l i m i t a t i o n s ,  a c t i v a t e d  m i c r o -  

s c a l e  d i f f u s i o n ,  Ds, a n d  n o  c a t a l y s t  d e a c t i v a t i o n .  k C *  = 23.76  

l i t e r s / g r a m  c a t a l y s t / h o u r  a t  7 0  C ,  Dk = 5 ~ 1 0 - ~  c m 2 / s e C ,  dc = 40 

m i c r o n s ,  r c  = 0 . 0 0 5  m i c r o n s ,  E = 1 0 . 0  k c a l / m o l e .  

P 

- 1 0  

- 9  

-8  

- 8  

P 
_I_ T = 30 C ,  k C *  = 3 . 4 0 ,  Ds = 8 . 1 ~ 1 0  

T = 50 C ,  k C *  = 9 . 0 0 ,  Ds = 3 . 1 ~ 1 0  
P 

P 

P 

P 

..... 
- .-.-a- T = 70 C ,  k C *  = 2 3 . 8 ,  Ds = 1 . 0 ~ 1 0  

- - - -  T = 90 C ,  k C *  = 5 3 . 3 ,  Ds = 2 . 9 ~ 1 0  

However  a s  shown i n  [ 2 0 ] ,  i t  i s  e x p e c t e d  t h a t  c o n s i d e r i n g  t h e  

p r o p e r t i e s  r c ,  d c ,  Ds, Dk f o r  p r e s e n t  d a y  c a t a l y s t s ,  t h e  c a t a l y s t  

p a r t i c l e  d i a m e t e r  a n d  m a c r o s c a l e  d i f f u s i o n  w i l l  h a v e  t h e  l a r g e s t  m a s s  

t r a n s f e r  e f f e c t  on o b s e r v e d  a c t i v a t i o n  e n e r g i e s .  
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F i g u r e  17 E f f e c t i v e n e s s  f a c t o r s  and a c t i v a t i o n  e n e r g y  p l o t s  f o r  h i g h  

a c t i v i t y  c a t a l y s t  w i t h  s e v e r e  d i f f u s i o n  l i m i t a t i o n s ,  w i t h o u t  a c t i -  

v a t e d  m i c r o s c a l e  d i f f u s i o n ,  Ds, and n o  c a t a l y s t  d e a c t i v a t i o n .  k C* = 

2 3 . 7 6  l i t e r s / g r a m  c a t a l y s t / h o u r  a t  70  C ,  DQ = 1 ~ 1 0 - ~  c m 2 / s e c ,  d c  5 

1 0 0  m i c r o n s ,  rc = 0 . 1  m i c r o n s ,  E = 1 0 . 0  k c a l / r n o l e .  

P 

P - T = 30 C ,  k C *  = 3 . 4 0 ,  Ds = 1 . 0 ~ 1 0 - ~  

T = 70 C ,  k C *  = 2 3 . 8 ,  Ds =  OXLO LO-^ 
T = 90 C ,  k C *  = 5 3 . 3 ,  Ds = 1 . 0 ~ 1 0 - ~  

P 

P 

P 

P 

..... 
T = 50 C ,  k C *  = 9 . 0 0 ,  D~ = i . o x i ~ - ~  

- .-.-.- 
- - - - 
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T H E  E F F E C T  OF T H E R M A L L Y  A C T I V A T E D  CATALYST D E C A Y  

D i f f u s i o n  l i m i t a t i o n s  a r e  n o t  t h e  o n l y  f a c t o r s  t h a t  c a n  make t h e  

A r r h e n i u s  p l o t s  o f  Z i e g l e r - N a t t a  s y s t e m s  n o n l i n e a r .  T h e r m a l l y  a c t i -  

v a t e d  c a t a l y s t  d e c a y  c a n  a l s o  c a u s e  o b s e r v e d  a c t i v a t i o n  e n e r g i e s  t o  

v a r y .  F i g u r e  18 d e m o n s t r a t e s  how t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  c a t a -  

l y s t  d e c a y  c a n  i n f l u e n c e  t h e  A r r h e n i u s  p l o t s  f o r  a h i g h  a c t i v i t y  

c a t a l y s t  a n d  a low a c t i v i t y  c a t a l y s t .  A s  c a n  be s e e n ,  t h e  c u r v a t u r e  

o f  t h e  A r r h e n i u s  p l o t s  i n c r e a s e s  a s  t h e  a c t i v a t i o n  e n e r g y  of t h e  

c a t a l y s t  d e c a y  i n c r e a s e s .  A maximum o c c u r s  i n  t h e  A r r h e n i u s  p l o t s  

f o r  b o t h  t h e  h i g h  a c t i v i t y  c a t a l y s t  a n d  t h e  low a c t i v i t y  c a t a l y s t  

when t h e  a c t i v a t i o n  e n e r g y  o f  t h e  d e c a y  c o n s t a n t  e x c e e d s  20 

k c a l / m o l e .  

c a t a l y s t  d e c a y  o f  1 4 . 7  k c a l / m o l e  f o r  a M o n t i e d i s o n  c a t a l y s t  h a v i n g  a 

P r o p a g a t i o n  a c t i v a t i o n  e n e r g y  o f  15.6 k c a l l m o l e .  

B r o c k m e i e r L 5 )  h a s  r e p o r t e d  a c t i v a t i o n  e n e r g y  v a l u e s  f o r  

8 

6 71 
-I 

3 

l / l  X 1886, < 1 / K )  

111 masa tralurer 1h.lt.tIau 

- - 11.1 kcal/tlal. 

a t  70% 

kpo - 2.376 liters/grm catalyst/hour 

111 masa tralurer 1h.lt.tIau 

- - 11.1 kcal/tlal. 

a t  70% 

kpo - 2.376 liters/grm catalyst/hour 

3 

F i g u r e  1 8  The e f f e c t  o f  t h e r m a l l y  a c t i v a t e d  c a t a l y s t  d e c a y  on t h e  

A r r h e n i u s  p l o t s  f o r  h i g h  a c t i v i t y  c a t a l y s t  ( k  C *  = 23.76 l i t e r s / g r a m  

c a t a l y s t / h o u r ,  E = 1 0  k c a l / m o l e )  a n d  low a c t i v i t y  c a t a l y s t s  ( k  C *  = 

2.376 l i t e r s l g r a m  c a t a l y s t l h o u r ,  E = 1 0  k c a l l m o l e ) .  C a t a l y s t  d e c a y  
P 

P 

P P 

c o n s t a n t  k d  = k d o e x p  (-E a , d l R T )  w h e r e  k d o  i s  c h o s e n  s u c h  t h a t  t h e  t ime 

c o n s t a n t  f o r  d e a c t i v a t i o n  a t  70 C i s  5 h o u r s .  
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T h u s ,  t h e r m a l l y  a c t i v a t e d  c a t a l y s t  d e c a y  c a n  c a u s e  n o n l i n e a r i -  

t i e s  i n  t h e  A r r h e n i u s  p l o t s  f o r  Z i e g l e r - N a t t a  s y s t e m s  a s  c a n  m a s s  

t r a n s f e r  l i m i t a t i o n s .  I f  t h e  s y s t e m  i s  m a s s  t r a n s f e r  l i m i t e d ,  

r e d u c i n g  t h e  s i z e  of  t h e  c a t a l y s t  p a r t i c l e s  a n d / o r  p r i m a r y  c r y s t a l -  

l i t e s  s h o u l d  i n c r e a s e  t h e  c a t a l y s t  y i e l d s .  

C O N C L U S I O N S  

A l t h o u g h  t h e  d e g r e e  o f  d i f f u s i o n  r e s i s t a n c e  t h a t  w i l l  be 

e x p e r i e n c e d  d u r i n g  p o l y m e r i z a t i o n  o f  o l e f i n s  d e p e n d s  on t h e  p r o p e r -  

t i e s  of  i n d i v i d u a l  c a t a l y s t s ,  some g e n e r a l  c o n c l u s i o n s  r e g a r d i n g  t h e  

i m p o r t a n c e  of  d i f f u s i o n  r e s i s t a n c e s  c a n  be  made f r o m  t h e  p r e s e n t  

w o r k .  F i r s t ,  i t  i s  l i k e l y  t h a t  m i c r o p a r t i c l e  d i f f u s i o n  l i m i t a t i o n s  

w i l l  o n l y  be s i g n i f i c a n t  w i t h  c a t a l y s t s  of  h i g h  a c t i v i t y  f o r  w h i c h  

t h e  p r i m a r y  p a r t i c l e  s i z e  i s  l a r g e r  t h a n  a r o u n d  0 . 0 5  m i c r o n s .  T h i s  

i n d i c a t e s  t h a t  t h e  p r i m a r y  p a r t i c l e  s i z e  s h o u l d  be  c o n s i d e r e d  a n  

i m p o r t a n t  d e s i g n  v a r i a b l e  f o r  h i g h  a c t i v i t y  c a t a l y s t  s y s t e m s .  

T e m p e r a t u r e  g r a d i e n t s  i n  t h e  m i c r o p a r t i c l e s  w i l l ,  h o w e v e r ,  be n e g l i -  

g i b l e  f o r  b o t h  g a s  a n d  l i q u i d  p h a s e  p o l y m e r i z a t i o n s .  In t h e  m a c r o -  

p a r t i c l e s ,  s i g n i f i c a n t  t e m p e r a t u r e  g r a d i e n t s  a p p e a r  l i k e l y  t o  e x i s t  

o n l y  f o r  l a r g e ,  h i g h  a c t i v i t y  p a r t i c l e s  i n  g a s  p h a s e  p o l y m e r i z a t i o n .  

On t h e  o t h e r  h a n d ,  s i g n i f i c a n t  c o n c e n t r a t i o n  g r a d i e n t s  i n  t h e  m a c r o -  

p a r t i c l e s  c a n  e x i s t  a t  s h o r t  t imes  ( i . e .  a t  low g r o w t h  f a c t o r )  i n  

s l u r r y  p o l y m e r i z a t i o n ,  e v e n  f o r  c a t a l y s t s  o f  r e l a t i v e l y  low a c t i v i t y ,  

F o r  l a r g e  p a r t i c l e s  o f  h i g h  a c t i v i t y  c a t a l y s t ,  i n t r a p a r t i c l e  m a s s  

t r a n s f e r  r e s i s t a n c e  c a n  be r a t e  l i m i t i n g  o v e r  l o n g e r  p e r i o d s ,  a n d  i n  

t h i s  c a s e  a n  e f f e c t  o f  c a t a l y s t  p a r t i c l e  s i z e  on y i e l d  may be 

o b s e r v e d .  I n  c a s e s  o f  s e v e r e  d i f f u s i o n  c o n t r o l ,  a c c e l e r a t i o n  o r  

h y b r i d - t y p e  r a t e  b e h a v i o r  may be o b s e r v e d .  T h e  r a t e  l i m i t a t i o n  may 

r e s u l t  f r o m  m a s s  t r a n s f e r  o f  c o c a t a l y s t  a s  w e l l  a s  monomer ,  e s p e -  

c i a l l y  when c a t a l y s t  a n d  c o c a t a l y s t  a r e  n o t  p r e m i x e d .  C o n v e r s e l y ,  

when r a t e  c u r v e s  w h i c h  d e c a y  s h a r p l y  f r o m  t = 0 a r e  o b s e r v e d ,  s e v e r e  

i n t r a p a r t i c l e  m a s s  t r a n s f e r  r e s i s t a n c e  i s  u n l i k e l y .  I n  g a s  p h a s e ,  

m a c r o p a r t i c l e  d i f f u s i v i t i e s  a r e  p r e s u m a b l y  h i g h  e n o u g h  t o  a v o i d  

s i g n i f i c a n t  c o n c e n t r a t i o n  g r a d i e n t s ,  a l t h o u g h  a low d i f f u s i v i t y  

d u r i n g  c a t a l y s t  b r e a k u p  i s  n o t  i n c o n c e i v a b l e .  

I n  summary ,  t h e  d e g r e e  o f  mass t r a n s f e r  l i m i t a t i o n s  e x p e r i e n c e d  

i n  Z i e g l e r - N a t t a  s y s t e m s  i s  d e p e n d e n t  on b o t h  t h e  c a t a l y s t  p a r t i c l e  

s i z e  a n d  t h e  s i z e  o f  t h e  p r i m a r y  c r y s t a l l i t e s .  I t  i s  o f  p r a c t i c a l  
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s i g n i f i c a n c e  that with s c v e r c l y  d i f f u s i o n  l i m i t c d  c a t a l y s t ,  l e s s  t h a n  

5 0 %  of  t h e  t r a n s i t i o n  m e t a l  s i t e s  may be  e f f e c t i v e l y  u s e d .  F i n a l l y ,  

i f  a c a t a l y s t  is s e v e r e l y  d i f f u s i o n - l i m i t e d ,  t h e  A r r h e n i u s  p l o t s  

b a s e d  on y i e l d  o r  i n i t i a l  r a t e  w i l l  be  n o n l i n e a r  a n d  may e x h i b i t  a 

maximum. H o w e v e r ,  i t  s h o u l d  be  n o t e d  t h a t  s u c h  A r r h e n i u s  r e l a t i o n s  

a r e  a l s o  l i k e l y  t o  a r i s e  t h r o u g h  t h e r m a l  a c t i v a t i o n  o f  t h e  c a t a l y s t  

d e c a y .  I t  i s  p o s s i b l e  t o  d i s t i n g u i s h  b e t w e e n  t h e s e  s o u r c e s  o f  n o n l i -  

n e a r i t y  i n  t h e  A r r h e n i u s  p l o t s  by e x t r a p o l a t i n g  t h e  p o l y m e r i z a t i o n  

r a t e  t o  z e r o  t i m e .  I f  t h e  s o u r c e  o f  t h e  n o n l i n e a r i t y  i s  m a s s  

t r a n s f e r  r e s i s t a n c e ,  t h e  A r r h e n i u s  p l o t  f o r  t h e  i n i t i a l  r a t e  w i l l  

d i f f e r  s i g n i f i c a n t l y  f r o m  t h a t  f o r  l o n g - t i m e  y i e l d s ,  a n d  i f  t h e  

s o u r c e  i s  a c t i v a t e d  c a t a l y s t  d e c a y ,  t h e  A r r h e n i u s  p l o t s  b a s e d  on t h e  

i n i t i a l  r e a c t i o n  r a t e s  w i l l  be l i n e a r .  

I n  g e n e r a l ,  i t  i s  s a f e  t o  s a y  t h a t  e x t e r n a l  f i l m  m a s s  t r a n s f e r  

r e s i s t a n c e s  a r e  of  l i t t l e  p r a c t i c a l  i m p o r t a n c e .  H o w e v e r ,  t h e  i n i t i a l  

t e m p e r a t u r e  r i s e  a c r o s s  t h e  e x t e r n a l  f i l m  may be  a s  h i g h  a s  1 0  K i n  

s l u r r y  p o l y m e r i z a t i o n  f o r  l a r g e  p a r t i c l e s  o f  h i g h  a c t i v i t y  c a t a l y s t .  

I n  g a s  p h a s e ,  t h e  i n i t i a l  t e m p e r a t u r e  r i s e  f o r  h i g h  a c t i v i t y  c a t a l y s t  

o r  a g g l o m e r a t e d  low a c t i v i t y  c a t a l y s t  c a n  c a u s e  t h e  m e l t i n g  p o i n t  o f  

t h e  p o l y m e r  t o  be  r e a c h e d .  T h i s  a p p e a r s  t o  be  t h e  c a u s e  o f  s t i c k i n g  

a n d  a g g l o m e r a t i o n  p r o b l e m s  commonly o b s e r v e d  i n  i n d u s t r i a l  g a s  p h a s e  

r e a c t o r s .  S u c h  p r o b l e m s  c a n  be  m i t i g a t e d  by r e d u c i n g  t h e  a c t i v i t y  o f  

t h e  c a t a l y s t  f o r  a b r i e f  p e r i o d  d u r i n g  a n d  a f t e r  i n j e c t i o n .  
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REACTION ENGINEERING ASPECTS OF ETHYLENE POLYMERIZATION WITH 

ZIEGLER-CATALYSTS IN SLURRY REACTORS 

K.H.REICHERT, R.MICHAEL AND H.MEYER 

Institut fuer Technische Chemie, Technische Universitaet 

Berlin, StraBe des 17. Juni 135, D - IOOC Berlin 12, West 

Germany 

ABSTRACT 

The semicontinuous polymerization cf ethylene in slurry 

with a supported Ziegler catalyst was studied in laboratory 

scale bubble columns and stirred vessels at constant tempera- 

ture and pressure. By applying the model Gf resistance in se- 

ries mass transfer and kinetic parameters of the polymeriza- 

tior, in the three phase system were determined. For gas hold 

up and heat transfer in slurries with high sclid content di- 

mensionless correlations are given which ccnsider energy in- 

put and some physical properties of the slurries. The diffu- 

sion of ethylene within porous catalyst and polymer particles 

may play a certain role under certain circumstances. The mole- 

cular weight distribution of the polyethylene formed is rath- 

er broad and depends to scme extent cn cocatalyst and hydro- 

gen concentration. 

INTRODUCTION 

Mixing and heat transfer play a dominant rGle in multi- 

phase polymerizaticn like the polymerization of gaseous ole- 

fins with Ziegler catalysts in slurry reactors. Extensive 

studies regarding mass and heat transfer have been carried 

out with multi-phase systems mostly however with non reacting 

systems based on inorganic solids dispersed in water and air 

as gaseous phase. Little is published on mass and heat trans- 

fer for olefin polymerization in slurry reactors in the pre- 

sence of high fractions of solid pclymer. Data and results 
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1 )  presented in this paper refer to the Ph.D thesis of Michael 

and Meyer2) which deal with heat and mass transfer of ethyle- 

ne pclymerization in bubble column and stirred tank reactor 

and molecular weight distribution of high molecular weight 

polyethylene. 

EXPERIMENTAL 

The polymerization cf ethylene was run in a laboratory 

scale bubble column and in a stirred tank reactor at constant 

temperature and pressure. For starting the polymerizaticn the 

preactivated catalyst dispersion, consisting of TiCl / 
Mg(OC2H5)2/A1(C2H5)3 , was pumped into the pressurized reactor 
generally in the presence of polyethylene powder to avoid 

agglomeration cf the catalyst particles at the beginning cf 

polymerization. Heptane or other paraffinic mixtures were 

used as liquid phase. The absorption rate of ethylene was 

measured by using a thernal mass flow meter. 

The molecular weight of polyethylene was determined by high 

temperature gel permeation chronatography using large pcrous 

inorganic column material by Merck AG (non ccmmercial labora- 

tory product). An infra red spectrometer was used as detectcr. 

Special attention must be given to the sample preparation and 

to the effect cf sample concentration upon elution vclume in 

the case of high molecular weight polymers. For details see 

Ph.D thesis of Meyer2).Heat transfer in slurries was studied 

by inserting a heating shell into the reactor and measuring 

the heating performance as well as the temperatures of the 

wall of the heating shell and of the slurry at different dis- 

tames. The gas hold up of the slurry was determined by meas- 

uring the height of the reactor content at work and at rest. 

The viscosities of the slurries were measured by using a rcta- 

tional viscosimeter and a liquid having the same density as 

polyethylene. Particle size distribution were determined by 

Coulter-Counter technique. For details see Ph.D thesis of 

Michael . 

4 
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RESULTS 

Mass transfer gas-liquid: 

The kinetic results were evaluated by using the mcdel of 

resistance in series as summarized in the text book of 

Satterfield3’ . At stationary state of polymerization the fol- 
lowing coccentraticn profiles of ethylene in the three phase 

system can be assumed leading to an equation which shows that 

the main resistance of the process is equal to the sum of the 

three single resistances. See figure 1. 

Fig. 1 : 

Y 

u 

gas  l i qu id  

a s  = f cI 

* 1 1  1 1 3, _ . -  
R, k , a  C K  ( - * - )  

Concentration profile of ethylene in the 

polymerizing three phase system. 

Knowing the absorpticn rate of ethylene, Rv, at given cata- 

lyst concentration, C and saturation ccncentration cf ethy- 

lene, cE , the resistance of mass transfer gas-liquid, 
l/kLa , can be determined if this model is 
case of ethylene polymerization with heterogeneous Zieqler 

catalysts. A s  can be seen in figure 2 this is the case. 

* K 

fulfilled in the 
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Straight lines result when the reciprocal absorption rate of 

ethylene is plotted versus the reciprocal catalyst concentra- 

tion according to the equation derived fron the model cf re- 

sistance in series. 

. 80 i 2  . 60 2.5 
* 60 4 

.D n -Hep lone 
1 6  w t  ' / / .HOPE 
50 a C. pt *I .  2 bor 

I 

R e c i p r o c a l  m a x i m u m  p a l y m e r i z o l t o n  r a l e  v e r s u s  

r e c i p r o c o i  c o t o l y s t  c o n c e n t r a l i o n  n t  d i f f e r e n t  
t e m p e r a t u r e  g n d  e t h i l e n e  p r e s s u r e  

Fig.2: Influence of temperature and ethylene 

pressure Gn mass transfer and ethylene 

polymerization in bubble column 

In this way the influence of temperature, T, ethylene pressure, 

pE,  superficial gas velocity of ethylene in bubble column,uG, 

and polyethylene ccntent, c HOPE , on nass transfer coefficient 
gas-liquid, kLa , was tested. The results are summarized in 
table 1. 
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60 

60 
60 

1,2 
2.5 
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1.2 

1.2 
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1 .2  
1.2 
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- 
" 6  

cmls  

L.5 
4,5 

4,5 
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16 
16 
16 

16 

16 

16 

::: 1 :", 
4.5 

0,052 
0.045 

0.052 

0.071 

0.052 

0,052 
0,040 

Volumetric mass transfer coefficient gas- 

liquid, kLa, at different reaction condi- 

t ion s 

The superficial gas velocity has the largest effect on volume- 

tric mass transfer coefficient gas-liquid as expected while 

the influence cf the polymer content on r.ass transfer gas- 

liquid is relatively small. 

Most important parameter is the gas hold up, cG , of the multi- 
phase system. It was found that the volumetric mass transfer 

ccefficient gas-liquid is proportional to the gas hold up in 

the present case. The gas hold up in bubble column can be 

correlated fairly well by the following dimensionless equation 

in table 2 which is based on a semi-theoretical equation of 

Mersmann . 4) 
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Tab.2: 

with c = 0 . 2 3  f o r  nonfaaminq hydrocarbons 

c = 0 . 2 9  for foaming hydrocarbons 

F1 = ~ ' p C 2 / n c 4 b p g  altered f r o m  4 . 7 . 1 0 5  to 6 . 9 . 1 0 ' '  

o C / c c  a l t e r e d  f r o m  o , 1 . 1 0 - 3  t o  2 , 9 . 1 0 - '  

with i iS lmaX > 0 . 3  otherwise experimental values of liC 

$s,rnax = OB'PS 

o s  : volume f r a c t l o n  of solid, p B :  bulk denslty 

Correlation for gas hold up, of the 

three phase system 

The gas hold up can be influenced by the superficial gas ve- 

locity, uG, and some physical properties of the multi-phase 

system like density, pc, and viscosity, nc, of the dispersion 

liquid-solid, the volume fraction of the solid, @,, and its 

the surface tension gas-liquid, u, and maximum value, 

the difference of densities gas-liquid, A p .  These parameters 

have been altered in a large way. The results are plotted ac- 

cording to equation in figure 4 .  

'S,max~ 

From figure 4 it can be seen that foaming liquids like paraf- 

finic mixtures (Exsol types cf Esso and benzine) cause larger 

gas hold ups than non foaming pure liquids at the same gas 

through put and the same solid content of the polymerization 

reactor. 
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Fig.4: Correlation between gas hold up and gas through 

put as well as physical properties of the multi 

phase system gas-liquid-solid 

Mass transfer liquid-solid: 

For evaluating the mass transfer ccefficient, kS, dimen- 

sionless correlations of Sanger and Deckwer5) were used which 

are able to correlate many experimental data from literature. 

The correlations are given in table 3 and refer to two differ- 

ent ranges of mass related energy dissipation rate, E .  For 

calculation of mass transfer coefficient liquid-solid, kS, 

there must be known the mean diameter of the solid particles 

the diffusion coefficient of ethylene in the appropriate 

liquid phase, Dm, which was calculated by using the equation 

of Wilke and Chang" , the kinematic viscosity of the liquid 
phase, qL.  The mass related energy dissipation rate, E ,  is 

proporticnal to the product of superficial gas velocity, u 

and gravitational constant, 9, in the case of bubble column 

reactor. The specific surface of the solid particle, as, was 

determined by assuming spherical geometry. Using these values 

the time dependence of the three single resistances of the 

polymerization process can be calculated. They are summarized 

in table 3 for 0, 2 and 80 minutes of reaction. 

dS' 

G I  
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Tab.3: 

Moss t r a n s f e r  h q u i d i s o l i d  

Songer  a n d  D e c k w e r  

S h = Z + O 6 4 9  S C ~ ” ~ ( E  d : /y ,1 )nz ‘2  

for ( E  d:/y:i > 1  

Sh = 2 .  2 067 S C ” ~ ’  ( E  d: /y ,3 )0379 

for ( E  d:/y,‘) c 1 

w i t h  S h a  k, d , / D ,  , S C E ~ , / ~ ~ , E  = U& Q 

a s  = 6 $ s / d s  

80 80  4.6 20135 0.1 33  20 

Data refer to T = 60’C, u s  = 4.5 cmts , p, = 4  bar, 

c K =  1.26 lO- ‘mol  T I / (  

Correlations for mass transfer liquid-solid and 

time dependence cf the single resistances for 

mass transfer gas-liquid and liquid-solid as 

well as chemical reaction 

The average particle diameter of the catalyst used was 8 pm. 

After 2 minutes of polymerization the polymer particles 

formed had a diameter of 54 pm and they grew further to an 

average diameter cf 80 pm in 80 minutes as determined by 

Coulter-Counter technique. It was assumend that each catalyst 

particle forms one polymer particle. If more than one polymer 

particle is formed from one catalyst particle the mass trans- 

fer resistance liquid-solid, l/kSaS, will fall even more with 

time. The other two resistances can be assumed being constant 

with time at medium solid content in the reaction vessel. From 

these calculations one can conclude that at given conditions 
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mass transfer liquid-solid plays a role in the very beginning 

of ethylene polymerizaticn but can be neglected when the reac- 

tion proceeds. If this is the case the activation energy of 

the polymerization can be determined from the slopes of the 

straight lines in figure 2. Plotting the corresponding values 

in an Arrhenius diagram a slightly bent curve results. The 

reason for this is that the overall rate cocstant,kReTin , 
is a function of ethylene concentration. The maximum value of 

the constant is reached at an ethylene pressure of 4 bar in 

the present case. This is probably due to the fact that the 

efficiency of titanium, eTi, and/or the effectivness factor, 

n ,  are dependent upon ethylene concentration. If the experi- 
mental values of k e Q are corrected by taking into account 

the maximum values of eTi and rl straight lines are obtained 

in the Arrhenius diagram-See figure 5. 

R Ti 

Fig.5: 

Arrhenius diagram at  maximum catalyst act iv i ty  

Arrhenius diagram for ethylene polymerization 
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An overall activaticn energy of 43 kJ/mol results. The overall 

rate constants are in the region of 38 to 340 l/mol s for 

temperatures between 30 and 8C C. These valnes agree with 

data from literature for similar catalyst systems. 

0 

Diffusicn in porous particles 

Catalyst particles: 

In order to estimate whether porous diffusior, of ethylene 

is to be considered at reaction cofiditions given the Thiele mo- 

dulus must be known. In the following table some data for the 

catalyst used are summarized. 

Oif fus ion ond Reaction in Porous Cotalyst Par t lc le  

lhiele modulus fo r  f i rst  order reac t i on  in a spher i ca l  
ca ta l ys t  p a r t i c l e  

Q =RF a 1  

R = 1 1 0 - 6 m  ( N ,  = i , ~ ~ i o ~ i - ’ )  

D E 3,7 .10 .9m2/s  0.6 0 - - =  
P I 1  - I 5 

Reac t ion  da ta  1 = 6 0 ° C  u G  = 4 . 5  m / s  

pt  = 4 bar  , E x 0 1  D 2 0 0 / 2 L O  

c c  = 1 , 2 6 ~ 1 0 ~ 4 m 0 1 T ~ / I  

p, = 1 . 5 3  k g / l  

Tab. 4: Thiele modulus for ethylene polymerization 

within porous Ziegler catalyst 
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The Ziegler catalyst used had an average particle radius, R, 

of 4 pm, the porosity, E ,  is 0.6, the average pari-icle number, 

of 3.24*10-5 “c ’ is 1 .4.1O8 per liter, having a volume, 
*C I 
liter. The tortuosity factcr, T ,  is not knowfi. It was assumed 

a value of 5 for T. The initial maximcm rate of ethylene ab- 

sorption, r 

value of 4 0 1 0 ~ ~  mol/l s was found. The ethylene con- 

centration, c at 4 bar and 6C C is 0.256 mol/l in Exol 

D 200/240. The diffusion Coefficient of ethylene, D, in the 

liquid phase at given ccnditions was calculated with the equa- 

ticn of Wilke und Chang6). With these data a minimum Thiele 

mcdulus of around 4 results indicating that at reactior, condi- 

tions given porous diffusion of ethylene within the catalyst 

particles must be considered at the very beginning cf polymeri- 

zation. 

at given reaction ccnditicns was measured. A 
ef f , o f  

0 

E‘ 

Polymer particles: 

After 80 minutes of polymerization the pclymer particles 

had an average radius of 40 pm, a particle number, N p E ,  of 

1.4.10 per liter and a porosity of 0.6. The polymer vclume, 

V p E ,  
is 0.367 liter. The reaction rate decreased tc a volnme 

of 2.7r10 mol/l s. The resulting Thiele modulus depends cn 

the mcdel used fcr the growing polymer particles. In the case 

of the well known multigrain model porous diffusion must be 

considered. The polymeric flow model indicates that porous 

diffusion seems to play no significant role at coriditions giv- 

en and data used . See table 5. 
For diffusion of ethylene in polyethylene a diffusion coeffi- 

cient of 1.51 lo-” m / s  was used in the case of the multigrain 

model, refering to experimental data of Michaels7’ who studied 

the diffusion of different gases in high density polyethylene 

at different temperatures. Whereas in the case of the polymeric 

flow model free access of ethylene to the active species of the 

catalyst was assumed. In this case a diffusion coefficient cf 

9 

-3 

2 
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- 9  2 
3 . 7 . 1 0  rn / s  was used. It was also tried tc disintegrate the 

active polymer particles aRd see if there i s  any effect OR 

polymerization rate. Unfortunately the Folymerization stopped 

very quickly when the slurry was pumped thrcugh a cclloidal 

mill (ultra turax) which was placed ir, a bypass. 

Di f fus ion  a n d  Reocl ion in Porous  Polymer Par t i c le  

Thiele modulus fo r  f i r s t  order r e o c t i o n  In a s p h e r i c a l  
and  porous  p o l y m e r  p a r t i c l e  w i th  r e l a t i v e  u n i f o r m  
c a t a l y s t  d i s t r i b u t i o n  

Tab. 5: Thiele modulus for ethylene polymerzation 

within porous polymer particles 

Heat transfer: 

Heat transfer was studied in bubble column reactors in a 

wide range of solid content, particle size of the solid and 

superficial gas velocity. The results achieved can be corre-. 

lated well by a dimensionless equation given by Deckwer . 8) 
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L 

See table 6. 

1 S t  = 0 1  IAe Fr P r ‘ l  c 2 5  I 

Tab.6: Dimensionless correlation for heat transfer in slurry 

reactors with high sclid content. 

For calculation of the Stanton-, Reynolds-, Froude- and 

Prandtl-number the physical data of the solid-liquid disper- 

sion had to be used like density, p c ,  heat capacity, 

dynamic viscosity, q c ,  and therrcal conc!uctivity, X c .  These 

data are usual mean values of the physical properties of the 

single phases by considering either the vclume, @, or the 

weight fraction, W, of the corresponding solid and liquid 

phase (index S or L). dg is the inean diameter of the gas bub- 

bles. For maximum volume fractions Gf polyethylene, @S,maxl 

larger than 0.3 the viscosity correlation of 

cP,c’ 
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500 

0 4  

Eilers’) can be used to calculate the Viscosity of the suspen- 

sions. The viscosity is influenced by the volume fraction of 

the solid phase, @,, and by the shape, the surface roughness 

and by the particle size distribution cf the pclyethylene par- 

ticles. These parameters seem to be considered in the maximum 

volume fraction of polyethylene. From these results one can see 

that the heat transfer coefficient, h, is determined by the 

energy input (uGq) and the physical data of the suspensions. 

The heat transfer coefficient is nearly independent of poly- 

ethylene ccncentration up to 20 weight pedcent. Above 20 weight 

percent it depends mainly on the viscosity of the dispersion. 

Small and non spherical polyethylene particles cause higher 

viscosities than large an2 uniform particles. See figure 6. 

Exsal  0801 HOPE 

D HDPEl,&:230!~m 

n HOF€Z.&=LS!Jm 

-- 0 HOPE3,&.=100pm 

%= 5.L c m l s  

r = S O Y  

! 

Fig.6: 

0 10 20 30 Vol % 

__ (HOPE - 

Influence of polyethylene concentration or: heat 

transfer coefficient for particles of different 

size 
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Calculation for heat transfer within the polymerizing particles 

by Meyer2) show that there is practicallXo temperature in- 

crease in the particles at normal polymerization conditions. 

Molecular weight distribution: 

As can be seen in figure 7 the molecular weight distri- 

bution of the polyethylene formed can be correlated well by a 

logarithmic normal distribution. Up to now it was not possible 

to derive the lcgarithmic dependence of the molecular weight 

distribution from kinetic models not even by considering mass 

transport influence 

99.98 
99.9 

99 

90 

$8 
50 
30 

10 

1 

0.1 

M, : 917000 p l m o l  - 
Y ?  = 5 5 7 0 0 0 0 g l m o l  
Y.: 7900000glmol 

10‘ 105 10’ 

M [ g l m o l l  

Fig. 7: Molecular weight distribution of polyethylene 

The molecular weight distribution is nearly constant with 

polymerization time at conditionsstudied. The polymerization 

was run in a stirred tank reactor at 750 revolutions per min- 

ute and a bubble column at 2 cm/s gas velocity. Data are given 

in figure 8. 
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Fig.8: Molecular weights (weight, viscosity and 

number average) of polyethylene at different 

polymerization times. 

It is 

not known in the present case if the polymer particles are 

still growing during the period of 3 hours. If they would grow 

the influence of diffusion should not play a significant role. 

The molecular weight distribution is influenced by the concen- 

tration of triethyl aluminium and to less extent by the concen- 

tration of hydrogen. See table 7 .  

From these data one has to consider chain transfer reactions 

with ethylener aluminium alkyl and hydrogen. The chain trans- 
-5 

= 1.4-10 r 'tr6E 
fer constants are of the following order: 

Ktr ,A1 = 6 3 ~ 1 0 - ~  and 'trrH = 8400 I c 5  at 50 C. 

The number average molecular weight of polyethylene produced 

at 50 OC can be expressed by the correlation 

/ CE + 45 CAl + 6000 CH in g/mol. 6 M = 2 .10  CE n 

Meyer 2, developed a kinetic model for the slurry polymerization 

of ethylene by assuming a Langmuir-Hinshelwood mechanism. 
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Tab.7: 

c 
mol / I 

0 , 0 9 1  
0 . 2 1 8  
0 . 3 4 6  

tA, 10' 
1 . 2 5  
2 . 5  
5 . 0  
7.5 

5 

~ 

0 
0 . 0 0 3 1  
0.0063 
0, 007  1 

glmol g lmol  

93 7 0 0  

C,, * 2.5  1 0 s m o l / l  , T : 5 0 "  

M, 
a l m o i  

3 7 6 0 0 0 0  
75LOOOO 
8 7 3 0 0 0 0  

9 5 8 0  0 0 0  
7 9 2 0  0 0 0  
3760000 
2 1 7 0 0 0 0  

8 7 3 0 0 0 0  
2 5 5 0 0 0  
1 2 L O O O  
l l 2 0 0 0  

7 0  
7 3  
7 2  ___ 

8.5 
8.6 
7.0 
5.1 

7 2  
6 8  
6 6  
6.L 

~ 

Molecular weights of polyethylene and its 

dependence on concentration of ethylene, CE, 

triethyl aluminium, C A l ,  and hydrogen, CH 

This leads to the fcllowing relation of the rate constant, 

and the concentrations of aluminium alkyl, CAl, and k" 
hydrogen, : 

cH 

L 
( 1  + KAl CAl + KH CH) 

KAl and KH are the adsorption constants of aluminium alkyl and. 

hydrogen. The adsorption of ethylene was neglected. Since kV 

is proportional to the square root of the Thiele modulus the 

Concentration of these chemicals may have an influence on 

porous diffusion. By increasing the concentration of alumini- 

um triethyl or of hydrogen the rate constant will decrease 

and hereby the Thiele modulus also. This will lead to a more 

narrow molecular weight distribution if mass transfer is dom- 

inant. This of course does not exclude the model of multi- 

plicity of active sites and its effect on Eolecular weight 

distribution. Even a combinaticn of both models (diffusion 
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limitation and multiplicity of sites) is to be considered as 

has been done by Galvan and Tirell . 1 0 )  
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APPROACHES TO THE PROBLEM O F  TACTICITY DETERMINATION I N  

POLYPROPYLENE 
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D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  Malaya, 

K u a l a  Lumpur 22-11 ,  MALAYSIA, 

AB S TRACT 

The  d e t e r m i n a t i o n  o f  p o l y p r o p y l e n e  i s o t a c t i c i t y  i s  s t i l l  

of i m p o r t a n c e  t o d a y  i n  t h e  e v a l u a t i o n  o f  commercial c a t a l y s t s  

and  i n  t h e  s e a r c h  f o r  d e t a i l e d  m e c h a n i s t i c  u n d e r s t a n d i n g  o f  

t h e  s t e r e o r e g u l a t i n g  p r o c e s s .  W h e r e a s ,  m e t h o d s  b a s e d  on NMR 

m e a s u r e m e n t s  p r o v i d e  t h e  most d e f i n i t i v e  i n f o r m a t i o n  s e c o n d a r y  

t e c h n i q u e s  w h i c h  are s i m p l e r  and  f a s t e r  t o  c a r r y  o u t  s t i l l  

P r o v i d e  v a l u a b l e  i n f o r m a t i o n .  T h i s  p a p e r  r e v i e w s  t h e  m e t h o d s  

f o r  t a c t i c i t y  d e t e r m i n a t i o n  b a s e d  on s o l v e n t  e x t r a c t i o n ,  I R  

a n d  r e c e n t l y  p r o p o s e d  ca lor imet r ic  t e c h n i q u e s .  The  a d v a n t a g e s  

a n d  l i m i t a t i o n s  o f  t h e  m e t h o d s  are d i s c u s s e d .  Some r e c e n t  

e x p e r i m e n t a l  r e s u l t s  p e r t a i n i n g  t o  t h e  c a l i b r a t i o n  o f  t h e  I R  

me thod  a n d  t o  v a r i o u s  a s p e c t s  o f  t h e  c a l o r i m e t r i c  m e a s u r e m e n t s  

w i l l  a l so  be p r e s e n t e d ,  

INTRODUCTION 

One o f  t h e  f a s c i n a t i n g  f e a t u r e s  o f  p o l y p r o p y l e n e  i s  t h e  

p o s s i b i l i t y  o f  s tereoisomer f o r m a t i o n .  

d i s t i n g u i s h e d  t h r e e  p o s s i b l e  s te reo isomer ic  s e q u e n c e s  r e s u l t i n g  

f r o m  t h e  i n t r i n s i c  a s y m m e t r i c  n a t u r e  o f  t h e  t e r t i a r y  c a r b o n  

atom i n  t h e  p r o p y l e n e  r e p e a t i n g  u n i t .  S e q u e n c e s  o f  monomer 

u n i t s  o f  u n i f o r m  c o n f i g u r a t i o n  were t e r m e d  i s o t a c t i c ,  w h e r e a s  

s e q u e n c e s  o f  a l t e r n a t i n g  c o n f i g u r a t i o n  were known as  

s y n d i o t a c t i c  a n d  random a r r a n g e m e n t s  were d e s i g n a t e d  a t a c t i c .  

However ,  i t  w a s  s w i f t l y  r e a l i s e d  t h a t  a l t h o u g h  c a t a l y s t s  

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

s y n d i o t a c t i c  p o l y m e r s  t h e  as-poZyrnerized s a m p l e s  were r a r e l y  

T h u s  Natta” 2, 

3 8 7  
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s t e r e o c h e m i c a l l y  p u r r  a n d  c o n s i s t e d  o f  m i x t u r r s  o f  i s o t a c , t i c  

( o r ,  s y n d i o t a c t i c ) ,  s t e r e o b l o c k  a n d  a t a c t i c  m a c r o m o l e c u l e s .  

T h e s e  f r a c t i o n s  were i n i t i a l l y  s e p a r a t e d  by p r o c e d u r e s  b a s e d  

on s o l v e n t  e x t r a c t i o n  a n d  c h a r a c t e r i z e d  on t h e  b a s i s  of t h e i r  

X-Ray d i f f r a c t i o n  p a t t e r n s  . T h e  f u n d a m e n t a l  d i s t i n c t i o n  

b e t w e e n  t h e  d i f f e r e n t  t a c t i c i t i e s  c e n t r e s  on  t h e i r  r e l a t i v e  

f a c i l i t y  i n  c r y s t a l l i L a t i o n .  T h u s  i s o t a c t i c  p o l y p r o p y l e n e  

c r y s t a l l i z e s  r e a d i l y ,  w h e r e a s ,  t h e  a t a c t i c  s a m p l e s  are  o b t a i n e d  

as amorphous  m a t e r i a l s .  

2 )  

A s  a c o n s e q u e n c e ,  e f f e c t i v e l y  a l l  o f  t h e  e a r l y  c h a r a c t e r i -  

z a t i o n  m e t h o d s  were b a s e d  o n  t h e  measu remen t  of p a r a m e t e r s  

r e l a t e d  t o  t h e  c r y s t a l l i n i t y  o f  t h e  mater ia l  a n d  o n l y  i n d i r e c t l y  

r e l a t e d  t o  t h e  a c t u a l  t a c t i c i t y .  S u c h  p a r a m e t e r s  i n c l u d e  

s o l u b i l i t y ,  I R  a b s o r b a n c e ,  d e n s i t y ,  m e l t i n g  p o i n t ,  a n d  X-Ray 

d i f f r a c t i o n ,  E x p e r i m e n t a l  m e t h o d s  e m p l o y i n g  t h e s e  t e c h n i q u e s  

h a v e  b e e n  b r i e f l y  r e v i e w e d  e l s e w h e r e  . 3 )  

NMR s t u d i e s  o f  p o l y p r o p y l e n e  r e v o l u t i o n i s e d  t h e  d e t e r -  

m i n a t i o n  o f  t a c t i c i t y  when i t  w a s  r e a l i s e d  t h a t  t h e  r e l a t i v e  

s t e r i c  c o n f i g u r a t i o n  o f  n e i g h b o u r i n g  u n i t s  a f f e c t e d  t h e  

c h e m i c a l  s h i f t s  o f  b o t h  p r o t o n  a n d  c a r b o n  atoms i n  t h e  p r o p y l e n e  

r e p e a t i n g  u n i t .  I t  now became p o s s i b l e  t o  q u a n t i t a t i v e l y  

d e t e r m i n e  s t e r e o - s e q u e n c e s  w i t h i n  t h e  p o l y m e r  c h a i n  For 

p u r p o s e  o f  q u a n t i t a t i v e  a n a l y s i s  it w a s  n e c e s s a r y  t o  i n t r o d u c e  

a n o m e n c l a t u r e  t o  s p e c i f y  t w o  d i s t i n c t  a r r a n g e m e n t s  known as 

d i a d s  . An i s o t a c t i c  d i a d  ( s y m b o l  m) r e p r e s e n t e d  t h e  s i t u a t i o n  

w h e r e  t h e  n e i g h b o u r i n g  u n i t  h a s  t h e  same s t e r e o c h e m i s t r y  as  t h e  

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

r e p r e s e n t s  a n e i g h b o u r i n g  u n i t  o f  o p p o s i t e  c o n f i g u r a t i o n ,  

R a p i d  d e v e l o p m e n t s  i n  h i g h  f i e l d  p r o t o n  NMR a n d  s u b s e q u e n t l y  

4 )  

'C-NMR p e r m i t t e d  t h e  d i s t i n c t i o n  o f  l o n g e r  s t e r e o s e q u e n c e s  as  

f i r s t  t r i a d ,  t h e n  p e n t a d  a n d  s u b s e q u e n t l y  h e p t a d  s e q u e n c e s  

became r e s o l v e d .  The  n o m e n c l a t u r e  f o r  t h e s e  l o n g e r  s e q u e n c e s  

are based on  t h e  d i a d  d e f i n i t i o n ,  f o r  e x a m p l e ,  f o r  s e q u e n c e s  

o f  t h r e e  r e p e a t  u n i t s ,  t h r e e  d i s t i n c t  t r i a d s  may b e  s p e c i f i e d :  

i s o t a c t i c  ( m m ) ,  s y n d i o t a c t i c  ( r r )  a n d  h e t e r e o t a c t i c  ( m r )  

w h e r e  t h e  s y m b o l s  r e f e r  t o  t h e  c o n f i g u r a t i o n  o f  t h e  n e i g h b o u r i n g  

u n i t s  r e l a t i v e  t o  t h e  s p e c i f i e d  u n i t .  A n a l o g o u s  d e s i g n a t i o n s  

are u s e d  f o r  l o n g e r  s e q u e n c e s .  T h e s e  d e v e l o p m e n t s  h a v e  b e e n  
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5 - 7 )  
r e v i e w e d  i n  a g e n e r a l  way by a number of a u t h o r s  

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

i m p o r t a n t  f rom t w o  v i e w p o i n t s .  F i r s t l y ,  d e t a i l e d  s t r u c t u r a l  

i n f o r m a t i o n  is i n c r e a s i n g l y  becoming an i m p o r t a n t  t o o l  f o r  

u n d e r s t a n d i n g  mechanisms o f  c h a i n  g rowth  and t h e  stereo- 

r e g u l a t i n g  a b i l i t i e s  o f  c a t a l y s t  s y s t e m s .  S e c o n d l y ,  s i n c e  o n l y  

t h e  i s o t a c t i c  mater ia l  is o f  commerc ia l  s i g n i f i c a n c e ,  t h e  

d e t e r m i n a t i o n  o f  t a c t i c i t y  is o f  c r u c i a l  i m p o r t a n c e  i n  e v a l u a t i o n  

of c a t a l y s t  e f f i c i e n c y  w i t h  r e s p e c t  t o  t h e  f o r m a t i o n  of  t h e  

i s o t a c t i c  p r o d u c t .  T h i s  l a t t e r  a s p e c t  is  of  p a r t i c u l a r  

r e l e v a n c e  t o d a y ,  a m i d s t  t h e  s e a r c h  f o r  c a t a l y s t s  o f  e v e r  h i g h e r  

a c t i v i t y .  

Whereas ,  u n q u e s t i o n a b l y  t h e  NMR method p r o v i d e s  t h e  most 

r i g o r o u s  and  f u n d a m e n t a l  e v a l u a t i o n  o f  po lymer  t a c t i c i t y  y e t  

t h e  t e c h n i q u e  i s  s p e c i a l i s e d ,  t ime-consuming and  r e q u i r e s  

e x p e n s i v e  i n s t r u m e n t a t i o n .  C o n s e q u e n t l y ,  s e c o n d a r y  me thods  

e m p l o y i n g  r e l a t i v e l y  s i m p l e  and r a p i d  e v a l u a t i o n  t e c h n i q u e s  are 

s t i l l  w i d e l y  u s e d  a n d  c o n t i n u e  t o  make an i m p o r t a n t  c o n t r i b u t i o n  

t o  p r o p y l e n e  p o l y m e r i z a t i o n  s t u d i e s .  I t  is t h e  p u r p o s e  of  t h i s  

p a p e r  t o  d i s c u s s  some o f  t h e s e  s e c o n d a r y  methods and t o  p r e s e n t  

some r e c e n t  r e s u l t s  which have  some b e a r i n g  on t h e  u s e f u l n e s s  

of  t h e s e  t e c h n i q u e s  uis 2 v i s  t h e  NMR c h a r a c t e r i z a t i o n  t e c h n i q u e s .  

EXPERIMENTAL 

P o l y p r o p y l e n e  s a m p l e s  o f  v a r y i n g  s t e r e o r e g u l a r i t y  and 

m o l e c u l a r  w e i g h t  were p r e p a r e d  by t h e  u s e  of a v a r i e t y  o f  

c o n v e n t i o n a l  and  s u p p o r t e d  c a t a l y s t s  i n  t h e  p r e s e n c e  o r  a b s e n c e  

of t r a n s f e r  a g e n t s ,  as r e p o r t e d  ear l ie r  . 8 , s )  

NMR s t e r e o r e g u l a r i t i e s  of  t h e  s a m p l e s  were d e t e r m i n e d  by 
8) c o u r t e s y  o f  D r .  Y . D o i  by  t h e  t e c h n i q u e s  p r e v i o u s l y  d e s c r i b e d  

Samples  w e r e  p r e p a r e d  f o r  I R  e x a m i n a t i o n  by h o t  p r e s s i n g  

a 50 mg sample  be tween  a lumin ium f o i l  a t  2OO0C, f o r  a p p r o x i m a t e l y  

5s. The p r e s s u r e  w a s  t h e n  i m m e d i a t e l y  r e l e a s e d  and  t h e  f i l m  

a l l o w e d  t o  c o o l  t o  a m b i e n t  t e m p e r a t u r e s .  Samples  were examined 

as soon as p o s s i b l e  a f t e r  p r e s s i n g  as  s m a l l  c h a n g e s  i n  t h e  I R  

s p e c t r u m  were f o u n d  t o  o c c u r  f o r  a p e r i o d  o f  s e v e r a l  d a y s ,  due 

t o  t h e  e f f e c t  o f  room t e m p e r a t u r e  a n n e a l i n g .  Po lymer  s a m p l e s  

were a n n e a l e d  a t  e l e v a t e d  t e m p e r a t u r e s  by h e a t i n g  t h e  f i l m ,  

e n c a s e d  i n  a lumin ium f o i l ,  i n  an e v a c u a t e d  g lass  t u b e  wh ich  
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w a s  t h e r m o s t : i t t c d  i n  an oil b a t h ,  The s a m p l e s  i t ’erc a n n e a l e d  

at .  a t e m p e r a t u r e  a p p r o x i m a t e l y  5-10 K b e l o w  t h e  m e l t i n g  p o i n t  

as p r e v i o u s l y  d e t e r m i n e d  by a DSC s c a n .  A f t e r  a n n e a l i n g  f o r  

3 h o u r s  t h e  s a m p l e  was t h e n  a l l o w e d  t o  cool s l o w l y  i n  t h e  oil 

b a t h  o v e r  a p e r i o d  o f  a b o u t  2 h o u r s ,  w h i l s t  m a i n t a i n i n g  a h i g h  

vacuum e n v i r o n m e n t .  S a m p l e s  o f  v e r y  l o w  i s o t a c t i c i t y  w h i c h  

d i d  n o t  f o r m  a c o h e r e n t  f i l m  were e x a m i n e d  a n d  a n n e a l e d  a f t e r  

c a s t i n g  o n t o  a N a C l  d i s k .  I R  s p e c t r a  were r u n  on  a P e r k i n -  

E l m e r  Model 1330  s p e c t r o m e t e r  o p e r a t e d  a t  a s c a n  t i m e  of 1 2  

m i n .  F i l m s  were s a n d w i c h e d  b e t w e e n  N a C l  d i s c s  f o r  e x a m i n a t i o n ,  

The  o r i e n t a t i o n  a n d  p o s i t i o n  of t h e  f i l m  d i d  n o t  s i g n i f i c a n t l y  

a f f e c t  t h e  r e s u l t s  b u t  s i g n i f i c a n t  d i f f e r e n c e s  were o b s e r v e d  

when c o m p a r i n g  a l t e r n a t i v e  i n s t r u m e n t a t i o n .  The  f o l l o w i n g  

b a s e l i n e s  were u s e d  i n  e v a l u a t i n g  v a r i o u s  a b s o r b a n c e  v a l u e s :  

A s b o  - ( 9 1 0  c m - ’  t o  760 c m - ’ ) ,  A 9 7 0  a n d  A 9 9 5  - ( 1 0 6 0  c m - I  t o  

910 cm- I ) ,  A 1 1 6 ~  - ( 1 1 8 0  cm-’  t o  910 c m - I ) .  

S o l v e n t  e x t r a c t i o n  o f  t h e  PP s a m p l e s  w a s  c a r r i e d  o u t  w i t h  

n - h e p t a n e ,  u n d e r  n i t r o g e n ,  f o r  a p e r i o d  of 6 h o u r s  i n  a 

c o n v e n t i o n a l  s o x h l e t  e x t r a c t o r .  R e s i d u e s  were d r i e d  t o  

c o n s t a n t  w e i g h t  u n d e r  vacuum, w h e r e a s ,  h e p t a n e  s o l u b l e s  were 

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

C a l o r i m e t r i c  e x a m i n a t i o n  of t h e  PP s a m p l e s  w a s  c a r r i e d  

o u t  w i t h  a P e r k i n - E l m e r  DSC-2C i n s t r u m e n t ,  o n  p o l y m e r  s a m p l e s  

( c . a . ,  5 mg) e n c a p s u l a t e d  i n  s t a n d a r d  a l u m i n i u m  p a n s .  D e t a i l s  

of t h e  i n s t r u m e n t  c a l i b r a t i o n  a n d  e x p e r i m e n t a l  p r o c e d u r e s  h a v e  

b e e n  d e s c r i b e d  e a r l i e r ” ) .  

a t  a s c a n  r a t e  of  20 K/min. S a m p l e s  were h e l d  a t  470 K f o r  

5 m i n u t e s  b e f o r e  c o n d u c t i n g  a c o o l i n g  r u n .  

A l l  m e a s u r e m e n t  r u n s  were c o n d u c t e d  

RESULTS a n d  DISCUSSION 

C h a r a c t e r i z a t i o n  of  PP T a c t i c i t y  b y  S o l v e n t  E x t r a c t i o n  

The  d i f f e r e n t i a l  s o l u b i l i t y  o f  i s o t a c t i c  and  a t a c t i c  

m a t e r i a l  p r o v e d  t o  be of i n e s t i m a b l e  i m p o r t a n c e  i n  t h e  i n i t i a l  

c h a r a c t e r i z a t i o n  o f  t h e s e  p o l y m e r s .  Na t t a  a n d  c o - w o r k e r s  

s u b s e q u e n t l y  p o s t u l a t e d  an  i s o t a c t i c  i n d e x  wh ich  w a s  e q u i v a l e n t  

t o  t h e  p e r c e n t a g e  o f  a g i v e n  s a m p l e  i n s o l u b l e  i n  b o i l i n g  n- 

h e p t a n e .  T h i s  i n d e x  is  s t i l l  w i d e l y  u t i l i s e d  i n  e v a l u a t i o n  of 

PP s t e r e o r e g u l a r i t y .  S u b s e q u e n t l y ,  a more d e t a i l e d  c o r r e l a t i o n  

1 1 )  
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b e t w e e n  i s o t a c t i c i t y  a n d  s o l u b i l i t y  i n  v a r i o u s  s o l v e n t s  w a s  

p u b l i s h e d 1 2 )  a n d  t h i s  is  r e p r o d u c e d  b e l o w ,  

T a b l e  1. 

s t e r e o r e g u l a r i t y  

Data of N a t t a 1 2 )  r e l a t i n g  s o l v e n t  f r a c t i o n a t i o n  t o  

I nso 1 ub 1 e Soluble  % 
i n  i n  C r y s t a l l i n i t y  

ether n-pentane 15-27 

n- pent  an e n -  hexane 25-37 

n-hexane n-heptane 41-54 

n -  hept ane 2-ethyl  hexane 52-64 

2-ethylhexane n -  o c t  ane 60-66 

n-octane - 64-68 

t r i  ch 1 o roe thylene  - 75-a5 

MPt .  
O C  

106-114 

110-135 

147-159 

158- 170 

174-175 

174-175 

176 
L I 

The  v a l i d i t y  o f  t h i s  me thod  was e v a l u a t e d  by  Quynn e t  a2. 1 3 )  

i n  c o m p a r i s o n  w i t h  a l t e r n a t i v e  m e t h o d s  f o r  d e t e r m i n i n g  PP 

c r y s t a l l i n i t y ,  e . g  , by d e n s i t y  a n d  I R  m e t h o d s .  I t  w a s  shown 

t h a t  w h e r e a s ,  t h e  I R  a n d  d e n s i t y  m e t h o d s  p r o v i d e  a c o n s i s t e n t  

m e a s u r e m e n t  o f  c r y s t a l l i n i t y ,  as j u d g e d  by  X-Ray d i f f r a c t i o n  

m e a s u r e m e n t s ,  t h e  h e p t a n e  i n s o l u b i l i t y  i n d e x  w a s  somewhat  

d e p e n d e n t  on  t h e  m o l e c u l a r  w e i g h t  of t h e  s a m p l e  a n d  d i d  n o t  

g i v e  a r e l i ab le  g u i d e  of c r y s t a l l i n i t y ,  

S u b s e q u e n t l y ,  i n  s e e k i n g  t o  r e f u t e  c o n c l u s i o n s  as t o  t h e  

e f f e c t  of t h e  n a t u r e  o f  t h e  base m e t a l - a l k y l  o n  t h e  stereo- 

s p e c i f i c i t y  o f  t h e  c a t a l y s t ,  F i r s o v  e t  a114) showed  t h a t  t h e  

i s o t a c t i c i t y  i n d e x  based o n  s o l v e n t  e x t r a c t i o n  d i d  n o t  corre- 

l a t e  w e l l  w i t h  I R  a n d  X-Ray m e a s u r e m e n t s .  I n  p a r t i c u l a r  t h e i r  

work  showed t h a t  t h e  e x t e n t  o f  e x t r a c t i o n  w a s  d e p e n d e n t  on  

m o l e c u l a r  w e i g h t  as w e l l  as s t e r e o s p e c i f i c i t y .  

R e c e n t l y ,  d u r i n g  t h e  c o u r s e  o f  t h e  s y n t h e s i s  of l o w  

m o l e c u l a r  w e i g h t  p o l y p r o p y l e n e  s a m p l e s 9 )  w e  h a v e  c o n f  irmed t h e  

v a l i d i t y  o f  t h e  a b o v e  c r i t i c i sm by c o m p a r i s o n  o f  t h e  stereo- 

r e g u l a r i t y  of samples t h r o u g h  s o l v e n t  e x t r a c t i o n  a n d  13C-NMR 

m e a s u r e m e n t s  ( T a b l e  2 )  
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T a b l c  2 Comparison o f  p o l y p r o p y l e n e  s t e r e o r e g u l a r i  t y  from 

13C-NMK a n d  s o l v e n t  e x t r a c t i o n  m e a s u r e m e n t s .  

__c - 
s amp l e  a [ Z n E t J  MnTC I s o t  a c t  i c  d (rnm)" 

m m o l / l  x lo-' I n d e x  

b 

5 Whole 0 3 0 . 2  7 1 . 4  0 , 7 9  

HI 44 .8  0.89 

S 1 4 , 8  0,39 

11 Whole 

H I  

S 

400 1 .26  2 1 . 7  0 - 8 3  

11 3 1 . 0 0  

0 84 0.. 77 

6 Whole 0 . 9 1  2 8 . 0  0 , 8 7  

l G . 9  0 - 9 8  

0 . 8  0 , 8 3  

a - Whole s a m p l e ,  H I  - H e p t a n e  i n s o l u b l e ,  S - H e p t a n e  s o l u b l e ;  

b - T i C 1 3  .Type  l . l I A l i B u 3  c a t a l y s t  ; c - % a s  m e a s u r e d  b y  

t r i t i u m  t r ace r  t e c h n i q u e ' ) ;  d - % i n s o l u b l e  i n  b o i l i n g  n- 

h e p t a n e ;  e - t r i a d  i s o t a c t i c i t y  b y  NMR, 

I t  is  c lear  f r o m  t h i s  t a b l e  t h a t  f o r  l o w  m o l e c u l a r  w e i g h t  

p o l y m e r s  t h e  i s o t a c t i c  i n d e x  as d e d u c e d  by  s o l v e n t  e x t r a c t i o n  

does n o t  g i v e  m e a n i n g f u l  r e s u l t s .  T h u s ,  w h e r e a s  t h e  i s o t a c t i -  

c i t y  o f  t h e  samples i n  t h e  p r e s e n c e  o f  h i g h  c o n c e n t r a t i o n s  o f  

t r a n s f e r  a g e n t  a p p e a r s  t o  be r e d u c e d  f r o m  71% t o  about 30%, t h e  

NMR m e a s u r e m e n t s  show t h a t  i n  f a c t  t h e  o v e r a l l  s t e r e o r e g u l a r i t y  

of t h e  samples i n c r e a s e  f r o m  a b o u t  79% t o  87%. T h i s  is 

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

s p e c i f i c ,  more e x p o s e d  s i tes  by  i n t e r a c t i o n  w i t h  t h e  t r a n s f e r  

a g e n t .  E x a m i n a t i o n  o f  t h e  m o l e c u l a r  w e i g h t s  o f  t h e  i n s o l u b l e  

a n d  s o l u b l e  f r a c t i o n s  show c l e a r l y  t h a t  t h e  l a t t e r  are  v e r y  

much lower t h a n  t h e  f o r m e r  a n d  t h a t  t h i s  e f f e c t  is a c c e n t u a t e d  

as t h e  o v e r a l l  m o l e c u l a r  w e i g h t  o f  t h e  s a m p l e  i s  reduced, I t  

m i g h t  be s u p p o s e d  t h a t  t h e  m o l e c u l a r  w e i g h t  o f  t h e  a t a c t i c  

p o l y m e r s  are i n t r i n s i c a l l y  lower  t h a n  t h e  i s o t a c t i c  f r a c t i o n ,  
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This s u g g e s t i o n  is n o t  u n r e a s o n a b l e ,  s i n c c  sites p r o d u c i n g  

a t a c t i c  p o l y m e r  are p r o b a b l y  more o p e n  t v  c h a i n  t r a n s f e r  w i t h  

m e t a l  a l k y l .  However ,  i t  is  p l a i n  f r o m  t h e  r e s u l t s  c i t e d  i n  

t h e  t a b l e  t h a t  f o r  l o w  m o l e c u l a r  w e i g h t  s a m p l e s  t h e  s o l u b l e  

f r a c t i o n  is q u i t e  s t e r e o r e g u l a r  ( m m  = 0 . 7 7 - 0 . 8 3 ) .  T h i s  c l e a r l y  

shows  t h a t  t h e  s o l u b i l i t y  i n  b o i l i n g  h e p t a n e  i s  d e p e n d e n t  n o t  

o n l y  o n  s t e r e o r e g u l a r i t y  b u t  a l s o  on  m o l e c u l a r  w e i g h t  

A d m i t t e d l y  t h e  a b o v e  d a t a  are drawn f r o m  a n  e x t r e m e  case 

w i t h  l o w  m o l e c u l a r  w e i g h t  p o l y p r o p y l e n e .  A c o m p a r i s o n  of t h e  

h e p t a n e  i n s o l u b l e s  v e r s u s  NMR s t e r e o s p e c i f i c i t y  t a k e n  f r o m  

r e c e n t  r e s u l t s 1 5 )  s h o w s  a b e t t e r  c o r r e l a t i o n  ( T a b l e  3 ) .  

t h i s  case t h e  i s o t a c t i c  i n d e x  as d e t e r m i n e d  by s o l v e n t  

I n  

T a b l e  3 .  C o m p a r i s o n  of  s o l v e n t  e x t r a c t i o n  v e r s u s  NMR t a c t i c i t y  
1 5 )  f r o m  t h e  d a t a  o f  M a r t u s c e l l i  e t  ai! 

iiil C r y s t a l l i n i t y  I s o t a c t i c i t y  I n d e x  Sample 
Code % Heptane 13C-NMR x b y  X-Ray ( % )  

I n s o l u b l e s  

LY-97.5 9 7 . 5  0 , 9 5 6  5 5  6 4  

HY-97 5 9 7 . 5  0 . 9 5 3  5 .8  6 8  

HY-96 9 6 - 0  0 . 9 4 9  - 68 

HY-90 9 0 . 0  0 . 8 7 9  - 5 7  

VHY-97.5 9 7 . 5  0 . 9 5 3  7 . 2  6 5  
--- 

e x t r a c t i o n  agrees w i t h i n  a b o u t  2% t h a t  d e t e r m i n e d  f r o m  NMR, 

I t  is a p p a r e n t  t h e r e f o r e ,  t h a t  f o r  h i g h  m o l e c u l a r  w e i g h t  

h i g h l y  i s o t a c t i c  mater ia l  t h e  s o l v e n t  e x t r a c t i o n  me thod  g i v e s  

a good  i n d i c a t i o n  of i s o t a c t i c i t y  T h i s  is  p e r h a p s  n o t  

a l t o g e t h e r  s u r p r i s i n g  s i n c e  p u r e  i s o t a c t i c  p o l y p r o p y l e n e  w i l l  

be h i g h l y  c r y s t a l l i n e  a n d  as s u c h  n o t  s i g n i f i c a n t l y  s o l u b l e  i n  

b o i l i n g  n - h e p t a n e  w h i c h  has a b o i l i n g  p o i n t  (98 .4OC)  w h i c h  is 

lower t h a n  t h e  m e l t i n g  p o i n t  of t h e  i s o t a c t i c  mater ia l ,  T h u s  

t h e  t o p  p o i n t  of t h e  i s o t a c t i c i t y  i n d e x  is  l i k e l y  t o  be 

c o i n c i d e n t  by  e x t r a c t i o n  a n d  NMR m e t h o d s .  However ,  e v e n  i n  

t h e  a b s c n c e  o f  m o l e c u l a r  w e i g h t  e f f e c t s  t h e  t w o  m e a s u r e m e n t s  

are l i k e l y  t o  d i v e r g e  i n c r e a s i n g l y  as t h e  t r u e  i s o t a c t i c i t y  
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d e c r e a s e s .  T h i s  f o l l o w s  s i n c e  t h e  s o l u b i l i t y  i n  n - h e p t a n e  i s  

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

d i r e c t l y  p r o p o r t i o n a l  t o  i s o t a c t i c i t y  as is  d i s c u s s e d  

s u b s e q u e n t l y  i n  t h i s  p a p e r .  I t  s h o u l d  b e  b o r n e  i n  mind  t o o ,  

t h a t  t h e  e f f e c t  o f  h o t  s o l v e n t  e x t r a c t i o n  is n o t  o n l y  t o  

remove  l e s s  i s o t a c t i c  m a t e r i a l  b u t  a l s o  t o  a n n e a l  t h e  r e s i d u e ,  

a n d  t h u s  i n c r e a s e  t h e  c r y s t a l l i n i t y  o f  t h a t  mater ia l .  

I n  summary ,  s o l v e n t  e x t r a c t i o n  i s  a u s e f u l  s e m i - q u a n t i -  

t a t i v e  t e c h n i q u e  w h i c h  is c a p a b l e  o f  r a n k i n g  s a m p l e s  i n  o r d e r  

of i s o t a c t i c i t y  p r o v i d i n g  t h a t  t h e  m o l e c u l a r  w e i g h t s  o f  t h e  

s a m p l e s  are c o m p a r a b l e  

S t  e reore g u l  a r i  t y  D e t e r m i n a t i o n  by  I R Measuremen t s  

N e x t  t o  s o l v e n t  e x t r a c t i o n  t e c h n i q u e s ,  m e t h o d s  b a s e d  on  

I R  measu remen t  h a v e  p r o v e d  t h e  most w i d e l y  u s e d  i n  d e t e r m i n a t i o n  

of p o l y p r o p y l e n e  i s o t a c t i c i t y .  T h i s  is p r o b a b l y  a c o n s e q u e n c e  

o f  t h e  r e a d y  a v a i l a b i l i t y  o f  t h e  i n s t r u m e n t a t i o n  a n d  ease a n d  

s i m p l i c i t y  o f  s a m p l e  p r e p a r a t i o n  a n d  m e a s u r e m e n t  

W h e r e a s ,  t h e  

f i r s t  r e p o r t e d  b y  
q u a n t i t a t i v e  s t u d y  

I R  s p e c t r u m  of  i s o t a c t i c  p o l y p r o p y l e n e  w a s  

Na t t a  a n d  c o w o r k e r s  16917) ,  t h e  f i r s t  
s e e k i n g  t o  r e l a t e  i s o t a c t i c i t y  w i t h  I R  

a b s o r p t i o n  i n t e n s i t y  w a s  p u b l i s h e d  b y  Luongo”) .  

o f  t h i s  s t u d y  are s t i l l  w i d e l y  q u o t e d  t o d a y .  Luongo showed 

t h a t  t h e  r a t i o  o f  a b s o r b a n c e s  a t  9 9 5  a n d  974 cm-’ w a s  a 

f u n c t i o n  of t h e  i s o t a c t i c i t y  o f  t h e  s a m p l e .  The  a b s o r b a n c e  a t  

995 cm-’  wh ich  is i n t e n s e  i n  h i g h l y  i s o t a c t i c  mater ia l  w a s  

T h e  r e s u l t s  

a t t r i b u t e d  t o  a c r y s t a l l i n i t y  b a n d  s i n c e  it d i s a p p e a r e d  o n  

h e a t i n g  t h e  s a m p l e  a t  180°C - a b o v e  t h e  m e l t i n g  p o i n t  o f  t h e  

i s o t a c t i c  p o l y p r o p y l e n e .  Luongo e s t a b l i s h e d  a c a l i b r a t i o n  

c u r v e  r e l a t i n g  t h e  a b s o r b a n c e  r a t i o  t o  i s o t a c t i c  c o n t e n t  by  

u s i n g  p h y s i c a l  m i x t u r e s  o f  s u p p o s e d l y  c o m p l e t e l y  i s o t a c t i c  and  

a t a c t i c  mater ia l .  

A r e v i e w  a t  t h a t  t i m e ” )  p o i n t e d  o u t  t h e  l i m i t a t i o n ,  t h a t  

s i n c e  t h e  I R  i s o t a c t i c  i n d e x  w a s  a f u n c t i o n  o f  c r y s t a l l i n i t y ,  

t h e  measu remen t  w o u l d  be d e p e n d e n t  on  t h e  t h e r m a l  h i s t o r y  o f  

t h e  s a m p l e .  

a n n e a l i n g  samples f o r  15 min at  160°C i n  a carbowax b a t h ,  b u t  

i n  s o  d o i n g  i n t r o d u c e d  f u r t h e r  e r rors  t h r o u g h  a i r  o x i d a t i o n  o f  

t h e  u n p r o t e c t e d  s a m p l e s .  

Bradera’) s o u g h t  t o  c i r c u m v e n t  t h i s  p r o b l e m  by  

I t  w a s  a l so  shown 2 1 7 2 2 )  t h a t  t h e  
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i n t c , n s e  band  observtAd at 995  cm-’ as well as thosc :  a t  1170 and  

8 4 1  c m - ’  i n  t h e  s p e c t r u m  o f  i s o t a c t i c  p o l y p r o p y l e n e  are  d u e  to 

t h e  c o n f o r m a t i o n  of t h e  p o l y m e r  c h a i n  r a t h e r  t h a n  c r y s t a l l i n i t y  

, 7’ s c  . S u b s e y u e n  t l y  , H a l e s  22) s o u g h t  t o  ove rcome  t h e  p r o b l e m s  

a s s o c i a t e d  w i t h  t h e  e a r l i e r  m e t h o d s  by  s u b j e c t i n g  t h e  p o l y -  

p r o p y l e n e  f i l m s  t o  a 3 h o u r  a n n e a l i n g  a t  165OC u n d e r  a r g o n  

U t i l i s i n g  t h i s  me thod  s a m p l e s  c o u l d  b e  g i v e n  a u n i f o r m  t h e r m a l  

h i s t o r y ,  w h e r e b y ,  s u p p o s e d l y  a l l  t h e  i s o t a c t i c  m a t e r i a l  c o u l d  

b e  c o n v e r t e d  t o  h e l i c e s  A g a i n ,  a s  w i t h  L u o n g o ‘ s  o r i g i n a l  

me thod  a s t a n d a r d  c a l i b r a t i o n  c u r v e  w a s  c o n s t r u c t e d  u s i n g  

s a m p l e s  of a p p a r e n t l y  i s o t a c t i c  a n d  a t a c t i c  n a t u r e  O t h e r  

i n d i c e s  h a v e  b e e n  p r o p o s e d  f o r  measu remen t  of  i s o t a c t i c i t y  ( o r ,  

c r y s t a l l i n i t y )  b a s e d  on  t h e  a b s o r p t i o n s  a t  8 4 1  cm- ’24’25)  a n d  
1220  em-  126) 

The m o s t  e x t e n s i v e  s t u d i e s  r e l a t i n g  t o  I R  c h a r a c t e r i z a t i o n  

of i s o t a c t i c i t y  h a v e  b e e n  c a r r i e d  o u t  by  K i s s i n  a n d  c o - w o r k e r s  

a n d  much o f  t h i s  work  h a s  b e e n  s ~ m m a r i s e d ~ ~ - ~ ~ ) .  An i m p o r t a n t  

a s p e c t  o f  t h i s  work  i s  t h e  o b s e r v a t i o n  t h a t  t h e  a p p e a r a n c e  of 

t h e  v a r i o u s  i s o t a c t i c  h e l i x  b a n d s  i s  d e p e n d e n t  o n  t h e  l e n g t h  

o f  t h e  i s o t a c t i c  s e q u e n c e s .  Thus  t h e  c r i t i c a l  s e q u e n c e  

l e n g t h s  f o r  a p p e a r a n c e  o f  t h e s e  bands are :  9 7 3  em-’  ( 5  u n i t s ) ,  

9 9 8  cm-’  (11-12  u n i t s ) ,  8 4 1  c m - ’  (13-15 u n i t s )  r e s p e c t i v e l y ,  

On t h e  b a s i s  of  t h i s  o b s e r v a t i o n  t h r e e  i n d i c e s  o f  i s o t a c t i c i t y  

were p r o p o s e d  based on  t h e  f o l l o w i n g  a b s o r b a n c e  r a t i o s :  A,n/AL460 

(known as t h e  s p e c t r a l  d e g r e e  of i s o t a c t i c i t y  (a)); A g 9 8 / A 9 n  

(known as t h e  m a c r o t a c t i c i t y  M )  ; a n d ,  A, , s~  / A 9 7  3., 

A t  t h i s  p o i n t  i t  i s  p e r h a p s  w o r t h  p o i n t i n g  o u t  t h a t  t h e r e  

1 8 , 2 2 )  
seems t o  be some c o n f u s i o n  b e t w e e n  a u t h o r s  as t o  t h e  s i g n i f i -  

c a n c e  o f  t h e  a b s o r b a n c e  a t  973 cm-l ,  w h i c h  is o b s e r v a b l e  

i n  t h e  m e l t  o f  i s o t a c t i c  s a m p l e s  as w e l l  as i n  p u r e l y  a t a c t i c  

materi  a1 18’22) a n d  h a s  b e e n  a t t r i b u t e d 2 2 )  t o  t h e  c h e m i c a l  

s t r u c t u r e  o f  h e a d - t o - t a i l  s e q u e n c e  o f  p r o p y l e n e  u n i t s ,  On t h i s  

b a s i s  t h e  b a n d  h a s  b e e n  u s e d  a s  a n  i n t e r n a l  r e f e r e n c e  f o r  

c o m p a r i s o n  w i t h  b a n d s  c h a r a c t e r i s t i c  o f  i s o t a c t i c i t y .  On t h e  

o t h e r  h a n d ,  K i s s i n  e t  a Z 2 7 )  l a r g e l y  a t t r i b u t e  t h i s  a b s o r p t i o n  

t o  s h o r t  i s o t a c t i c  h e l i c e s  w h i c h  are  s t i l l  p r e s e n t  i n  t h e  m e l t  

a n d  t o  some e x t e n t  i n  a t a c t i c  s a m p l e s ,  a n d  as  s u c h  c a n  be u s e d  

as a m e a s u r e  o f  i s o t a c t i c i t y  i n  c o m p a r i s o n  w i t h  a r e f e r e n G e  
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F i g u r e  1. I R  S p e c t r a  of  p o l y p r o p y l e n e  s a m p l e s  of v a r y i n g  

t a c t i c i t y  showing bands  u s e d  f o r  c a l i b r a t i o n  c u r v e s .  

(1 - m m  = 0 .35 ;  2 -  mm = 0 . 5 8 ;  3 -  mm = 1 . 0 0 )  

A 9 9 5  - 
A 9 7 0  

F i g u r e  2 .  C a l i b r a t i o n  c u r v e  f o r  I R  a b s o r b a n c e  r a t i o  

A 9 9 5 / A 9 7 0  v e r s u s  NMR t r i a d  i s o t a c t i c i t y .  

( 0  - Annealed;  o - Hot p r e s s e d  o n l y )  
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b a n d  s u c h  as t h e  a b s o r b a n c e  a t  1460  cm-‘, However ,  a t  t h e  

same t i m e  t h e  a b s o r p t i o n  a t  973  ern-’ is  also u s e d  by them as a 

r e f e r e n c e  b a n d  i n  t h e  o t h e r  a b s o r p t i o n  r a t i o s .  

Tho u s e  o f  t h e  r a t i o  A , , 7 3 / A 1 1 , 6 0  is c o m p l i c a t e d  by an o v e r -  

l a p p i n g  s y n d i o t a c t i c  a b s o r p t i o n  b a n d  a t  l o w  i s o t a c t i c i  t y  a n d  

by r e d u c e d  s e n s i t i v i t y  a t  t h e  h i g h  i s o t a c t i c i t y  e n d  of t h e  

s c a l e .  I n s e n s i t i v i t y  t o  s t a t e  o f  a g g r e g a t i o n  and  h e n c e  t h e r m a l  
h i s t o r y  o f  t h e  s a m p l e  i s  t h e  c l a i m e d  a d v a n t a g e  27 1 . 

Owing t o  t h e  u n c e r t a i n t y  i n  t h e  n a t u r e  of  t h e  r e f e r e n c e  

b a n d s  and  i n  t h e  l i n e a r i t y  o f  t h e  a b s o r p t i o n  c o e f f i c i e n t  of 

h e l i x  b a n d s  on i s o t a c t i c i t y ,  as w e l l  as c o m p l i c a t i o n s  

i n t r o d u c e d  b y  t h e r m a l  h i s t o r y  e f f e c t s ,  t h e  I R  me thod  must  b e  

r e g a r d e d  as e s s e n t i a l l y  e m p i r i c a l .  U n f o r t u n a t e l y ,  t h e  o n l y  

c a l i b r a t i o n s  a v a i l a b l e  f r o m  t h e  l i t e r a t u r e  a re  d e r i v e d  on  t h e  

b a s i s  o f  s a m p l e s  o f  n o m i n a l  i s o t a c t i c i t y .  We h a v e  u n d e r t a k e n  

t o  e s t a b l i s h  I R  c a l i b r a t i o n  c u r v e s  b a s e d  on  p o l y p r o p y l e n e  

samples whose  s t e r e o s t r u c t u r e  h a s  b e e n  d e t e r m i n e d  by  13C-NMR, 

F i g u r e  1 shows  t h e  I R  s p e c t r a  i n  t h e  r e g i o n  1600  -700  em-’ f o r  

s a m p l e s  o f  v a r y i n g  i s o t a c t i c i t y .  

S e v e r a l  a b s o r p t i o n  r a t i o s  h a v e  b e e n  e v a l u a t e d  as  m e a s u r e s  

o f  i s o t a c t i c i t y  i n  p a r t i c u l a r :  A 8 4 0 / A 9 7 0 ;  A 9 g s / A g 7 0 ;  A8t+0/A11b0; a n d  

A g g 5 / A l l G 0 .  T h i s  c o r r e s p o n d s  t o  t h e  u s e  of  t h e  a b s o r b a n c e s  a t  

840  a n d  9 9 5  c m - ’  as  a m e a s u r e  o f  i s o t a c t i c i t y  w i t h  r e s p e c t  t o  

i n t e r n a l  r e f e r e n c e  b a n d s  of 970  a n d  1 1 6 0  c m - ‘ .  The  r a t i o  

A g 7 0 / & t + b Q  w a s  n o t  e v a l u a t e d  as t h e  a b s o r b a n c e  a t  1460  c m - ’  w a s  

g e n e r a l l y  too i n t e n s e  f o r  p r e c i s e  d e t e r m i n a t i o n .  A l l  f o u r  

i n d i c e s  p r o v i d e  u s e a b l e  c a l i b r a t i o n  c u r v e s  ( F i g u r e s  2 -5 )  b u t  

t h e  r a t i o s  ABt+0 /A97Vand  A 9 9 5 / A 9 7 0  a re  t o  be p r e f e r r e d  b e c a u s e  of 

r e d u c e d  s c a t t e r  a n d  t h e  l i n e a r i t y  of t h e  c a l i b r a t i o n s .  H i g h  

t e m p e r a t u r e  a n n e a l i n g  o f  t h e  p o l y m e r  s a m p l e s  g i v e s  r ise  t o  a 

s h i f t  i n  t h e  p o s i t i o n  o f  t h e  c a l i b r a t i o n  c u r v e s  t o  a h i g h e r  

a b s o r b a n c e  r a t i o  b u t  d o e s  n o t  o t h e r w i s e  a f f e c t  t h e  s h a p e  o f  

t h e  c u r v e s .  I n  t h e  o p i n i o n  o f  t h e  a u t h o r s  t h e r e  is i n  f a c t  

l i t t l e  t o  be g a i n e d  b y  t h e  a d d e d  a n n e a l i n g  s t e p  p r o v i d e d  t h a t  

s t a n d a r d i s e d  c o n d i t i o n s  are u s e d  f o r  h o t  p r e s s i n g  t h e  f i l m ,  

s i n c e  t h i s  p r o c e s s  e f f e c t i v e l y  erases t h e  p r e v i o u s l y  t h e r m a l  

h i s t o r y  o f  t h e  s a m p l e .  ( I t  w a s  n o t i c e d  t h a t  s low a n n e a l i n g  

p r o c e s s e s  d o  o c c u r  i n  t h e  p r e s s e d  f i l m ,  as e v i d e n c e d  b y  



3 9 8  

1. 't 

A 9 9 5  
~ 

A l l b O  

F i g u r e  3 .  C a l i b r a t i o n  c u r v e  f o r  I R  a b s o r b a n c e  r a t i o  A B s / A , E O  

v e r s u s  N V R  t r i a d  i s o t a c t i c i  t y  I 

(@-  A n n e a l e d ;  o - Hot p r e s s e d  o n l y )  

As40 

A970 
- 

. .  
' 0  

0 '.' I 
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F i g u r e  4 .  C a l i b r a t i o n  c u r v e  f o r  I R  a b s o r b a n c e  r a t i o  A s 4 0 / A 9 7 0  

v e r s u s  NhlR t r i a d  i s o t a c t i c i t y .  

( - A n n e a l e d ;  o - Hot p r e s s e d  o n l y )  
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Figure 5 .  C a l i b r a t i o n  curve f o r  I R  absorbance r a t i o  As l to /Ai i tx  

versus  NlIR t r i a d  i s o t a c t i c i t y  ( 0 -  Annealed; o - Hot p res sed  

on 1Y) 
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Figure 6 .  Comparison of l i t e r a t u r e  c a l i b r a t i o n  curve w i t h  

c u r r e n t  r e s u l t s  . 
( I - O r i g i n a l  d a t a  of Luongo 18). , 

0 -  Luongo d a t a  r e c a l c u l a t e d  using m m =  0 . 3 5  and m m =  1.00 

f o r  t h e  a t a c t i c  and i s o t a c t i c  polymer; 

0 - Resu l t s  from t h i s  work.) 
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r h a n g p s  i n  a b s o r p t i o n  r a t i o  over a p e r i o d  of  s c v e r a l  d a y s  

C o n s e q u e n t l y  a l l  u n a n n e a l e d  s a m p l e s  were r u n  w i t h i n  1-2 h o u r s  

o f  p r e s s i n g .  ) 

Compar i son  o f  t h e  present r e s u l t s  w i t h  L u o n g o ' s  o r i g i n a l  

c a l i b r a t i o n  is shown i n  F i g u r e  6 .  I t  i s  q u i t e  c l ea r  t h a t  t h e  

4"L i s o t a c t i c i t y  d e t e r m i n e d  by Luongo d o e s  n o t  c o r r e s p o n d  w e l l  

w i t h  t h e  t r i a d  i s o t a c t i c i t y  as d e t e r m i n e d  by NMR. However ,  i f  

a i s o t a c t i c i t y  o f  mm = 0.35  i s  a s s i g n e d  t o  t h e  a t a c t i c  s a m p l e  

u s e d  by  Luongo,  t h e n  t h e  c a l c , u l a t e d  c u r v e  shows a r e a s o n a b l e  

c o r r e l a t i o n ,  

I n  summary, t h e  I R  t e c h n i q u e  p r o v e s  t o  b e  a s i m p l e  a n d  

r a p i d  me thod  f o r  d e t e r m i n a t i o n  o f  i s o t a c t i c i t y  a n d  t h e  v a l u e s  

d e d u c e d  t h e r e f r o m  c a n  be c o r r e l a t e d  w i t h  NMR t r i a d  i s o t a c t i -  

c i t i e s .  L i t t l e  a d v a n t a g e  is  g a i n e d  i n  r e p r o d u c i b i l i t y  o r  

a c c u r a c y  by  a n n e a l i n g  p r o c e d u r e s .  

I s o t a c t i c i t y  f r o m  Ca lo r ime t r i c  M e a s u r e m e n t s  

A s  h a s  a l r e a d y  b e e n  o b s e r v e d ,  t h e  s e c o n d a r y  m e t h o d s  

a v a i l a b l e  f o r  d e t e r m i n a t i o n  o f  p o l y p r o p y l e n e  i s o t a c t i c i t y  are 

l a r g e l y  d e p e n d e n t  on  t h e  d i f f e r e n t  c r y s t a l l i z a t i o n  b e h a v i o u r  

o f  t h e  v a r i o u s  t a c t i c  c o n f i g u r a t i o n s .  T h u s  h i g h l y  i s o t a c t i c  

mater ia l  u n d e r g o e s  f a c i l e  a n d  e x t e n s i v e  c r y s t a l l i z a t i o n  l e a d i n g  

t o  h i g h  d e n s i t y 1 3 ) ,  i n s o l u b i l i t y  i n  h o t  h e p t a n e  and  c h a r a c t e -  

r i s t i c  IR s p e c t r a  a n d  X-Ray d i f f r a c t i o n  p a t t e r n s  

Calor imet r ic  s t u d i e s  a f f o r d  an  a l t e r n a t i v e  me thod  o f  p r o b i n g  

t h e  c r y s t a l l i n i t y  o f  t h e  p o l y m e r s  i n  r e l a t i o n  t o  m e l t i n g  p o i n t  
1 2 , 3 2 , 3 3 )  or  e n t h a l p y  o f  f u s i o n .  E a r l y  ca lo r ime t r i c  m e t h o d s  

were m a i n l y  c o n c e r n e d  w i t h  a t t e m p t i n g  t o  r e l a t e  t h e  m e l t i n g  

p o i n t  o f  t h e  p o l y m e r  t o  i s o t a c t i c i t y .  A c lea r  t r e n d  is 

d i s c e r n a b l e  ( T a b l e  1 )  as  t h e  m e l t i n g  p o i n t  i n c r e a s e s  i n  s t e p  

w i t h  i s o t a c t i c i t y ,  However ,  t h e  c o r r e l a t i o n  f o r  u n f r a c t i o n a t e d  

s a m p l e s  is  poor33)  a n d  i n  any  case t h e  m e l t i n g  p o i n t  i s  a f f e c t e d  

by  t h e r m a l  p r e t r e a t m e n t .  U s i n g  an  a l t e r n a t i v e  a p p r o a c h  

T o l c h i n s k i i  e t  d34) were a b l e  t o  e s t a b l i s h  a r e l a t i o n s h i p  

b e t w e e n  t h e  area o f  t h e  m e l t i n g  p e a k  a n d  t h e  % amorphous  

( a t a c t i c )  c o n t e n t .  T h e  d rawback  o f  t h i s  a p p r o a c h  i s  t h a t  t h e  

m e l t i n g  c u r v e  is  v e r y  b r o a d ,  a n d  c o n s e q u e n t l y  t h e  p r e c i s e  area 

i s  d i f f i c u l t  t o  d e f i n e  a n d  is i n  a n y  case v e r y  d e p e n d e n t  on 

3 0 , 3 1 )  
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t h e  p r e v i o u s  t h e r m a l  h i s t o r y  of  t h e  s a m p l e .  

R e c e n t l y " ) ,  w e  h a v e  shown t h a t  a n  a l t e r n a t i v e  c a l o r i m e t r i c  

a p p r o a c h  t o  measu remen t  of i s o t a c t i c i t y ,  i s  t o  m o n i t o r  t h e  

c r y s t a l l i z a t i o n  b e h a v i o u r  o f  t h e  p o l y m e r .  T h i s  h a s  two s i g n i -  

f i c a n t  a d v a n t a g e s  o v e r  s t u d i e s  o f  t h e  f u s i o n  p r o c e s s  F i r s t l y ,  

t h e  t h e r m a l  h i s t o r y  i s  e r a s e d  b y  h i g h  t e m p e r a t u r e  t r e a t m e n t  and  

s e c o n d l y  t h e  c r y s t a l l i z a t i o n  t e m p e r a t u r e  r a n g e  i n  a d y n a m i c  

c o o l i n g  r u n  is  much n a r r o w e r  a n d  more r e p r o d u c i b l e  t h a n  i n  an  

a n a l o g o u s  h e a t i n g  c y c l e .  I n  p a r t i c u l a r ,  t h e  o n s e t  t e m p e r a t u r e  

of c r y s t a l l i z a t i o n  ( T  ) is h i g h l y  r e p r o d u c i b l e  a n d  h a s  b e e n  

shown t o  be r e l a t e d  t o  t h e  i s o t a c t i c i t y  of t h e  s a m p l e .  T h u s ,  

by u s i n g  f r a c t i o n a t e d  p o l y m e r  s a m p l e s  o f  known i s o t a c t i c i t y ,  

an  e m p i r i c a l  c a l i b r a t i o n  h a s  b e e n  e s t a b l i s h e d " ) .  

r e c e n t l y 3 5 ) ,  by  e x t e n d i n g  o u r  s t u d i e s  t o  a wider r a n g e  of 

s a m p l e s  w e  h a v e  o b s e r v e d t h a t  p o l y m e r s  p r o d u c e d  by  s u p p o r t e d  

c a t a l y s t s  show s l i g h t  d i f f e r e n c e s  i n  c r y s t a l l i z a t i o n  b e h a v i o u r  

f r o m  t h o s e  p r e p a r e d  by  c o n v e n t i o n a l  c a t a l y s t  s y s t e m s  a n d  t h i s  

is i l l u s t r a t e d  i n  F i g u r e  7 .  I n  s i m u l t a n e o u s  a n d  de ta i led  

i s o t h e r m a l  c r y s t a l l i z a t i o n  s t u d i e s  M a r t u s c e l l i  e t  a1 

h a v e  c o n f i r m e d  t h e  d e p e n d e n c e  o f  t h e  c r y s t a l l i z a t i o n  b e h a v i o u r  

on  t h e  s t e r e o r e g u l a r i t y  o f  t h e  p o l y m e r  c h a i n  a n d  h a v e  shown 

t h a t  t h e  o v e r a l l  r a t e  o f  c r y s t a l l i z a t i o n ,  a t  a g i v e n  t e m p e r a t u r e ,  

decreases w i t h  i n c r e a s e  i n  s t e r e o c h e m i c a l  d e f e c t s .  From t h e i r  

s t u d i e s  i t  is a p p a r e n t  t h a t  t h e  c r y s t a l l i z a t i o n  b e h a v i o u r  i s  

d e p e n d e n t  on  t h e  d i s t r i b u t i o n  as w e l l  as t h e  number o f  stereo- 

c h e m i c a l  d e f e c t s  a n d  t h i s  may e x p l a i n  t h e  d i f f e r e n c e s  

o b s e r v e d  i n  F i g u r e  7 .  

C 

More 

1 5 , 3 6 )  

One d r a w b a c k  of e m p l o y i n g  t h e  c r y s t a l l i z a t i o n  o n s e t  

t e m p e r a t u r e  as a m e a s u r e  o f  i s o t a c t i c i t y  is t h a t  i t  is o n l y  

a p p r o p r i a t e  f o r  samples t h a t  are f a i r l y  homogeneous  i n  stereo- 

s t r u c t u r e  s u c h  as  t h e  r e s i d u e  a n d  s o l u b l e  f r a c t i o n  f r o m  h o t  

h e p t a n e  e x t r a c t i o n .  T h i s  is  i l l u s t r a t e d  i n  t h e  t a b l e  g i v e n  

below: T h e  c r y s t a l l i z a t i o n  t e m p e r a t u r e  o f  t h e  w h o l e  s a m p l e  

( 3 8 7 . 3  K )  c o r r e s p o n d s  t o  an  NMR t r i a d  i s o t a c t i c i t y  o f  a b o u t  

0 . 9 4  a c c o r d i n g  t o  t h e  c a l i b r a t i o n  c u r v e  ( F i g u r e  7)" T h i s  is 

v e r y  f a r  d i f f e r e n t  f r o m  t h e  c a l c u l a t e d  NMR v a l u e  o f  0 . 8 4  a n d  

shows  t h a t  i n  t h e  case of a m i x t u r e  o f  p o l y m e r s  o f  g r o s s l y  

d i f f e r e n t  s t e r e o r e g u l a r i t y  t h e  o b s e r v e d  c r y s t a l l i z a t i o n  o n s e t  
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F i g u r e  7, C o r r e l a t i o n  o f  c r y s t a l l i z a t i o n  o n s e t  t e m p e r a t u r e  

w i t h  i s o t a c t i c i t y .  

0 -  C o n v e n t i o n a l ;  o - S u p p o r t e d  c a t a l y s t .  
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F i g u r e  8. 

i s o t  a c t  i c i  t y  , 

0 -  C o n v e n t i o n a l ;  

C o r r e l a t i o n  of  e n t h a l n y  of c r y s t a l l i z a t i o n  w i t h  

o - S u p p o r t e d  c a t a l y s t  
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Compar i son  of C r y s t a l l i z a t i o n  Paramp ters f o r  Whole 

a n d  F r a c t i o n a t e d  S a m p l e ,  

__c-_______- 

TC H c  mtll 

Sample  (K) ( c a l / g )  ( NhiR) 
- 

Whole Sample  3 8 7 . 3  -17  1 ( 0 . 8 4 ) *  

H e p t a n e  I n s o l u b l e  ( 3 2 T )  3 9 3  6 - 2 3 . 5  1 00 

H e p t a n e  S o l u b l e  (6870) 3 7 5 . 1  -13.5 0 7 7  

* C a l c u l a t e d  f r o m  w e i g h t  f r a c t i o n s  of i n s o l u b l e  a n d  s o l u b l e  

f r a c t i o n s  . 

t e m p e r a t u r e  i s  more r e p r e s e n t a t i v e  o f  t h e  f r a c t i o n  o f  h i g h e r  

st e r e o r e g u l a r i  t y  , 

However ,  i n  t h i s  case,  much b e t t e r  a g r e e m e n t  is  o b s e r v e d  

f r o m  m e a s u r e m e n t s  o f  t h e  e n t h a l p y  o f  f u s i o n ,  wh ich  a r e  f o u n d  

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

e n t h a l p y  o f  c r y s t a l l i z a t i o n  o f  t h e  w h o l e  s a m p l e  f r o m  t h e  

r e l a t i o n s h i p  : 

- - 
A H C  Whole 'INSOL' DHcINSoT. i- wsoL' AHCSOL 

w h e r e ,  W I N S O L  a n d  WsoL r e p r e s e n t  t h e  w e i g h t  f r a c t i o n s  o f  t h e  

i n s o l u b l e  a n d  s o l u b l e  f r a c t i o n s  r e s p e c t i v e l y ,  l e a d s  t o  a v a l u e  

= - 1 6 . 7  ca l /g .  T h i s  i s  c lose  t o  t h e  e x p e r i m e n t a l l y  
O f  nHcWhole 
o b s e r v e d  v a l u e  f o r  t h e  w h o l e  f r a c t i o n  o f  - 1 7 . 1  c a l / g  

C o r r e l a t i o n  o f  t h e  e n t h a l p y  o f  c r y s t a l l i z a t i o n  w i t h  

i s o t a c t i c i t y  ( F i g u r e  8 )  l e a d s  t o  an  a l t e r n a t i v e  me thod  o f  

t a c t i c i t y  d e t e r m i n a t i o n  by  DSC m e a s u r e m e n t .  T h i s  me thod  h a s  

c e r t a i n  a d v a n t a g e s  i n  t h a t :  ( i )  t h e r e  is  l i t t l e  d i f f e r e n c e  i n  

b e h a v i o u r  o f  p o l y m e r s  f r o m  v a r y i n g  c a t a l y s t  t y p e s ;  ( i i )  b o t h  

w h o l e  a n d  f r a c t i o n a t e d  s a m p l e s  may be accommoda ted ;  a n d  

( i i i )  t h e  e n t h a l p y  o f  c r y s t a l l i z a t i o n  may be m e a s u r e d  more 

a c c u r a t e l y  t h a n  t h e  o n s e t  t e m p e r a t u r e ,  w i t h  s a m p l e s  o f  l o w  

i s o t a c t i c i t y ,  

R e c e n t l y 3 7 ) ,  i n  DSC s t u d i e s  o f  e t h y l e n e - p r o p y l e n e  c o p o l y m e r s  

w e  h a v e  shown t h a t  t h e  e n t h a l p y  o f  c r y s t a l l i z a t i o n  o f  t h e  

e t h y l e n e  s e g m e n t s  is p r o p o r t i o n a l  t o  t h e  p r o b a b i l i t y  o f  f o r m i n g  



4 0 4  D . R .  B u r f i e l d  a n d  P.S.T. L o i  

e t h y l e n e  r u n  s e q u e n c e s  of  a c e r t a i n  minimum l e n g t h .  S i m i l a r  

r e l a t i o n s h i p s  are  a p p a r e n t  i n  t h e  p r e s e n t  s t u d i e s .  Thus  i f  i t  

is as sumed  t h a t :  ( i )  o n l y  i s o t a c t i c  s e g m e n t s  c o n t r i b u t e  t o  t h e  

o b s e r v e d  c r y s t a l l i z a t i o n  e x o t h e r m ;  ( i i )  a minimum s e q u e n c e  

l e n g t h  is r e q u i r e d  f o r  c r y s t a l l i z a t i o n ;  a n d  ( i i i )  t h e  s tereo-  

d e f e c t s  are i n c o r p o r a t e d  i n  a random f a s h i o n  t h e n  t h e  f o l l o w i n g  

r e l a t i o n s h i p  s h o u l d  h o l d :  

n 
AH, = kPiso 

w h e r e ,  AH, is  t h e  o b s e r v e d  e n t h a l p y  o f  c r y s t a l l i z a t i o n ,  k a 

c o n s  t an t , Piso t h e  f r a c t i o n  o f  i s o t a c t i c  u n i t s  a n d  n t h e  

c r i t i c a l  s e q u e n c e  l e n g t h  f o r  c r y s t a l l i z a t i o n  t o  o c c u r ,  T h i s  

r e l a t i o n s h i p  may be t e s t e d  i n  t h e  f o r m :  

w h e r e  ( m m )  is t h e  t r i a d  i s o t a c t i c i t y ,  F i g u r e  9 i l l u s t r a t e s  

s u c h  a p l o t  w h i c h  h a s  a s lope  of 2.69.  T h i s  c o r r e s p o n d s  t o  a 

1 .5  1.6 1.7 1.8 1.9 2.0 

log  (100 mm) 

F i g u r e  9 .  R e l a t i o n s h i p  of e n t h a l p y  o f  c r y s t a l l i z a t i o n  t o  

NMR t r i a d  i s o t a c t i c i t y  . 
a - Whole s a m p l e  

- C o n v e n t i o n a l  c a t a l y s t ,  f r a c t i o n a t e d  s a m p l e  

o - S u p p o r t e d  c a t a l y s t ,  f r a c t i o n a t e d  s a m p l e  
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c r i t i c a l  s e q u e n c e  run  o f  n = 8 i s o t a c t i c  u n i t s .  I n t e r e s t i n g l y ,  

a l l  s a m p l e s  i n c l u d i n g  f r a c t i o n a t e d  a n d  w h o l e  p o l y m e r s  a p p e a r  

t o  f a l l  o n  t h e  same l i n e  and  c o n s e q u e n t l y  t h i s  c o u l d  b e  a 

u s e f u l  c a l i b r a t i o n  f o r  r e l a t i n g  i s o t a c t i c i t y  t o  e n t h a l p y  o f  

c r y s t a l l i z a t i o n ,  

I n  summary, w h e r e a s  measu remen t  o f  e n t h a l p y  of f u s i o n  and  

m e l t i n g  p o i n t  a p p e a r  t o  be o f  l i m i t e d  v a l u e  i n  d e t e r m i n i n g  

p o l y m e r  s t e r e o r e g u l a r i t y ,  m e t h o d s  b a s e d  jn p o l y m e r  c r y s t a l l i -  

z a t i o n  are  p r o m i s i n g .  I n  p a r t i c u l a r  t h e  e n t h a l p y  o f  c r y s t a l l i -  

z a t i o n  may  be d i r e c t l y  r e l a t e d  t o  t h e  t r i a d  i s o t a c t i c i t y  of  

t h e  p o l y m e r .  C a l o r i m e t r i c  m e t h o d s  are a d v a n t a g e o u s  i n  o n l y  

r e q u i r i n g  s m a l l  s a m p l e s  a n d  b e i n g  r a p i d  i n  m e a s u r e m e n t ,  

F u r t h e r  work is  i n  h a n d  t o  e s t a b l i s h  t h e  r e l i a b i l i t y  o f  t h e s e  

m e t h o d s .  
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A STUDY ON THE STATES OF ETHYLBENZOATE AND TICL4 IN MGCL2-SUPPORTED 

CATALYSTS BY THERMAL ANALYSIS 
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and T. KEII 

Numazu College of Technology, Ooka 3600, Numazu-shi, 410 Japan 

ABSTRACT 

The method of thermal gravity-differential thermal analysis 

(TG-DTA), in combination with other methods such as IR and XD, was 

applied to study MgC12-supported Ziegler catalysts. Two types of 

supported catalysts MgC12/TiClq/Ethylbenzoate (EB), developed by 

Montedison and Mitsui Petrochemical, were studied. 

Comparing the TG-DTA curves obtained with various mixtures of 

MgC12, TiC14, EB an6 TiC14-EB complex as well as the catalysts 

themselves, no interaction between TiC14 and EB in the MgC12 matrix of 

the two catalysts is suggested. 

INTRODUCTION 

Since the discovery of Natta, TiC13 catalyst has been used 

traditionally in the polypropylene industry. New commercial 

catalysts, highly active MgC12-supported catalysts, were successfully 

developed by Montedison and Mitsui Petrochemical, ) though MgC12- 

supported catalyst was proposed earlier for ethylene polymerization. 4 ,  

Many types of supported catalysts have now been proposed and the 

earliest catalysts noted above which are based on MgCl2/TiC14.EB or 

MgC12/EB/TiC14 have been widely studied 5-12) and features of their 

activities are established. 

However, the active structure of the catalyst itself as well as 

the mechanism of active species formation still remain unclear. That 

is, the states of TiC14, EB or TiClq-EB complex in the catalysts are 

not yet established. 

The irreversible complexation of EB with TiC14 and the stability 

of TiC14.EB complex at room temperature strongly suggest the existence 

407 
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of an TiClq-€33 complex in the catalyst. However, this suqgestion is 

in contradiction with the fact that washing of the catalyst with 

heptane results in lowering of Ti content. 

At any rate, it is important to know the states of the catalyst 

conponents in connection with the discussion of polymerization 

centers. In this situation we propose here the application of a 

method of thermal analysis for elucidating the states of, the catalyst 

conponents. 

EXPERIMENTAL 

Reaqents. Pure heptane (from Toa Oil Co., Ltd.) and extra 

pure EB (from Kanto Chemical Co., Ltd.) were used after being dried by 

using the molecular sieve 4-A. Unhydrous MgC12 (from Toho Titanium 

Co., Ltd., S . A .  : 1 1  r.i2/9) and TiC14 (from Toho Titanium Co., Ltd.) 

were used without further purification. 

Preparation. TiC14-EB complex: In a 200 ml glass flask were 

placed 80 ml of heptane and 0.10 mol of EB at 4OoC under nitrogen 

followed by adding 0.10 mol of Tic14 dropwise and reacted with 

stirring at 4OoC for 1 h. The yellowish solid product was then 

separated by filtration, washed with heptane and dried in a vacuum. 

The molar ratio of TiC14/EB in the resulting complex was 1.09. 

Grinding: 315 mmol (30 g) of MgC12 with 1 1  m2/g and, when 

necessary 45 mmol of each compound as placed in a 1 1 stainless steel 

vibration mill pot with 50 balls (25mm ) under nitrogen and vibrated 

for 30 h at r.t.. 

cat-A: 315 mmol of MgC12 and 15.4 g (45 mmol) of TiC14.EB complex 

cat-B: 6.1 g of the coground product of MgC12 and EB were treated 

were coground as described above. 

in a 500 ml flask with 200 n l  of TiC14 at 90°C for 2 h with stirring 

under nitrogen, followed by washing with heptane and dried in a 

vacuum. 

Measurements. IR sFectroscopy: IR spectra were recorded on a 

Hitachi 270-30 spectrometer with 2.5 mm: KBr  pellet containing each 

sample. 

TG-DTA: The measurements were conducted on a Eigaku Thermoflex 

8100 under nitrogen at a heating rate of 17 'C/min using \-A1203 as a 

reference substance. 

XD: X-ray analysis was carried out in a special cell with a poly 

(ethylene terephthalate) film window on a Rigaku CN-2155D2 
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diffractorneter with monochromatic copper radiation. 

RESULTS A N D  DISCUSSION 

1 .  Basic aspects of the interactions between every two components 

The interactions between every two components were studied to 

obtain basic information about the bk~Cl~-supported catalysts. 

Tic14 and EB form an equimolar complex described urider 

EXPERIMENTAL. Fig. 1 shows IR spectra of ( 1 )  EB and (2) TiC14-EB 

complex. The C=O band is shifted from 1725cm-1 in (1 ) to 1568cm-’ and 

1594cm-I in (2) by the complex formation. 

The C=O band appears at 1680cm-’ , which is similar to the 
Fig. I-(3) is the IR spectrum of the coground product of MgC12 

and EB. 

results of Chien et al. 1 3 )  

Five grams of MgC12 with various surface areas were treated using 

200 ml of TiC14 at 90°C for 2 h, followed by washing with 2 0 0  ml of 

heptane 1 0  times. Ti content on each MgCl2 is shown in Table 1. 

Table 1 .  Amounts of Ti supported on MgC12 with different surface 

areas 

surface area of MgC12 Ti a) 
(m2/g) (mmol/g-MgC12) 

1 1  trace 

60 0.17 

a) Five grams of MgC12 was treated with 200 ml of Tic14 at 90°C 

for 2 h followed by washing with 200 ml of heptane at 4 O o C  1 0  times; 

then Ti content was measured. 

Only a trace amount of Ti is supported on MgC12 with a surface 

But when MgC12 with 60 m2/g which was prepared by area of 1 1  m2/g. 

grinding MgC12 with 1 1  m2/g was used, the Ti content became 0.17 

mmol/g-~gCl~. 

Table 2 shows Ti contents of (1) coground product of MgC12 and 

TiC14, and (2) washed product of ( 1 ) .  A much larger amount of Ti is 

able to be supported on MgC12 by grinding. B u t  about 40% of supported 

Ti is removed by heptane washing, which suggests that about 40% Ti 
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Figure 1 

coground 

i I 1722 
M 

1 I 1 1 1 1 
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IR spectra of 1 )  EB, 2 )  TiC14-EB complex, and 

product of MgC12 and EB 
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interacts only slightly with MgClZ. 

Table 2. Difference of Ti content by heptane 1;iashiiig 

Ti 
(mmol/g-MgC12) 

( 1 )  Coground product of MgC12 

and TiC14 

(2) Washed product of (1 ) a) 

1 .51 b, 

0 . 8 8  

a) Five grams of the coground product was washed with 200 ml of 

b, Calculated from the amounts of Tic14 and MgC12 

heptane at 40°C 10 times. 

2. Detailed study of Tic14 and EB in the f4gC12-supported 

catalysts 

The structure of the active site as well as polymerization 

mechanism of the MgC12-supported catalysts still remain unclear. 

Here, Tic14 and EB in the catalysts are studied to obtain basic 

information concerning the above questions using TG-DTA and some other 

analytical instruments. First, interactions between every two 

components are investigated in detail. Then the following catalysts, 

which are famous as the earliest types of MgC12-supported catalysts 

developed by Montedison and Mitsui Pertochemical, are studied to 

clarify the states of TiC14 and EB in the catalysts. 

cat-A; Prepared by grinding MgC12 with TiC14-EB complex. 

cat-B; Prepared by treating the coground product of MgC12 and EB 

with TiC14, followed by washing with heptane. 

Fig. 2 shows TG-DTA curves of (1) TiC14.EB complex, (2) coground 

product of MgC12 and EB, and (3) coground product of MgC12 and TiC14. 

peaks at 128OC and 188'C with 50 60% weight decrease at the 

temperature range of 100°C to 200'C. 

(b.p.: 136'C) and EB (b.p.: 213OC) produced by the decomposition of 

the TiC14.EB complex. A small peak exists at about 365"C, which may 

be caused by a decomposition of a reformation product of TiC14-EB 

complex. 

In the case of ( 1 )  the TiC14.EB complex, there are two large 

These peaks are due to Tic14 
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F i g u r e  2 .  TG-DTA c u r v e s  of 1 )  T i C 1 4 . E B  complex, 2 )  c o q r o u n d  

p roduct  of MqC12 and EB, and 3 )  c o q r o u n d  p r o d u c t  of MgC12 and  T i C 1 4 .  

DTA range: 1 2 5  V ,  Sample w e i g h t :  1 )  8 . 2  rng, 2 )  1 8 . 9  m q ,  3 )  1 9 . 2  m q .  

- - -  : TG, : DTA, - -  - - -  : T i .  
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DTA curve of the coground product. of MgC12 and ER has two peaks 

at 232'C and 543'C with weight decrease. These are probably due to EB 

on the surface and in the crystalline matrix of P.lgC12 respectively. 

Fiq. 2-(3) shows the change in Ti content as well as TG-DTA 

curve. The DTA curve has two peaks at IOO'C and 214°C. They are 

caused by TiC14 having no interaction with MgC12 

fixed in the crystalline matrix of MgC12 (214"C), which agrees with 

the lrecrease in Ti content. This corresponds to the result in Table 2, 

where Tic14 decreased by washing, incicating the existence of TiC14 

that does not interact with MgC12. 

(IOO'C) and TiC14 

Fig. 3 shows TG-DTA curves of ( 1 )  mixed product of MgCl2 and 

TiC14.EB complex, (2) cat-A and ( 3 )  cat-B with changes in Ti content. 

There is a large peak at 130°C in (1 ) ,  which is due to Tic14 

produced by the decomposition of the TiC14-EB complex as in Fig. 2-(1). 

The peak seems to involve dissociation energy of the complex. In one 

case of the complex the peak of EB was at 188°C. The peak is shifted 

to 224°C and 543'C, similar to the peaks of the coground product of 

MgC12 and EB (see Fig. 2-(2)). This is because EB produced by the 

decomposition of TiClq-EB complex interacts with FlgC12. 

The change of Ti content in cat-A is similar to that in (l), but 

there is only a very small peak at 100°C by free Tic14 in (2). There 

is no peak at about 130°C by Tic14 produced from the complex, 

indicating that the TiClq-EB complex has already decomposed. That is, 

the complex decomposed when it was ground with MgC12. 

237°C is mainly due to EB that has interacted with MgC12 as it is 

similar to the peak of the coground product of MgC12 and EB. But 

because of the decrease in Ti contents, the peak at 237'C seems to 

include also a desorption of TiC14. 

coground with MgC12, the complex decomposes and Tic14 and EB exist 

interacting only with MgC12. 

cat-A in (2). 

are spontaneously the same as in cat-A, though cat-A and cat-B are 

regarded as different catalysts because of the difference of 

preparation methods. 

band of each spectrum appears not at 1 5 8 0 ~ m - ~  , which suggests the 
interaction with TiCl4, but at 1680cm-1 due to the interaction with 

MgC12. These results indicate that EB exists interacting with MgC12 

The peak at 

Thus, if the TiC14.EB complex is 

Moreover, in ( 3 )  cat-B shows a TG-DTA curve similar to that of 

It indicates that the states of TiC14 and EB in cat-B 

Fig. 4 shows the IR spectra of (1) cat-A and (2) cat-B. The C=O 
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100 

5 0  

Figure 3. TG-DTA curves of 1 )  mixed product of MgC12 and TiC14-EB 

complex, 2) a catalyst prepared by grinding MgC12 with TiC14'EB 

complex (cat-A), and 3) a catalyst prepared by prepared by treating 

the coground product of MgC12 and EB with TiC14 (cat-B). 

5 25,UV, sample weight: 1) 20.7 mg, 2 )  19.3 mg, 3) 21.0 mg, 

DTA range: 

: DTA, - -  - - _ - -  : Ti. _ _ _ - .  . TG, 
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I I 

in the two types of MgC12-supported catalysts and agree with those of 

TG-DTA. 

I I 

Figure 4. IR spectra of 1 )  a catalyst prepared by grinding MgC12 

with TiC14.EB complex (cat-A), and 2) a catalyst prepared by treating 

the coground product of MgC12 and EB with TiC14 (cat-B). 

To confirm the results, the following two types of experiments 

were conducted. 

First, changes in contents of EB and Ti by washing the coground 

product of MgC12 and TiC14-EB complex (cat-A) were measured. The 

results are shown in Table 3. 
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Table 3. Differences of Ti a n d  EB contents by h e p t a n e  washinq 

Ti EE 

( 1  ) Coground product of 

MgC12 and TiC14-EB complex, 

cat-A 

(2) Washed product of (1 ) a) 

1.40 1 .24 

0.64 1.05 

a) Five grams of coground product was washed with 200 ml of 

heptane at 4OoC 10 times. 

Ti content decreases about 55%, while EB content decreases only about 

15%. If Tic14 and EB exist in complex form, their decrease by heptane 

washing must be the same in amount. So, the result suggests that they 

do n o t  exist in complex form. This corresponds to the TG-DTA results 

which show that Tic14 and EB exist interacting only with MgC12. 

Fig. 5 shows XD patterns of (1) ground MgC12r (2) coground 

product of MgC12 and TiC14, (3) coground product of MgC12 and EB, and 

(4) coground product of P4gC12 and TiC14-EB complex. Grouncl MgC12 has 

four main peaks at 20=15", 3 0 ° ,  and 5 0 " .  

The peaks at 20=30°, 35", 50" in (21, and the peak at 20=15" in 

(3) become smaller than those in ( 1 ) .  In (4), however, all peaks are 

smaller. Though it is possible to regard these results as being 

caused by using the complex, it may be more reasonable to consider 

that TiC14-EB complex decomposed, then Tic14 and EB act on IlgC12 

independently to decrease the intensity of X-ray peaks as if the 

effects of (2) and ( 3 )  are made up. 

From the above resuts obtained by applying thermal analysis to 

the catalysts, we arrived at the conclusion that TiC14 and EB exist in 

the MgC12-supported catalysts interacting only with MgC12. Results 

obtained usinq other analytical equipment such as IR and XD, 

corresponded to those obtained using thermal analysis. 
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1 
1 o o  20 " 30' 40" 5 0 "  60" 

28 (CU,KK) 

Figure 5. Powder X-ray diffraction patterns of 1) ground MgC12 

(S.A. = 60 m2/g), 2) coground product of MgC12 and TiC14, 3 )  coground 

product of MgC12 and EB, and 4) coground product of MgC12 and TiC14-EB 

complex (cat-A). 
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ABSTRACT 

Two Ziegler-Natta catalytic systems were prepared from supports 

with different chemical structures, namely alumina and magnesium 

chloride. The activity was studied by comparing the 

homopolymerization of ethylene and its copolymerization with 

I-butene, I-hexene, 1-octene and I-decene, respectively. Differences 

in both comonomer incorporation and physical properties of the 

polymers were investigated. 

INTRODUCTION 

The great success of the Ziegler-Natta catalysis during the last 

decade was the development of highly active catalytic systems for 

homopolymerization of ethylene and propylene, where the compound 

containing the transition metal is first deposited on a carrier. 

Various inorganic and organic substances have been proposed as 

carriers. The main characteristic of these new types of catalysts is 

their high activity in polymerization, allowing the elimination of 

the stages of catalyst desactivation and removal of the catalyst 

residues from the polymers as well as producing highly stereoregular 

products. 

These supported catalysts continue to attract considerable 

attention in many industrial and academic laboratories specially 

looking for new type of polymers with particular characteristics. One 

example of this new type of polymer is the Linear low density 

polyethylene (LLDPE), obtained by polymerization under low pressure, 

using a catalyst system of the Ziegler type. 

4 19 



At t h e  iii-esent state o f  (lc~\ieloijmcnt, low 1jri:ssuri: ethylcnc 

pol ymeri Lation is generally a highly ef Liciclnt low-cos t  opc~r;ition. 

Yet many ansolved problems f a c e  industry. Still better catalysts are 

needed, not. so much for high activity but for better copolymerization 

capability, less sensitivity to feedstock impurities, better control 

of molecular weight distribution and better particle size control. 

There is a gap between low density polyethylene (LDPE), produced 

by radical polymerization under high pressure, and high density p o l y -  

ethylene (HDPE), synthetised under low pressure, with transition 

metal catalysts when comparing physical and mechanical properties. 

Early attempts to obtain such intermediate properties of the 

materials included physical mixtures of LDPE and HDPE or changes in 

operation conditions of the polymerization reactors ') 

however, the results were not very satisfactory. Improvement of 

certain properties of blends are achieved in detritment of the 

others. Also, changes of operation conditions are limited by economic 

factors. Definitive solution for this problem was found by doing the 

copolymerization of ethylene with a-olefins, using transition metal 

catalysts. The introduction of a-olefins in the polymeric chain 

produces small ramifications, which decrease the density of the 

polymer. By this way, it is possible to obtain the Linear low density 

polyethylene (LLDPE). These copolymers show a large range of 

densities, with improvement in physical and mechanical properties. 

is more often presented in patent literature4 r 5  r 6 )  

journals. This material deserves much interest of the polyethylene 

consumers, since there is a practical demand to be made of polymers 

with density in the range between 0.92 and 0.94 g/cm3 or lower. From 

this point of view and considering the little information published 

related with the use of active catalyst systems for 

copolymerization, we present in this paper an study of the ethylene 

copolymerization with 1-butene, I-hexene, 1-octene and 1-decene. The 

final copolymers obtained are in the range of densities mentioned 

above and they were produced in slurry process, using A 1 2 0 3  an MgC1, 

supported Ziegler-Natta catalysts. The main interest of the study 

was related to the evaluation of the catalytic activity and the 

incorporation of comoncmers to the ma:In chain cf the Folymer. 

has been done, 

LLDPE has been scarcely dealt with in scientific papers' ' 3 ,  ; it 

and trade 
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C X I’ E 13 I M E N T A T, 

Materials. Commercial, extra pure grade hexane was purified by 

usual procedures. Extra pure grade titanium tetrachloride and 

triisobutylaluminum were commercially obtained and used without 

further purification. Argon and monomer gases were purified passing 

through columns of molecular sieves and BASF catalyst for removal of 

water and oxygen, respectively. The liquid comonomers were 

distilled in an inert atmosphere. 

Alumina ( Y  -AlzO,) was produced through a process developed by 

PETROBRAS Research Center (Brazilian Patent 8 005 3 0 2 ) ,  by reacting 

aluminium sulphate and amonium bicarbonate at a controlled pH. It 

was later dried and calcinated at 700 C, with final properties of 

specific area around 250 m2/g, pore volume > 1,O cm3/9 and 85% of the 

pores with diameter above 100 Ao. 

MgC12 .6H20; dehydrated at 1 10°C and 45OoC under flow of argon and 

HC1, respectively. The anhydrous compound was then ground in a ball 

mill. 

0 

Magnesium chloride (MgClz) was obtained from commercial 

Preparation of the supported catalysts. Highly dispersed 

catalysts were obtained by treatment with TiCl,, at reflux 

temperature, in absence of solvent. The adopted procedure is 

described in the literature’) . 
Polimerization procedures. The polymerization reactions were 

carried out in a 1 gallon Parr reactor, where a measured amount of 

n-hexane, triisobutylaluminum and catalyst were introduced under 

argon atmosphere at room temperature. The comonomers and ethylene 

were fed into the reactor at 80 C, until1 a constant pressure of 

10-14 kg/cmz of ethylene was attained and kept for 1 or 2 hours. 

Kinetics results were recorded according to the rate of ethylene 

consumed during the experiment by using a calibrated rotameter; the 

results were checked by weighing the final product. 

0 

Hydrogen was used as regulator of molecular weight only in the 

reactions with MgClz supported catalyst. 

Analytical procedures. The incorporation of comonomer was 

determined by infrared spectroscopy using the methyl band at 1378 

cm from Perkin Elmer 467 Spectrophotometer. The chosen 

procedure * employed a compensation method with a polymethylene wedge. 

The density was measured in a DUPONT Differential Scanning 

- 1  



1 2 2  R. Quijada and A.M.R. Wanderley 

Calorimeter, DSC. The intrinsic viscosity was measured under argon 

atmosphere at 135 C in decaline containing 0 , 1 %  of Irganox and 

Irgafos mixture. Values of [ r l 1  were determined through Solomon and 

Gostman’s equation 

obtained at one definite concentration. The suitability of this 

equation was checked by comparing to values of intrinsic viscosity 

obtained by the Huggins equation ‘I). The cristallinity of the 

copolymers was determined using the relationship: D = P ~  X + p  a (1-X) 

where: D = material density; p = polyethylene density 100% 

cristalline; Pa = polyethylene density 100% amorphous and 

X = cristallinity. 

0 

from a single value of specific viscosity , l o  

RESULTS 

The copolymerization of ethylene witha -olefins using different 

support for the Ziegler-Natta catalysts are presented below. 

1 - Alumina (Y-A120,) as the catalytic support. 

Table I shows the results obtained in the ethylene 

copolymerization with 1-butene. In this series of reactions, the 

concentration of I-butene in the feed was ranged from 6 . 1  up to 30.4 

mole per cent in relation to the liquid phase. 

Table I. Influence of the I-butene concentration on 

copolymerization with ethylene using AIZO, as support (a) 

1-BUTENE CATALYTIC 1-BUTENE HELTING INTRINSIC 

VISCOSITY DENSITY CRISTALLINlTY POINT RUN CONCENTRATION ACTIVITY X l o - ’  INCORFURATION 

1%) Idl/ql W C m ’ l  ( 8 1  (HOLE 8 1  (gWLYH/9TlI IHOLE 81 

A- 1 49.276 0.9360 52.44 144 30.03 

A- 2 6.7 35.120 0.06 0.9300 40.78 140 21.35 

1 - 3  11.5 31.145 0.90 0.9290 48.17 138 19.62 

A-4 11.5 24.104 1.63 0.9258 46.22 I35 14.08 

A- 5 30.4 17.559 2.41 0.9222 44.02 133 8.16 

(a) Polymerization conditions: ethylene pressure: 1 3 , 5  Kg/cm2; 

temperature: 80°C; reaction time: 2h; catalyst: TiC14/A1203 ; 

cocatalyst: A 1  (iC+HS 1 3 ;  Al/Ti molar ratio: 50. 
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It was found that the addition of 1-butene decreases the 

catalytic activity and increases the comonomer incorporation to the 

polymer chain continuosly. Even when small quantities of 1-butene is 

incorporated in the main chain, the density of the polymer changes, 

decreasing gradually as the incorporation of the comonomer 

increases. Melting point decreases in a similar way, due to the 

introduction of branching in the macromolecule. Also, the intrinsic 

viscosity values experiment similar behavior, thea -olefin seems to 

act as a regulator of molecular weight, since hydrogen was not used 

for molecular weight control. 

The results of the ethylene copolymerization with 1-hexene, 

I-octene and 1-decene are shown in Table 11. For comparison 1-butene 

is also included. It could be observed that the addition of comonomer 

decreases the catalytic activity when compared with the results 

obtained in the homopolymerization of ethylene under the experimental 

conditions. The shorter the alkyl subtituent, the more reactive is 

the comonomer. The incorporation of the a-olefins in the polymer 

chain follows the sequence: 

1-butene > 1-hexene > 1-octene > 1-decene. 

As could be expected, and also is known for 1-butene, when the 

a-olefin contents increases in the copolymer, the density, the 

melting point and the viscosity decreases. 

Table 11. Comparative results of the ethylene homopolymerization 

and copolymerization with a -olefins using A 1 2 0 3  as support(a) 

CATALYTIC CWONOMER MELTING INTRINSIC 

ACTIVITY x lo - '  INCORPORITION CRfSTALLINITY POINT VISCOSITY 

(gPoLYWgTi) IMLE * I  19/m' I ( I 1  IOC, (d l /q l  
RUN COHONCMER 

0.9360 52. 44 144 30.03 

0.90 0.9290 48.11 138 19.62 
A- I 49.216 

A-3 I-BUTENE 32.145 
0.17 0.9318 49.88 142 20.20 

0.05 0.9338 51.09 142 2 2 . 1 1  
B-1 I-HEXENE 29.141 

C-1 1-OCI'ENE 33.363 

D-1 I-DECENE 40.318 0.02 0.9348 51.71 143 12.19 

(a) Polymerization conditions: ethylene pressure: 13,5 kf/cm2; 

comonomer feed: 11-13 mole % ;  temperature: 8OoC; reaction time: 

2h; catalyst: TiC1+/MgC12; cocatalyst: A1 ( i C i t H q ) , ;  Al/Ti molar 

ratio: 50. 
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Figure 1 shows the results for the catalytic activity of the 

alumina-supported system with the variation of the feed composition. 
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Figure 1 .  Variation of catalytic activity with comonomer feed in 

ethylene copolymerization using A1,0 ,  as support. 
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- Miqni  S L - l r n  chloiide (MqC1,) as tht c - a t a l q t i c  i u ~ i p o r t .  

Table 111 shows the results of the copolymerization of ethylene 

and 1-butene. The concentration of 1-butene in the feed was studied 

in the range of 7,2 to L 1 , l  mole per cent. The higher values of the 

catalytic activity presented by this system when compared with 

alumina as support, shows a very efficient system not on13 for the 

homopolymerization but also for the copolymerization. It is 

interesting to observe that the addition of 1-butene decreases 

significatively the activily which remain practically constant for 

the investigated range of comonomer Concentration. 

Table 111. Influence of the 1-butene concentration on 

copolymerization with ethylene using MgClz as support (a ) 

Fm 

__. 

E-l 

E-2 

e-3 
E-4 

K-5 

E-6 

7.2 

10.5 

$5.4 

19.8 

21.1 

1,048 

685 1.9 

592 2.19 

633 2.94 

646 3.56 

614 4.03 

-C WTIK: l W l f f i 1 C  

VlXlXIN sMp- DMSIN ~ U S T N L I N l M  p o , ~  

PCI ( d l h l  ls/on'I It1 ( P I  

- 
0.5 0.9520 60.00 131 3.02 

5.0 0.9370 53.05 I26 I .97 

6.0 0.9326 50.37 126 1.68 

11.0 0.9314 49.63 125 1 .sz 
14.0 0.9279 41.50 124 1.46 

19.0 0.9161 46.40 I13 1.44 

(a) Polymerization conditions: ethylene pressure: 10,O kg/cm * ;  
hydrogen pressure: 4,O kq/cm 2 ;  temperature- 80 C; reaction 

time: lh; catalyst: TiC14/MgCl2; cocatalyst: A 1  (iC4H, ) 3 ;  Al/Ti 

molar ratio: 10.0. 

0 

The influence of I-butene concentration on the comonomer 

incorporation and on the various properties of the copolymer obtained 

can be clearly observed. Incorporation increases when the comonomer 

concentration in the reactor increases; consequently, the density 

decreases proportionally. The molecular weight is also influenced b y  

the comonomer concentration. As it was mentioned before, for 

explaining this effect, one must consider the possible occurrence of 

chain transfer reactions w+th the comonomer, as point out by Bohm . " 2 ) 
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The presence of the .r-olefin intensifies the controlling action of 

the hydrogen on the molecular weight. 

Finally, this system promotes the formation of an elastomeric 

subproduct that is proportional to the amount of comonomer in the 

feed . 
In the Table IV are shown the results related to the ethylene 

copolymerization with 1-hexene, 1-octene and 1-decene for a fixed 

a-olefin concentration. In contrast to what was observed with 

alumina-supported catalyst, the catalytic activity changes with the 

type of a-olefin chosen for study. For I-butene and I-octene there is 

a significant decrease of the activity. For 1-hexene there is an 

increase of the catalytic activity. Figure 2 shows this effect for 

each system. A similar phenomenum was also reported by Finogenova , 
without any explanation. 

Table IV. Comparative results of the ethylene homopolymerization 

and copolymerization with >-olefins using MgC12 as support ( a )  

E-1 1.048 0.5 0.9520 6O.W 131 3.01 

E-I I-- 591 2. I9 6.0 0.9326 50.37 126 1.68 

F-1 I - l m  1.345 1.14 3.1 0.9410 55.49 131 1.60 

H-1 1- 1,187 0.11 1.6 0.9518 61.01 111 l.% 

G1 1- 646 0.M) 1.0 0.9461 58.60 131 1.79 

(a) Polymerization conditions shown in table I11 

(b) Comonomer feed: 11-13 mole % 

As reported for alumina as support of the Ziegler-Natta catalyst, 

magnesium chloride support presented similar behavior concernig the 

comonomer incorporation order: 

I-butene > I-hexene > 1-octene > 1-decene 

The density values show the dependence with the type of a-olefin 

being incorporated, related to the alkyl substituing group. 
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Figure 2. Variation of catalytic activity with comonomer feed in 

ethylene copolymerization using MgC1, as support. 

3 - Determination of the reactivity ratios of the pair 

ethylene-a-olefins in Ziegler-Natta copolymerization using MgC1, as 

support. 



428 R. Quijada and A.M.R. Wanderley 

DETERMIXATION 

METHOD 

MAYO-LEI1 S 

- 

FINEMAN-ROSS 

_- 

Due to the qreat quantity of data obtained in this work, the 

reactivity ratios parameters values were calculated using Mayo-Lewis 

and Fineman-Rcss methods. The results are presented in Table V. 

C O M O N O M E R S  

€mM.mE/l- EIJrIxe FrHYl5vl-mmiE EmYma ’ /l-ClTdWE -/l-Dm 
- 

r2 ri r2 r1 r2 r2 ri ‘1 .- 

35.26 0.01 132.00 0.02 160.00 0 315.00 0 

45.00 0.16 129.76 0.01 170.13 0 271.90 0 

Table V. Reactivity ratios of the u-olefins in copolymerization 

with ethylene using MgC1, as support 

Bohm12) found values of reactivity ratio for the pair 

ethylene-1-butene of 67 and 0.08 respectively at 85OC €or his 

particular catalytic system. This means that the value obtained in 

our work is within the range accepted for this type of catalytic 

system. For the others pair of ethylene-a-olefins the higher values 

were expected due to the lower reactivity of the a-olefin with the 

larger substituent groups. 

DISCUSSION 

When looking at the results presented for alumina used as support 

in Tables I and 11, we can conclude that the increase of the comonomer 

concentration is accompaned by a corresponding decrease in catalytic 

activity, due to the lower reactivity of the a-olefins, while the 

incorporation in the macromolecule increases. 

Density and Cristallinity of the copolymers decreases due to the 

introduction of small side chains. The melting point also decreases 

due to the modification in size and perfection of the crystallites. 

Thea-olefins examined occupy the following order according to 

their effect on the parameters studied: 
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I - b L i t c n e  1 -1 iext~ri i  1 -oc t i  nc 1 -dc,cene 

For MgC1, used as a support, Tables I11 and IV, the variation of 

catalytic activity was found to he a characteristic of each -olciin 

investigated. The other parameters follow normal tendencies already 

discussed for alumina. 

T h e  formation of clastomeric subproduct in the reaction with this 

catalytic system may be related to the possibility of having two 

different types of active centers. 
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ABSTRACT 

The i n t e r a c t i o n  between KgC12 and  e l e c t r o n  d o n o r s  and t h e  s t r u -  

c t u r e  o f  s u p p o r t e d  c a t a l y s t s  were s t u d i e d  by If? and XPS. E x p e r i -  

m e n t a l  d a t a  o b t a i n e d  d e m o n s t r a t e d  t h a t  t h e  s u r f a c e  complexes between 
M g C 1 Z  and  e l e c t r o n  d o n o r  p r o b a b l y  farmed d u r i n g  m i l l i n g .  When t h e  

c a t a l y s t s  were made by t r e a t i n g  t h e  m i l l e d  p r o d u c t  (MgC12/PTP, 

MgC12/PYRR) w i t h  T i C 1 4  a l a r g e  q u a n t i t y  o f  PTP and PYKH came down 

from t h e  s u p p o r t  and TiC14/PTP and  TiCl4/PYRR complexes  formed 

r e s p e c t i v e l y ,  w h i l e  t h e  m i l l e d  p r o d u c t  was MgC12/EB, t h e  c h a r a c  t e r i -  

s t i c  bands  o f  MgC12/EB i n  T R  s p e c t r a  were r ema ined  and t h i s  i n d i c a -  

t e d  t h a t  MgC12/EB k e p t  unchanged d u r i n g  t h e  t r e a t i n g .  

When TiC14EB complex w a s  m i l l e d  t o g e t t e r  w i t h  MgC12, t h e  

complex decomposed and  MgC12/EB s u r f a c e  complex formed.  

Component T i C 1 4  b i n d s  w i t h  MgC12 t h r o u g h  c h l o r i n e  b r i d g e .  However, 

no exchange  between t h e  complex and ?4gCl2 s u p p o r t  c o u l d  be o b s e r v e d  

d u r i n g  t h e  c o g r i n d i n g  o f  MgC12 and  TiC142PIP o r  TiC142PYHR. 

The o t h e r  

INTRODUCTION 

E l e c t r o n  d o n o r  compounds s u c h  as e s t e r s ,  a m i n e s ,  e t h e r s  e t c .  

can  be used f o r  t h e  c o n v e n t i o n a l  c o o r d i n a t i o n  c a t a l y s t s  and have  a 

c o n s i d e r a b l e  s i g n i f i c a n c e  i n  t h e  m o d i f i c a t i o n  o f  s u p p o r t e d  Z i e g l e r -  

Natta c a t a l y s t s  f o r  t h e  p o l y m e r i z a t i o n  o f  p r o p y l e n e .  The s t u d y  o f  

t h e  i n t e r a c t i o n  o f  c a t a l y s t  components  ( e l e c t r o n  d o n o r ,  MgC12,  

T i c 1  ) and t h e  s t r u c t u r e  o f  t h e  s u p p o r t e d  c d t a l y s t  may l e a d  t o  a 

b e t t e r  u n d e r s t a n d i n g  t h e  mechanism o f  s t e r e o s p e c i f i c  p o l y m e r i z a t i o n  

o f  U - o l e f i n s .  A l though  some work i n  t h i s  f i e l d  have  been r e p o r t e d  

'-5), t h e  r e s u l t s  a r e  q u i t e  d i f f e r e n t .  

w h e t h e r  t h e  e l e c t r o n  d o n o r  on t h e  s u r f a c e  o f  t h e  c a t a l y s t  c o o r d i n a -  

t e s  t o  MgC12 o r  fo rms  t i t a n i u m  complexes  which b i n d  t o  t h e  c o o r d i n a -  

4 

The main problem is t h a t  

431 
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t i v e  u n s d t u r d t e d  Mg a toms  l o r a t e o  on t h e  s u r f , ? c e  o f  MgCl ~ t h r o u g h  
c h l o r i n e  b r i d g e .  I t  i s  a l s o  p o s s i b l e  t h a t  t h e  e l e c t r o n  donor  

r e a c t s  w i t h  MgCIZ and  Tic1 

(CH3COOC2HS)2 and TiMgC16(CH COOC2115)4h) showtd t h a t  t h e  r e s u l t s  

o b t 3 i n e d  by s t u d y i n g  thr s u r f a c e  s t r u c t u r c  o f  t h e  s u p p o r t e d  c a t a l y s t  

by rrlems o f  I R  and XPS can  be v e r i f i e d  from e a c h  o t h e r ,  s o  that t h e  

r e l i a b l e  r e s u l t s  may be o b t a i n e d .  

s i m u l t a n e o u s l y .  

‘The e x c m i n a t i o n  o f  I R  dnd XPS s p e c t r d  of t h e  complexes MgZ12 
4 

3 

S u p p o r t e d  c a t a l y s t s  w i t h  e s t e r  and amine as  e l e c t r o n  d o n o r  were 

p r e p a r e d  and t h e  i n t e r a c t i o n  between c a t a l y s t  components  and t h e  

s t r u c t u r e  o f  t h e  c a t a l y s t s  have  been s t u d i e d .  

EX PER1 M ENT A1 , 

I .  The p r e p a r a t i o n  o f  t i t a n i u m  complexes  

( i )  TiCl EB and T i C l  2EB, (F:B e t h y l  b e n z o a t e . )  

When T i c 1  r e a c t e d  w i t h  e q u i v a l e n t  amount o f  EB i n  hexane  a 
4 4 
4 

y e l l o w  p r e c i p i t a t e  w a s  o b t a i n e d .  

When TiC14 was added t o  a n  e x c e s s  o f  EB T i C l  2EB was o b t a i n e d .  

( i i )  The p r e p a r a t i o n  o f  T i C l  2 P I P  and T i C l  2PYRR, (PTP= 

Complexes of T i c 1  w i t h  a m i n e s  were p r e p a r e d  by a d d i n g  hexane  

4 
4 4 

P i p e r i d i n e ;  P Y R k P y r r o l i d i n e )  

4 
s o l u t i o n  o f  one o f  t h e  l i g a n d s  d r o p w i s e  t o  t h e  p r e c o o l e d  hexane  

s o l u t i o n  o f  T i C l  i n  the same s o l v e n t .  4 
The complexes  were f i l t e r e d  u n d e r  a n h y d r o u s  c o n d i t i o n ,  washed 

w i t h  d r y  h e x a n e ,  and t h e n  d r i e d  u n d e r  vacuum a t  room t e m p e r a t u r e .  

11. The p r e p a r a t i o n  o f  t h e  MgC12-supported t i t a n i u m  c a t a l y s t s  

Anhydrous MgC12 was g round  f o r  9 h r s .  i n  a v i b r a t i o n  b a l l  m i l l  

and h e a t - t r e a t e d  a t  420 C i n  vacuo b e f o r e  c o m i l l i n g  w i t h  a e l e c t r o n  

d o n o r  f o r  s u p p o r t  u s e .  

0 

The s u p p o r t e d  c a t a l y s t s  were p r e p a r e d  by m i l l i n g  t h e  p r e t r e a t e d  

MgC12 w i t h  e l e c t r o n  d o n o r  for 2 4 h r s .  

was suspended  i n  e x c e s s  o f  T i C 1 4  i n  a f l a s k  e q u i p p e d  w i t h  a st irrer 

and t h e  s u s p e n s i o n  was s t i r r e d  a t  110 C f o r  2 h r s .  The s o l i d  p o r t i o n  

was s e p a r a t e d  by f i l t r a t i o n  and washed w i t h  n - h e p t a n e  s e v e r a l  times 
a t  8OoC. 

R p o r t i o n  o f  m i l l e d  p r o d u c t  

0 

Some o f  t h e  c a t a l y s t s  were p r e p a r e d  by c o g r i n d i n g  MgCl w i t h  

All p r o c e d u r e  were c a r r i e d  o u t  u n d e r  d r i e d  i n e r t  g a s ,  A l l  

2 
t i t a n i u m  complexes f o r  24 -30hr s .  

r e a g e n t s  were p u r i f i e d  a c c o r d i n g  t o  c o n v e n t i o n a l  me thods .  
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I [I. T I ?  a n d  XIIS measu remen t s  

i'he IR s e c t r a  (200-4000 cm- ' )  were r e c o r d e d  on a ~ ~ - 2 0 0 0  

s p e c t r o p h o t o r n e t e r .  The I R  s a m p l e s  were p r e p a r e d  i n  a d r y  n i t r o g e n  

a t m o s p h e r e  as  n u j o l  . n u l l .  

XPS measuremen t s  were done on cl r , S - j O O  s p e c t r o m e t e r  and MgK 

e x c L t i n g  r , > d i a t i o n .  I n  o r d e r  t o  p r e v e n t  t h e  spec imen  from decompo- 

s~ t i o n  t he  sample  p r e p a r a t  ~ o i ,  for X I S  medsuremen t s  was pe r fo rmed  i n  

2 g l o v e  box which was c o n n e c t e d  t o  t h e  s m p l e  s t a g e  o f  t h e  s p e c t r o -  

meter and f i l l e d  v , i t h  a r g o n .  The sample  h o l d e r  which w a s  i n s e r t e d  

i n  t o  t h e  measu r in l ,  chamber which was c o o l e d  by l i q u i d  n i t r o g e n .  

Con tamina ted  cwrbon CIS was t d k e n  ds a r e f e r e n c e  o f  b i n d i n g  e n e r g y  

'2nd t h e  v a l u e  w d s  285 .0  e v .  

RESULT A N D  DTSCUSSIOY 

1 .  It< s p e c t r a  o f  t i t a n i u m  complexes 

I n  o r d e r  t o  i n v e s t i g a t e  t h e  b e h a v i o r  o f  t i t a n i u m  i n  t h e  suppo-  

r t e d  c a t a l y s t  and t o  c l a r i f y  w h e t h e r  t h e  e l e c t r o n  d o n o r s  f i x  on  

PlgC12 d i r e c t l y  o r  form complexes w i t h  T i C l  

f o l l o w i n g  t i t a n i u m  complexes  and f r e e  l i g a n d s  (EB,  P I P ,  PYRR) were 

measu red ,  s o  as  t o  make a compar i son  w i t h  t h e  s u p p o r t e d  c a t a l y s t s .  

(i) The T f i  s p e c t r a  of  ' T i C l  El3 and T i C l  2EB are  shown i n  

Figu1.e 1 .  I t  i s  known t h a t  e t h y l  b e n z o a t e  was c o o r d i n a t e d  t o  t h e  

'Pic1 v i a  :C=O f u n c t i o n  g roup .  The Jcz0 s h ~ f s  t o  l o w e r  wavenumber 

due t o  t h e  f o r m a t i o n  o f  complex. Thus,  t h e  two s t r o n g  bands  a t  

1595 cl7-l and 1566 cm-l may be a s s i g n e d  t o  t h e  c h a r a c t e r i s t i c  a b s o r -  

p t i o n  band o f  b o t h  complex Tic1 EB a n d  T i C l  2EB. 

( i i )  The TR s p e c t r a  o f  PIP, PYRR and t h e i r  T i  complexes  a re  

shown i n  F i g u r e  3. and  4. The i n  P I P  and  PYRR were found  a t  

3290 cm-' and 3300 cm-l r e s p e c t i v e l y .  

o f  t h e  T i  complexes were s h i f t e d  t o  l o w e r  wavenumbers s p e c t r a l  

r e g i o n  by 115 cm-' a n d  103 cm-l r e s p e c t i v e l y .  

t h e  f o r m a t i o n  o f  c o o r d i n a t i o n  which weakens t h e  N-f3 bond. 

I H  s p e c t r a  o f  t h e  
4' 

4 4 

4 

4 4 

The c h a r a c t e r i s t i c  band J N m H  

These  s h i f t s  i n d i c a t e  

2. The c o g r i n d i n g  e f f e c t  o f  e l e c t r o n  d o n o r  and M g C l  
2 

When t h e  m i l l i n g - s o a k i n g  method i s  u s e d ,  t h e  c a t a l y s t  p r e p a r a -  

t i o n  is u s u a l l y  a t w o - s t e p  p r o c e s s .  I n  t h e  f i r s t  s t e p  a n h y d r o u s  

c a r r i e r  was v i b r a t i o n - m i l l e d  w i t h  e l e c t r o n  d o n o r .  The m i l l e d  

p r o d u c t s  MgC12/Elj, MgC12/PTP and MgC12/PYHR were o b t a i n e d ,  

e l e c t r o n  d o n o r  c o u l d  a c c e l a r a t e  t h e  b r e a k i n g  o f  MgC12 c r y s t a l l i t e s  

The r o l e  o f  EB as been d e s c r i b e d  i n  o u r  e a r l i e r  work. T h i s  
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c 1 I I 8 

1800 1700 1600 1500 1800 1700 1600 1500 

Wavenumber ( cm- ) Wavenumber (cm-l)  

F i g .  1 .  C h a r a c t e r i s t i c  I R  F ig .  2.  C h a r a c t e r i s t i c  IH s p e c t r a  

s p e c t r a  o f  EB and t h e i r  com- o f  m i l l e d  p roduc t s  arid c a t a l y s t s .  

p l exes .  1 - T i c 1  EB; 2-TiC142EB, 1-MgC1,/EB/TiC14; 2-MgC1,/TiC142EB; 

3-EB. 3-MgClZ/TiC1 4 EB; 4-MgC12/EB. 
4 

d u r i n g  t h e  c o m i i l i n g  wi th  MgC12 and then  EB c o o r d i n a t e d  on t h e  f r e s h  

s u r f a c e s  of  MgC12 t o  form a s u r f a c e  complex. 

proved by I R  and X-ray d i f f r a c t i o n  d a t a .  F igu re  2.  shows t h e  

MgC12/EB spectrum. The s t r o n g  peak at 1688 cm" can be obv ious ly  

a t t r i b u t e d  t o  C=O a b s o r p t i o n  of  t h e  s u r f a c e  complex. The f r e e  EB 

a b s o r p t i o n  band a t  1721 cm-' was n o t  found i n  t h e  I R  spec t rum o f  

MgC12/EB. 

o f  MgC12 d u r i n g  m i l l i n g .  

t h e  m i l l e d  p r o d u c t s  of  MgC12/PIP and MgC12/PYRR s h i f t e d  by 50 cm-l 

T h i s  was c l e a r l y  

T h i s  i n d i c a t e s  t h a t  a13 EB h a s  been bound t o  t h e  s u r f a c e s  

I n  t h e  c a s e  of  PTP and PYRR t h e  N-H s t r e t c h i n g  f r equences  of 



The S t r u c t u r a l  S t u d y  of S u p p o r t e d  Z i e g l e r - N a t t a  C a t a l y s t s  435  

3195 
31 76 

I L 1 I 1 I L t L I I 

3400 3200 9 0 0  3400 3200 woo 

Wavenumber (cm" ) Wavenumber ( cm- ) 

Fig .  3. C h a r a c t e r i s t i c  IF? Fig .  4. C h a r a c t e r i s t i c  I R  

s p e c t r a  o f  1-Tic1 2PIP,  4 
2- M gC1 2/PTPjTiC 1 /+, 

s p e c t r a  o f  1-TiCl 2PYRR, 2-MgC12/ 

PYRR/TiC14, 3-MgC12/PYRR and 
4 

3-MgC12/PIP and 4-PIP. 4-PYRR. 

and 70 cm-' r e s p e c t i v e l y  t o  lower  wavenumber r e g i o n .  

o f  f r e e  PIP and PYRR were a l s o  a b s e n t  i n  t h e  I R  s p e c t r a  o f  t h e s e  

m i l l e d  p r o d u c t s .  T h i s  f a c t  shows t h a t  a l l  P I P  and PYRR have 

c o o r d i n a t e d  t o  MgC12 and formed s u r f a c e  complexes v i a  i t s  n i t r o g e n  

atom d u r i n g  m i l l i n g .  

The SN-H band 

4 3. The i n t e r a c t i o n  of  m i l l e d  p r o d u c t s  w i th  T i C l  

The second s t e p  o f  t h e  c a t a l y s t  p r e p a r a t i o n  invo lved  t h e  t rea t -  
ment o f  m i l l e d  product  w i th  n e a t  T i C l  as d e s c r i b e d  i n  expe r imen ta l  

s e c t i o n .  Thus t h e  suppor t ed  c a t a l y s t s  MgC12/PIP/TiC1 and MgC12/ 

PYRR/TiC14 were o b t a i n e d .  

t h e  I R  s p e c t r a  of  MgC12/PIP/TiC14 ( s e e  F igu re  3 ) .  
much weaker than  t h e  l a t t e r  which c o r r e s p o n d s  t o  t h e  3 N - H  o f  

4 
4 

The a b s o r p t i o n  bands a t  3235 cm'l and 3157 cm-I were found i n  

The former was 
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‘i’able 1 . J N-H o f  ’ P i  complexes ,  m i l l e d  p r o d u c t s  and  c a t a l y s t  ( cm- l )  

N-I! Com pound J N-H Compound 

P T P  32‘3 0 r-’y K H 3300 

M gc 1 2/PT P 32 15 M ~ C l 2 / I ” ? 1 l  3230 

MgC12/PTP/TiC1 

T i  C l  42PIP 3176 I ’ i C 1  2 P  iili 3190 

MgC12/TiC14-2P JP 3175 M g C 1 2 / T i C 1  4- 2PYlIR 31 85 

3175 M g ~ i ~ / ~ ’ ~ m / ~ r  ic14 3 1 9 2  4 

4 

TiC142PTP. S i m i l a r  case i n  t h e  MgC12/PYRR/’riC1. ( s e e  F i g u r e  4 )  was 

found .  ‘This i n d i c a t e s  t h b t  i n  t h i s  s t e p  o f  c a t a l y s t  p r e p a r a t i o n  

4 l a r g e  amount o f  PTP and PYRR (Lewis b a s e )  was e x t r d c t e d  by Tic1 

( L e w i s  a c i d )  f o r m i n g  t h e  c o r r e s p o n d i n g  complex and t h e  complex was 

t h e n  a d s o r b e d  on MgC12 s u r f a c e  v a c a n c i e s .  

T h i s  d e d u c t i o n  was s u p p o r t e d  by DTA.  Above t h e  b o i l i n g  p o i n t  

o f  PYRR, t h e  complexed PYRR i n  MgC12/PYRR was r e l . e a s e d  a t  1 3 5 O C ,  b u t  

t h e  PYRR i n  T i C l  2PYRR was r e l . e a s e d  a t  1 6 O o C  and  23OoC. T h i s  sugge-  

sts t h a t  t h e  bond between PYRR and MgC12 i s  weake r  t h a n  t h a t  between 

PYRR and T i C l  

‘t 

4 

4‘ 
However, i t  i s  v e r y  i n t e r e s t i . n g  t o  compare t h e  TR s p e c t r u m  o f  

t h e  c a t a l y s t  MgC12/EB/TiC1 p r e p a r e d  from MgC12/ER and T i c 1  w i t h  

t h a t  o f  MgC12/EB, as shown i n  F i g u r e  2 and  T a b l e  2.  

1679 cm-l i s  f o r  t h e  f o r m e r ,  a n d , l C z O  a t  1688 cm-l i s  f o r  t h e  l a t t e r .  

The d i f f e r e n c e  between t h e s e  two a b s o r p t i o n  bands  i s  9 cm- . T h i s  

seems t o  be a n a l o g o u s  t o  t h o s e  o f  t h e  complexes  MgC122EA and 

TiMgC164EA (EA=CH COOC,H5) 6 )  . $ c=o were found a t  1696 crn-l and 1704 
cm f o r  TiMgCl 4EA a n d  IlgC122EA r e s p e c t i v e l y .  The d i f f e r e n c e  o f  

t h e s e  two a b s o r p t i o n  bands  i s  e q u a l  t o  8 cm-l. 

p r e v i o u s l y  t h a t  a l l  EA i n  t h e  complex TiMgCl 4Ek were c o o r d i n a t e d  t o  

t o  M g C 1 2  and t h e  c o o r d i n a t i v e  bond o f  t h e  s u r f a c e  complex between 

ib1gCl2 and EB m i g h t  k e e p  t h e  same as  i n  t h e  MgC12/EB m i l l e d  p r o d u c t .  

4 4 
The dcz0  a t  

1 

- 1  3 
6 

I t  h a s  been i n d i c a t e d  

6 
Mg a t o m s  7 )  . T h e r e f o r e  EB i n  t h e  c a t a l y s t  m i g h t  s t i l l  be c o o r d i n a t e d  

4.  Coground p r o d u c t s  o f  t i t a n i u m  complex w i t h  MgC12 

The c a t a l y s t s  MgC12/TiC14EB, MgC12/TiC142EB, MgC12/TiC142PIP 

and MgC12/’11iC142PYRR were p r e p a r e d  by c o g r i n d i n g  t h e  c o r r e s p o n d i n g  
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Tab le  2 .  ‘rhe TI? s p e c t r a  o f  compounds 

Compound 9 c=o (cm-’) Ad (cm” 1 

1688 

1679 

1704 

1696 

t i t a n i u m  complexes wi th  MgC12 r e s p e c t i v e l y .  

cou ld  be seen  t h a t  t h e  complexes c o n t a i n i n g  C = O  group changed d u r i n g  

t h e  m i l l i n g  wi th  MgC12 n o t  l i k e  t h e  complexes c o n t a i n i n g  N-H group.  

As shown i n  F igu re  2 . ,  t h e  I R  s p e c t r a  o f  MgC12/TiC1 EB and MgC12/ 

TiC142EB were c o n s i d e r a b l y  s i m i l a r  t o  t h o s e  o f  MgC12/EB and MgC12/ 

EB/TiC14. 

found i n  t h e s e  two c a t a l y s t s .  T h i s  i n d i c a t e d  t h a t  t h e  T i C l  EB and 

T i C l  2EB decomposed under  t h e  a c t i o n  o f  m i l l i n g .  A l l  EB produced 

due t o  decomposi t ion recombined w i t h  MgCl d u r i n g  t h e  m i l l i n g .  

TiC14, t h e  o t h e r  decomposed product  might  be f i x e d  on t h e  s u r f a c e  o f  

MgC12 t h rough  C1 b r i d g e .  

n o $ c = o  o f  f r e e  EB i n  t h e s e  two c a t a l y s t s .  

cou ld  be found a t  3175 cm-l and 3185 cm-’ r e s p e c t i v e l y .  

a s s o c i a t e d  t o  t h e  t i t a n i u m  complexes and t h e $  o f  f r e e  PIP  and 

PYRR were a b s e n t  i n  t h e s e  two c a t a l y s t s .  These were very  d i f f e r e n t  

from t h e  r e s u l t  ment ioned.  Because t h e  bond o f  N-CTi was s t r o n g e r  

than  O--TI.  So t h e s e  two t i t a n i u m  complexes k e p t  unchanged n o t  l i k e  

t h o s e  o f  EB. T h i s  c o u l d  be f u r t h e r  proved by DTA r e s u l t s  o f  t h e  

T i C l  2PYRR and T i C l  EB. The thermal  decomposi t ion  t empera tu re  

(160 
It i s  worth t o  n o t e  t h a t  as shown i n  t a b l e  3. t h e  t i t a n i u m  

complexes T i C l  EB and T i C l  2PYRR were i n a c t i v e  f o r  p o l y m e r i z a t i o n  o f  

propylene .  Under t h e  same po lymer i za t ion  c o n d i t i o n  t h e  m i l l e d  

p r o d u c t s  o f  t i t a n i u m  complex wi th  MgC12 e x h i b i t e d  c o n s i d e r a b l y  

a c t i v e  even i f  D/T i  > 1  (Dxe lec t ron  donor)  i n  i t .  The a c t i v i t y  o f  

From t h e  I R  d a t a  i t  

4 

The c h a r a c t e r i s t i c  bands o f  t i t a n i u m  complexes cou ld  n o t  be 

4 
4 

2 

T h i s  c o u l d  be s u p p o r t e d  by t h e  f a c t  t h a t  

However, t h e  J N m H  f o r  MgC12/TiC142PIP and f o r  MgC12/TiC1 2PYRR 4 
These bands 

N- H 

4, 4 
C ,  213OC) o f  t h e  former was h i g h e r  t han  t h e  l a t t e r  (194OC). 

4 4 
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c a t a l y s t  MgC12/TiC1 2EB was much l o w e r  than  t h a t  o f  MgC12/TiCl EB. 

A t  t h e  same t ime i t  can be seen  t h a t  t h e  i n c r e a s e  o f  EB c o n t e n t  i n  

c a t a l y s t  cou ld  n o t  r e s u l t  i n  t h e  i n c r e a s e  o f  i s o t a c t i c i t y  o f  polymer 

produced,  b u t  on t h e  c o n t r a r y ,  r e s u l t  i n  t h e  dec rease  of  t h a t .  T h i s  

behav io r  i s  agreement wi th  t h e  c a t d y s t  p r e p a r a t e d  by mi l l i ng - soak ing  

4 4 

method 5)  . 

Tab le  3. The c o n t e n t  o f  EB and T i ,  a c t i v i t y  and i s o t a c t i c i t y  o f  

c a t a l y s t s  

C a t a l y s t  E B ( w t . - % )  T i ( w t . - % )  E B / T i  A c t i v i t y a )  1.1 b )  

(mola r  (g PP/g (76) 
r a t i o  T i  h )  

MgCl2/TiC1 4 EB 9.7 3 - 2 5  0.V6 4000 79.9 

MgC12/TiC1 42EB 17.7 2 .89  2.0 1820 74.8 

TiC14EB 14.50 1 .o none 

MgC1,/PIP/TiC14 3.30 

MgC12/PYRR/TiC14 1.15 

TiC142PYRR 13-90 

1350 43.0 

2200 55.8 

none 

a )  Po lymer i za t ion  o f  p ropylene  was c a r r i e d  o u t  a t  6OoC under  

c o n s t a n t  p r e s s u r e  of 581 mm Hg i n  a g l a s s  r e a c t o r  w i th  100 m l  o f  
n-heptane s o l v e n t ,  A l / T i = 2 0 .  

b) 1.1. was d e f i n e d  as t h e  f r a c t i o n  i n s o l u b e l  i n  b o i l i n g  heptane .  

The r e s u l t s  as shown i n  t a b l e  4. i n d i c a t e d  t h a t  EB c o n t e n t  o f  

t h e  suppor t ed  c a t a l y s t  p r e p a r a t e d  by m i l l i n g - s o a k i n g  method are 

f r e q u e n t l y  more than  s t o i c h i o m e t r i c  amounts o f  T i C l  EB. The a c t i -  

4 
v i t y  and s t e r e o s p e c i v i c i t y  o f  MgC12/PIP/TiC1 

were lower r e l a t i v e l y .  

4 
and MgC12/PYRR/TiC1 4 

5. Far-IR s p e c t r a  o f  c a t a l y s t  

The f a r - IR  s p e c t r a  of  M-Cl(M=Mg, T i )  i n  T i  complexes and 

c a t a l y s t s  were i n v e s t i g a t e d  on t h e  b a s i s  of  p r e v i o u s  I R  d a t a  o f  

r e l a t e d  compounds 6) . 
proposa l  s t r u c t u r e  o f  t h e  c a t a l y s t s .  

c h i n g  f r e q u e n c i e s  i n  200-500 cm-l r e g i o n  were observed .  

It  p robab ly  provided  u s e f u l  i n f o r m a t i o n  on t h e  

The d,,-,, and $Ti-cl s t r e t -  

It can be 
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4 'Table 4 .  7'he c o n t e n t s  o f  T i  and ER o f  MgC12/EB/TiC1 

EXP. N O .  T i  (wt . -%) EB( W t  . -%) EB/Ti(molar  r a t i o )  

1 a )  2 .09 11.9 1.6 

2.44 11.0 1.4 2" 1 

a )  Taken from R e f .  5 ) ;  t h e  i n t e r a c t i o n  o f  MgC12/EB w i t h  T i C l  was 
4 

a t  8 O o C .  

s e e n  t h a t  a s t r o n g  b r o a d  band a t  a r o u n d  280  cm-' a l o n g  w i t h  a weak 

band a t  370 cm-' a p p e a r e d  i n  I H  p a t e r n  o f  MgC12/EB, MgC12/EB/TiC14, 

MgC12/TiC14EB ( F i g u r e  5 ) ,  MgC12/PIP and  MgC12/PIP/TiC14 ( F i g u r e  6 ) .  

T t  c an  be a s s i g n e d  t o  t h e  ,)lLlg-cl . The s t r o n g e s t  band a t  393 cm-' 

f o r  TiC14EB and a t  345 cm- 

T i - e l  s t r e t c h i n g  f r e q u e n c i e s .  NoJTi-C1 i n  t h e  MgC12/EB/TiC14 and 

MgC12/TiC1 EB was o b s e r v e d .  T h i s  f u r t h e r  c o n f i r m s  t h a t  EB i s  c o o r d i -  

n a t e d  t o  MgC12 as m e n t i o n e d  above .  The f a r - I R  s p e c t r a  o f  t h e  MgC12/ 

PIP/TiCl  were d i f f e r e n t  from t h a t  o f  t h e  above -men t ioned  c a t a l y s t s .  

A b r o a d  new band o f  medium i n t e n s i t y  a t  356 cm-' i s  found  from 

F i g u r e  6 .  T h i s  band i s  c l o s e  t o  t h a t  o f  T i C l  2 P I P  and  may presuma- 

b l y  be a s s i g n e d  t o  t h e  $Ti-C1 v i b r a t i o n ,  which h a s  been s h i f t e d  due  

t o  c o o r d i n a t i o n  o f  T i C l  /PTP complexe t o  MgC12 t h r o u g h  c h l o r i n e  

b r i d g e .  

cm-l was f o u n d  i n  MgC12/PYRR/TiC14. 

f o r  T i C l  2PTP c a n  be  a s s i g n e d  t o  t h e  4 

4 

4 

4 

4 

o f  TiC142PYRR was a t  365 cm" and a new band a t  374 
I t  c o u l d  be s i m i l a r l y  a s s i g n e d  

Ti-C1 The J 

to 4 Ti-C1 

6. R e s u l t  o f  XPS d e t e r m i n a t i o n  

I t  i s  known t h a t  XPS t e c h n i q u e  may be u s e d  f o r  s t u d y i n g  t h e  

c h e m i c a l  b a n d s  i n  t h e  c o o r d i n a t i o n  compounds a c c o r d i n g  t o  t h e  f a c t  

t h a t  t h e  b i n d i n g  e n e r g y  o f  t h e  i n n e r - s h e l l  e l e c t r o n s  d e p e n d s  on t h e  

e f f e c t i v e  c h a r g e .  The d e t e r m i n a t i o n  o f  b i n d i n g  e n e r g y  can  p r o v i d e  

an i n f o r m a t i o n  on c h a r g e - s h i f t  and t h u s  i t  p o s s e s s e s  s p e c i a l  func -  

t i o n  f o r  s t u d y i n g  c o o r d i n a t i o n  complex and  c a t a l y s t  s t r u c t u r e .  

The b i n d i n g  e n e r g y  o f  N l S ,  Mg2S, Ti2P3/2 and  C12P3/2 o f  t h e  

r e l a t e d  elements i n  m i l l e d  p r o d u c t s ,  c a t a l y s t s  and t i t a n i u m  complexes  
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Wavenumber ( cm" ) Wavenumber (crn-' ) 

F i g ,  5 .  Far-IR o f  complexes  F i g .  6. Far-IR o f  complexes and 

and c a t a l y s t s  1 -MgC12/EB, c a t a l y s t s  1-MgCl2/PIP, 

2-MgC12/TiC14EB, 3-MgC12/EB/ 

T i C l  and 4-Tic1 EB. 

2- MgCl ,/P IP/Ti  C 1  and 3- T i C l  42P I P . 
4 4 

were d e t e r m i n e d .  The r e s u l t s  o b t a i n e d  are  g i v e n  i n  t a b l e  5. 

P I P  and PYRR r e s p e c t i v e l y .  T h i s  e x h i b i t e d  t h a t  t h e  c h a r g e  have  been 

removed from n i t r o g e n  atom t o  Mg atom and t h e  c o r e  e l e c t r o n  d e n s i t y  

o f  Mg atom was i n c r e a s e d  t h e r e f o r e  t h e  b i n d i n g  e n e r g y  o f  i n n e r - s h e l l  

The b i n d i n g  e n e r g y  o f  Mg2S d e c r e a s e d  w i t h  coground MgCl w i t h  2 
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T a b l e  5 .  Measured r e s u l t s  o f  b inding  energy Eb 

Binding energy  ( e v )  

N1S Mg2S Ti2P3/2 ‘lZp3/2 

- Compound 

MgC12 90.5 

MgCl 2/P IP 401.8 50.2 

MgC12/PIP/TiC14 401 - 3  90.0 458.6 199.1 

TiC142PT P 401.2 458 5 198.2 

MgC12/PY RR 401 * 4  89.7 195.1 

MgCl 2/PYRR/TiC14 400.5 89.7 458.1 198.5 

T i C l  42PYRR 400.8 458 3 198.1 

was decreased  and formed N--Mg c o o r d i n a t i o n  bond. I t  was f u r t h e r  

demost ra ted  t h a t  t he  s u r f a c e  complex was found when MgC12 m i l l e d  

wi th  donor. In  t h e  comparison o f  b ind ing  energy o f  N1S o f  m i l l e d  

p roduc t s  and c a t a l y s t s  wi th  t h a t  o f  t h e i r  co r re spond ing  t i t a n i u m  

complexes, i t  was found t h a t  t h e  r e s u l t s  o f  c a t a l y s t s  (MgC12/PIP/ 

T i C 1 4 ,  MgC12/PYRR/TiC1 ) were very  similar t o  those  o f  t i t a n i u m  

complexes o f  PIP and PYRR, b u t  were d i f f e n t  from MgC12/PIP and 

MgC12/PYRR r e s p e c t i v e l y .  

5). The d i f f e r e n c e  o f  Eb f o r  Ti2P between them was n o t  obvious .  

So i t  can be imagined t h a t  charge  d e n s i t y  o f  t i t a n i u m  complexes and 

the  t i t a n i u m  atom i n  t h e  c a t a l y s t s  were a lmost  t he  same as them i n  
t i t a n i u m  complexes. For this reason ,  i t  would be seen  t h a t  t h e  

r e s u l t  ob ta ined  by XPS was c o n s i s t e n t  wi th  t h a t  o f  I R .  That  i s ,  t h e  

e l e c t r o n  donor r e a c t e d  wi th  T i C l  i n  t h e  suppor t ed  c a t a l y s t s .  

4 

The d i f f e r e n c e  was 0.5-0.9 ev ( s e e  Table  

3 /2  

4 
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ABSTRACT 

A new concept for the synthesis of linear low density poly- 

ethylene from a single feed (ethylene) has been developed. The 

concept utilities application of a dual functional catalyst for the 

process. One component of the catalyst dimerizes ethylene to 

1-butene and the second catalyst component copolymerizes the 1-butene 

with ethylene to form branched polyethylene. Evaluation of various 

catalysts for this purpose allowed identification of several dual 

functional systems with the least interference between the com- 

ponents. One of the catalysts, including the AlEt3-Ti(Oi-Pr)4 system 

as the dimerization component and the AlEt3-TiCl4/MgC12/polyethylene 
system as the polymerization component, has been studied in detail in 

bench-scale experiments. These kinetic studies were used as a basis 

for evaluation of the catalyst in a continuous LLDPE synthesis in a 

pilot plant. 

INTRODUCTION 

A primary focus of polyethylene research during the past 

several years has been the development of new technology for the 

synthesis of branched low density polyethylene at low pressure, with 

the identification of suitable catalysts a major emphasis. This has 

been accomplished by using supported organometallic chromium 

catalysts1 -4) or Ziegler-Natta catalysts5) to copolymerize ethylene 

with various alpha olefins, predominantly 1-butene. 

Properties of resulting polyethylene have been sufficiently 

attractive that a number of new commercial processes have been 

developed6), one of which (Union Carbide's) has received significant 

attention'). Approximately 10 wt% of 1-butene in a copolymer is 

4 4 3  
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sufficient to decrease polymer density from 0 .96  to 0.93-0.92 and its 
crystallinity from ca. 70 to 35-40%, e.g., the level typical for 

polyethylene obtained in radical polymerization at high pressure. 

An alternative route to the synthesis of branched polyethylene 

at low pressure is to use a catalytic system capable of simultaneous 
ethylene dimerization and copolymerization of the in situ formed 

1 -butene with ethylene. 

Such a catalytic system capable of the synthesis of branched 

polyethylene has a major advantage of needing only a single monomer, 

ethylene. The catalyst system should contain active centers of two 

types (dimerization and polymerization centers) which are compatible 

with each other, i.e., do not interfere chemically and operate under 

the same reaction conditions of temperature, monomer pressure, 

solvent, etc. 

The activity of the dimerization component of such a catalyst 

should be sufficient to provide the necessary amount of 1-butene for 

the formation of polyethylene with desirable and easily controllable 

chain branching. 

We have evaluated several ethylene dimerization catalysts with 

respect to their compatibility with Ziegler-Natta catalysts for 

ethylene polymerization, selected several combinations which showed 

promise as dual functional catalysts. Kinetic behavior of one of the 

catalysts, AlEt3-Ti(Oi-Pr)4 - TiClq/MgC12/polyethylene, was studied 

in conditions simulating continuous polymerization. This catalyst 

was also tested in a large-scale continuous polymerization unit. 

EXPERIMENTAL 

Ethylene polymerization and dimerization reactions were studied 

in a 1 L stainless steel autoclave equipped with a magnetic 

stirrer. The autoclave had several inlets for vacuum pumping, 

solvent supply, monomer supply, etc., and several catalyst charge 

cylinders for the introduction of catalyst suspensions and solutions. 

Purified ethylene (after initial gas drying by molecular 

sieves, 02 removal with reduced copper catalyst at 100°C, and final 

gas drying by molecular sieves) was fed into a stainless steel high 

pressure cylinder (volume 1.20 L) used as an ethylene reservoir in 

polymerization experiments. After polymerization for some period of 

time (usually 1-2 h), the polymerization process was stopped by a 

rapid ethylene discharge from the reactor and by system cooling. 
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Kinetic analysis of simultaneous dimerization and polymeri- 
zation of ethylene requires knowledge of concentrations of ethylene 

and 1-butene at any given time during the process. When ethylene 

consumption from the reservoir was measured, significant deviation 

from ideality of the ethylene pressurelgas density relationship was 
taken into account8). 

Gas phase composition in the ethylene polymerization system was 

monitored by the GC method every 10-15 min. 2 cc samples were taken 

from the gas phase of the reactor (through a rubber septum) without 

disturbing reaction. A Hewlett-Packard 7620A GL Research Chromato- 

graph equipped with a Chromosorb 102 6 ft column and a thermal 

conductivity detector was used for analysis of the gas phase in the 

reactor. 

The composition of the liquid phase was calculated from the gas 

phase composition utilizing gas-liquid equilibrium data for the 

ethylene-1-butene-n-heptane system at reaction temperature and 
pressure 9 )  . 

Copolymerization of ethylene and 1-butene with the Tic141 

MgC12-AlEt3 catalyst was studied in the same reactor that was used 
for ethylene polymerization with the dual functional catalyst. In 

the copolymerization experiments, the solvent, n-heptane, was pre- 

liminarily saturated with 1-butene at various pressures at the 

reaction temperature (which typically took ca. 30 min), ethylene was 

then dissolved in the system and followed by the introduction of the 

catalyst components. 

The solid supported catalyst for ethylene polymerization was 

obtained by the reported method''). Its weight composition was: Ti - 
4.02%, Mg - 1.44%, C1 - 7.17%, A1 - 1.96% (residue - polyethylene). 

Analysis of polymerization products obtained in the presence of 

dual functional catalysts was carried out by 13C-NMR, IR, x-ray, and 
DSC methods'). 

RESULTS 

Evaluation of ethylene dimerization catalysts. Several 
ethylene dimerization catalysts were evaluated for compatibility with 

typical Ziegler-Natta catalysts for ethylene polymerization. The 

first prerequisite for the application of dimerization catalysts as 

components in dual functional catalysts is activity in the tempera- 

ture range 70-100°C and ethylene pressure range 5-20 atm, typical for 

catalytic ethylene polymerization. 
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The obvious candidates for such process are combinations of 
11-13) * titanium tetraalkoxides and trialkylaluminum compounds. 

series of different titanium tetraalkoxides in combination with A1Et3 

were tested at 50-70°C and reaction pressure 7.12 atm. Figure 1 

shows data on 1-butene formation with these catalysts and the 

dependence of the effective reaction rate on time. A l l  titanium 

tetraalkoxides soluble in n-heptane produce fairly active catalytic 

systems for ethylene dimerization, whereas insoluble compounds make 

ineffective catalysts. At this temperature, catalytic species formed 

in the Ti(OR)b-AlEt3 systems are not stable. Initial catalytic 

activity of the three most active titanium compounds, Ti(OEt)4, 

Ti(Oi-Pr)h, and Ti(OBu)4, are similar and deactivation rates are 

similar as well, which suggests that the active centers in all these 

systems are similar. The products of this reaction, in addition to 

1-butene ( > g o % )  include 2-butenes (cis --0.5%, trans - -l%), isomeric 

hexenes and a small admixture of polyethylene (ca. 2-4%). 

Time. min 

Figure 1. Kinetics of ethylene dimerization with the Ti(OR)&-AlEt3 
catalysts at 7 0 ° C  (heptane, pressure 7.12 atm). 

It has been previously demonstratedl4) that the ratio between 

yields of 1-butene and polyethylene formed in this reaction at 60°C 

depends on the mixing procedure of catalyst components. If this 

mixing is carried out in the presence of ethylene, the yield of 

1 -butene increases and that of polyethylene decreases. We examined 
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the effect of two monomers, ethylene and 1-butene on the performance 

of this catalyst at 9 0 ° C .  Figure 2 shows the kinetics of ethylene 

consumption by the Ti(Oi-Pr)h-AlEt3 system mixed in vacuum, in the 

presence of 1-butene, and in the presence of ethylene. In the first 

two cases, the catalyst components reacted in n-heptane medium for 30 

and 15 min before ethylene admission. It is evident from this figure 

that olefin presence is essential for high activity of the 

dimerization catalyst. At 9 O " C ,  this catalyst is very unstable in 

time and its formation in the presence of ethylene provides a method 

for achieving high 1-butene yield during the lifetime of the system. 

Figure 2. Ethylene consumption by the Ti(Oi-Pr)h-A1Et3 system formed 
at 9 0 ° C  in vacuum (0) and in the presence of 1-butene ( A )  and 
ethylene ( 0 ) .  

Several other catalytic systems €or ethylene dimerization were 

evaluated under the same conditions as those in previous experi- 

ments. These data are collected in Table 1 and show that no other 

system matches productivity of the Ti(OR)b-AlEt3 system for 1-butene 

formation at high temperatures. 
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Table 1.  Ethylene oligomerization with various catalysts in the 

presence of A1Et3 

Catalyst A1 : M Temp. Time 1 -Butene Yield 
(mol /mol) " C  min g / g  cat 

Ti(Oi-Pr)4 5.6 90 120 720 

Ti (NMe2) 4 2.9 90 120 35 

(acac)zTi(OEt)~ 6.1 90 120 38 

VO(Oi-Pr)3 3.8 90 160 80 

(acac)TiC12 4.9 90 120 80 

Ti (OCgHqMe) 4 3.7 90 120 292 

3.8 90 160 154 I, - 11 

Evaluation of ethylene polymerization catalysts. Four ethylene 

polymerization catalysts were evaluated as components of dual 

functional catalysts: 6-TiC13.0.33AlC13 (Stauffer Chemical Company), 

a supported catalyt TiClq/MgC12/PolYethYlene1°),  a supported catalyst 

TiClq/MgC12/ethyl anisate' 9 6, (Ti - 1 .52%) and VOC13. 
All of the Ti-containing catalysts in combination with A1Et3 

are very active catalysts for ethylene homopolymerization and copoly- 

merization with 1-butene at temperatures of 50-100°C. They were 

evaluated for compatibility with the Ti(Oi-Pr)4-A1Et3 dimerization 

system in a series of experiments in which the solids were charged 

first to a reactor, followed by the dimerization catalyst in the 

sequence solid component, AlEt3, Ti(Oi-Pr)4, ethylene. These tests 
demonstrated that 6-TiC13.0.33A1C13 is not compatible with the 

dimerization catalyst. When 0.05 g of the solid was allowed to react 

with 0.94 mmole of A1Et3 for 2 min in the absence of ethylene at 

90°C, no 1-butene was formed. After subsequent addition of 0.17 

mmole of Ti (0i-Pr)b at 90°C and reaction pressure of 7.1 atm for 

120 min, 0.5 wt% of 1-butene in the gas phase was found. In the same 

reaction in the presence of triplicate amounts of A1Et3 and Ti(0i- 
Pr)4, the only reaction product was linear polyethylene. This 

behavior should be compared with the performance of the unmodified 

Ti (Oi-Pr)4-A1Et3 system which produces 37 g of 1 -butene in these 
conditions, corresponding to ca. 40% of 1-butene in the gas phase. A 
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possible reason for this change is the formation of AlEt ~1 in the 
2 

reaction between TiC13.0.33AlC13 and A1Et3 at increased tempera- 
tures. (0.94 mmole 
each) reacted with 0.17 mmole of Ti(Oi-Pr)4 at 90°C, no 1-butene was 
formed in the presence of ethylene, the only product being a small 

amount of linear polyethylene. 

When an equimolar mixture of A1Et3 and A l E 5 ~ 1  

Two tested suuported TiClq-based catalysts influenced ethylene 

dimerization with the Ti(Oi-Pr)b-AlEt3 system to a much lesser 
degree. For example, when the same testing procedure was used in the 

TiClq/MgC12/polyethylene catalyst (0.1 g ) ,  1-butene content in the 
gas phase dropped to ca. 1 % ;  however, in the presence of triplicate 

amounts of A1Et3 and Ti(Oi-Pr)4, 1-butene content increased to 32% 
after 120 min. 

Ethylene polymerization with the dual functional catalyst 

AlEt3 - Ti(@i-Pr)4-TiCl~/MgCl~/polyethylene. Initial polymerization 
experiments with this dual functional catalyst system were performed 

at 70°C. The order of charging of catalyst components into the 

reactor was AlEt3, Ti(Oi-Pr)b, solid catalyst, with minimal intervals 
between additions. In all these runs, the amounts of the supported 

catalyst in the polymerization reactio was 0.1 g (corresponding to 

0.08 mmole TiClh), A1Et3 (4.7 mmole), and Ti(Oi-Pr)4 varied in the 

range of 0-0.5 mmole. Polymerization reactions were carried out at a 

total pressure of 7.1 atm (corresponding to an ethylene partial 

pressure of 6.7 atm) for 2 h. Polymer yields were 60 to 90 g. The 

Ti(Oi-Pr)4/MgC12/polyethylene-AlEt3 system, when used in ethylene 
homopolymerizationn in the 80-90°C range, exhibits very stable 

kinetic behavior for several hours. Effective polymerization rate 

constants for the first 2 hours were 1200-1800 g/g T5.atm.h. All 
polymers obtained with this dual functional catalyst were branched 

and the level of branching depended on catalyst composition. 

Figure 3 shows the dependence of catalyst activity and polyethylene 

branching as functions of Ti(Oi-Pr)4 content in the catalyst. Poly- 

merization activity decreased with increasing Ti(Oi-Pr)4 amounts. 

Two reasons for this effect are a decrease of polymerization rate due 

to copolymerization of 1-butene and ethylene and partial poisoning of 

polymerization centers by reaction products of the AlEt3-Ti(Oi-Pr)4 
system. Polyethylene branching increases with the content of Ti(0i- 

Pr)4 for an obvious reason, an increase of 1-butene amount in the 

polymerization medium. It can be seen that branching typical for low 
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density polyethylene (23-30 CH3/1000C) is easily attainable with this 
d u a l  functional catalyst. 

"1 

Figure 3. Activity of the dual functional TiC14/MgC12/PE - Ti(0i- 
Pr)4-A1Et3 at 7 0 ° C  and polyethylene branching as functions of Ti(0i- 
Pr)4 concentration. 

Table 2 contains data on ethylene polymerization with the same 

catalyst at 90°C. In these experiments, the Ti (Oi-Pr)4-A1Et3 

component of the dual functional catalyst was allowed to dirnerize 

ethylene for some period of time (pre-run time in the table) to 

provide nearly constant concentrations of ethylene and 1-butene in 

the course of their copolymerization. One example of the kinetic 

data for such experiments is shown in Figure 4. 
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Table 2. Ethylene polymerization with t h e  dual functional catalyst 

Ti(Oi-Pr)b-AlEt3 - TiC14/MgC12/PE at 90°C,  7.1 atm,  0.0825 mmol Ti 

Ti (Oi-pr)~, AlEt A1:Ti Pre-run time Reaction rate PE branching 
mmol/l mnol31 mol/mol min g/g Ti.atm-h CH3/1000c 

0.134 

0.134 

0.168 

0.202 

0.269 
0.336 

0.403 
0.470 

0.670 

1 .56 

1.87 

1 .87 

1 .85 

1 .85 
1 .87 

1 .87 
2.50 

3.12 

_1 10 

1 1  .6 

13.9 

1 1 . 1  

9 . 3  

7 .O 
5.6 

4.6 
5.3 

4.6 

60 

30 

30 
30 

30 
15 

15 
15 

18 

1030 

680 

760 

660 

500 
560 

500 
440 

460 

3.0 

7 .O 

7.5 
18.0 

15.1 
22.5 

24.0 
35.5 

45.0 

0.1 

Figure 4. Kinetics of ethylene polymerization with the TiC14/MgC12/ 
PE - Ti(Oi-Pr)4-AlEt-j system at 90°C. 

The solid catalyst was introduced into the reaction medium 

after 1-butene concentration (measured by the GC method) reached a 
definite level anticipated from the amount of the dimerization 

catalyst. As a result, both ethylene and 1-butene concentrations in 
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these experiments remained approximately constant throughout the runs 
allowing synthesis of polyethylene with an unchanged level of 

branching. The rate of polyethylene formation estimated from the 

total ethylene absorbance and the change of the 1-butene concen- 

tration in solution remained nearly constant in these runs (see 

Figure 4) indicating high stability of the polymerization catalyst. 
As can be seen from the data in Table 2, polyethylene branching 

increases with the amount of the dimerization catalyst, as at 70°C 

(Figure 3). However, the performance of the dimerization catalyst 

depends to a significant degre on the A1:Ti molar ratio which 

explains the absence of a straightforward correlation between 

branching and the amount of Ti(Oi-Pr)k introduced in the system. 

These data show also that polymerization activity of the dual 

catalyst depends primarily on two parameters - the concentration of 

1-butene in the reaction medium (reflected in polyethylene branching) 

and the concentration of the dimerization component. 

This catalyst is sensitive to hydrogen. When 2.7 atm of H2 
were introduced in the reactor prior to solid catalyst admission, 

polymer with melt index 1.0 was obtained, instead of a high molecular 

weight product (melt index less than 0.1) in the absence of 

hydrogen. Another heterogeneous catalyst component, TiC14/MgC12/ 

ethyl anisate was used instead of TiC14/MgC12/PE with similar 

results. At Ti(Oi-Pr)& and A1 concentrations corresponding to 0.3 

and 1.87 mmo1/1 respectively, and an initial ethylene pressure of 

6.4 atn at 90°C, polyethylene with branching of 18.6 CH3/1000C was 

obtained at the average polymerization rate of 2100 g / g  Ti.atm-h. 

Kinetics of ethylene dimerization with the Ti(Oi-Pr)4-A1Et3 

system. Ethylene dimerization in the presence of titanium alkoxides 

in combination with trialkylaluminum compounds has been known for 
more than 30 years12). Many important features of this reaction are 

known including principal chemical, kinetic, and mechanistic 
data1 7-19). According to chemical ionization mass spectrometric 

data17), interaction of excess A1Me3 with Ti(0i-Pr)h results in the 

formation of two complexes: 



b l u l t i f u n c t i o n a l  Catalytic Route f o r  B r a n c h e d  P o l y e t h y l e n e  S y n t h e s i s  453 

Ti(OR)4 + A 1 ( C I - ;  ) --> 
3 3  

R 

and 

K 

with Ti in +3 and +2 oxidation states. These reduced species con- 

taining Ti-C bonds are potentially active ethylene dimerization 
centers. It is known that these centers are unstable and activity of 

these catalysts in ethylene dimerization rapidly decreases with 
time' 8)  . 

We studied the kinetics of ethylene dimerization with the 

Ti(Oi-Pr)4-A1Et3 catalyst in heptane solutions at 90°C using con- 

ditions similar to those used for the application of this catalyst as 

the dimerization component of the dual functional catalyst. Only 

macrokinetic features of this reaction, essential for the performance 

of the dual functional catalyst, were investigated. 

Figure 5 shows kinetics of ethylene dimerization with the 

catalyst at 90°C, Ti(Oi-Pr)4 concentration of 0.336 mM and A1:Ti 
ratio of 5.6. Results show a rapid accumulation of 1-butene in the 

system, accompanied by a slight decrease in ethylene concentration 
(Figure 5 - B ) ,  due to the fact that the total reaction pressure was 

kept constant during this reaction. As can be seen from Figure 5-A, 
the rate of ethylene consumption rapidly decreases with time, 

indicating high instability of the dimerization centers under the 

conditions used. Analysis of these data in terms of simple kinetic 

relationships demonstrated (Figure 5-C,D) that under these con- 

ditions, the rate of catalyst deactivation is reasonably described by 

the first order law: 

* 
Dimerization rate = Rdim = kdimCEC 

* 
Rate of catalyst deactivation C = Coexp(-kdt) 
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C 

D 

Figure 5. Kinetics of ethylene dimerization with the Ti(Oi-Pr)4- 
A1Et3 system in heptane at 90°C. C T ~  = 0.34 mmol/l, A1:Ti = 5.6, 
reaction pressure 7.12 atm. A: solid line - ethylene consumption, o - 
GC data. B: change of CE and CB with time, GC data. C: dimerization 
rate vs. time from data of Figure 5-A . D: data of Figure 5-C 
coordinates of Eqn. 3. 

where kdim = the rate constant of ethylene dimerization, kd = the 

rate constant of catalyst deactivation, CE = ethylene concentration, 
C* = concentration of dimerization centers (Co = the initial concen- 

tration, proportional to the concentration of Ti(@i-Pr)~, in the 

reaction, CTi). However, similar experiments performed at various 

A1:Ti ratios demonstrated that with the increase in the ratio, the 

kinetic order of catalyst deactivation changes from the first 

(Eqn. 3) to the second one, described by Eqn. 4: 

Apparently, the catalyst contains several active species, e.g., A and 

B in Eqn. 1 (with proportions depending on the A1:Ti ratios), some of 

which decompose in monomolecular reactions and some in bimolecular 

reactions. 
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Productivity of the catalyst in the dimerization reaction 
depends on the A1:Ti ratio. At low ratios (ca. 5-6) the initial 

activity of the catalyst, Rdim/ (CE. CTi), which represent the product 

kdim(Co/CTi) is ca. 1.15 l/mmol min and kd in Eqn. 3 is ca. 

0.035 l/mol min. At high A1:Ti ratios, initial activities Rdim/ 

(CE-CT~) in the experiments are in the range 0.7-1.3 l/mmol min and 

the ratio between kdim and kd (in Eqn. 4) is in the range of 0.9-2. 
Thus, the initial activity of the catalyst does not depend on the 

A1:Ti ratio. However, due to different rates of catalyst deacti- 

vation, the total productivity of the dimerization catalyst is higher 

if it is used at lower A1:Ti ratios. For example, if the reaction is 

carried out at an ethylene pressure of 6.2 atm, 1-butene formation 

for 1 h at an A1:Ti ratio of 5-6 is ca. 2.5-3.5 mol/mmol and that at 

an A1:Ti ratio of 23 is ca. 0.7-1 mol/mmol. 

In applications of the dual functional catalyst for the 

synthesis of low density polyethylene in the continuous mode, the 

possibility exists that the performance of the dimerization component 

will be affected by the products of decomposition of the system. 

Although a detailed evaluation of such effects is not possible to 

carry out in batch experiments, some of their manifestations were 

evaluated by carrying out the ethylene dimerization reaction with the 

Ti (Oi-Pr)h-AlEt3 system in heptane at 90°C, discharging formed 

1-butene from the system, and repeating the experiment in the same 

liquid medium, now containing products of catalyst deactivation. 

Results of these experiments showed that the yield of 1-butene for 

90 min in the second experiment is only 70% of the yield in the first 

experiment. However, the rates of catalyst deactivation in both 

experiments calculated in coordinates of Eqn. 3 were the same, indi- 

cating that the initial concentration of active species rather than 

their deactivation reactions were affected by the products of 

catalyst deactivation. 

Reactivity ratios in ethylene-1-butene copolymerization with 

the TiClq/MgC17/polyethylene - AlEt3 catalyst and with the dual 

functional catalyst. If the copolymerization experiments with the 

TiC14/MgC12/PE-AlEt3 system are carried out at high 1-butene concen- 

trations and low ethylene concentrations, the copolymer products 

formed are strongly heterogeneous and contain easily separable com- 
ponents of different compositions. The phenomenon of composition 

inhomogeneity is well known for olefin copolymers obtained with 
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heterogeneous Ziegler-Natta catalysts22). Strong compositional 

inhomogeneity makes worthless estimations of two reactivity ratios 

for this catalytic system in a wide range of monomer concen- 

trations. For this reason, the copolymerization experiments were 

carried out at relatively low 1-butene concentrations in solution, 

which resulted in the formation of ethylene-1-butene copolymers with 

low 1-butene content, in the range of 0-7  ~101%. Copolymers formed in 

these conditions are relatively homogeneous in composition. 

The general expression for copolymer composition is: 

f = F(r1F + l)/(r2 + F) ( 5 )  

where r1 = k11 /k12 and 1-2 = k22/k21 are reactivity ratios (kij is the 

propagation rate constant for the addition of monomer Mj to a polymer 

chain with the last unit Mi), and f = (Ci/C2)cop and F = (Ci/C2)rnon 

are the molar ratios of two monomers, in copolymers (f) and in the 

reaction system (F). If monomer Mi is much less reactive than 

monomer M2 (as in our case 1-butene is much less rea-ctive than 

ethylene, rl>>l and, if F values are low, rlF<<l and r2>>F. In such 

a case, Eqn. 5 can be approximated as 

f = F/r2 

e.g., a linear correlation should exist between f and F values with 

the slope being 111-2. Analysis of experimental data for ethylene- 

1-butene copolymerization with the supported catalyst indicated that 

Eqn. 6 holds for the F range of 0-1 .O (corresponding to the f range 

of 0-0 .05) .  The r2 = kEE/kEB value estimated in this way is 20f4. 
Most batch experiments on ethylene polymerization with the dual 

functional catalyst AlEtg-Ti(Oi-Pr)~+ - TiClq/MgC12/polyethylene were 
performed in such a way (shown in Figure 4) that 1-butene was accumu- 

lated in the reaction system for some time prior to the admission of 

the polymerization component of the catalyst. This procedure allows 

synthesis of ethylene-1-butene copolymers with nearly constant com- 

positions. Concentrations of ethylene and 1-butene in such 

experiments were estimated by several independent methods, including 

direct experimental measurements of the gas phase compositions in the 

reactor, measurements of 1-butene yields at the ends of pre- 

polymerization periods (30 min in Figure 4 ) ,  and calculations of gas- 
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liquid equilibria in the ethylene-1-butene-n-heptane systems. These 

estimations yielded an 12 value for ethylene polymerization with the 

dual functional catalyst of ca. 40f5, i.e., approximately two times 

higher than for the polymerization component alone. This difference 

emphasizes again significant mutual effects of the components of the 

dual functional catalyst (dimerization and polymerization) on each 

other. The polymerization component can affect the dimerization 

component by partially poisoning it. Similarly, the dimerization 

component can influence the polymerization component by modifying 

(e.g., selectively poisoning) some of the polymerization centers. In 

the described case, the centers most affected by the dimerization 

component are apparently the centers exhibiting increased reactivity 

towards 1-butene in the copolymerization reaction. 

Effect of 1-butene on activity of the TiC14/MgCl?/PE - AlEtl 
catalyst. Appearance of 1-butene in the reaction system during the 

course of ethylene polymerization with the dual functional catalyst 

system studied brings about a change in the activity of the 

catalyst. Figure 6 presents values of the effective polymerization 

rate constant with the catalyst as a function of F (the molar 

1 -butene:ethylene ratio in the reactor). A monotonous decrease of a 

factor of two in the polymerization activity with an increase in F is 

apparent. Similarities between the data for the dual functional 

catalyst and for ethylene-1-butene copolymerization with the A1Et-j - 
TiC14/MgC12/PE system obvious from 

keffr g CzH4*1/g cat.ml.min 

20 

10 

ca 
0 

0 

the 

0 

figure 

0 

suggest that the 

0 

5 6 I L 2 3 4 
I I I I I I 

Figure 6 .  Effect of 1-butene on activity of the A1Et3 - TiC14/MgC12/ 
polyethylene catalyst at 90°C.  -ethylene-1-butene copolymeri- 
zation, -ethylene polymerization with the dual functional catalyst. 



458 Y . V .  Kissin and D.L. Beach 

principal reason for the polymerization activity decrease is the 

presence of 1-butene in the reaction medium. Such a decrease is a 

general phenomenon in olefin copolymerization21 ) . The principal 

reason for the decrease is the reduced reactivity of ethylene in 

addition to polymer chains ending with 1-butene monomer units (k12, 

see explanations to Eqn. 5) compared with ethylene reactivity in the 

case of chains ending with ethylene units (characterized by 
k22)21 pZ2), 

Pilot plant evaluation of the dual functional catalyst. Bench- 

scale testings of the dual functional catalyst A1Et3 - Ti(Oi-Pr)4- 
TiCl4/MgC12/polyethylene and kinetic analysis of the mutual influence 

of its components, the dimerization system and the polymerization 

system, proved feasibility of the utilization of the catalyst for 

conversion of ethylene intro branched, low density polyethylene in a 

continuous polymerization process. These studies had culminated in a 

pilot plant testing of the catalyst. The testing was carried out in 

a vertical loop reactor of total volume 120 L in isobutane medium. 

Reaction conditions were: temperature - 85"C, total reaction 

pressure - ca. 40 atm, catalyst residence time - 2.0-2.5 h. Amounts 

of the dimerization and polymerization components of the catalyst and 
hydrogen concentration in the reactor were adjusted to provide 

synthesis of polymer with desirable properties (density, branching 

degree, melt index) at a desirable productivity level. Figure 7 

shows kinetics of the polyethylene synthesis in the continuous mode 
during the pilot plant evaluation. Stable supply of the Ti(Oi-Pr)h 

solution (0.3 vol% in isobutane) at the rate shown in the figure 

allowed maintaining stable concentrations of ethylene and 1-butene in 

the reactor. 
In this 24 h period of evaluation, LLDPE with 0.924 g/cc 

density and 1.9 melt index was produced. A s  anticipated from the 

kinetic study, reactor productivity was ca. 50% of the productivity 

expected in the synthesis of unbranched HDPE under the same reaction 

conditions. 

Kinetic analysis of the bench scale experiments, the results of 

the pilot plant testing, and kinetic models of continuous LLDPE pro- 

duction with the dual functional catalyst demonstrated validity of 

the concept for large scale LLDPE production as a viable alternative 

to conventional ethylene-1-butene copolymerization. 
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Figure 7 .  Kinetics of LLDPE synthesis from ethylene with the dual 
functional catalysts in a continuous pilot plant test. 
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The s t e r e o s p e c i f i c  p o l y m e r i z a t i o n  o f  a - o l e f i n s :  r e c e n t  developments and some 

unsolved o r o b l  ems 

P.Pino, B. Rotz inge r ,  E .  von Achenbach 

Swiss Federal I n s t i t u t  o f  Technology, I n s t i t u t  f u e r  Polymere. 
U n i v e r s i t a t s s t r a s s e  6 ,  8092 Zuer i ch ,  S w i t z e r l a n d  

A b s t r a c t  

On t h e  b a s i s  o f  sys temat i c  exper iments on the  p o l y m e r i z a t i o n  o f  a - o l e f i n s  w i t h  t h e  

c a t a l y t i c  system TiCl4/MgCl2/A?R3/LB (LB=Lewis base) a s imp le  s tereochemical  model 

i s  proposed f o r  t h e  t r a n s i t i o n  s t a t e s  r e g u l a t i n g  r e g i o s e l e c t i v i t y  and s t e r e o s e l e c t i -  

v i t y  i n  t h e  p o l y i n s e r t i o n  process.  

Some a p p l i c a t i o n s  o f  t h e  above model a r e  considered which a l l o w  t o  p resen t  a cons i -  

s t e n t  p i c t u r e  o f  t h e  r e s u l t s  ob ta ined  i n  t h e  p o l y m e r i z a t i o n  o f  e thy lene ,  propy lene 

1-butene and racemic a - o l e f i n s  w i t h  heterogeneous and homogeneous c a t a l y t i c  systems. 

Some unsolved problems i n c l u d i n g  t h e  syn thes i s  and d e a c t i v a t i o n  o f  t h e  c a t a l y t i c  

c e n t e r s  f o r  t h e  p o l y i n s e r t i o n s  a r e  s h o r t l y  d iscussed.  

1 ) I n t r o d u c t i o n  

A f t e r  more than  30 yea rs  s i n c e  t h e  d i scove ry  o f  t h e  s y n t h e s i s  o f  l i n e a r  p o l y e t h y l e n e  

( 1 )  by  p o l y i n s e r t i o n  ( 2 )  and o f  l i n e a r ,  s t e r e o r e g u l a r  and s t e r e o i r r e g u l a r ,  po ly-a-  

o l e f i n s  ( 3 ) ,  polymer chemists  a r e  s t i l l  c o n f r o n t e d  w i t h  a number o f  unsolved p r o -  

blems such as t h e  c o n t r o l  o f  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n ,  t h e  s y n t h e s i s  o f  p o l y -  

a - o l e f i n s  w i t h  predetermined degree o f  t a c t i c i t y ,  and t h e  s y n t h e s i s  o f  copolymers 

o f  o l e f i n s  w i t h  p o l a r  monomers. 

A r a t i o n a l  approach t o  t h e  s o l u t i o n  o f  t h e  above problems r e q u i r e s  a b e t t e r  know- 

l edge  o f  t h e  s t r u c t u r e  o f  t h e  c a t a l y t i c  c e n t e r s  r e s p o n s i b l e  f o r  t h e  p o l y m e r i z a t i o n  

and o f  t h e  methods t o  c o n t r o l  t h e  s y n t h e s i s  o f  t h e  a c t i v e  s i t e s .  

NO sys temat i c  a t tempts  have been made up t o  now t o  c l a s s i f y  t h e  l a r g e  number o f  ca- 

t a l y t i c  systems a v a i l a b l e  today f o r  t h e  p o l y m e r i z a t i o n  o f  e t h y l e n e  and a - o l e f i n s  t o  

l i n e a r  polymers. The n a t u r e  of t h e  c a t a l y t i c  c e n t e r s  be ing  unkown t h e  e x i s t e n c e  o f  

4 6 1  



4 6 2  1'. P i n o ,  13. Rotzinger anti I:. von Ai~lrerlbai'li 

monometallic ( 4 )  o r  b imeta l l ic  ( 5 )  c a t a l y t i c  s i t e s  i s  based mostly on speculations.  

Therefore only a c l a s s i f i c a t i o n  of the c a t a l y t i c  systems on the basis of the number 

and  type of c a t a l y s t  precursors can be attempted. 

Table 1 

Attempted Class i f ica t ion  of the ca t a lys t s  f o r  the 

polymerization of o l e f in s  to  1 inear polymers. 

Number of c a t a l y s t ' s  
precursors 

1 

2 

2 

Cata ly t ic  Sys tern 
Nomenclature 

Monome ta 1 1 i c 

Homobimetal 1 i c  

Heterobimetall i c  

Examples 

~~ ~~~~ 

Cp ' 2 L ~ - C H 3  ( C2H5)20; ( Cp)2NdH ; 

T i ( C H 2 - C 6 H 5 ) 4 ;  

Cp2TiC12/Cp,Ti(C6H5),;TiC14/TiC13CH 

T i C 1 4 / A 1  R 3 ;  VC14/A1 ( C 2 H 5 ) C 1  *; 

Cp2Ti C 1  2 / A l  ( C H 3 ) 3  

The proposed 

ning the  c a t a l y s t s  prepared from two precursors both containing the same meta l l ic  

element sometimes present i n  d i f f e r e n t  oxidation s t a t e s .  These c a t a l y s t s ,  f i r s t  d is-  

covered in 1958, (6 ,7 )  a r e  indicated as a )  monometallic c a t a l y s t s ,  thus meaning t h a t  

the c a t a l y t i c  species contains a s ing le  meta l l ic  element, or b )  a s  b imeta l l ic  ca ta -  

l y s t s  thus meaning tha t  two der iva t ives  of the same metal must r eac t  t o  produce the 

actual c a t a l y s t  and t h a t  two metal atoms a r e  supposed t o  be present in the c a t a l y t i c  

s i t e .  

c l a s s i f i c a t i o n  avoids the confusion ex i s t ing  in the 1 i t e r a t u r e  concer- 

This type of c l a s s i f i c a t i o n  does n o t  d i s t i ngu i sh ,  f o r  the heterogeneous systems,bet- 

ween i n e r t  supports j u s t  increasing the  c a t a l y s t  surface (e.g.polyethylene,polysty- 

rene) o r  supports which m i g h t  a c t ive ly  take p a r t  i n to  the c a t a l y t i c  processes (e .g .  

MgC12). To eliminate t h i s  drawback we propose to  consider a l l  the supports as " i n e r t "  

and therefore  to c l a s s i f y  the c a t a l y s t s  a r i s ing  e.g. from systems o f  the type 

Si02/Alp0,/Cr03 o r  A1203/Ti(CH2C6H5)4 a s  "monometal 1 i c "  ca t a lys t s .  
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From t h e  p o i n t  o f  view o f  t he  n a t u r e  o f  t he  a c t i v e  cen te rs  t h e  most i n v e s t i g a t e d  

c a t a l y s t s  a r e  the h e t e r o b i m e t a l l i c  ones which have been shown, by i n d i r e c t  methods, 

t o  be c h i r a l  raceniic as f i r s t  proposed by N a t t a  and coworkers i n  1957 ( 8 ) .  A l though 

g e n e r a l i z a t i o n s  i n  t h i s  f i e l d  should be avoided, i t  seems ve ry  l i k e l y  t h a t  t h e  p o l y -  

mer c h a i n  grows on a t r a n s i t i o n  metal atom even i f  a main group meta l  i s  p resen t  i n  

the  c a t a l y s t , a s  c o n c l u s i v e l y  shown f o r  t he  T i C l 4 / A l C 2 H 5 C l 2  c a t a l y t i c  system ( 9 ) .  De- 

s p i t e  the  l a r g e  number o f  t h e o r e t i c a l  and exper imenta l  i n v e s t i g a t i o n s  t h e  d e t a i l e d  

s t r u c t u r e  o f  these cen te rs  and p a r t i c u l a r l y  t he  r o l e  o f  t he  c a t a l y s t  p r e c u r s o r ( s )  

has never  been understood. Even t h e  a c t u a l  o x i d a t i o n  number(s) o f  t h e  t r a n s i t i o n  

me ta l s  i n  t h e  c a t a l y t i c  c e n t e r s  o f  d i f f e r e n t  c a t a l y t i c  systems has n o t  been f u l l y  

c l a r i f i e d .  

Only t h e  general f e a t u r e s  o f  t h e  mechanism o f  t h e  p o l y m e r i z a t i o n  o f  a - o l e f i n s  u s i n g  

o r g a n o m e t a l l i c  c a t a l y s t s  have been determined a l r e a d y  i n  1956 (10) ;  t h e  d e t a i l e d  r e -  

a c t i o n  p a t h  f o r  t he  p o l y i n s e r t i o n  the  s t r u c t u r e ,  t h e  s y n t h e s i s  and t h e  d e a c t i v a t i o n  

of t h e  c a t a l y t i c  cen te rs  have been m o s t l y  t he  s u b j e c t  o f  s p e c u l a t i o n s  and o f  undue 

g e n e r a l i z a t i o n s .  

Concerning t h e  d e t a i l e d  r e a c t i o n  p a t h  f o r  t he  p o l y i n s e r t i o n ,  t h e  s t e p  whose t r a n s i -  

t i o n  s t a t e  has t h e  h i g h e s t  energy has n o t  been determined.  The p o s s i b l e  r o l e  o f  t h e  

f o r m a t i o n  o f  a n coriiplex between o l e f i n  and a meta latom o f  t h e  c a t a l y t i c  cen te rs ,  

preceeding t h e  i n s e r t i o n  o f  t he  o l e f i n  i n t o  t h e  meta l  t o  carbon bond, remains uncer-  

t a i n .  The d i s c o v e r y  o f  h i g h l y  a c t i v e  and ve ry  r e p r o d u c i b l e  c a t a l y t i c  systems o f  t he  

t ype  TiC14/MgC12/A1R3 (11 ) whose p r o d u c t i v i t y  and s t e r e o s p e c i f i c i t y  can be r e v e r s i -  

b l y  m o d i f i e d  by a d d i t i o n  o f  Lewis bases ( 1 2 )  and, more r e c e n t l y ,  t h e  d i s c o v e r y  o f  

s o l u b l e  s t e r e o s p e c i f i c  c a t a l y s t s  o f  t h e  t ype  T i  tanocenedich lor ide/Methy la lumoxanes 

( I I ) ( 1 3 )  and Zirconocenedichloride/Methylalumoxanes ( I I I ) ( 1 4 )  have o f f e r e d  t h e  p o s s i -  

b i l i t y  t o  o b t a i n  a deeper i n s i g h t  i n t o  t h e  s t r u c t u r e  o f  these c a t a l y t i c  systems 

which, b r o a d l y  speaking, be long t o  t h e  c l a s s  o f  t he  h e t e r o b i m e t a l l  i c  c a t a l y s t s  o r i -  

g i n a l l y  proposed by Z i e g l e r  ( 1 )  f o r  t he  l ow  p ressu re  p o l y m e r i z a t i o n  o f  e thy lene .  

I n  t h i s  rev iew  we s h a l l  b r i e f l y  summarize t h e  h i n t s  concern ing t h e  n a t u r e  o f  t he  

a c t i v e  c e n t e r s  we have o b t a i n e d  f rom t h e  s t u d i e s  o f  t h e  d i a s t e r e o m e r i c  composi t ion,  

t h e  m i c r o t a c t i c i t y  and i n  some cases t h e  mo lecu la r  we igh t  and t h e  mo lecu la r  w e i g h t  

d i s t r i b u t i o n  o f  t he  polymers ob ta ined  u s i n g  t h e  c a t a l y t i c  systems ( I )  and ( I I I ) ( 1 - 2  

bistetrahydroindenylethylene as 1 i gand) .  The exper imenta l  r e s u l t s  ( 1 5 ) - ( 1 9 )  have 

a l l owed  us t o  f o r m u l a t e  a s tereochemical  model f o r  t he  t r a n s i t i o n  s t a t e s b e l i e v e d  t o  
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determine r e g i o -  and s t e r e o s e l e c t i v i t y , v a l i d  a t  l e a s t  f o r  t h e  c a t a l y t i c  systems (I), 

(11) and (111) which accounts f o r  t h e  r e g i o -  and s t e r e o s p e c i f i c i t y  observed i n  t h e  

p o l y m e r i z a t i o n  o f  t h e  a - o l e f i n s ,  t h e  unexpectedly  l a r g e  number o f  c lasses  o f  c a t a l y -  

t i c  c e n t e r s  e x i s t i n g  i n  t h e  c a t a l y t i c  system ( I )  and f o r  t he  double r o l e  p layed  by 

the  Lewis bases i n  i n c r e a s i n g  t h e  s t e r e o s p e c i f i c i t y  o f  t h e  c a t a l y t i c  system ( I ) ( 1 8 ) .  

Fur thermore i t  has been shown t h a t  p a r t i c u l a r  r e l a t i o n s h i p s  e x i s t  between t h e  s t r u c -  

t u r e  o f  t h e  monomers and t h e  s t r u c t u r e  o f  t h e  c a t a l y t i c  cen te rs  a b l e  t o  po l ymer i ze  

them. Depending on the  s t r u c t u r e  o f  t he  monomer, i s o t a c t i c  polymers a r e  m a i n l y  p ro -  

duced on d i f f e r e n t  types o f  c a t a l y t i c  cen te rs .  

2 )  A s tereochemical  model f o r  t h e  a c t i v a t e d  complexes r e s p o n s i b l e  f o r  t h e  po lymer i -  

z a t i o n  o f  o l e f i n s  t o  l i n e a r  polymers. 

I t  i s  w e l l  known f rom t h e  c l a s s i c a l  k i n e t i c s  t h a t , s t a r t i n g  w i t h  the  s t r u c t u r e  and 

composi t ion o f  t he  r e a c t i o n  p roduc ts ,  o n l y  some h i n t s  concern ing t h e  s t r u c t u r e  and 

t h e  r e l a t i v e  energy o f  t h e  t r a n s i t i o n  s t a t e s  c o n t r o l l i n g  the  f o r m a t i o n  o f  t h e  r e -  

a c t i o n  p roduc ts  can be ob ta ined .  From these t r a n s i t i o n  s t a t e s  some h i n t s  on t h e  

s t r u c t u r e  o f  t h e  c a t a l y t i c  c e n t e r s  can then be ob ta ined .  

For  a p o l y i n s e r t i o n  r e a c t i o n  we have assumed t h a t  r e g i o s e l e c t i v i t y  and s t e r e o s e l e c t i -  

v i t y  depend on t h e  r e l a t i v e  energy o f  t h e  t r a n s i t i o n  s t a t e s  corresponding t o  t h e  

o l e f i n  i n s e r t i o n  i n t o  t h e  bond between t h e  carbon atom o f  t h e  growing c h a i n  end and 

a meta l  atom o f  t h e  c a t a l y t i c  c e n t e r s .  

I n  t h e  case o f  e thy lene  we p o s t u l a t e  f o r  t h e  t r a n s i t i o n  s t a t e  o 

a s t r u c t u r e  ( f i g . l a )  i n  which t h e  o l e f i n i c  double bond i s  para1 e l  t o  t h e  meta l  t o  

carbon bond, t h e  incoming mo lecu le  i n t e r a c t i n g  w i t h  t h e  growing cha in  and w i t h  a t  

l e a s t  t h r e e  o t h e r  l i g a n d s  ( X ,  Y and Z )  bound t o  t h e  m e t a l .  Only s t e r i c  i n t e r a c t i o n s  

between t h e  incoming monomer and c a t a l y t i c  s i t e s  a r e  considered; these i n t e r a c t i o n s  

can be e a s i l y  represented i n  a p lane ,con ta in ing  t h e  meta l  atom as w e l l  as t h e  f i r s t  

carbon atom o f  t h e  growing c h a i n  end, which i s  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  

approach o f  e t h y l e n e  t o  t h e  meta l  t o  carbon bond as shown i n  F i g . l b .  As p r e v i o u s l y  

t h e  i n s e r t i o n  s tep,  

d iscussed ( 2 0 ) t h e  p r o j e c t  

i n t e r a c t i o n  w i t h  t h e  o l e f  

depending on t h e  r e l a t i v e  

I n  t h e  case o f  a - o l e f i n s  

(1-2 a d d i t i o n )  and t a k i n g  

on p lane  i s  dev ided i n  4 quadrants  i n  which t h e  s t e r i c  

n s u b s t i t u e n t s  (H i n  t h e  case o f  e thy lene )  i s  d i f f e r e n t  

s i z e  o f  CH2,X,Y and Z .  

f t h e  i n s e r t i o n  takes p l a c e  by f o r m a t i o n  o f  a M t - C H 2  bond 

i n t o  account  o n l y  s t e r i c  i n t e r a c t i o n s  between t h e  s u b s t i -  
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$ 
H-C-H 

F i g .  1 S i m p l i f i e d  r e p r e s e n t a t i o n  o f  t h e  t r a n s i t i o n  s t a t e  o f  e thy lene  i n s e r t i o n  i n t o  

a meta l  t o  carbon bond ( a )  and p r o j e c t i o n  o f  t he  above geomet r i ca l  s i t u a t i o n  on a 

p lane,  c o n t a i n i n g  t h e  M t - C  bond and pe rpend icu la r  t o  t h e  d i r e c t i o n  o f  approach of 

e thy lene  ( b )  . 

t u e n t  a t  t h e  e t h y l e n i c  double bond and t h e  4 s u b s t i t u e n t s  a t  t h e  metalatom (CH2,X, 

Y,Z)  4 t r a n s i t i o n  s t a t e s  must be considered (f ig.Z,c,d,e,f) each o f  which w i l l  have 

a d i f f e r e n t  energy. 

I f  i n  t h e  i n s e r t i o n  s tep  a Mt -CHR bond i s  formed (2-1 a d d i t i o n )  f o u r  p a i r s  o f  t r a n s i -  

t i o n  s t a t e s  must be considered because t h e  carbon atom bound t o  t h e  meta l  i s  asym- 

m e t r i c  ( f i g . 2 ) ;  ( g , h , i , j ) .  

O f  course as t h e  considered s t e r i c  i n t e r a c t i o n s  occu r  between a c a t a l y t i c  s i t e  and 

an incoming monomer, t he  shape o f  t h e  s u b s t i t u e n t  (R) bound t o  t h e  e t h y l e n i c  double 

bond, which i s  a l s o  p resen t  i n  the  growing chain,  i s  expected t o  be a f u r t h e r  i m -  

p o r t a n t  f a c t o r  i n  de te rm in ing  t h e  r a t e ,  r e g i o s e l e c t i v i t y  and s t e r e o s p e c i f i c i t y  o f  

t h e  i n s e r t i o n  p o l y m e r i z a t i o n .  

The r e l a t i o n s h i p s  e x i s t i n g  between t h e  e x t e n t  o f  i n t e r a c t i o n  o f  t h e  meta l  l i g a n d s  

w i t h  t h e  incoming monomer and r e g i o -  and s t e r e o s e l e c t i v i t y  ( 1 9 )  have been summarized 

i n  Table 2. P o s s i b l e  occasional  e r r o r s  i n  t h e  t y p e  o f  i n s e r t i o n  (1-2 o r  2-1) and i n  

t h e  e n a n t i o f a c e  d i s c r i m i n a t i o n  have n o t  been considered.  

The e x t e n t  o f  s t e r i c  i n t e r a c t i o n  depends on t h e  geometry o f  t h e  c a t a l y t i c  s i t e  and 

on t h e  p r e f e r r e d  d i r e c t i o n  f o l l o w e d  by t h e  monomer i n  i t s  approach t o  t h e  r e a c t i v e  

meta l  t o  carbon bond. Small changes i n  these two f a c t o r s  can e a s i l y  produce f a m i l i e s  
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F i g .  2.Planar r e p r e s e n t a t i o n  o f  t h e  t r a n s i t i o n  s t a t e s  f o r  t h e  i n s e r t i o n  o f  an 

n - o l 2 f i n  i n t o  a Me-C bond. 

o f  t r a n s i t i o n  s t a t e s  w i t h  s l i g h t l y  d i f f e r e n t  monomer-ligands i n t e r a c t i o n s ,  and there- 

f o r e  w i t h  d i f f e r e n t  energ ies,  l e a d i n g  t o  polymers w i t h  s l i g h t l y  d i f f e r e n t  s t r u c t u r a l  

r e g u l a r i t y  and s t e r e o r e g u l a r i t y .  Fur thermore a s l i g h t  m o d i f i c a t i o n  (due t o  t h e  above 

geometr ic  f a c t o r s , )  o f  t h e  r e l a t i v e  energy o f  t h e  t r a n s i t i o n  s t a t e s  l e a d i n g  t o  mono- 

mer i n s e r t i o n  and t o  cha in  t r a n s f e r  w i t h  t h e  monomer r e s p e c t i v e l y  ( 1 6 ) ,  can e x p l a i n  

t h e  d i f f e r e n c e s  i n  Mv observed i n  macromolecules w i t h  s i m i l a r  s t r u c t u r e  and s te reo -  

r e g u l a r i t y ,  and can account  f o r  t h e  l a r g e  mo lecu la r  we igh ts  d i s t r i b u t i o n  (v,.JNn7 5 )  

observed i n  p o l y i n s e r t i o n s  w i t h  heterogeneous c a t a l y s t s .  

Accord ing t o  t h e  model, non s t e r e o s p e c i f i c  c e n t e r s  a r e  conce ivab le  which have f r e e  

c o o r d i n a t i o n  s i t e s ;  such c e n t e r s  can be l a r g e l y  m o d i f i e d  by a d d i t i o n  o f  s u i t a b l e  li- 

gands (e.g. Lewis bases) ( 1 8 )  occupying one o f  t h e  f r e e  c o o r d i n a t i o n  s i t e s .  

Cons ide r ing  monomers w i t h  R hav ing  v e r y  d i f f e r e n t  s i z e s  (e.g.  CH3,CH2-CH(CH3)2,C6H5, 

CH(CH3)*, C(CH3)3) i t  i s  conce ivab le  t h a t  t hey  a r e  m a i n l y  po lymer ized on d i f f e r e n t  

types o f  c a t a l y t i c  s i t e s  t h e  ones hav ing  a b u l k y  s u b s t i t u e n t s  be ing  m a i n l y  polyme- 

r i z e d  on c a t a l y t i c  s i t e s  i n  which t h e  l i g a n d s  e x e r t  a l ower  h ind rance  t o  t h e  monomer 

approach. There fo re  c e n t e r s  which, due t o  t h e  low s t e r i c  i n t e r a c t i o n s  between mono- 



Table 2 

Possible influence on regio- and s t e r e o s e l e c t i v i t y  of the  s t e r i c  i n t e rac t ions  between 

tuents  ( X , Y , Z , C H ,  o r  C H R )  a t  the  Metal Atom ( M t )  bearing the growing polymer chain according 

Trans i t i  on 
s t a t e  

1 a )  

2 
2 '  

3 b ,  

4 a )  

5 c ,  
5 '  

6 ') 
6 ' e )  

Extent o f  S t e r i c  i n t e rac t ion  f ,  

- 
X 

- 

R 

Q 
S 

S 

R 

!2 
S 

S 

S 

- 
Z 

- 

R 

R 
R 

Q 

S 

S 

S 

S 

S 

-CHR 
I 
C H 2 - M t  

Remarks 

-CH 
1 2  
C H R - M t  

Type o f  Regioselec- 
t i v i t y  in the in-  
s e r t i on  s t ep  

no inser t ion  

}1 - 2  

1 - 2  

no inser t ion  

2 - 1  

2 - 1  
2 - 1  

Degree of 
Inantioface 
Discrimination 

- 

lhigh 

lower o r  
none 

- 

high 

medi u m  

a )  inser t ion  of C2H4 c )  never hypothesized d )  Configuration 

e )  Configuration 
b )  i s o t a c t i c  a t  low 

temperature (13)  f )  R = l a rge ,  s 

possible o r  observed 
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mer and X and Y l i g a n d s ,  a r e  n o t  a b l e  t o  d i s c r i m i n a t e  between t h e  two e n a n t i o f a c e s  

i n  p r o p y l e n e  can s u f f i c i e n t l y  d i s c r i m i n a t e  t h e  e n a n t i o f a c e s  i n  3 -me thy l - I -bu tene  o r  

s t y r e n e .  

The model c o u l d  a l s o  i n d i c a t e  why 1-1 d i s u b s t i t u t e d  e t h y l e n e s  a r e  i n  genera l  v e r y  

s l o w l y  p o l y m e r i z e d  o r  n o t  p o l y m e r i z e d  a t  a l l  w i t h  o r g a n o m e t a l l i c  c a t a l y s t s .  I n  f a c t  

i n  t h e s e  cases a v e r y  l o w  s t e r i c  i n t e r a c t i o n  w i t h  t h e  s u b s t i t u e n t s  o f  t h e  o l e f i n  

must  e x i s t  i n  two a d j a c e n t  quadran ts  i n  o r d e r  t o  a l l o w  a s u f f i c i e n t l y  sma l l  d i s t a n c e  

between incoming  monomer and r e a c t i v e  M t - C -  bond i n  t h e  t r a n s i t i o n  s t a t e ,  a s i t u -  

a t i o n  w h i c h  seems t o  happen v e r y  seldom i n  t h e  heterogeneous c a t a l y t i c  systems con- 

s i d e r e d  above. 

3 )  I n t e r p r e t a t i o n  o f  t h e  e x p e r i m e n t a l  d a t a  o b t a i n e d  w i t h  t h e  c a t a l y t i c  system ( I )  

on t h e  b a s i s  o f  t h e  proposed s te reochemica l  model.  

a )  P o l y m e r i z a t i o n  o f  p r o p y l e n e  and 1-butene.  

As p o i n t e d  o u t  by d i f f e r e n t  a u t h o r s ,  ( 1 2 ) ( 2 1 ) ( 1 5 )  t h e  a d d i t i o n  o f  a Lewis base t o  

t h e  c a t a l y t i c  system (I ), when t h e  r a t i o  Lew is  base/A1R3(r )  i s  l a r g e r  t h a n  0,1, 

causes a decrease o f  t h e  c a t a l y s t  p r o d u c t i v i t y .  A s y s t e m a t i c  i n v e s t i g a t i o n  o f  t h i s  

e f f e c t  u s i n g  p r o p y l e n e  and 1 -bu tene  as monomers has shown t h a t ,  i n  g e n e r a l ,  t h e  de- 

c rease  o f  p r o d u c t i v i t y  b y  i n c r e a s i n g  ( r )  i s  l a r g e r  f o r  t h e  s t e r e o i r r e g u l a r  f r a c t i o n  

t h a n  f o r  t h e  s t e r e o r e g u l a r  one ( F i g . 2 ) .  

T h i s  e f f e c t ,  wh ich  i s  r e v e r s i b l e  ( 2 2 ) ,  0 9  ) has been i n t e r p r e t e d  assuming t h e  e x i s -  

t e n c e  

appraach o f  t h e  monomer t o  t h e  r e a c t i v e  M t - C  bond. The most  i m p o r t a n t  t y p e s  o f  cen-  

t e r s  o f  t h e  MgC12/TiC14/A1R3 c a t a l y t i c  systems co r respond  t o  t h e  t r a n s i t i o n  s t a t e s  

2 ,2 ’  and 3 ( T a b l e  2 )  and a r e  i n d i c a t e d  w i t h  C,,Cd and C r e s p e c t i v e l y .  

A number o f  exper imen ts  ( 1 7 )  ( 2 4 )  have shown t h e  e x i s t e n c e  o f  e q u i l i b r i a  (lJ-(L). 
The tendency t o  be r e v e r s i b l y  d e a c t i v a t e d  b y  t h e  bases i s  l a r g e r  f o r  t h e  l e s s  s t e -  

r e o s p e c i f i c  c e n t e r s .  

o f  f a m i l i e s  o f  c a t a l y t i c  c e n t e r s  w i t h  d i f f e r e n t  s t e r i c  h i n d r a n c e  t o  t h e  
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F i g .  3.Normalized p r o c j u c t i v i t y  (15 )  i n  the  p o l y m e r i z a t i o n  of p rnpy lene  ( a )  and l - b u -  

tene  ( b )  w i t h  MgCl2/TiCl4/AlR3/LB c a t a l y t i c  system as a f u n c t i o n  of[LBI/[AlR-J 

r a t i o  ( r ) .  LB=ethyl benzoate. 

( A ) i s o t a c t i c  f r a c t i o n  ( a )  s t e r e o i r r e g u l a r  f r a c t i o n  (0) t o t a l  polymer 

I t  has been assumed (24 )  t h a t  t h e  c a t a l y t i c  c e n t e r s  C, Cd  and C, a r e  Lewis a c i d s  

s t r o n g e r  than  A1R3 and t h a t  t h e  d e a c t i v a t i o n  i s  connected w i t h  t h e  format ion o f  ca- 

t a l y t i c a l l y  i n a c t i v e  Lewis s a l t s  such as C(LB), C,(LB),C,(LB). Accord ing t o  t h i s  as- 

sumption t h e  r e s u l t s  r e p o r t e d  i n  f i g .  3 shou ld  be exp la ined  by a l a r g e r  "Lewis A c i -  

d i t y "  f o r  t h e  non s t e r e o s p e c i f i c  c e n t e r s  C than f o r  t h e  s t e r e o s p e c i f i c  c e n t e r s  C, 

and Cd. 

The l a r g e r  Lewis a c i d i t y  of t h e  c e n t e r s  C w i t h  r e s p e c t  t o  t h e  c e n t e r s  C, and Cd i s  

i n  keeping w i t h  t h e  s m a l l e r  s t e r i c  i n t e r a c t i o n s  w i t h  t h e  monomers a t  cen te rs  C i n d i -  

c a t e d  by t h e  t r a n s i t i o n  s t a t e  3 w i t h  r e s p e c t  t o  t h e  corresponding s i t u a t i o n  i n  t r a n -  

s i t i o n  s t a t e s  2 and 2 '  (Tab le  2 ) .  

I n v e s t i g a t i o n  o f  t h e  i n f l u e n c e  o f  Lewis bases a t  l ow  va lues o f  ( r )  has shown t h a t  i n  

genera l  t h e  p r o d u c t i v i t y  o f  t h e  amorphous polymers decreases by  i n c r e a s i n g  ( r ) .  On 

t h e  c o n t r a r y  w i t h  some Lewis bases by i n c r e a s i n g  ( r )  t h e  p r o d u c t i v i t y  o f  t h e  i s o t a c -  

t i c  polymers increases,  reaches a maximum and than  decreases ( 2 5 )  (Tab le  3 ) .  
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Lewis Base (LB) 

Ethyl Benzoate 

TMBE ( f, 
Menthyl Crotonate 

Menthyl Methacrylate 

Triethylamine 

Table 3 

Normalized productivity (P,) (C) 
( r )  (b) 

overall A (d) B 

0 ,02  0,63 0,42 0,99 

0,08 0,43 0 ,20  0,83 

0,02 0,96 0,86 1,09 

0,08 0,80 0,65 0,99 

0,OZ 0,90 0,83 1 ,13 

0,02 0,89 0,79 1,07 

0,03 0,85 0,75 1,05 
b I 

Polymerization o f  propylene with the catalytic system MgC12/TiC14/A1R3/LB a) at 
low ( r )  b) . 

C' + A l R 3 ( L B ) e  C'(LB) + A1R3 (4) 
C'(LB)+ A1R3(LB) a C'(LB)2t A1R3 (2) 

The centers C '  and C'(LB) give rise to low energy transition states o f  the type m y  

n, p and q (Fig.4) which are very similar to that indicated as 3,2  and 2' in Table 2, 
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and which f i n a l l y  give r i s e  to s t e reo i r r egu la r  or t o  i s o t a c t i c  polymers respectively- 

rn n 

P 9 

Fig. 4.Transit ion s t a t e s  involving c a t a l y t i c  centers  ( C ' )  having f r e e  coordination 

s i t e s  (a) ( m , n )  and  cen ters  C'(Li3) containing the Lewis base ( p  and  4 ) .  

Correspondingly a decrease of non s te reospec i f ic  centers  should occur as experimen- 

t a l l y  observed. For s t e r i c  and e l ec t ron ic  reasons the  Lewis ac id i ty  of C '  should be 

higher a n d  the  Lewis ac id i ty  of the  centers C'(L6) should be lower than the average 

Lewis a c i d i t y  of the centers  C .  

T h e  regular change of mic ro tac t i c i ty  and of viscosimetric average molecular weight 

( M v )  of the  s t e reo i r r egu la r  and i s o t a c t i c  polymers by increasing ( r ) , ( 2 2 )  confirms 

a l so  i n  this case t h a t  C ,  C ' ,  C ' ( L B ) C L  and Cd correspond ac tua l ly  t o  fami l ies  of ca- 

t a l y t i c  centers  comprising centers  with s l i g h t l y  d i f f e ren t  proper t ies .  

I n  general the observed r e s u l t  t h a t  the r a t i o  mmmm/rrrr in the  s t e reo i r r egu la r  f r ac -  

t ions  decreases and N increases by increasing ( r )  shows t h a t  small changes in the 

geometry of s imi la r  c a t a l y t i c  s i t e s  i s  s u f f i c i e n t  t o  change appreciably the  d i f f e -  

rences between the energy of the  diastereometric ac t iva ted  complexes leading t o  m or 

- r diads o r  t o  chain growth- o r  chain t r ans fe r  with the monomer,which i s  the pre- 

V 
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f e r r e d  t y p e  o f  c h a i n  t e r m i n a t i o n  under  t h e  p o l y m e r i z a t i o n  c o n d i t i o n s  used 

The e x i s t e n c e  o f  f a m i l i e s  o f  c e n t e r s  o f  t h e  same t y p e  w i t h  d i f f e r e n t  c a t a l y t i c  p r o -  

p e r t i e s  f i t s  w e l l  i n  t h e  f rame o f  t h e  p r e v i o u s l y  d i s c u s s e d  s te reochemica l  model; 

p a r t i c u l a r l y  i n t e r e s t i n g  i s  t h e  l o w e r  r a t i o  between c h a i n  g r o w t h  r a t e  and c h a i n  

t r a n s f e r  r a t e  observed f o r  t h e  s t e r e o s p e c i f i c  c e n t e r s  i n  compar ison t o  t h e  non s t e -  

r e o s p e c i f i c  c e n t e r s  and, w i t h i n  each t y p e  o f  c e n t e r s ,  t h e  i n c r e a s e  o f  Mv w i t h  ( r ) .  

I n  t h e  f rame o f  t h e  s te reochemica l  model used t h i s  o b s e r v a t i o n  may i n d i c a t e  t h a t  t h e  

c h a i n  t r a n s f e r  r e a c t i o n  r a t e  i s  l a r g e r  i n  l e s s  h i n d e r e d  and i n  more a c i d i c  c a t a l y t i c  

c e n t e r s  . 

b )  The i n f l u e n c e  o f  t h e  Lew is  bases on t h e  p o l y m e r i z a t i o n  o f  e t h y l e n e .  

A l s o  i n  t h e  case o f  e t h y l e n e  t h e  c a t a l y s t ' s  p r o d u c t i v i t y  decreases w i t h  i n c r e a s i n g  

( r ) ;  however i n  t h i s  case n o t  o n l y  t h e  p r o d u c t i v i t y  decreases b u t  a l s o  t h e  change 

o f  p o l y m e r i z a t i o n  . r a t e  w i t h  t i m e  i s  d i f f e r e n t  ( 1 6 )  and t h e  v i s c o s i m e t r i c  average 

m o l e c u l a r  w e i g h t  f i r s t  i n c r e a s e s ,  reaches a maximum f o r  ( r )  = 0,2 and t h a n  decreases 

( f i g .  5 ) .  

F i g .  5. I n t r i n s i c  V i s c o s i t y  o f  E t h y l e n e  

Homopolymers i n  T e t r a l i n  a t  

1 3 5 O C  as a f u n c t i o n  o f  ( r )  

I I I 1 

0 0.2 0.4 0.6 0.8 

r = [EB] / [All 
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The f o l l o w i n g  exper imenta l  f a c t s  must be considered t o  a t tempt  an i n t e r p r e t a t i o n  o f  

t h e  above r e s u l t s :  

- For  low va lues o f  ( r )  t h e  number o f  c a t a l y t i c  c e n t e r s  po l ymer i z ing  e thy lene  i s  

more than  50 t imes l a r g e r  than t h a t  o f  t h e  cen te rs  p o l y m e r i z i n g  p ropy lene  ( 2 6 ) .  

- For ( r ) = O  t h e  p o l y m e r i z a t i o n  r a t e  increases w i t h  t i m e  and a f t e r  30 minutes i t  r e -  

mains c o n s t a n t  i n d i c a t i n g  t h e  e x i s t e n c e  o f  c e n t e r s  d i f f e r e n t  f rom t h e  ones which 

po lymer i ze  propy lene.  

d i s s o l v e d  monomer x i - ’ )  w i t h  the  same c a t a l y t i c  system i s  45 t imes h i g h e r  f o r  e thy -  

l ene than  f o r  p ropy l  ene ( 2 2 ) .  

- For  ( r ) = 0 , 8  t h e  p o l y m e r i z a t i o n  r a t e  r a p i d l y  i nc reases  w i t h  t i m e  reach ing  a maximum 

a f t e r  few seconds and then  decreas ing w i t h  t ime  as observed f o r  p ropy lene  po lymer i -  

z a t i o n .  The p r o d u c t i v i t y  f o r  e thy lene  i s  about  70 t imes lower  than i n  t h e  absence 

of Lewis base, and i s  o n l y  17 t imes h i g h e r  than t h e  p r o d u c t i v i t y  found under t h e  

same condi  tons f o r  p o l y m e r i z a t i o n  o f  p r o p y l  ene. 

- Correspondingly  a t  ( r ) = O  t h e  p r o d u c t i v i t y  (mol po lymer ized monomer/g T i  x moles o f  

The above r e s u l t s  have been e x p l a i n e d  (16 )  assuming t h a t  i n  t h e  MgC12/TiC14/A1R3 

c a t a l y t i c  systems, f o r  ( r )=O t o g e t h e r  w i t h  t h e  c e n t e r s  p o l y m e r i z i n g  p ropy lene  a 

l a r g e  number o f  c e n t e r s  ( C  ) e x i s t s  which a r e  a c t i v e  i n  t h e  p o l y m e r i z a t i o n  o f  e thy -  

l e n e  b u t  n o t  i n  t h e  p o l y m e r i z a t i o n  of a - o l e f i n s . 0 n  t h e  c o n t r a r y  f o r  ( r )=0 ,8  e t h y l e n e  

and p ropy lene  a r e  pol-ymerized on t h e  same c a t a l y t i c  cen te rs  (Ca and Cd) t h e  p o l y -  

m e r i z a t i o n  r a t e  cons tan t  be ing  about  17 t imes h i g h e r  f o r  e thy lene  than f o r  propy lene.  

E 

The e x i s t e n c e  o f  t h e  c e n t e r s  C, f i t s  w e l l  i n  t h e  proposed stereochemical  model f o r  

t h e  t r a n s i t i o n  s t a t e  o f  t h e  i n s e r t i o n  s tep.  The t r a n s i t i o n  s t a t e s  corresponding t o  

cen te rs  (C,) v e r y  severe s t e r i c  i n t e r a c -  1 o r  4 o f  Table 2 i m p l y  f o r  t h e  c a t a l y t i c  

f i r s t  

t i o n s  w i t h  t h e  incoming monomer. 

The s t a b i l i t y  o f  t h e  cen te rs  i n  t h e  

growth r a t e  c o n s t a n t  t o  c h a i n  t r a n s  

rage v i s c o s i m e t r i c  mo lecu la r  w e i g h t  

s tereochemical  model. The change o f  

two hours o f  p o l y m e r i z a t i o n  and t h e  h i g h  

e r  r a  e cons tan t  r a t i o  (shown by t h e  h i g h  ave- 

a r e  n keeping w i t h  t h e  p r e d i c t i o n  f rom t h e  

[ q l  w i t h  ( r )  ( f i g . 5 )  i n d i c a t e s  t h a t  a l s o  t h e  

c e n t e r s  CE p o l y m e r i s i n g  e t h y l e n e  b u t  n o t  propy lene a r e  a c t u a l l y  a f a m i l y  o f  c a t a l y -  

t i c  c e n t e r s  w i t h  d i f f e r e n t  Lewis a c i d i t y ,  t h e  c e n t e r s  w i t h  h i g h e r  Lewis a c i d i t y  y i e l -  

d i n g  polymers w i t h  l ower  v i s c o s y m e t r i c  mo lecu la r  we igh t .  The decrease o f  t h e  average 

mo lecu la r  we igh ts  f o r  ( r ) >  0,2 can be exp la ined  w i t h  t h e  i n c r e a s i n g  r o l e  p layed  by 
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t he  cen te rs  C, and C d  which po lymer i ze  a l s o  p ropy lene  and f o r  which k growth/k  t r a n s -  

f e r  r a t i o  i s  s m a l l e r  t han  f o r  t h e  cen te rs  CE p robab ly  due t o  geometr ic  f a c t o r s .  

The above r e s u l t s ,  based on a s e r i e s  o f  exper iments a c t u a l l y  suggested by t h e  p r o -  

posed s tereochemical  model, i n d i c a t e  an i n t e r e s t i n g  p o s s i b i l i t y  t o  decrease t h e  

f r a c t i o n  o f  e thy lene  homopolymers and b l o c k  copolymers i n  t h e  e thy lene -p ropy lene  co- 

po l ymer i za t i on ,opera t i ng  i n  t h e  presence o f  Lewis bases ( 2 2 ) .  

c )  P o l y m e r i z a t i o n  o f  p ropy lene  and 4-methyl-1-hexene w i t h  t h e  c a t a l y t i c  system (111). 

One o f  t h e  most e x c i t i n g  r e c e n t  f i n d i n g  i n  t h e  f i e l d  o f  a - o l e f i n s  p o l y m e r i z a t i o n  t o  

1 i n e a r  polymers i s  t h e  use o f  s o l u b l e  h e t e r o b i m e t a l l  i c  c a t a l y t i c  systems prepared 

e t r a -  f rom methylaluminoxanes and 1,Z-ethy lene-b is- indenyl -  and l Y 2 - e t h y l e n e - b i s -  

hyd ro indeny l  d e r i v a t i v e s  o f  t i t a n i u m  o r  z i r con ium ( 1 3 ) ( 1 4 ) .  

Using t h e  racemic 1,2-ethylene-bis-tetrahydroindenyl-zirconiumdichloride, f 

pared by B r i n t z i n g e r  and coworkers (27 )  and po lymer i c  methylaluminoxanes we 

peated t h e  s y n t h e s i s  o f  i s o t a c t i c  po l yp ropy lene  f i r s t  desc r ibed  by Kaminsky 

r s t  p re -  

have r e -  

(14 )  and 

we have at tempted t h e  p o l y m e r i z a t i o n  o f  racemic 3,7-d imethy l - l -octene and racemic 

4-methyl-1-hexene. 

Concerning t h e  propy lene p o l y m e r i z a t i o n  ou r  data a r e  i n  keeping w i t h  t h e  data ob- 

t a i n e d  by Kaminsky ( 1 4 ) .  The NMR 13C spectrum i n  t h e  r e g i o n  o f  t he  bands correspon-  

d i n g  t o  t h e  CH3 resonances shows, f o r  t h e  d i e t h y l e t h e r  i n s o l u b l e  heptane s o l u b l e  

f r a c t i o n  some i n t e r e s t i n g  f e a t u r e s :  t he  s y n d i o t a c t i c  pentads, always p r e s e n t  i n  t h e  

heptane s o l u b l e  f r a c t i o n s  o f  po l yp ropy lene  o b t a i n e d  w i t h  t h e  c a t a l y t i c  system ( I ) ,  

a r e  s u b s t a n t i a l l y  absent  and co r respond ing ly  t h e  expected 1:2 r a t i o  between t h e  m r r m  

and m m r r  pentads has been found (Tab le  4 ) .  The o n l y  o t h e r  smal l  s t e r i c  i m p u r i t y  con- 

s i s t s  o f  mrmm pentads and m i g h t  be connected t o  t h e  presence o f  smal l  amounts o f  t h e  

meso complex i n  t h e  racemic z i r con ium complex; t h i s  s t e r i c  i m p u r i t y  c o n t r i b u t e s  t o  

i nc rease  t h e  p e r c e n t  o f  t h e  mmmr pentads which i s  s l i g h t l y  h i g h e r  than t h a t  o f  t h e  

m m r r  pentads. 

T h i s  NMR spectrum i n d i c a t e s  t h a t  t h e  polymer i s  produced s u b s t a n t i a l l y  by  on 

t ype  o f  c a t a l y t i c  c e n t e r ,  t h e  main s t e r i c  i m p u r i t i e s  be ing  connected w i t h  

l a t i v e l y  l ow  d i f f e r e n c e  i n  t h e  energy o f  t h e  a c t i v a t e d  complexes l e a d i n g  t o  

t i c  o r  s y n d i o t a c t i c  d iads  r e s p e c t i v e l y .  

y one 

a r e -  

sotac-  



The Stereospec i f i c  Polymerization of u-Ole f ins  4 7 5  

Concerning the  polymerizat ion of  t h e  racemic o l e f i n s ,  3 ,7-dimethyl- l -octene does not  

polymerize a t  a l l  under t h e  c o n d i t i o n s  used.  4-Methyl -1 -hexene polymerizes r a p i d l y  

t o  a low molecular  weight i s o t a c t i c  poly-4-methyl-1-hexene. The i n v e s t i g a t i o n  of the 

1 3 C  N M R  spectrum of t h e  d i e t h y l e t h e r  i n s o l u b l e  f r a c t i o n  ( F i g . 6 )  shows a c l o s e  s imi-  

l a r i t y  with t h e  spectrum of  i s o t a c t i c  poly (5) 4-methyl-1-hexene i n d i c a t i n g  a s t e r e o -  

s e l e c t i v i t y  of  t h e  polymerizat ion higher  than t h a t  observed i n  t h e  polymerizat ion 

c a r r i e d  o u t  with the most s t e r e o s p e c i f i c  heterogeneous c a t a l y s t s .  

Table  4 ___- 

M i c r o t a c t i c i t y  o f  the d i e t h y l e t h e r  i n s o l u b l e  heptane s o l u b l e  f r a c t i o n  of polypropy- 

l e n e s  produced with d i f f e r e n t  c a t a l y t i c  systems determined from the 1 3 C  N M R  spectrum 

Pentads 

mmmm 

mmmr 

rmmr 

mmrr 

mrmm 

rmrr 

mrmr 

rrrr  

rrrm 

mrrm 

+ 

A 
% 

51.4 

9.8 

1 . 3  

10.9 

6.2 

1 . 9  

6.0 

4 . 5  

7.9 

B 
% 

39.7 

8 .9  

1 . 4  

10.3 

9.1 

1 . 6  

15.3 

8 . 5  

5.6 

C 
% 

77.0 

9.4 

0 

6.4 

2.1 

1 . 2  

0.2 

0 . 9  

2.8 

D 
% 

~ 

84.6 

6.7 

0 

4 . 8  

0 .6  

0 .7  

0 .2  

0 . 5  

1 . 9  

E 
% 

73.8 

8 . 9  

1 . 1  

7.1 

2 .3  

1.3 

0 .6  

1 . 4  

3 . 5  

A: C a t a l y s t :  MgCl,/;iC14/"(i-Gu)3; Temp: 60 0 C ,  pc : 1 b a r ,  2 h 
B:  C a t a l y s t :  MgC12/TiC14/A1 ( i-Bu)3EB; Temp. 6OoC,pc 3 6  : 2 h ;  EB/A1  ( i B ~ ) ~ = 0 , 8  

Temp: 25 0 C ;  pc : 1 bar ;  2 h .  3 6  

3 6  
C :  Cata1yst:rac-1-2-ethylene-bis( t e t rahydro indenyl  ) ZrCl 2/Methylalumoxane, 

0 Temp. 25 C ;  pc : 1 bar ;  2h. 

0 
3 6  

D :  C a t a l y s t :  rac-1-2-ethylene-bis-(indenyl )ZrC12/Methylalumoxane, Temp: 25 C ;  

E :  Ca?.a?yst: l i k e  C,Ternp: 25OC; pc 

pc ,, : 1 bar ,  2 h ;  

:1 bar ;  16 h .  
3 6  
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_I- 

Ca c, 
4.J 

f e 

L I L L  1. 

Fig. 6 . 13C NMR spectrum of poly-4-methyl-1-hexenes: 

A: poly(S)-4-methyl-l-hexene; B: poly(R)(S)-4-methyl-l-hexene 

produced with the catalytic system (I); C: poly(R)(S)-4-methyl- 

1-hexene produced with the catalytic system (11). 
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The use of the proposed stereochemical model fo r  the t r ans i t i on  s t a t e  corresponding 

t o  the monomer inser t ion  s t e p  allows us to r e l a t e  the data obtained with the hetero- 

geneous a n d  homogeneous c a t a l y s t s  a n d  shows the r e l i a b i l i t y  o f  the hypotheses made 

f o r  the ac t ive  s i t e s  o f  the heterogeneous ca t a lys t s .  

A l t h o u g h  the exact s t ruc tu re  o f  the c a t a l y t i c  s i t e s  o f  the c a t a l y t i c  system (111)  i s  

s t i l l  not known we think t h a t  the essent ia l  fea tures  o f  the centers a r e ,  beside the  

two bonds between the Zr atom a n d  the cyclopentadienyl groups o f  the l igand, a bond 

between the zirconium atom and  the alumoxane macromolecule a n d  a bond between the 

zirconium atom and the  l a s t  carbon atom o f  the growing polymer chain. The correspon- 

ding s t r u c t u r e  o f  the low energy t r ans i t i on  s t a t e  leading to  a n  i s o t a c t i c  d iad ,  

and of the  t r ans i t i on  s t a t e  with higher energy leading to  a syndio tac t ic  

a r e  represented in Fig. 7 - r and - s ,  respec t ive ly ,  

diad 

F i g .  7. Possible t r ans i t i on  s t a t e s  in the polymerization o f  propylene with the 

c a t a l y t i c  systems ethylene b is - (  4 ,5 ,6 ,7-  tetrahydro-1 -indeny1 )Tic1 2 (  racemic 

o r  meso) and 1-( C H 3 ) A 1  -0- In ; Q=CH2- o=O-A1 ( C H 3 )  (0-A1 ( C H 3 ) n - C H 3  
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The cyc lohexeny l  g roup  o f  one o f  t h e  i n d e n y l g r o u p s  r e p r e s e n t s  a l i g a n d  w i t h  a l a r g e  

s t e r i c  h i n d r a n c e  t o  t h e  i ncoming  monomer ( e . g .  X i n  f i g .  l b )  t h e  two CH groups o f  

t h e  c y c l o p e n t a d i e n y l  r i n g  o f  t h e  o t h e r  i n d e n y l g r o u p  r e p r e s e n t  t h e  s u b s t i t u e n t  w i t h  

l o w  s t e r i c  h i n d r a n c e  t o  t h e  i ncoming  monomer ( e . g .  Y i n  f i g .  l b ) ,  and t h e  a lum ino -  

xane macromolecule r e p r e s e n t s  ( 1 3 )  a l i g a n d  w i t h  a l a r g e  s t e r i c  h i n d r a n c e  t o  t h e  i n -  

coming monomer (e.g.Z i n  f i g .  1 )  wh ich  renders  t h e  1-2 i n s e r t i o n  f a v o u r e d  o v e r  t h e  

2-1 i n s e r t i o n  as i n  a l l  i s o t a c t i c - s p e c i f i c  c e n t e r s .  The above t r a n s i t i o n  s t a t e  co r res -  

ponds t o  t h e  Ones i n d i c a t e d  w i t h  2 and 2 '  i n  T a b l e  2 t h e  c e n t e r s  b e i n g  o f  t h e  t y p e  

o f  t h e  c h i r a l  c a t a l y t i c  s i t e s  C,  and Cd.  F o r  completness F i g .  7 shows t h e  t r a n s i t i o n  

s t a t e s  i n v o l v i n g  a meso T i  complex l e a d i n g  a t  room-temperature t o  a c t a c t i c  po lymers 

( 1 3 )  and c o r r e s p o n d i n g  t o  t h e  t r a n s i t i o n  s t a t e  i n d i c a t e d  w i t h  3 i n  T a b l e  2, t h e  cen- 

t e r s  b e i n g  o f  t h e  t y p e  C .  

As suggested, ( 1 8 )  c e n t e r s  o f  t h e  t y p e  C, o r  C d  a r e  n o t  a b l e  t o  p o l y m e r i z e  e f f i c i e n t -  

l y  a - o l e f i n s  w i t h  a me thy l  b r a n c h i n g  in t h e  01 p o s i t i o n  w i t h  r e s p e c t  t o  t h e  doub le  

bond l i k e  3,7-d imethy l - l -octene,  b u t  p o l y m e r i z e  4-methyl-1-hexene. The l a r g e  s t e r e o -  

s e l e c t i v i t y  observed w i t h  t h e  s o l u b l e  c a t a l y s t s  (111 )  shows t h a t  t h e  s o l u b l e  c a t a -  

l y t i c  s i t e s  have a b e t t e r  d e f i n e d  geometry more s u i t a b l e  f o r  d i s t i n g u i s h i n g  between 

t h e  two a n t i p o d e s  o f  t h e  monomer t h a n  t h e  heterogeneous c a t a l y t i c  systems (I). The 

na r row d i s t r i b u t i o n  o f  t h e  m o l e c u l a r  w e i g h t  o b t a i n e d  w i t h  t h e  homogeneous w e l l  de- 

f i n e d  c a t a l y t i c  s i t e s  ( 1 4 )  i s  i n  keeping w i t h  t h e  assumpt ion t h a t  t h e  l a r g e  mole-  

c u l a r  w e i g h t  d i s t r i b u t i o n  obse rved  i n  t h e  polymers p repared  w i t h  t h e  heterogeneous 

c a t a l y s t s  i s  due t o  t h e  e x i s t e n c e  o f  f a m i l i e s  o f  c a t a l y t i c  s i t e s ,  b a s i c a l l y  w i t h  t h e  

same s t r u c t u r e  b u t  w i t h  sma l l  d i f f e r e n c e s  i n  t h e i r  geometry l e a d i n g  t o  d i f f e r e n t  

s t e r i c  i n t e r a c t i o n s  w i t h  t h e  i ncoming  monomer and t o  d i f f e r e n t  chemical  r e a c t i v i t y  

( e . g .  d i f f e r e n t  c h a i n  g r o w t h  r a t e  t o  c h a i n  t r a n s f e r  r a t e  r a t i o ) .  

4 )  F i n a l  remarks 

A l a r g e  amount o f  d a t a  i s  a v a i l a b l e  a t  t h e  p r e s e n t  on t h e  p o l y o l e f i n s  produced b y  

t h e  c a t a l y t i c  systems o f  t h e  t y p e  ( I ) .  The use o f  t h e  v e r y  s i m p l e  s te reochemica l  mo- 

d e l  f o r  t h e  t r a n s i t i o n  s t a t e  r e s p o n s i b l e  f o r  t h e  monomer - inse r t i on  s t e p  p r e s e n t e d  

i n  t h i s  paper  a l l o w s  us t o  c l a s s i f y  most  o f  t h e  above r e s u l t s  and t o  r e l a t e  them t o  

t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  s o l u b l e  c a t a l y t i c  systems (111)  h a v i n g  c a t a l y t i c  c e n t -  

t e r s  e s s e n t i a l l y  o f  o n l y  one t ype .  
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From t h e  d i f f e r e n t  types o f  c e n t e r s  corresponding t o  t h e  p r e d i c t e d  t r a n s i t i o n  s t a t e s  

(Tab le  2 )  CE, C, C ' ( L B ) ,  C, and Cd have been r o u g h l y  c h a r a c t e r i z e d  acco rd ing  t o  

t h e i r  Lewis a c i d i t y  cherno- r e g i o -  and s t e r e o s e l e c t i v i t y .  The c h a r a c t e r i z a t i o n  o f  t h e  

c e n t e r s  which produce s y n d i o t a c t i c  po l yp ropy lene  (C,) i s  i n  progress.  F r a c t i o n s  ha- 

v i n g  up t o  40% o f  r pentads have been i s o l a t e d  ( 2 8 ) .  I t  appears t h a t  t h e  presence 

o f  s y n d i o t a c t i c  pentads i n  d i e t h y l e t h e r  s o l u b l e  and i n  heptane s o l u b l e  f r a c t i o n s  i s  

due t o  t h e  presence o f  macromolecules w i t h  s y n d i o t a c t i c  s t r u c t u r e  and n o t  t o  s te reo -  

b l o c k  macromolecules. The c e n t e r s  Cs seem t o  have a v e r y  low Lewis a c i d i t y  as they 

a re  s t i l l  a c t i v e  a t  r = 0,8. 

- 

The r e s u l t i n g  p i c t u r e  shows t h e  need o f  f u r t h e r  i n f o r m a t i o n  p a r t i c u l a r l y  on t h e  t y p e  

o f  a d d i t i o n  (1-2 od 2-1) o c c u r r i n g  a t  t h e  cen te rs  C, C ' ( L B )  and Cs and on t h e  cha in  

t r a n s f e r  w i t h  the  monomer which seems t o  be t h e  most i m p o r t a n t  mode o f  t e r m i n a t i o n  

o f  t h e  polymer cha ins .  

O f  course, due t o  t h e  roughness o f  t h e  s tereochemical  model which g i v e s  no in forma- 

t i o n  on t h e  chemical n a t u r e  o f  t h e  groups X,Y and Z,  and does n o t  t ake  i n t o  c o n s i -  

d e r a t i o n  e l e c t r o n i c  e f f e c t s  which cou ld  remarkably  a f f e c t  t h e  r a t e  cons tan ts  o f  t h e  

growth r e a c t i o n  and o f  t h e  c h a i n  t e r m i n a t i o n  reac t i on la  l a r g e  number o f  ques t i ons  

a r i s i n g  f rom t h e  exper imenta l  r e s u l t s  a r e  s t i l l  unanswered. 

A c o n t r i b u t i o n  t o  t h e  c l a r i f i c a t i o n  o f  t he  s t r u c t u r e  o f  t h e  a c t i v e  c e n t e r s  m i g h t  

a r i s e  f rom the  i n v e s t i g a t i o n  o f  t h e  r e l a t i o n s h i p s  between t h e  s t r u c t u r e  o f  t h e  Lewis 

bases and t h e i r  r e a c t i v i t y  w i t h  t h e  c a t a l y t i c  s i t e s ,  as shown i n  a p reced ing  paper 

( 1 9 ) .  

I n f o r m a t i o n  on t h e  s t r u c t u r e  o f  t h e  c a t a l y t i c  c e n t e r s  m i g h t  f i n a l l y  a r i s e  f rom t h e  

r e a c t i o n s  l e a d i n g  t o  t h e  f o r m a t i o n  and t o  t h e  d e a c t i v a t i o n  o f  t h e  c a t a l y t i c  cen te rs  

o f  t h e  c a t a l y t i c  system ( I )  ( 2 3 ) .  

The r a t e  o f  f o r m a t i o n  o f  t h e  c a t a l y t i c  c e n t e r s  seems t o  be p r o p o r t i o n a l  t o  t h e  A1R3 

c o n c e n t r a t i o n  and t h e  decrease o f  t h e  number o f  t h e  a c t i v e  cenc te rs ,  as shown by t h e  

second o r d e r  reac-  

o r d e r  112 w i t h  r e s -  

decrease o f  t h e  p o l y m e r i z a t i o n  r a t e  w i t h  t ime, corresponds t o  a 

t i o n  w i t h  r e s p e c t  t o  t h e  a c t i v e  c e n t e r s  c o n c e n t r a t i o n  and t o  an 

p e c t  t o  A1R3 c o n c e n t r a t i o n  (22 ) .  

The d e a c t i v a t i o n  i n v o l v e s  a decrease i n  t h e  o x i d a t i o n  number o f  

i n  the  c e n t e r s  as shown by t h e  f a c t  t h a t  t h e  o r i g i n a l  p r o d u c t i v  

t h e  T i  atoms p resen t  

t y  can be r e s t o r e d  
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by a d d i t i o n  o f  C12 o r  o t h e r  o x i d a t i n g  agents ( 2 9 ) .  

Due t o  t h e  l a c k  o f  methods f o r  a p r e c i s e  d e t e r m i n a t i o n  o f  l o c a l  s t r u c t u r e  on a s o l i d  

s u r f a c e  and due t o  t h e  scarse knowledges e x i s t i n g  i n  t h e  f i e l d  o f  s u r f a c e  chemis t r y ,  

no e x p l a n a t i o n  o f  t h e  above f a c t s  i s  p o s s i b l e .  For t h e  same reasons a r a t i o n a l  

approach t o  t h e  syn thes i s  o f  c a t a l y t i c  systems (I) c o n t a i n i n g  c a t a l y t i c  s i t e s  o f  a 

s i n g l e  t y p e  i s ,  a t  t h e  p resen t ,  o u t  o f  t h e  exper imenta l  p o s s i b i l i t i e s .  Perhaps t h e  

b e s t  chances e x i s t i n g  today i n  p r e p a r i n g  c a t a l y s t s  c o n t a i n i n g  c a t a l y t i c  s i t e s  o f  a 

s i n g l e  t ype  a r e  g i v e n  by t h e  h e t e r o g e n i z a t i o n  o f  c a t a l y t i c  systems o f  t h e  t ype  (111)  

which a t  t h e  p resen t ,  d e s p i t e  t h e i r  s t e r e o s p e c i f i c i t y  and a c t i v i t y  a r e  n o t  compe- 

t i t i v e  w i t h  t h e  c a t a l y t i c  systems ( I )  a t  l e a s t  f o r  t h e  p o l y m e r i z a t i o n  o f  propy lene 

and 1-butene. However t h i s  p romis ing  approach needs a much b e t t e r  knowledge of t he  

s y n t h e s i s  o f  t h e  c a t a l y t i c  system (111) and o f  i t s  p recu rso rs .  
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