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Preface

Over two decades have elapsed since the discovery of the Ziegler-
Natta catalyst. Tremendous research effort has been aimed at improv-
ing this marvelous catalyst. In twenty-five years since the first
publication more than 15,000 papers and patents have appeared concern-
ing it and related subjects. This effort has yielded new generations
of Ziegler-Natta catalysts with superior activity and stereospecifi-
city. The complexities arising from the heterogeneity of the catalyst,
however, have hindered understanding of the catalytic processes which
take place on the catalyst surface. Nevertheless, many fundamental
features of the catalyst system have now been clarified reasonably
well. Recently, a highly active homogeneous catalytic system has been
developed, which is capable of catalyzing even isotactic polymerization
of propene. There is no doubt that this finding will not only
contribute to our understanding of the detailed mechanism of polymeri-
zation, but also stimulate the development of various kinds of
tailored polymers. Thus this subject will remain of paramount impor-
tance in the development of chemistry and polymer science for a long
time to come.

A timely symposium on "Future Aspects on Olefin Polymerization”
was held in Tokyo in July 1985, Many active researchers reported
recent advances in the field. The proceedings of the symposium are
presented in this volume. The editors are pleased to include herein
the paper by Dr. Y. V. Kissin, which was scheduled in the program but

could not be presented at the symposium.

ix
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- November 15, 1985
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and

Kazuo Soga
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MECHANISTIC STUDIES ON ZIEGLER-NATTA CATALYSIS

-A Methodological Reconsideration-

TOMINAGA KETI
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 three-stage methodological
classification system: characterization, phenomenoclogical formalism
and mechanistic approach. Under characterization the present concep-
tion of stereoregularity is criticized. 1In 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
polymerization ?

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. 1Indeed 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.



Mechanistic Studies on Ziegler-Natta Catalysis

{1) Characterization
Catalyst yield for a prescribed time.
Polymerization rate-time curve.
Stereoregularity of produced polymers.
Molecular weight of produced polymers.
Molecular weight distribution of produced polymers.
Specific surface area, pore structure and particle 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. As 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 to the 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 '"stereoregqu-
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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practical use, and this may also be useful for the characterization

of stereospecificity 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
separating polymers into two groups, crystalline and amorphous. Fur-
thermore, the recent development of 13c_NMR spectroscopy has revealed
that the microtacticities of polymer fractions by heptane extraction
are not so different, i.e. 90% < (insoluble polymers) and 30% >
(soluble polymers) in percent meso-diads. 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.q.
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 1is 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
welight 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. 1In addition, the deaggregation in the case of MgCl,-
supported catalysts may be more complicated. Thus it is necessary to
develop some methods useful for catalysts. However, the BET method is
effective gualitatively for traditional TiCly; and Solvey catalysts,

the BET-surface areas of which may be those of primary particles.
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Reconsideration of Phenomenological Formalism (2)
(a) The experimental equations proposed for stationary rates are

those of adsorption kinetics, as follows.

R, - k [M]K[A] (1)
1 + K[A]
k [MIK[A]
R e R (2)
P (1 + K[A])?2
KK [M]K, [A]
RP _ M A (3)

(1 + Ky[M]) (1 + K,[A])

kK, [MIK, [A]
R. = M A 5 (4)
(1 + KM[M] + KA[A])

n - _kDuxal’ 5)
P 1+ k(a1
o . kimxaryl?
P 1 + K[A‘]l/2
with [A'] = [A] - const. (6)

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, [A]/[Ti], 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. 1In addition,
the second order dependence of the polymerization rate on alkylalumi-
nium may not be realistic in conventional heterogenous kinetics. 1In

the latter sense, equation (6) was proposed1) 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 eguations, (1)-

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

merization rate. The four equations are discussed below. Eguation
(3) has been obtained from propylene polymerization with some soluble
Ziegler catalysts at low temperatures (around —780C),2) while equa-
tions (1) and (2) have been obtained from polymerization with hetero-
geneous catalysts in a slurry system at medium temperatures (30-
1OOOC).3) Because of the constant Ky of small value, the Langmuir
dependence of rate on monomer concentration [M] appears only in low
temperature polymerization where higher concentrations of monomers
(about 10 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 40°C and 1 atm) and the simple first
order kinetics with respect to [M] in equation (1), as an approximate
form, appears. Similarly, equation (2) may be regarded as an ap-
proximate form of equation (4) which was proposed by Vessely4) for
propylene polymerization with TiCl3/AlEt3 at 50°C and [M] = 0.58 and
2.3 mol/l. The applicability of equation (4), 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 KM[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 the’rate of the rate-determining step of propagation
(chain growing), the rate equations (3) and (4), 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 problem arises from the kinetic interpretation of
another equeation. For equation (1) , Rideal type, there are three
possibilities: one is that eguation (1) corresponds to the reaction
between a solute monomer and an adsorbed alkylaluminum-dimer (Rideal
mechanismS)), the second is that (1) is an approximate form of (3)
when Ky[M] is negligibly smaller than unity, and the third possibili-
ty is that (1) is an approximate form of (4) when KM[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), 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, (1), (3) and (4), 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

6) in which alkylaluminum does not participate as

the Cossee Mechanism
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 K,, 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 aluz) the rates of all polymerization systems change
with time.3) The rate of propylene polymerization with TiCl3 /AlR3
increases to its maximum and then gradually decreases to stationary
value. With AlRZX, the rate increases to its stationary value fol-
lowed by a slight decrease. 1In the cases of ethylene polymerization
with TiCl3/AlEt3 or AlEt,;Cl and of propylene polymerizations with
TiCl3/2nEt; or MgCl,-supported TiCl,/AlEt;, 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 TiCl3 as

k [M] 2KA[A] (71

dRrR dat) =
( P't/ ° 1 + K,[A]

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

mer, and

(dRp,t/dt)o = k[M]} [A] (8)

in the case of polymerization started by the final addition of alkyl-
aluminum. The case of polymerization started by the final addition

of TiCly has not been examined. The above two kinetic equations for
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the initial increase of polymerization rate can be understood on the
basis of a kinetic model which does not contradicted all models
corresponding to (1), {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

*
R, = kp[M]C (9)

we have

k" [MIK [A]
1+ KA[A]
and
(11)

(dC*/dt)o = k" [A]

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 eguilibrated 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 — M1* 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 TiCl3/AlEt3 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 [M].3) The rapid decay of the
rate just after the beginning of propylene polymerization with MgClz—

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,7) the form of the rate equation is
independent of the polymerization time at which the rate equation 1is
determined, excepting only the values of the apparent rate constant,

k, as

k(t)[M]KA[A] (12)

p,t (1 + KA[A])2

This suggests that the rate decay 1is 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 1is 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

9)

alkylation of TiCl3 corresponded to the rate decay, and Kashiwa

showed that reoxidation of deactivated catalyst recovered its cataly-

tic activity.'9)

(c) Kinetic studies on average molecular weights
In the case of living polymerization of propylene with

V(acac)3/AlEt2Cl7) the molecular weight was expressed by

kK, [M]t
v [M] (13)

2|
1

1+ KM[M]

and the yield at the same time by
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kK, , [M]K.[A]lt
vy, = M~ A (14)
(1 + KM[M])(l + KA[A])

From these two equations we have the number of growing chains, i.e.

the concentration of polymerization centers as

a[VIK, [A]
N] = ¢ =y /M = ——B (15)
1 + K,[al

where [V] is the concentration of V{acac), and a 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(acac)3/A12Et3Cl326) can be understood as polymerization where only
a transfer by adsorbed monomer occurs in addition to the situation of
the case with AlEtZCl. 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]t =C (1 + kh[HZ]t) . (16)

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

hydrogen occurs as

cat-P + H, cat-H + PH (17)

with rapid reinitiation
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cat-H + M — > cat-P (18)

In heterogeneous catalysis the corresponding situation is one of
confusion, because many observed dependencies of the transfer reac-
tion on hydrogen pressure are not of first but half order. Nattall)
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 eguilibriation reaction
between H, and D5 occurs in the gas phase of propylene polymerization
system with TiCl3/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.g. 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

B . 1/2
R = Ry - ali,) (19)
or
R
R = P (20)

2 1+ b[H2]1/2
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where a and b are constant. These were obtained with stationary
polymerizations with TiCl3/AlEt3. Eguation (19) was reported by
Natta'l)

equation (20) was reported by the present author and his co-
12)

who supposed (17) to be rapid and (18) to be slow, while
workers. 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 TiClB/

AlEt,Cl is usually one of rate-lowering but sometimes it has no

effect on the rate or an effect of slight rate-enhancement.WB) Also,
marked enhancement by hydrogen has been noted by Mason et al”14) who
examined butene-1 polymerization, and by Pijpers et al”15) who

examined 4-methyl-1-pentene polymerization; both used TiCl3 activated
by Al(i—Bu)B, AlEt3 or AlEt2Cl. These notes on rate-enhancement have
not been generally accepted because of the use of TiCl3(aA), AlCl; of
which might be responsible for the effect. However, the enhancement
of polymerization rate by hydrogen is now well established by many

author516'18)

who examined propylene polymerizations with MgCl,-
supported TiCl4/AlEt3. 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
1) found the

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

still in the stage of '"characterization," as Natta

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

3) That is to say, the description of the

presence of a monomer.
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-
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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 TiCly-
/AlEt3. 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

20) However, the

polymerization, as pointed out by Guyot19) and Soga.
foregoing studies on the effect of additives on the stereospecifici-
ties of TiCl; 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 (EB) on MgCl,-supported TiCl, 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 "atactic"
centers and lowering of effective concentration of AlEt3.21) On the
other hand, Kashiwa prefers a different idea, i.e. that EB produces
new highly "isotactic" centers and kills "atactic"” centers.22) The
formation of new "isotactic" 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

23)  In the case of living polymerization with V(acac)3/

system.
AlEtZCl an increase in the number of living polymers (polymerization

centers) upon the addition of anisol was confirmed by Ueki et a1.24)
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The rate-increase with a maximum in the same catalyst system was
observed earlier by Zambelli et al.2>) 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(acac)3 are well represented by a Poisson distribution (in the
case of living polymerization with AlEt,X) or Flory's most probable
distribution (in the case of polymerization with transfer with
AlZEt3Cl3).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-

27)

tion and by Tung with exponential distribution.?8) The "isotac-

tic" polymers obtained with TiCl3/AlEt3 were expressed by Tung's
distribution while the "atactic" polymers express irregular ones.29)
On the other hand, both polymers obtained with MgCl,-supported
catalyst have been well represented by Wesslau and the only diffe-
rence between them is a constant deviation in the logarithm of
iso = Mata'30) These results suggest that
the polymers obtained with the traditional catalyst are mixtures of

molecular weight, i.e. M

polymers of two different kinds 1in 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 Wesslau¥L31) 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(kg) = akp"b, results
in MWD curves similar to experimental ones.30’33 The third group

34-

is based on the monomer diffusion control model of polymerization,
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36)  The last model may be correlated with the nhysical change occur-
ring in heterogeneous polymerization, i.e. the catalyst particles
continue to disintegrate (deaggregate) in the matrix of growing
bolymers 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,

= - 21)
N /2N = pexp(-np) (
with
k
b= —EL o1 (22)
k_[M]
P

This distribution gives 1/p and 2/02 for the first moment and the

second moment, respectively. The polydispersity, ﬁw/ﬁ can be repre-

’
sented by (2/02)/(1/0)2= 2. Therefore, if the paramZter p could be
replaced by an averaged one, <p>, the polydispersity must be repre-
sented by (2/<p2>)/(1/<p>)2 > 2. The targets of averaging procedure
were ktr' k, and [M] in the above three theories. Apart from the

p
physics, this may be treated as a mathematical problem to find the
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function f(p) from the following equation.

Empirical frequency function = < pexp{(-np) >

= opexp(-np)f(p)dp (23)

This mathematical procedure applied to both empirical distributions

numerically gave us an approximate form

ap™® (24)

]

(o)

It is important in physics to attribute a model to the last function.
We attribute the surface heterogeneity of kp(3oh(33) 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.

Reconsideration of the Mechanistic Approach (3)
(a) Kinetic analysis of molecular weight-time curve

In heterogeneous polymerizations the most useful equation is

P = __t___ (25)

where Y is the vyield, P, 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,

Y, /P =C + %Y, /P (26)
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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 En,t chaEges largely with time, i.e. for the cases
where the values of Yt/Pn,OO are comparable to the value of c*. 1In
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.

(b) Measurements of active center concentration

In principle, the radio active tracer tagging method38'39) may
be better than the poisoning (inhibition) methog40-42) 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

"active centers" or

author calls attention to the definition of
"polymerization centers." 1In 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,"

- * (9
Rp kp [M]C

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. 1In 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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*
- (27)
R, = KinsCol M O(P )

where kins is the rate constant of the insertion, Co the total number
of active sites (two sites per an active metal site in the polymeri-
zation expressed by (4) or (2)), 6(M) or e(P*) the occupation proba-
bility of the coordinated monomer or growing chain on the site. If we
take the phenomenological model in traditional adsorption kinetics

for these two probabilities as

K, [M]
o M) = M (28)
1+ KM[M] + KA[A]
and
K, [A]
o(p") = A (29)
1 + KM[M] + KA[A]
we have the following expression for c* defined by (9).
* * * KA[A]
c = COO(P ) (1-0(P )-0(M)) = C, (30)

2
(1 + KM[M] + KA[A])

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

* KA[A]
CO@(P ) = C, (31)
(1 + KM[M] + KA[A])




20 Tominaga Keii

which may be the subject of a tagging method using labeled water and
alcohols. The method using radiocactive 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

43) The chemisorption of CO or allene can

always giving a small value.
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 CO.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 MgClz-supported cata-

45)

lysts. A similar result has been obtained by Tait who examined the

inhibition effect of CO and allene on polymerization with traditional

42) 30,33) the latter results may

catalysts. As shown by the author,
be explained by polymerization centers non-uniform in kp value (of
so-called surface heterogeneity for kp). Of course, this discussion
is based on the assumption that all adsorbates occupy only the active

sites.

(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 TiCl3/AlEt3 or AlEt2Cl.47) The intensity was
proportional to the surface area of TiCl3 during milling, suggesting
that the surface Ti*3 ions are responsible for the ESR signal.

t.48) The complexities arising

Recently, Chien discussed this poin
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
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of catalysts gave us some important information. Rodorigues et al,
obtained beautiful photographs of the surface of a single TiCl3
crystal activated by AlMe3 just after ethylene polymerization for a
short time.49) The photographs showed that polymerization occurred
on dislocation of the crystal. Okura obtained a similar photograph
from the surface of an active TiCl3 polycrystal, showing that poly-
merization occurred on the defective structures on the surface.SO)
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.ST) in this monograph, and elementary analysis may be effective
for cases where substances such as TiCl4 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 basic idea of the model is that hydrogen adsorbs dissocia-
tively on the active sites and forms active hydrides, e.g. Ti-H, for
the insertion of monomer and transfer of growing chain. The ad-
sorption of hydrogen occurs not only on the site which is available
for the growing chain but also on the site which is available only
for the monomer in the case of (3). This is plausible because of the
molecular size of hydrogen, and the rate equation in the presence of

hydrogen may be represented as follows.

H _ *
Rp = kinSCOO(M) (6(P ) + O(Hz)) (32)
with
K [M]
1+ K, M+ K, [H,]
or
K,, [M]
o(M) = M (34)
1 + Ky M} + KA[A] + KH[H2]
and
K. [A] + K_.[H,]
o(p’) + o(H) = A B 2 (35)
1 + Ky[A] + KH[Hz]
or

K. [A] + K, [H,]
o(P) + o(n) = A H 2 (36)
1 + KM[M] + KA[A] + KH[H2]
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The set, (33) and (35), 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 Ky[M] < 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 Ky[M].

K (K, [A] + K_[H,)
r B = A H_ 2 (37)

2
P (1 + K,[A] + KylH,T)

This equation can be changed into the following form,

1 + alH,]
2 (38)

R
P P 1+ eo(P*)a[H2])2

where Rp is the rate of the polymerization in the absence of hydrogen

and a and GO(P*) are

_ (39)
a = KH/KA[A]
and
K, [A)
) = —B (40)

1+ KA[A]
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From these we have the following relations for the polymerizations in

the presence of hydrogen

RpH/Rp <1 when 0%(p7) - 1/2 or K,[A] 2 1 (41)
RpH/Rp > 1 when 0°(P") < 1/2 or K [A] < 1 (42)
and

(RpH/Rp)max = 1/40°(®") (1 - ¢%(a)) > 1 when K, [a] < 1  (43)

These relations show us that the polymerizations, the value of Kala]
of which is not less than unity, show rate-decreases upon addition of
hydrogen whereas the polymerizations with K;[A] of values smaller
than unity show rate-increase to maximum increase, which is deter-
mined by (43), followed by gradual decrease to zero. This conclusion
may gqualitatively be compatible with the foregoing experiments.
Almost all cases where rate-lowerings were observed were under condi-
tions in which the value of K;{A] was close to unity or larger than
unity (in the case of (1)), 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 Kplal. In cases
of MgCl,-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 Giannini16)
TiCl4/AlEt3 and the slight effect observed by Ueki et al.52) may be

in polymerizations with MgCl,-supported

explained guantitatively by (38), 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 must
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*? 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. BﬁHM, J. BERTHOLD, R. FRANKE, W. STROBEL, U. WOLFMEIER
Kunststoff-Forschung, Hoechst AG, 6230 Frankfurt (M) 80, Germany

ABSTRACT

For high density polyethylene the molecular mass distribution 1is one
of the most important basic parameter. As the processability strongly de-
pends on both molecular mass and molecular mass distribution, great
efforts have been made to determine the origins of molecular mass distri-
bution and, consequently, to control molecular mass distribution in tech-
nical processes. While the regulation of the molecular mass in polymeri-
zation processes is well understood today, there is no commonly accepted
theory which could explain the dependence of molecular mass distribution
on catalyst structure and polymerization parameters.

From experimental results we conclude that the molecular mass distri-
bution of polyethylene prepared with heterogeneous Ziegler systems is
mainly determined by chemical properties of the catalyst. Therefore we
conclude that broad molecular mass distributions originate from number and
properties of the different types or states of active sites.

Starting from this hypothesis, we successfully developed a catalytic
system which enables us to control molecular mass distribution by specific
manipulations of the catalyst as well as by changing the conditions of the
polymerization process.

INTRODUCTION
Highly active Ziegler catalytic systems for the polymerization of

ethylene, consisting of a heterogeneous transition metal catalyst and an
aluminium-organic compound as a cocatalyst, are available since about

29
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1966. These catalysts are at least by a facter of 20 more active than con-
]’2). In a comprehensive paper, Diedrich descri-

bed all types of highly active catalytic systems known until 19753). For

ventional Ziegler systems

more than 10 years, these modern catalysts have been applied to technical
processes often called "second generation processes". They are simpler and

. . . 3
more economic than comparable "first generation processes" ).

Todays research in industrial laboratories is concentrated upon im-
provements of these "second generation processes". New highly active cata-
lytic systems have to be developed to produce "tailor made" polymers in
easily controllable polymerization plants4).

One important field is the search for catalytic systems which allow
to regulate the molecular mass distributions, either by variation of the
catalyst composition, or by manipulation of the process.

In this paper, our knowledge of the origins of molecuiar mass distri-
bution will be summarized, and we will indicate how to regulate molecular
mass distribution by catalyst design or process control.

MOLECULAR MASS DISTRIBUTIONS OF ZIEGLER POLYETHYLENES

In previous paperss—g) it was reported that the Ziegler polymeriza-
tion process comprises a propagation process and different chain transfer

reactions for example with hydrogen and the cocatalyst.

Under usual polymerization conditions as in polymerization plants,

9,10}

high molecular mass polyethylene compounds with Schulz-Flory most

]]). For polymeri-

probable molecular mass distributions should be formed
zation in a slurry process with formation of semicrystalline polyethylene
particles, insoluble in the hydrocarbon dispergent medium, these condi-
tions imply constant monomer, hydrogen, and cocatalyst concentrations,
plus constant temperature between 20 and 90 °C, ethylene partial pressures
up to 10 bar and constant space time yield.

12-14) reported a system consisting of

Kaminsky, Sinn and coworkers
dicyclopentadienyl zirconium dichloride and an oligomeric methylalumin-

oxane compound. Within experimental error, this system produces high mole-
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cular mass polyethylene with a Schulz-Flory most probable molecular mass
distribution when operating under technical conditions. The experimental
result is shown in Figure 1. The polymer sample was prepared in the
laboratory of Kaminsky, the g.p.c. measurements were carried out in

Hoechst AG laboratories.

milog M)

————
M/g/mol

Figure 1. 1: Schulz-Flory most probable molecular mass distribution
with M= 1.45- 10° g/mol
2: Polyethylene sample prepared by Kaminsky et al.

These experiments confirm that, in principle, polymers with the
Schulz-Flory most probable molecular mass distribution can be synthesized
with Ziegler systems. In a paper, Clark and Bai]eyls) demonstrated that
polymers with polydispersity indices of 2 can be formed by means of

heterogeneous catalytic systems, irrespective of the reaction mechanism.
This holds true for the Ridea1]6) as well as for the Langmuir-

17,18)

Hinshelwood mechanism, provided that there 1is only one type of

active sites.

The formation of polyethylenes with much broader molecular mass

distributions which may be fitted to logarithmic normal or exponential

19)

functions (Wesslau *°, Tungzo)) has been explained by certain models: In

these models, special reaction effects are assigned to the heterogenity of

the catalytic system. Gordon and Rer]) proposed the chain transfer reac-

31
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tion to be determined by the degree of polymerization, because the polymer
chain is adsorbed on the surface of the catalyst. Based on this assump-
tion, the molecular mass distributions of polyethylene samples were calcu-
lated in accordance with experimental results. From this model it has been
concluded that the molecular mass distribution is to change with average
molecular mass. High molecular compounds should have broad distributions,

22)

lTow molecular compounds narrow ones But this does not agree with ex-

perimental results for samples prepared with a highly active Mg,Ti-cata-
1yst8) and A](CZHS)3 as cocatalyst. The molecular mass distributions are

shown as integral plots for logarithmic normal functions on Figure 2.

w0’ "0* 0 106 v

M/g/mol

Figures 2. Integral mass distribution functions:
=17 0% 2w =30 00% 3w = a2 00

S M = 1.05 - 10°: -
4: M= 1,05 - 10° M /M =7,5+2

The integral plot is used because this plot indicates the same mole-
cular mass distribution by parallel straight lines. The average molecular
mass was changed by varying the hydrogen partial pressure. This result has
also been confirmed by rheological measurements of F]eiBner23); he showed
the shear viscosity curves to have the same shape irrespective of the vis-
cosity value. It has also been found that the elastic behavior of all sam-
ples was the same. These results demonstrate that at least for the highly

active Mg,Ti/Al(C2H5)3 system under investigation, the Gordon- Roe model
cannot be valid.
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24-29) it has been pointed out that the insoluble poly-

In many papers
mer formed under slurry or gas phase polymerization conditions is coating
the catalyst particles and building up a diffusion barrier for the inco-
ming monomer. As a consequence the polydispersity Mw/Mn reaches high
values at the beginning of polymerization and decreases with time. Experi-
mental results show the slightly modified "polymeric flow model” of Ray

and coworkerszg) to be the best model to describe the particle forming

process during ethylene polymerization with the Mg,Ti/A](C2H5)3 systemg).
The experiments do not show the polymerization process to be diffusion

controlled. This is demonstrated in Figure 3.
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Figure 3. Catalyst yield KA (g/mM Ti) (curve 1) and viscosity number VZ
(curve 2) versus time; Mg,Ti/A](C2H5)3 system, 85 °C, with hy-
drogen

The linear increase of catalyst yield and the nearly constant visco-
sity numbers as functions of time show that at least for this system dif-
fusion limitation of ethylene under slurry polymerization conditions can-
not be detected. The molecular mass distribution also does not change. In
all cases it was logarithmic normal with Mw/Mn values of 7,5 + 2 as shown
in Figure 2.

The formation of polyethylene with molecular mass distributions much
broader than the Schulz-Flory distribution can be explained by the
existence of different types or states of active sites at the surface of
the heterogeneous catalyst particle polymerizing simultaneously. This

33
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model was proposed by different authors39’]5’22).

7,31)

There are experimental
results supporting this model It has been shown by investigation of
polymerization kinetics that the propagation rate constant for the Mg,Ti/
A](CZHS)3 system is 80 dm’/mol-s at 85 °C. On the other hand it is also
known for this system that the molecular mass increases very rapidly with
time. If a polymer sample is withdrawn from the reactor 15 seconds after
ethylene addition, the molecular mass distribution shows high molecular
mass compounds just 1ike the major amounts of a sample taken after 2 hours

7)

polymerization time'’. This is shown in Figure 4.

hilogM)

Figure 4. Molecular mass distribution (---frenquency and
——mass distribution): Mg,Ti/A](C2H5)3 system, 85 °C, without
hydrogen; polymerization time: 1 : 15 sec; 2 : 2 h

From the degree of polymerization of the high molecular fraction of
the 15 seconds sample it may be assumed that there must be active sites
with propagation rate constants of at least 2,9 10° dm’/mol-s. In compari-
son to the average value of 80 dm’/mol.s determined from kinetic measure-
ments, this shows the propagation rate constants to be quite different for
the different types or states of active sites at least for this system.
Similar results were published by Meyer and Reichert3]).
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From all these experimental results it must be concluded that the
molecular mass distribution of polyethylene prepared with heterogeneous
systems is mainly influenced and determined by the number and properties
of the different types or states of active sites. Starting from this hypo-
thesis "tailor made" catalysts for the preparation of polyethylene samples
with different molecular mass distributions have been developed.

MANIPULATION OF MOLECULAR MASS DISTRIBUTION IN BATCH PROCESSES

The basic idea was to prepare a catalyst composed of several or at
least two components which produce polyethylene with different average
values of molecular mass under the same polymerization conditions. The
Mg,Ti-catalyst described e]sewhere5_8) was coated with a further transi-
tion metal component. How the morphology of the Mg,Ti catalyst is changed

can be visibilized by Scanning Electron Microscopy as shown in Figure 5.

Figure 5. Scanning Electron Micrographs of the catalyst surfaces; mag-
nification: 6.000; Mg,Ti-catalyst (left side); Coated Mg,Ti-ca-
talyst (right side).

This catalyst was used for ethylene polymerization under the follo-
wing experimental conditions: A reactor was filled with diesel oil at
85 °C (100 dm*), the cocatalyst (in this case 1soprenyl-aluminium32); 360
mmol) was added, then the catalyst (10 mmol Ti-compound) was introduced.
Before pressurizing the reactor first with hydrogen (5,3 bar) and then
with ethylene (3,0 bar). Both components (catalyst, cocatalyst) had time

35
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to react with each other for 10 minutes or longer. The polymerization was
observed by measuring catalyst yield KA, viscosity number VZ and molecular
mass distribution versus time. The results are shown in Figures 6, 7.
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Figure 6. Catalyst yield KA (curve 1) and viscosity number VZ (curve 2)
versus time t; catalyst and cocatalyst react for 10 minutes be-
fore ethylene introduction

There is no surprizing effect discovered in this experiment. Catalyst
yield increases with time, first rapidly, then slowly. The viscosity num-
ber VZ as a measure of average molecular mass is nearly constant with
time, and the molecular mass distribution does not depend on time, but
shows a high molecular mass portion. This demonstrates that 2 catalytic
systems are polymerizing simultaneously, in accordance with catalyst pre-
paration.

The reactor was filled again with diesel oil at 85 °C (100 dm’), then
the cocatalyst was added (100 mmol). The reactor was pressurized with hy-
drogen (5,3 bar) and ethylene (3,0 bar). The polymerization was started by
injection of the catalyst (10 mmol Ti-compound) into the pressurized reac-
tor. Again catalyst yield KA, viscosity number VZ, and molecular mass di-
stribution were recorded as functions of time. These data are plotted in
Figure 8, 9.
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Figure 7. Molecular mass distribution as a function of reaction
time: 1 : 35 min; 2 : 6 h; values >1O8
because these compounds cannot be completely separated. For

g/mol are not given,

reaction conditions see Figure 6.
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Figure 8. Catalyst yield KA {curve 1) and viscosity number VZ (curve 2)
versus time t; catalyst and cocatalyst did not react before
ethylene introduction.
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Figure 9. Molecular mass distribution as function of reaction time:
1:2h;2:4,5h; 3:7h;4:95h;5:12h; 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 basic catalyst consists of a highly active Mg,Ti-catalyst which
forms polyethylene with molecular mass distributions not depending on
average molecular mass or viscosity number and time as pointed out in
Figures 2, 3 (cocatalyst A](C2H5)3). There are no possibilities to in-
fluence the molecular mass distribution by changing the formation of the
catalytic system.

If this catalyst is coated with another transition metal compound, a
new catalyst is formed, the behaviour of which is extremely different from
the basic catalyst. By changing conditions during catalytic system forma-
tion, time independent or time dependent molecular mass distributions can
be observed under the same process parameters in a batch process. An ex-
planation for this behaviour which is in accordance with all experimental
results so far observed, is shown in Figure 10.

Catalyst particie Polymer particte

—
30 pm

455

&)
B

o~
o

Figure 10. Catalyst design and particle forming process: 1 Before
ethylene addition, catalyst and cocatalyst have reacted for
at least 10 minutes; 2 Before ethylene addition both
components have not interacted.

Figure 10 represents the catalyst particle to consist of smaller pri-
mary particles of two different types (filled and open particles). The
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filled particles are located in the center and they are coated with open
particles. This picture is consistent with catalyst preparation. Path 1
shows that all primary particles start polymerization if catalyst and co-
catalyst have had time to interact before ethylene addition. In this case
catalyst yield KA increases rapidly with time t; viscosity number VZ and
molecular mass distribution are nearly independent of time t. Molecular
mass distribution is catalyst dependent, but time independent.

Path 2 is an alternative way to prepare polyethylene with the same
catalytic system. If there is no time for catalyst/cocatalyst interaction
before ethylene addition, only the primary particles at the surface start
polymerization because they are activated by the cocatalyst. In this case
catalyst yield KA increases very slowly with time t, and the viscosity
number VZ is extremely high, because the open catalyst particles are less
active but produce high molecular polyethylene even at high hydrogen con-
tent (~64 Vol.-%). During polymerization the cocatalyst penetrates into
the polymerizing particle by diffusion to activate the primary particles
in the center. The polymerization rate increases and the viscosity number
decreases with time, because the filled primary particles are more active
and average molecular mass is regulated effectively by hydrogen. As a con-
sequence the molecular mass distribution changes with time. So in this
case molecular mass distribution is catalyst and time dependent.

The concept that cocatalyst diffusion into the polymerizing particle
is basically the regulating process for molecular mass distribution can be
supported by experiments demonstrating that polymerization behaviour and
molecular mass distribution via path 2 can be influenced by cocatalyst
concentration and the type of cocatalyst. If in path 2 cocatalyst con-
centration is increased and/or molecular mass of cocatalyst decreases the
behaviour is shifted in the direction of the path 1 behaviour. Conse-
quently this catalytic system can be influenced easily by different para-
meters to change the bimodal molecular mass distribution.

Evidently the highly flexible catalytic system developed is capable
of producing "tailor made" high molecular polyethylenes in batch as well
as continuous processes.
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THE ROLE OF ETHYL BENZOATE IN HIGH-ACTIVITY AND HIGH-STEREOSPECIFICITY
MgCl2—SUPPORTED TiClu CATALYST SYSTEM

N.KASHIWA, M.KAWASAKI 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 MgClZ/TiCIM—AlEt3/EB catalyst system for propylene
polymerization was investigated. It was found that suitable amounts
of EB 1increased the yield of isotactic polymers, at the same time
decreasing very sharply the yleld of atactic polymers and consequently
enhancing stereospecificity. From the results of a kinetic study of
short-time polymerization, the said increase in yield of 1sotactic
polymers and decrease in yield of atactic polymers may be attributed
to increase in the value of the propagation rate constant at isctactic
active centers and decrease of the concentration of atactic actilve

centers.

INTRODUCTION

For propylene polymerization, Mitsul Petrochemical Industries
Ltd., 1in collaboration with Montedison S.P.A., was the first 1n the
world to succeed in the research and development of activity-high

1)

stereospecific MgCle-suppqrted TiClu catalyst systems, and
subsequently 1in 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 1s used as an
important catalyst component for outstanding effectiveness. It is the
purpose of this paper to discuss the role of ethyl benzoate known as a
typical example of an effective electron donor by comparing the
catalyst systems of MgClZ/TiClu-AlEt3 and MgClz/TiClu—AlEt3/ethyl

benzoate.
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EXPERIMENTAL

Preparation of the catalysts:
MgClQ/T101u: 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 N,, then MgClz(ZOg) 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 TiClu; 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.
TiClB(AA): The product used was TAC-131 made by Toho Tiltanium 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 MgClg/T101u(or TiCl3(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 of ethanol was first added to the system to stop the
polymerization and followed by a large quantity of methanol. The
resulting solid polymer was collected and driled 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, AlEt3(O.725, 1.45, 2.175, 2.90 or 3.625 mmol) and
MgClz/T101u catalyst (0.145 mmol of Ti) were added ([A1]/[Ti]J=5, 10,
15, 20 or 25) and polymerization was performed for 30 min at 50°C
under atmospheric pressure. The rest of the polymerization procedure
was the same as (a).
Chapter 2: After saturating the solvent with propylene, AlEt3(3
mmol), EB(0, 0.3625, 0.725, 1.015, 1.450 or 2.175 mmol) and MgClz/
TiCl, catalyst (0.145 mmol of Ti) were added in the said order ([Al]/
[Ti]=25, [EB]/[Ti]=0, 2.5, 5.0, 10.0 or 15.0). The rest of the
polymerization procedure was the same as described in chapter 1.
Chapter 3: (a) Propylene polymerization was performed for 5 min, 10
min, 20 min and 30 min with MgClg/TiClq—AlEt3 or MgClg/TiClu—AlEt3/EB
at the condition of [A1]=14.5 mmol/1, [Ti]=0.58 mmol/1l, [EBJ]=0 or 4.06

mmol/1. The rest of the polymerization procedure was the same as
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described in chapter 2.

(b) EB (1.015 mmol) was added into the polymerization system with
MgClZ/TiClq—AlEt3
the polymerization procedure was the same as described in chapter 1.
Chapter 4: (a) Catalyst system MgClZ/TiCIA-AlEt3/EB: Propylene

5 min after start of polymerization. The rest of

polymerization was carried out in 500 ml of n-decane, which was first
filled with propylene. AlEt3 (5.0 mmol), EB (1.25 mmol) and
MgClZ/TiClu 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 MgCl2/TiCl“—AlEt3:

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

Polymerization conditions were

Characterization of the produced polymer
Isotactic Index (I.I.) of the polymer produced was measured as the
welght fraction of polymer insoluble in bolling heptane. The 13C-NMR
isotactic value was determined from the triad peaks of <the primary
carbon resonances. The polydispersity and Mn of the polymers were
measured by gel permeation chromatography (GPC) (Waters Associates,
Model ALC/GPC %SOC) using mix polystyrene gel column (107, 106, 105,

10“ and 103 A pore sizes) and at 135°C with o-dichlorobenzene as

solvent.

RESULTS AND DISCUSSION
1. Propylene polymerization with the MgClZ/TiClu-AlEt3 catalyst
system:
- Comparison with the TiCl3(AA)—A1Et3
- Effect of the concentration of AlEt3
The MgCl2-supported TiClu catalyst system 1s well known to

catalyst system

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

kinetic curve obtained for propylene polymerization with
MgClZ—supported TiClu (represented as MgCl2/TiClu) catalyst 1n
conjunction with AlEt3. MgCl2/TiCl“ catalyst was obtained by

ball-milling of Mg012
the solid product. PFor comparison, the kinetic curve under identical
conditions 1s shown in Fig. 1 for TiCl3(AA)—AlEt . Table 1 shows

3
propylene polymerization activity and the analytical results of

followed by reacting with TiCl“ and separating

polypropylene with each catalyst system.
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Fig. 1 Kinetlec curves of propylene polymerization at 60°C; [Ti]=
0.1 mmol/1l; [AlEt3]=l.O mmol/1l; (Q) MgCl2/TiClu—AlEt3; (@) Ticl

3
(AA)-AlEt

3
Table 1 Comparison of polymerization performancea)
Activity I.Ib) Iso. Valuec)
Catalyst
(g/mmolTi.h) (Wt 2) (%)
MgCl2/Ti01“—AlEt3 968 33.9 89
TiCl3(AA)—AlEt3 23 75.9 91

a) Polymerization conditions are the same as in Fig. 1.

b) Weight fraction of polymers insoluble in boiling heptane.

c) Determined from the triad peaks of primary carbon resonance using
the fraction insoluble 1n boliling heptane.

As 1s apparent from the given results, the MgCl2/T101u catalyst system
was highly active in the yield per 1 mmol of Ti 1in comparison with the
TiCl3 catalyst system, but the stereospecificity (isotactic index,
I.I.) of polymer produced was quite low. However, one should notice
that, as shown in Table 1, the yield of polymers insoluble in boiling
heptane (isotactic polymers) per unit of Ti atom was extremely high in

comparison with that of TiCl3 and the isotacticity value of this
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polymer by 13C—NMR (triad) was almost as high as that of isotactic
polymers obtained with the TiCl3 catalyst system, which suggests that
there are highly stereospecific (isotactic) active centers in the
Mg;Clg/TiClj4 catalyst system as well as in the TiCl3 catalyst system.
So 1t 1s reasonable to assume that a highly active and highly
stereospecific catalyst could be obtained by using very selectively
only the stereospecific (isotactic) active centers in the MgClZ/TiClu—
AlEt3 catalyst system.

In order to obtalin more detailed information on polymerization
with the MgClZ/TiClu catalyst system, the effect of the concentration
of AlEt3, [A1], was studied at 50°C slurry polymerization for 30 min.
Table 2 and Figs. 2-7 show the polymerization results obtalined by

changing AlEt., concentration from 2.9 to 14.5 mmol/l under constant Ti

3
concentration of 0.58 mmol/l (therefore, [A1]/[Ti] molar ratio was
changed in the range of 5-25).

From these studies, the following was noted.

Overall polymer yields were constant and independent of [Al] in all

experiments and I.I. of the produced polymer, as shown in Fig. 2, was
almost unchanged (around 35%) in the range between 8.7 and 14.5 mmol/1l
of [A1]([A1]/[Ti]=15-25 mol/mol), but elevated slightly (42-44%) at
lower [Al] of 5.8 ([A1]/[Ti]=10)-2.9 mmol/1l ([A1]/[T1]=5) by slight
changes 1n the yields of heptane-insoluble and -soluble polymers 1in
Fig. 3.

Molecular weight of boiling heptane-insoluble polymers and bolling

heptane-soluble polymers (hereafter, represented as C7-insoluble and
C7—soluble polymers, respectively) remained almost constant, except
those produced under the condition of lowest [A1](2.9 mmol/l,
[(A1]/[Ti]=5), which were significantly higher than others as shown in
Fig. 4.

The polydispersity(Mw/Mn) could be regarded to be almost constant,

except the slight decrease of C7—insoluble polymers at the lowest
[Al](Fig. 5). GPC curves of C7-soluble polymers (Fig. 6) were all
symmetric and showed no significant difference among themselves except
for a slight shift to a higher molecular weight at the lowest [Al].

On the other hand, as shown in Fig. 7, GPC curves of 1sotactic
polymers were all asymmetric and they seemed to be divided 1into two
peaks at around 105 and 105-106 molecular weight. With lowering of
[A1]/[Ti] or [Al], these asymmetric curves moved to a higher molecular

welght, changing shapes by increasing the portion of higher molecular



Table 2 The effect of the concentration of AlEt., in the MgClg/TiClq—AlEt3 catalyst systeml)

3

[A1]/[Ti] I.I. Yield GPC
No. Overall C7—insol. C7—sol. Overall C7—insol. C7-sol.

(mol/mol) (wt%) (g) (g/mmolTi) (g/mmolTi) (g/mmolTi) Mnxlo_u Mw/Mn Mnxlo_u Mw/Mn Mnxlo_u Mw/¥Mn
101 5 42 54.8 378 159 219 2.57 7.27 9.52 3.47 1.93 4,41
102 10 Ly 51.2 353 155 198 2.62 6.77 7.61 by, 27 1.61 4,47
103 15 35 58.2 L4o1 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 Y77 1.42 4,67
105 25 37 55.0 379 140 239 2.19 8.18 7.49 4,34 1.36 4,59
1062) 25 84 42.9 296 249 L7 5.78 8.14 9.36 4,96 1.25 5.13

1) n-decane 250 ml, 50°C, 30 min, [Ti]=0.58 mmol/1
2) MgClZ/TiClu—AlEt3/EB, [EB]/[Ti]=7 mol/mol

87
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3



50 N. Kashiwa,

M. Kawasaki and J. Yoshitake

10.0f 5 EB
\¥O O o~
2 s0f
P4
| =
=
~@
EB
o L ] 1 L 1
0 5 10 5 20 25

{ ALEts 1/ Ti], mol/mol
Fig. 4

Effect of [AlEt3]/[Ti] on Mn of the produced polymers

(C.,-
7
soluble polymers (@), C7—insoluble polymers (Q)) with MgClE/T1014—
AlEt3. Polymerization conditions are the same as those in Table 2.
6.0L
EB{ 8
~ 4,0F
3 ©
2.0}
O 1 1 1 1 I
(0] 5 10 15 20 25

Fig. 5
C7—insoluble

{AETs )/ Ti], mol/mol

conditions are the same as those in Table 2.

Effect of [AlEt3]/[Ti] on Mw/Mn (C7-—soluble polymers (@),

polymers (Q)) in MgClz/TiClu-AlEta).

Polymerization



The Role of Ethyl Benzoate 51

10° 10* 10° 10° 107
Molecular Weight

Fig. 6 Effect of [AlEt3]/[Ti] on the GPC curves of C7—soluble
polymers with MgCl2/TiClu—AlEt3. [AlEt3]/[Ti]=5( )5 [AlEt3]/[Ti]=
10, 15, 20 and 25 (=reves ). Polymerization conditions are the same as
those in Table 2.

10° 10* 10° 10° 107
Molecular Weight

Fig. 7T Effect of [AlEt3]/[Ti] on the GPC curves of 07—insoluble
polymers with MgCl2/TiClu-AlEt3. [AlEt3]/[Ti]=5( ) 5 [AlEt3]/[Ti]=
10E==2; [AlEt3]/[Ti]=15, 20 and 25(w=-=-=-).

Polymerization conditions are the same as those in Table 2.
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6). The aforementioned increase of Mn of C7—insoluble

weight (10°-10
polymers at the lowest [Al] in Fig. 4 could be attributed to the
significant increase of the contribution of the peak at higher
molecular weight.

These changes in the shape of GPC curves of C7—insoluble
(isotactic) polymer may be explained as follows: There would be at
least two separate groups of isotactic active centers which would
produce CY-insoluble (isotactic) polymers having different molecular
welght. And, under conditions of higher [Al], a group of active
centers to produce isotactic polymers of lower molecular weight could
be formed preferentially; on the other hand, under conditions of lower
[Al1l, the other group of active centers to produce isotactic polymer
of higher molecular weight could become comparable to the first group.

In other words, there would be two groups of 1sotactic active
centers of which one would have a lower propagation rate constant, kp
and/or higher chain transfer rate constant, ktr and the former could
be formed with the higher probability under conditions of higher [Al1].
Considering that TiClu is easily reduced by the reaction with AlEt3,2)
it may be that active centers formed at lower [Al] consist of Ti atoms
of higher valence state.

In summary, within the range of the present investigation, the
MgClz/TiClu—AlEt3
of Ti atom but low stereospecificity, and the concentration of AlEt3

catalyst system showed very high activity per wunit

in this catalyst system was not important on elther activity or
stereospecificity. GPC curves of obtained polypropylene suggest that
there are at least two groups of isotactic active centers to produce
isotactic polymers of different molecular weights, and the proportion
of the contribution of each group depends on the concentration of

AlEt .
1 t3

2. Propylene polymerization with the MgClz/TiClu—AlEt3/ethyl
benzoate (EB) catalyst system
-Effect of addition of EB

Next, ethyl benzoate(EB) was introduced to the polymerization
system following AlEt3 addition under the condition of [EB]/[Til=7
(mol/mol), [A11/0Ti]=25(mol/mol) and [Ti1]=0.58 mmol/1 in order to

examine preliminarily the role of EB. The results are listed at the
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pottom of Table 2. These data were plotted with notation of EB 1in
Figs. 2-5 for comparison with data without EB addition.

First, as shown 1in Fig. 2, by addition of EB, I.I. of <the
obtained polymer was markedly enhanced from 37 wt% to 84 wt%, but at
the same time, the overall polymer yield was lowered considerably.
One can see from Filg. 3 that the decrease of the overall polymer yield
was .attributable to the sharp decrease of C,-soluble (atactic)

7
polymers, which cancelled the increase of C,-insoluble (isotactic)

polymers, and the drastic increase of I.I. was7attained by these very
favorable changes of yields for both polymers. Namely, by addition of
EB, the yield of C7—soluble (atactic) polymers was lowered to 20%,
while 1in contrast, the yield of C7-insolub1e (isotactic) polymers
increased to 175% of those without EB. These characteristic effects
observed by addition of EB could not be seen by changing AlEt3
concentrations in the MgCl2/Ti01u—AlEt3 catalyst system (Fig. 2, 3).
Therefore, these effects could not be attributed to the decrease of
"egfzgtive AlEt3 concentration"3) by the reaction of AlEt3 with
EB » but could be well explained by the fact that EB had direct but
entirely different action to atactic and 1sotactic active centers,
namely, EB poisoned atactic actlve centers very preferentially, while
it associated with isotactic centers in such a manner as to enhance
the activity.

EB showed a similar effect on molecular weight and polydispersity

of the polymers. As for the polydispersity, Mw/Mn values of both
atactic and isotactic polymers were slightly enlarged (Fig. 5).
On the other hand, Mn of both polymers (isotacitc and atactic) were
affected by EB 1in a different way, that 1s 1increase of Mn for
isotactic polymers and slight decrease of Mn for atactic polymers
(Fig. L4). Although the same increase of Mn for isotactic polymers was
observed in Fig. 4 at the lowest [AlEt3] without EB, the behavior of
the atactic polymers was opposite to that obtalned by EB addition.

As the result of the preliminary examination on the MgCl2/T101u-
AlEt3/EB catalyst system, the following may be pointed out as the
effects of EB addition.

1) Considerable increase in yield of isotactic polymers

2) Sharp decrease in yield of atactic polymers

3) Increase of Mn of isotactic polymers, and some decrease of that of
atactic polymers

Further investigation to obtaln more detailled information on the
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role of EB was carried out by changing the amount of EB added from ©
to 15 in terms of the molar ratio of [EBJ]/[Ti] under the conditions of
[AlEtaj/[Ti]=25, [Ti]=0.58 mmol/l, 50°C, 15 min polymerization.

The results are listed in Table 3 and shown in Figs. 8-13.

Figure 8 shows the dependence of the yields and I.I. of all
polymers on the amount of added EB. EB enhanced I.I. of the polymers
markedly from 35% to maximum values of 90%, but with considerable
loss of the yield of all polymers. Fig. 9 shows that the loss of all
polymers was attributable to the successive decrease of C7—soluble
(atactic) polymers by EB addition which canceled the increase of
C7—insoluble (isotactic) polymers. The yield of C7—soluble {(atactic)
polymers decreased to only 7% as much as that of a control at the
highest amount of EB ([EB]/[Ti]1=15). On the other hand, the yileld
curve of C7-insolub1e (isotactic) polymers showed maximum peak, at
which <the yield was 1.9 times that of a control. EB increased the
yleld of C7—insolub1e (isotactic) polymers within the whole range of
concentrations of EB in the present experiments. However, Fig. 9
shows that the use of an excess amount of EB results in the 1loss of
C7—insoluble (isotactic) polymers, for example, by the complexing of
EB to the isotactic active center; therefore the obtained yield curve
could be considered to be the result of the mutual cancellation of the
positive and negative effects of EB on the yield and the result of
overcoming the positive effect within the present experiments. Fig.
10 shows that EB increased the polydispersity, Mw/Mn value of the both
polymers of C7—insoluble (isotactic) and C7—soluble (atactic) polymers
with increase of the amount added (see also Figs. 12, 13). Pig. 11
shows that, with increase of the added amount, EB increased markedly
the molecular weilght of C7-insoluble (isotactic) polymers, but
decreased slightly the molecular weight of C7—soluble (atactic)
polymers 1indicating that EB had quite opposite actions on the two
active centers.

Figures 12 and 13 reflect clearly the changes of Mw/Mn and Mn in
Figs. 10 and 11 by addition of EB. Fig. 12 shows that, with increase
in the amount of added EB, GPC curves of C7—soluble (atactic) polymers
shifted to lower molecular weilght, broadening the peak area. As
mentioned above, EB very effectively inactivates active centers to
produce C7-soluble polymers. Therefore, the above results may be

explalned as the preferential inactivation of active centers to

produce C.,-soluble (atactic) polymers of higher molecular welght.

7
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Table 3 Effect of addition of ethyl benzoate into the MgCl2/T101u—AlEt3 catalyst system
(EBl/[Ti] I. Yield
No. Overall C,-insol. C,-sol. Overall C7-insol. C7—sol.
(mol/mol) (wt%) (g) (g/mmolTi) (g/mmolTi) (g/mmolTi) Mnxlo_u Mw /Mn Mm(lO—Ll Mw/Mn Mnxlo—u Mw /Mn
201 0 35 26.5 230 81 147 2.05 7.93 6.96 4.81 1.47 3.53
202 2.5 58 25.9 225 131 94 2.33 10.5 7.10 4,08 1.22 3.70
203 5.0 78 22.4 195 152 43 5.26 7.00 8.37 4.68 1.52 3.74
204 10.0 85 20.4 177 150 27 5.17 8.78 9.62 457 1.05 5.44
205 15.0 90 12.0 104 ql 10 6.36 9.99 11.1 5.52 0.96 6.91

1) n-decane 250 mil,

50°C, 30 min, [Ti]=0.58 mmol/1, [AlEt3]:lM.5 mmol/1

5SS
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Fig. 8 Effect of [EB]/[Ti] on the yield (@) and Isotactic Index
(I.I.) (Q) of polymers produced with MgClz/TiCIM—AlEt3/EB.

Polymerization conditions are the same as those in Table 3.
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Fig. 9 Effect of [EB]/[Ti] on the yields (overall polymers (@),
C7—soluble polymers (@), C7-insolub1e polymers (Q)) with MgCl2/

TiClu—AlEt3/EB. Polymerization conditions are the same as those  in

Table 3.
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Fig. 10 Effect of ([EB]/[Ti] on Fig. 11 Effect of [EB]/[Ti] on

Mw/Mn (07-soluble polymers (@), Mn (C7-soluble polymers (@),
CY-insoluble polymers (Q)) in C7—insoluble polymers (Q)) in
MgClZ/TiClu-AlEt3/EB. MgClZ/TiClu—AlEt3/EB.
Polymerization conditions are Polymerization conditions are the
the same as those in Table 3. same as those in Table 3.

Fig. 13 shows that with the increase of the amount of added EB,
asymmetric GPC curves of C7—insoluble (isotactic) polymers shifted to
higher molecular weight, broadening the peak area by increase of the
relative contribution of the polymer portion having molecular weight

of 105—106. One can see that these curves can be divided 1into two
peaks 1in which the individual centers would be located at molecular
welghts of around 10° (L peak) and of 105—106 (H peak), respectively,
and that these peaks are the same as those seen in Fig. 7 (no EB). As
pointed out in the previous chapter, the contribution of the H peak to
the GPC curves in Fig. 7 was increase with decreasing concentration of

AlEt3 or [Al]/[Ti] molar ratio in the MgClZ/TiCIM-AlEt3 catalyst

system. Therefore, it can be assumed that active centers to produce
H peak are formed by the reaction of AlEt3 and Ti catalyst wunder
milder conditions such as lower [A1]/[Ti]. In the MgCl2/TiClu-

AlEt3/EB catalyst system, 1increase of the amount of EB enhanced the
relative contribution of H peak to L peak as shown in Fig. 13 (Note:
However, +the absolute yields of polymers of both L and H peaks
decreased at higher concentrations of EB.). Considering the above, EB

would bring about milder reaction conditions to form avtive centers to
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10° 10 10° 10° 107
Molecular Weight

Fig. 12 Effect of [EB]/[Ti] on the GPC curves of C7—soluble polymers
with MgCl,/TiC1l)-AlEt;/EB. [EBJ/[T1]=0mw-=-: ); [EB]/[Til= 10 (==3;
(EB1/[T1]1=15¢
in Table 3.

). Polymerization conditions are the same as those

10° 10* 10° 10° 107
Molecular Weight

Fig. 13 Effect of [EBJ/[Ti] on the GPC curves of C7-insoluble
polymers with MgCl,/TiCl,-AlEt /EB. (EB1/[T1]=06-------); [EB]/[T1i]=5
¢---9; [EB]/[Ti]= 10 ¢=—=9; [EB1/[T1]=15 ¢
conditions are the same as those in Table 3.

) . Polymerization



The Role of Ethyl Benzoate 59

produce H peak by lowering the concentration of AlEt3 by reacting with
AlEt3 to form Al alchoxide compounds and/or by weakening the
reactivity of AlEt3 by complexing with it, and at the same time, an
excess of EB would partially inactivate 1sotactlc active centers.

As the conclusion of this chapter, the following can be sald to
be the role of EB. EB decreased the yield of atactic polymers very
sharply with relative increase in the yileld of 1isotactic polymers
under the present conditions and consequently enhanced stereo-~
specificity with minimum sacrifice of overall activity. EB
inactivates atactic active centers very preferentially, and associates
with 1sotactic active centers 1in a manner so as to enhance the
activity first and then inactivate them gradually with increased
concentration. Furthermore, GPC curves for C7—insoluble (isoatactic)
polymers suggest the presence of at least two separate groups of
isotactic active centers, and EB appears to enhance the relative
contribution of a ‘group of active centers to produce polymers of
higher molecular weight and consequently increased molecular weight

and polydispersity of C7—insoluble (isotactic) polymers.

3. Propylene polymerization with the MgCl2-supported TiClu catalyst
system: Effect of the polymerization time

Hitherto, we have examined the effect of the concentration of
AlEt3 and the amount of added EB on propylene polymerization with the
MgCl2/TiClu—AlEt3
obtained by polymerization for 15 or 30 min.

As indicated earlier, the activity of the MgCl2/TiClu—AlEt3

catalyst system in propylene polymerization decreased with increase of

7),8

catalyst system. These studies deal with polymers

polymerization time. Namely, the nature of the active centers of
this catalyst system may change during the polymerization time. The
effect of polymerization time was examined using polymerization data
listed in Table 4 for 5, 10,.20 and 30 min with MgCl2/TiCIM—AlEt3 at
[A1]/[Ti]=25(mol/mol), 50°C and MgCl,/TiCl,-AlEt,/EB at [a1l/(EB]=7
(mol/mol), 50°C. Fig. 14 shows the changes in activity by monitoring
the consumption of propylene monomers with a flow meter in
polymerizations No.304 and No.308 in Table 4. Two catalyst systems
showed different overall polymerization activity but almost the same
rate of decay in activity. Fig. 15 shows the dependence of I.I. of
overall polymers on the polymerization time. I.I. remained almost

unchanged 1in each catalyst system in spite of considerable decay in



60 N. Kashiwa, M. Xawasaki and J. Yoshitake

Table 4 Effect of polymerization time on MgClg/T101u-A1Et3 and
MgClz/T101u-A1Et3/EBl)

‘ (EB]/[Ti] Time I.I. Yield
No. Overall C7—insol. C7—sol.
(mol/mol) (min) (wt%) <(g) (g/mmolTi) (g/mmolTi) (g/mmolTi)

301 0 5 32 23.1 159 51 108
302 0 10 34 33.5 231 79 152
303 0 20 35 45.8 316 111 205
304 0 30 37 55.0 379 140 239
305 7 5 82 15.2 105 86 19
306 7 10 83  23.6 163 135 28
307 7 20 8L 33.8 233 196 37
308 7 30 84 42.9 296 249 47
3092 0-7 30 61 49.1 339 207 132

1) n-decane 250 ml, 50°C, [T1]=0.58 mmol/1, [Al]=14.5 mmol/1
2) EB was added at a laps of 5 min.

activity during polymerization. EB increased yield of C7-insoluble
(1sotactic) polymers at the same ratlo at any given moment during
polymerization, and therefore the increase of the yileld for
CY—insoluble (isotactic) polymers by addition of EB to the
MgCl,/TiC1)~AlEt

elongation of the 1life time of isotactic actlive centers by the

catalyst system can not be explained by the

association of EB, but may be explained by the 1increase of the
concentration of isotactic active centers and/or by the increase of
the propagation rate constant by the introduction of EB.

Till now, EB was introduced to the polymerization system at the
beginning of polymerization. Can the same effect of EB addition also
be seen in the case in which EB 1s introduced to the polymerization
system after the formation of active centers in the MgClQ/TiClu—AlEt3
catalyst system, 1.e. after the beginning of polymerization? The
answer to this question was obtained in the following way. Fig. 16
shows the time dependence of catalyst activity. Two solid line curves
were glven with MgCl2/Ti01u—AlEt3 catalyst system and MgClz/
TiClu—AlEt3/EB catalyst system (EB was added at the beginning). Next,

polymerization in which EB was introduced after 5 min under a molar
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ratio of [EBJ]/[T1]=7 with the MgCl2/TiClM—AlEt3 catalyst system was
carried out for 30 min. The obtained data are listed in Table 4
(No.309) with the activity plotted by the symbol"@" in Fig. 16. One
can see from Fig. 16 that after addition of EB, the plot of the
overall catalyst activity shifted within 1 min from the curve for the
MgCl2/TiClu—AlEt3 catalyst system to that for the MgCl2/TiClu—AlEt3/EB
catalyst system. If, after the introcduction of EB, all catalyst
performances transferred from the former to the latter catalyst
system, the polymers obtained by this experiment should be a mixture
of the polymers produced in the "A"™ zone for 5 min with the MgCl2/
TiClM—AlEt3 catalyst system and the polymers in the "B" zone for 25
min with the MgCl2/TiClM—AlEt3/EB catalyst system as seen in Fig. 16.
The data for "A"™ was already given in Table 4 (No.301). The data for
"B" was calculated from a comparison of the data for 5 min ("C") and
30 min ("D") (Nos.305, 308 in Table 4) with the MgCl2/TiClu—AlEt3/EB
catalyst system. The calculated data for the mixture of polymers "A"
and "B" are given as "X" in Table 5 together with "A," "B," "C" and
"D." The observed data "Y" in table 5 (No.309 in Table 4) was
consistent with data "X" calculated from "A" and "B."

2001

100F ’}, MgClza/TiCla~AlEts
Vv

Activity , 1—CsHe/h

(A) / °
(B) VO

~—
MgCl2/TiCla~ALEts/EB .
O r N N

0 10 20 30
Polymerization Time, min

Fig. 16 Kinetic curves of propylene polymerization. EB added to the
MgCl2/TiClu-AlEt3 system 5 min after start of polymerization.



Table 5 EB addition to the MgCl2/TiCZLu—AlEt3 catalyst system 5 min after start of polymerization

0=5 min 0-30 min 5-30min
[EB]/[Ti] I.I. Yield(g/mmonTi) I.1. Yield(g/mmolTi) I.1. Yield(g/mmolTi)
Catalyst
system Over- C_- C,- Over- C.- C,~ Over- C.,- C7-
(mol/mol) (wt%) all in%ol. sdl.  (wt%) all indol. sd1. (wt%) all indol. sol.
(Y 0 32 159 51 108 |
(2)2) 7 "C"82 105 86 19| D'8h 296 249 &7 ('P'85 191 163  28)
(1)-(2)3) 0-7 "fig} 339 207 132]
"*"61 350 214 136)

1) MgCl2/TiClu—AlEt3

2) MgCl2/TiClu-AlEt3/EB

3) EB was added to 1) after 5 min.

"AL" "C," "D," "Y": same as No.301, 305, 308, 309 in Table 3
"B": calculated from "C" and "D"

"X": calculated from "A" and "B"

€9



64 N. Kashiwa, M. Kawasaki and J. Yoshitake

As a conclusion, the answer to the guestion asked above is "Yes,
the same effect can be seen." This indicates that active centers of
the MgClz/TiClu-AlEt3 catalyst system can be easlly coverted to those
Qf the MgClz/TiClu—AlEt3/EB catalyst system and that the action of EB

on active centers proceeds very quickly and easily.

4, The early stage of propylene polymerization with the MgClz/TiClu-
AlEt, and MgCl,/TiC1,-A1Et /BB catalyst systems?? 10

In chapter 2, we pointed out that both the increase of the yield
of C7—insoluble (isotactic) polymers and the sharp decrease of the
yield of C7—soluble (atactic) polymers were the most important effect
of EB addition on the performance of the MgClz/TiC14—AlEt3

system. On the other hand , the results of chaptef 3 showed that

catalyst

suppression of the activity decay in isotactic active centers was not
the reason for the increase of the yield of C7—insoluble (isotactic)
polymers, and therefore, the above-mentioned effects by EB addition
may be attributed to the change in concentration of active
centers{[C*]) and/ or the change in the propagation rate constant(kp)
by EB addition.

As described above, both MgCl2/TiClu-AlEt3 and MgCl2/TiClu-AlEt3/
EB catalyst systems showed considerable change 1in actilvity with
polymerization time (Fig. 14), so in these catalyst systems, [C*] and/
or kp change during polymerization. However, even these catalyst
systems were found to have constant activity at the very early stage

of 60°C polymerization for both C,-insoluble and C7-soluble polymers

7
(within 1 min of start of polymerization as shown in Fig. 17). All
corresponding data are 1listed in Tables 6 and 7. In this short

period, [C*¥] and kp of these catalyst systems can be considered
constant. Moreover, also in this period, the characteristic effects
of EB (the increase of C7-insolub1e polymers and the sharp decrease of
C7-soluble polymers) were observed as shown in Fig. 17, indicating
that the conclusion concerning the role of EB obtalned from
early-stage polymerization at 60°C can be extrapolated to poly-
merization for 15 or 30 min at 50°C.

11) the value of [C*¥] can

be determined from the following equation expressing the relationship

Using kinetic-molecular welght methods,
between the number of polymer chains, [N], and the polymer yield, Y.

[N] = [C*] + ( k,~[C¥I/R )-¥ (1)
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Fig. 17 Time dependence of polymer
| ]
J yield with MgCl,/TiCl,-AlEt, (Cat 1)
and MgCl2/TiClq—AlEt3/EB (Cat 2).
601 C,-soluble polymers with Cat 1(H);
07-insoluble polymers with Cat 1([0);
_ - 07—soluble polymers with Cat 2(@);
I , C7-insoluble polymers with Cat 2(Q).
240- / Polymerization conditions are the same
£ ) ,
S ﬂ o as those in Table 6.
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Table 6 Short-time polymerization of propylene with MgClz/TiClu-
AlEt 1)
3
Time Yield I.1. Finx10™" [N]x10° (mol/mo1T1i)
(sec) (g/mmolTi) (wt%) Overall C7—insol. Overall C7-insol.
7.5 12.5 20.6 1.17 2.00 107 13
12 18.5 2h.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 4s
60 89.2 21.8 1.39 2.30 6U40 84

1) n-decane 500 ml, [Til=0.4 mmol/1, [AlEt3]=lO mmol/1l, 60°C
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Table 7 Short-time polymerization of propylene with MgCl2/TiClu—A1Et3/EB1>

Time Yield I.1. Finx10™" (g/mo1) Tw /Win (N]x10°(mol/molTi)

(sec) (g/mmolTi) (wt%) Overall C,-insol. C,-sol. Overall C.-insol. C.-sol. C,-insol. C.-sol.

7 7 7 7 7 7

7 5.6 63.0 2.93 5.76 1.50 3.77 2.64 2.66 6.10 i4.0
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 bhe.2 87.2

1) n-decane 500 ml, 60°C, [Ti]=0.4 mmol/1, [AlEt3]=lO mmol/1, [EB]=2.5 mmol/1
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where R 1is the polymerization rate, [N] is obtained from Y and the
number average molecular weight, Mn as Y/Mn. Figs. 18 and 19 show the
relationship between [N] and Y with the MgClE/TiClA—AlEt3 catalyst
system and the MgClZ/TiClu—AlEt3/EB catalyst system, respectively.

The concentrations of the isotactic, atactic or overall active
centers, [c*]iso’ [c*]ata or [C*]overal
intercepts of Figs. 18 and 19 according to Eg.(1). R can be expressed
by Egs.(2) and (3).

1> were determined from the

jes]
It

k- [M]-LC*] (2
Y = R+t

where [M] is the propylene concentration in the solvent ([MI]=0.24
mol/1l wunder the present experimental conditions) and t is the
polymerization time. R was obtained from the slope of the straight
lines in Fig. 17, and kp was determined from Eq.(2). The chain
transfer rate, ktr,,was obtained from the slope of the stralght 1lines
in Figs. 18 and 19 and Eq.(1). All kinetic parameters a 1listed in
Table 8. A comparison of the MgClz/TiClu—AlEt3 catalyst system with
the MgClZ/TiClA—AlEt3/EB catalyst system in Table 8, shows that
addition of EB to the MgCl2/Ti01u—AlEt3 catalyst system changed the
concentration of isotactic active centers, [C*]iso, slightly, but
increased kp(iso) markedly from 500-1500 (1/mol-sec) to 2100-6300
(1/mol-sec). On the other hand, the concentration of atactic active
centers, [C¥] dramatically decreased from 14-58mol% to 2-6mol%,

while k
p(ata)
In conclusion, regarding short-time polymerization, the increase

ata
remained unchanged.

in yield of isotactic polymers by addition of EB 1s considered to be

mainly due to the increase of k , and not to the 1ncrease of

[C*]iso;
polymers seems to be due to the large decrease of [C*Jata’ and not to

p(iso)
on the contrary, the sharp decrease in yield of atactic

the decrease of kp(ata)'
SUMMARY

Some studies on propylene polymerization with the catalyst system
of MgClE—supported TiCl), catalyst (MgClz/TiC1u) in conjunction with
AlEt3 or AlEt3 and ethyl benzoate (EB) have been made to elucidate the

role of ethyl benzoate (EB), which 1s known to 1ncrease the

stereospecificity of produced polypropylene.
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Table 8 Kinetic parameters of propylene polymerization with
MgClg/TiClq—AlEt3 and MgCl2/TiC14-AlEt3/EB
Catalyst Polymn. rate I.I. [Cc¥] k
Fractions a) b
systems (mol/molTi.sec) (wt%) (mol%) (1l/mol-sec)
MgClz/TiC1u overall 35 21-26 20-60 2L0-730
—AlEt3 C,~insol. 8 2-6 500-1500
C7—sol. 27 14-58 200-800
MgClg/TiClu overall 20 63-76 47 1200-2100
—AlEt3/EB C7—insol. 15 1-3 2100-6300
C7—Sol. 5 2-6 350-1000

a) mol of propylene / mol of Ti-.sec
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First, propyiene was polymerized with the MgClz/TiClu—AlEt3
catalyst system (without EB). This catalyst system showed very high
activity per unit of Ti atom but low stereospecificity, and the
concentration of AlEt3 was not important to the activity or
stereospecificity in a considerably wide range.

Next, propylene polymerization was done with the MgClz/TiClu—
AlEt3/EB catalyst system (with EB). As a result, EB was found to
conslderably increase the yield of 1sotactic 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 1isotactic and
atactic active centers, assoclating with isotactic active centers 1in
such a way as to enhance their activity, and in contrast, inactivating
atactic active centers very preferentially.

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
on the

the increase of Xk and not by increase of [C¥],

p(iso)? iso?’
contrary, the large decrease in the yield of atactic polymer was due
: *
to the large decrease in [C ]ata’ and not to the decrease of kp(ata)'

Furthermore, the concentration of AlEt3 or EB was found to affect the
polydispersity and molecular weight of the obtained polypropylene,
particularly of isotactic polypropylene.
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STRUCTURE, COMPOSITION AND ACTIVITY OF SUPPORTED TITANIUM-MAGNESIUM
CATALYSTS FOR ETHYLENE POLYMERIZATION

V.A,.ZAKHAROV, S,I,MAKHTARULIN, D,V.PERKOVETS, E.M,MOROZ,
T.B,MIKENAS and G,D,BUKATOV
Institute of Catalysis, Novosibirsk 630090, USSR

ABSTRACT

Studied is the effect of the substructure of magnesium chloride
on the composition and activity of Ti-Mg catalysts prepared by dif-
ferent methods: (i) adsorption of ’l‘iCl4 on highly dispersed magne-
gium chloride prepared from nonsolvated buthylmagnesiumchloride,
(ii) adsorption of ’l‘iCl4 on magnesium chloride activated by milling,
and (iii) co-milling of magnesium chloride with TiCl4. ’l‘iCl4 is
shown to react with the defects of the magnesium chloride structure.
The concentration of these defects is associated with the size of
the coherent scattering range, which is determined from X-ray data.
BEvidences have been obtained that the surface of magnesium chloride
is nonuniform with respect to the interaction with ’l‘iCl4 and VCl4.
The resulting V4+, Ti4+ and Ti3+
form in the coordination state and catalytic properties. The state
of ‘I‘i3+ ions after the interaction of Ti-Mg catalysts with trialkyl-
aluminum has been examined, It is assumed that active centers of

surface compounds also are nonuni-

these systems are in the surface associates of T13+ ions.

INTRODUCTION

In recent years, highly active catalysts of olefin polymeriza-
tion, which contain titanium chloride supported over a highly dis-
persed anhydrous magnesium chloride (titanium-magnesium catalysts,
TMC), occupy great deal of attention., As reported in1 , the amount
of ’l‘iCl4 tightly bound to magnesium chloride is determined by
the extent of the support crystallinity, Some data on the substruc-
ture, the composition and the activity of TMCs obtained by co-milling

71



72 V.A. Zakharov et al.

of TiCl4 with magnesium chloride can be found in2’3).

Despite that the number of active centers in supported TMCs is
rather high, the composition of these centers has not been so far
reliably established., It has been proposed4’5) that isolated Ti3+
ions obgervable by EPR are the active centers of these gsystems.

An alternative opinion is that the active centers of TMCs are either
in the surface associates or in highly dispersed T1013 particles
which are stabililized on the surface of MgCl2 ).

In this work we report on the effect of the magnesium chloride
subgtructure on the composition and the activity of supported Ti-Mg
catalysts prepared by different methods., We have studied the inter-
action of TiCl4 and VCl4 with magnesium chloride and the composition
of the compounds that are formed during the interaction of supported
titanium chloride with organoaluminum co-catalysts. Bagsed on the data
obtained, the catalytic properties and the composition of resulting
titanium compounds are discussed.

EXPERIMENTAL

Three types of catalysts were used, Catalyst A was prepared by
adsorbing TiCl4 from its solution in hexane on the support, which
wag prepared by the interaction of magnesium with n-butylchloride in
the hexane at the molar ratio RCl/NMg > 27). The support had no alkyl-
magnesium bonds; it consisted predominantly of magnesium chloride.
Catalyst B was prepared by milling anhydrous highly crystalline ma-
gnesium chloride and by further treating with the solution of TiCl4
in hexane, The milling was performed in a steel ball planetary mill.
Catalyst C was obtained by co-milling anhydrous highly crystalline
magnesium chloride with titanium tetrachloride (5% Ti by mass of
Mgclz) in g ball planetary mill.

After the interaction with TiCl4, all catalysts were washed
with hexane,

The polymerization of ethylene was carried out in hexane at
80°C for 1 hr at ethylene pressure of 3.5 atm and hydrogen pressure
of 1 atm. The concentration of the catalyst was 0.03-0,1 g/1 and
and that of the co-catalyst — tri-iso-butylaluminum -~ 0,5 g/1.
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RESULTS AND DISCUSSION
1. Influence of the preparation method and magnesium chloride
subgstructure on the composition and the activity of the ca-
talysts.
1.1, Substructure and composition of the catalysts.
In the case of catalyst A, a highly dispersed support is formed

directly in the course of the)transformation of butylmagnesium chlo-
1,7

ride to magnesium chloride . It is characterized by a rather
large surface area (30-100 mz/g) and by a small size of crystallites
(the coherent scaterring regions — c¢,s.,r.) found from X-ray data
(100=-140 Z in the direction of 110 and 20-40 X in the direction of
001 ), This size of crystallites may correspond to the surface area
of 350-400 mz/g, which largely exceeds the area found for these
species from adsorption data (30-100 mz/g). This fact is due to that
the primary catalyst particles with size 200-400 K are characte-
rized by a significant number of distortions of the crystalline
gtructure, Therefore, the sizes of the c.s.r. determined by X-ray
method are far smaller than the sizes of primary particles, In this
case, the size of c.s.r. can characterize the defectness of magne-
sium chloride primary particles. The amount of TiCl4,that is strongly
bound to the support during adsorption, decreases as the size of
the c.s.r. grows1 . Thus, we can conclude that at adsorption TiCl4
interacts with the defects of the MgCl2 structure,
Catalyst B, Data on the effect of the duration of milling on

the substructure of the support and on the titanium content in

the catalyst is given in Pig. 1. The size of c.s.r. sharply decreases
with increasing the time of milling; it is 100-120 X after 24-48 hrs
and then remains unchanged. By this time, the surface area attains
its maximum value (115 mz/g) but has a tendency to decrease with
further increasing the time of milling, The sgize of c.s.r. equal to
100~120 X corresponds to 200 m2/g, which is noticeably higher than
the value found for the species from adsorption data (77-115 mz/g).
The content of titanium in catalyst B drastically increases when

the time of milling is increased up to 24 hrs. Upon further increas~
ing the time of milling, the content of titanium and the size of
C.S.r. do not change, although the surface area becomes approximately
1.5 times smaller, The surface concentration of TiCl4 in these spe-
cies is 7.2 '10-4-11.6 -10'4 mmol/m2 which corresponds to a mean
distribution of one TiCl4 molecule over the area of 145-232 X2
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Thus, only a small part of the surface of magnesium chloride is oc-

cupied by TiCl4. This seems to be due to the presence of a limited

number of centers (probably structural defects), which can strongly
be bound to TiC14, on the surface of magnesium chloride activated by

milling,
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of the milling time of magnesium chloride on
titanium content in catalyst B. 1 — surface
size of c¢,s.r. in the direction of 001 and
4 — titanium content.

substructures of supports and the compositions
are compared in Teble 1,

Content of Ti, % mass.
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Table 1, Data on the substructures of the supports and on
the compositions of the catalysts (samples with the maximum Ti con-
tent)

Catalyst Support | Size of c.s.r. Ti content
surface 110 001
area, % mass EEQ%EELX1O4
m2/g n
A 95 130 30 1.2 26
B 115 120 100 0.4 T.2
c 119" 5001 65" 4.5 78

pata on TiCl4/MgCl2 catalyst,

Both supports have similar surfece areas; however, the content of
titanium in catalyst A is much higher than in catalyst B, This dif-
ference seems to result from the specificity of the structure of
magnesium chloride obtained by method A, which is reflected by

a smaller size of c,s,r. in the direction of 001 ., The support of
catalyst A is characterized by & higher number of defects, as com-
pared to catalyst B, and, hence, has a higher concentration of

the surface gites which can strongly bind TiCl4.

Catalyst C, Data on the influence of the time of milling on
the substructure of catalyst C and on the titanium content are shown
in Figure 2, As the time of milling is increased, the c.s,r. dras-
ticallyodecreases; even after 16 hrs it achieves a minimum size
(50=-65 A) and then remains unchanged. The change of the catalyst sur-
face with increasing the milling time is of a more complicated cha-
racter, that is, the surface area is maximum (180 m2/g) even after
8 hrs and then starts to decrease, The titanium content attaing its
maximum after 16-24 hrs and further remains constant, whereas
the surface area falls by a factor of two. In general, the types of
the dependences plotted in Figure 2 are similar to those obtained
for catalyst B (Figure 1). However, the presence of TiCl4 at magne-
sium chloride milling noticeably speeds up the process of support
dispergation and finally leads to more profound changes in the sub-
structure and the composition of the catalyst, In particular,
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the maximum surface area and the minimum size of c.s.r, of catalyst
C are achieved after 8-16 hrs of the milling, to be compared with
24-48 hrs for catalyst B. The maximum content of titanium in cata-
lyst C (4.5% mass Ti or 96 ¢ 1074 mmol/mz) is approximately one order
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Milling time, hr
Figure 2. Effect of the co-milling of magnesium chloride with

TiCl4 on the substructure and titanium content in catalyst C,.
1 — surface area; 2 and 3 -~ the size of c,s.r. in the direction
of 001 and 110 , respectively; 4 — the content of titanium,

of magnitude higher than its content in catalyst B, Evidently,
during the course of milling there arises & high nonequilibrium con-
centration of defects in the MgCl2 structure, through which titanium
chloride interacts with magnesium chloride, When milling is per-
formed in the absence of TiCl, (catalyst B), partial relaxation of



Supported Ti-Mg Catalysts for Ethylene Polymerization 77

defects occurs before the interaction of TiCl4 with magnesium chlo-
ride, We believe that during the co-milling part of titanium chlo-
ride enters either the sub-surface layer or {the bulk of magnesium
chloride particles. Titanium ions in the bulk of magnesium chloride
seem to be inaccessible to the organcaluminum co-catalyst, To verify
this idea, we have analyzed the oxidation state of titanium ions in
catalysts A, B and C after their interaction with triethylaluminum
(Table 2), As found, in the case of catalysts A and B, which have

3+ 2+

Table 2, Data on the number of Ti”" and Ti
from the interaction Ti-Mg catalysts with triethylaluminum (Al/Ti=

5; T=20°C)

ions resulting

Catalyst Ti content, it and 1i°* contents,
% mass % molar
pi3* pist
A 1.2 80 20
B 0.4 100 0
c 1.65") 30 -
4,52 10 1

1) gonour milling

2)24—hour milling

been obtained by adsorption of TiCl4 on magnesium chloride, major
part of titanium is accesgible to triethylaluminum and is reduced
producing T13+ and Ti2+
nificant part of titanium is inaccessible to and is not reduced with
triethylaluminum under identical conditions, Part of accesgsible ti-~

compounds, In the case of catalyst C, a gig-

tanium decreases with increasing the milling time and the titanium
content in the catalyst, The above comparison of catalysts A and B
(Table 1) has indicated the relationship between the quantity of
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the titanium chloride in these catalysts and the size of c.sg.r. in
the direction of 0071 . For 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 TiCl4, which can strongly binds with magnesium chloride (Figure 3).
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Figure 3. The content of Ti in catalysts A, B and C vs., inverse

gize of ¢,s,r, in the direction of 001 .

Probably, there is a correlation between the size of c.s.r, in this
direction and the concentration of defects of magnesium chloride,
which interact with TiCl4.

1.2. Catalyst activity,

Pigure 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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the catalyst preparation procedure, Catalyst A rapidly achieves its
maximum activity, which remains constant during the long period of
time (Figure 4, curve 1), For catalysts B the shape of the kinetic
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Figure 4. Kinetic curves for ethylene polymerization: 1 — cata-

lyst A; 2 and 3 — catalyst B, milling time 4 and 48 hrs, respecti-
vely; 4 and 5 — catalyst C, milling time 4 and 24 hrs, respectively.

curves depends on the milling time, At a short period of milling
catalyst B is characterized by quite stable activity (Figure 4,

curve 2). At a long period of milling the activity is maximum in

the initial period and then sharply falls down to the stationary
value (Figure 4, curve 3). For catalysts C, the kinetic curves are
ungtationary too; but in all cases the activity is maximum in

the initial periocd of the reaction (Figure 4, curves 4 and 5), There-
fore, in further catalyst estimations either the maximum activities,
which are achieved during the first 10-20 min of polymerization, or
gtationary activities have been used.
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Data on the dependence of the activities of catalysts B and C
on the milling time are shown in PFPigure 5. The maximum activity of
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Figure 5. Effect of milling time on the activity: 1 and 2 — ca-

talyst B; 3 and 4 — catalyst C.

catalyst B referred to the weight unit of titanium increases with
the milling period up to 72 hrs (Figure 5, curve 1), Purther the ac-
tivity tends to decrease, The maximum activity of catalysts C dras-
tically falls as the time of milling increases (Figure 5, curve 3).
This means that during the co-milling of magnesium chloride with
TiCl4 part of titanium, which can participate in the formation of
active centers, sharply decreases as the content of Ti in the cata-
lyst is increased. Thus, a sharp growth of the content of titanium
occurs predomingntly due to the stabilization of inactive forms of
titanium chloride. As mentioned above, the most probable reason for
this is the insertion of titanium chloride into the bulk of the ma-
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gnesium chloride species, In this case, titanium chloride becomes
inaccessible to the organoaluminum co-catalyst and the monomer,
The maximum specific activity of catalyst B per unit of catalyst
surface area continuously grows with the time of milling (Figure 5,
curve 2), Hence, the surface concentration of active centers con-
tinuously grows during the milling, The specific activity of cata-
lyst C is maximum at the minimum time of milling and then decreases
to some constant value (Figure 5, curve 4). Catalysts B and C have
similar specific activities (30-55 and 40-60 g/m2 hr, respectively),
Thus, the surface concentrations of active centers in these systems
also are similar,

In conclusion, it is expedient to estimate part of working ti-
tanium (the number of active centersg) for titanium-magnesium cata-
lysts prepared by different methods (Table 3). The number of active

Table 3. Data on the activity and number of active centers (Cp)
at ethylene polymerization on Ti-Mg catalysts

Catalyst Ti content, Activity, Cp1)
% mass kg/g Ti-hr.atm 02H4 mol/mol Ti

A 0.05 670 (stationary) 0,47
1.0 120 (stationary) 0.09

B 0.40 470 (maximal) 0.33
107 (stationary) 0.075

C 0.55 210 (meximal) 0.15
35 (stationary) 0,025

4,5 100 (maximal) 0,071

29 (stationary) 0,021

1)C'za,lcula.ted with the use of the propagation rate constant
1+10% 1/mol- s found by employing '4co
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centers is high (0.47 mol/mol Ti) for catalyst A with a low titanium
content (see section 2.1) and for catalyst B (0,33 mol/mol Ti) in
the initial period of polymerization, In the other cases, the pre-
dominant part of Ti is inactive., This nonuniformity of Ti states

can originate both at the first step of catalyst formation, that is
during the interaction of titanium chloride with magnesium chloride,
and at the subsequent step of the formation of active centers, that
is, during the interaction of the catalyst with the organoaluminum
co~catalyst.

2. Formation of the active component and of active centers

of Ti-lMg catalyst.

2.1, Interaction of titanium and vanadium chlorides with

magnesium chloride,

X-ray data., The interaction of TiCl4 with highly dispersed
magnesium chloride (catalyst A) was shown1) to result in some in-
creagse in the structural order of the support, which is characterized
by the growth of the size of c,s.,r. The similar effect has also been
reported ins). This effect is observed also at a dry mixing of highly
dispersed magnesium chloride with a solid complex, TiCl4-C6HSCOOC2H5,
and TiCl3 (Table 4). Additional data about the interaction of TiCl4

Table 4, Data on the change of the magnesium chloride substruc~
ture during its interaction with titanium chloride

2]

Sample Ti content, Size of c,s.r., A
% mass
001 110
Mg012 - 20 130
MgC12+Ti014 1.2 40 170
Mg012+T1014-C6H500002H5 3.0 40 175
MgCl, + oL~TiCl 4 3.9 40 170

with magnesium chloride comes from radial atomic distribution analy-
sis (Figure 6, Table 5). The defectness of the initial support struc-
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ture manifests itself in the increase of the interatomic distances,
as compared to those characteristic of crystalline magnesium chlo-
ride (Table 5). The area of the peak of the first coordination sphere

200 L

]

5. A?
C

. 100 L

4nrzp(r)

Figure 6, Radial atomic distribution curves for the support (1)
and the catalyst A (2)

Table 5, Interatomic distances in the support and in the cata-
lyst A, as found from atomic radial distribution data

[+
Sample Interatomic distances, A

Mg-Cl Mg~Mg Mg~-Cl Mg~Cl Mg-Cl MNg-lMg Mg-Mg

MgCl, crystal. 2.48 3,59 4.45 5,05 5,72 6.22 7.18
MgCl, support 2.52 3,60 4,50 5.10 5,75 6.30 7,25

TiCl4/MgCl2 2.49 3.59 4.43 4.95 5,70 6.15 7.18
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corresponding to the lMg-Cl distance is 25% lower than the calculated
area, This also indicates the presence of distortions in the struc-
ture, such as chlorine vacancies and the shift of magnesium cations
from normal positions, During the interaction ol the support with
TiCl4, these cations may diffuse into normal octahedral positions,
This process corresponds to a sharp growth of the peaks that char-
acterize the Mg-Mg distance (Figure 5). Chlorine ions from titanium
chloride may occupy anion vacancies, It is also possible that tita-
nium ions are located in the octahedra made of chlorine ions in
the sub-surface layer of magnesium chloride, since the Ti-Cl dis~
tances (2.45 K) are similar to the Mg-Cl distances in magnesium
chloride, At supporting titanium chloride the C1-Cl distance grows.,
Calorimetric data, The results of the determination of the heat
effect observed during adsorption of various amounts of TiCl, on
a highly dispersed magnesium chloride (catalyst A) are shown in
Figure 7. A sharp decreasing of the heat effect with increasing
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Content of Ti, % mass.
Figure 7. Heat effect of the interaction of TiCl4 with magnesium

chloride vs, amount of titanium chloride (catalyst A)
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the titanium content points to the nonuniformity of surface adsorp-
tion sites and titanium complexes that are formed on the surface,
In the range of low concentrations (less than 0,2% mass Ti or one
molecule of ’_'L‘iCl4 per area of 200 22), the high heat effect (=14
kcal/mol) corresponding to the chemisorption heat is observed.
An increase in the titanium content leads to a drastic lowering of
the heat effect down to 4 kcal/mol, Such a low heat effect, which
is similar to the heat of physical adsorption, does not correspond
to the observable strong binding of ’l‘iCl4 with the magnesium chloride
sample up to the Ti content of 1.2% mass, It seems that in this
range of titanium concentrations (0,3-1,2% mass), a strong inter-
action of titanium chloride with magnesium chloride also occurs and,
correspondingly, is characterized by a high heat effect (H1).
However, some portion of the heat of this interaction (HE) is used
either for the reconstruction of the support substructure (see X-ray
data) or for the formation of more complex surface structures con-
taining titanium chloride. As a result, in the experiment a small
difference between the two values is observed: Q=H1—H2£= 4 kcal/mol,
Catalytic properties and EFR data. The nonuniformity of sur-
face titanium compounds shows itself in the catalytic properties of
these systems as well, Figure 8 illustrates the effect of the tita-
nium content in catalyst A on the activity in ethylene polymeriza-
tion., In the range of titanium concentrations from 0.4 to 1.2% mass,
the catalytic activity is constant, It sharply increases as the tita-

nium content is lowered down to 0.2%.

Valuable information about the peculiarities of the coordina-
tion state of the transition metal in these systems can be obtained
by applying EPR method to the study of the catalyst prepared by sup~
porting VCl4 on the highly dispersed magnesium chloride, similar to
that used for the preparation of catalysts A9). The maximum amount
of VCl4, which can strongly be adsorbed by the support at 20°C, is
1.2% mass V or 4+ 10~ -3 mmol VC1 /m Similar data have been obtained
for T1014 adsorbed on the same support (1.1% mass Ti or 4 10~ -3 mmol
T1014/m ). The dependence of the activity of V-Mg catalyst on the con-
tent of vanadium (Figure 8, curve 2) is the same as that for Ti-MNg
catalyst, We can, therefore, conclude that VCl4 and TiCl4 interact
with magnesium chloride in the same manner,

As follows from EFR data at a low content of vanadium (0,1%
mass) in the VCl4/MgCl2 gystem, vanadium is in the form of isolated
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paramagnetic complexes, which produce a characteristic signal in

the EXR gpectrum, Upon further increasing the content of vanadium

in the catalyst the signsl intengity does not change, Only the treat-
ment of these species with pyridine sharply enhances the intensity
of EPR signels at the expense of pyridinate VCl4 complexes formed,

Thus, at a vanadium concentration of less that 0,2% mass (< 6 .« 10”4
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mmol VCl4/m2), VCl4 is present as isolated surface complexes in

the VCl4/MgCl2 system, At higher concentrations of vanadium, VCl

4+ 4

is in the form of associates containing exchange-bound V ions,

The similar conclusion about two stabiligation states of TiCl4 can
be made for the TiCl4/MgCl2 system. Data on the catalytic properties
of Ti-Mg and V-lg catalysts (Figure 8) indicate that the active cen-

4+ and Ti4+ com—

ters of these systems are formed both from isolated V
plexes (range of low concentrations) and from surface associates of
these ions (range of high concentrations of Ti and V), However,
the yield of active centers formed from the isolated ions is noti-
ceably higher,
2.2. On the composition of active centers of Ti-Mg catalysts.
The formation process of active centers in supported Ti~NMg ca-
talysts of type A has been studied previously in 6 by EPR. As found,
during the interaction of this catalyst with triethylaluminum, TiCl4,
which is adsorbed on the surface of magnesium chloride, is readily
reduced even at low temperatures, As a result, three-valent Ti com-
pounds different in the coordination state are formed, These are:

3+ ions in the octahedral and tetrahedral chlorine sur-

T13+

isolated Ti
roundings, ions involved in the weak exchange inter-
action and highly dispersed particles or surface TiCl3 associates,
The latter type of compounds produce EPR signals only after the ca-
talyst treatment with pyridine due to the formation of pyridinate
complexes of Ti3+ compounds. Furthermore, small amounts of ’l‘i2+ ions
can also be formed., Data on the influence of the composition of
Ti-Mg catalysts and of the conditions of their interaction with

the organocaluminum co-catalyst on the catalytic properties and on

3+

. . 6 .
are side-products and cannot serve as active centers ). It is as-~

the yileld of various Ti3+ compounds suggest that isolated Ti ions
sumed that the active centers of these systems are in the composi-
tion of highly dispersed particles or of surface TiCl3 associates
and, therefore, are not detectable by EPR technique.

Catalyst A with the titanium content of 1.2% mass, in which,
according to kinetic data, the number of active centers is 0,05-0,10
mol/mol Ti has been studied in 6). Thus, major part of titanium in
these samples isg inactive, More detailed information about the com-
position of the active centers can be obtained from the investiga-
tion of the catalysts with low titanium contents, and a higher acti-
vity and,correspondingly, a higher number of the active centers
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(Figure 8, curve 1). PFor catalysts, that contain 0,05-0.2% mass Ti
and have the activity of 320-670 kg/g Ti» h« atm, the concentration
of active centers is 0.22-0,47 mol/mol Ti.

Catalyst A with 0,08% of Ti produces no BEPR signal. Neither
the treatment of this sample with triethylaluminum (Al/Ti=5) pro-
duces gignals corresponding to Ti3+ ions in the EPR spectrum,
However, a subsequent treatment of the latter sample with pyridine
leads to the appearance of the EPR signal ascribed to the pyridinate
complex of Ti3+, which is similar to the signal described in .

The signal intensity corresponds to the complete reduction of TiCl4
to T13+. Thus, in the catalyst A with a low Ti content and a high
concentration of active centers, almost the whole of the titanium
that has reacted with triethylaluminum is in the form of associates
of T13+ ions characterized by a strong exchange interaction., Isolated
Ti3+ lons are not formed at all in this system, Evi%ently, the active
+

centers are located in the surface associates of Ti ions,

Thus, at the first step of the formation of these catalysts,
when TiCl4 ig supported on the highly dispersed magnesium chloride,
isolated surface complexes of TiCl, can be formed provided that
the titanium content is low (see section 2.1). But after the inter-
action of this catalyst4with the organoalgminum co-catalyst, isolated
+ +

surface compounds of Ti transform to Ti associates, which con-

tain the active centers of these catalysts.
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ETHYLENE POLYMERIZATION WITH MODIFIED SUPPORTED CATALYSTS

SHANGAN LIN HAIHUA WANG QIXING ZHANG ZEJIAN LU YUN LU
Institute of Polymer Science, Zhongshan University, Guangzhou, China

ABSTRACT

Slurry polymerization of ethylene giving high yields of poly-
ethylene under ambient or enchanced pressure with catalyst of TiCl4/
MgClz/AlEt3 ( named " GZ-Catalyst " ) prepared by comilling method has
been studied.

With modified catalyst comprising TiClq, Ti(O-n-Bu)q’/MgCIZ/AlEt3

( named " zS-Catalyst " ), the yield of ethylene polymerization or
ethylene/propylene copolymerization are raised up quite distinctly.
For preparation of ultra high molecular weight polyethylene ( UHMWPE),
a modified catalyst of TiClh/MgCIZ/AlEtB, RMgCl ( named " HE-Catalyst™
) was found to be especially highly active. With catalyst comprising
TiCl, , Ti(O=-n~Bu) /MgCla, Zn012/A1Et3 ( named " YJ-Catalyst " ) or
with catalyst comprising TiClL}/MgCIZ/AlEtB,ZnEt2 ( named " ZE-Catalyst
" ), ethylene polymerization in absence of hydrogen gives lower mole-
cular weight polymer. A noval modified catalyst of TiClq, NdClB/MgCIZ/
AlEt3 ( named " SN-Catalyst " ) is highly active for polymerization of
ethylene as well as stereospecific polymerization of styrene and
copolymerization of these two monomers.

The effects of polymerization conditions and kinetics of ethylene
polymerization with each of the above catalysts have been studied.

Slurry polymerization of ethylene was carried out giving high
yleld of polyethylene under ambient or enhanced pressure { Table 1-i,
Figure 1-2 ), with supported catalyst of TiClL}/MgClz/AlEt3 ( named "
GZ~Catalyst " ) prepared by comilling method' .

With modified catalyst comprising TiClq, Ti(O-n-Bu)L}/MgClz/AlEt3
( named " ZS-Catalyst " )2), the catalytic efficiency of ethylene
polymerization is raised up quite distinctly ( Table 1-4, Figure 1-2),

The kinetics of ethylene polymerization with GZ-1 and ZS-1
supported catalysts in the absence of hydrogen were studiedB). The

91
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rolymerization rate Vp-time kinetics curves are of quick stationary
type ( Figure 1 ). The degree of polymerization, the specific active
* * . 1 «
center [Ti] concentration [C ], ( e.g., [C J:[Tl]actlv /[T ]tot 1 ),
the propagation rate constant k. " apparent activation energies E and

life time of chain growing L were determined ( Table 2 ).

Table 1. Comparation of GZ~1 and ZS-2 catalysts for ethylene
polymerization
Folymerization Catalytic efficiency Catalytic efficiency
temperature (kg PE/g Ti) ratio

(°c) GZ=1 752 (28-2/GZ-1)

60 10 20 3

45 1243 18 Teh

35 8.1 11.4 Tol

25 51 7.8 1.5

Polymerization conditions: Cat(Ti]-= 5—10:{10'—3 mmol/dm3 (gasoline),
Al/Ti = 150 mol/mol, 810 mmHg, 2 h, stirring rate = 520 rpm, ( for
250 ml-reactor containing 100 ml purified gasoline as diluent 3.

For preparation of ultra high molecular weight polyethylene
( UHMWPE ), a modified supported catalyst of TiClq/MgClz/AlEtB,RMgCl
( named " HE-Catalyst " ) was found to be especially highly activeq).
In recent years, highly active catalysts of titanium system containing
organomagnesium compounds for ethylene polymerization have been
reported5—8), but none has been communicated in literatures about the
usage of organomagneium compound as a promoter for catalysts of
titanium system with MgCl2 as carrier so as to increase the catalytic
efficiency to a very high level ( Table 3-i, Figure 2 ).

It is considered that the promotive effect of C6 5thl should
arise from two factors9). 1), factor of increasing porosity of
supported catalyst after treatment with C6H5MgCl, as shown by the SEM
micrographs of various catalysts with or without C6H5Mgcl as promoter;
2), factor of ligand's electronic effects., an increase of electron
density of active center Ti ion owing to the pushing electronic effect
of the R group ( C6H5— group ) in RMgCl ligand with its Cl group acts
as a " chlorine bridge " connecting to the active center Ti ion. This
favors the coordination and insertion of ethylene monomer toward the
active Ti ion and Ti~C bond sucessively during the chain propagation

reaction,
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Figure 1. Ethylene polymerization kinetics curves with GZ-1 and ZS-2 catalysts.

Polymerization condition: +the same as in Table 1.
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Table 2.
GZ-1 and 2S5-2 catalysts

Experimental results and kinetics parameters of ethylene polymerization with

'
1Y (¢ ] kp AL —n T
Catalyst system T molC,H), [Tilactive an kJ -3 .
(°c) mo1Ti,min [TiJtotal mol.min mo L (x107) (min)
(stationary) (mol%) (x1073)

TiClq/MgCla/ L5 180 6e3 2Le3 33.8 11.8
AlEt, 35 14 3.8 2240 0.2 5.3 1541
(GZ~1) 25 62 241 18.5 50,7 17.0

TiCl, Ti(OBu)L+/ 45 249 8ol 2345 3440 1145
(75-2) 25 108 2.7 22.1 5747 ely

Polymerization condition:

the same as in Table 1 and Figure 1.

ve



Table 30

type high active supported catalysts for ethylene polymerization

The promotive effect of C6H5MgCl on increasing catalytic efficiency of GZ and ZS

Ti(O—n—Bu)q/Ti01
Catalyst system

Catalytic efficiency

Increment of catalytic

(mol/mol) (kg PE/g Ti) efficiency (%)

GZ=1 0/100 10 —

GZ~1+C HeHegCl _— 21 110

48=1 5/ 95 18 —

758~1+C 6H5Mg01 -— 28 56

78=2 10/ 90 30 . — §
ZS-2+C6H5MgCl o 35 (75 ) 17 (150 )
7.8=5 20/ 80 15 —_
ZS—5+C6H5M501 — 19 27

Polymerization condition:
Mg/Ti=1 mol/mol,

810 mmHg,

60°C,

Cat[Til=4.3x%x10~2 mmol/dm> ( gasoline ),

2h, ( *: 70°C, 4 h).

Al/Ti=70 mol/mol,

S6



Polymerization rate
(kg PE/g Ti,min)

Figure 2,
catalysts:

L ] Il — 1 -l

0 20 40 60 80 100 120

Time (min)

Kinetics curves of ethylene polymerization with variou highly active supported
1), 62=1; 2), GZ-1+CgH-MgCl; 3), 2835 4), Z5-3+CcHcHECL,

Polymerization condition: Cat[Ti]=4.3x1O‘2mmol/dm3 (gasoline), Al/Ti=70 mol/mol,
Mg/Ti=1 mol/mol, 810 mmHg, 60°C, 2 h,
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Table L{-o

The promotive effect of C6H5MgCl on ethylene polymerigzation
( 4 kg/cme )

under Pressure

Catalyst Ti(O~n~Bu) /TiClL+ Catalytic efficiency

Catalytic efficiency

systen ( mol/mol ) (kg PE/g Ti) Catalyst+C HgligCl (kg PH/g Ti)
GZm1 0/100 290 GZ-1+CgligMeCL 5%1
Z5=3 11/ 89 445 25-3+CHslgC1 550 ( 824 )
25-14 18/ 82 480 Z8-4+CyHeVgCl 530

Polymerization condition: Cat[Ti]=6.25x10'3 mmol/dm® ( gasoline Vs
Mg/Ti=1 mol/mol, 77°C, 2 h, ( *: under 6 kg/cm2 pressure ).

[AlEt3]:7 mmol/dm3,

L6
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Ultra high molecular weight polyethylene synthesized with HE-
Catalyst displays high impact-resistance properties, and its physical
behaviors were characterized extensively1o"12)

Another modified supported catalyst of TiCl / gCla/AlEt
named " ZE-Catalyst " ) was prepared]B)

zation was carried out in the absence of hydrogen. The catalytic effi-

33 ZnEtZ (
s, with Wthh ethylene polymeri-

ciency increases and the molecular weight of polyethylene decreases
with increasing of 2Zn/Ti molar ratio as shown in Figure 3. The kinetics
parameters were determined ( see Table 5 ) and were compared with those
kinetics of GZ2-1 and GZ-1+C6 5MgCl catalysts etc.

The chain transferring reaction rate constants of AlEt5 and ZnEtZ
as transferring agents and the coresponding apparent activation energy
of the chain transferring reaction were determined for GZ-1 and ZE
catalytic polymerization ( in Table 5 ) as shown in Table 6]3).

From Table 5 and 6, it is noted that ethylene polymerization with
ZE~2 catalyst in which ZnEt2 acts as an efficient polymerization rate
promotor as well as chain transferring agent, gives very high yield of
polyethylene of lower molecular weight. The apparent specific active
center Ti concentration [C*]value is exceedingly high while value of
apparent activation energy of chain transferring reaCtion‘dEtr,ZnEt\is
especially lower than‘ﬂEtr,AlEt o« The chain transferring reaction may
be represented as in the following scheme:

P i
o CHa
?H ?gé:--—%n-CHaCHB P
— Pi-01 CH —CH Ti CH,CH —Ti-
?1 + Zn( 3)2 vi;'l oLy ———— //?1 CHECH5

P—CHE-CHE—Zn-CHaCH3

Since ZnClacan react with AlEt3 to give ZnEta, by using ZnCl2
instead of ZnEt2 as an ingredient of catalyst composition, a novel
modified supported catalyst of ‘I‘iCl4 Ti(0~n=Bu) /MgCla, ZnClZ/AlEt3
( named " YJ-Catalyst " ) was prepared for ethylene polymerizationil),
The molecular welght of polyethylene can be controlled in the absence
of hydrogen by adjusting Zn/Ti molar ratio while the catalytic effici-~
ency maintains more stationarily at quite high level as illustrated in
Table 7 and Figure 4.

With fixation of Zn/Ti molar ratio at 8, the catalytic efficiency
and molecular weight can be affected by adjusting the amount of
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Table 5, Comparative experimental results and kinetics parameters of ethylene polymerization

V * — —

P (¢ k AE P, i

Catalyst system T molCZH [T1i] active d£3 KJ = )
(°c) molTi.min [Ti] total mol.min mol (x107) (min)

(stationary) (mol%) (x1073)
TiClq/MgClZ/ 45 180 6e3 2Le3 33.8 1148
10.2

AlEt3 35 114 3.8 2244 453 15.1
(GZ~1) 25 62 2ol 18.5 50.7 1740
TiCl,/MgCl,/ 45 175 645 20,8 32.2 12,0
AlEt, PhigC1 35 97 3.5 19,3 78 3.5 1547
TiCl,/MgCl,/ 45 418 89 3,70 8.2 17.8
ALEt,,ZnEt, 35 268 58 3.16 1.6 0.y 22.5
(2E-2) Zn/Ti=20 25 148 31 2476 10.7 2244
TiClq/NdClB/ 50 393 LeO 26.7 26.1 83
MgCla/AlEt3 40 303 Le5 23.8 9.2 37.9 11.8
(SH=1) 34 125 1245 21.7 723 2340

Polymerization condition:

Cat [Ti] =5-10 mmol/dm> (gasoline), Al/Ti=150 mol/mol, &10 nmlig,

2 h,

stirring rate = 520 rpm ( for 250 ml-reactor containing 100 ml purified gasoline as diluent ).

00T



Table 6,

Chain transferring rate constant ktr and apparent activation energy AEtr

k AE k AE
Catalyst system T tr,AlEt3 tr,AlEt tr,ZnEt2 tr,ZnEt2
) (> (—kJ_ amd kJ
mol,min mo 1 mol.min mol
TiC MgC B .
i 14/ g 12/A1 t3 45 7,05 51.8 _ .
(GZ=1) 35 3450 :
zn/Ti=0 25 2.08
Ti g
1014/M5012/ 45 27.5
AlEtE,ZnEt2 35 —_— e 18.7 255
(Z2E~2) 25 14e7
Zn/Ti=20
Polymerization condition: the same as in Table 5.

10T
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Table 7. Affection of Zn/Ti molar ratio on catalytic efficiency
and molecular weight ( ﬁw ) of ethylene polymerization with YJ
catalyst (e. g, TiCl,, Ti(O-n-Bu),/¥gCl,, ZnCl,/AlEt systeu)

Zn/Ti Catalytic efficiency ﬁw
(mol/mol) ( kg PE/g Ti ) (x10=3)

0 261 465

2 274 356

L 280 331

6 272 312

8 278 280

Polymerization condition: Cat[Ti]=15x10"3 mmol/dm> ( gasoline ),
[41Et;]= 8 mmol/dm®, 4 kg/cm@, 75°C, 2 h.

Table 8. Correlation of the amount of YJ catalyst to catalytic
efficiency and molecular weight ( ﬁw )

Cat[Ti) Catalytic-efficiency Mw
(x10~3 mmol/dm>) ( kg PE/g Ti ) (x10~3)

L 384 188

8 262 196

22 262 214

Polymerization condition: Zn/Ti=8 mol/mol, [ALlEt
4 kg/cm, 85°C, 2 h.

51210 mmol/an’,
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Figure 5,

3), 50°c,

40
* 3

. /
2

~
48 O *
[#]
":l.bo
bl
o~

()
O A
gd 20}
»
i
m\_l
»
4]
[

'l ' A

/£ '

12 16 20

-4 7
4O

Propylene content (mol1%)

80

Dependence of feeding ratio of GZH4/CSH6 on catalytic efficiency,
Copolymerization condition: 1), 60°C,

CatlTil=0,10 mmol/dm>,

Cat(Til=0,15 mmol/dm’;

2), 60°C,

CatlTil =0,10 mmol/dm?

FOT



40
30 . . —
5 e
[

g o~
5 /
:4) &p 0 *
f 2
ax Tt
o ~

Q
o o
= R
rEy
2g |f
3= 0 1
o
O

i T A i i
0 20 40 60 80 100
Butene content (mol%)
Figure 6. Affection of ethylene/butene molar ratio on catalytic efficiency of copoly-

merization of ethylene with butene.
Copolymerization condition: Cat{Ti]=0.1 mmol/dm5 ( sasoline ), Al/Ti=150 mol/mol, 55°C,
1.5 he

S0T



106 Shangan Lin et al.

catalyst used ( Table 8 ).

As shown in Table 5, the last modified supported catalyst of
TiCl4, NdClB/MgCla/AlEt5 ( named " SN-] Catalyst " ) was exploited in
which a small amount of rare earth compound NdCl5 was used as an
ingredient. The feature of SN=1 Catalyst is of high value of rate
constant ( k_ ) and high catalytic efficiency for ethylene polymeriza-
tionls). SH=1 Catalyst i1s also very active for homopolymerizatioh of
styrene and copolymerization of ethylene and styrene15). Highly iso=-
tactic polystyrene was prepared with far higher catalytic efficiency
than the results reported in literatures. Copolymerization gives good
yield which consists styrene-unit content from 4 to 85 mol% of copoly-
mer products. By the way, ZS-Catalyst is also very effective for
copolymerization of ethylene and propyleneié)
is even higher than that of homopolymerization of ethylene with the
same catalyst and polymerization conditions as shown in Figure 5. With
the similar modified supported catalyst, ethylene/butene-1 copolymeri-
zation1?)can be carried out with good yields as well ( see Figure 6 ).

o The catalytic efficiency
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SYNTHESIS OF EP-RUBBER USING TI-CATALYSTS

K.SOGA, T.SANO, R.OHNISHI, T.KAWATA, K.ISHII, T.SHIONO 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 Ti(OBu)4/MgC12
mixture in heptane, followed by treatment with AlEt2Cl. The
catalyst combined with Al(i-Bu); 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 propylene1). The copolymer
composition strongly depends upon the catalytic systems. Soluble
catalysts such as VOCl,y and VCl, combined with AlEtZCl(DEAC) give a
random or moderately alternating copolymer, while heterogeneous
catalysts which seem to contain multiple active species usually give

block copolymersz‘4t

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+

2+

species

are active for all these monomers, whereas the Ti species are

109
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active only for ethylene5'8). 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 MgC129'35). 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 TiCl3 was used as the catalyst. We have
36)

previously carried out a detailed kinetic study on propylene
polymerization using activated TiCly combined with AlEt3(TEA), and
found that the rate of polymerization decreases exponentially with

time as described by Eq.(1),

= e (1)

where R Ry and Re are the rates of polymerizationat t = 0, t and

OI
, and k is constant. By differentiating Eg.(1), we obtain

d R
t
-t = R, - R (2)
= k(R - R)
Ambroz et al.37) examined the same catalytic system and found that a

considerable amount of Cl~ is extracted from TiCl3 during the course
of polymerization, resulting in the reduction of Ti3* to Ti2+. The

rate of Cl~ extraction was given by Eq.(3),

afc17] _ . - -
-—g - kK ([c1 1, [c1 1) (3)

where [Cl71; and [Cl7]  are the concentrations of Cl~ in the catalyst

at t = t and », and k' is constant. The apparent activation
energies of k and k' were estimated to be approximately 2 ~ 3
kcal/mol.

Assuming that the Cl~ extraction is responsible for the decline
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in polymerization rate, —(th/dt) should be proportional to -(arcl 1,
/dat). Then, Eg.(3) becomes identical to Eg.(2). These results
strongly imply that Cl~ extraction from the surface of TiCly results
in the deactivation of the active species. It may be considered
that a similar deactivation also takes place in the MgCl,-supported
TiCl4 catalyst.

As is well known, no apparent deactivation takes place during
propylene polymerization with a soluble Ti(OBu)4/AlEt2Cl/MgC12[in 2~
ethyl-1-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 MgClz(Toho Titanium Co. Ltd.), alkylaluminums and Ti(OBu)4 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 Ti(OBu)4(0.15mol)
and MgC12(0.15mol) in 50 cm3

20°C for 24 h under a nitrogen atmosphere, followed by washing with

of heptane was ground in a ball mill at

abundant heptane. The resultant mixture was treated with a DEAC
solution (10 mol-%) in heptane ([Al]/[total Ti] = 1) at 20°C for 16
h, washed frequently with heptane and dried i.vac. at 20°C to give
the catalyst.

Copolymerization and Analytical Procedures The copolymerization
3

of ethylene and propylene was usually carried out in a 300 cm” 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 13c NMR spectra38'39) measured at 120°C using a JEOL JNM PS-100
spectrometer equipped with the PFT-100 Fourier transform system
operating at 25.14 MHz. The molecular weight distribution of the
copolymer was measured at 120°C 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 mz/g contained 2.3 wt-% of titanium. The polymerization of

propylene was first conducted at 40°C by using the catalyst combined

with TEA.
b
=
el' 3 F o Ti(CBu) ,/MgCL,/ALEL,Cl-
i AlEt
o 3
> 0 00
A
2 2
Q
4
[}
49
1k .
T1C14/MgC12-A1Et3
§ ] 1 . 1
0 1 2

Time [h]

Figure 1. Rate curves of propylene polymerization
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The kinetic curve of propylene polymerization is illustrated in
Fig.l together with that obtained with the use of the conventional
supported catalyst (TiCl4/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 %, which
was improved greatly (approximately 95 %) by adding 0.18 mmol of
ethylbenzoate40).

As is well known, the soluble Ti(OBu),/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(CH3COO)3-(CH3CO)2O/DEAC or Cr(OBut)4/DEAC system
resulted in a remarkable increase in polymerization activity.
However, no apparent enhancement was observed when TEA was used in
place of DEAC41’42L

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 MgCl, through Ccl bridges35h
The formation of the active species in the present catalyst

might be schematically shown as in Fig.2.

BuG_ Et
AlEL,Ci SN
Ti(0BW/MoCl, ——2—s Ll UL
Mo Mg Mg
o) )

Figure 2. Plausible model of active species

Copolymerization of Ethylene with Propylene The copolymerization

of ethylene with propylene was carried out at 30°C under a total
pressure of 1 atm by using the catalyst combined with various

alkylaluminums(Table 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'1 attributed to a crystalline polyethylene, indicating that trace

amounts of the TiZ* species may be formed in this catalytic system.

Table 1. Copolymerization results over the Ti(OBu)4/MgC12/AlEt2Cl
catalyst

Run No. Catalyst Cocatalyst Polymer Yield Activity C; content

[mmol/dm3] [mmol/dm3] fg] [Kg/g-Ti hj {mol %]
1 0.156 Al(i-—Bu)3 1.19 3.20 31.5
7.78
2 0.134 AlEt3 1.06 3.28 33.0
6.72
3 0.082 ALEt,CL 0.00’ 0.04 —
4,14
4 0.310 Alet3Cl3 0.04 0.06 —_
7.25

Polymerization conditions; 30°C, 1 h, total pressure = 1 atm [C?/C?

(gas phase) = 2/3], heptane = 50 cm3.

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 30°C with 5 mmol/dm?3
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 2.1x10% with a Q(Mw/Mn) value of 9.7.
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Table 2. Copolymerization results over the Ti(OBu)4/MgC12/AlEt2Cl
- Al(i—Bu)3 catalyst
Run No. Cocatalyst Polymerization Activity C; content
[mmol/dm3] conditions [Kg/g-Ti*h] [mol %]
5 1 30°C X 1 h 5.4 31.0
6 3 " 5.3 35.7
7 5 " 11.3 47.5
8 10 " 10.3 42.5
9 50 " 9.3 41.8
10 5 30°C x 10 min 14.9 43.0
11 " 30°C x 30 min 12.4 46.2
7 u 30°Cc x 1 h 11.3 47.5
12 " 0°C x 1 h 7.9 35.5
13 " 10°C x 1 h 9.1 40.5
14 " 20°C x 1 h 10.7 40.8
7 n" 30°C X1 h 11.3 47.5
15 " 40°C X 1 h 10.1 41.2
Polymerization conditions; [Ti] = 0.1 mmol/dm3, total pressure = 1 atm
[C;/C?(gas phase) = 2/3], heptane = 50 cm3.

Figs.3, 4 and 5 show the IR and 13C NMR spectra as well as the
DSC curve of the copolymer obtained under best conditions (Run No.7).

T in Fig.3 indicates the presence

Although weak absorption at 995 cm™
of small amounts of isotactic PP block, the DSC curve hardly displays
an absorption at around 135°C, indicating that the segquences of
propylene units are fairly short. On the other hand, the
intensities of the peaks at 34°9(Sa6)’ 33'6(TYY) and 27.9 ppm(SBY),
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).
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The dyad and triad sequence distributions were determined using

the following relations.

PP
EP =
EE =
PPP =
PPE =
EPE =
PEP =
PEE =
EEE =

I (S(X(X)

I (Sy) + I (Sy4)

1/2 T 1 (Sgg) + I (Sgg)] + 1/4 T (S ;)

I (Tgg)
(TBS)
(Tss)

(S(XS) =1

(s

I

1

I (Sgg) = 1/2 1 (say)
1

1

gs)

/2 1 (Sgg) + 1/4 T (Sy4)

(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)

The monomer composition in the copolymer was calculated from the dyad

and triad sequence distributions using Egs.(13) and (14).

lav]
n

PP + 1/2 PE
EE + 1/2 PE

n

PPP + PPE + EPE
EEE + EEP + PEP

(13)
(14)
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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.

K

~-- E-Ti + C,H, M EE-Ti (15)
K

--— E-Ti + CqH ——12— -~ EP-Ti (16)
K

~-- P-Ti + CyH, 221 5 _ PE-Ti (17)
K

--— P-Ti + CyHg ——22 5 —__ PP-T§ (18)

Here kij is the rate constant of step ij, and the subscripts 1 and 2
refer to ethylene and propylene. Assuming a statistical stationary
condition in the copolymerization, we can calculate the monomer
reactivity ratios ry and r, by using Egs.(19) 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

0.56 PPP 0.26
E 0.44 PPE 0.21
_______________________ EPE 0.11
PP 0.32 PEP 0.10
PE 0.48 EEP 0.14
EE 0.20 EEE 0.18

ry 5.25

r, 0.21
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_ 11 2 (EE)
ry = = 19
1 K1, (PE) X (19)
k
_ 22 2(PP)X
I, = Ky (PE) (20)

The results obtained are shown in Table 3. The monomer reac-
tivity ratios were determined as rq = 5.25 and r, = 0.21, i.e., rqr,
= 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 dm3 of
heptane at 40°C for 30 min under a total pressure of 2.5 bar by
supplying the mixed gas (C,H,/C3Hg = 1/1) continuously at a rate of 5
dm3 min~? (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_1-h_1. 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~ 7, A similar copolymer was
obtained with a specific activity of 90.6 kg-polymer g-Ti~'-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(OBu4)/MgC12 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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Figure 6. GPC chromatograms of samples 16 and 17
REFERENCES
1. J.Boor,Jr., "Ziegler-Natta Catalysts and Polymerization",
Academic Press Inc., New York, 1979
2. G.Natta, A.Valvassore, G.Mazzanti and G.Sartori, Chim.Ind., 40,
717(1958)
3. E.Junghanns, A.Gumboldt and G.Bier, Makromol.Chem., 58, 18(1962)
4. W.L.Carrick, F.J.Karol, G.L.Karapinka and J.J.Smith,
J.Am.Chem.Soc., 82, 1502(1960)
5. K.Soga, T.Sano and R.Ohnishi, Polym.Bull., 4, 157(1981)
6. K.Soga, S.Chen and R.Ohnishi, ibid, 8, 473(1982)
7. K.Soga, M.Ohtake, R.Ohnishi and Y.Doi, Polym.Commun., 25,
171(1984)
8. K.Soga, M.Ohtake, R.Ohnishi and Y.Doi, Makromol.Chem., 186, in
press (1985)
9. Petrochemicals Ltd., Brit.Pat. 841, 822(1955)



10.
1.
12,
13.
14.

15.
16.

17.

18.
19.

20.

21.

22.

23.

24,

25.
26.

27.

28.

29.

30.

31.

32.
33.

Synthesis of EP~rubber Using Ti-Catalysts 121

Shell, Brit.Pat. 904, 510(1960)

W.A.Hewett, J.Polym.Sci., B, 5, 855(1965)

K.Soga, S.Katano, Y.Akimoto and T.Kagiya, Polym.J., 5, 128(1973)

R.N.Haward, A.N.Koper and K.L.Fletcher, Polymer, 14, 365(1973)
J.C.W.Chien and J.T.T.Hsieh, J.Polym.Sci., Polym.Chem.Ed., 14,

1915(1976)

A.Munoz-Escalona and J.Villalba, Polymer, 18, 179(1977)
K.Gardner, I.W.Parsons and R.N.Haward, J.Polym.Sci.,

Polym.Chem.Ed., 16, 1983(1978)

E.Suzuki, M.Tamura, Y.Doi and T.Keii, Makromol.Chem., 180,

2235(1979)

E.W.Duck, D.Grant and E.Kronfli, Eur.Polym.J., 15, 625(1979)
K.Soga, K.Izumi, M.Terano and S.Ikeda, Makromol.Chem., 181,

657(1980)

S.S.Ivanchev, A.A.Baulin and A.G.Rodionov, J.Polym.Sci.,

Polym.Chem.Ed., 18, 2045(1980)

N.Kashiwa, Polym.J., 12, 603(1980)

H.L.Hsieh, Polym.J., 12, 596(1980)

K.Soga and M.Terano, Polym.Bull., 4, 39(1981)

P.Galli, L.Luciani and G.Cecchin, Angew.Makromol.Chem., 94,

63(1981)

Y.Giannini, Makromol.Chem.Suppl., 5, 216(1981)

T.Keii, E.Suzuki, M.Tamura, M.Murata and Y.Doi, Makromol.Chem.,

183, 2285(1982)

N.Kashiwa and J.Yoshitake, Makromol.Chem., Rapid Commun., 3,

211(1982); Makromol.Chem., Rapid Commun., 4, 41(1983)
G.D.Bukatov, S.H.Shepelev, V.A.Zakharov, S.A.Sergeev and

Yu.I.Yermakov, Makromol.Chem., 183, 2657(1982)

J.C.W.Chien, J.C.Wu and I.J.Kuo, J.Polym.Sci., Polym.Chem.Ed.,

20, 2091(1982)

A.D.Caunt, J.A.Licchelli, I.W.Parsons, R.N.Haward and M.R.Y.Al-

Hillo, Polymer. 24, 121(1983)

P.C.Barbe, L.Noristi, G.Baruzzi and E.Marchetti, Makromol.Chem.,

Rapid Commun., 4, 249(1983)

Union Carbide Corp., Japan Kokai, 54-142192(1979)

Y.Doi, K.Soga, M.Murata, E.Suzuki, ¥.0no and T.Keii,

Polym.Commun., 24, 244(1983)



122 K. Soga et al.

34. K.Soga, Y.Doi and T.Keii, Proc. 8th Intern. Congr. Catalysis,
West Berlin, Vol.5, p349(1984)

35. K.Soga, 189th ACS Meeting, Miami Beach, Fla, April 28-May 3,
1985, in press by D.Riedel Publishing Co. New York

36. T.Keii, K.Soga and N.Saiki, J.Polym.Sci., Cl16, 1507(1967)

37. J.Ambroz, P.Osecky, J.Mejzlik and O.Hamerik, ibid, cl16, 423(1967)

38. C.J.Carman, R.A.Harrington and C.E.Wilkes, Macromolecules, 10,
536(1977)

39. J.C.Randall, ibid, 11, 33(1978)

40, K.Soga, T.Shiono, K.Ishii, A.Nogami and Y.Doi, Makromol.Chem., in
press

41. K.Soga, S.Chen, T.Shiono and Y.Doi, Polymer, in press

42. K.Soga, S.Chen, T.Shiono and Y.Doi, Makromol.Chem., in press
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ABSTRACT
The systematic preparation of supported Ziegler-Natta
catalysts for ethylene polymerization was investigated.

Catalysts were synthesized by a series of reactions of 8iO

2
with TiCl4, A1R3-XClx’ ZnEt2 and RMgI compounds. The main co-
catalysts used for activation were AlEtZCl, AlEt3 and
Al (iso-Bu) 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 SiO2 with TiCl4 and by co-
impregnation with TiCl, and AlEt2Cl, the carriers control the

kinetic behavior of tﬁe 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 Al(iso—Bu)3 was used for synthesis and
for activation. In this case, the catalytical behavior 1is

controlled by a layer of very active TiCl, crystallite formed

3

as a consequence of the large amount of TiCl used. Catalysts

4
with activities as high as 18.000 g. PE x g. Ti_l X h._l X
atm.—l 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 TiCl4 on carriers having high

surface areas, such as: 5102, A1203 or 5102 - A12 30 followed
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by activation with alkyl aluminum compounds have been reported
in the technical and scientific literaturel_4). These ca-
talysts exhibit higher activities than the conventional ones

based on TiCl and also better ability 1in controlling the

3
nascent polymer morphologys’ ).

Highly active catalysts have also been prepared using
anhydrous MgCl2 as support. Due to the low surface area of
MgCl2,

pounds, have to be ball-milled intensively in order to activate

this and the TiCl4, alone or together with other com-

the MgC12 and t% tgtroduce sufficient amount of titanium in its
crystal lattice’’ . 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-

) the catalyst

tant factor, because as it has been reported9
imposes 1its 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) 1is very low.
Improvement of the catalyst morphology c¢an be achieved,

however, by treatment with high Al/Ti ratioslo).

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 pﬁrticles control not only the resulting poly-

1

mer morphologyl , but also the polymerization kinetic, as

established by Natta's finding12>. The acceleration type
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Kinetic curves obtained during propylene polymerization with
ungrounded samples of K- T1C13 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 activity 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 elsewheree). 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.'l),
microporosity (0.90 ml x g._l porous volume) and good mechani-
cal strength; while the 952 exhibits lower surface area (220 m2
X g._l), macroporosity (1.60 ml x g._l) and breaks-up easilyG).

Before being used, the silicas were treated with diluted

H2504 and HC1l scolutions, 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

TiCl4 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

5102 simultaneously with each of the following pairs of

reagents diluted in n-heptane: TiCl4 and AlR3_xClx, TiCl4 and

ZnRz, and TiCl, and MgXR, as described in schemes 1-3. Similar

procedures we;Z 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 NH gas, and metal content by colori-

3
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.l3).
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,
The intrinsic viscosity of the polyethylenes was measured
at 135 + 0.05°C 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 the scanning electron microscope (SEM) by joining them to
SEM stubs with conductive-adhesive silver paint. Particles
size distribution were then obtained from the micrographs

taking a population of 500 particles.

RESULTS AND DISCUSSION

Catalysts prepared by simple reaction of SiO, with TiCl4

2

The first group of catalysts were synthesized by simple
reaction at room temperature of both silicas with TiCl4 in
n-heptane for 1 hour. The supported solids were filtered and
washed with n-heptane, wuntil no trace of metals could be
detected in the solutions. Finally, they were dried at 50°C
under vacuum for more than 1 hour to obtain catalysts No. 515
(951 silica) and 548 {952 silica), respectively.

Due to the reaction of TiCl, with hydroxyl groups, the

surface areas of both silicas decfeased. Silica 951 undergoes
greater reduction in its available surface area as a result of
plugging of its microporos. This did not happen to that exten~
sion with silica 952, because it has macroporos (see Table 1).
In regard to the amount of Ti supported, silica 951 can load a
greater amount (6.7%) as compared to silica 952 (4.9%) due to

their differences in surface areas.

The kinetic behavior of both catalysts were very different
as shown in Figure 1. Catalyst 515 based on silica 951 pre-~
sents an acceleration type curve, while catalyst 548 shows a
decay curve. As a consequence of that, catalyst 515 has lower
activity than catalyst 548 based on 5102 952 (see Table 2).
These results may be explained considering the differences in
mechanical properties and porosities of the two supports.
Ethylene monomer diffuse more easily into catalyst 548, as a
result of its higher porosity, than it does into the catalyst
515. Therefore, the polymer growths inside of the particles of
catalyst 548 breaking them up into smaller fragments, due to
its lower mechanical strength, generating new active centers

for polymerization. This process does not take place in so
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TABLE 1. PHYSICO-CHEMICAL CHARACTERIZATION OF CATALYSTS PREPARED BY
REACTION OF TiCl4 AND CO-REACTION OF TiCl4 AND AlEtZCl ON Si02
Catalyst Surface Surface Acidity Ti Al  Al/Ti Total Amount of Metals
Catalyst Preparation No. Area(mzxg._l) (mmol. NH xg. cat.™)  wr)  (w¥)  (mol) (mols x 100 g. cat.™)
SiO2 (951) - 610 0.35 — - - —
5102(951) + TiCl4 515 350 8.7 6.7 - - 0.14
Si02(95l) + TiCl4—AlEt2Cl 543 280 12.3 4.5 3.4 1.3 0.22
10
Cat. 543,T = 450°C, 4h
Vacuun 545 260 7.8 1.9 0.8 0.75 0.069
5102(952) - 240 0.40 - - - -
SiO2(952) + TiCl4 548 190 3.5 4.9 - - 0.10
5102(952) + TiCl4—AlEt2Cl (541) 150 9.4 5.5 2.3 0.75 0.20
t=3n%)
5102(952) + TiCl4—AlEt2Cl 541 150 9.5 3.5 3.7 1.9 0.21
t=1n?)
Cat. 541, T = 450°C, 4 h 542 150 7.1 2.6 0.5 0.3 0.073

Vacuum

a) t = reaction time

8zT
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Figure 1. Catalytic activity vs. time for the catalysts:

(@) 548, (&) 515, (o) (541)' (A) 541 and (*) 543. Polymeri-

zation conditions: P=5atm. T=50°C, Al/Ti=10. Co-catalyst
AlEtzcl

great extension in case of catalyst 515, where the catalyst
particles become encapsulated with polymer and as a result its

activity tends to be lower.

Figures 2 and 3 show the kinetic curves obtained using
different co-catalysts (AlEt3, AlEt2Cl and Al(iso—Bu)3) for
both catalysts. The same catalystic behavior can be seen with
all types of co-catalysts used, i.e. acceleration curves for

catalysts based on SiO 951 and decay curves for catalysts

2

based on SiO 952, resulting the Al(iso—Bu)3 the best co-

2
catalyst, producing 22.8 Kg. PE x g. 1=t with catalyst 548 and

5.4 Kg. PE x g. ’I‘i'—l with catalyst 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 5102 Davison 951 and 952 with T1C14 and

TiCl4—AlEt2Cl. Polymerization time = 2h., P = 5 atm., T =

50°C, Al/Ti = 10.

Catalytic Activity {Kg. PExg.Ti—l)
Catalyst Preparationa) Catalyst No. AlEt2Cl AlEt, Al(isc»-Bu)3
5102(951)+TiCl4 515 4.9 3.5 5.4
5102(952)+T1Cl4 548 11.2 11.7 22.8
Si02(951)+TiCl4—AlEt2Cl 543 0.04 - -
5102(952)+T1Cl4—AlEt2Cl 541 0.81 - -
=10
510, (952) +TiCl -A1EE C1 (541) * 3.2 - _
=3P

See schemes 1 and 2 for details

t = reaction time

Catalysts prepared by co-impregnation of SiO2 with TiCl4
and AlEt Cl

2

As it has been published many years ago by Torngvist et.
al.l4), the reduction of TiCl4 with AlEt2Cl leads to the forma-
tion of a solid solution of AlCl3 in the crystal lattice of the
TiCl3

aluminium may produce the activation of the titanium by

formed. The isomorphous substitution of the Ti atoms for

disrupting its crystal lattice and due to the electronic in-

fluence of the Al through chlorine atom bridges. Bearing in
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catalyst 515 vs. time using the following
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ZnEtz. Polymerization conditions: P=5atm.
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mind these ideas, we tried to produce a bimetallic complex by
co-impregnation of both silicas with dilute solutions of TiCl4
and AlEt.Cl in n-heptane, following procedures described in

schemes 12and 2. Catalysts 541 and (541)l based on silica 952
and catalyst 543 based on silica 951 were prepared. Catalysts
541 and (541)l differ by the co-impregnation time, been lh. for
the 541 and 3h. for the (541)1. 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. As
a result, the surface areas of both silicas undergo higher
reduction compared to the simple impregnation with TiCl4. The
surface acidities, however, 1increase. 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. 1l). It is noteworthy, that
the catalytic activity of catalysts obtained by co-impregnation
are much lower than the ones prepared by simple reaction with
TiCl, (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

1
} are more

hand, catalysts based on silica 952 (541 and (541)
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-impregnation of modified 5102

with TiCl, and alkyl aluminium compounds

4

The catalysts prepared by co-impregnation of silicas 951
and 952 with TiCl4 and AlEt2Cl 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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e n-heptane.

AIEt>Cl | TiClg AlEt3 TiClg AHi-Bu)3 TiClg
n-heptane | n-heptane n-heptane | n-heptane n-heptane |[n-heptane
t=3h [T=50°C tz3h |T=50°C t=3h | T=50°C
Filter Fil ter Filter
Wash & Dry Wash & Dry Wash g Dry
t=4h|T=50°C t=4h | T=50°C t=1h [T=50°C
Catalyst Catalyst Catalyst
565 567 566
Scheme 2. Catalyst preparation by supporting TiCl4 and

alkyl aluminium compounds over SiO, 952.
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reacting them with diluted solutions of TiCl4 in n-heptane to-

gether with solutions of AlEt.Cl, AlEt., and Al (iso-Bu)

2 3 37
pectively, in order to obtain catalysts 546, 555 and 554 based

res-

on silica 951 and the series 565, 567 and 566 based on silica

952, The physico-chemical characterization of these catalysts

is presented in Table 3. The surface areas were further re-

2 -1

XJg .
-1 .

and 110 m2xg. for the two series of catalysts. The surface

duced due to the re-impregnation, falling down to 150 m

acidities and amount of supported Ti, 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 1in 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 TiCl3 cystallites pro-
duced by the transformation of existing o -TiCl under the

3
action of TiCl4, which behaves as a catalyst.

Catalytic activities as high as 18.000 g. PE x g.Ti"lxh._1
xatm_l could be obtained with catalyst 554 using Al(iso—Bu)3 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
systemls). In Fig. 5 the kinetic curves for 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) ., both for re-impregnation and also as co-catalyst.

3
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TABLE 3. PHYSICO-CHEMICAL CHARACTERIZATION OF CATALYSTS PREPARED BY REIMPREGNATION

OF MODIFIED 5102 WITH TiCl4 AND ALKYL ALUMINIUM COMPOUNDS

Catalyst Surface Surface Acidity Ti Al Al/Ti Total Amount of Metals
Catalyst Preparation No. Area(n?xg._l) (nnol.NH3xg.cat.—l) (w%) (w%) (mol) f(mols x 100 g. cat.—l)
5102 (951) + TiCl4AlEt2Cl 545 260 7.8 1.9 0.8 0.75 0.069
T=450°C, t=3h vacc.
Cat. 545 + TiCl4—AlEt2Cl 546 150 15.3 8.8 3.1 0.63 0.30
Cat. 545 + TiCl4—AlEt3 555 146 7.7 7.3 3.9 0.9 0.30
Cat. 545 + TiCl4—Al(iso—Bu)3 554 150 10.9 7.8 0.5 0.11 0.18
8102 (952) + TiCl4~AlEt2Cl 542 150 7.1 2.6 0.5 0.30 0.073
T = 450°C, t=3h vacc.
Cat. 542 + TiCl4—AlEt2Cl 565 117 9.3 9.4 0.5 0.10 0.22
Cat. 542 + TiCl4—A.lEt3 567 103 8.8 9.1 5.5 1.10 0.39
Cat. 542 + TiCl,-Al (iso-Bu) 566 115 10.2 2.7 2.7 0.50 0.31

4 3
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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 TiCl, and alkyl aluminium compounds

4

Polymerization conditions: T=50°C, P=5atm., Al/Ti=10, Time=2h.

Catalytic Activity (Kg. PExg.Ti_l)

Cl AlEt3 Al(lso—Bu)3 ZnEt2

Catalyst Preparationa) Catalyst No. AlEt2

Catalyst 545+
TiCL4—AlEt2Cl 546 6.6 20.8 15.4 10.5
Catalyst 545+
TiCl4—A_lEt3 555 8.2 10.1 34.8 2.2

Catalyst 545+

TiCl4—A_l(iso—-Bu)3 554 14.6 11.0 16.8 15.2

Catalyst 542+
TiCl4—AlEt2Cl 565 2.7 18.1 14.1 —
Catalyst 542+
TiCl4—AlEt3 567 1.2 13.1 7.1 -

Catalyst 542+

TiCl4—Al(iso—Bu)3 566 4.1 14.5 25,0 -

a) See schemes 1 and 2 for details.

Catalysts prepared by co- and re-impregnation of 5102951

with TiCl4—ZnEt2 and TiCl4—RMgI 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-
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thesized using TiCi4—ZnEt2 and TiCl4—RMgI mixtures, following

procedures already described. 1In Scheme 3, the steps to obtain

catalysts No. 556, 557 and 558 are presented. Replacing ZnEt2

by RMgI the corresponding catalysts No. 562, 563 and 568 were
also synthesized (see Table 5). For the co-impregnation step
the mixture TiC14—MeMgI was used, while for re-impregnation the
mixture TiCl4—HengI was preferred. Table 5 shows the physico-

chemical characterization of all catalysts. It can be seen
that catalysts prepared by TiCl4—RMgI have higher surface areas
and acidities than those based on TiCl,-ZnEt.. It 1is also

4 2
noteworthy, that the surface area of catalyst No. 563 obtained

by calcination of catalyst 562 increases due to the heat treat-

ment.

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 1is now the AlEt3. The productivities are given 1in
Table 6 reaching values as high as 61,2 Kg.PE X g.Ti—l, with
the catalyst containing Mg, after 2h, 50°C and 5 atm. poly-
merization pressure. Furthermore, this catalyst 1is very
sensitive to the type of co-catalyst used for activation.
Thus, very low activities could be obtained when AlEt.,Cl and

2

Al (iso-Bu) were used for activation, while AlEt3 give very

3
good results, emerging as the best co-catalyst. Similar
results, have been found with catalysts based on TiCl4 sup-
ported over MgCl2.

Viscosity average molecular weights

Very high molecular weights were obtained with all ca-
talysts, when no H2 was used as chain transfer agent for mole-

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

139
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TiClg Zn Et3
n-heptane n- heptane

Si0O; (951)
n- heptane

t=1h.| T=20°C

Filter
Wash & Dry

Catalyst
556

t=4h. | T=450°C

Catalyst
557

«—n- heptane
TiClg ZnEt;

n-heptane n-heptane

Filter
Wash & Dry

Catalyst
558

Scheme 3. Catalysts preparation by supporting TiCl4 and

ZnEt2 over 5102 951.



TABLE 5.

PHYSICO-CHEMICAL CHARACTERIZATION OF CATALYSTS PREPARED BY CO- AND

RE-IMPREGNATION OF SiO

2

951 WITH TiCl4—ZnET

2

AND TiCl4—RMgI MIXTURES

Catalyst Surface Surface Acidity Ti Zn Mg M/Ti Total Amount of Metals
Catalyst Preparation No. Area (m2xg._l) (nmol.NH3xg. cat._l) (w% (w%) (w%) (mol) (mols x 100 g. cat._l)
Sio2 + TiCl4—ZnEt2 556 240 5.4 3.3 9.0 - 2.0 0.21
Cat. 556, T = 50°C 557 230 3.2 3.1 4.0 - 0.95 0.13
t = 4h. vacc.
Cat. 557 + TiCl4—ZnEt2 558 54 6.9 3.0 9.6 - 2.3 0.21
5102 + TiCl4—MeMgI 562 310 13.9 3.6 - 2.3 1.26 0.17
Cat. 562, T = 50°C 563 400 6.2 3.5 - Q.7 0.39 0.10
t = 4h. vacc.
Cat. 563 + TiCl4—MengI 568 102 14.2 4.7 - 5.9 2.5 0.34
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Table 6. Influence of the co-catalysts on the activity of
catalysts prepared by co- and re-impregnation of silica 951
with T1C14—ZnEt2 and T1C14—RMgI mixtures.

Polymerization temperature = 50°C, P = 5 atm., Al/Ti = 10, Time

= 2h.

Catalyst Catalytic activity ({Kg.PE X g..Ti—l)
No. AlEtZCl AlEt3 Al(iso-Bu)3
558 4.3 27.5 24.8
568 0.31 61.2 0.13

Table 7. Viscosity average molecular weights.
Catalyst M
V_6
No. x 10
515
548
541 1.9
543 1.8
555 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 size distribution of

silica 951 and of the resulting catalyst 545.

By reacting silica 951 with TiCl4 and AlEtZClJESs size
increases slightly, and its surface becomes more rough . The
Figure 9 polymer particle size distribution of the resulting
polymer 1is shown. It can be seen that most polymer particles
are bigger than 500 f&m and that only a small percentage can be

considered as fine.

BOF
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DIAMETER(Fm)
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 THE BINARY AND TERNARY COMPLEXES IN THE PROPYLENE
POLYMERIZATION CATALYSTS

* *
A. GUYOT, R. SPITZ, L. DURANEL ' and J.L. LacOMBE ‘"’
CNRS - Laboratoire des Matériaux Organiques

BP 24 - 69390 LYON VERNAISON (France)

ABSTRACT

Infrared analysis of the precatalysts MgClZ—Aromatic
ester—TiCl4 indicate the presence of binary complexes between the

aromatic ester and either MgCl or TiCl4 , but some shifts of

2

the \)C=O and Ve=c bands support the idea of ternary complexes ;
the activity of the catalysts seems to be related to these ternary

complexes.

The binary complexes of the cocatalyst solution between AlR3
and the aromatic ester have a composition and a stability depending
on the nature of the components : the reduction towards alcoxy
aluminium compounds involves an intermolecular reaction with free
AlR3 ; its rate is decreased in the presence of olefin.

Reversible equilibrium between the cocatalyst solution and its
components adsorbed on or complexed with the precatalyst does govern
the activity and stereospecificity of the catalyst. Stable activity
can be obtained if a proper choice of these components is made.
However, in any case, the stereospecificity is decreasing during the

process, owing to ageing of the complex solution,

(*) Present address : ATO CHEM - SNEA(P) - BP 34 LACQ
64170 ARTIX (France)
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INTRODUCTION

The most recent generation of polymerization catalysts for the

synthesis of polypropylene, so-called high mileage-catalysts (1
2)', includes at least four components : a MgCl2 support, TiCl4,

a trialkylaluminium AlR and one or eventually two electron

’
donors, most often aroma:ti:ic esters and more recently phenyl silane
derivatives. The catalytic system involves two different parts : one
is a so-called solid precatalyst including MgClz, TiCl4 and one
electron donor ; the second, the cocatalytic solution involves
AlR3 and one electron donor : for each part, the same or two
different electron donors can be used. The performance of the
catalytic system, both activity or productivity and
stereospecificity, are very much dependent on the details of the
preparation of both the precatalyst and the cocatalytic solution.
Donor-acceptor complexes can be formed between the aromatic
esters and each of the three other components. In previous papers

(3) FTIR techniques have been used to study the interaction

’
between triethylaluminium (TEA) and ethylbenzoate (EB) forming a 2-1
complex which is rather stable in the polymerization conditions. It
was shown that the function of EB was not limited to the selective
poisoning of the atactic catalytic sites, as previously suggested
(1, 2) ; both the catalytic activity and the isospecificity were
shown to be governed by the reversible interaction between the solid
precatalyst and the species present in the cocatalytic solution. In
this paper, a more extensive study of the complex formation between
a set of alkylaluminium and a set of electron donors is presented,
together with the consequences of the choice of the partners upon
the stability of the complexes and their effect on polymerization.
The study of the precatalyst is still in the infancy. It has
been shown that the best performances are obtained if the support is
first grinded in the presence of the electron donor, before being

impregnated with TicCl The possible presence of ternary complexes

4
Mgclz-EB-TiCI4 has been suggested (4, 5). Some complementary

results are presented here.
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INFLUENCE OF THE NATURE OF THE COMPONENTS ON THE PERFORMANCE OF THE
CATALYST

In the catalytic system, two kinds of components can be varied:
the alkylaluminium and the electron donor. The following examples
show that a proper choice of these components may lead to very

dramatic effects.

a0a0 Activity
r Figure 1 - Polymerization of
2500 | propylene in the presence of ethyl
i anisate
MCIBT—I (A1)=10 mM:1
2000 A1/EA = 4, 62°C, 4 bars
___%> TEA
1500 P
A
1000
— 9 1PRA
500 -
L
0 Time
o 40 BO 120 180 200 240 28% m.i n. )

So, in Figure 1 are shown the kinetic curves for propylene
polymerization using the same precatalyst, the same electron donor
in the cocatalytic solution, but different alkylaluminium, namely
triethylaluminium (TEA) and isoprenylaluminium (IPRA). The latter is
a ill-defined mixture resulting from the reaction of isoprene or
triisobutylaluminium, and is believed to be a polyaluminium
compound ; a possible schematic representation of its formula might
be :

The use of IPRA leads to an induction period, and shows
development of the activity up to a stable level, while with TEA a
very high activity is reached immediately, but decreases down to

very low level.
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Table I - POLYMERIZATION RESULTS WITH VARIQUS ESTERS IN THE
COCATALYTIC SOLUTION

Electron donor

in the Al Ester Duration P II
Precatalyst compound mn
Conditions : 60° C
EB TEA EA 60 1040 51.6 4 bars of polypropylene
(Al) = 10 mM/1
EB TEA EPT 60 1300 93.8 Al /ester : 4
EB TEA EB 60 1570 92.4 EA : ethylanisate
EB : ethylbenzoate
EB TEA EB 60 1270 92.8 EPT : ethylparatoluate
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 81.13

As shown in Table I, important changes in both activity
(productivity P) and isospecificity (Isotactic index II) result from
a change in the nature of the electron donor (ester) in the
cocatalytic solution with both TEA or IPRA. The more striking
differences are observed in the presence of IPRA, where productivity
and isospecificity show inverse variations with the polarity of the
electron donor.

In table II, precatalysts prepared using different electron
donors are used in similar conditions (in the presence of TEA). No
clear correlation is obtained with the Lewis basicity of the ester,
but there is a trend to correlate the catalytic acticity, and maybe
more, the isospecificity, with the steric hindrance of the second
substituant of the ester.

It is certainly difficult to explain all these data ; it must
also be noted that it may be dangerous also to strictly compare the
results of different series of experiments which may differ from

both the purity of the reactants and details of the experimental



Bi- and Ternary Complexes in Propylene Polymerization Catalysts 151

procedure. However, the interactions between the different
components which give rise to the formation of various complexes,
and the behavior of these complexes will be usefull elements in the

discussion of results.

Table II - PROPYLENE POLYMERIZATIONS IN THE PRESENCE OF PRECATALYSTS
CONTAINING VARIOUS ESTERS
Co-catalytic solution : TEA - MPT

Ester in the Lewis Steric hindrance 4 I
precatalyst basicity order
{pk)
EB 4.2 1 1570 92.4
mp12’ 4.35 2 1360 90.5
EA 4.5 3 870 85.6
b)
pC1MB 4 3 890 88.2
)
MBS - 1 1360 93.6

a) pCIMB : p.chloromethylbenzoate
b} MPT : methylparatoluate
¢) MB : methylbenzoate

COMPLEXES IN THE COCATALYTIC SOLUTION

Several studies have already dealt with the description of

and the aromatic esters, and also with the

3 (2-6-11)
chemical reaction between the components ; it is

complexes between AlR

generally accepted that the reaction leads to the reduction of the
ester producing an aluminium alkoxide. However, many published data
are of little value for that discussion, because the experiments
were carried out in conditions very different from those used in the
polymerization conditions, i.e. upon rather high dilution and in the
presence of monomer. In our previous study (2-8), FTIR was used to
show that a 2/1 complex was formed between TEA and EB, the
equilibrium being fuly displaced towards the complex, so that the

1

free ester band at 1720 cm — was observed only if the Al/EB ratio
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was lower than 2. The yellow complex was shown to be slowly
decomposed at room temperature to a colorless aluminium alkoxide,
the reaction rate was enhanced upon heating or by increasing either
the TEA concentration or the TEA/EB ratio ; on the other hand, the
decomposition was inhibited in the presence of hexene,

Similar results were obtained with the TEA/EA system (ethyl
anisate), except that the stoiechiometry of the complex was 1-1.
Figure 2 shows the IR spectra of systems with various TEA/EA ratios

larger than 1.

Figure 2 - Infrared spectra Figure 3 - Infrared spectra of
of a TEA-EA solution for a IPRA-EA solution for various
various Al/ester ratios Al/ester ratios
R =1
12 R4
R =2
R«~.8 R=1
e
R=.8
R=.5
3 [I1)
Zz 2 m}
< <
~ [
~ -
¥ 5
[ n r
: :
2 £
wb
20 20
° o —
1800 1700 1800 1500 1800 1700 1800 1300
wave nurber o= wave number o=
o (TEAl+ SeH/L » €STER = GAr 28T « o (1PRAJ= 1BaMA o ESTER =GAs 28T o

In the case of TEA/MPT, two complexes with stoiechiometry 2/1
and 1/1 are likely to exist, because for a ratio 1/1 of TEA/MPT,
about 10 % of the ester appears to be uncomplexed, probably because
there is 10 % of the 2/1 complex and 80 % of the 1/1 complex.
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In the case of the IPRA/EA system (figure 3), the carbonyl band
of the free ester is observed for ratios Al/EA lower than 4, but,
more probably, the complexation equilibrium is less displaced than
for TEA, owing to the large steric hindrance around the Al atoms.

A thorough study of the reduction of the ester has been carried
out, using both UV and IR spectroscopy. For the exact
stoiechiometry, it begins to appear upon ageing at 20°¢ (figure
4), decomposition being complete after about 4 hours when the Ve=o
band of the complex at 1655 em™ ! is no longer visible.
More detailed results will be published elsewhere. It has been
confirmed that the reaction rate is enhanced in concentrated
solution, and upon heating, but is inhibited in the presence of the
monomer., The effect of the Al/ester ratio leads to conclude to an
intermolecular reaction : the complex (either 2/1 or 1/1) is reacted
with an uncomplexed AlR., molecule : an aluminium alcoxide is

3

formed and the AlR3 molecule is liberated again. The inhibition of

the reaction by an olefine may be explained by the competitive

complexation of the excess AlR, by the olefin ; the existence of

3

such complexes was postulated by Simon (6) and might be supported
by our previous observation 8 of the exaltation of the intensity
of thev,_. band of the olefin at 1640 em™ in the presence of
TEA. i
82 -
128 =n
Figure 4 - Evolution of a TEA-EA
§ solution for ratio 1 during time
o
3
8 ot
<
£
wb
214 -
20
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1800 1700 1800 1500
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wave nurmber o=
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Comparing the stability of the complexes of EA with either TEA
or IPRA, it is interesting to note that the former is more stable at

low Al/EA ratio, but less stable at higher ratios (figure 5 and 6).

COMPLEXSS
3

20 0 Time
Cmrm)

Figure 5 - Reduction kinetics of EA by
TEA for various complexation ratios (R)

(A1)= 1.3 W1 - 30° C

COMPLEX Fa

o 10 n 10 £

8

0
Tims ()

Figure 6 - Reduction kinetics of EA by
[PRA for various complexation ratios (R)
(A1) = 0.8 MY - 30° C

CONTROL OF THE ISOSPECIFICITY BY THE COCATALYTIC SOLUTION

Both the activity and the isospecificity of the catalytic
system are chiefly depending on the Al/ester ratio in the
cocatalytic solution ; both uncomplexed AlR3 and complexes are
present in the solution and can be reversibly adsorbed on the
precatalyst ; this statement initially established with the TEA/EB

system (5} was shown to be true for other systems such as TEA/EA

or TEA/EPT.
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Figure 7 - Reversible desactivation
by PTE in the presence of TEA
MC1BT-1, (A1) = 3 mM/1

63° C, 4 bars

So, as shown in figure 7, the activity decreases if the Lewis
base is added, so that the r = Al/EPT ratio drops from 4 to 2, but,
upon addition of additional TEA to restore the ratio at 4, the
activity increases again to reach the level expected for that ratio
in a normal experiment., Upon addition of the free ester, a new
equilibrium is established inside the cocatalytic solution first,
and then between that solution and the catalyst. Even if the
equilibrium is largely displaced towards the formation of the
complex, a small amount of free ester remains in the solution, which
is about proportional to the inverse of ratio r (the exact
dependence being a function of the stoiechiometry of the complex).
That free ester is expected to poison the active site, because, as
shown later on by the value of the chemical shift of the IR carbonyl
band, the complex of the ester with T1Cl is very strong. For a
long time, the function of the ester was belleved (1-2-9-12) to
selectively poison the non isospecific catalytic centers. This view
was challenged by experiments of Kashiwa (13) who has shown that
the addition of esters leads to an increase in the yield of the
isospecific sites producing high molecular weight isotactic
polypropylene. Some of our experiments did confirm the statement by
Kashiwa. As shown in figure 8, using the same precatalyst and the
same TEA concentration at comparable polymerization conditions,upon

increasing the EPT/TEA ratio (decreasing r), the productivity of the
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isotactic sites goes through a maximum while the productivity of the

atactic sites is continuously decreasing.

Figure 8 - Total, isctactic, atactic
productivity versus ester/Al ratio

MClBT)l, TEA, PTE, (A1) = 5 mM/1
63°C, 4 bars
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We propose that the active sites are at least bimetallic one,
i.e. involve titanium atoms on the precatalyst surface, what will
give a complex with alkylaluminium coming from either free
alkylaluminium or ester-complexed alkylaluminium (21). Owing to
the steric hindrance, the sites involving alkylAl from ester
complexed alkylaluminium are more likely to be isospecific. Upon
decreasing r, less free alkylaluminium is present and, due to the
reversible equilibrium, a large proportion of the site will be
associated with the ester complexed A1R3. So, we propose that
aspecific sites may be reversibly transformed into isospecific
sites. The final decrease in the productivity of the isospecific
sites shown in figure 8 could be caused by poisoning with free
esters. The continuous decrease in the aspecific site productivity
could have two reasons : poisoning of the sites upon adsorption of
free ester, and change of these sites into isospecific sites upon

association with the ester-complexed A1R3.
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Upon ageing, i.e. during polymeriztion, the reduction of the
ester by A1R3,
of the monomer, 1is expected to take place to some extent.

even if it is partially inhibited by the presence

Contradictory results are reported in the literature about the

effect of the reduction products on the polymerization ; according

to Langer et al €7 , 1t is detrimental to the isospecificity of
the catalyst ; we did observe the same result (3 ; but recently
Kissin and Sivak (10} , reported that the alkoxide produced about

the same effect as the precursor ester, also forming a complex with
AlR3 (although the complexation equilibrium is much more shifted
towards the free components) ; they suggest that the benefic effect
for the isospecificity of the catalyst might be due more to the
alkoxide than to the esters. Recently also, Sergeev et al (1)
suggest that the interaction of the active sites with either the
free ester or tertiary alkoxy derivatives are responsible for the
high stereospecificity ; however, carefull examination of the data
of these authors show that, in several cases, they observed a
decrease in the isospecificity upon ageing the mixture of AlR3 and
ester prior to polymerization. So, if there is some reduction of the
ester during polymerization, a decrase in the isospecificity of the
catalytic system is to be expected with polymerization time. The
results reported in Table III show that this is actually the case
with the two typical systems studied here. The average II of the
whole polymer decreases with polymerization time. From the data of
experiments stopped at different times, the average II of time
interval may be calculated ; the results reported in the last column
of Table III show that the decrease in isospecificity is rather
important. That decrease seems to be more important in the case of
IPRA ; the reason is that the catalytic activity of the catalyst is
continuously decreasing in the case of TEA, so that productivity
decreases at the same time as isospecificity ; while in the case of
IPRA, the activity remains stable and the contribution of the
polymer produced in the last steps of the reaction is more
important. On the contrary, one may think that the actual
isospecificity of the catalyst with IPRA may be higher than with
TEA, if the main driving force for the isospecificity is the steric
hindrance ; the lower initial isospecificity shown in Table III for
the IPRA system is due to the fact that, in that case, there is an
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Table III - CHANGES IN ISOSPECIFICITY DURING POLYMERIZATION

Calculated values
o

Cocatalytic T(7C) Time P II Interval P I

solution (min) (min)

TEA EPT 63 20 980 93.7 0-20 980 93.7
60 1570 92.4 20-60 590 90.1
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 1450 71.6

[Al] ¢ 10 mM/1 ; Al/ester = 4

Precatalyst ester : EB ;
Polyropylene pressure : 4 bars

~



Bi- and Ternary Complexes in Propylene Polymerization Catalysts 159

induction period (figure 1) and, during that period, the reduction
of the ester may be more rapid (see figures 5and 6) than with TEA

system which is working immediately with high catalytic activity.

COMPLEXES IN THE PRECATALYSTS
Precatalysts are generally prepared through grinding of dry

MgCl2 with the electron donor, followed with impregnation with an

excess of TiCl, and then washing with hydrocarbon or treating

4
under vacuum. In these operations, two kinds of binary complexes are
formed between the electron donor and MgCl2 and TiCl4
respectively. But, in addition, the formation of ternary complexes

(4) (5)

is possible, as already suggested by Chien and us

(14 -

The complex between MgCl and EB was studied by Simon

2
153 who showed that it can be characterized by DSC. Upon grinding
of both components, a part of the EB becomes strongly bonded to
MgClz,

our experiments, MgCl

and cannot be extracted with heptane or under vacuum. In
, was previously grinded to give a material
with high surface area (55 m2/g) and then grinded again in the

presence of the electron donor (weight ratio/MgCl, ester around

2
10) and finally washed with heptane. The infrared spectrum of this

complex (figure 9) shows a large shift of the Ve=o band at 1685

cm"1 (for methylparatoluate MPT as an ester) instead of 1725
cm_1 for the free ester. In the case of EB, the Ves=o band is at
1695 cm L,

Figure 9 - IR spectra of complex Figure 10 - IR spectra of complex
MgC1,/PTM TiCl,/PTM

W

1685
1610
1578

1610
1565
1448
1346
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The binary complex between TiCl4 and MPT can be prepared
independently from heptane solution ; it is a yellow solid
needle-like material with a low surface area (3 mz/g), slightly
soluble in hot heptane and volatile in high vacuum. Its infrared
spectrum (figure 10) shows two bands at 1610 and 1565 cm_l

attributed to complexed (aromatic ring) and Voo band.
1 =

C=C

These bands are observed at 1592 and 1560 cm — for the TiCl4—EB
complex.
. . (16-18) .
Several studies did conclude that the T1Cl4-EB

complex cannot be identified with the active sites, because the
polymerization activity of that complex in the presence of A1R3
was poor. In our previous study (5), we have challenged this
statement, because the yellow color of the catalyst, similar to that
of the complex, disappears if the catalyst is heated under vacuum
and that a large part of the catalytic activity is destroyed upon
such a treatment, During the present study, we did prepare a
catalyst through grinding MgCl2 in the presence of a purified
complex TiCl4—MPT. That catalyst, containing 2.6 % of Ti, leads

to a productivity of 870 and an isotacticity index of 84.3 (Table
IV); these performances, although somewhat inferior to that of the
reqgular catalyst are by no means negligible and show that the pure
complex may lead to active sites, if its dispersion state is high
enough ; however, it may be argued that the grinding process which
was rather long in that case, did change the structure of the
complex : actually, catalysts prepared by impregnation of MgCl2

with a solution of the complex have a very poor catalytic activity.

Table IV - POLYMERIZATION RESULTS FOR VARIOUS CATALYSTS

3 a)

Catalyst Ester 3 $ Ti c=0 Vp(em™) P II
ester

MCls'I‘1 EB 12 S 0.36 1570 92.4
HCZBT14 MPT 10 1.8 1682 0.36 3lo 89.4
MCZB’I'6 MPT 9 2.3 1678 0.18 730 90.5
MCZB'I‘Z3 MPT 12 4.5 1674 0.30 1360 92.4
MKlB-d MPT 9.4 2.6 870 84.3

a) productivity in propylene polymerization : 1 h at 63% ;

propylene pressure : 4 bars ; {Al] : 10 mM/1 ; AL/EPT : 4
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Figure 11 - IR spectra of various supported catalysts
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The infrared spectra of the catalysts mentioned in Table IV are
shown in figure 11. In the carbonyl region, the spectra are
intermediates between the spectra of the to binary complexes with
shifts from each one, but are closer to the spectrum of Mgclz—MPT
complex. The shift in the main band is the largest when the amount
of Ti fixed on the catalyst is the largest. The bands at 1570-1575
cm"l are visible either in the case of catalyst MK2B-1l (grinding
with TiCl4—MPT complex) or with catalyst MC2BT-23 which has the
highest Ti content, and which is the most active. The differences in
the catalytic activities and also of the Ti contents of the
catalysts of series MC2BT (prepared using MPT as an ester) are more
easily explained on the basis of the morphology of the precatalyst

(19)

(this point is discussed elsewhere and the corresponding data
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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
Ti, and that the most active centers could involve ternary
complexes.

It is interesting to note finally that the best performances
(Table II and IV) are obtained when the ester used in the
preparation of the precatalyst is ethylbenzoate, which the only
ester which is complexed preferentially with 2 molecules of AIR..

3

Then, EB could be more easily complexed with both MgCl. and

. 2
T1Cl4 than other esters. It might be the reason for the choice of

difunctional esters (phtalate, maleates...) in the recent patents

(20) .
which seems to correspond to the performances of the

"superactive third generation catalysts" reported by Galli (l).
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STUDIES ON OTFEFIN PCLYMERIZATION

SHIPEI TANG
Beijing Research Institute of Chemical Industry,

He Ping Li, Beijing, China

ABSTRACT

Two methods of kinetics studies for propene polymerization were
carried out with different kinds of high activity catalysts. The
reliability and the influencing factors of the CO inhibition method
were emphasized.

By changing electron donors in the preparation of the high
activity catalyst, main parameters, such as activity, isotactivity,
can all be improved significantly.

‘'he "replica'" relationship of the catalyst and polyolefine
particle morphology were studied. PP has much better "replica" rela-
tionship than PE does. The reason was elucidated.

Bulk density is one of the most important characteristics for
polyolefines, and is also a parameter most difficult to control.
Comparison of bulk density for PE and PP was made, and the depen-
dence of bulk density on several parameters for PE were elucidated.
Means, such as prepolymerization, was found to be quite effective
to improving the bulk density.

In polyolefine manufacturing processes, gas phase process was
studied and believed to be the most advanced and preferred process

of all PP processes.

On the basis of studies on olefin polymerization, a few impor-

tant points are discussed and elucidated in the present paper.

THE KINETICS STUDY AND CATALYST ACTIVITY

In the study of the Ziegler-Natta polymerization kinetics,
especially since the discovery of the high activity catalyst, there
has been increasing interest in the investigation of C* (active
center concentration) and kp, both from academic and industrial

165
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point of view. The well-known complex-type, i.e., Solvay type, TiCla
catalyst system, which is characterized by its rather high stereo-
specificity and activity, has already been employed in commercial
production, but few works concerning its kinetic behavior have been
published.l)

A complex~type catalyst, TiCla-TiClq-nBuEO——EtZAlCl, developed
by BRICI (Beijing Research Institute of Chemical Industry),_composed
of TiCly~B80%, TiCl,~ 8%, n3u,0 5~ 7%, specific area >100 N°/g, was
used tor kinetic study. The viscosity-kinetic method for C* deter-
mination was used.2) Owing to the fact that both the molecular weight
and isotacticity of PP obtained in the absence of Hp were too high
for deterwining M, by GPC, viscometric method was employed. For the
sake of improving the accuracy of Mp, the influence of MWD on Mp
should be taken into consideration. In our experiment MW/Mn obtained
in the presence of Hp by GPC were examined to be log-normal distri-
bution. Thus, by the My/M, value (5.4) determined in our studies in
presence of a small amount of Hy and that {(1.205) originally deter-
mined in literature in establishing the viscosity-MVW equation, M
can be corrected according to the equation Kp = K(Mw/Mn)O'ja(a+1?.
The results are shown in Table 1,

Table 1. Determination of C* and kp of different catalysts
P c3 = 860mm Hg, in hexane

Catalyst Polymn. Rp C*e102 kp
temp. °C  8CzH¢/gTiClzeh mol/mol Ti dn®/mol +s

TiCl3*TiCly *nBupO 40 51.4 2eh2 5.00

—TitpA1C1 50 52.6 3,01 6.27
60 62.1 5.17 8.18

Conventional

TiClz0.35341Cl13

—ktpALCL 50 Thel 2,06 2455

*
F complex ~ 1.5, ko complex ~ 2.5
C*conventional kp conventional
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Hence it is concluded that the higher catalyst activity of complex-
type TiClz over the conventional one is not only due to its higher
C*, but to a great extent to its higher kp.

Nevertheless, the above viscosity-~kinetic method is not satis-
factory because of its larger error, although some M, correction is
made. The CO inhibition method in gas phase polymerization is be-
lieved to be the better one.’’) But the reliapility of the method and
the factors influencing the C* determination are not reported yet.
The same complex-type catalyst was used in our studies 4) (Fig. 1).
In order to elucidate the function of EtpAlCl in the CO inhibition
course, we interrupted the gas phase polymerization of propene, then
the catalyst-PP mixture was washed with hexane several times, propene
was introduced into the reactor again, and CO was added (Fig. 2).
48~ 60% of alkylaluminium was washed out.

The rate recovered only slowly after dropping to the minimum,
and maintained there for about 10 minvtes. The results illustrate
that the chain transfer of the free alkylaluminium in the system
plays a leading role for rapidly recovering polymerization rate
after being depressed by CO.

The inhibition method involves the use of an inhibitor to
"titrate" tune active centers, and evaluate C* by thne amount of CO,
when the rate is depressed to zero. Therefore, the key of the relia-
bility of the method lies in whether there is a stoichiometrical
reaction between CO and C*,., We found that regardless of the amount
of CO added to the reactor, even if it was as high as 0.20 mole
referring to the total Ti, the residual CO content in the gas phase
at the later stage of polymerization was always suwaller than that
in the raw material propene (Fig. 3).

This phenomeuon may be attributed to the active centers rege-
nerated by alkylaluminium being inhibited again by the remaining
C0, i1.e., to the "repeating innibition" by CO.

C* has been innibited completely within 2 minutes after addition
of CO. We compared the residual amount of CO analyzed by gas
chromatography at this moment with the calculated residual amount
of CO according to determined [Ti*] (Table 2). It is shown that,
the CO moles consumed closely coincide with the determined [Tiﬂ
moles, LCOV/(Ti*], i.e., [COJ/{C*], being 0.95~0.94=1. This
further proved that the influence of "repeating inhibition" could
be avoided and the stoichiometrical relation that each active
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center is inhibited by only one CO molecule is established by our
determination.
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Figure 1. Change of Rp with the addition of CO during the gas

phase polymerization of propene (500C)
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Figure 3. Change of residual CO content in the gas phase with

the addition of excessive amcunt of CO

Table 2.
calculated from C* in gas phase polymerization of propene

Comparison of consumed CO from GC analyses with that

Runs CO amount added CO consumed from CO amount cal- [CO]
(moles refer to GC analyses culated from C* [C*])
total Ti moles) (moles refer to (moles refer to

determined {Ti] determined [Ti]
moles) moles )
1 0.08 0.0271 0.9k
0.0289
2 0,08 0.0270 0,93

The C* obtained by this method, which is 2.90 X 10~2 mol/mol Ti
at 50°9C, is quite close to the data from the previous viscosity-

kinetic method. In figure 4, it is moved experimentally that the

rate decay coincides well with the C* decay, and therefore resulted
from it, while the kp remained constant.

We employed the CO inhibition method to TiClq/MgCla/06H5COOCZH5—
AliBu3 catalyst system in propene gas phase polymerization. At 30°C
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C* is 18.3%3 X 10-2 mol/wol Ti and kp is ouodm>/ woles, but at 50°¢,
an even lower value of C* is obtained. Tiids implies that tne diffu-
sion control effect occurs because of the high activity of tue cata-
lyst and tue low monomer concentration in tne gas phasce, hence the
method is not reliable in this case.

0L —= - " 435
" 50+ \. g 429
—~ 1 —~ e
g 40fo \ o g 4¢° @
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~2 30 L © oNLO*L__, '5' 4120 8
O =] ~
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0 20 40 60 80 100
Time (min.)
Figure 4. Change of Rp, C* and kp with polymerization tiwe (500C)
O RP . C* - kp

For both PE and PP, we have developed various high activity
catalysts, an activity of 1,000 kg polymer/g Ti in slurry polymeri-
zation has been achieved in both cases. 1n liquid propene bulk poly-
merization, an activity as high as 3,000 ~6,000 kg YP/g Ti is ob-
tained. 1ln the case of PE, the high activity can be attributed to
the high C*, which is known as 50~70% 10'2 mol/mol Ti. Comparing
with the C* of propene polymerization determined above, the high
activity of propene polymerization must be due to the high kp value,
which would be considerably higher than that of ethene polymeriza-
tion, although it seems that no direct determination and comparison
arc reported for ethene and propene polymerization using the same
¥8Clz supporied catalyst and some worsers believe that kp is higher
in ethene polymerization than that in propene polymerization. Anyway
it is reasonable to say that, a PP catalyst capable of enhancing C*
to a high extent will bring the catalyst activity to a brand-new
level,
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TR OBLTCTRED DIONOR TN THE CATALVST SYSTEM
It has been proved that by changing electron donors the catalyst
activity, the isotacticity of tue polymer and kinetic wvehavior are

all improved significantly (Table 3).

Table 3. Catalyst characteristics using different donors

80°C, 34 kpg/cm?, 2 h, propene bulk polymerization

"lectron donors used Activity Total Kinetic

Catalyst in catalyst in polymn. kgPP/gTi II, % behavior
preparation

TiClq/MgClg ethyl benzoate methyl 846 954 rate decays
EtOH p-toluate rapidly

within the

first hour

TiClq/MgCla ethyl hexyl Phy(Me0)pS1 1,760 98.8 rate keeps

alcohol essentially
phthalic anhy- steady even
dride within six
d.isobutyl hours
phthalate

These improvements are believed to be very successful commer-
cially, but from the viewpoint of science, unknowns still remain.
Among several MgClp supported catalyst preparation methods, it has
been proved by us and other workers that no matter what type of Mg
compound (either MgClp «ROH or Mg compound solubilized in a medium
and then precipitated out again, or MgRx, Mg(OR)p etc.,) is used
MgCly, matrix will ultimately reform. Some electron donors remain on
the matrix while some disappear from the solid phase. Moreover, it is
found that the electron donor also plays an important role in the
precipitation step of MgClpy from solution. Perhaps this is one of
the reasons why in the LLDPE catalyst preparation, where no stereo-
specificity problem exists at all, it is still necessary to add
some electron donors to the catalyst system. The rule of the solu-
bilization of MgClpy in various medla, and tne rule and particle con-
trol of the precipitation of MgClpy frowm solution, and the possible

synergetic effect between the electron donors used in catalyst pre-
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paration and in polymerization etc., are unot quite clear yet.

"REPLICA” RITATIONSHID

For the sake of energy saving, the elimination of the pelletiz-
ing step is now of increasing interest in the polyolefine industry.
Therefore, good and uniform morphology of tie polymer particle is
becoming a very significant characteristic. According to our practice,
by using a catalyst of TiClu/Mg012 system 1n p:« osene polymerigzation,
the spherical or spheroidal morphology ol the catalyst and the poly-
mer can be more easily kept in "replica" relationship than in the
case of the ethene polymerigation, as shown in Figure 5.6)

100

90
80
70
60
50

Weight %

40
30
20

10

0 L [N D N TR PR W R W W O

0 10 20 30 40 60 80 100 300 500 700 1000

Particle Diameter {/L)

Figure 5. The "replica" relationship between the catalyst and
polypropylene

779¢, 2 h

a TiCl,/MgClp+iCgH 90H/donor catalyst

b PP(7kg/cm?, in hexane)

c PP(BOkg/cmZ, propene bulk polymerization)
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The PP and catalyst particle size ratio is~20 times, while in the
case of complex~-type catalyst and conventional TiC13-0,33A1Cl3 cata-
lyst, they are~15 and~7 times respectively in the hexane slurry
polymerization. Nevertheless, quite different from PP, the PE par-
ticles obtained by using the same spherical catalyst have rather
rough surface, loose structure and low bulk density, its morphology
is much worse than the catalyst itself. The reason is probably attri-
buted to ethene penetrating faster into the MgCly catalyst subpar-
ticles than propene, and thus breaking it down. When SiOp supported
Cr catalyst is used in ethene polymerization under drastic conditions,
the morphology is even worse and a lot of Pk 1ines are produced. This
is due to the inherent brittle nature of SiOp, which is different
from MgCly, To slow down the initial rate and maintain good '"replica”
relationship, prepolymerization is proved to be an elfective means.
ven under drastic polymerization conditions, such as 20 kg/cma,
70°C, prepolymerization can keep the particles intact.7) This subject
will be discussed in more detail in the following section.

THE BULK DENSITY

This is one of the most important characteristics of concern to
polyolefine manufacturers, since the direct processing of poly-
olefine particles is now being increasingly interested. By our expe-
rience, bulk density is the parameter most difficult to control and
reproduce. Many factors influence it, which have not yet been figured
out. For example, impurities in the raw material for catalyst pre-
paration will deteriorate it. When employing the same kind of
spherical catalyst, it is found that the PP obtained exhibits a much
higher bulk density than PE. (Table 4)

Table 4. The bulk density of polyolefines produced by the same
catalyst TiClq/Mg01Z-EtOH/EB-—AlEtB

7kg/cmé, 700C, 2 h, in hexane
b

Monomer Catalyst activity, kg/gTi Bulk density, g/cm>

ethene 830 0.30 = 0.35
prorene 220 0.40 - 0.45

The high initial polymerization rate of ethene, together with
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its lower concentration in hexane leads to the conclusion that the
monomer diffusion and mass transfer into the catalyst is thus the
main reason for PE's low bulk density. By varying the catalyst
preparation conditions, catalysts having different Ti% and surface
area can be obtained, lower Ti% and higher surface area both are
favorable to the diifusion of the ethene molecules and hence to a

higher bulk density (Fig. 6).8)

surface area (m/g)

100 3.0 500 700 900
T ' T T T
N’\\ O.l-l» -
£
5]
~
&)
» 0.3F e
o ndl o
o]
1]
o
o 0.2
—
3
o]
1 { I L 1
2 4 6 8 10
Ti (%)
Figure 6. Dependence of bulk density of polyethylene on Ti

content and surface area of TiClqoMgCla-EtOH—AliBu3
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Lower polymerization temperature increases ethene concentration
in hexane and lowers the polymerization rate; the longer polymeriza-
tion time allows ethene to fill up the inside of the catalyst, hence
they both improve the bulk density (Fig. 7).8)

Prepolymerization of olefines to a certain extent in mild condi-
tions (room temperature and atmospheric pressure), exhibited obvious
increase of bulk density.(Table 5).9) In the course of prepolymeri-
zation, olefine polymerizes and forms a loose skeleton in the cata-
lyst, or some polymers aggregate around the outer surface of the
catalyst, thus slow down the initial rate and favor the increase of

bulk density. It is found surprisingly that, in case of propene
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Table 5. The increase of bulk density of polyolefines by
prepolymerization

For ethene: 700C, 7 kg/cma, 2 h, in hexane
For propene: BOOC, 34 kg/cma, 2 h, bulk polymerization

Bulk density, g/cm3 Total II, %
Runs Without With Without With
prepolymn. prepolymn, prepolymn, prepolymn.

PE TiClh/MgCla'EtOH

-—AlEt3
Cat. sample 1 0.29 0.33
Cat. sample 2 0.27 0.29
Cat, sample 3 0.24 0.30
PP TiCl,/MgClpesdonor
——AlEt;-donor
Cat. sample 1 0.38 0.43 97.6 99.5
Cat. sample 2 0.39 03 98.3 99.4

Cat. sample 3 0.3%9 Oty 98.1 99.4
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polymerization, hesides bulk density, isotacticity is also signi-
ficantly increased by prepolymerizing the catalyst.

In the case of ethene—1-butene copolymerization (LLDPE) in
hexane slurry polymerization using TiClu/MgCla-iCBH]7OH——AliBu3
catalyst system, bulk density is found to be a function of polymeri-
zation temperature and of 1-butene concentration (Fig. 8).10) It
shows that, introducing l-butene into the polymerization system

slows down the rate, and thus increases bulk density of LLDPE polymer.
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Figure 8. Dependence of bulk density of LLDPE on the

polymerization temperature and 1-butene concentration
O Polymerization temperature (l1-butene 5%)
® ]-Butene concentration (70°C)

As to propene polymerization, monomer concentration and
dilfusion problems are much more advantageous over that of ethere,
Ieading to much higher bulk density of PP.

THE GAS PHASE POLYMERIZATION PROCESS

For PL, the gas phase process has been extensively commer-
cialized. But for PP, it is far less available in industry than
either solvent slurry process or liquid propene bulk process. From
our laboratory studies, there are no appreciable differences in the
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kinetic curves and the C* values for the gas phase polymerization
and the solvent slurry polymerization under the same working
conditions (Fig. 9), but the kp value is 5~7 times larger ror the
former. Consequently, the activation energy of the former is smaller
(Table 6).
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Figure 9. Comparison of polymerization rate—time curves

of slurry and gas phase polymerization of propene
. . . o}
(TlclB-TlcluonBuEO——EtaAlbl,P c3 860mm Hg, 50°C)
_——— G4as phase polymerization

—_— Solvent slurry polymerization

The decrease of Ez and Ep of gas phase polymerization may be
attributed to the elimination of the resistance of solvent molecules.
All above data are in favor of the gas phase polymerization. Gas
phase process also exhibits the advantage of the simplicity in
shifting from one melt flow index grade to another, and the advan-
tage of safety (because of no large quantity hold-up of liquid
propene in the reactor). However, there must be some bottlenecks
which delayed the development of propene gas phase polymerization
process and caused it to lag behind. For instance, first, how to
prevent the dead spots in gas phase reactor causihg agglomeration,
as can be substantially avoided in a slurry process ? Second, since

collision and abrasion between the solid particles in a gas phase



178 Shipei Tang

Table 6. Activation energy of propene polymerization by different
polymerization methods

TiClE-TiClq-nBuZO——EtaAlCl

Polymn. Temp. ba Ep E
method interval Apparent Activation energy of kcal/mol
oC activation chain propagation

energy kcal/mol

kcal/mol
Solvent slurry
polymn, 11.30 5.10 6.20
Gas phase 40 - 60

polymn. 5.46 2.08 3438

reacto: are more severe, is it possible to obtain spherical polymer
by using the corresponding catalyst following the "replica' relation-~
ship as can be done in a slurry process ? Thus, a fluidized bed
reactor is considered to be better than a stirred vessel reactor in
these respects. In the last two or three years the gas phase process
have been developing successfully. In my opinion, the gas phase
process is the most advanced and preferred process of all the PP

manufacturing processes.

Acknowledgement: The author wishes to deeply acknowledge his colleages
in BRICI for their permission to adopt the experimental data and
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SUPPORTRD ORGANOMETALLIC CATALYSTS FOR ETHYLLNE POLYMERIZATION

Yuel .YERMAKOV, V,Al.ZAKHAROV and GeANESTEROV
Institute of Catalysis, Novosibirsk ©3%0090, USSR

ABSTRACT

The state of art in the field of polymerization catalysts,
in which direct precursors of active sites are obtained by inter-
acting organometallic transition metal compounds with surfaces of
oxide supports, is considered, These catalysts are widely used to
study fundamental aspects of organometallic chemistry on the sur-
face of oxides including aspects of the mechanism of olefin poly-
merization. Scme of the supported organometallic catalysts are em—
ployed in industry for the production of the high-density poly-
ethylene.

INTRODUCTION

Supported organometallic catalysts can be defined as systems
obtained by supporting organcmetallic complexes of transition ele-
ments on various carriers. This is a relatively new and broad class
of catalytic systems. To our knowledge, the first systems of such
type were prepared by supporting Mo, W and Cr hexacarbonyls over
A1205 by Banks et a]_./1> at research center of Philips Petroleum
in Bartlesville (Oklahoma) in the middle of 60-s. So—obltained systems
containing Mo and W catalyzed metathesis of olefins (thus this re-
markable reaction was discovered). The Cr-containing system was ac-—
tive in the deep polymerization of ethylene. Later on the research-
ers from different countries made use of nearly all known metal
carbonyls, both mono- and polynuclear to prepare supported systems
(see reviews 2—4>).

Application of organometallic complexes with other organic li-
gands, such as benzyl, allyl and cyclopentadienyl ligands, which can
be involved in the protolysis of metal-carbon bond opened up new
possibilities of obtaining supported organometallic catalyst55_10>
(see Tablé 1). These systems were used to catalyze a number of re-

181
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actionsqq’qd>, Tor example, polymerizaticn of clefins and dlens, me-
tathesis of olefins and hydrogenation., However, thelr application

to ethylene polymerization is most comprehensively studied; the re-~

Table 1. Transition metals used for catalyst preparation in
the form of their homoleptic MRX compounds capable of interacting
with surface hydroxyls ( 4 -0, + MR —=( 4 ~0ME,_ + nHR). The
elements given in circles are active in ethylene polymerization.
Dotted circle means scarce polymerization activity

III IV v | v | viz VIII
Ti v | cr Ni

7zr | Nb | Mo Ph, P4
La, Ce, Pr, Nd Hf W Pt

Sm,Py,Ho,Tm,Yb

Th, U

sults of the investigation of these catalysts can be found in some

d11—14> and in quite recent15> reviews. For this

earlier publishe
reason, we do not think there is a need to consider here all aspects
of preparation, performance and application of supported organome-
tallic polymerization catalysts. In this report we focuse on the

data obtained in recent years and only briefly outline some prepa-

ration methods and properties of supported systems.

INTERACTION OF ORGANOMETALLIC COMPOUNDS WITH THE SURFACE OF OXIDES
AND REACTIVITY OF THE SURFACE COMPLEXES FORMED
We consider only those systems, which are formed from the com-

pounds able to take part in protolytic interaction with surface
hydroxyl groups of oxides. Alkyl and allyl transition metal comp-
lexes (as well as cyclopentadienyl complexes of Cr) react with oxide
supports via the scheme:

(QE—OH)narMRX—-(QE~O)H—MRX_n+nHR (1)
here 4 1s the oxide surface; E = Si, Al; n =1 + %; X = 2 + 4;
M is a transition metal; R is an organic ligand.
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The occurence of reaction (1) has been established from IR and
NMR spectroscopy data, as well as from the chemical analysis of the

16_18). The reaction

deccmposition products of surface complexes
stolcheometry and the surface composition of the complexes obtailned
depend upon the supported compound, the type of supports and the
temperature of the preliminary dehydration (Td) of the support,
which determines the surface concentration of hydroxyl groupsqq .
The optimal Td’ at which the highest catalytic activity is achiev-
ed, depends on the type of supported organometallic compoundss For
example, Td is ca. 100 °C for Zr(CjH5)4/SiO2 and ca. 800 °C for
Cr(C5H5)2/SiO2 systems. As Ty rises, The molecular mass of the po-
lymer formed has a tendency to decrease. Furthermore, by varying
Td’ 1s possible to change drastically the properties of active
sites. For example, if Cr(05H5)5 is supported over SiO2 at Td 300~
500 °C, one obtains the active centers for deep ethylene polymeri-
zation. At Td'v 600 °C these are mainly the centers, at which ethy-
lene is converted to a complicated mixture of liguid olefins with
a branched structure, most probably, due to the simultaneous occur-—
ence of oligomerization metathesis and lsomerization reactions.
Surface organometallic complexes of transition elements are
reactive compounds. They can easily transform to surface hydrides
at heating:

H 25 + 150 °C

2’

(4E - O) M-R_ (4E - O) M-H_ + nHR (2)

(M : Ti, Zr, Hf, R : 05H5,
surface hydrides seéms to be the main route leading to the formation

CH206H5). An intermediate formation of

of active sites of the propagation reaction:
(4E - O)nM—H + 02H4——~(4 E - O)nM—CHECH5 (32)

As evidenced by IR/|6’/|7> and NI\IIR/|8> data, alkylation of sur-
face hydrides Ti and Yr, accompanied by ethylene polymerization
occurs even at 150 X.

Apparently, active centers in classical chromium-oxide cata-
lysts of ethylene polymerization are also produced via the forma-
tion of hydrides. The scheme of hydride formation proposed recently
involves an oxidative addition of surface hydroxyls to low-valent
chromium ionsq9>:
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opth Cr(n+2)_H
i
OH 0

+2

Thus, in this case low-valent chromium ions (Cr or Cr+9) are

the source of surface hydrides, that is of the direct precursors ol
active centers. The fact that the active centers in these catalysts
are formed from low-valent chromium lons was demonstrated in earl-
ler worksgo>, in which the number of propagation centers had been
compared with an average oxidation number of chromium ions in ope—
rating catalysts. Finally, surface orgsnometallic compounds are
formed as active polymerization centers in classical chromium—-oxide
catalysts too. Thus, informally, these catalysts also belong to
"supported organometallic'" systems.

Surface organic and hydride metal complexes are more stable
than the corresponding compounds in the solution. For instance,
while allyl compounds of Zr and Cr decompose in the solution even
at O °C, allyl complexes on the surface of the oxides are stable at
25-50 °C. Surface hydride complexes of Ti, Zr and Hf are stable
even at 150-300 °C. This provides the possibility to use such comp-
lexes as catalysts for ethylene polymerization in the solution at

150-250 °C.

Table 2.
of Ti(CHZC6H5)4 with SiO2 as a function of the hydrogen treatment
temperature (content of Ti is 1%)

The properties of samples obtalned via the interaction

Tempera~ Amount of Average* Predominant surface species
ture of hydrogen oxidation formed
treat- evolved at | number of
ment by thermode— Ti ions
H,, °C sorption
0 H
150 2.3 otk j Smi and  fo-1i*27
0 ~H
O\ .4+ 3
300 Tel B4t Ti H
-~
0
600 0.1 2.7 O~ 42 O\ .3
. . o~ and 40<=Ti
O/

*calculated from the

amount of oxygen consumed for sample oxidation
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Data cre the content of hydrides in the sample obtained by
treating the Ti(CHZCbH5)4/8102 system with hydrogen at different
temperatures are given in Table 2. Even when heated in H2 at 200 °C
rainly 4 Ti-H svecies are present on the surface. The treatment of
the catalyst with hydrogen at ©00 °C produces low—valent Ti ions,
which deserve attention as possible active sites of some catalytic

reactions.

Table 3. Date on the number of propagation centers (C.) corres-—
ponding to maximum polymerdzation activities ( Vn@x) of various
supported organometallic catalysts. The data were calculated from
the propagation rate ccnstant (Kp) measured using 1400 as radio-
active quenching agent. Ethylene polymerization temperature was

80 °C.

Catalyst e Cy» Kp~10—5,
g 02H4 mol/mol M Ll/mol:- s
;Ebl M h atm
Ti(CHLCEHs), /41,05 200 0.032 0.95
2r(CH,CgHe), /AL, 05 (1500 0.1 2.2
22(C4Hs), /41,05 380 0.027 2.2
zr(C 5H5),, /510, 76 0.058 0.2
2r(C3Hs) /810, a) 400 0.35 0.18
2r(C3Hs)501/810, 200 0.016 2.2
Zr(05H5)501/8i02a> 600 0.05 2.0
Zr(CH,C gHg) ,01,/510, | 900 0.048 3.0
Zr(BH4)4/Si02b) 600 0.28 0.3
Cr(C Hy) /510, €50 0.12 10

a) Catalyst was activated by treatment with H, at 150 °C.

D) Gatalyst was activated by heating at 220 °C.

Hydride surface complexes can take part in a great number of
reactions: they react with olefins and diens, can easily be in-
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volved in the isotope exchange with D2 and be decomposed 1n water.
Note, that there is a correlaticn between the content of hydride
hydrogen in catalysts and their catalytic activity, both in ethy-
leneApolymerj.zation/]6> and in hydrogenation of olefins and ben-
zenezq>.

Orily part of surface organometallic complexes can be trans-
formed to the active centers of olefin polymerization. Evidence for
this comes from the data obtained by method of radicactive guench-
ing technique with the use of co™ (see Table 3). Optimal condi-
tions of catalyst treatment, that provide a maximum yield of active
centers, depend on the composition of catalytic systems. For exam-
ple, to attain the maximum activity of the M(05H5)4/Si02 system
(M = Zr, Hf), hydrogen treatment at 100-150 °C has to be used. For
M(BH4)m/SiO2 (or Al205) (M = Ti, Zr, Hf, U) heating at 150-250 °C
is needed, while for MRX/SiO2 (M = Ti, Zr; R = benzyl or norbornyl)
it is UV-irradiation.

NEW MODIFICATIONS CF SUPPORTED ORGANCMETALLIC CATALYSTS

1). The use of new organometallic complexes.

The use of carbonyl, allyl, benzyl and cyclopentadienyl comp-
lexes of Groups 4, 6 and 8 metals for the preparation of support-
ed organometallic catalysts is a technigque which may be considered
now as conventional one. Consider now some new ways of the prepara-
tion of these catalysts based on the broadening of the class of
compounds used for supporting.

The attempts to use G-organometallic complexes of Groups 4-5
elements with such ligands as neophy125> (—CHZC(CH )2C6H5), norbor-
nyl24) and naphthy125) for preparation of supporteg polymerization
catalysts have been reported quite recently. However, little is as
yet published on the results of the study of these systems. The
system obtained by supporting Ti, Zr, Hf and U tetrahydroborate

26,27) has been studied in more detail. For these comple-

complexes
xes, simple methods of synthesis (the milling of metal chlorides
with LiBH4 and further isolation of tetrahydroborates by sublime-

28). The complexes are thermally more

tion) have been developed
stable than G-organometallic or allyl complexes and can easlly be
dissolved in aliphatic solvents. They react with surface hydroxyl

groups via the scheme:
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Figure 1. The activities of Zr(BH4)4/SiO2 1), Zr(BH4)4/AlZO5

(2), U(BH4)4/Si02(5) and Ti(BH4)5/A12Q5(4) catalysts vs the tempera-

ture of heating in vacuum (the supports were dehydroxylated at 400 °C,

for sample (3) at 700 °C). Polymerization of C2H4 at 80 °C and 6 atm.
(4 B-OH)_ + M(BH,) ~=(4 E-0) -M(BH,)__ + 5 H, + nBH, (4)

n 2

(n=1,2; m= 3,4)

The occurrence of reaction (4) is confirmed by IR27>, I\Il\IIRE'7a> data
and by the analysis of the reaction products. The similar conclusion
has been made from the study of the interaction between Zr(BH4)4 and
surface hydroxyl groups formed during the oxidation of the aluminium
film29>n The evolving BH5 can elther recombine producing diborane or
react with hydroxyl groups:

(4 E~CH), + BH;——(4E~0),BH, , + H, (5)

The heating of the anchored hydroborate complexes leads to the for-
mation of M~H bonds (IR absorption bands at 1560-1570 cm™ | for Ti-
H, at 1665 en” ! for Zr-H and at 1730 cn™? for Hf-H). This formation
is the necessary step for providing the catalytic activity. This
latter significantly depends on the temperature of sample pre-heat-
ing (see Figure 1).
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Based on IR, NMR and chemicael analysis data the cecomposition
ol surface tetrashydroborate complexes can be described as:

BH
(4E-0), M(BH,)),  —=(4E-0), Mfii >4>X + H, + BoHg (&)
0 .
' y

Surface hydrides produced by decompogsition of surface tetra-
hydroborate complexes are highly stable up to 300 °C, as suggested
by IR spectroscopy. Compare to the known individual hydride com-
pounds, which possess a far lower thermal stability, e.g.
[<C5H5>2TiH]2 and (05H5)2Zr(H)BH4 complexes decompose50’51> even
at 100 °C. The high thermal stability of surface hydrides seems to
be due to their rigid fixation on the surface, which precludes the
possibility of their decomposition via bimolecular reactions.

In recent works, Burwell and co—worker55’32’55> have mentioned
that catalysts obtained by supporting organometallic derivatives of
actinides, M(05H5)2(0Hﬁ)2 (M=U or Th) induce the polymerization of
ethylene. The interaction of these compounds with alumina54> has
been studied in detail. As found, this reaction follows mainly the
route of the M.—CH5 bond protolysis by surface hydroxyls. Burwell et
al.5> report also on the high activity of the catalysts obtained in
hydrogenation, which is almost similar to the activity of noble me-
tals.

Organometallic compounds of lanthanides (Yb, Iu) in the solu-
tion also were shown55> to be catalytically active in ethylene poly-
merization. It would be interesting to examine whether the activity
of these complexes increases at their supporting on the surface of
cxides. However, we are unaware of any reliable evidence for this
fact (note, that, to our opinion, first reports of the activity of
soluble allyl and benzyl complexes are erroneous because an obser-
vable low activity is determined by heterogeneous products of their
decomposition56>. Recently, supported catalyst557> from M[CEH4—
CH(CHB)g]5 (M - Ia, Ce, Pr, N4, Sm, Dy, Ho, Tm, Yb) have been pre-
pared at the Institute of Catalysis; but the attempts to activate
these systems for ethylene polymerization have been no success.

Now let us dwell on the use of diene complexes of transition
metals synthesized recently by Wilke, Bogdanovich et al.58’59>. The
catalysts obtained by supporting M(isoprene)5 (M = Mo or W) over
SiO2 are efficient in olefin metathesis4o> at low temperatures (see
Figure 2). Diene complexes are quite convinient for use owing to the
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Figure 2. Activities of the catalysts obtained by supporting Mo

(isoprene)5 or W(isoprene)3 (dotted line) over 5102 in propylene me-
tathesis at 100 °C (1) catalyst in the "initial" state, that is with-
out an additional treatment after supporting the complexes; (2)
treatment with hydrogen at 100 °C; (3) treatment with hydrogen at

500 °Cy (4) treatment with oxygen at 400 °C; (5) treatment of the
oxldized catalysts with hydrogen at 500 °C. Data obtained by A.N,.
Startsev and V.N.Rodin.

ease of thelir preparation and to the higher stability as compared to
allyl complexes.

Data on the application of organometallic complexes to catalyst
preparation allows one to compare systems in both metal and ligand
series (Table 4). This comparison i1s based on the data on the acti-
vities registered under identical conditions (experiments made at
the Institute of Catalysis). Catalysts were activated in optimal
conditions (it 1s not excluded, certainly, that we failed to find
optimal conditions for some of the systems). From the data obtained
we may conclude that:

1« In all cases the activity increases when passing from Ti to Zr
and Hf. This i1s due to the increase in the number of active centers,
which in turn, seems to result from the growth of the stability of
hydride and organometallic complexes in the order Ti-—= Zr —HT,

2. Upon varying organic ligands, the complexes which can easily
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Table 4, Activity of various supported catalysts prepared with
the use of homoleptic MRX compounds in C,DH4 polymerization., Activity
in g CpHy,/mmol M-h-atm

T1i on 71 on Hf on Cr on

R 810, 41,0, | 510, A1,0,| 810, 41,0 510,
Allyl 180 280 500
Benzyl 50 370 70 2400 20 1500
Naphthyl 35 90
Norbornyl 0 850 40 500
Cyclopenta-
dienyl 250
BHUr 45 220 500 1000 {100 280

form hydride surface complexes, possess the highest activity.

Note, that the stability of surface organometallic complexes
increases in the order: allyl < benzyl < naphthyl < norbornyl.

The systems on alumina are more active than those on silica
(it is important to tell that for the purpose of polymerization
granules of oxide supports with large pores should be used, such
granules decompose to elementary particles during the polymeriza-
tion process and, thus, provide the participation of the whole sup-
portqiurfaoe in the reaction preventing its blocking by the poly-
mer* 1/,

2. Application of new supports

The work has been carried out recently at the Institute of Ca-
talysis on the use of supports with low surface areas for the pre-
paration of supported organometallic systems. The objective of
this research was to obtain polymerization-filled composite mate-
rials, in which the polymer and the support would be in commensur-
able proportions. Data on the polymerization activities of wvarilous
systems are listed in Table 5. It is seen that the activity per 1
mol of the metal is noticeably lower than in the case of SiOE. Still
this activity is sufficient to obtain materials with several grams
of the polymer per 1 g of the support. As is shown by scanning
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Table b. Data on catalysts prepared by interaction of Zr(BH4)4
with natural silicates. Dehydration temperature of supports was
300 °c*e),

Support and Content of Zr Activity
%ts BET sur- mol/m2 nol/g g CoH, g C.H,
face g cat-h-atm mmol Zr-+h-atm
Tufa 41079 {11.107° 0.3 28
2
(2.6 m/g)
Pumice 4.107° [11.107° Oolt 34
(2.7 1°/g)
Kaolin 21070 [27.407® 0.3 11
(12.6 ©v°/g)

electron microscopic data (Figure 3), the polymer evenly envelopes
the surface of the mineral support. The starting materials are
practically nonporous (see, €.g., micrographs of tufa particles in
Figure %a). In the sample, containing about 10% of the polymer (Fi-
gure 2b), the form and the size of particles do not change. Thin
polymeric threads are observed, but their weight cannot achieve
10% of the total mixture. Thus, the predominant part of the poly-
mer is in the form of the film (~0.1 M ) that covers tufa partic-
les. As the content of the polymer increases up to 50%, faceted
particles are no more observed; instead elongated and rounded par—
ticles appear in the material (see Figure 3c). A fibrous structure
of the polymeric film is clearly seen at the cracks. At increasing
the content of the polymer in the sample up to ca. 85%, the poly-—
meric film cracks, and worm-like formations with a O0.5-2 M diame-
ter produced in the material. From the small size of these forma-
tions we may judge that they do not have the mineral support in-
side. Rather, they are polymeric structures which have come off the
material surface. A dense coverage of inorganic materials with the
polymeric film at the polymerization makes it possible to obtailn

a uniform by filled material of good mechanical strength, provided
the content of the polymer in the mixture is 50-100% (by weight

of the mineral support).
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Figure 3. SEM micrograph of the samples of tufa (a) and filled
polyethylene obtained on Zr(BH4)4/tufa with polyethylene content
(b) 1% wt., (c) 50% wt., (d) 85% wt.

SUPPORTED ORGANOMETALLIC CATALYSTS AS OBJECTS OF THE STUDY OF
THEORETICAL PROBLEMS OF CATALYSIS

One of the authors45) has already considered why the systems
obtained via anchoring metal complexes are advantageous for theore-
tical studies of catalysis problems. These advantages are primari-
ly associated with the possibility of purposeful synthesis of ac-



Supported Organometallic Catalysts for Ethylene Polymerization 193
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Figure 4. IR spectra of Zr(BH4)4/SiO2 catalyst pretreated
with ethylene and carbon monoxide: (1) Zr(BHh)4/SiO2 activated by

heating in vacuum at 220 °C; (2) ethylene adsorption on sample (1)
at room temperature; (%) treatment of sample (2) with hydrogen at
100 °C; (4) CO adsorption on sample (1) at a0 °C.

tive centers and with the possibility to obtain more homogeneous
surface compositions as compared to conventional methods of prepa-
ration. This latter fact ensures more unambiguous information ob-
tained with the use of physical methods.

In the case of polymerization, the problems of primary concern
are those related to the mechanism of the. formation of active cen-
ters and to the mechanism of polymerization.

When investigating catalysts containing surface Ti, Zr or Hf
hydrides, it is possible to follow the insertion of ethylene into
the M-H bond. For example, ethylene adsorption on the catalyst even
at 200 K leads to the disappearance of the adsorption bands corres—
ponding to VNPH (1665 cm—q, see curve 1 in Fig. 4) and to the ap—
pearance of absorption bands at 2800-35000 (:111_/I and one band at
1465 cm—q attributed to methyl and methylene groups of the polymer
formed. These changes of spectra correspond to the following reac-
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tions:
C,H nC-H
juE 2 4N-0 H, —E 4 (0, ) C e (8)

The treatment of the catalysts by H2 partly restores the bands of
vM—H’ which indicates the hydrogenolysis of the metal-alkyl bond
(Figure 4, curve 3):

H
JU-(CgH, In-CaHs —== JU-H + H(CH,), - C Hs (9)

Thus, surface hydride compounds are direct precursors of active
centers,

CO adsorption of hydride complexes of Zr is of a reversible
cheracter up to 0O °C. The temperature rise up to 20 °C leads to
irreversible changes in the IR spectra (see Figure 4, curve 4).

The treatment of such samples with hydrogen at 100 °C does not re—
sult in the formation of the 4M-H bonds. The data obtained evidence
that CO inserts into the QZr—H bond producing formyl complexes

( Ygo = 1540 em™):

CO >300 K C-H

7 %} 10
. g2 (10)

CO
ﬂZI‘—H m 4Zr<

When surface formyl complexes are decomposed by water, methanol is
detected in the decomposition products.

As distinct from surface compounds, the interaction of CQO with
Zr and Ti hydride complexes in the solution does not yield formyl
complexes, but gives the products of blomolecular interaction bet-
ween intermediate formyl complexes and the metal hydride (see e.g.
44)).

The supports containing surface low-valent ions obtained by
reduction of anchored organometallic complexes of Group 4 metals
have been used recently to study the nature of the "strong inter-
action between the metal and the support'" (SIMS). The discovery
of this phenomenon%E), which implies unique properties of metal

particles on TiO2, La O5 and other oxides capable of being reduced

has been followed by i great flow of works aimed at an insight in-
to its nature. However, one can notice that the similar change in

the properties of supported metals has been described earlier46_48)
Tor catalysts containing metal particles stabilized on surface low-

valent ions of Mo and W. These changes have been accounted for by
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the interaction of dispersed metal particles with low-valent ilons
on the surface of oxides. It can reasonably be proposed that lons
of Group 4 elements cause the similar variations in the properties
of supported metal particles. To verify this idea, Ni, Pd or Pt
were supported from their X-allyl complexes over SiO2 modified
by Ti, Zr or Hf hydrides or ions obtained from organometallic com-
plexes. So-obtained catalysts reveal SIMS effects (for Ni-contain-

9y,

(1) increase of the stability of metallic particles to sintering;

ing systems see

(11i) increase of the activity in CO hydrogenation; and
(1ii) decrease of the activity in hydrogenation of benzene and
hydrogenolysis of ethylene.

Once the catalysts are oxidized and then reduced at moderate tem-
peratures, these effects disappear as in the case of TiO2 and

ZrO2 systems. An X-ray photoelectron spectrometer registeres the
Tall of the signal intensity from Ti and Zr ions when supporting
Group 8 metals on Ti/SiO2 and Zr/SiO2 samples. All these data evi-
dence that the reason for the variation in the properties of metal-
> and Zr0O
surface low-valent ions,

lic particles on TiO may also be their interaction with

2

PRACTICAL VALUE OF SUPPORTED CATALYSTS OF ETHYLENE POLYMERIZATION

Now we compare various supported polymerization catalysts. If
these systems, including classical chromium-oxide catalysts, are
considered at the propagation step, they can be regarded as "sup-
ported organometallic" catalysts since thelir active centers are
surface organometallic species. The role of the process of poly-
ethylene production on chromium-oxide catalyst 1s as yet very high
in the slurry technology of production of high-density polyethylene.
In the new process of the gas phase polymerization developed by
Union Carbide Co. the following catalysts are used:

a) CrOE(OSiPhB)
catalyst provides a high yield of polyethylene with a broad mole-
cular mass distribution (MMD). This catalyst can be substituted in
the industrial process by the CrO5/SiO2 system subjected to a spe-

2/SiO2 activated by diethylaluminiumetoxide. This

clal activation.
b) Cr(C5H5)2/SiO2
cific feature of the polymer is the narrow MMD., The catalyst has a

also provides a high yield of polyethylene. Spe-—
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Table G. Compariscn of the properties of various supported ca-
talysts used for the industrial production of polyethylene

Catalyst Polyme~ Activity under| Properties of the
rization{ conditions of polymer obtalned

process industrial ap-— ! Melt

Density
plication in— g/cm3
kg C2H4 k8 C2H4 dex
g cat-h{ g M-h g
10 min
0r0,[0-81(CeHs) 5] o/ | as-phasel 3 |1000  [oroad|0-2  [0.960-
$i0, + ALES,0E% 20 atm, 0945
100 °C
Cr(C5H5)2/SiO2 gas—phase 5 550 har— |0-60 [0.965-
20 atm, oW 0.950
100 °C
TiCl,/MeCl, + slurry  [5-15 500- [ar- |0-60 [0.965-
ALF, 12 atm, 1000 frow 0.925
70-90 °C

unique property, that i1s the molecular mass can easily be regulat-
ed by H2.
catalyst by catalysts obtained with the use of more simple inorga-—

It has not been succeeded so far to substitute this

nic chromium compounds.

Supported gzirconium-organic catalysts are as active as chromi-
um systems, and apparently, can be used in the technology of pro-
duction of polyethylene of wvarious types.

CORCLUSIONS

The interaction of organometallic systems with surface func-
tional groups of the support is the direct method for the synthe-
sis of nearest precursors of active centers of ethylene polymeri-
zation. The complete utilization of the supported metal in the
formation of active centers is not yet achieved, but at present the
number cf active centers can reach up to 30% of the supported me-
tal.

The interaction of organometallic complexes with surface hydro-
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xyl groups makes it possible to obtain active catalysts for ethy-

lene polymerization. It does not allow, however, preparation of
sterespecific catalysts of d-olefin polymerization. The search
for systems, obtained by the interaction of organcmetallic com-
pounds with more complex functional groups, which would provide

steric control of the propagation reaction in supported organome—

tallic systems, seems Lo be of great importance for future deve-
lopment.
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CHELATE COMPLEXES OF NICKEL: CATALYSTS FOR THE OLIGOMERIZATION/POLY-
MERIZATION OF ETHYLENE

W, Keim

Institut fir Technische Chemie und Petrolchemie der Rheinisch-West-
fdlischen Technischen Hochschule Aachen, Worringer Weg 1,

B5100 Aachen, FRG

ABSTRACT

A number of uni-component compiexes for the oligomerization/
polymerization of ethene are presented. The complexes are chosen
among square planar nickel complexes, which possess a five-membered
chelate ring containing at Teast one phosphorous atom. Best results
were obtained with P O-chelates yielding highly linear oligomers
{(¢-0lefins) and polymers. The use of amino-bis{imino)phosphoranes
as ligands gave polymers, whose physical properties lie between those
of high-pressure polyethylene and EPDM.

Introduction

The oligomerization/polymerization of ethene can be carried
out with a variety of catalyst systems. Best known are catalysts
consisting of a transition metal salt combined with a reducing agent.
But also uni-component complexes have been reported to catalyse oli-
gomerizations/polymerizations. The question arises whether both cata-
lyst preparation methods will lead to identical catalytic intermediates
(Figure 1).

The use of uni-component complexes as starting material
offers a variety of advantages, especially for understanding. For
instance, spectroscopic in situ investigations are less complex compared
to those using Ziegler-Natta type catalysts. A further advantage
rests in the amenability to tailor the ligand field in the complexes
thus providing structural data. But one always must keep in mind
that the uni-component complex itself is not the true catalyst and

serves only as precursor.

201
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Transition metal salt/reducing agent

Jethene

catalytic

intermediate

?ethene

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 in Figure 2 was chosen

Y— L

chelate \\\\ X«_,_,‘___,L1 square planar
(. N / X =Y and X # Y
> X = donor, Y = acceptor
L1 and L2 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. In 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.l and
Lo
for the olefins to be oligomerized. The effect of the change on the

should easily dissociate, thus providing empty coordination sites

metal and the attainment of an{18-valence shell of electrons are
also two strong forces in determining preferred coordination number.
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According to Figure 3 the complex 1 was synthesized which con-

sists of a mixture of two isomers

Figure

3.

»0
(COD), NI+ thP-CNZ-C\ON

(4).

(B

~
Synthesis of P O-chelate complex 2

The addition of ethene to a toluene solution of 1 yielded linea

a-olefins.

Table 1. Results of batch oligomerization of ethylene with cata-

Tyst 1

T, °c  CcH 107 3¢ conversn
i 2742, _qcat.’ ’ -1

mol L mo 1 % N, s BC10—C20

75 0.38 2.3 53 0.14 0.39
75 0.83 2.53 59 0.23 0.30
75 2.41 2.34 50 0.47 0.29
75 4,72 2.47 41 0.57 0.29
75 7.00 2.70 32 0.62 0.30
75 8.95 3.39 30 0.57 0.34
75 11.22 2.64 15 0.48 0.50
75 4.58 0.99 24 0.71 0.24
75 4.22 5.00 65 0.53 0.37
60 4.83 2.27 9 0.17 0.16
85 4.95 2.29 62 1.12 0.10
95 4.75 2.32 69 1.83 0.10

Capillary GC analysis after 35-min total reaction time;

> 99 %

linear;

a-olefin content > 95 %.

products are
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In Table 1 the results of the oligomerization experiments are
summarized. After the autoclaves are charged at room temperature
and immersed into a heat bath, thermal equilibrium is reached within
3-5 min, upon which the catalytic reaction commences immendiately
as recorded by the pressure drop. At 25°C 1 shows no activity. From
the initial rates specific turnover numbers N (mol of ethylene per
mol of Ni per s) are calculated. The rate is first-order in cata-
lyst concentration. Plotting 1/N over reciprocal ethylene concen-
tration results in a straight Tine; only at very high concentrations
of C2H4 is a deviation observed, probably due to a solvent effect
of the substrate itself. This so-called Lineweaver-Burk diagram is
in good agreement with the proposed Michaelis-Menten-type mechan-
nism (5). The oligomers are practically 100 % linear and the a-olefin
content ranges from 95 % to 99" %. This underlines the remarkable

selectivity of 1 for ethylene only.

Interestingly, if complex 1 is suspended in n-hexane only high
density linear polyethylene of molecular weights up to one million
is formed. Similar results are obtained on supporting 1 to A]ZO3 and
using n-hexane as solvent. It is noteworthy that the polymerization
can be carried out in water. This makes this type of complexes to
potential candidates for the oligomerization/polymerization of

functional group containing monomers.

A reaction mechanism accounting for the products obtained is shown

in Figure 4. STARTING
STEP

Ny
- & =C30. /;,CO/N H ‘\q A
/ e
,// /*'\”
N o fl 2
<P>Ni—Rn,2 (/«——czsg

\CP/ Rn-ll A &P% :5
N

p/ \PR‘3

Figure 4. Reaction mechanism for ethene oligomerization
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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)

,\ -
H, PO = g,PCH

5 oo

8 2

p
(1) 1 — (O)N1H+c

Indeed, 7 % 1,5-cyclooctadiene, 34 % 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 of metal-
hydrides. It is not possible to completely rule out other mechanisms
as depicted in Figure 5.

CH,=CHR —
LM 2w LM —f-R, ——»= oligomers
CHy=CHR j
LhM-MLn — - LnM(CHz—CH)n-MLn —» oligomers

R,CH (R A
251 CHy=CHR ¥ /
In M —*%—— |n Molefin ——» LHMCHZ-(':H— CR2 ——m= 0l igomers

Figure 5. Possible reaction mechanisms for olefine oligomeri-
zation (7).

The use of (JP(CHZCOOH)2 and P(CHZCOOH)3 in combination with

(cod),Ni yielded only high density polyethylene.
2

Further insight in the delicate nature of the chelate ligand
necessary elucidated experiments using Tigands such as 02P(CH2)nCOOH
(n = 2,3), GZPCHZCHZOH, GZPCHZCHZSH, GZPCHZCHZNHZ. A11 those Tligands,
upon reaction as desribed in Figure 3, yielded inactive systems.
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Applying GZP(CHZ)nCOOH (n = 2,3) could result in a too large chelate

ring. (6 or 7 membered rings versus a$ membered ring in 1)

To understand the requirements of the ligand field better it
appeared of interest to investigate the demands of the ﬁﬁb-che1ate
in more detail. According to equation 2 complex 2 could be isolated
and its square planar structure - as requested by the model in Figure

1 - could be confirmed by x-ray analysis (5).
Ph )PE?M
(2) (cod),Ni + PhyP + PhyP=CH-CO-Ph — “Ni "“»EH 2
~-2cod /7 N\ —
PhsP° O~ >Ph

Reaction of a toluene solution of the complex 2 with ethylene
(50 bar) at 50°C affords n-olefins which are up to 99 % linear and
consists of up to 98 % of a-olefins. The olefins up to C30 analy-
zed by gas chromatography are present in a geometrical distribution.
Activities of 6000 mol ethylene per mol of complex 2 are achieved.
When the reaction of 2 with ethylene is carried out in n-hexane
as suspension medium, again, high molecular linear polyethylene is

formed.

As evident from Table 2 the B-value of the oligomers formed
is determined by the ethene pressure used. The temperature has only

a minor effect.

Table 2. Effect of pressure and temperaturure on the B-value
of the ethene oligomerization using complex 2

Pressure C2H4 conversion B-value
(bar) (%)
10 20 2.3
30 100 2.0
50 100 1.5
100 100 0.7
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Temperature* conversion B-value
(°C) (%)
30 - -
50 10 1.1
80 100 1.2
100 100 1.2
120 decomposition -

* 50 bar ethene applied.

For a mechanistic discussion it is assumed that a reaction path
as outlined in Figure 4 is operating. The formation of a nickel-hy-
dride can proceed as shown in equation 3.

¢\ /¢ ¢\ /¢ ¢\ /¢ 3
Py 9 c=C Py ,CHs-¢ -¢-c=c Py H =
(3) J[ Ni T — | N — [ Ni
¢- 07 “#3P o/ “¢3P o/ “¢3P

Indeed, styrene could be isolated in accordance with equation
3. Again, the proof of the nickel-hydride intermediate is pending.

Starting from the postulated intermediate 3 a pathway as indicated
in Figure 6 could be invoked to describe the competition of ethene
and ¢3P for free coordination sides.

Figure 6. Competition of ethene and ¢3P for coordination sides
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In a kind of "windshield wiper" exchange @3P will coordinate
and dissociate. If such a picture is operable addition of 03P should
effect the product selectivity. Indeed, by adding 03P to 2 the B-value
can be altered (see Table 3).

Table 3. Effect of adding @3P to complex 2
®3P added B-value activity
(mol) (TON)
pure complex 0.7 5000
0.2 0.9 4500
1 2.0 3500
4 7.4 500

70°C, 100 bar

Such a 03P coordination-dissoziation finds further support by
in situ NMR measurements under reaction conditions at 100 bar ethene
pressure (6). Here the 03P dissociation can be observed by P31-measure-
ments. In this way, the addition of ¢3P is a further handle to control
the g-value. Furthermore, addition of equimolar amounts of Et3P to
2 leads to inactive systems. This can be explained by considering
a blocking of coordination sides for ethene because the basic Et3P
is strongly bound. Interestingly, adding (a—naphthy1)3P yields linear
polyethylene.

In a general approach, complexes of type 1 and 2 can be broken
up into a chelate part and into an organyl part

Chelate Organyl
part part
0
( Ni R
P
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What impact on ethene oligomerization do changes in the organyl
and the be-che1ate part have? To answer this question a variety of
complexes were synthesized. For the "ylid"-complexes reaction paths
as shown in Figure 7 were chosen (8).

e e
{COD), Ni (P\Ni,g 2 coo
a3 07 gy
g @
(93P)y Ni P ?
. 3 F4P
(o’ Sgap 3
BgP:CH—(I:.-B . —
0 T g2
-< Ni > Py
———— ( /N| ) - #F-Cc-c=C
o ¢
e_9
QuQ_ % P
e Ni .
O &
Figure 7. Synthesis routes for "ylid"-complexes

Figure 8 summarizes a number of complexes in which the ﬁ“O—che1ate
was slightly changed keeping the five-ring chelate constant.

Ph2
[ ou-g~ 3 7?
Ni Y N
cHgo” P’ TC-Pn €0’ “¢arp

Figure 8. Complexes with changes in the f\o-che]ate part
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A1l complexes are highly active in ethene oligomerization and
give similar results regarding linearity and a-olefin content. Figure
9 lists two groups of complexes in which the organyl part was altered.

Ph 0
N Ph 0, 3 Ph N K
4 | Ni s N 6 I N
P P P
Pho Phy Phy
phIOF\\‘/PPPQ ph\[o\
i Ni
.3 p’ \Ph p’ ;é E; 7
Phy Phy
Ph P Ph PPh
T e TR
! s ! Ph
Nep’ \/ =c N\P/ \C/
Ph \ 1l
2 pn o Ph Prz o
Fiqure 9. Complexes with changes in the organyl part

A1l seven complexes are highly active. Again, all compounds
show only minor changes in product selectivity regarding linearity
and a-olefin content. However, there are great differences at which
temperatures the complexes will become active. The induction periode
and the temperature leading to the active intermediates follow the
order 2 >> 6 > 4 ~ 5 >> 7. Temperatures up to 120°C and induction
periods of up to 15 minutes are needed to convert the uni-component
starting complex 7 into an active system. These results can be under-
stood by comparing the ease of nickel-hydride formation. Complex
2 easily inserts ethene yielding the nickel-hydride as shown in equa-
tion 3. To form nickel-hydride intermediates from the allyl complexes
4, 5, 6 butadiene or allene must be eliminated, a reaction whose
equilibrium lies on the side of the complex (equation 4 and 5).

P\. Y Ps~
(4) Co" Ni.? — (O_,.NiH + butadiene

P‘ . -~
(5) (0.:N1'}> N (g;.NiH + allene
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Complex 7 needs temperatures above 120°C explainable by the
difficulty to displace the C5H5-r1ng. Addition of 03P to 4, 5, 6,
7 lowers the activation temperature. It can be assumed that from
all uni-component complexes of Figure 9 similar active intermediates

proposed as the nickel-hydride complex 3 will be derived.

A1l our results and observations over many years are in agreement
with the following statement:
The unicomponent starting complexes, which will lead
to active and selective linear ethylene oligomeri-
zation/polymerization catalysts must be square planar
and must possess a five-membered #ﬁb-che1ate ring.

Based on the above statement it appeared of interest to include
the bigger atom arsenic in our investigations. Using QZASCHZCOOH,
which has the same pka-value as GZPCHZCOOH,in combination with
(cod)ZNi yielded practically inactive systems. However, with the
ylid ¢3AsCHC00 the complex 8 could be isolated (9).

¢\\ ,/¢
S 8
ot 0 -

The x-ray structure confirms a square-planar arrangement of
the ligands with a slight tilt to tetrahedral probably due to the
bigger bite of the arsenic atom.. The reaction of 8 with ethene leads
already at 25°C to an active catalyst. The oligomers are > 95 % linear
but the a-olefin content is Towered to 60-80 % indicating isomerization
properties.

In our search for active ﬁﬂN-1igands we found that the reaction
of (cod)ZNi with amino bis(imino)phosphorane results in active cata-
lysts for the polymerization of ethene. Figure 10 summarizes the
reaction conditions and the polymer data obtained (10).
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Tmsoh-P(= N-Tms), + (COD) N1

“complex”

+C=C, 45 bar, 70%

Poly ethylene (o= 0.903 - 0.904 g/cm;
crystalinity 45 - 50 %;
m.p. broad;
end m.p. 100 - 105°C)

Figure 10. Ethene polymerization with amino bis(imino)phosphorane

ligands

Activities of 1000 mol ethylene per mol of nickel are achieved.
The physical properties of the short-chain branched polymer lie bet-
ween those of high-pressure polyethylene and "EPDM". For a detailed
description of the polymer and its mechanistic formation the work
of Dr. Fink and Mohring, Max-Planck-Institut fiir Kohlenforschung,
which is also included in this book, must be consulted.

A1l our attempts to isolate the "complex" in Figure 10 failed
so far. However, using bis(n3-a]1y1)nickel the complex 9 could be

isolated according to equation 6.

Ins
N-Tms . N
(6) <Ni.>onszN-P< — :.Nl\f’(\’ 3
' N N-Tms ' T NTms,

Tms
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An y-ray analysis showed that 9 has a square planar structure.
Disappoitingly, complex 9 is inactive in ethylene polymerization.
Even addition of hydrogen didn't lead to an active system. But the
in situ combination of bis(n3—a11y1)n1cke1 with (Me351'N)2PN(S1'Me3)2
gave active catalysts. These results once more show that isolated
complexes are not identical with catalytically active intermediates
and one must be very cautious to refer to them as catalysts as often
is done. Uni-component complexes, however, can be used in model re-

actions, which allow us to postulate intermediates - even catalytic

species.
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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 flr Kohlenforschung, D-4330 Milheim a. d. Ruhr,
Federal Republik of Germany

ABSTRACT

The development of the oligomer distribution during the polymeri-
zation of 13C enriched ethylene by soluble Ziegler catalyst systems
of the type szTiMeCl/AlMenCln was followed by 13C NMR 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
One suitable method for obtaining information on catalytically

active systems without disturbing the reaction is 13C NMR spectro-

scopy.

In an earlier publication1) we reported our studies on the poly-
merization of 13C-—enriched ethylene using the soluble Cp2TiEtCl/
AlEtCl2 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 szTiMeCl/AlMeCl2 catalyst system, with which
the polymerization proceeds much mor slowly. This catalyst is ideally
suitable for the 13C 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.

215
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APPLICATION OF 13C--ENRICHED ETHYLENE

In these experiments we used ethylene to over 90 atom % 13C.
Besides providing a considerable gain in sensitivity over ethylene
with,13C at natural abundance this allows the carbons in the polymer
chain derived from 13C—enriched ethylene to be distinguished from
those from the Ti-Me or Al-Me carbons on the basis of their signal

13,13

intensities. Whereas C spin-spin couplings are observed in

13C NMR spectra only as very weak satellites, in

natural abundance
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 13C nuclei is

observed.

Table 1 summarizes the multiplet structures expected for a Ti-
alkyl chain formed by the repeated insertion of ethylene enriched to
91 atom % 13C at both carbons starting with a Ti-methyl at the natural
isotopic abundance. For those molecules containing 13C in the O{-posi-
tion there is a probability of 91 % that the /3-carbon will also be
13C and the ® -carbon signal will therefore be split into a doublet.
The remaining 9 % of the molecules have 12C/g-neighbours and show no
coupling. The ©~-carbon signal is thus observed to be a doublet super-
imposed on a small signlet slightly shifted to the left of centre as
a result of isotope shifts. The /3—carbon has a probability of 82.8 %
that both the &- and er-carbons are 13C anda triplet will be ob-
served, while those isotopomers with only the & - or only the Kﬁ
carbon 13C (combined probability 16.4 %) will give a doublet.

13C chemical shifts of the n-alkanes shows that

Inspection of the
the & -, /5— and d’—carbons have characteristic shift ranges, but that
for acrbon atoms from the o/: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. Similarly, for Ti-alkyls, the
presence of the metal substituent on the &-carbon will produce no
significant effect beyond the a(—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



W-2 N

ol
Ti NN TN TN

o g — (w-2) {w-1)

Rel. Intensity 09 091 091
Fraction with O 9.0 08 89
" 1 910 16.4 901

2 - 82.8 10

BC neighbours (%)
Ethylene: 91 atom% BC
Table 1. Multiplet structures expected for a Ti-alkyl chain formed

of ethylene enriched to 91 atom % 13C at both carbons starting with a

isotopic abundance
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with the symbol . """ CHy=—e e

POLIMERIZATION

‘Figure 2 illustrates the first of a series of 13C NMR 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 /g—carbons of Ti-propyl and Ti-pentyl. The
ethylene signal at 123 ppm remains a sharp singlet and is unshifted,
demonstrating that even at the chosen ratio Ti : Al : C2H4 = 1.0
0.95 : 0.7 no interaction with the catalyst is detectable.

In Fiqure 3, after a reaction time of 70 minutes, the a(,/ﬁ,dr,
-2 and W -1 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 CHZ-groups indicates that chains with a least 9 carbon
atoms are present. Figure 4 shows the situation after 110 minutes.
The signals reveal the developing oligomer distribution and the size
of the peak of the central CHz—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 : C,H, 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—CH3 would have undergone insertion. In
this case we would find mostly Ti-propyl chains and possibly a small
guantity 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.

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 13C 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 experiment52)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 Yeight distribution to undergo a particular type of

4)5

development

The 13C 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-(-peaks (i.e., Ti--
propyl, Ti-& - (2> pentyl)) at 90 ppm with the intensity of the
Ti-methyl peak at 64 ppm and taking into account the 13C

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/al = 1 : 1.

(IT) The signal of the &y-carbon at approximately 14 ppm is very

weak since it is at the natural abundance of 13C.

(ITI) The (&J-1) peak for Ti-heptyl and longer chains is clearly a
doublet, produced by coupling with only one adjacent 13C

nucleus (see Table 1).

Both (II) and (III) prove that the insertion has occurred into

the Ti-carbon bond.

(IV) After the long reaction time of 15.5 hours, small quantities
of (X~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—/g-elimination has occurred.
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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 szTiMeCl/AlMe2C1/13C2H4 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 hour, were recorded successively in order to follow the develop-
ment in chain growth. The regions depicted are for the Ti- of reso-

nances and for the signals for the /6 to W -1 positions.

First of all it is to notice in Figure 8 the rapid increase of
the peak of the central CH2

with our reaction scheme because now we have more active species.

-groups. This is again in full agreement

Furthermore it is to see in this presentation, that we were
successfull in better separating the peaks of the different chain

carbon atoms.

Hence, we discover that the propyl chains (as to see by the
Ti-&« - or Ti—/s -propyl positions in the spectrum) and the pentyl
chains (as to see by the Ti—(/3+&')- or (@ -~1)-pentyl positions in
the spectrum) remain constant during the reaction; i.e., here is
visible a steady state of the concentration of these chains.

+) of the Ti-propyl, the Ti-pentyl peaks and the

The integration
peaks of/6 -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 is 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 diagramm. The evaluation shows, that the ratic of the propa-

and k
propyl pentyl
the insertion into a Ti-propyl chain is twice faster than the inser-

gation constants k is about equal 2. That means,

tion into a Ti-pentyl chain.

+ . - .
)Thls is a preliminary evaluation because the/e-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

3)5)

means of a plug flow reactor and GPC analysis , where we did find

that k has a value of 96 1/mol-sec and k has a value of

propyl
48 1/mol-sec.

pentyl

EXPERIMENTAL

The 13C NMR spectra were recorded on a Bruker WM-300 spectrometer
at a frequency of 75.5 MHz. Samples were measured in 10 mm tubes dis-
solued in D8—toluene which had been dried over LiAlH4, degassed
several times and distilled in vacuum. Chemical shifts were recorded
relative to the CD,-signal of the D8—toluene solvent as internal

3
reference and converted to the TMS scale (dP = 20.47 at 258 K).

CD3

For preparation of the NMR-samples see ref. 1.
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cooled rapidly to 213 K.
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Figure 3. As for Fig. 2, but after a total reaction time of 70

minutes at 258 K.
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Figure 4. As for Fig. 2, but after a total reaction time of 110

minutes at 258 K.
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Figure 5. 13C NMR spectrum of the system CpZTiMeCl/AlMeCl2 reac-
ting with 13C2H4 in toluene—d8 at 258 K.
[Cp?TiMeCl] = 0.05 mol/1;
[ri] : [a1] : [13C2H4 =1 :0.05: 0.7.

Spectrum recorded at 258 K at between 2.5 and 3.5 hours of reaction

time.
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Figure 6. Reaction scheme of the successive equilibria using
soluble Ziegler catalysts for ethene polymerization (szTiRCl/AleCly/

toluene).
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Figure 7. 13C NMR spectrum of the system CpZTiMeCl/AlMeCl2

reacting with 13C2H4 in toluene—d8 at 258 K.
[Cp?TiMeCl] = 0.05 mol/l;

[ri]

: [Al] : [13C2H4 =1 : 0.95 : 0.7.

Reaction time from 14.5 to 15.5 h.
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Figure 8. 75.5 MHz 13C NMR spectra of the system szTiMeCl/
AlMezcl reacting with 13C2H4 in toluene—d8 at 258 K.
Initial [Cp TiMeCl] = 0.05 mol/1;

2
[ri] : [a1] : [13C2H4]= 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 for the Ti-Q resonances and for the signals
for the /3 to & -1 positions.
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PART II: A NEW TYPE OF o —~OLEFIN POLYMERIZATION WITH NI (Q)/PHOSPHORANE
CATALYSTS

G. FINK and V. MOHRING
Max-Planck-Institut flir Kohlenforschung, D-4330 Milheim a. d. Ruhr,
Federal Republik of Germany

ABSTRACTS
The soluble catalyst system Ni-compound/bis(trimethylsilyl)-
amino-bis (trimethylsilylimino)phosphorane is able to polymerize &X-

olefins only by 2-@-linkage of the monomers.

CH,
X /’(CFH)n EEK;’ ) (CH2»N1
X

|
CH,

This reactions leads to only methyl branched chains in which the
methyl groups have the regular distance of n+1 CHz-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-
compound/bis (trimethylsilyl)amino~bis(trimethylsilylimino)phosphorane

n short chain branched

(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).

STRUCTURE OF THE POLYMERS
The branching structure of these poly- &¥-olefins is unusual.

Polymerizing of o ~olefins leads to only methyl branched polymer

231
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Figure 1 Ni(0)/Phosphorane catalyst (above)

2.W- linkage of the linear @-olefin (below)
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chains, in which moreover the methyl groups have the regular distance
of n+1 CHz—groups. Furthermore, these distances can be varied accor-
ding to the length of the side chain of the & -olefin.

The structure of these products is proved unambiguous by 13C 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/

Adamsz). All signals, which are expected in 2.W-linkaged &-olefin
polymers, have been found in the spectra.

The analysis of the 13C NMR spectra of polymers formed with

deuterated ®&-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 13C 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
& -olefin.

MIGRATION MECHANISM

Considering all results3)

we developed a mechanism which can
explain this special structure of the poly-®¢-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 Cg, ——9'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 2 a) Simulated 13C{ll-I}NMR spectrum of a polymer with the designed
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(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/g -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 O{-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.

REFERENCES
1. W. Keim, R. Appel, A. Storeck, C. Kriger, and R. Goddard,
Angew. Chem. 93, 91 (1981).
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STRUCTURE OF POLY-0—-OLEFINS AND REACTION MECHANISM OF ZIEGLER-
NATTA POLYMERIZATION.,

ADOLFO ZAMBELLI and PACLO 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 13C 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-1-pentene have also been rationalized by con
sidering the structure and the conformation of the monomer to-

Qether with that of the growing chain end.

INTRODUCTION

It is generally accepted that the active sites involved in
isotactic specific polymerization of l-alkenes in the presence of
heterogeneous catalytic systems consisting of titanium halides

(Tixn) and organometallic compounds such as AlRé or AlRéY or ZnRé

241
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(R'=hydrocarbon radical, X,Y=halide ligands) are titanium atoms
bonded to at least one hydrocarbon radical (R)1{ 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 Tan by ligand exchange, are more or less
speculative since a direct determination of the structure of the
sites has not yet been achieved1{ The growing of the macromolecul
es involves consecutive antimarkownicoffz-s) suprafacialG) addi-
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

2,7- .
groups of the resulting macromolecules ’ 11{ Of course, in the

ith chain propagation step R is the growing polymer chain having

degree of polymerization i-1. The stereoreqgular structure of the

polymers of prochiral 1-alkenes entails that during the propagation

steps, the addition is highly enantioselective12{ 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 TlX and Al(1C4H9)3
-CH_-CH

Ti 2 (CH3) _}__GL_; Ti-CH, CH(CH ) CH CH(CH3)2 -

The same addition should be cons1dered the first propagation step '’

in the presence of a catalytic system consisting of T1X and Al(CH3)3

C H

Ti CH 3 6 > Ti-CH CH(CH3)2 6 T1CH2CH(CH3)CH2CH(CH3)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 chains5'14_16)and by deter-
mining the structure of the polymer end groups resulting from the
beginning addition steps7_9'15Z Additional information can also re

sult from the structure of the end groups arising from the chain

5,1

transfer or chain termination processes During this communica
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tion we will mainly review the data concerning the structure of the
end groups of isotactic poly-1l-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-—CH3 and Ti-—C2H5 TO PROPENE AND 1-BUTENE.

Addition of Ti—CH3 to propene produces a isobutyl group

The two methyls of the isobutyl end groups of polypropylene are

’

diastereotopic due to the chiral carbon of the 2,4 dimethylpentyl

group resulting from the subsequent addition to propene of the

243

. ) . . s -19 .
tltanlum-1C4H9 produced in the initiation step17 )(see also Fig.1).
The different stereochemical environments of the considered methyls

5,7,8)

When Ti—CH3 is

3 . . ;
C enriched, two diastereomeric selectively 5 13C enriched 3,4 di-

13
can be detected by means of C NMR analysis

methyl pentyl groups could result from the considered subsequent
additions (see Figure 1).
13
In Figure 2 a it is reported the methyl region of the C NMR

spectrum of highly isotactic polypropylene obtained in the pres-

7,8)

ence of 6Ticl3—Al(13CH3)21 The resonances of the entiched

methyls of the considered diastereomeric end groups are at 20.67ppm

7,8)

(vét) and 21.78ppm (vée) from HMDS The intensities of the con=-

sidered resonances show that the population of the a end groups is

higher than that of the b ones. Looking at Figure 1,one can easily

visualigze that this result means that both the addition of Ti—13CH

3
1
and of Ti—CHZCH(CHB)— 3CH3 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 ’I‘i—CH3 and of

Ti(i—C4H9),implies a driving force coming from some chiral feature

of the active sites other than the presence of a chiral carbon at

the last unit of the growing chain end.
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Figure 1. All trans projections of diastereomeric 513C enriched 2,4

dimethylpentyl end groups. Accordingly toapreviously proposed nomen-

9)

,
clature the enriched carbon occupy the 6t(=syndiotactic) position

in a and the 8e(=isotactic) position in b relative to methyl 2°'.
a)

JL__,___NJ
b}

J

B
"L

Figure 2. C NMR spectra of a)isotactic polypropylene prepared in

fﬁ%%%

10 ppm

1

the presence of S-TiCl3—Al( 3CH3)ZI. b)isotactic polypropylene pre-
13 13 . .

3—Al( CH3)3—Zn( CH3) ; c)isotactic

polypropylene prepared in the presence of 5—Ticl3-Al( 3CH CH )

pared in the presence of §-TiCl

13
-Zn ( CH CH d)isotactic polybutene prepared in the presence of

12
(S—TiCl3 Al( 3)3 Zn ( CH3)2. Reprinted with permission of the

authors from Ref.8.
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In fact such a chiral carbon comes off at the growing chain end
only after the considered insertion steps.

In Figure 3 it is reported the13C NMR spectrum of highly iso-
tactic poly-1-butene cbtained in the presence of §-TiCl -Al(C.H5)3-
—Zn(CZHS)2 selectively 13C enriched on the methylene carbons ?

& ppm 40 30 20 10

13 .
Figure 3. C NMR spectrum of isotactic poly-i1-butene prepared in

1
the presence of §-TiCl —Al(13CH2CH3)3—Zn( 3CH CH3)2. Reprinted with

3
permission of the authors from ref.20.

2

The different intensities of the resonances of the enriched
methylene carbons occupying diastereotopic positions, relative to
the 2'ethyl substituent of the 513C 2-4 diethylhexyl end groups
(v6t=24.18ppm; v6e=24.56ppm 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

. 1 . .
end. Figure 24 shows the 3C NMR spectrum of isotactic poly-T-butene

obtained in the presence of 6—TiC13-Al(13CH3)3—Zn(13CH3)28{

One can observe, from the sharp resonances of the carbons of the
inner monomer units of the chains, that this poly-1-butene is isotac
tic to an extent comparable with the sample of Figure 3. However
the resonances (at 17.8

4
methyls of the 4'13C 2-ethyl, 4-methylhexyl end groups have, rough

and 18.13ppm from HMDS) of the enriched

ly, the same intensity. This fact implies, at least, that the addi

3
tion of Ti-CH3 to 1-butene is not enantioselective. The ! C NMR

8)

spectrum reported in Figure 2 b (highly isotactic polypropylene

13
prepared in the presence of 6—TiC13—A1(13CH3)3-Zn( CH3)2) shows

that even addition of Ti—CH3 to propene is not enantioselective

245
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when the catalytic system does not include iodine ligands (compare
Figure 2 a). Figure 2 ¢ shows the 13C NMR spectrum of highly iso-
tactic polypropylene prepared in the presence of 6—TiCl3—Al(C2H5)3
and Zn(C2H5)2 selectively 13C enriched on the methyiine carbons
The resonances of the enriched methylenes of the 5 "C-2,4-dimethyl
hexyl groups occur at 27.72ppm (8t) and 28.82ppm (6e) from HMDS
and have different intensities, showing that addition of Ti-C2H5
to propene as well as to T-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 resocnances of the enriched carbons as
suming that additions to propene of Ti-CH3, Ti—C2H5 and Ti-(i—C4H9)
are not enantioselective, while addition of chiral Ti-—CH2CH(CH3)C2H5
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—CH3
and Ti-(i-C4H9) 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 TiCl3 and Al(CH3)2I. 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 controlz1{ However, as

479
partially enantioselective even in the presence of the catalytic

reported in Ref. 22, the additions of Ti—CH3 and Ti-(i-C H_ ) are

. 13 . . e . .
system TiI_-Al ( CH3) The isotactic specific sites present in

3 3°
this catalytic system should reasonably have the same simmetry

properties as the sites present on the 4TiCl —Al(CH3)3 system.

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 24.18 and 24.56ppm of Figure 3 entail that ad
dition of Ti—C2H5 and Ti—CH2CH(C2H5)2 to T-butene are enantioselec
tive although the considered alkyls are achiral, and the catalytic
system contains only one sort of halide ligandszoz In addition,
according to this reasoning, it appears almost impossible to under
stand that the addition of the same chiral Ti—CH2CH(CH3)-C2H5 to
propene (Figure 2 c) looks enantioselective, while the addition to
1-butene (Figure 3) does not8{ Notice that the two monomers have
the same simmetry properties.

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—C4H9), Ti—CH2CH(CH3)C2H5 AND Ti~CH2CH(C2H5)2 TO
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 considered, in
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 chain17{ Actually, when, e.g.,
propene is polymerized in the presence of the moderately syndiotac
tic specific system VC14—A1(13CH3)2C1 four resonances are detected

3
for the diastereomeric enriched 71 C 2,4,6 trimethylheptyl end
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groups reported in Figure 4.

c ¢
-c-'c-c-lc-c-c-mc B
c
c cC
--,-c-c-c-é-c-é-la’c C
¢
o c
---c-'c-c—c-c-é-lsc D
¢

Figure 4. Diastereomeric end groups detected on atactic polypropy-
lene. Relative to methyls 2' and 4' the enriched carbons occupy the
placements a) 6tCt(v=20.67ppm); b) 8e§e(v=21.76ppm); c) Stre(v=
=20.87ppm); a) 6e§t(v=21.54ppm). HMDS scale.

A similar splitting should also be considered for selectively

enriched 713C 2,4,6-trimethyloctyl; 6'13C 2,4-diethyl,6-methyloctyl

and 713C 2,4,6-triethyloctyl end groups,in view of the stereospeci-
fic additivity rules of the chemical shift of branched hydrocarbons
reported in the literature19{ On the other hand, in the spectra of
Figures 2 a, 2 b and 2 c,only the resonances of the 8ttt and Sele
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 1-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 S-TiCl3 tipically consist of

16)
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 pairtof r diads, more often than isclated r diads, confirms

that the driving force of the enantioselectivity is the "original"

3)

2
chirality of the active sites . The same conclusion can be reached

5)

: . . . . 1
by considering that, as previously reported in the literature 7,
the steric control of the addition to propene crosses intervening

ethylene units in ethylene-propene copolymerization.

ADDITION OF Ti—C6H5 TO PROPENE.

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 13C NMR spectrum of highly
9)
5 Zn(C6H5)2 .

The resonances of the o, m and p aromatic carbons are detected at

124.8

isotactic polypropylene prepared in the presence of §-TiCl

Y 126.23 and 123.65ppm from HMDS. A unigque resonance is de-

tected at 145.6ppm for the guaternary aromatic carbon.

13
Figure 5. Aromatic region of C NMR spectrum of highly isotactic

polypropylene prepared in the presence of §-TiCl_-Zn(C_H_)., HMDS

3 652
scale. Reprinted with permission of the authors from Ref.9.
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Oon 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 benzenegz The chemical shift of the quaternary carbon

§t with respect to the 4' methyl is at 145.6ppm from HMDS, while
that of the 8e guaternary carbon is at 146.2ppm9{ It can be con-
cluded that addition of Ti-C,H_ is highly enantioselective in the

6°5

same direction as the following addition of Ti—CHZCH(CH3)C6H5. Even

this addition is antimarkownicoff.

ADDITION OF Ti—CH3 TO STYRENE AND VINYLCYCLOHEXANE.
13 ) .
The C NMR spectrum of isotactic polystyrene prepared in the
24
is reported in Figure 6b { The res

3
- 13
onances of the enriched methyls of the 5 C 2,4-diphenylpentyl end

13
presence of 6—TiCl3—Al( CH3)

groups coming from the chain initiation steps are at 19.22 and at

21.52ppm.

|
S P

[] 30 20 opm 10

Figure 6. 13C NMR spectra of a)butanone soluble and b) butanone

insoluble~benzene soluble fractions of polystyrene prepared in the
presence of 6—TiCl3—A1(13CH3)3.
The assignment of the resonance at 19.22ppm to the 6t methyls and
of the resonance at 21.52ppm to the de methyls is achieved by con-

sidering the spectra of model compounds previously reported in the



Structure of Poly-a-olefins and Mechanism of Polymerization 251

literatureZS) 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 and enantioselective. Similar conclusions are
reached by observing the spectrum of isotactic polyvinylcyclohexane
prepared in the presence of S—TiClB—Al(13CH3)3—Zn(13CH3)224{

It can be observed that the enantioselectivity of the addition of
Ti—CH3 increases while increases the steric demand of the substituent
of the monomer. It is negligible for propene and 1-butene, but it is
clearly observable for styrene and vinylcyclohexane. Most probably
such an effect has not been observed previously for 3-methyl-1-butene,
3-methyl-1-pentene and 3—ethyl—1—pentene10’11)due to lackof resolution

(see also the next section) of the spectra.

ADDITION TO 3-METHYL-1-PENTENE.
Addition of Ti-R' to chiral 1-alkenes may led to diastereomeric

monomer units depending on the attacked monomer diastereoface (see

Figure 7).
H>°-c—c
H/
R'R
>
Q
©
SR face a
H H/\C/c
*_c
c—C
H H
R Atace
&~
<
o
=
L
H- —C
W’ “H
S'A
Figure 7. Diastereomeric monomer units arising from attack

of the frontface and the back face of (R) 3-methyl-1-pentene on the

growing polymer chain.
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13 . )
In Figure 8 it is reported the C NMR spectrum of isotactic

poly (R,S)-3-methyl-1-pentene prepared in the presence of &-Ticl_-
10)

3

13 13
-al( CHag Zn ( CH3E

hid ’ a0 ) 20 ) 10 N

Figure 8. 13C NMR spectrum of the acetone insoluble-benzene sol-
uble fraction of poly (R,S)-3-methyl-1-pentene prepared in the
presence of G—TiCl3~Al(13CH3)3—Zn(13CH3)2. The resonances of the
enriched methyls of the diastereomeric 2' “C 2,4-dimethylpentyl end
groups are labelled with e and t.The e 13CH 's come from the front

3

attack (i.e. (R') (R) or (S')(S) faces), the t 13CH3's from the back
attack (i.e. (S') (R) or (R'") (S) faces) of Figure 8.

Reprinted with permission of the authors from Ref.10.

The resonances centered at 15.18ppm and at 13.33ppm from HMDS
are due to the enriched methyls of the diastereomeric 2'13C 2,4~
dimethylpentyl end groups resulting from the addition of Ti-13CH3
to the monomer diastereofaces. The different intensities of the two
considered resonances and the assignment reported in Figure 8 shows
that the front attack of Figure 7 is faster than the back attack10{
The rate of attack of Ti—CH3 to the diastereofaces of 3-methyl-1-
~pentene, in comparison with that of the attack to 3-methyl-1-butene
and 3-ethyl-1-pentene previously reported in the literature11{sug—
gests that, in the active state,the conformation of the 1-alkenes

+ -
branched on C3 might be either H skew or H skew (more or less _
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distorted). These conformations could lead to acceptable non bonded
interactions between the incoming 71-alkenes and the ligand environ-

ment of the active sites11'27{ A similarly different rate of attack

to the diastereofaces of 3-methyl-1-pentene was found also during

0)

X , 1 . e .
the chain propagation steps ~;, and justifies the "stereoselective"

10-28
behaviour of polymerization of chiral C-3 branched 1-alkenes {

RELATIVE REACTIVITIES OF SOME 1-ALKENES

Quantitative 13C NMR analysis of the enriched end groups result
.ing from binary copolymerizations in the presence of g—TiCl3 and
selectively 13C enriched cocatalysts, affords a fast and reliable
method for determining relative reactivity of 71-alkenes. We have
determined in such way, the relative reactivities(toward addition
of Ti—CH3)of ethylene; propene; 1-butene; 3-methyl-1-butene; 3-
methyl-1-pentene. and 3-ethyl-1-pentéene., in the presence of S—TiCl3-
—Al(13CH35—Zn(13CH3)229_31{ The results,reported in Reference 29,
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

1)

3
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" chirali
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ty of the active sites and increases while increasing the size of
any of the ligands 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
metalcarbon bond (at least when R'¢CH3). 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.g. by inversion of the configuration of the active site
during the macromolecular growth,or by migration of the growing

2)

polymer chain from D preferring to L preferring sites
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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 TH NMR analysis of iodine-bonded polypropylene. TH
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" polyolefins with Ziegler-Natta
catalysts is one target of research in the field of coordination
polymerization1k 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 copolymerSZ). 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. al.3'4)in the syndiotactic-specific
polymerization of propene with a soluble catalyst composed of tris
(2,4-pentanedionato) vanadium and dialkyl aluminium halide as
Al(C,Hg),Cl. 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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—65°C3). (ii) The formation of active centers is instantaneoussk

(iii) The chain propagation reaction takes place via an insertion of
coordinated propene into a vanadium-polymer bond and the rate is
inflenced by the aluminium component as co—catalyst3'5). (iv) The
molecular weight distributions of polypropylenes produced are as
narrow as 1.05 to 1.20 of Mw/Mn3s4), The syndiotactic regularities
of monodisperse polypropylenes are influenced by the kind of
aluminium component6’7). The living polypropylene end of the
vanadium-carbon bond has been found to react with some additives such
as I, and CO to give terminally functionalized polypropylene58_1oh
In addition, this new type of living polypropylene has been applied
to the synthesis of well defined block copolymers of propylene-

ethylene11), propylene-tetrahydrofuran8% propylene—styrene12% and

propylene-methyl methacrylate13h
This paper is a report of recent advances we have made on the
living coordination polymerization of propene with some soluble

vanadium-based catalysts.

RESULTS AND DISCUSSION
1. Synthesis of "Living" Polypropylene

Two different types of vanadium compound, tris (2,4-
pentanedionato) vanadium, V(acac)3, and tris (2-methyl-1,3-
butanedionato) vanadium, V(mbd)3, were used for the synthesis of

living polypropylene.

H
3
| l
H
HyC . G CHy HyC L GO~ -
cC - ~NC CI/ \‘C
ol o]
O\l ;/O O<; :/O
v V/
/3 3
V(acac)3 V(mbd)3

Figure 1 shows time dependences of polymer yield, Mn and Mw/Mn
of polymers, and the number of polymer chains produced per vanadium

atom [N] in the polymerization of propene with a toluene solution of
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Figure 1. Time dependence of yield, ﬁn and Mw/ﬁn of polypropylene

and of the number of polymer chains produced per vanadium atom [N]
in the polymerization of propene at -70°C with the V(mbd)3/Al(C2H5)2
Cl catalyst ( O) and the V(acac)3/Al(C2H5)2Cl catalyst (@) .
Polymerization conditions: propene=830 mmol, Al(C2H5)2C1:20 mmol,
toluene solution=100 cm3, V(mbd)3=0.05 mmol, V(acac)3=0.5 mmol.
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V(acac)3/Al(C2H5)2Cl or V(mbd)3/Al(C2H5)2Cl catalyst at -70°C. Both
the- yield and Mn 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/Mn) 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)3/Al(C2H5)2Cl
catalyst 1s 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 (MWD) of polypropylene were examined in the range
of -78°C to 3°C in the polymerization of propene with both catalysts
V(acac)3/Al(C2H5)2Cl and V(mbd)3/Al(C2H5)2Cl. For both catalysts,
the MWD of polypropylene obtained at temperatures below -65°C was
close to the Poisson distribution, while the MWD at higher
temperatures above -60°C became broader (Mw/Mn = 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 -65°C.

The polymerization of propene was performed at -78°C with
various types of dialkylaluminium monohalides in the presence of
V(acac)3. The results are shown in Figure 2. For all the
aluminium compounds in Figure 2, the Mn of produced polypropylene
increased proportionally to polymerization time and the
polydispersity (Mw/Mn) was as small as 1.15 + 0.05, indicative of the
formation of living polypropylene. The rate of increase in Mn,
i.e. the rate of propagation of a living polymer chain expressed by
Mn/(42-t), is influenced by the kind of aluminium component.

The stereoregularities of monodisperse polypropylenes were
determined from the |3C NMR spectra. The result is listed in Table
1. The syndiotactic triad fraction [rr] is also dependent upon the

kind of aluminium component.
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Figure 2. Time dependence of Hn and ﬁw/ﬁn of polypropylene

obtained at -78°C in the presence of different soluble catalysts

composed of V(acac)3 and aluminium alkyls. (A): Al(i—C4H9)2C1,

(Q): Al(C3H7)2Cl, (0): AL(C,Hg) ,CL, (v): AL(C,H) ,Br.
Polymerization conditions: propene=830 mmol, V(acac)3=0.5 mmol,

aluminium alkyl=5 mmol, toluene solution=100 cm3.



Table 1. Stereoregularities and molecular weights of polypropylenes prepared with

soluble vanadium-based catalysts at -78°C.

V-component Al-component Polym.time Stereoregularity Mol. wgt.
in h ~4= = =
[rr] [rm] [mm] [r] 10 "My Mw/Mrl
V(acac)3 Al(C2H5)2C1 3.0 0.65 0.32 0.03 0.81 1.50 1.1
V(acac)3 Al(C3H7)2Cl 2.0 0.63 0.33 0.04 0.79 0.76 1.1
V(acac)3 Al(i-C4H9)2Cl 3.0 0.52 0.38 0.10 0.71 3.50 1.1
V(acac)3 Al(C2H5)2Br 8.5 0.48 0.38 0.14 0.67 0.81 1.2
V(mbd)3 Al(C2H5)2Cl 6.0 0.64 0.30 0.06 0.79 1.70 1.2

acac: 2,4-pentanedionato, mbd: 2-methyl-1,3-butanedionato, r: syndiotactic(racemic)dyad,

m: isotactic(meso)dyad.

[4°X4
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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 TH NMR
analysis of iodine-terminated polypropylenes of low molecular
welights. As reported in previous paperss'g), the 1living
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 (Pn = 12) obtained
at -78°C with the V(acac)3/Al(C2H5)2Cl catalyst. Figure 3 shows the
TH 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.

9), these new signals are assignable

As reported in a previous paper
to the resonances of protons in the chain-end group bonding to iodine

atom as formed by reaction 1,

i CH,

3 i

*y +—CH-CH2—® 4 I, ————> I-C —CH2—® +v-I (1)
(1) ( 2)

o~

o mie

where *y3* represents an active vanadium center and <:> denotes the
polypropylene chain.

The chain-end structure (2) is formed by the reaction of I, 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 I, 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. 100 MHz |

H NMR spectrum of iodine-terminated propylene
oligomer ( ﬁn: 12 ).

Chemical shifts are in ppm down-field from
TMS.
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CH
. i3 ¢ G
_CH2—CH—@ + IZ —hﬂ I—CHZ-CH_® + v-I (2)
3 )

€3 (4)

w3

The doublet resonance of w-methylene proton in the chain-end
structure (4) is expected to appear at 3.1 - 3.2 ppm on the basis of
the 1H NMR spectra of some model compounds such as CH3~CH(CH3)—CH2—I
(a—CHz proton: 4, $3.10). 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, &§1.98, JH-yg = 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, §1.95, Jy_y =
6.8 Hy) in the higher field is related to the threo (syndiotactic)

placement of the same units (2-t), as represented by

( 2-e ) ( 2-t )
A PANA
Then, the intensity ratio, It/(It + Ie), represents the degree of

syndiotactic reqgularity of the last propylene units formed via the
secondary insertion into a vanadium-polymer bond. The value of
It/(It + I,) was determined as being 0.79 + 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—catalyst14).
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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)3/A1(C2H5)2Cl3):

where [M] 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 kg and Ky found at
-78, -65 and -48°C are listed in Table 2, together with their
activation energies.

Table 2. Rate constants kS and K, of elementary steps (Eq.3)

M
observed in the polymerization of propene with the catalyst

V(acac)3/Al(C2H5)2Cl.

Temp. kS EkS KM EKM
(°C) (s7h {kcal/mol) (dm3/mol) (kcal/mol)
-78 0.053 0.37

-65 0.12 8.1 0.35 0.8
-48 0.89 0.28

Eg.(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.

K 6
*V3+_ P. + C.H M S 3+
- P, —_— *V - P1+1 (4)

The constants Ky and kg 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 V3+ 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 v3+ complex was originally proposed by Zambelli and
AllegralS).

Molecular hydrogen was found to function as a chain transfer

agent for living polypropylenel6).

In the presence of H, the poly-
dispersity (Mw/Mn) of polymers increased with polymerization time and

approached 2.0, corresponding to a most probable distribution of

chain length. The chain transfer with H, could be expressed by
Eg.(5).
3+ ke 3
WS By f Hy —————= *v'- 5 + P (5)

The rate constant for chain transfer reaction with Hy, kt, was
determined to be 0.2 bar 1n™lat -78°c.

The reaction of living polypropylene end with additives such as
I,, amine and CO is of importance for 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 I, with the living polypro-
pylene end. The reaction was completed within a few minutes at
-78°C to yield a monodisperse polypropylene (Mw/Mn = 1.15). The
element analysis of iodine-terminated polypropylene indicated that I,
reacted guantitatively with a vanadium-polymer bond to give a new
iodine-polymer bond along the scheme (1). The iodine-bonded mono-

disperse polypropylene was reacted with an excess amount of ethylene



P._1~V(acac)Cl~A1

] 2Et4C12 Pi_l—V(acac)(C3H6)C1-A12Et4cl2 Pi—V(acac)Cl-Alet4C12

Figure 4. Proposed structure of active complex and mechanism for chain
propagation in the living coordination polymerization of propene with the
soluble V(acac)3/Al(C2H5)2C1 catalyst.

897
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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 NH,-functional polypropylene (5).

CH

. éHB r.t. NaOH
-CH- - +
CH, (:) H,NCH,CH NH,, — o
(2)
o
H2N—CH2-CH2—NH—CH—CH2—(:) (6)
(5)

The reaction of CO with the living polypropylene was performed
by adding carbon monoxide 0of 1 or 30 bar into the toluene solution of
living polypropylene produced with the catalyst of
V{acac)3/Al(CyHg),Cl 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 lOt

e 103 -78°C L
*y —CH—CH2—<:> + CO —— = xy -g—CH—CH2—<:>
&
(1)
CH

HC1 (3 4+
H—g—CH—CH2—<:> + VvV -Cl (7)

(6 )
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LIGAND EFFECTS ON METALLOCENE CATALYZED ZIEGLER-NATTA POLYMERIZATIONS

JOHN A. EWEN
Fina 0il 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 (ﬁ;/ﬁ;), 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.l’z)

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

3) ethylene/propylene

polypropylenes (PP) with novel microstructures,
copolymers (EP) with controlled composition distributions4’5 and
high density polyethylenes (HDPE) with both narrow and bimodal

)

molecular weight distributions (MWD).6

271
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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 13C NMR

3,9 gp

copolymer molecular weights were estimated from GPC data by empirical

structural characterizations have been described previously.

interpolation between the calculated values for PP and HDPE. RCps
were prepared under a N, atmosphere from stoichiometric quantities of
LiCp and the corresponding alkyl bromides in THF; allowing the
solutions to warm to ambient from dry ice/acetone temperature. RCps
were aromatized with n-BuLi and reacted with ZrCl4 without isolation
of the intermediates. The air stable complexes were purified by
vacuum sublimation and found to be spectroscopically pure by 1H NMR.
1:1 alumoxane/trimethyl aluimnum (TMA) mixtures were synthesized with
CuSOA.SHZO as described earlier.B) The cocatalyst for the HDPE
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

4-6)  The cocatalyst solutions

at 100 °C in a high pressure reactor.
obtained with this latter procedure contained insoluble white

material and resulted in relatively broad polymer MWDs of 3-4.

RESULTS

Polymerization Scheme.g)

It has been previously shown that

propylene polymerization rates for catalysts derived from szTi(Ph)2
vary linearly with the product of monomer, transition metal and total
Al concentrations with < 117 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 °C and
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molecular weights vary linearly in direct proportion with the

catalyst turn over numbers.

Scheme I

- ) ‘@E -;T’L‘
. c m ,“
Cp,TiR, + C = [Cp,TiRJIC] = [ IS JelC)

LN
1 2
~ ~ CH=CH, 3
/ ~
CH,
kp
R'
CpaTi 7
Pl cu,tl:u.n +C
4 CH;

Scheme I, for szTi(IV) polymerizations of propylene, is
representative of the kinetics for all of the polymerizations.

Under pseudo-first-order conditions:

R, = k_poqlCatgllCIIM] (1)
with

K oped = kaCKm/(l + K [C3Hg]l + K _[CD) (2)
and

K, [CyHe + KC[C] << 1 3

The oligomeric alumoxane = [Al(CH3)-O-]n is represented as C.
The propagation kinetics indicate low pseudo-equilibrium (competing
processes) and equilibrium levels of species 2 and 3 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 °C respectively; providing
there is only one chain per Ti.3)

Species 1 and 4 are formally a0 16-electron, coordinatively

unsaturated, pseudo-tetrahedral, bent metallocenes in the four
oxidation state. Structure 2 represents the catalyst in its resting
state. Intermediate 3 is shown with the monomer coordinated at a la1
orbital with the three non-Cp ligands and the transition metal in a
7a)

common plane. 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"
3,10)

cis-insertion. The bonding mechanism between the metallocene
and the cocatalyst is unknown.

‘Polypropylene stereoregulation. Two alternative

configurational microstructures for isotactic polypropylene (PP) are

represented by Structures I and II

(D) (11)

The pairs of adjacent methine carbons are predominantly meso (m)
dyads of the same relative configuration. The m dyads are connected
by one (Structure I) and two (Structure II) racemic (r) dyads,
respectively.

Ligand effects on stereoregulation are apparent from the
influence they have on the mechanisms by which asymmetry is
transfered to the growing polymer chain. Stereoregulation can be due
to a chiral stereorigid Cp ligand, to a conformationally stable

chain-end methine group or to both mechanisms simultaneously.

Table 1. Structures of metallocenes and their stereochemical

control mechanisms in propylene polymerizations.

ASPECIFIC CHAIN-END
CHAIN-END SITE AND SITE
@ . CONTROL CONTROL CONTROL
< - —CONTROL
Zr " R

(

(

Cp,2rCl, Ti “~~—. R R—}- 1,'i -~ Cl R-j- Ti ~-=aR
D (S

i —=aR Cp,TiCl, rac-Et[Ind],TiCl, rac-Et[H,Ind],TiCl,

meso-Et[ind],TiCl,
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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 13C NMR

spectrum of the methyl pentad region for isotactic polypropylene

obtained with szTi(Ph)Z. Only nine bands for the ten unique steric

arrangments of five adjacent monomer units are observed since the
11)

mmrm and rmrr pentads have the same chemical shifts.

Pantad Shift
mmmm 0.000 ppm
LARRR mmmr 0.248
rmme 0.469
mmrr 0.7
mmrtm
rmre 0.971
mrmr 1.170
rreee 1.482
rrrm 1.659
mrrm 1.843

mmmr | mmrr |
rmmr mnrm & rrrm
rmrr

CHEMICAL SHIFT, ppm

Figure 2. 13C NMR spectrum isotactic stereoblock polypropylene
obtained with Cp,Ti(Ph), at -30 °C.>)
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The three most intense pentad bands correspond to the longer
isotactic sequences (mmmm) and the stereoblock junctures (mmmr and
mmrm). The predominant pentads identify the polymer
.. .OmOmOrmomarmoom. . . Stereosequences in accord with Structure I.
The connected pentads in Figure 2 have equal intensities within
experimental error; as required by the structural model. Further,
all the pentad intensities can be calculated using one adjustable

23)

parameter and Bovey's theoretical Bernoullian statistical

equations for chain-end controlled stereospecific polymerizations.3)
Sructure I is obtained since steric inversions during propagation
result in the new absolute configuration of the last inserted monomer
unit becoming the most probable one in the succeeding enchainment.

The stereoblock polymers with less than 95 7%-m placements did

BAND INTENSITIES
Triad Experimental Calculated
mm 0.54 0.54
mr +rm 0.30 0.31
rr 0.16 0.15
e ———
Mn = 96,600
M. = 154,000 B = 0.89
W, = 0.37
Figure 3. 13C NMR spectrum of methyl region for polymer mixture

obtained with meso- and rac-Et[Ind],TiCl, at -60 °C. (m.pt. = 94 °C).
2 2

not exhibit sharp melting points. Final m.pts. for the samples
obtained at -30 °C (83%-m) and at -60 °C (85%-m) were 55 °C and
62 °C respectively.

Site control. The 13C NMR spectrum for the methyl region of PP



Ligard Effects on Ziegler-Natta Polymerizations 277

obtained with a mixture meso- and rac—Et[Ind]zTiCI2 at -60 °C is
displayed in Figure 3.

Heptad effects preclude accurate measurement of the pentad
intensities for this particular spectrum. The experimental and
calculated triad band intensities are shown, however, to be in accord
with a 2 parameter model for a mixture of 637 isotactic and 37%
atactic PP with the chiral catalyst having a probability parameter of
0.89.

Calculation of 3 observables with 2 parameters does not prove
the site control mechanism. Indeed, this mixture of atactic and
isotactic material ''falsely" satisfies the enantiomorphic-site
control triad (2[rr]/[mr] =1) and pentad (mmmr:mmrr:mrrm = 2:2:1)

3) Convincing evidence for isotactic material with

tests.
Structure II due to an enantiomorphic-site control mechanism and an
atactic fraction consisting of an ideally random structure was
obtained by calculating the nine pentad intensities with a 2
parameter model after fractionation of the original sample.3)

The catalyst chirality dictates stereoregulation in the chiral
catalyst site control mechanism. This results in the occasional
steric inversions in the chain being predominantly reversed in
succeeding monomer enchainments.

Dual control. The dual control model assumes mixed
stereoregulation in which the stereochemistry is controlled by the
enantiomorphic~-site and by the chain-end simultaneously. The
mathematical framework for this dual control model was laid out by

12) and the pentad equations listed in Table 2 were derived by

26)

Price

Stehling.
The spectrum of polypropylene obtained with rac—Et[H4Ind]2TiC12

at 0 °C is recorded in Figure 4 and Table 3. The sample had

ﬁn = 37,100 and E;/g; = 2.1 (Figure 5). This indicates that it was

13) Triad analysis and mechanistic

produced by a soluble catalyst.
model tests are consistent with the material having the
enantiomorphic site control structure (Structure 1I) to a first
approximation.

The pentad intensities are better accounted for with a 2
parameter model in Table 3. (The 4 parameters are defined in terms
of each other.3)) The relative intensities of the mmrr and mmrm

bands prove that enantiomorphic-site is the predominant mechanism.
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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
ineffective near and above the PP glass transition temperatures.3)

Isotactic polypropylene obtained with rac-Et[IndH4]2T1C12 at

—60 °C contains 95%-m placements.

The polymer had a melting point of

144 °C. The only clearly discernible bands other than the mmmm pentad

o

Figure 4.

P, = 0.909 F, = 0.887
P, = 0.285 Fp = 0.113
BAND INTENSITIES
Pentad Experimental Calculated
(E. mmmm 0.56 0.61
Rw-Ti ~=R mmmr 0.15 0.13
) ; rmmr 0.019 0.01
mmirr 0.12 0.10
0.04
mmrm
+ ]— 0.070 >=o.o7
rmirr 0.03
mrmr 0.013 0.017
rrrr 0.006 0.004
rrrm 0.013 0.0125
mrrm 0.049 0.048
1.00 1.00
E
E
E
E

13¢ »mr spectra of the methyl pentad region of

polypropylene obtained with rac-Et[IndH4]2T1C12 at 0 °C.(m.pt.= 99°C)



279

Table 2. Summary of dyad, triad and pentad intensities for the

. . a
one site mixed-control model.

C type Intensities

m 2 - P - Pb) [P (1 - Py ) + Py a-rp )]
(Z-Pa_Pb) [2(1 'P)(l ‘Pb)]

- (2 - P, - b)'1[(1 - P )P 2 + (1 - PP 2]
nr 2 -p, - Pl 200 - DA - B, % Pb)]
rr 2 - P, - 27 - P - B
mmmm F P 4 + Fbe4
— F, [P 31 - p) + 20 - P
+E [P35 - B + P 3(1 - P
p— P PO - B + FPAA - PO - B)
norr 2F P, 2(1 - p)Q - Pb) + 2P 21 - PO - B)
norm F [P, 2p (1 -p)+p2p (- )P B}
+ F e, 2p (1 -p) 2 (1 - P
rorr F [P, (1-P ) (1 - P ) + P, (1 - P ) 1 -P)]
¥R P, - P - pb)2 : P, (1 - P)(1 - P71
mror 2Pan(1 - Pa)(l - Pb)
rrrr a-rp ) a1 - Pb)
rrrm F [P, q-» Qi - ) + Py(1 - P D - p)]
w1 - 2)( - Py +P(1-P)(1-Pb)2]
nrrm F,P a2(1 S P )1 - B + PR - PO - P
where F, = (1 - P,)(2 - P, - Pb):i
and Fy - (1 - Pa)(2 - P, - Pb)
a)Equations derived by F. C. Stehling.26) Parameters were defined in

ref. 3)



280 J.A. Ewen

were two relatively small bands with a 1:1 intensity ratio which had
the mmmnr 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[IndH4]2TiC12 at 0 °c.

Band ) Intensities
One Species;

C-type Experimental Mixed Control Difference

m 0.83 0.86 -0.03

r 0.17 0.14 0.03

mm 0.73 0.74 -0.01

mr 0.20 0.19 -0.01

rr 0.068 0.065 0.003
mmmm 0.56 0.61 0.05

mmmr 0.15 0.13 -0.02

rmmr 0.02 0.01 0.01

mmrr 0.12 0.10 0.02

mmrm 0.04«

nrmr 0.070 0.03° 0.07 0.00

rmrm 0.013 0.017 0.004
rrrr 0.006 0.004 0.002
rrrm 0.013 0.0125 0.01

mrrm 0.049 0.048 0.001

®)For mixed control model P, = 0.909; F, = 0.887; P, = 0.285;

Fb = 0.113. Parameters defined in ref.3). Polymerization conditions
were - 60 °C; .0l4 mmoles Ti; 4.1 mmoles Al; 1 h; 4.8 moles C3H6;
400 cc toluene;0.15 g yield and O °C; 0.0042 mmoles Ti; 36 mmoles
Al; 5.05 moles C3H .

6

400 cc toluene; 5.5 h and 0.60 g yield.

The difference in the stereoregulation mechanisms for
rac—Et[IndH,],TiCl, and rac-Et[Ind],TiCl, 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).



Ligard Effects on Ziegler-Natta Polymerizations 281

] 1 1 |
.0E03 1.0E04 1.0E05 1.0E06

Molecular Weight Average

Figure 5. GPC elution curve of polypropylene produced with
Et(IndH,]TiCl, at O °c. ﬁh = 37,100 and ﬁw/ﬁ; = 2.1. The impurity
centered at 10~ MW represents less than 27 of the total polymer.

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[IndH4]2TiC12
probably labilized towards ligand exchange (electron donating Cps)

are most

resulting in two chains per site. The Cl anions are bound more
tightly to Ti in rac-Et[Ind]zTiCI2 (electron withdrawing Cps)
resulting in only one chain per site. rac-—Et[Ind]zTi012 is more
stable than rac—Et[IndH4]2T1012 at -60 °C during polymerization and,
as a result, gives moderately higher PP yields.

Ethylene/propylene copolymerizations. The structures of the
7b)

intermediates for the Zr complexes synthesized to investigate the
Cp steric effects on ethylene/propylene copolymerizations are shown
in Table 4. The alkyl substituted Cp ligands are more sterically

hindered than Cp,2rCl, at the monomer coordination site.

The Si pridged derivative is strained, with a reduced Cp-Zr-Cp

14)

angle (10 degrees) and has an enlarged R—Zr-L angle. This change

in geometry creates a monomer coordination site which is less
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Table 4. Structures of reaction intermediates for zirconocenes

with substituted Cps.

L .
135° R _
97° /Z- -
—\ =70°
Al

(Me),Si

= @AY

sterically hindered by both the Cp ligands and the chain ends. Cp*
has the opposite effect. The ligand steric effects are clearly more
pronounced for the coordination of bulkier monomers.

13C NMR spectrum of an EP copolymer produced with a szTl(IV)
based catalyst has been reported previously 19) and the EP chemical
shift ssignments have been summarized by Carmen et. a1.15) For the
EP copolymers produced with Ti, the peaks at 34.9, 33.6 and 27.9 ppnm
due to carbons in sequences with inverted propylene units were
negligibly small. Table 5 contains some typical polymerization
conditions and polymer yields for copolymerization with single and

mixed caralysts.

The dyad and triad sequence distributions in the copolymer
samples were were determined from the secondary and tertiary carbon
atom peak areas with the equations reported by Knox et. a1.16) The
polymer compositions were calculated from the dyad and triad

distribution equations (Eqs. 4 and 5).
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Table 5. Representative yields, polymerization conditions and

compositions of ethylene/propylene copolymers prepared with

283

metallocene complexes.a)
Metallocene, Al, time, Yield Polymer
mmol mmo 1 h g mole-7
C3Hg
szTi(Ph)2 16 1.5 14.4 35
(3.13)
cp’,zrc1,® 16 1.5 76 3.4
(0.312)
szTi(Ph)2
(3.37)
+ 16 1.0 62 6.0
Cp*ZZrC12
(0.274)

) Reaction conditions: 402 cc toluene; 200 cc C4Hg (<10%
*
conversion); 50 °C; P(CZHA) = 25 psig. b) Cp = MeCp.

lav]
il

PP + 1/2PE
EE + 1/2PE

PPP + PPE + EPE (4)
EEE + EEP + PEP (5)

m
]

The triad sequence distributions can be calculated in terms of

the first-order Markovian satistical process for of a binary

k

E-M + C2H4 —_— 11-—~> EE-M (6)
k
E-M + C3H6 22 — EP-M (7
— K —» PE-M (8)
P-M + C2H4 21

k
P-M + C3H6 o 22——> PP-M (9)
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copolymerization involving the propagating steps in Eqs. 6 to 9.
Here ki' is the rate constant for step ij, and the subscripts

1 and 2 refer to ethylene and propylene, respectively. 1If steady

state conditions are assumed the monomer reactivity ratios ry and r,

can be calculated from the dyad sequence distributions:
ry = ky,/ky, = 2EE/PE.X (10)

= 2PP.X/PE (11)

ry = kyg/Kog

where X 1is the solution molar ratio of 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 ry r, ry.ry Method
Cp,Ti=CH, .DMAC®) 24 0.0085  0.20 NMR
Cp,Ti(Ph), 19.5 0.015 0.29 IR
[cp,zrcl],0 50 0.007 0.35 NMR
cpyzrcl, 48 0.015 0.72 IR
Me,SiCp,ZrCl, 24 .029 0.70 IR
cp,2rcl, <) 250 .002 0.50 IR
22rCly "
(MeCp)ZZrCl2 60 IR

a)Tebbe reagent with DMAC = dimethylaluminum chloride. b)Copolymer
probably contains significant levels of H-H and T-T propylene
regioirregularities. C)Approxim&t:e "copolymerization parameter"
(rl) determined from IR measurements and assuming an ideal

Bernoullian copolymerization with ry.ry = 1.

Determination of the reactivity ratio products using IR

17) and using

measurements and the Fineman and Ross equation
alumoxanes that were obtained by direct water hydrolysis with the IR
methods gave closely analogous results for r, but with higher r,.r,

values. Comparison of the values obtained by NMR and IR for the two
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szTi(IV) and two szzr(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) a?g)the Carman and Wilkes NMR methodii) were noted by

d.

r,.r, values can be obtained if more than one distinct polymerization

21,22)

other workers after this study was complete Anomolously high

species are present. 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 CuSOA.SHZO

The large variation in the four zirconocene r, 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.

The moderately alternating copolymer structure obtained with
szTi(IV) and the more random copolymer structure for Cp22r(IV) are
consistent with the former catalyst having, predictably, greater
non-bonded interactions between the CHy groups of coordinated C3H6
and propylene chain-end units. The decrease in the L-Zr-R angle in
Cp*ZZr(IV) relative to szzr(IV) results in the former complex
producing a more alternating copolymer, as expected. The opposite
effect with MeZSiCp2Zr(IV) may have been masked by neglecting the
regioirregularities with this relatively unhindered species.

The Cp* ligand offers a unique opportunity for synthesizing
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 wlth a mixture of Cp 2Zr(IV) and Cp2T1(IV) is
shown in Table 5. Cp 2Zr(IV) and Me281CpZZr(IV) mixtures give
analogous results from ligand effects alone but with lower molecular
weights for the elastomeric fractions.

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.zo)
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High density polyethylene.

The effects of Cp substituents on

polyethylene molecular weights using zirconocenes under equivalent

conditions are listed in Table 7.

Table 7. Representative yields and molecular weights of HDPE

. . a
prepared with zirconocene complexes.

Metallocene, Yield, 10-3'§w MWD
kg/g-M.h.atm

(MeCp)ZZrcl2 467 212 3.8

(Eth)ZZrcl2 306 171 3.8

Cp,zrCl, 252 140 3.5

Cp ,ZrCl, 71 63 4.7

a)Reaction conditions:

Al/Zr = 24,000; time =

402 cc toluene; 80 °C; P(CZHA) = 60 psig;
30 min. The alumoxane, obtained by hydrolysis

with water, results in a lower ﬁn and a broader MWD than usual.

The molecular weights vary linearly with
rates (over 3 fold) for the four complexes at
conditions. A balance between the importance

electronic Cp ligand effects is apparent from

the polymerization
this particular set of
of both steric and

comparisons of CpZZrCI2

with the complexes having alkyl Cp substituents.

*
The bulky Cp 1ligands decrease the polyethylene propagation rate

(Eq. 2) by reducing both K. and Ko (Scheme 1I).

The reduction in

molecular weight is not a consequence of increased termination rates.

*
It has been shown previously that the higher basicity of Cp

decreases k_ (termination by p-hydride elimination) relative to Cp in

propylene polymerizations by decreasing the acidity of the metal.3)

The monoalkyl substituted Cps show the interesting result that
the catalyst with MeCp is more active and gives a higher molecular

weight than the catalysts with EtCp and Cp ligands. The MeCp
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Table 8. Molecular weights and polydispersities obtained with

s s . a
individual and mixed complexes.

Complex, mg Conditions Yield,g 10-3.ﬁ£ ﬁ;/ﬁ; GPC
*
Cp 2Zr(CHs)2 (0.10) A 20.6 42.0 3.31 Unimodal
szTi(Ph)2 (1.02) A 13.2 184 3.03 Unimodal
Cp ,2r(CHy), (.102)
+ A 20.1 58.6 5.51 Bimodal

szTi(Ph)2 (.906)
CpZZr(CH3)2 (0.015)

+ B 10.7 63.0 7.8 Bimodal
Cp,Ti(Ph), (5.18)
CpZZr(CH3)2 (0.151)

+ B 13.1 16.5 5.4 Bimodal
Cp,Ti(Ph), (5.50)

a)Polymerization conditions: (A) 511 cc toluene; 50 psig ethylene;
20 cc of cocatalyst with 0.64 M total Al; 50 °C; t = 30 minutes for
individual complexes and 15 minutes for mixed complexes.

(B) 441 cc toluene; 60 psig ethylene; 15 mmoles total Al in
cocatalyst; 80 °C; t = 40 minutes

catalyst receives the benefit of increased electron density at the
metal (increasing kp/kt) with relatively little opposing steric
effects on ethylene coordination.

The data collected in Table 8 shows that the narrow molecular
weight distributions obtained with individual metallocenes can be
broadened considerably by adding controlled amounts of more than one
catalyst to the polymerization system. Further, the higher molecular
weights obtained with Ti relative to Zr under identical
polymerization conditions have permitted the use of mixed metal
catalysts for the syntheses of materials with GPC elution curves
having resolved bimodality (Figure 6). Simply varying the Ti/Zr
ratio permits tailoring of M_ between 16,000 and 63,000.
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Ti/Zr = 250
Ti/Zr = 30 <MWD =7.8

MWD =5.4»

T T T
104 105 106

Molecular Weight Averages

Figure 6. GPC elution curves of HDPE produced with szTi(Ph)2 and
Cp22rC12 mixtures.

DISCUSSION

Chain-end control.

Three alternative mechanisms in which

transfer of asymmetry from an enantiocmorphic active site have

Table 2.

Concentration dependencies of stereoregularities from

mechanisms that predict the isotactic-stereoblock PP structure.

T

Mechanism R(m)/[Ti*] R(r)/[Ti*] m/r
Isomerization kp[C][C3H6] kr k'EC][C3H6]
(kP[C3H6]) (kr) (k [C3H6])
Al Transfer kp[C][C3H6] kr[C] k'[C3H6]
(k [C3H6]) (kr[C]) (k'[C3H6]/[C]) .
Ti Transfer kaC][C3H6] k(T2 k' [C1[CoH 1/ [Ti"]
%] (k' [CHg )/ ITi™])
(i, [C4Hg ) (k [T1 D) 376
Chain-end km[C][C3H6] kr[C][C3H6] k'
(km[C3H6]) (kr[C3H6]) (k")
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CpyMR, CpyMR,
H2=CHMe MeCH=CH2
endo exo

The decreased steric interactions with MezsiCpZZrC12 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

szTi(IV)16a)

experiments by Katz and Yannoni et. al.

and with the elegant polyacetylene isotopic labelling
16b)

"Agostic'" C-H-Ti bridges creating chirality at the methylene
carbon of the chain-end is inconsistent with the lack of isotope
effects on the polymer stereoregularity when cis-CD3CD=CHD was

3)

Catalyst/cocatalyst interaction. The steric bulk of the

substituted for propylene.

alumoxane presumably prevents the soluble szMRL.alumoxane species
from deactivating by bimolecular reductions. The catalyst/cocatalyst
bonding interactions in species 3 (Scheme I) were suggested by

.25) to create an inner-sphere, hexacoordinate complex

Kaminsky et. al
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.3’7)
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.
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been proposed to result in Structure I. They involve isomerizations

of chiral active sites,21) Al transportation of polymer chains

2)

soluble racemic Ti complexes.

and exchanges of polymer chains between

3)

processes changing the environment of the chain-end be slower than

: . . . 2
between enantiomeric sites

All three require that the chemical

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
3)

The chain-end Ti stereochemical control mechanism with "1-2"
insertion3)
for PP. AA d*is less than 2 kcals/mole, as it is for the chain-end

all the reactant concentrations.
takes effect at about the glass transition temperature

controlled syndiotactic VC1l, '"2-1" insertion polymerization of
4 poly

23 Both chain-end control systems occur with a reversed

propylene.
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 insertion predicts syndiotactic polymers with pentad

distributions analogous to the isotactic site-control model with m
and r reversed in the distribution equations.
Regiospecificty. Molecular models indicate the Cp ligands

affect regiospecificity through steric interactions with the

propylene methyl group favoring the formation endo isomers.
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Rearrangements to monohapto or allyl Cps to create additional
coordination vacancies are ruled out since the relative
polymerization rates of Et[Ind],TiCl, and Et[IndH4]2TiC12 indicate
that monomer coordination is not accelerated by the 'indenyl ligand

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 Cp:Ii(IV) complexes are
practically inactive towards ethylene polymerizations.
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PREPARATION OF SPECIAL POLYOLEFINS FROM SOLUBLE ZIRCONIUM
COMPOUNDS WITH ALUMINOXANE AS COCATALYST

W. KAMINSKY
Institut flir Technische und Makromolekulare Chemie, Universitét
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 25-106 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.

With bis(cyclopentadienyl)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 (bistetrahydroin-
denyl) 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(cyclo-
pentadienyl) zirconium compounds and the coactivator methylalu-
moxane with the structure (Al (CH )O)6 20 gives activities up
to 25- 106 g polyethylene/g Zr-h. Assuming that every zirconium
atom is an active center, the turnover time for one ethylene

insertion step is only 5-10-5 51—3).
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Every active center inserts more than 20 00O 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.

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 °C 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 10 000
and 2 000 000 by changing the polymerization temperature be-
tween 20 and 100 °C 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-
ly 2.

Natural substances like starch, cellulose and lignin can,
due to their free water, form aluminoxane analogous structures
on 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 combined.4/3)

In the same manner it is possible to cover cellulose, lig-
nin or inorganic materials like CaCO3, CaSO4'O,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.qg. 108 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 = 1,8-108);

further increase of the hexene proportion leads to a final de-
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Table 1. Conditions and activity of ethylene (E) and
hexene (H) copolymerization at 60 °C in toluene with

CpZZr(CH3)2/methylaluminoxane (1,7-10_2 mol Al/1)

Activity Yield E H Zr Time H
kg PEH g {(bar) (mol/l) (mol/1l) (h) in Polymer
(mol=-%)
1970 6,0 4 0,12 1-10"7 1,00 0,4
2300 7,0 4 0,36 11077 1,00 1,0
2800 8,5 4 0,72 11077 1,00 6,5
2630 8,0 4 1,20 1-10"7 1,00 12,5
1580 16,0 4 0,36 1-10°% 0,20 1,4
1900 14,5 a4 0,72 1-10"% 0,15 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 enerqgy 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
to the method of Finemann—RossGthe copolymerization parameters

r, and r, were calculated from the insertion rates. At 20 ¢

they were found to be r, = 55 for ethylene and r, = 0,005 for
hexene, respectively (Table 2).

Table 2. Ethylene-hexene-copolymerization parameters (Zr)
= 10—6 mol/l, ethylene 4 bar, hexene 25-95 mol-%.

k11 k

1 2 22

(1/mol-s) (1/mol-s)
20 ¢ 55 0,004 150 0,2
40 °c 54 0,005 1 450 0,6
60 °c 52 0,005 3 460 1,5
70 °c 79 0,005 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 60 g/1
2 10 g/1 5 100 g/1
3 30 g/l 6 200 g/l

These figures go along well with tnose from 13—nmr—se—
quence-analyses. Figure 2 shows the 13C—nmr——spectrurn of a
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 °C there is even less insertion of the comonomer (r1 =
80). A drop in zirkonocene concentration by a factor of 10
will lead to less incorporation of the a-olefin.

As for homopolymerizations of ethylene an increase in the
aluminoxane concentration will cause an increase in activity,

even for hexene concentrations of app. 75%. From this the re-
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action order with respect to aluminoxane 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 60°C
to a molecular weight of 100 OO0 instead of 200 000 for ethy-
lene homopolymerization. This is achieved without any loss of
activity. Right along with this decrease in molecular weight
there is an increase in the proportion of vinyliden groups in

the copolymer, as can be seen by ir-spectroscopy {(Table 3).

Table 3. Concentration of unsuturated endgroups in the

ethylene~hexene~copolymers (IR-measurements)

Hexene Trans=- Vinyl/ Vinylidene/
in Copolymer vinyl/ 1 000 C 1T 000 C
mol-% 1 000 C
e} 0,03 0,12 0,02
1 0,02 0,15 0,06
1,9 0,03 0,20 0,15
4,6 0,04 0,14 1,00
7,7 0,04 0,11 1,20

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-
latively narrow; a typical figure of Mw is 2, which corresponds

M
n

well with the predominance of one kind of active centers.

In addition to ir 1H-13C-nmr 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 17 degrees to 119 c.
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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 °c to 0 °c dur-
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.

Polyhexenes have been produced at polymerization tempera-
tures of 20, 40, and 60 c. 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 °C under 0,01 Torr reduced pressure.

The proportion of vinyliden groups is extremely high
(app. Tgé% 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 CPZZrIV—com—
pounds, Cpé?H3)5—CerC12 or (Cp(CH3)5)2ZrC12. For low tempera-
tures Ewen reported that small amounts of isotactic poly-
propylene are obtained with CpZZrPhZ. The atactic polypropy-
lene shows a narrow molecular weight distribution of 1,6 to
2,5.

If the m-bonded cyclopentadienyl ligands of the zirconium
compound are changed for ethylene-bridged indenyl-rings a ste-

reorigid chiral-zirconium is formed (Figure 3}.

Figure 3. Structure of rac-ethylene(bistetrahydro-indenyl)

zirconiumdichloride1o’11).

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(indenyl)-or tetrahydro-
indenyl) zirconiumdichloride together with methylaluminoxane
as catalyst we were able to obtain pure isotactic polypropy-
lene. Table 4 shows the polymerization conditions and acti-

vity12).
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Table 4. Polymerization of 70 ml propylene with rac-Et
(Ind)ZZrCl2 (I) or rac—Et(TH—Ind)2 (II) and 1,6'10-2 mol Al/1

methylaluminoxane in 330 ml toluene.

Catalyst T Time Yield Activity
(mol/1) (°c) (min) (9) (kg PP/mol Zr -h)
71077 1 15 620 3,6 1 500
71077 1 21 500 31 16 000
7,7-107% 1 32 20 31 12 000
8,4-10°% 1T -20 360 1,5 80
8,4-10°° 11 -10 270 4,5 300
8,4-107° 11 o 255 12,5 880
8,4-107% 11 8 180 13,0 1 300
8,4-107% 171 15 170 26,7 2 900
8,4-10°° 11 20 120 31,3 4 750
8,4°10°° 11 60 90 38,7 7 700

The (indenyl) zirconocene is more active than the (tetra-
hydroindenyl}zirconocene. The activity increases with increas-
ing polymerization temperature and reaches a value of 16 000 kg
isotactic polypropylene per mol Zr and h. The properties of

the obtained polypropylene are shown in Table 5.

Table 5. Properties of isotactic polypropylene obtained

with the zirconium catalyst.

T (°C) ﬁw M /M Solukle Prod. Isotact. Ind.
- 10 305 000 2,6 0,25 % 90,0

o} 144 000 2,4 0,2 % 88,1

15 62 000 2,0 0,7 % 87,3

20 45 000 1,9 1,0 % 86,0

32 57 000 - - 95
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The toluene soluble part consists of less than 0,2 weight
percent and therefore lies below that of isotactic polypropy-
lene produced with supported catalysts. The high index of iso-
tacticity, determined via the method of Luongo, together with
the frequency of triads in nmr experiments (95,9 mm; 3,2 mr;
0,9 rr} suggest that propene is exclusively head to tail
bonded with the same overall configuration. Only every 50th
propene unit has the wrong configuration.

Molecular weights are strongly dependent on reaction tem-

perature as is shown in Figure 4.

Motq <107
3001 .
el
2004
1001
-20 0 20 40 60 T,(°C]
Figure 4. Molecular weight of isotactic polypropylene in

dependence of the polymerization temperature.

By variation of reaction temperature in the range from
-20 °¢c to 60 °C molecular weights from 300 000 to 1 500 are
yielded.



Polyolefins from Soluble Zirconium Compounds with Aluminoxane

Furthermore, a separation of the racemic mixture of the
zircono~ene compound into optically active pure enantiomeric
forms could be performed, leading for the first time to op-
tically active polypropylene. Table 6 represents different
values for the specific rotations of soaked polymer suspensions
as have been found for various solvents and after different
pretreatment. Being bound to the optically active center, the

polymer chain is formed dominantly in only one screw sense.

Table 6. Measurements of specific rotations.

Instrument: Perkin Elmer 243; employed wavelength: Na-D-line
T Omeas.-100,

(589 nm); specific rotation: o0 = = 1 :

= = H = i i _g__
1 = length of sample tube = 1 dm; d concentration in T00 ol
specific rotation of the employed catalyst: a ;g% = +297 ©
Sampl Solvent d T

ple olve “meas. % 589
atactic PP decalin 1,775 -0,025 -1,4
isotactic PP decalin 0,285 -0,350 -123
isotactic PP o-xylene 0,280 -0,700 =250
isotactic PP toluene 53,0 iO -
isotactic PP dcaa* 0,210 iO -
isotactic
polybutene decalin 0,114 +0,150 +130

* dichloroaceticacid, helix-destroying solvent

After getting rid of the metal center, the so formed
helix (3/1) remains stable, unless treated under higher tempe-
ratures or being completely dissolved.In these cases the optical
activity will be lost by racemization into helices of both
screw senses.

A transparent foil of app. O,1 mm thickness from the op-
tically active polypropylene displays after orientation an

angle of rotation of -65 °,
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KINETIC STUDIES ON ZIEGLER-NATTA POLYMERIZATION - AN INTERPRETATION
OF RESULTS

P.J.T. TAIT
Department of Chemistry, UMIST, Manchester M60 1QD, 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_ are presented for the
polymerization of propylene and 4-methylpentene-1 by MgClQ/EB/TiC14—
Al(i—Bu)3 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-1 polymerlzatlon are
discussed in terms of C and k_ values. Increased values of C

obtained for higher a-olefin polymerization are also presented.

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 coworkers1’2)’

_6)

4
by Chien3), and by Keii et al on the polymerization of

propylene; by Grieveson et al6_8) and by Bbhm9—11) on the

12=15) 5n the polymer-

polymerization of ethylene; by Yermakov et al
16-23) n the

ization of both ethylene and propylene; and by Tait et al
polymerization of o-olefins such as 4-methylpentene-1.
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

24,25)

activity , differing stereospecificity and differing stability.
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Additionally, physico-chemico processes such as adsorption have been

. 16-23 .
shown to be important ) and, under appropriate circumstances,

diffusion processes may operate alsoz6), At the present time with
the advent of second and third generation high activity supported

27,28)

catalysts the overall kinetic behaviour is recognized to be even

more complicated with the added complications of third compohent

participation and related reactionszg),

PHENOMENOLOGICAL BEHAVIOUR

Early research by Natta and Pasquonz) using a—TiCl3 catalysts
clearly established that breakdown of the TiCl3—matrix took place
during the polymerization and that the steady state polymerization
rate was more or less independent of the initial size of the TiCl3
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.

This breakdown, during the early stages of the polymerization
reaction of the TiCl3 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.

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
>) and Tait22'24).

first generation catalysts such profiles can often be considered to

profiles has been discussed previously by Keii For
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 showh in
Figure 1.

Type A behaviour i1s shown by many first generation catalyst
3 VCl3, 6—TiCl3 0.33 AlCl3, etc. catalysts
when used with dialkylaluminium halides as cocatalysts for the

systems, e.g., a-TiCl

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
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Figure 1. Some typical rate-time profiles.

constant or decreases with time. The use of trialkylaluminium as
cocatalyst normally produces a more active but less stable catalyst
system. Many high activity supported catalyst systems show either
C or D type behaviour in which the rate may either start at a
maximum value or rise very rapidly to a maximum value and then
decrease rapidly with time, e.g., MgClZ/EB/TiCl4—AlEt3 catalyst
systems when used for either propylene or ethylene polymerization

(EB = ethyl benzoate). Type C behaviour has also been observed in

the polymerization of styrene by catalysts derived from TiCl4 and

AlEt330,31)

Cp,TiEtC1-AlEtCl,
catalyst systems, e.g., VOC12-2THF—A1R3 in vinyl chloride

polymerization33), Solvay & Cie ether treated catalysts in propylene

and by many homogeneous catalyst systems, e.g.,
in ethylene polymerization32), and certain modified

polymerization show E type behaviour where the settling period is
more or less eliminated and breakdown of the porous catalyst particles
is practically instantaneous on treatment with an alkylaluminium

compound. Thereafter the rate only decreases very gradually with
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time34),

The use of phthalate esters in MgCl2 supported catalysts
can yield type F behaviour in the polymerization of 4-methylpentene-1i
(4-MP-1). Here no settling period is observed and the rate remains
almost completely constant with time35).

The principal factors giving rise to the observed types of rate-
time profiles are as follows.

(a) Catalyst Matrix Type and Preparation.

The stability of the catalyst matrix has a profound effect on the
rate-time profile and this is evidenced by the presence or absence of
a settling period. Solvay & Cie ether treated type catalysts have
highly porous structures and catalyst matrix breakdown takes place
very rapidly on treatment with alkylaluminium chloride to produce
primary catalyst particles with good time ?tability. A typical plot
4

, . , , 3
of rate versus time is shown in Figure 2 .

TICl, 5.0 mmot dm

8.0
©
=7 2 0
ofr
el = 8.0
Sl E
~
| &
o' [~ 40 F
I° a
-|a
o
20r
- 1 il J
1.0 2.0 3.0 4.0

time / h

Figure 2. Plot of rate versus time for the polymerization of
propylene at 60 °c using a Solvay & Cie ether treated Ticl3 catalyst.
[TiCl3] (Jv161) = 5.0 x 10—3 mol/de; [AlEtZCl]:[TiCl3] = 2:1.

When using MgC12/electron donor/TiCl4 catalyst systems the type
and concentration of the donor used can have an important effect on
the observed rate-time behaviour. Figure 3 illustrates the rate-time
behaviour of two MgClz/electron donor/TiCl4 catalysts for the
polymerization of 4-MP-1, one containing ethyl benzoate and the other

a phthalate ester35’36),
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Figure 3. Plots of rate versus time for the polymerization of 4-MP-1

using MgClz/electron donor /TiCl —Al(i.-Bu)3 catalysts.

4
b) Alkylaluminium.

Rate-time profiles are affected by both the type of alkyl-
aluminium compound used as cocatalyst, e.g., whether a trialkyl-
aluminium or a dialkylaluminium halide is used, and by the
concentration of alkylaluminium as is observed in the polymerization
of propylene by 5—TiC13'O.33 AlCl3—AlR3 or AlRZCl catalyst systems
in hydrocarbon media. The observed behaviour is complex arising from
alkylation, reduction, extraction (i.e., AlCl3), and catalyst
modification reactions.

Variation of the trialkylaluminium concentration can bring about
profound changes in rate-time profiles for MgClZ/electron donor/TiCl4
catalyst systems as is shown in Figure 4.

This behaviour of believed to arise from adsorption reactions

and has been analysed by Keii37).

The presence or absence of an
electron donor in the cocatalyst affects also the actual rate-time

behaviour which is observed.

(c) Monomer.

For polymerization using MgClz/electron donor/TiCl4 catalysts it
is not often realized that the actual monomer may affect the observed
rate-time profiles. 1In particular a-olefins such as 4-MP-1 exhibit

different rate-time profiles from those shown in either ethylene or
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Figure 4. Plots of rate versus time for the polymerization of
propylene at 60 °c using a MgClZ/EB/TiCl4 catalyst for varying

concentrations of triisobutyl aluminium.

propylene polymerization. For polymerization using 4-MP-1 very

stable polymerization systems can be obtained involving fairly high

36)

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 publication38),
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Figure 5. Plots of rate versus time for the polymerization of

ethylene and 4-MP-1 using MgClz/EB/TiCl4 catalysts.
ethylene at 60 °c, 4-MP-1 —————- at 40 °c.
(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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Figure 6. Kinetic curves obtained by Keii et al at 44 C ang
3 .
various pressures (TiCl3 =2 g/dm3, AlEt3 = 15 mmol/dm~ in 250 cm

n-heptane) .

(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 G—TiCl3'O.33 AlCl3
catalyst. For the catalyst system under observation the observed
behaviour is believed to arise from the finite solubility of the
AlCl3 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.
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Figure 7. Rate-time profile for the polymerization of propylene in

toluene and EC180 media.

(f) Temperature.

Although most published results are limited to the temperature
range of 30-100 °C the overall effect of increased temperature appears
to be destabilization of the catalyst systems above certain critical
temperature values. However this effect will be discussed in a later
section of this paper.

It is evident that this complex behaviour is controlled by both
chemical and physical factors and these may include the following.

(a) Catalyst particle size and morphology. The effective particle
size and particle size distribution as functions of time will
determine the numbers of exposed transition metal atoms which can be
involved in catalyst forming reactions at any particular time.

(b) Catalyst centre forming and catalyst destroying reactions. These
reactions will control the instantaneous concentration of potential or

actual active centres.
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(c) Complexation reactions between active centres and alkylaluminium
species, between active centres and donor molecules, and between
alkylaluminium species and donor molecules. These reactions will
control the relative numbers of potential and actual active centres.

(d) Diffusion phenomena.

KINETIC MODELS

The complex behaviour outlined in the previous section arises
from variations with time in intrinsic catalyst activity {(i.e., in
kp values), in active centre concentration of the relevant species,
and in available monomer concentration. Thus a number of kinetic
models (9, 13, 17, 23) have been formulated to account for the kinetic
behaviour of heterogeneous Ziegler-Natta polymerization reactions in
terms of these parameters. However little attention has been paid to
the occurrence of centres of differing intrinsic activity.

Normally the instantaneous rate of polymerization (Rp) at a given

time is represented by either (1),

=k_ C* [M 1
R, o [M] (1

where [M] is the bulk concentration of monomer; C* is the concentration

of active centres and kp is the relevant propagation rate constant,
or by (18),

Rp = kp C* GM (2)

where eM is the fraction of active centres covered by adsorbed monomer
(or complexed by monomer); C* is the total concentration of active
centres (potential and actual); and k_ is the propagation rate
constant for adsorbed monomer. Thus equation (1) may be regarded as
a special case of equation (2) where the value of eM is very low.

It is important to recognise that the theory advanced previously
(18) for adsorption kinetics involved what we now recognise as a two-
stage propagation sequence, i.e., adsorption or complexation of
monomer followed by an insertion reaction of complexed monomer. The
more general relevance of this type of seguence has become more
apparent in the light of the observed behaviour in higher a-olefin

. .3
polymerization 6) and in copolymerization studies of ethylene and
higher g-olefins using MgClz/electron donor/TiCl4 catalysts40).

8)

Additionally the earlier theory1 considered competitive

adsorption between monomer [M] and alkylaluminium {chloride or
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dichloride) species (A) and active centres (S), viz.,

M.
S + M S...M (3)

S+ A —Bs 5. .a (4)

p—
The fraction of active centres with adsorbed monomer (GM) and the
fraction with adsorbed alkyl (GA) may be expressed in terms of

Langmuir-Hinshelwood isotherms as:

K [M]
vy T TTX %M] + K_[A] (5)
M A
and
K [A]
_ a
a T TR, ¢ K (&) ()

treatment is that it can be extended

W

One advantage of such

readily for the case where a donor (D) is present, i.e.,

K [M]
6 - M (7)
M i KM[M] + KA[A] + KD[D]
where KD is the relevant adsorption constant21).

In the likely situation where a number of types of active centre

of differing activity is present then equation (1) becomes

n
R = L R
Poi=r Py
[ 3 x c (1a)
= M] Z a
i=1 Pi Pji
and equation (2) becomes
n
R = ¥ R
Poi=1 Py
n *
= ¥ k_C By (2a)
i=1 P Py My

The simplest cases being where there are only two types of active

centres of differing activity.
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ACTIVE CENTRE DETERMINATIONS ON MgCl,/EB/TiCl, CATALYST SYSTEMS

(1) Polymerization of Propylene - Use of 14CO.

Only very limited information may be obtained on the distribution
of centres of differing activity in Ziegler-Natta catalysis. However,
when combined with extraction procedures, the use of 14co radio-
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) polymer24’41),

Polymerizations of propylene were carried out at 785 mmHg pressure
using a MgClz/EB/TiCl4 catalyst containing 0.7% Ti, prepared by ball-
milling dried MgCl2 with EB and SOCl2 for Zg)h (MgClzzEB:SOCl2 =
6:1:0-3); Al(i-—Bu)3 was used as cocatalyst .

The polymerization system shows a typical rate-time profile of
type C (See Figure 1). Active centre concentrations were performed
using 14CO 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 CP and kp obtained using 6—TiCl3.O.33 AlCl3
and Solvay & Cie ether treated catalysts are shown in Table 224),
*
Table 1. Values of Cp and kp at different polymerization temperatures
* 2 3
Cp x 107 /mol/mol kp/dm /mol/s
Temp.
Total Insol Sol Total Insol Sol
40 7.14 3.44 3.70 369 703 59
50 8.03 4.93 3.10 669 1034 89
60 10.30 6.68 3.61 858 1256 122
70 11.31 7.47 3.84 1341 1952 163
Note: (a) C; (total) was determined using the unextracted polymer.
(b) c; (insol) was determined using the insoluble part of
polymer samples extracted by boiling n-heptane for 24 h.
*

(c) C_ (sol) = C* (total) - C* (insol).
p P p

(d) Polymerization time before injection of 14co was 2 min.
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*
Table 2. Values of Cp and kp for different catalyst systems for

propylene polymerization at 60 Oc,

*
¢’ x 10°/mol/mol k_/dm>/mol/s
Catalyst System P P
Total Insol sol Total Insol Sol
6—’I‘icl3 0.33 AlCl3 10.0 7.5 2.2 8.2 10.5 1.1
-AlEt_C1
2
Solvay & Cie 7.9 6.7 1.1 17.0 20.0 1.6
—AlEtZCl
—AlEt3 20.8 13.2 5.7 47.5 58.4 38.2

The following conclusions are evident.

(a) When using a MgClZ/EB/TiCI type catalyst only a maximum of 11.3%

Ti (mol/mol) at 70 °C is involvid in active centres for propylene
polymerization (c.f., results reported later for the polymerization of
4-MP-1}). This value compares with a value of about 1% Ti for
6-TiCl3 0.33 AlClé—AlEt2Cl type catalysts when used under comparable
conditions at 60 C.
(b) Very high values of k_ are obtained during the initial stages of
the polymerization, and values of k are much higher than those
obtained for 6—TiCl3 0.33 AlCl3—AlEt2Cl type catalysts. It should be
remembered that these values will be average values where centres of
more than one kind produced atactic (soluble) and isotactic (insoluble)
polymer.
(c) Values of k_(insol) are greater by a factor of about ten than
those obtained for kp(sol). This is in good agreement with values
reported earlier for <S—TiCl3 0.33 A1C13—A1Et2Cl type catalystsz4).
Although at first sight it appears surprising that kp(insol)
should be greater than kp(sol), the reason is very likely that the
more exposed and less sterically crowded centres can coordinate more
strongly with the olefin in the transition state thus leading to a
slower insertion reaction. This explanation is consistent with the
two-stage propagation model discussed earlier21),
(d) values of C; (insol) increase with tempefature in the
temperature range examined whilst those for C_(sol) remain more or

less constant. Activation energies for the polymerization system
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are listed in Table 3.

Table 3. Activation Energies
Activation Energy/kcal/mol
Ea Ep AE
Total 12.3 8.8 3.5
Insoluble 12.6 6.9 5.7
Soluble 7.6 7.1 0.5

2)

4
The significance of these values will be discussed elsewhere

(e) Values for both kp(insol) and kp(sol) increase with temperature

as is expected.

(2) Polymerization of 4-methylpentene-1 - use of MeOT guenching.

The polymerization of 4-MP-1 using a MgClz/EB/TiCl4-Al(i-—Bu)3

catalyst system has already been reported and the results 39)

analysed
The rate-time profile is very different from that observed in
propylene and ethylene polymerization and is of type A shown in

Active centre concentrations were determined using a
18,41)

Figure 1.

* —
tritium guenching technique Values of Cp and k_ are listed

in Table 4 together with corresponding values for Stauffer 1.13
(6—TiCl3 0.33 AlCl3 donor modified) and VCl3

Corrections for the kinetic isotope effect and for chain transfer with
18)

catalyst systems.

adsorbed alkylaluminium were carried out as described previously
It is important to recognise that the use of tritiated alcohols to
determine active centre concentrations is non-selective and thus the
values of the chain propagation constant which are obtained are

average values only (ip).

An examination of Table 4 reveals that the polymerization system
MgClz/EB/TiCl4—Al(i—Bu)3/4—MP—1 behaves somewhat differently from
MgClz/EB/TiCl4—Al(i-Bu)3/propylene, ethylene systems.
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Table 4. Comparative values of active centre concentrations and rate
constants for chain transfer and chain propagation and adsorption

constants for various catalyst systems.

* 2 -3 =
) - Cy x 107/ ka/ KA/ KM/ 10 kp/
Catalyst stem - - - -

Y Y mol/mol min ! dm3 mol ! dm3 mol ! min !
Mgc12/EB/TiC14 29 10 13 2.6 4.67
—Al(i—Bu)3
(catalyst contains
3.4% Ti)

Stauffer 1.13 9.7 0.20 16 0.38 1.29
hAl(l—Bu)3

VCl3 0.038 0.067 5.1 0.16 3.10

Al (i-B

AL (i-Bu),

-3 o

(4-MP-1] = 2.00 mol dm ; temperature = 40 C.

(a) The much higher rate of polymerization in comparison to that
observed when using Stauffer 1.13 catalysts, i.e., Rp values of 1110

and 3.6 mol min—1 (mol Ti)_1 respectively) arises mainly from the much
higher C; values (x43) together with a smaller increase in the value
of Ep (x3.6). The higher values of C* in higher g-olefin
polymerization is consistent with the rate enhancement effects observed
in copolymerization studies and with the concept of a two-stage
propagation step. A further presentation and discussion of this effect
will be given elsewhere35’40),
(b) The use of tritiated alcohol in the determination of C* allows
evaluation of k _, KA and KM, the values of which cannot be obtained
from 14CO radioflabelling.
(1) Much higher values of ka are observed in comparison with
corresponding values from §—TiCl3 0.33 AlCl3 type catalysts although
the values of KA are more or less the same. Evidently the more
active centres (higher kp values) in MgClZ/EB/TiCl4 type catalysts
transfer growing chains much more rapidly with adsorbed alkyl-
aluminium.

(ii) Higher values of KM are also observed indicating that the



320 pP.J.T. Tait

more active centres in MgC12/EB/TiC14 type catalysts have a greater
affinity for coordination with monomer leading to higher GM 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
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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 1low-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-

1)

ebrated its golden Jjubilee in London. Since its discovery 1in

the 1930s polyethylene has grown to be the world's largest thermo-
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plastic. Indeed, world plant-capacities for polyolefins are very
large (Table I).2)

By 1986 the combined capacity of UNIPOL reactors in operation or
under construction around the world will be sufficient to supply 25%
of the world's total demand for polyethylene. Fifty-three reactors
will be in place in 15 countries on six continents. Linear low-
density polyethylene (LLDPE) has already revolutionized the poly-
ethylene industry, and will continue to impact significantly on the
future of the entire polyolefins business. The UNIPOL process is
recognized as a significant technological accomplishment. Union
Carbide received the prestigious Kirkpatrick Award for UNIPOL in
1979.3)
in the last decade, brought about through polymerization catalysis,

Changes in polyethylene process and product technologies

are so significant that this period will no doubt be called "Cataly-
sis and The Polyethylene Revolution." Key to the success of the
UNIPOL process 1is the proprietary catalysts that operate at low
pressures and low temperatures, and which are suitable for use in a
gas—phase, fluid-bed reactor. It is primarily by means of catalyst
composition that resin properties are controlled in the UNIPOL pro-
cess. High-pressure technology, dominated by concerns for reactor
engineering and reactor control of polymer properties 1is rapidly
giving way to a new technology in which catalysis and chemical con-

trol of product properties are key factors.

PROCESS DESCRIPTION AND BENEFITS OF UNIPOL PROCESS

In the UNIPOL process (Figure 1, 2), gaseous ethylene, a comono-
mer and a catalyst are reacted in the presence of a chain transfer
agent at temperatures of about 100°C or less and pressures of 2.1
MPa (300 psi) or less to produce a polyethylene product that is re-
moved directly from the reactor as a granular, solid material. Gas-—
eous ethylene, comonomer and chain transfer agent are fed continu-
ously into a fluidized bed reactor. Catalyst is added separately.
Circulated by a small compressor, the gas stream fluidizes the poly-
mer bed, provides reactants for polymerization, and removes exother-
mic heat of reaction. The circulating gas stream passes through a
cooler before being returned to the reactor.

Granular polyethylene 1is removed through a gas-lock chamber.
Only a small amount of residual monomer accompanies the product into

this chamber, and this is purged safely from the resin. Overall,
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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 Option

Union Carbide has completed the first '"Waterborne" plant for
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 Jjust
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 Option

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 cost-efficient, low-pressure UNIPOL reactor system can be "dropped
in" to an outmoded high-pressure polyethylene plant and tied into
existing process and support facilities. The o0ld reactor 1is then
shut down, and the ''mew'" plant started up, capable of producing not

oniy LLDPE, but a full range of polyethylenes.

Table 1. World-Plant Capacities for Polyolefinsz)

MM Tons/Yr.

YEAR 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 2.91 9.40 7.93
1984 14.22 3.92 9.80 8.19
1985 14,62 4,65 10.07 8.81

Total 1984 Capacity ~ 36 MM Tons (79 MMM 1bs)

Figure 1:
Fluid-Bed Plant at Seadrift, Texas for Polyethylene Production
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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 or 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 II-111).%
years to reach a billion pounds annual consumption-—-HDPE over a

By contrast it took traditional IDPE twenty

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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LLDPE products has recently been developed and introduced to the
marketplace. Shortly a line of HMW-LLDPE resins will also be seen
in the marketplace.5)

The film industry represents two-thirds of the U.S. polyethylene
market. Film made from LLDPE resin offers high tensile strength,
improved puncture resistance, and higher elongation, as well as
better toughness and improved properties at both low and high tempe-
ratures.

Injection 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 1improved 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)

MM Tons/Yr

YEAR LDPE LLDPE % LDPE % LLDPE
1980 2.59 0.28 90 10
1982 2.32 0.66 78 22
1983 2.40 0.85 74 26
1984 2.35 1.10 68 32
(1985) (2.30) (1.41) (62) (38)

Table III. 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 0il 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 1le-
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 we11.6)

The UNIPOL process offers the lowest investment and operating
costs of any available polypropylene process. Featured are 10-15%

"new

lower investment and operating costs than that of any other
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 other 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 on
the order of 20,000 1b 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 1is
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 1is 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 1in
series are required to make the full range of medium- to super-high
impact products.

The UNIPOL process for polypropylene produces a full 1line of
products consisting of homopolymers, and random and block copolymers
(Table 1V).7
the reactor thereby eliminating post-reaction blending. Because of

The process produces impact copolymers directly in

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
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Figure 7:
Schematic of Union Carbide/Shell Chemical UNIPOL PP Plant
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Table IV: UNIPOL PP Product Capabjlities7)

Homopolymer
High, Controllable Stereoregularity (II 93-98%)

Broad MW Range (<0.1 to >100 MF)

Random Copolymers

Broad Range of Comonomer Content (£7%)
Not Limited to Ethylene
Broad MW Range (0.1 to >100 MF)

Impact (In-Situ) Copolymers

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 >50 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.sﬂg)

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.

Catalyst Productivity

Catalyst productivities based on the transition metal should
be sufficiently high (_)_105—106 kg polymer/kg transition metal)
so that catalyst residues need not be removed from the polymer.
Catalyst supports such as silica or 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 be based on catalyst precursors prepared from bimetallic com-
plexes (Mg, Ti), through insertion into defects of a MgCJ2 sub-
strate, by formation of high surface area sponges, and by formation
of solid solutions of TiCl3 and MgC12 by cocrystallization.
Typical examples of high activity catalysts described in the patent
and scientific literature are listed in Table VI.lO’ 11)

Molecular Weight and Molecular Weight Digstribution

Molecular weight of the polyethylenes can be controlled by

the reaction temperature and the concentration of chain transfer

agent in the system. Hydrogen is an effective chain transfer agent
with many catalysts. The specific catalyst type significantly af-
fects molecular weight distribution. Many chromium-based catalysts

provide polyethylenes of intermediate or broad molecular weight dis-
tribution while use of titanium-based catalysts lead to polyethy-
lenes of relatively narrow molecular weight distribution. Consider-
able experimental data support the view that a diversity of chemi-
cally distinct active species is primarily responsible for the range
of molecular weight distributions measured in ethylene and propylene
polymerizations. Among the factors that could affect the diversity
of active species are the specific transition metal compound includ-
ing ligand environment and oxidation state, the type of cocatalyst
and electron donor used to generate the catalytically active spe-
cies, the physical state of the catalyst, and the nature of the cat-
alyst substrate.

Comprehensive studies have evaluated the effect of r-bonded
organic ligands attached to chromium on polymerization parameters of
chromium catalysts.lo) In these studies differences in hydrogen
response, comonomer incorporation, and polymerization activity with
these catalysts suggested that the nature of the active sites was
different due, at least in part, to changes in 1ligand environment
(eq. 1):

L ™ L

kp
‘Cr-R + nCHg = CHy————> Ci(CHz—CHz)nR (1)
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Tabie V: Catalyst Requirements in UNIPOL Process

e High Catalyst Productivities
e Control of Polymer Molecular Weight
e Control of Polymer Molecular Weight Distribution

e Good Comonomer Incorporation

Good Polymer Morphology

e Simple, Reproducible Catalyst Preparation

High Polymer Isotactic Index

Table VI: Examples of High Activity Catalysts for Olefin

Polymerization
Titanium/Magnesium Composition Metal Alkyl Polymer
T1C14/MgC12 (Activated) (C2H5)3A1 PE
TiCl4/MgC12/E1ectron Donor " "
. ]
TiC1,/Mg(0C,Hy), ' "
T1C14/Mg012/Ethy1—p—Toluate (C2H5)3A1 PP
Ethyl-p-Toluate

Chromium Composition

CrOB/SiO2 + Modifiers -- PE
(C5H5)2Cr/8102 - PE

Comonomer Incorporation

Comonomer incorporation rates are highly dependent on the nature
of the specific catalyst used to produce the copolymers. Improve-
ments 1in comonomer incorporation 1lead to higher comonomer effi-
ciency, and 1less 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 1index of the polymer.
With many high activity catalysts, electron donors added to both the
tifanium 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 HDPE, then to
low- and medium—-density ethylene-propylene and ethylene-butene co-
polymers, and more recently, to LLDPE containing higher o-olefins.
The capability of the UNIPOL process is being extended outside of
the density and melt index limits normally associated with polyethy-
lene. In particular, products with densities lower than 900 kg/m3
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 1laboratories. The 1intensity 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 Dbeyond. The combination of polymerization catalysis
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the UNIPOL process will provide worldwide focus for future new

developments in the polyolefin arena.
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HEAT AND MASS TRANSFER LIMITATIONS AND CATALYST DEACTIVATION EFFECTS
IN OLEFIN POLYMERIZATION FOR GAS PHASE AND SLURRY REACTORS
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ABSTRACT

4L detailed mathematical model for polymerization of olefins over
solid catalysts, the Multigrain Model, is used as the basis for this
study., This model takes account of the microstructure of the growing
particle and considers diffusion of monomer in two distinct regimes.
Using the model, polymerization rate behavior of the growing polymer
particles in gas or slurry polymerization may be predicted. Criteria
for the importance of intraparticle monomer diffusion and heat
transfer under conditions of industrial interest are presented
graphically. 1In addition, the mass and heat transfer resistances in
the external film are evaluated for catalysts of varying activity.
The effects of mass and heat transfer and catalyst decay on reaction
rate profiles, activation energies and particle overheating pheno-

mena are i1llustrated,

INTRODUCTION

The importance of diffusion resistances in polymerization of

olefins has been speculated on for some time1_9). In particular,

various authors have suggested that the rate of polymerization {is

diffusion controlled1’3’5’9), that mass transfer has important

effects on polymer propertiesl’a), and that mass transfer effects

result in the observed rate decaylo). On the other hand, polymeriza-

tion of olefins over heterogeneous catalysts has been usefully

modelled without consideration of heat and mass transfer resistances

11-13) 14,15)
’

by Keii et al, and others and experimental evidence has

been presented which establishes beyond reasonable doubt that mass
transfer effect

s
12,16)
many cases ’ . It is the purpose of this paper to present an

are not responsible for the observed rate decay in

339
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accurate model of polymerization over solid catalysts, and to quan-
titatively estimate the importance of mass transfer resistances in
these systems. In addition, heat transfer effects will be considered
and related to some commonly observed industrial problems. The rela-
tive importance of mass transfer resistances and activated catalyst
decay on the observed polymerization rate behavior and activation
energy will also be illustrated. Further, it will be shown that the
catalyst particle size and the primary crystallite size are important
design variables for modern high activity catalysts, if heat and mass

transfer effects are to be avoided,

INTRAPARTICLE HEAT AND MASS TRANSFER LIMITATIONS

Since it is difficult to measure concentration gradients and
temperatures within solid particles, numerous authors have attempted
to elucidate heat and mass transfer effects through mathematical
modelling., Perhaps the most realistic model is the Multigrain Model
(schematically illustrated in Figure 1), which has been extensively
1,9,17) 8)

used by Ray et al. and by Laurence and Chiovetta ’.

Monomer
Diffusion

Growing
Microparticles

~ ./
(constant™~ Computational
poros?'y) Shell

External \\
fitm ~
Bulk Fluid
My, Tp

Figure 1 The Multigrain Model
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The model is based on numerous observations (via scanning electron

18,19) that the starting catalyst par-

microscopy) by Hock and others
ticle breaks up into its primary crystallites, around which the
polymer grows. Thus, the large macroparticle is comprised of many
small polymer particles (microparticles) which encapsulate these
catalyst fragments. In this idealized picture, all microparticles at
a given large particle radius are assumed to be the same size, For
monomer to reach the active sites, there is both macrodiffusion in
the interstices between microparticles and microdiffusion within the
microparticles. Realistic values for the diffusivities of monomer in
these regimes and some other parameters of interest are presented in
Table 1,

To model the particle, we must write the partial differential
equations for the monomer concentration and temperature in the two
regions. From the concentration and temperature profiles we may
calculate the reaction rates, yields and molecular weight distribu-
tionl)-

The governing equation for the diffusion of monomer in the

macroparticle 1is

aM M
€ __ﬁ = 1 3 D.r 2 L - R (1)
L 3t 2 3 L% 3 v
1'2 rz rl

where €y is the large particle porosity, Hz(rl,t) is the monomer
concentration in the pores of the macroparticle, and D2 is the
pseuvdobinary macrodiffusion coefficient, The reaction rate term,

Rv’ represents the total rate of consumption of monomer in an infin§-
tesimal spherfcal shell at a given radius of the macroparticle. The

boundary and initial conditions are

BHL
r, = 03 = 0 (2)
ar
2
3H£
T, Rys B —= =k (M, -mp) (34)
2
or
Ty = Rg3 My = Mg (38)

t = 0; M, = My (4)
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where Mb is the bulk monomer concentration in the reactor, ks is

the mass transfer coefficient in the external film, and MS is the
monomer concentration at the external solid surface. For the micro-
particles, the partial differential equation governing monomer dif-

fusion is given as

(5)

where M(r,t) is the monomer concentration in the microparticle, Ds
is the pseudobinary microdiffusion coefficient and e_ is the poro-
sity. In the microparticles, all of the active sites are assumed to
be at the surface of the catalyst core at r = T, Thus, the boun-

dary and initial conditions are given by

r =71 3 47mr 2 M _ 4 rr O R (6)
C [ s C cSs
or 3
r=Rg; M= Meq y Meq(Ml) <My (7)
t = 0; M =M (8)

where boundary condition (7) allows for the possibility of sorption
equilibrium at the surface of the microparticles. Here r. 1is the
catalyst primary particle radius, Rs is the microparticle radius,

and Rcs is the rate of polymerization at the catalyst particle sur-
face given by

R., = k_C.M (9)

where kp is the propagation rate constant, C, is the concentration
of active catalyst sites, and MC is the monomer concentration at
the catalyst surface. The partial differential equations for the
energy balances in the macroparticles and the microparticles are
completely analogous to (1-8) and are shown in [20].

Considering the time-scales for heat and mass transfer to reach
quasi-steady-state conditions, it is possible to show that the quasi-
steady-state approximation is generally valid for the microparticles
and for heat transfer in the macroparticles. This is fortuitous,

since it enables analytic solutions to be written for the monomer



TABLE 1

Range of Multigrain Model Parameters for Polymerization of
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Propylene and Ethylene under Industrial Conditionszo)
Propylene (PP) Ethylene (PE)
Property
Slurry Gas Slurry Gas
(n-heptane) (n-hexane)
M, (mol/e) 4.0 1.0 2.0 1.0
Tb(K) 343 343 353 353
P(atm) 13 21 25 27
mol fraction
monomer 0.49 1 0.266 1
ZH (kcal/mol)
Trpkear/me 20.5 24.8 22.7 25.7
E (kcal/mol) 10 10 10 10
k (4/mol-sit .Zlo-zsao 2640 2000-4000 4000
(High Activity
Catalyst)
Cu(mol-sites/l 5-3_ 141 10732 107! | 1073- 1074 1073- 1071
L-cat)
k_(cal/emes*k) 3.5 x 10 °4 2.6 x 10°% 5.6 x 10°%| 4.8 x 10°%
Db(cmZ/s) 8 x 10°° 4 x 1073 1 x 10°% 6.0 x 107>
Dz(cmzls) 1078 1077 1074 1073 1078 1077 1074 1073
-8 - - - - - - -6
Ds(cmz/s) 10 - 107 1078 - 107 | 1078- 10°° 1078 = 10
R, (cm) 107%- 1074 107%- 107 | 107%- 1074 | 107%- 107%
R, (em) 10 "% 0.1 107%- 0.1 107%- 0.1 1074 - 0.1
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TABLE 1 (continued)

Notalion:
Mb : Bulk Monomer Concentration
Tb : Bulk Temperature
-AHP : Heat of Polymerization
kp : Propagation Rate Constant
C, : Active Site Concentration
ke : Effective Thermal Conductivity of Polymer Particle
Db : Bulk Diffusivity of Monomer
D, : Large Particle Diffusivity
DS : Small Particle Diffusivity
RS : Small Particle Radius
Ry : Large Particle Radius

concentration and temperature at the catalyst surface, in terms of
these states in the pores of the macroparticle., Using the parameters
from Table 1, the model predicts that the microparticles are at uni-
form temperature, as are the macroparticles under most circumstances.
However, depending on the intrinsic activity of the catalyst, concen-
tration gradients may exist in both the macroparticles and the micro-
particles, Figure 2 (taken from [20]) illustrates the regimes of
significant and negligible diffusion resistance in the microparticles
in terms of the observed activity of the catalyst. The quantity

Meq’ the monomer concentration at the surface of the microparticles,
is in equilibrium with the concentration in the pores of the macro-
particle. For slurry polymerization, Heq is assumed to be equal to
the monomer concentration in the pores, while in gas phase, it would
probably be roughly half that valuezo). It is worthwhile to note that
the existence of microparticle diffusion resistance depends strongly
on the primary crystallite radius, r. . Since values of the small
particle diffusivity range from 10°8-107% cm?/s (Table 1), for the

small values of r_  typical of modern catalysts (~ 0.01 u), micropar-
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Figure 2 Regimes for microparticle diffusion resistance with

catalyst primary particle size 0.005 < ro < 0.1 u.
Approximate values for typical catalysts 1if Heq = M, for
slurry and Heq = Mb/Z for gas phase.

a,A Propylene slurry polymerization, low and high activity catalyst.
b,B Propylene gas phase polymerization,low and high activity catalyst.
¢c,C Ethylene slurry polymerization, low and high activity catalyst.
d,D Ethylene gas phase polymerization,low and high activity catalyst.

(Low activity: = 400 g/g-cat.hr, High activity:

Rob
R = 4000 g/g-cat.hr under representative industrial conditions)

ob
ticle diffusion resistance should not limit the rate, at least for
current industrial catalysts,

The possibility of significant macroparticle concentration and
temperature gradients must also be considered. For slurry polymeri-
zation, the presence of the diluent liquid ensures internal tem-
perature rises of less than a few degrees K. 1In gas phase
polymerization, however, significant temperature gradients can result
for large particles of high activity catalyst, as illustrated in
Figure 3. However, for catalysts in use today, temperature gradients
greater than a few degrees K would only be likely for catalyst par-
ticles greater than 50-60 microns diameter. Note that as the polymer

particle grows, the heat of polymerization becomes diluted, so that
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Figure 3 Regimes for significant macroparticle temperature gradients
for ethylene and propylene polymerization. Catalyst size
d, versus observed rate for various macroparticle growth

factors ¢g = Ry/R,

the particle approaches isothermality. Figure 4 illustrates the
regimes of heat and mass transfer resistances in the macroparticles
for slurry and gas phase conditions. 1In gas phase polymerization,
the large particle diffusivity D, is of the order of 10.4-10-3 CmZ/s,
and hence significant intraparticle mass transfer effects are
unlikely, except for large particles of highly active catalyst, On
the other hand, as seen from Table 1, large particle diffusivities in
slurry polymerization are on the order of 10-6' 1073 sz/s, and in
this region significant mass transfer resistance is present (at
growth factor ¢g = 1) even for catalysts of relatively low activity.
Note that macroparticle diffusion resistance is more severe (for the
same observed rate) 1if the monomer concentration is low. Thus, one
may not rule out significant intraparticle mass transfer resistance
effects under laboratory conditions. As the polymer particle grows
(¢g > 1), the diffusion resistance becomes less, because the reaction
rate per unit volume decreases. For the highest activity catalysts,
however, diffusion might influence the polymerization rate for a
significant time period. Hence, in the complete absence of catalyst

deactivation, an acceleration-type polymerization rate behavior would
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Figure 4 Regimes for macroparticle diffusion resistance and
temperature gradients. Dg °g versus observed catalyst

activity., Approximate values for typical catalysts if

HS = Hb .

a,A Propylene slurry polymerization, low and high activity catalyst.
b,B Propylene gas phase polymerization,low and high activity catalyst.
¢,C Ethylene slurry polymerization, low and high activity catalyst.
d,D Ethylene gas phase polymerization,low and high activity catalyst.

(Low activity: R p = 400 g/g-cat.hr, High activity:
Rob = 4000 g/g-cat.hr under representative industrial conditions)

be expected. This 1is ifllustrated in Figure 5 (solid line) for a
catalyst of intrinsic activity 4000 g/g-cat/hr under industrial con-
ditions. Acceleration-type rate behavior has been observed with some

catalyst-monomer systems, especially for the polymerization of ethy-
1ene21’22)

transfer limitation, decay type kinetics are observed (dashed line).

Note that with catalyst deactivation and reduced mass

Ch0123) has earlier observed these combined effects. Figures 6 and
7 1llustrate kinetic and diffusion control for high activity cata-
lysts with second and first-order chemical decay, respectively. As
evident from these figures, kinetic control may be observed when

5

D, = 1x10° cmzls. When diffusion resistance is present, the effect

of catalyst decay will be offset by increased diffusion of monomer
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Figure 5 Kinetic and diffusion control for catalysts, average

activity over a 2 hour period ~ 4000 g/g-cat.hr,

- — — — 2nd-order deactivating catalyst, Dl = 5x10-6 cm2/s
non-deactivating catalyst, Dl = 1x1()-6

cm2/s

into the growing particle. Thus, the observed order of rate decay
will be less than the true order in this circumstance. Under severe
diffusion influence, hybrid-type rate curves rather than decay-type
curves are observed (Curve 3 in Figs. 6 and 7). If such rate curves
are observed, the possibility of intraparticle mass transfer limita-
tions on the rate should be considered. It is of interest that a
transition from decay-type rate curves to hybrid-type was observed by
Boucher et a1,2A), on lowering the cocatalyst concentration in ethy-
lene slurry polymerization from 5 mmol/f to 0.06 mol/%. Since the
reaction rate depends on cocatalyst concentration, it 1is possible
that the rate could have become limited by mass transfer of cocata-
lyst in this case. This 1is especially true because the catalyst was
not precontacted with cocatalyst, and the bulky cocatalyst (TEA)
molecule should be more susceptible to diffusion influences than
monomer., Of course, chemical explanations for such rate curves, such
as a slow initiation step, may also be proffered. Conversely, when

rate curves which decay sharply from the initial rate are observed,
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as in Ref. [12], it 1s likely that diffusion influence on the rate is
minor.

From Figure 4 1t can also be inferred that the size of the cata-
lyst particles in Ziegler-Natta systems will influence the yields
when mass transfer limitations are present. This is illustrated by
example in Figure 8. The difference in the yields obtained from
catalyst particles of different size depends upon the activity of the
catalyst as well as the macroparticle diffusion coefficient. The
higher the activity of the catalyst and the smaller the diffusion
coefficlient, the greater the effect of catalyst particle size on the
ylelds.

From detailed simulations, the difference in the yields will be
observable for high activity catalysts if the diffusion coefficient
is less than around 5 x 10-6 cm2/sec, while the difference will be
observable for low activity catalysts only if the diffusion coef-

6 cmz/sec. If the dif-
6

ficient is less than approximately 1 x 10
fusion coefficlent is greater than around 5 x 107 cm2/sec, it may be
difficult to experimentally observe an effect of catalyst particle
size on yields even with relatively high activity catalyst.

From Figure 8 it may be concluded that in order to prevent the
yield of a catalyst from being influenced by the catalyst particle
size, either the catalyst particle size range should be kept small or
the effective diffusivity in the macroparticle should be kept large

(e.g. through increased porosity).

EXTERNAL FILM RESISTANCES

We will now turn to examination of the heat and mass transfer
resistances in the external film. To analyze this, we formulate a
quasi-steady-state mass or energy balance for the polymer particle,
using the observed reaction rate for the catalyst. For the external

film mass transfer resistance we thus obtain

Rob

s p ¢ ¢ My

(10)
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Figure 8 The effect of catalyst particle size on polymer yield as a
function of macroparticle diffusivity, D, .
where Pe and Vc are the apparent density and volume of the catalyst
macroparticle, MW is the molecular weight of monomer, A_ 1is the
geometric surface area of the polymer particle, ks is the mass
transfer coefficient, and AM is the concentration drop. Various
correlations may be used to estimate ks' and the reader 1is referred
to [25) for a discussion of these. In this paper, we will present
results based on the Ranz-Marshall correlation, for both the mass and
heat transfer coefficients, The Ranz-Marshall correlation for mass

transfer is given as

1 1

Sh = 2 + 0.6 Re?2 Sc3 (11)

and involves the particle-fluid relative velocity as well as the phy-
sical properties of particle and fluid. For slurry polymerization,
the terminal velocity of the particle in the diluent liquid was
assumed. This should give conservative estimates for the mass
transfer resistance, because under agitated conditions, the mass
transfer coefficient is considered to be greater than the value thus
calculated by a factor up to 4, Figure 9 illustrates the predicted
concentration drop across the external film for propylene slurry

polymerization with low and high activity catalysts of various par-
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Figure 9 External film mass transfer resistance in propylene slurry
polymerization as a function of polymer particle size, using the Ranz-
Marshall correlation for Low (Rob = 400 g/g-cat.hr) and High (Rob

4000 g/g-cat.hr) activity catalysts with various catalyst particle sizes
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Figure 10 Extermal film heat transfer resistance in propyleme slurry
polymerization as a function of polymer particle size, using the Ranz-
Marshall correlation for Low (Rob = 400 g/g-cat.hr) and High (Rob =

4000 g/g-cat.hr) activity catalysts with various catalyst particle sizes
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ticle sizes. The lines represent the growth of the polymer particle
from a catalyst particle of indicated size. It can be seen that the
mass transfer Ttesistance even for high activity catalyst is quite
insignificant compared to the bulk monomer concentration (under
industrial conditions) of 4 mol/% when the catalyst particle size is
small. For large particles of high activity catalyst, a significant
external film resistance will exist for a short period of time until
the polymer particle grows to several times the original catalyst
size. Figure 10 illustrates the external film temperature rise for
propylene slurry polymerization. The temperature rise is around 2 K
for 30 u particles of high activity catalyst, but for larger par~
ticles, the initial AT might reach as high as 10 K. However,
detailed simulations show that intraparticle diffusion resistance
early in the polymerization causes this initial temperature rise to
be smaller than would be predicted from the catalyst's intrinsic
activity, For slurry polymerization, the assumption of an isothermal
particle with temperature equal to the bulk liquid temperature is
usually justified, unless the initial activity of the catalyst is
very large.

Turning to gas phase polymerization, we employ a particle-fluid
relative velocity of 2 cm/s, quoted by Wisseroth26) for stirred bed
reactors, In fluidized bed reactors, larger values would be
appropriate27). Considering the case where hydrogen or a comonomer
is present in the reactor, we predict the external film mass transfer
resistance for ethylene gas phase polymerization as shown in
Figure 11, Fortunately, this concentration drop turns out to be
insignificant, Thus, the composition of monomer, comonomer, hydrogen
etc. at the particle surface may be assumed equal to the composition
in the bulk gas. On the other hand, Figure 12 shows that a signifi-
cant temperature rise across the external film may be anticipated in
gas phase polymerization. Specifically, an initial temperature rise
of greater thanm 10 K is attained for 30 micron particles of high
activity catalyst and 100 micron particles of low activity catalyst.
The melting point of the polymer would be reached for particles of
high activity catalyst larger than 60 u. Since a catalyst particle
distribution will generally contain some coarser particles and cata-
lyst agglomeration may take place on injection, this effect can fre-
quently result in polymer melting, sticking or agglomeration problems

in industrial gas phase reactors. Clearly, these problems can be
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phase polymerization (stirred bed conditions, u = 2 em/s) as a func-
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Figure 12 External film heat transfer resistance in propylene gas
phase polymerization (stirred bed conditions, u = 2 c¢m/s) as a func-
tion of polymer particle size, using the Ranz-Marshall correlation.
Low (Rob = 400 g/g-cat.hr) and High (Rob = 4000 g/g-cat.hr) activity

catalysts with various catalyst particle sizes.
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reduced by closer control of the catalyst particle size distribution.
On the other hand, there is a limit to reducing the average size of
the catalyst particles, because very fine particles create problems

in handling and entrainmentze).

Furthermore, even at high yields, a
minimum catalyst size is necessary to produce polymer particles which
do not require pelletization. A more useful approach is to reduce
the initial activity of the catalyst. As illustrated in Figure 13,
when the active sites do not reach their full activity immediately,
but become activated with a time constant Tes the temperature rise
during the critical first few seconds can be reduced from polymer
melting levels to as little as a few K. In practice, this retar-

dation of initial activity can be achieved in several ways. Separate

injection of catalyst componentszg), premixing the catalyst with
polymer part1c1e53o), prepolymerizing31), coating the catalyst with
wax32) and temporary deactivating agent533) are some methods men-

tioned in the patent literature of industrial gas phase polymeriza-
tion. In summary, the most important heat and mass transfer
resistances in solid-catalyzed olefin polymerization are intrapar-
ticle mass transfer resistances in slurry and the external film tem-
perature rise in gas phase. 1In the following sections, the effects
of diffusion resistances and catalyst deactivation on the observed

activation energy will be discussed.

THE EFFECT OF MASS TRANSFER LIMITATIONS ON THE EFFECTIVENESS
OF ZIEGLER-NATTA CATALYSTS AND ON THEIR ARRHENIUS PLOTS

As indicated in the last section, the severity of the mass
transfer limitations is highly dependent on the activity of the cata-
lyst, the diameter of the catalyst, and on the magnitude of the dif-
fusion coefficients governing the mass transfer. This dependence is
illustrated in Figures l4a, 14b which shows the overall
(microparticle plus macroparticle) catalyst effectiveness factors
predicted by the multigrain model for propylene slurry polymerization
with a high activity catalyst and a low activity catalyst under con-
ditions for severe mass transfer limitation and for mild mass
transfer limitation., Here the catalyst effectiveness factor is the
rate at which polymer is produced divided by the rate at which the

polymer would be produced if mass transfer limitations did not exist.
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Figure 13 External film heat and mass transfer resistances in gas
phase polymerization of ethylene under stirred bed conditions (u =
2 cm/s, using the Ranz-Marshall correlation) with high activity cata-
lyst. Effect of characteristic breakup time of catalyst T, . Average
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CATALYST EFFECTIVENESS
L

TINE, CHOURS)
Figure l4a The overall effectivemess factor for a high activity cata-
lyst under mild and severe mass transfer limitations without catalyst

deactivation. kpC* = 23.76 liters/gram catalyst/hour; T = 70 C,
6 cmz/sec),

mild mass transfer limitation (Dz = 5x10°

D_ = 1x10'-8 em?/ sec,dc = 40 microns,r_ = 0.005 microns)
~—— — — severe mass transfer limitation (D2 = 1;(10.6 cmzlsec)

9 cmz/sec, d. = 100 microns, r_ = 0.1 microns

Ds = 1x10 c
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Figure 14b The overall effectiveness factor for a low activity cata-

lyst under mild and severe mass transfer limitations without catalyst

deactivation. kpC* = 2.376 liters/gram catalyst/hour; T = 70C.
6

mild mass transfer limitation (Dl = Sx10° cmZ/sec),

D = 1x10-8 cm?/ sec,dc = 40 microms,r_ = 0.005 microns)
—— «— —— severe mass transfer limitation (Dl = 1x10'6 cmzlsec)
D, = 1x10”° en?/sec, d, = 100 microns, r_ = 0.1 microns

The high activity catalyst has an intrinsic rate of 4000 g/g-cat.hr
in the absence of diffusion limitations, while the low activity cata-
lyst has an intrinsic rate of 400 g/g~cat.hr, It is assumed that the
concentration of the propylene in the slurry is 4 moles/liter. ©Note
that both the high activity catalyst and the low activity catalyst
can experience significant mass transfer limitations if the catalyst
particles are large, the primary crystallite size is large, or the
diffusion coefficients are small,

Figures 15a and 15b illustrate the effect of mass transfer limi-
tations on the Arrhenius plots one obtains from a low activity
Ziegler-Natta catalyst. If mass transfer limitations are negligible,
one obtains a straight line Arrhenius plot, and the slope of the plot
yields an activation energy equivalent to the true activation energy
for the catalyst (which in these simulations is 10.0 kcal/mole.)
Furthermore, the Arrhenius plot based on the initial reaction rates
is nearly identical to the Arrhenius plot based on the reactions'’

four hour ylields {(in the absence of catalyst deactivation).
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On the other hand, if mass transfer limitations are significant,
one obtains a curved Arrhenius plot, and the slope of the plot at any
point yields an activation energy less than the kinetic activation
energy of the catalyst. Furthermore, with significant mass transfer
limitations, the Arrhenius plot based on the initial reaction rates
is noticably different from the Arrhenius plot based on the reac-
tion's 4 hour yields. The difference is due to the fact that the
mass transfer limitations are most severe during the initial phases

of particle growth,
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Figure 15a Effectiveness factors and activation energy plots for low
activity catalyst with severe diffusion limitations, activated micro-
scale diffusion, D, and no catalyst deactivationi kpC* = 2.376
liters/gram catalyst/hour at 70 C, D, = 1x10" % em/sec, d. = 100
microns r_ = 0.1 microns, Ep = 10,0 kcal/mole.

T =30 C, kC* = 0.34, D= 8.1x10 11

U T =50 C, k C* = 0.90, D = 3.1x10" 10
—e=em= T =70C, kC*=2.38, D = 1.0x10"°
~—-- T=9%0¢, kc* =533, D = 2.9x10°°
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Figure 15b Effectiveness factors and activation energy plots for low
activity catalyst with mild diffusion limitations, activated micro-

scale diffusion, D and no catalyst deactivation. kpC* = 2.376

’
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liters/gram catalyst/hour at 70 C, D, = 5x10°% cm?/sec, d, = 40
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Figures l6a and 16b illustrate the same effects for high acti-
vity catalyst. With a high activity catalyst, a maximum can occur in
the Arrhenius plot under severe mass transfer limiting conditions.
The drop in rate at the high temperatures results when the propaga-
tion constant becomes so large that the monomer cannot penetrate into
the catalyst before being consumed. All of the reaction occurs at
the catalyst surface and the catalyst below the surface is not used

effectively.
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As 1llustrated in Figure 17 where Ds is held constant with tem-
perature, the same trends are observed whether or not the small par-
ticle diffusion coefficient is thermally activated (as 1t is in
Figures 15 and 16).

In conclusion, the effectiveness factor and observed activation
energy of Ziegler-Natta catalysts can be strongly affected by dif-
fusion limitations. The severity of these limitations is highly
dependent upon catalyst diameter, the catalyst primary crystallite

size, the microscale diffusivity Ds and the macroscale diffusivity D
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Figure 16a Effectiveness factors and activation energy plots for high
activity catalyst with severe diffusion limitations, activated micro-

scale diffusion, Dgs and no catalyst deactivation., k_C* = 23,76

liters/gram catalyst/hour at 70 C, D, = 1x10~ 8 cm2/sec, d_ = 100
microns, r. = 0.1 microns, Ep = 10.0 kcal/mole.
T = 30 C, k,C* = 3.40, D = 8.1x10 1!
"t T =50 ¢, k. C* = 9,00, D = 3.1x10° 10
—.=e=e= T =70 C, k C* = 23.8, D = 1.0x10"°
- ==~ T =290 C, kpc* = 53.3, D = 2.9x10"°
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Figure 16b Effectiveness factors and activation energy plots for high
activity catalyst with mild diffusion limitations, activated micro-

scale diffusion, Ds, and no catalyst deactivation, k C* = 23,76

liters/gram catalyst/hour at 70 C, D, = 5x10-6 cmz/sec, dc = 40
microns, r_ = 0.005 microns, Ep = 10.0 kcal/mole. 1o
T =30 C, k,C* = 3.40, D = 8.1x10
*tr*c T =50 ¢, kpc* = 9.00, D_ = 3.1x10"°
—t=v—e—= T =70 C, kpc* = 23.8, D_ = 1.0x10" 8
- ==~ T =290 C, kpc* = 53.3, D = 2.9x10° %

However as shown in [20], it is expected that considering the
properties L dc’ Ds, Dl for present day catalysts, the catalyst
particle diameter and macroscale diffusion will have the largest mass

transfer effect on observed activation energies,



362 S. Floyd, G. E. Mann and W. H. Ray

1.0
.g.
]
§
-
«
=
@
g
8 0.2 " e e
-4 /—-‘
o0 =
T e
TINE, CHOURS)
s.23
2 28 marm oivsom mions
S.00—
.73
[ 9 -t
o -
= -
= 4.5¢ ]
. Al 2D
4,29~ m—— T~ .Y
] D of HITUL T \*\
R R B e R
. 2.9 2.9 N . 3. 3.3

1T X 1009, (1)

Figure 17 Effectiveness factors and activation energy plots for high
activity catalyst with severe diffusion limitations, without actf-

vated microscale diffusion, D and no catalyst deactivation, kpC* =

s’

23.76 liters/gram catalyst/hour at 70 C, Dl = 1x10-6 cmz/sec, dC =
100 microns, r. = 0.1 microms, Ep = 10.0 kcal/mole.
T = 30 C, kpc* = 3.40, D_ = 1.0x10"°
‘'t T = 50 ¢, k,C* = 9.00, D = 1.0x10"°
—e=e—e— T = 70 C, kpc* = 23.8, D = 1.0x10~°
—=——-=—- T=290c, k,C* = 53.3, D = 1.0x10”°
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THE EFFECT OF THERMALLY ACTIVATED CATALYST DECAY

Diffusion limitations are not the only factors that can make the
Arrhenius plots of Ziegler-Natta systems nonlinear. Thermally acti-
vated catalyst decay can also cause observed activation energles to
vary. Figure 18 demonstrates how the temperature dependence of cata-
lyst decay can influence the Arrhenius plots for a high activity
catalyst and a low activity catalyst. As can be seen, the curvature
of the Arrhenius plots increases as the activation energy of the
catalyst decay increases. A maximum occurs in the Arrhenius plots
for both the high activity catalyst and the low activity catalyst
when the activation energy of the decay constant exceeds 20

kcal/mole. Brockmeierls)

has reported activation energy values for
catalyst decay of 14.7 kcal/mole for a Montiedison catalyst having a

Propagation activation energy of 15.6 kcal/mole.

8
: o mass transfer limitations
3 \~&i sereecmcteas B, 4 = 5.8 keal/wole
7-: o ——F, 4~ 10.0 keal/nole
. ——ememe £, 5 = 20.0 keal/oole
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Figure 18 The effect of thermally activated catalyst decay on the
Arrhenius plots for high activity catalyst (kpC* = 23.76 liters/gram
catalyst/hour, Ep = 10 kcal/mole) and low activity catalysts (kpC* =
2.376 liters/gram catalyst/hour, E_ = 10 kcal/mole). Catalyst decay
constant kd = kdoexp<'Ea,d/RT) where kdo i1s chosen such that the time

constant for deactivation at 70 C is 5 hours.
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Thus, thermally activated catalyst decay can cause nonlineari-
ties in the Arrhenius plots for Ziegler-Natta systems as can mass
transfer limitations. If the system is mass transfer limited,
reducing the size of the catalyst particles and/or primary crystal-

lites should increase the catalyst yields,

CONCLUSIONS

Although the degree of diffusion resistance that will be
experienced during polymerization of olefins depends on the proper-
ties of individual catalysts, some general conclusions regarding the
importance of diffusion resistances can be made from the present
work., First, it is likely that microparticle diffusion limitations
will only be significant with catalysts of high activity for which
the primary particle size is larger than around 0.05 microns. This
indicates that the primary particle size should be considered an
important design variable for high activity catalyst systems.
Temperature gradients in the microparticles will, however, be negli-
gible for both gas and liquid phase polymerizations. 1In the macro-
particles, significant temperature gradients appear likely to exist
only for large, high activity particles in gas phase polymerization,
On the other hand, significant concentration gradients in the macro-
particles can exist at short times (i.e. at low growth factor) in
slurry polymerization, even for catalysts of relatively low activity.
For large particles of high activity catalyst, intraparticle mass
transfer resistance can be rate limiting over longer periods, and in
this case an effect of catalyst particle size on yield may be
observed. In cases of severe diffusion control, acceleration or
hybrid-type rate behavior may be observed, The rate limitation may
result from mass transfer of cocatalyst as well as monomer, espe-
cially when catalyst and cocatalyst are not premixed. Conversely,
when rate curves which decay sharply from t = 0 are observed, severe
intraparticle mass transfer resistance 1s unlikely. 1In gas phase,
macroparticle diffusivities are presumably high enough to avoid
significant concentration gradients, although a low diffusivity
during catalyst breakup 1is not inconceivable.

In summary, the degree of mass transfer limitations experienced
in Ziegler-Natta systems 1is dependent on both the catalyst particle
size and the size of the primary crystallites, It is of practical
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significance that with severely diffusion limited catalyst, less than

50%Z of the transition metal sites may be effectively used., Finally,
if a catalyst is severely diffusion-limited, the Arrhenius plots
based on yield or initial rate will be nonlinear and may exhibit a
maximum, However, it should be noted that such Arrhenius relations
are also likely to arise through thermal activation of the catalyst
decay. It is possible to distinguish between these sources of nonli-
nearity in the Arrhenius plots by extrapolating the polymerization
rate to zero time. If the source of the nonlinearity is mass
transfer resistance, the Arrhenius plot for the initial rate will
differ significantly from that for long-time yields, and if the
source is activated catalyst decay, the Arrhenius plots based on the
initial reaction rates will be linear.

In general, it is safe to say that external film mass transfer
resistances are of little practical importance. However, the initial
temperature rise across the éxternal film may be as high as 10 K in
slurry polymerization for large particles of high activity catalyst.
In gas phase, the initial temperature rise for high activity catalyst
or agglomerated low activity catalyst can cause the melting point of
the polymer to be reached. This appears to be the cause of sticking
and agglomeration problems commonly observed in industrial gas phase
reactors, Such problems can be mitigated by reducing the activity of

the catalyst for a brief period during and after injection.
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REACTION ENGINEERING ASPECTS OF ETHYLENE POLYMERIZATION WITH
ZIEGLER-CATALYSTS IN SLURRY REACTORS
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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 of resistance in se-
ries mass transfer and kinetic parameters of the polymeriza-
tion 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 role 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

369



370

K.H. Reichert, R. Michael and H. Meyer

pfesented in this paper refer to the Ph.D thesis of Michael1)

2)

and Meyer which deal with heat and mass transfer of ethyle-
ne polymerization 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 TiCl4 /
M9(0C2H5)2/A1(C2H5)3 ’
generally in the presence of polyethylene powder to avoid

was pumped into the pressurized reactor

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 thermal mass flow meter.

The mclecular weight of polyethylene was determined by high
temperature gel permeation chromatography using large pcrous
inorganic column material by Merck AG (non commercial labora-
tory product). An infra red spectrometer was used as detector.
Special attention must be given to the sample preparation and
to the effect of sample concentration upon elution vclume in
the case of high molecular weight polymers. For details see
Ph.D thesis of Meyerz).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-
tances. 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
Michael1).
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RESULTS
Mass transfer gas-liquid:

The kinetic results were evaluated by using the mocdel of
resistance in series as summarized in the text book of
Satterfield3). At stationary state of polymerization the fol-
lowing concentraticn 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.
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Fig.1: Concentration profile of ethylene in the

polymerizing three phase system.

Knowing the absorption rate of ethylene, Rv’ at given cata-
lyst coicentration, CK and saturation concentration of ethy-
lene, Cg ¢ the resistance of mass transfer gas-liquid,

1/kLa , can be determined if this model is fulfilled in the
case of ethylene polymerization with hetercgeneous Ziegler

catalysts. As can be seen in figure 2 this is the case.
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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 from the model cf re-

sistance in series.

ZSOT ] —T ﬁ
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Reciprocal maximum polymerization rate versus
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temperature and ethylene pressure
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Fig.2: Influence of temperature and ethylene

pressure on mass transfer and ethylene

polymerization in bubble cclumn

In this way the influence of temperature, T, ethylene pressure,
Pge superficial gas velocity of ethylene in bubble column,uG,

and polyethylene ccntent, on mass transfer coefficient

“HDPE '
gas=-liquid, kLa , was tested. The results are summarized in

table 1.
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T Pe Ug | Cuoee k g
°C bar cm/s | wt% /s
30 1,2 45 16 0,037
60 1.2 4,5 16 0,052
80 1.2 45 16 0.057
60 1,2 4,5 16 0,052
60 2.5 4,5 16 0,045
60 4 4.5 16 0,044
60 1.2 2,2 16 0,031
60 1.2 45 16 0.052
60 1.2 89 16 0.0M
60 1.2 4,5 4 0.052
60 1.2 45 18 0,052
60 1.2 4,5 30 0,040
Tab.1: Volumetric mass transfer coefficient gas-

liquid, kLa, at different reaction condi-
tions

The superficial gas velocity has the largest effect on volume-
tric mass transfer coefficient gas-liquid as expected while
the influence cof the polymer content on mass transfer gas-
liquid is relatively small.

Most important parameter is the gas hold up, eg 7 of the multi-
phase system. It was found that the volumetric mass transfer
ccefficient gas-liquid is proporticnal 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

4)

Mersmann .
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0,25 0,065 . 0,06

e
) - FL R
Pe

(1-cg)

with ¢ = 0,23 for nonfoaming hydrocarbons

c = 0,29 for foaming hydrocarbons

FL = 0% %/n. 0g altered from 4,7-10° to 6,9:10"°

-3 3

vg/e altered from 0,1-107° to 2,9-10"

bg * pgthg *oop i)
P 1,250 P2

=L 1+ T T 7 i after Eilers
L

0
¢ s $S,max 1

with ﬁS,max > 0,3 otherwise experimental values of e
¥s,max - "8/%s
@S : volume fraction of solid, PRt bulk density

Tab.2: Correlation for gas hold up, ¢ of the

GI
three phase system

The gas hold up can be influenced by the superficial gas ve-

locity, u and some physical properties of the multi-phase

GI

system like density, of the dispersion

Por and viscosity, ﬂC,
liquid-solid, the volume fraction of the solid, ¢S’ and its

maximum value, @ the surface tension gas-liquid, o, and

S,max’
the difference of densities gas-liquid, Ap. These parameters
have been altered in a large way. The results are plotted ac-

cording to equation in figure 4.

From figure 4 it can be seen that foaming liquids like paraf-
finic mixtures (Exsol types of 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, k dimen-

5) S

sionless correlations of Sdnger and Deckwer were used which
are able toc 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
ds, the diffusion coefficient of ethylene in the appropriate
liquid phase, Dm’ which was calculated by using the equation
of Wilke and ChangG), the kinematic viscosity of the liquid

phase, n.. The mass related energy dissipation rate, ¢, is

L
proporticnal to the product of superficial gas velocity, u

’
and gravitational constant, g, in the case of bubble columi
reactor. The specific surface of the solid particle, agr 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 O, 2 and 80 minutes of reaction.
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Mass transfer liquid/solid

Sanger and Deckwer

0.333
{

Sh- 2+0,649 Sc S

€ d; 1y
for (e d¢ /v >1
Sh=2¢2067 5¢™¥ (e df/y )7
for (e d¢/v}) <1

with $h= ko dg/0, iSc=y,/0,,€ =40
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min |10°m 10?; 3 S S S
0 8 13 FAR ) 33 20
2 )5 | 511573 12 13 |20
80 80 4,6 [20135] 01 33 20

Data refer to: T=60°C, ug =45 em/s, p, =4 bar,
Cy=1,26-10"* mol Ti/l

Tab.3: 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 um.
After 2 minutes of polymerization the polymer particles

formed had a diameter of 54 um and they grew further to an
average diameter of 80 um 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, 1/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-
ticn proceeds. If this is the case the activation energy of
the pclymerization 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 constant,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 toc the fact that the
efficiency of titanium, €pyr and/or the effectivness factor,
n, are dependent upon ethylene concentration. If the experi-
mental values of k_e..n are corrected by taking into account

R™Ti

the maximum values of e and n straight lines are ocbtained

Ti
in the Arrhenius diagram.See figure 5.
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Fig.5: 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 1/mol s for
temperatures between 30 and 8C °C. These values agree with

data from literature for similar catalyst systems.

Diffusicn in porous particles
Catalyst particles:

In order tc estimate whether porous diffusion of ethylene
is to be considered at reaction conditions given the Thiele mo-
dulus must be known. In the following table some data for the

catalyst used are summarized.

Oiffusion and Reaction in Porous Cotalyst Particle

Thiele modulus for first order reaction in a spherical
catolyst porticte

Ro=4-10°m (N, = 14108 1)

farte V 4107 mat/ls 11
k, --ello YR . -1
" VT 0zsemet 3zeqosr D80
with Tett.0 = Tmox
o DeE 3,7-10°m¥rs 08 PR
e 4107 " mYs
.3 ! o
vy (e - ) <08

Reaction data . T =60°C ug=45m/s
Pe = 4bar . Exol D200/240
¢, = 12610 “ molTi/1
P =153 kg/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 um, the porosity, e, is 0.6, the average particle number,
N of 3.24+70

[=4
o is 1.4'108 per liter, having a volume, VC’ -

liter. The tortuosity factor, 1, is not known. It was assumed
a value of 5 for 1. The initial maximum rate of ethylene ab-
eff,o’ at ?éven reaction conditions was measured. A
value of 4410 mol/l s was found. The ethylene con-
g+ at 4 bar and 60 °C is 0.256 mol/l in Exol

D 200/240. The diffusion coefficient of ethylene, D, in the

sorption, r
centration, ¢

liquid phase at given conditions was calculated with the egua-

6)

ticn of Wilke und Chang With these data a minimum Thiele
mcdulus of around 4 results indicating that at reaction condi-
tions given porous diffusion of ethylene within the catalyst
particles must be considered at the very beginning cof polymeri-

zation.

Polymer particles:

After 80 minutes of polymerization the polymer particles
pp’/ ©f
1.4»109 per liter and a porosity of o0.6. The polymer vclume,
v

had an average radius of 40 um, a particle number, N

PE’ is OL§67 liter. The reaction rate decreased tc a volume
of 2.7+10 mol/l s. The resulting Thiele modulus depends cn
the model used for 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 conditions giv-
en and data used . See table 5.

For diffusion of ethylene in polyethylene a diffusicon coeffi-

- m2/s was used in the case of the multigrain

)

cient of 1.5¢10
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
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3.7~1O_9 m2/s was used. It was also tried to disintegrate the
active polymer particles and see if there is any effect on
polymerization rate. Unfortunately the polymerization stopped
very quickly when the slurry was pumped thrcugh a cclloidal

mill {ultra turax) which was placed in a bypass.

Diftusion and Reaction in Porous Polymer Particle

Threle modulus for first order reaction 1n o sphericol
and porous polymer particte with relotive uniform
catalyst distribution

kv
Dett

R+ 40 10°%m (ofter 80min , Nop=1,4-10° (1)

kver 3 (’___‘_)
ky $ tanh ¢
. Re Ve 27:107mol/ts 11 20078

Vel T TG Vep  0.256mol/l D.3671

Cotalyst Particte in
Porous Polymer
. Particle

.Poraus Polymer
Particle

Catatyst Particle
with Poiymer Shell

Multigrain Model Polymeric Flow Model
1.5-10°" 0.6 371077 06
Deu:“‘s—"— 0m='-—5-_
Oete= 1,810 m¥s Oer= 4.4 10" P mrs
$ =96 $ - 03
7 =03 LI
Tab.5: Thiele modulus for ethylene polymerzation

within porous polymer particles

Heat transfer:

Heat transfer was studied in bubble column reactcrs in a
wide range of solid content, particle size of the sclid and
superficial gas velocity. The results achieved can be corre-

8)

lated well by a dimensionless equation given by Deckwer ’.
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See table 6.
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Tab.6: Dimensicnless correlaticon 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, heat capacity, C

Pcr P,C’

dynamic viscosity, and thermal conductivity, AC. These

N
C
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). dB is the mean diameter of the gas bub-

bles. For maximum volume fractions cf polyethylene, ¢S nax’
r

larger than 0.3 the viscosity correlation of
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Eilersg) can be used to calculate the viscosity of the suspen-
sions. The viscosity is influenced by the volume fracticn of
the solid phase, ¢S’ 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 (uGg) and the physical data of the suspensions.
The heat transfer coefficient is nearly independent of poly-
ethylene concentration up to 20 weight percent. Above 20 weight
percent it depends mainly on the viscosity of the dispersion.
Small and non spherical polyethylene particles cause higher

viscosities than large and uniform particles. See figure 6.

JimlsK

| q———o0~L
T o

1500 —p=— o
r—@——%igém:ﬁza
u%b
a N
\\\
2
1000 4{
= Exsol 080/ HOPE
o HDPE1,dy=230um
F— o HOPEZ d; =45um
500 o HDPE3,d; = 100um
U= S,bcm/s
T=50°C
0 |
0 10 20 0 wt%
0 10 20 30 voL%
“HOPE
Fig.6: Influence of polyethylene concentration on heat

transfer coefficient for particles of different

size
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Calculation for heat transfer within the polymerizing particles

2)

by Meyer show that there is practicall%o temperature in-

crease in the particles at normal polymerization conditions.

Molecular weight distribution:

As can be seen in figure 7 the mclecular 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 logarithmic dependence of the molecular weight
distribution from kinetic models not even by considering mass

transport influence

99,98 T —
99,9
cg = 0,091 moi /1 /
99 1 = 25 0%malll v
€= 75107 mot /1
0 ] S THY ,/// ,/////
T M. 428000 gimol 7

= 80 M- 1660000 g/mol ,///.y/y/

2 70 3 M, + 2170000 g/mol // 7 o 009 mol /1

§ 50 3 7 > ch=L$m:mMH —

= 3 -~ g 25107 mels 1 ]

e 303 A T
10 P <l W, = 917000 g/mol —

T My = 5570000 g/mal
/ ¥, = 7900000 g /mol
R L]
01 i . S— — .
10 10° 10° 0’ 0
Mlg/mol} ——=
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 ethylene, aluminium alkyl and hydrcgen. The chain trans-

fer constants are of the following order: Ktr 5 1.4-10-5,
_ -5 _ -5 o}
Ktr,Al = 6310 and Ktr,H = 8400 1C at 50 C.

The number average mclecular weight of polyethylene produced
at 50 °C can be expressed by the correlation

_ 6 .
Moo= 2410 Cq / CE + 45 CAl + 6000 CH in g/mol.

Meyer 2)developed a kinetic model for the sluryy polymerization

of ethylene by assuming a Langmuir-Hinshelwood mechanism.
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¢ Ma My M, My /M,
mal /1 g/mol g/mol g/mal

Ce
0,091 537000 2780000 3760000 7.0
0.218 1030000 5230000 7540000 73
0.346 1210000 5360000 8730000 12
¢, 10°
1,25 1130000 7160000 9580000 8.5
2.5 921000 5460000 7920000 8.5
5.0 537000 7780000 3750000 7,0
7.5 4178000 1560000 2170000 5.1

Cy
0 1210000 6390000 8730000 7.2
0,0031 37000 181000 255000 6.8
0,0063 18800 93 700 124000 5.6
0,0071 17100 84 000 112000 6.6

c, = 2510 mol/1 . T=50°C

Tab.7: Molecular weights of polyethylene and its

dependence on concentration of ethylene, CE’

triethyl aluminium, CAl’ and hydrogen, CH

This leads to the fcllowing relation of the rate constant,

kV’ and the concentrations of aluminium alkyl, CAl’ and
hydrogen, CH:
Ca1
K., ~
v 2
(1 + Ky Cap * Ry Cy)

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 distributicon if mass transfer is dom-
inant. This of course does not exclude the model of multi-
plicity of active sites and its effect on molecular weight

distribution. Even a combination of both models (diffusion
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limitation and multiplicity of sites) is to be considered as

has been decne ky Galvan and Tirell1o).
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APPROACHES TO THE PROBLEM OF TACTICITY DETERMINATION IN
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ABSTRACT

The determination of polypropylene isotacticity is still
of importance today in the evaluation of commercial catalysts
and in the search for detailed mechanistic understanding of
the stereoregulating process. Whereas, methods based on NMR
measurements provide the most definitive information secondary
techniques which are simpler and faster to carry out still
Provide valuable information. This paper reviews the methods
for tacticity determination based on solvent extraction, IR
and recently proposed calorimetric techniques. The advantages
and limitations of the methods are discussed. Some recent
experimental results pertaining to the calibration of the IR
method and to various aspects of the calorimetric measurements

will also be presented.

INTRODUCTION

One of the fascinating features of polypropylene is the
possibility of stereoisomer formation. Thus Nattal’z)
distinguished three possible stereoisomeric sequences resulting
from the intrinsic asymmetric nature of the tertiarytcarbon
atom in the propylene repeating unit, Sequences of monomer
units of uniform configuration were termed isotactic, whereas
sequences of alternating configuration were known as
syndiotactic and random arrangements were designated atactic.

However, it was swiftly realised that although catalysts
were available which could produce predominantly isotactic or

syndiotactic polymers the as-polymerized samples were rarely
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stereochemically pure and consisted of mixtures of isotactic
(or, syndiotactic), stereoblock and atactic macromolecules.
These fractions were initially separated by procedures based
on solvent extraction and characterized on the basis of their
X-Ray diffraction patterns2). The fundamental distinction
between the different tacticities centres on their relative
facility in crystallization. Thus isotactic polypropylene
crystallizes readily, whereas, the atactic samples are obtained
as amorphous materials.

As a consequence, effectively all of the early characteri-
zation methods were based on the measurement of parameters
related to the crystallinity of the material and only indirectly
related to the actual tacticity. Such parameters include
solubility, IR absorbance, density, melting point, and X-Ray
diffraction. Experimental methods employing these techniques
have been briefly reviewed elsewheres).

NMR studies of polypropylene revolutionised the deter-
mination of tacticity when it was realised that the relative
steric configuration of neighbouring units affected the
chemical shifts of both proton and carbon atoms in the propylene
repeating unit. It now became possible to quantitatively
determine stereo-sequences within the polymer chain. For
purpose of quantitative analysis it was necessary to introduce
a nomenclature to specify two distinct arrangements known as
diads4). An isotactic diad (symbol m) represented the situation
where the neighbouring unit has the same stereochemistry as the
specified unit, whereas, a syndiotactic diad (symbol r)
represents a neighbouring unit of opposite configuration.

Rapid developments in high field proton NMR and subsequently
!3C_NMR permitted the distinction of longer stereosequences as
first triad, then pentad and subsequently heptad sequences
became resolved. The nomenclature for these longer sequences
are based on the diad definition, for example, for sequencges

of three repeat units, three distinct triads may be specified:
isotactic (mm), syndiotactic (rr) and hetereotactic (mr)

where the symbols refer to the configuration of the neighbouring
units relative to the specified unit. Analogous designations

are used for longer sequences. These developments have been



The Determination of Polypropylene Tacticity 389

reviewed in a general way by a number of author55'7),

Elucidation of the tacticity of polypropylene samples is
important from two viewpoints. Firstly, detailed structural
information is increasingly becoming an important tool for
understanding mechanisms of chain growth and the stereo-
regulating abilities of catalyst systems. Secondly, since only
the isotactic material is of commercial significance, the
determination of tacticity is of crucial importance in evaluation
of catalyst efficiency with respect to the formation of the
isotactic product. This latter aspect is of particular
relevance today, amidst the search for catalysts of ever higher
activity.

Whereas, unquestionably the NMR method provides the most
rigorous and fundamental evaluation of polymer tacticity yet
the technique is specialised, time-consuming and requires
expensive instrumentation. Consequently, secondary methods
employing relatively simple and rapid evaluation techniques are
still widely used and continue to make an important contribution
to propylene polymerization studies. It is the purpose of this
paper to discuss some of these secondary methods and to present
some recent results which have some bearing on the usefulness

of these techniques vis & vis the NMR characterization techniques.

EXPERIMENTAL

Polypropylene samples of varying stereoregularity and
molecular weight were prepared by the use of a variety of
conventional and supported catalysts in the presence or absence
of transfer agents, as reported earliers’g).

NMR stereoregularities of the samples were determined by
courtesy of Dr. Y.Doi by the techniques previously describeds)o

Samples were prepared for IR examination by hot pressing
a 50 mg sample between aluminium foil at 2000C, for approximately
5s. The pressure was then immediately released and the film
allowed to cool to ambient temperatures. Samples were examined
as soon as possible after pressing as small changes in the IR
spectrum were found to occur for a period of several days, due
to the effect of room temperature annealing. Polymer samples
were annealed at elevated temperatures by heating the film,

encased in aluminium foil, in an evacuated glass tube which
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was thermostatted in an oil bath, The samples were annealed
at a temperature approximately 5-10 K below the melting point

as previously determined by a DSC scan. After annealing for

3 hours the sample was then allowed to cool slowly in the oil

bath over a period of about 2 hours, whilst maintaining a high
vacuum environment. Samples of very low isotacticity which-
did not form a coherent film were examined and annealed after
casting onto a NaCl disk., IR spectra were run on a Perkin-
Elmer Model 1330 spectrometer operated at a scan time of 12
min. Films were sandwiched between NaCl discs for examination.
The orientation and position of the film did not significantly
affect the results but significant differences were observed
when comparing alternative instrumentation. The following
baselines were used in evaluating various absorbance values:
Asyp — (910 cm™! to 760 cm~'), Agyo and Aggs -~ (1060 cm™' to

910 cm—'), Ajigo - (1180 em™' to 910 cm™1').

Solvent extraction of the PP samples was carried out with
n-heptane, under nitrogen, for a period of 6 hours in a
conventional soxhlet extractor. Residues were dried to
constant weight under vacuum, whereas, heptane solubles were
recovered by concentration followed by methanol precipitation.

Calorimetric examination of the PP samples was carried
out with a Perkin-Elmer DSC-2C instrument, on polymer samples
(c.a., 5 mg) encapsulated in standard aluminium pans. Details
of the instrument calibration and experimental procedures have

10). All measurement runs were conducted

been described earlier
at a scan rate of 20 K/min. Samples were held at 470 K for

5 minutes before conducting a cooling run.

RESULTS and DISCUSSION
Characterization of PP Tacticity by Solvent Extraction

The differential solubility of isotactic and atactic
material proved to be of inestimable importance in the initial
characterization of these polymers. Natta and co—workersll)
subsequently postulated an isotactic index which was equivalent
to the percentage of a given sample insoluble in boiling n-
heptane., This index is still widely utilised in evaluation of

PP stereoregularity. Subsequently, a more detailed correlation
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between isotacticity and solubility in various solvents was

publishedlz) and this is reproduced below.

Table 1. Data of Nattalz) relating solvent fractionation to
stereoregularity

Insoluble Soluble % MPt. %

in in Crystallinity  °C Irregularity

ether n-pentane 15-27 106-114 26 1-29.5
n-pentane n-hexane 25-37 110-135 17.3-27.8
n-hexane n-heptane 41-54 147-159  17.2-12.2
n-heptane 2-ethy Thexane 52-64 158-170 2.5- 3.4
2-ethylhexane n-octane 60-66 174-175 0.4- 0.8
n-octane - 64-68 174-175 0.4- 0.8
trichloroethylene - 75-85 176 0

The validity of this method was evaluated by Quynn et aZlS)
in comparison with alternative methods for determining PP
crystallinity, e.g., by density and IR methods. It was shown
that whereas, the IR and density methods provide a consistent
measurement of crystallinity, as judged by X-Ray diffraction
measurements, the heptane insolubility index was somewhat
dependent on the molecular weight of the sample and did not
give a reliable guide of crystallinity.

Subsequently, in seeking to refute conclusions as to the
effect of the nature of the base metal-alkyl on the stereo-
specificity of the catalyst, Firsov et aZl4) showed that the
isotacticity index based on solvent extraction did not corre-
late well with IR and X-Ray measurements. In particular their
work showed that the extent of extraction was dependent on
molecular weight as well as stereospecificity.

Recently, during the course of the synthesis of low

9)

molecular weight polypropylene samples we have confirmed the
validity of the above criticism by comparison of the stereo-
regularity of samples through solvent extraction and C-NMR

measurements (Table 2).



392

D.R. Burfield and P.S.T. Loi

Table 2. Comparison of polypropylene stereoregularity from

13C_NMR and solvent extraction measurements,

Sample® [ZnEtz]b MnTc Isotacticd (mm)©
mmol/1 x 107" Index

S5 Whole 0 30.2 71.4 0.79
HI 44.8 0.89
S 14.8 0.39

11 Whole 400 1.26 21.7 0.83
HI 11.3 1.00
S 0.84 0.77

6 Whole 600 0.91 28.0 0.87
HI 16.9 0.98
S 0.8 0.83

a - Whole sample, HI - Heptane insoluble, S - Heptane soluble;
b -~ TiCls.Type 1.1/A1iBu; catalyst; ¢ - Mn as measured by
9)

tritium tracer technique™’; d - % insoluble in boiling n-

heptane; e - triad isotacticity by NMR.

It is clear from this table that for low molecular weight
polymers the isotactic index as deduced by solvent extraction
does not give meaningful results. Thus, whereas the isotacti-
city of the samples in the presence of high concentrations of
transfer agent appears to be reduced from 71% to about 30%, the
NMR measurements show that in fact the overall stereoregularity
of the samples increase from about 79% to 87%. This is
presumably associated with the deactivation of the less stereo-
specific, more exposed sites by interaction with the transfer
agent. Examination of the molecular weights of the insoluble
and soluble fractions show clearly that the latter are very
much lower than the former and that this effect is accentuated
as the overall molecular weight of the sample is reduced. It
might be supposed that the molecular weight of the atactic

polymers are intrinsically lower than the isotactic fraction.
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This suggestion is not unreasonable since sites producing
atactic polymer are probably more open to chain transfer with
metal alkyl, However, it is plain from the results cited in
the table that for low molecular weight samples the soluble
fraction is quite stereoregular (mm = 0.77-0.83). This clearly
shows that the solubility in boiling heptane is dependent not
only on stereoregularity but also on molecular weight.
Admittedly the above data are drawn from an extreme case
with low molecular weight polypropylene. A comparison of the
heptane insolubles versus NMR stereospecificity taken from

5)

recent results1 shows a better correlation (Table 3). In

this case the isotactic index as determined by solvent

Table 3. Comparison of solvent extraction versus NMR tacticity

from the data of Martuscelli et a215)
Sample Isotacticity Index Mn Crystallinity
Code % Heptane 13 x 10—" by X-Ray (%)
Insolubles C-NMR

LY-97.5 97.5 0.9566 5.5 64
HY-97.5 97.5 0.953 5.8 68

HY_ g6 96.0 0.949 - 68

HY-90 90.0 0.879 - 57
VHY-97.5 97.5 0.953 7.2 65

extraction agrees within about 2% that determined from NMR.
It is apparent therefore, that for high molecular weight
highly isotactic material the solvent extraction method gives
a good indication of isotacticity. This is perhaps not
altogether surprising since pure isotactic polypropylene will
be highly crystalline and as such not significantly soluble in
boiling n-heptane which has a boiling point (98.4°C) which is
lower than the melting point of the isotactic material. Thus
the top point of the isotacticity index is likely to be
coincident by extraction and NMR methods. However, even in
the abscnce of molecular weight effects the two measurements

are likely to diverge increasingly as the true isotacticity
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decreases. This follows since the solubility in n-heptane is
actually a function of crystallinity and this parameter is not

directly proportional to isotacticity as is discussed

‘subsequently in this paper. It should be borne in mind too,

that the effect of hot solvent extraction is not only to
remove less isotactic material but also to anneal the residue,
and thus increase the crystallinity of that material.

In summary, solvent extraction is a useful semi-quanti-
tative technique which is capable of ranking samples in order
of isotacticity providing that the molecular weights of the

samples are comparable.

Stereoregularity Determination by IR Measurements

Next to solvent extraction techniques, methods based on
IR measurement have proved the most widely used in determination
of polypropylene isotacticity. This is probably a consequence
of the ready availability of the instrumentation and ease and
simplicity of sample preparation and measurement.

Whereas, the IR spectrum of isotactic polypropylene was

first reported by Natta and coworkers16’17), the first

quantitative study seeking to relate isotacticity with IR
absorption intensity was published by Luongols). The results
of this study are still widely quoted today. Luongo showed
that the ratio of absorbances at 995 and 974 cm~! was a
function of the isotacticity of the sample. The absorbance at
995 em~! which is intense in highly isotactic material was
attributed to a crystallinity band since it disappeared on
heating the sample at 180°C - above the melting point of the
isotactic polypropylene, Luongo established a calibration
curve relating the absorbance ratio to isotactic content by
using physical mixtures of supposedly completely isotactic and
atactic material.

19)

A review at that time pointed out the limitation, that
since the IR isotactic index was a function of crystallinity,
the measurement would be dependent on the thermal history of

0)

annealing samples for 15 min at 160°C in a carbowax bath, but

the sample. Brader2 sought to circumvent this problem by

in so doing introduced further errors through air oxidation of

the unprotected samples. It was also shownzl’zz) that the



The Determination of Polypropylene Tacticity

! as well as those at 1170 and

intense band observed at 995 cm™
841 c¢m ! in the spectrum of isotactic polypropylene are due to
the conformation of the polymer chain rather than crystallinity
rer se. Subsequently, quw522) sought to overcome the problems
associated with the earlier methods by subjecting the poly-
propylene films to a 3 hour annealing at 165°C under argon
Utilising this method samples could be given a uniform thermal
history, whereby, supposedly all the isotactic material could
be converted to helices. Again, as with Luongo's original
method a standard calibration curve was constructed using
samples of apparently isotactic and atactic nature Other
indices have been proposed for measurement of isotacticity (or,
crystallinity) based on the absorptions at 841 cm“’24’25) and
1220 cm™ 4297,

The most extensive studies relating to IR characterization
of isotacticity have been carried out by Kissin and co-workers

27—29). An important

and much of this work has been summarised
aspect of this work is the observation that the appearance of
the various isotactic helix bands is dependent on the length

of the isotactic sequences. Thus the critical sequence

lengths for appearance of these bands are: 973 cm™ ! (5 units),
998 cm ! (11-12 units), 841 cm ! (13-15 units) respectively.

On the basis of this observation three indices of isotacticity
were proposed based on the following absorbance ratios: Ayn/Aiwe
(known as the spectral degree of isotacticity (a)); Ages/Ags
(known as the macrotacticity M); and, Aguw /As73.

At this point it is perhaps worth pointing out that there
seems to be some confusion between authors as to the signifi-
cance of the absorbance at 973 cm™ ', which is observablels’zz)
in the melt of isotactic samples as well as in purely atactic

18,22) 22) to the chemical

material and has been attributed
structure of head-to-tail sequence of propylene units. On this
basis the band has been used as an internal reference for
comparison with bands char?cteristic of isotacticity. On the

other hand, Kissin et a127

to short isotactic helices which are still present in the melt

largely attribute this absorption

and to some extent in atactic samples, and as such can be used

as a measure of isotacticity in comparison with a reference
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Figure 1. IR Spectra of polypropylene samples of varying
tacticity showing bands used for calibration curves.
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Figure 2. Calibration curve for IR absorbance ratio
Agss /Ag7 versus NMR triad isotacticity.
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band such as the absorbance at 1460 cm™ !, However, at the

same time the absorption at 973 cm™!

is also used by them as a
reference band in the other absorption ratios.

The use of the ratio Ay;3/A,460 is complicated by an over-
lapping syndiotactic absorption band at low isotacticity and
by reduced sensitivity at the high isotacticity end of the
scale., Insensitivity to state of aggregation and hence thermal
history of the sample is the claimed advantage27).

Owing to the uncertainty in the nature of the reference
bands and in the linearity of the absorption coefficient of
helix bands on isotacticity, as well as complications
introduced by thermal history effects, the IR method must be
regarded as essentially empirical. Unfortunately, the only
calibrations available from the literature are derived on the
basis of samples of nominal isotacticity. We have undertaken
to establish IR calibration curves based on polypropylene
samples whose stereostructure has been determined by ®C-NMR.

1

Figure 1 shows the IR spectra in the region 1600 ~-700 cm - for

samples of varying isotacticity.

Several absorption ratios have been evaluated as measures
of isotacticity in particular: Az.o/Aeo; Ases/As7¢; Asuo/A1160; and
Agss/A16p. This corresponds to the use of the absorbances at
840 and 995 cm” ! as a measure of isotacticity with respect to

! The ratio

Agro/Aiuse was not evaluated as the absorbance at 1460 cm ! was

internal reference bands of 970 and 1160 cm’

generally too intense for precise determination. All four
indices provide useable calibraticon curves (Figures 2-5) but
the ratios Agyo/Ag7p and Agges/Ag7p are to be preferred because of
reduced scatter and the linearity of the calibrations. High
temperature annealing of the polymer samples gives rise to a
shift in the position of the calibration curves to a higher
absorbance ratio but does not otherwise affect the shape of
the curves. 1In the opinion of the authors there is in fact
little to be gained by the added annealing step provided that
standardised conditions are used for hot pressing the film,
since this process effectively erases the previously thermal
history of the sample. (It was noticed that slow annealing

processes do occur in the pressed film, as evidenced by
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changes in absorption ratio over a period of several days
Consequently all unannealed samples were run within 1-2 hours
of pressing.)

Comparison of the present results with Luongo's original
calibration is shown in Figure 6. It is quite clear that the
% isotacticity determined by Luongo does not correspond well
with the triad isotacticity as determined by NMR. However, if
a isotacticity of mm = 0.35 is assigned to the atactic sample
used by Luongo, then the calculated curve shows a reasonable
correlation,

In summary, the IR technique proves to be a simple and
rapid method for determination of isotacticity and the values
deduced therefrom can be correlated with NMR triad isotacti-
cities. Little advantage is gained in reproducibility or

accuracy by annealing procedures,

Isotacticity from Calorimetric Measurements

As has already been observed, the secondary methods
available for determination of polypropylene isotacticity are
largely dependent on the different crystallization behaviour
of the various tactic configurations. Thus highly isotactic
material undergoes facile and extensive crystallization leading

3

to high density1 , insolubility in hot heptane and characte-
ristic IR spectra and X-Ray diffraction pattern830’31).
Calorimetric studies afford an alternative method of probing
the crystallinity of the polymers in relation to melting point
or enthalpy of fusion. Early calorimetric methodslz’sz’ss)
were mainly concerned with attempting to relate the melting
point of the polymer to isotacticity. A clear trend is
discernable (Table 1) as the melting point increases in step
with isotacticity. However, the correlation for unfractionated

33)

samples is poor and in any case the melting point is affected

by thermal pretreatment. Using an alternative approach

Tolchinskii et a134)

were able to establish a relationship
between the area of the melting peak and the % amorphous
(atactic) content. The drawback of this approach is that the
melting curve is very broad, and consequently the precise area

is difficult to define and is in any case very dependent on
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the previous thermal history of the sample.

Recentlylo>, we have shown that an alternative calorimetric
approach to measurement of isotacticity, is to monitor the
crystallization behaviour of the polymer. This has two signi-
ficant advantages over studies of the fusion process. Firstly,
the thermal history is erased by high temperature treatment and
secondly the crystallization temperature range in a dynamic
cooling run is much narrower and more reproducible than in an
analogous heating cycle. In particular, the onset temperature
of crystallization (Tc) is highly reproducible and has been
shown to be related to the isotacticity of the sample. Thus,
by using fractionated polymer samples of known isotacticity,

10)

an empirical calibration has been established More

recently35>, by extending our studies to a wider range of
samples we have observed that polymers produced by supported
catalysts show slight differences in crystallization behaviour
from those prepared by conventional catalyst systems and this
is illustrated in Figure 7. In simultaneous and detailed
isothermal crystallization studies Martuscelli et aZ15’36)
have confirmed the dependence of the crystallization behaviour
on the stereoregularity of the polymer chain and have shown

that the overall rate of crystallization, at a given temperature,
decreases with increase in stereochemical defects, From their
studies it is apparent that the crystallization behaviour is
dependent on the distribution as well as the number of stereo-
chemical defects and this may explain the differences

observed in Figure 7.

One drawback of employing the crystallization onset
temperature as a measure of isotacticity is that it is only
appropriate for samples that are fairly homogeneous in stereo-
structure such as the residue and soluble fraction from hot
heptane extraction. This is illustrated in the table given
below: The crystallization temperature of the whole sample
(387.3 K) corresponds to an NMR triad isotacticity of about
0.94 according to the calibration curve (Figure 7). This is
very far different from the calculated NMR value of 0.84 and
shows that in the case of a mixture of polymers of grossly

different stereoregularity the observed crystallization onset
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Table 4.  Comparison of Crystallization Parameters for Whole

and Fractionated Sample,.

Te H, mm
Sample (X) (cal/g) (NMR)
Whole Sample 387.3 -17 1 (0.84)x*
Heptane Insoluble (32%) 393.6 -23.5 1.00
Heptane Soluble (68%) 375.1 -13.5 0.77

*¥ Calculated from weight fractions of insoluble and soluble

fractions.

temperature is more representative of the fraction of higher
stereoregularity.

However, in this case, much better agreement is observed
from measurements of the enthalpy of fusion, which are found
to be approximately additive. Thus calculation of the
enthalpy of crystallization of the whole sample from the
relationship:

AH = W AH + W

. . AH
C
Whole INSOL SOL

“INsoL : Cso1,

where, WINstand wSOL represent the weight fractions of the

insoluble and soluble fractions respectively, leads to a value

of AHCMwle
observed value for the whole fraction of -17.1 cal/g.

= -16.7 cal/g. This is close to the experimentally

Correlation of the enthalpy of crystallization with
isotacticity (Figure 8) leads to an alternative method of
tacticity determination by DSC measurement. This method has
certain advantages in that: (i) there is little difference in
behaviour of polymers from varying catalyst types; (ii) both
whole and fractionated samples may be accommodated; and
(iii) the enthalpy of crystallization may be measured more
accurately than the onset temperature, with samples of low
isotacticity.

Recently37), in DSC studies of ethylene-propylene copolymers
we have shown that the enthalpy of crystallization of the

ethylene segments is proportional to the probability of forming
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ethylene run sequences of a certain minimum length., Similar
relationships are apparent in the present studies. Thus if it
is assumed that: (i) only isotactic segments contribute to the
observed crystallization exotherm; (ii) a minimum sequence
length is required for crystallization; and (iii) the stereo-
defects are incorporated in a random fashion then the following

relationship should hold:

_ n
M, = KPL_

where, AH, is the observed enthalpy of crystallization, k a
constant, piso the fraction of isotactic units and n the
critical sequence length for crystallization to occur. This

relationship may be tested in the form:

log(4H,) = log k + % log (mm)
where (mm) is the triad isotacticity. Figure 9 illustrates
such a plot which has a slope of 2.69. This corresponds to a

1.5r

LN

log (AHC)I.O

——

I i A L 1 A - Il d
2.

1.5 1.6 1.7 1.8 1.9
log (100 mm)

0

Figure 9. Relationship of enthalpy of crystallization to
NMR triad isotacticity.

a - Whole sample

® - Conventional catalyst, fracticnated sample

o - Supported catalyst, fractionated sample
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critical sequence run of n =38 isotactic units. Interestingly,
all samples including fractionated and whole polymers appear
to fall on the same line and consequently this could be a
useful calibration for relating isotacticity to enthalpy of
crystallization.

In summary, whereas measurement of enthalpy of fusion and
melting point appear to be of limited value in determining
polymer stereoregularity, methods based i polymer crystalli-
zation are promising. In particular the enthalpy of crystalli-
zation may be directly related to the triad isotacticity of
the polymer. Calorimetric methods are advantageous in only
requiring small samples and being rapid in measurement.
Further work is in hand to establish the reliability of these

methods.
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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 MgCl,-supported Ziegler catalysts. Two types of
supported catalysts MgCl,/TiCls/Ethylbenzoate (EB), developed by
Montedison and Mitsui Petrochemical, were studied.

Comparing the TG-DTA curves obtained with various mixtures of
MgCl,, TiCl,, EB and TiCl,-EB complex as well as the catalysts
themselves, no interaction between TiCl, and EB in the MgCl, matrix of

the two catalysts is suggested.

INTRODUCTION

Since the discovery of Natta, T TiCly catalyst has been used
traditionally in the polypropylene industry. New commercial
catalysts, highly active MgCl,-supported catalysts, were successfully

2) and Mitsui Petrochemical, 3) though MgCl,-

4)

developed by Montedison
supported catalyst was proposed earlier for ethylene polymerization.

Many types of supported catalysts have now been proposed and the
earliest catalysts noted above which are based on MgCl,/TiCl4-EB or
MgClZ/EB/TiCl4 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 TiCly, EB or TiCl,-EB complex in the catalysts are
not yet established.

The irreversible complexation of EB with TiCl, and the stability
of TiCl,-EB complex at room temperature strongly suggest the existence

407
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of an TiCls-EB complex in the catalyst. However, this suggestion 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
components 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

components.

EXPERIMENTAL

Reagents. Pure heptane (from Toa 0il Co., Ltd.) and extra
pure EB (from Kanto Chemical Co., Ltd.) were used after being dried by
using the molecular sieve 4-A. Unhydrous MgCl, (from Toho Titanium
Co., Ltd., S.A. : 11 n?/g) and TiCl, (from Toho Titanium Co., Ltd.)
were used without further purification.

Preparation. TiCly-EB complex: In a 200 ml glass flask were
placed 80 ml of heptane and 0.10 mol of EB at 40°C under nitrogen
followed by adding 0.10 mol of TiCl, dropwise and reacted with
stirring at 40°C for 1 h. The yellowish solid product was then
separated by filtration, washed with heptane and dried in a vacuum.
The molar ratio of TiCl4/EB in the resulting complex was 1.09.

Grinding: 315 mmol (30 g) of MgCl, with 11 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 MgCl, and 15.4 g (45 mmol) of TiCl,-EB complex
were coground as described above.

cat-B: 6.1 g of the coground product of MgCl, and EB were treated
in a 500 ml flask with 200 ml of TiCl, at 90°C for 2 h with stirring
under nitrogen, followed by washing with heptane and dried in a
vacuum.

Measurements. IR spectroscopy: IR spectra were recorded on a

Hitachi 270-30 spectrometer with 2.5 mm: KBr pellet containing each
sample.

TG-DTA: The measurenents were conducted on a Rigaku Thermoflex
8100 under nitrogen at a heating rate of 17 °C/min using \-Al1,05 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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diffractometer with monochromatic copper radiation.

RESULTS AND 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 Mgclz—supported catalysts.

TiCly and EB form an eguimolar complex described under
EXPERIMENTAL. Fig. 1 shows IR spectra of (1) EB and (2) TiCl,°EB
complex. The C=0 band is shifted from 1725cm™! in (1) to 1568cm~' and
1594cm-1 in (2) by the complex formation.

Fig. 1-(3) is the IR spectrum of the coground product of MgCl,
ancé EB. The C=0 band appears at 1680cm“1, which is similar to the
results of Chien et al.'3)

Five grams of MgClZ with various surface areas were treated using
200 ml of TiCl, at 90°C for 2 h, followed by washing with 200 ml of

heptane 10 times. Ti content on each MgCl, is shown in Table 1.

Table 1. Amounts of Ti supported on MgCl, with different surface
areas
surface area of MgClj Ti &)
(mz/g) (mmol/g-MgCl,)
1 trace
60 0.17

a) Five grams of MgCl, was treated with 200 ml of TiCl, at 90°cC
for 2 h followed by washing with 200 ml of heptane at 40°C 10 times;

then Ti content was measured-.

Only a trace amount of Ti is supported on MgCl, with a surface
area of 11 mz/g. But when MgCly with 60 m2/g which was prepared by
grinding MgCl, with 11 m2/g was used, the Ti content became 0.17
mmol/g-MgCl,.

Table 2 shows Ti contents of (1) coground product of MgCl, and
TiCl,, and (2) washed product of (1). A much larger amount of Ti is
able to be supported on MgCl, by grinding. But about 40% of supported
Ti is removed by heptane washing, which suggests that about 40% Ti
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Figure 1. IR spectra of 1) EB, 2) TiCly-EB complex, and 3)
coground product of MgCl, and EB
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interacts only slightly with MgCl,.

Table 2. Difference of Ti content by heptane washing

Ti
(mmol/g-MgCl,)

(1) Coground product of MgCl,
and TiCl, 1.51 b)
(2) Washed product of (1) @) 0.88

a) Five grams of the coground product was washed with 200 ml of
heptane at 40°C 10 times.
b) Calculated from the amounts of TiCl, and MgCl,

2. Detailed study of TiCl, and EB in the MgCl,-supported
catalysts

The structure of the active site as well as polymerization
mechanism of the MgCl,-supported catalysts still remain unclear.

Here, TiCl, 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 MgCl,-supported catalysts
developed by Montedison and Mitsui Pertochemical, are studied to
clarify the states of TiCl4 and EB in the catalysts.

cat-A; Prepared by grinding MgCl, with TiCl,-EB complex.

cat-B; Prepared by treating the coground product of MgCl, and EB

with TiCl,, followed by washing with heptane.

Fig. 2 shows TG-DTA curves of (1) TiCl,-EB complex, (2) coground
product of MgCl, and EB, and (3) coground product of MgCl, and TiCly,.
In the case of (1) the TiCl,-EB complex, there are two large

peaks at 128°C and 188°C with 50 ~ 60% weight decrease at the
temperature range of 100°C to 200°C. These peaks are due to TiCl,
(b.p.: 136°C) and EB (b.p.: 213°C) produced by the decomposition of
the TiCly*EB complex. A small peak exists at about 365°C, which may
be caused by a decomposition of a reformation product of TiCly-EB

complex.
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DTA curve of the coground product of MgCl, and EB 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 MgCl, respectively.

Fig. 2-(3) shows the change in Ti content as well as TG-DTA
curve. The DTA curve has two peaks at 100°C and 214°C. They are
caused by TiCl, having no interaction with MgCl, (100°C) and TiCl,
fixed in the crystalline matrix of MgCl, (214°C), which agrees with
the cdecrease in Ti content. This corresponds to the result in Table 2,
where TiCl4 decreased by washing, indicating the existence of TiCl4
that does not interact with MgCl,.

Fig. 3 shows TG-DTA curves of (1) mixed product of MgCl2 and
TiCl,-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 TiCly
produced by the decomposition of the TiCl,-EB complex as in Fig. 2-(1).
The peak seems to involve dissociation energy of the complex. 1In 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
MgCl, and EB (see Fig. 2-(2)). This is because EB produced by the

decomposition of TiCl,*EBR complex interacts with MgCl,.

The change of Ti content in cat-A is similar to that in (1), but
there is only a very small peak at 100°C by free TiCly in (2). There
is no peak at about 130°C by TiCl, produced from the complex,
indicating that the TiCl4-EB complex has already decomposed. That is,
the complex decomposed when it was ground with MgCl,. The peak at
237°C is mainly due to EB that has interacted with MgCl, as it is
similar to the peak of the coground product of MgCl, and EB. But
because of the decrease in Ti contents, the peak at 237°C seems to
include alsc a desorption of TiCl,. Thus, if the TiCl4°EB complex is
coground with MgCl,, the complex decomposes and TiCl, and EB exist
interacting only with MgCl,.

Moreover, in (3) cat-B shows a TG-DTA curve similar to that of
cat-A in (2). It indicates that the states of TiCl, and EB in cat-B
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.

Fig. 4 shows the IR spectra of (1) cat-A and (2) cat-B. The C=0
band of each spectrum appears not at 1580cm‘1, which suggests the
interaction with TiCl,, but at 1680cm~! due to the interaction with
Mqu2' These results indicate that EB exists interacting with MgCl2
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in the two types of Mgclz—supported catalysts and agree with those of
TG-DTA.

1680

1680

l | 1 l

2000 1800 1600 1400 1200 1000
WAVENUMBERS (cm™ 1)

Figure 4. IR spectra of 1) a catalyst prepared by grinding MgCl,
with TiCl,*EB complex (cat-A), and 2) a catalyst prepared by treating
the coground product of MgCl, and EB with TiCl, (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 TiCl4-EB complex (cat-A) were measured. The

results are shown in Table 3.
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Table 3. Differences of Ti and EB contents by heptane washing
Ti EB
(mmol/ (mmol/
g-MgCly) ¢-MgCl,)

(1) Coground product of

MgCl, and TiCl,-EB complex, 1.40 1.24
cat-Aa
(2) Washed product of (1) &) 0.64 1.05

a) Five grams of coground product was washed with 200 ml of

heptane at 40°C 10 times.

Ti content decreases about 55%, while EB content decreases only about
15%. 1If TiClyg and EB exist in complex form, their decrease by heptane
washing must be the same in amount. So, the result suggests that they
do not exist in complex form. This corresponds to the TG-DTA results
which show that TiCl, and EB exist interacting only with MgCl,.

Fig. 5 shows XD patterns of (1) ground MgCl,, (2) coground
product of MgCl, and TiCl,, (3) coground product of MgCl, and EB, and
(4) coground product of MgCl, and TiCl,-EB complex. Grouncd MgCl, has
four main peaks at 28=15°, 30°, and 50°.

The peaks at 26=30°, 35°, 50° in (2), and the peak at 26=15° in
(3) become smaller than those in (1). 1In (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 TiCly-EB complex decomposed, then TiCl, and EB act on MgCl,
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 TiCl, and EB exist in
the MgCl,-supported catalysts interacting only with MgCl,. Results
obtained using other analytical equipment such as IR and XD,

corresponded to those obtained using thermal analysis.
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2)

| l l i | |

10° 20° 30° 40° 50° 60°
28 (Cu,Kx)
Figure 5. Powder X-ray diffraction patterns of 1) ground MgCl,

(5.A. = 60 m?/g), 2) coground product of MgCl, and TiCl,, 3) coground
product of MgCl, and EB, and 4) coground product of MgCl, and TiCl,-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
1-butene, 1-hexene, l-octene and 1-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.

419
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At the present state of development, low pressure eothylene
polymerization 1s generally a highly eflicient low-cost operation.
Yet many unsolved problems face 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 poly-
ethylene (HDPE), synthetised under low pressure, with transition
metal catalysts when comparing physical and mechanical properties.

Farly 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’’ has been done,
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.
LLDPE has been scarcely dealt with in scientific papersz’a); it
is more often presented in patent literature' /¢ and trade
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/cm’ 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, 1-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 Al,0; an MgCl,
supported Ziegler-Natta catalysts. The main interest of the study
was related to the evaluation of the catalytic activity and the

incorporation of comonomers to the main chain cf the polymer.
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EXPERIMENTAL

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 liguid comonomers were
distilled in an inert atmosphere.

Alumina (Y -Al,0,;) was produced through a process developed by
PETROBRAS Research Center (Brazilian Patent 8 005 302), by reacting
aluminium sulphate and amonium bicarbonate at a controlled pH. It
was later dried and calcinated at 7OOOC, with final properties of
specific area around 250 m?/g, pore volume > 1,0 cm’/g and 85% of the
pores with diameter above 100 A%

Magnesium chloride (MgCl,) was obtained from commercial
MgCl, .6H,0; dehydrated at 110°c and 450°C under flow of argon and
HC1, respectively. The anhydrous compound was then ground in a ball
mill.

Preparation of the supported catalysts. Highly dispersed

catalysts were obtained by treatment with TiCl,, at reflux
temperature, in absence of solvent. The adopted procedure 1is
)

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 8OOC, untill a constant pressure of
10-14 kg/cm? 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.

Hydrogen was used as regulator of molecular weight only in the
reactions with MgCl, 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

8)

procedure 'employed @ compensation method with a polymethylene wedge.

The density was measured in a DUPONT Differential Scanning
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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 [ N] were determined through Solomon and

1o from a single value of specific viscosity

Gostman's equation
obtained at one definite concentration. The suitability of this
equation was checked by comparing to values of intrinsic viscosity

”. The cristallinity of the

obtained by the Huggins equation1
copolymers was determined using the relationship: D:pc X +p a {1-X)
where: D = material density; o o = polyethylene density 100%
cristalline; Oa = polyethylene density 100% amorphous and

X = cristallinity.

RESULTS

The copolymerization of ethylene witha -olefins using different
support for the Ziegler-Natta catalysts are presented below.
1 - Alumina (Y-Al,0,) 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 1-butene in the feed was ranged from 6.7 up to 30.4

mole per cent in relation to the liquid phase.

Table I. Influence of the 1-butene concentration on
. . . : (a)
copolymerization with ethylene using A1,0; as support
V-BUTENE CATALYTIC 1-BUTENE MELTING INTRINSIC
RUN CONCENTRATION ACTIVITY x 107 INCORPORATION DENSZ':'Y CRISTALLINITY POINT VISCOSITY
(HOLE V) (gPOLYM/gTi) (MOLE %) (g/ca’) By °c) (ar/q)

A1 - 49.276 - 0.9360 52.44 144 30.03
A-2 6.7 35.120 0.06 9.9300 48.78 140 21.35
A-3 1.5 32.145 0.90 0.9290 48.17 138 19.62
A-4 21.5 24,104 1.63 0.9258 46.22 135 14.08
A-5 30.4 17.559 .41 0.9222 44.02 133 8.76

(a) Polymerization conditions: ethylene pressure: 13,5 Kg/cm?;
temperature: 8OOC; reaction time: 2h; catalyst: TiCl, /Al:0;;
cocatalyst: Al (iCQHg);; 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, the® -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 7T-hexene,
1-octene and l1-decene are shown in Table II. For comparison T-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 ¢ -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

o-olefin contents increases in the copolymer, the density, the

melting point and the viscosity decreases.

Table II. Comparative results of the ethylene homopolymerization
. . . . . a
and copolymerization with @ -olefins using Al,0; as support( )
CATALYTIC COMONOMER MELTING INTRINSIC
RUN COMONOMER ACTIVITY x 107° INCORPORATION DENSITY CRISTALLINITY POINT VISCOSITY
(qPOLYM/gT1) (MOLE 1) lg/em’) wm °c) (41/5)
A-1 - 49.276 - 0.9360 52.44 144 30.03
A-] 1-BUTENE 32.145 0.90 0.%9290 48.17 138 19.62
B-1 1-HEXENE 29.742 0.17 0.9018 49.88 142 20.20
c-1 I-OCTENE. 33.363 0.05 0.9338 51.09 142 22.74
D=1 1-DECENE 40.318 0.02 0.9348 $1.71 143 22.79%
(a) Polymerization conditions: ethylene pressure: 13,5 kf/cm?;
o . .
comonomer feed: 11-13 mole %; temperature: 807°C; reaction time:

2h; catalyst: TiCl,/MgCl,;; cocatalyst: Al (iC4He),; 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 Al O, as support.
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2 - Magnesium chloride (MgCl,) as the catalytic support.

Table 11T shows the results of the copolymerization of ethylene
and 1-butene. The concentration of l-butene in the feed was studied
in the range of 7,2 to 21,7 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 only 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 III. Influence of the 1-butene concentration on
. . . . a
copolymerization with ethylene using MgCl, as Support()
1-BUTENE CATALYTIC CCMONOMER ELASTCMERIC MELTING INTRINSIC
RN COWCEMIRATION  ACTIVITY x 107° INCORPORATION SUBPRODUCT DF“S":" CRISTALLINITY FOTNT VISOSITY
GOLE V) (grOLYW/gTi ) UaE §) ) {g/am’) ) (%) (du/gs

E-1 - 1,048 - 0.5 £.9520 60.00 137 3.02
E-2 7.2 685 1.9 5.0 0.9370 53.05 126 1.97
23 10.5 592 2.19 6.0 0.9326 50.17 126 1.68
E-4 15.4 633 .94 22.0 0.9314 49.6) 125 1.52
B-5 19.8 646 3.56 4.0 0.9279 47.50 124 1.46
E-§ 2.1 644 4.03 29.0 0.9261 46.40 123 .44

{a) Polymerization conditions: ethylene pressure: 10,0 kg/cm ?;

hydrogen pressure: 4,0 kg/cm *; temperature:= BOOC; reaction
time: 1h; catalyst: TiCl,/MgCl,; cocatalyst: Al (iC,H,),; ALl/Ti

molar ratio: 10.0.

The influence of 1-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 by
the comonomer concentration. As it was mentioned before, for
explaining this effect, one must consider the possible occurrence of

X . . . " 2
chain transfer reactions with the comonomer, as point out by Bohm .
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The presence of the i -olefin intensifies the controlling action of
the hydrogen on the molecular weight.

Finally, this system promotes the formation of an elastomeric
subproduct that 1s proportional to the amount of comonomer in the
feed.

In the Table IV are shown the results related to the ethylene
copolymerization with t-hexene, 1-octene and 1-decene for a fixed
o -olefin concentration. In contrast to what was observed with
alumina-supported catalyst, the catalytic activity changes with the
type of @ -olefin chosen for study. For l-butene and 1-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 MgCl, as support(a)

CATALYTIC COHOHER ELASTOGRIC MELTING DGRINSIC

RN croonm ® acrveny x 107 INCORPORATION SURPROCUCT DENSITY CRISTALLINITY FOINT VISCOSITY
(gPOLYW/GT) (e ¥ ) ta/en’) w ) 1avg)
-1 - 1,048 - 0.5 6.9520 60.00 [E) 3.02
2 1-BUTRNE 92 2.19 6.0 0.9326 50.37 126 1.69
P-1 1-HEXENE 1,348 RN 3.2 0.9410 35.49 m 1,60
&1 1-ocTERE 606 0.60 2.0 0.9461 59,60 I 179
) 1-0EcReE 1,187 0.32 .6 0.9518 62.07 M 1.9

(a) Polymerization conditions shown in table III

(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:

1-butene > t-hexene > 1-octene > 1-decene
The density values show the dependence with the type of @ -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 MgCl, as support.

3 - Determination of the reactivity ratios of the pair
ethylene-%-olefins in Ziegler-Natta copolymerization using MgCl, as

support.
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Due to the great gquantity of data obtained in this work, the
reactivity ratios parameters values were calculated using Mayo-Lewis

and Fineman-R.ss methods. The results are presented in Table V.

Table V. Reactivity ratios of the w-olefins in copolymerization

with ethylene using MgCl,; as support

MERS
DETERMINATION COMONO
METHOD ETHYLENE/1- BUTENE | EFHYLENE/1-HEXENE | ETHYLENE/1-OCTENE ETHYLENE/ 1~DECENE
r2 ri r2 ry ry r] r2 ry
MAYO-LEWIS 35.26 | ©0.01 |132.00| 0.02 | 160.00 0 315.00! 0
FINEMAN-ROSS 45,00 | ©0.16 |129.76 | 0,01 | 170.13 0 271.90| O
12 . . . .
Bohm ) found values of reactivity ratio for the pair

ethylene-1-butene of 67 and 0,08 respectively at 85°C for 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-0-oclefins 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 II, 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 macromoclecule 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.

The @ —olefins examined occupy the following order according to

their effect on the parameters studied:
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1-butene - l-hexenc 1-octenc 1-dececne

For MgCl, used as a support, Tables III and IV, the variation of

catalytic activity was found to be a characteristic of each % -olefin

investigated. The other parameters follow normal tendencies already

discussed for alumina.

The formation of elastomeric 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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THE STRUCTURAL STUDY OF SUPPORTED ZIEGLER-NATTA CATALYSTS FOR THE
POLYMERIZATION OF OLEFIN

XIAO SHIJING, CAT SHIMIAN, CHEN ZANPO and LIU HUANQIN
Institute of Chemistry Academia Sinica, Beijing

ABSTRACT
The interaction between MgCl2 and electron donors and the stru-
cture of supported catalysts were studied by IR and XPS. Experi-

mental data obtained demonstrated that the surface complexes between
MgCl, and electron donor probably formed during milling. When the
catalysts were made by treating the milled product (MgCla/PTP,
MgCla/PYRR) with TiClq a large quantity of PTP and PYRR came down
from the support and TiClq/PIP and TiClq/PYRR complexes formed
respectively, while the milled product was MgCl,/EB, the characteri-
stic bands of MgCla/EB in IR spectra were remained and this indica-
ted that MgCla/EB kept unchanged during the treating.

When TiClqEB complex was milled togetter with MgCl,, the
complex decomposed and MgCla/EB surface complex formed. The other
component TiClq binds with MgCla through chlorine bridge. However,
no exchange between the complex and MgCl, Support could be Observed
during the cogrinding of MgCl2 and TiCquPIP or TiC142PYRR.

INTRODUCTION

Electron donor compounds such as esters, amines, ethers etc.
can be used for the conventional coordination catalysts and have a
considerable significance in the modification of supported Ziegler-
Natta catualysts for the polymerization of propylene. The study of
the interaction of catalyst components (electron donor, MgCla,
TiClq) and the structure of the supported catalyst may lead to a
better understanding the mechanism of stereospecific polymerization
of d-olefins. Although some work in this field have been reported

1-5)
]

whether the electron donor on the surface of the catalyst coordina-

the results are quite different. The main problem is that
tes to MgCla or forms titanium complexes which bind to the coordina-

431
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tive unsaturated Mg atoms located on the surfuce of MgCl, through

chlorine bridge. It is also possible that the electron donor

reacts with MgCl2 and T.iClu simultaneously.

. The exemination of IR and XPS spectra of the complexes MgClZ
. - A 6)

COOC,H and TiMgClg (CH;CO0C,Hy)

C
(CHy 5)2 54
obtained by studylng the surface structure of the supported catalyst

showed that the results

by wmeans of IR and XPS can be verified from each other, so that the
reliable results may be obtained.

Supported catalysts with ester and amine as electron donor were
prepared and the interaction between catalyst components and the

structure of the catalysts have been studied.

EXPERIMENTAL
I. The preparation of titanium complexes
(1) TiCluEB and TiCIAZEB, (EB ethyl benzoate.)
When TiCl, reacted with equivalent amount of EB in hexane a

L
yellow precipitate was obtained.

When TiClq was added to an excess of EB TiCIQZEB was obtained.

(ii) The preparation of TiCIQEPIP and TiCIQZPYRR, (PIP=
Piperidine; PYRR=Pyrrolidine)

Complexes of Ticlu with amines were prepared by adding hexane
solution of one of the ligands dropwise to the precooled hexane
solution of TiClu in the same solvent.

The complexes were filtered under anhydrous condition, washed
with dry hexane, and then dried under vacuum at room temperature.
IT. The preparation of the Mgcla—supported titanium catalysts

Anhydrous Mg012 wag ground for 9hrs. in a vibration ball mill
and heat-treated at 420 C in vacuo before comilling with a electron
donor for support use.

The supported catalysts were prepared by milling the pretreated
MgCl2 with electron donor for 24hrs. A portion of milled product
was suspended in excess of TiClu in aoflask equipped with a stirrer
and the suspension was stirred at 110°C for 2hrs. The solid portion
was separated by filtration and washed with n-heptane several times
at 80°C.

Some of the catalysts were prepared by cogrinding MgCl2 with
titanium complexes for 24-30hrs.

All procedure were carried out under dried inert gas. All

reagents were purified according to conventional methods.
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ITI. IR and XPS measurements

The IR spectra (200-4000 cm"]) were recorded on a SP-2000
spectrophotometer. The IR samples were prepared in a dry nitrogen
atmosphere as nujol mull.

APS measurements were done on a [S-3%00 spectrometer and MgK
exciting radiation. 1In order to prevent the specimen from decompo-
sition the sample preparation for XPS measurements was performed in
a glove box which was connected to the sample stage of the spectro-
meter and filled with argon. The sample holder which was inserted
into the measuring chamber which was cooled by liquid nitrogen.
Contaminated carbon C1S was taken as a reference of binding energy

and the value was 285.0 ev.

RESULT AND DISCUSSION
1. IR spectra of titanium complexes

In order to investigate the behavior of titanium in the suppo-
rted catalyst and to clarify whether the electron donors fix on
MgCl2 directly or form complexes with Ticlu, IR spectra of the
following titanium complexes and free ligands (EB, PIP, PYRR) were
measured, S0 as to make a comparison with the supported catalysts.

(i) The IR spectra of TLCIQEB and TiCluaEB are shown in
Figure 1. It is known that ethyl benzoate was coordinated to the
'[’iClL+ via >C=0 function group. The JC:O shifs to lower wavenumber
due to the formation of complex. Thus, the two strong bands at
1595 cm™ ! and 1566 em™!
ption band of both complex TiCluEB and TiCIQZEB.

(ii) The IR spectra of PIP, PYRR and their Ti complexes are
shown in Figure 3. and 4. The vN-H in PIP and PYRR were found at
3290 cm™! and 3300 cn”! respectively. The characteristic band<JN_H
of the Ti complexes were shifted to lower wavenumbers spectral
' and 103 cn”! respectively. These shifts indicate

may be assigned to the characteristic absor-

region by 115 cm~
the formation of coordination which weakens the N-H bond.
2. The cogrinding effect of electron donor and Mg012

When the milling-souking method is used, the catalyst prepara-
tion is usually a two-step process. 1In the first step anhydrous
carrier was vibration-milled with electron donor. The milled
products MgCla/EB, MgClZ/PIP and MgClZ/PYRR were obtained,

The role of EB as been described in our earlier work. This
electron donor could accelarate the breaking of Mg012 crystallites
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3-EB. B—MgCIZ/TiClqEB; q—MgClZ/EB.

during the comilling with Mgcl2 and then EB coordinated on the fresh
surfaces of Mgcl2 to form a surface complex. This was clearly
proved by IR and X-ray diffraction data. Figure 2. shows the
MgClg/EB spectrum. The strong peak at 1688 en”)
attributed to C=0 absorption of the surface complex. The free EB

can be obviously

absorption band at 1721 cm'] was not found in the IR spectrum of
MgCla/EB. This indicates that all EB has been bound to the surfaces
of MgCl2 during milling.

In the case of PIP and PYRR the N-H stretching frequences of
the milled = products of Mgch/PIP and MgClZ/PYRR shifted by 50 cm-]
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and 70 cm—] respectively to lower wavenumber region. The QN—H band
of free PIP and PYRR were also absent in the IR spectra of these
milled products. This fact shows that all PIP and PYRR have
coordinated to Mgcla and formed surface complexes via its nitrogen
atom during milling.
2. The interaction of milled products with TiClL+
The second step of the catalyst preparation involved the treat-
ment of milled product with neat TiCl, as described in experimental
section, Thus the supported catalysts MgClZ/PIP/TiclL+ and Mgcla/
PYRR/'I‘]'.ClL+ were obtained.
The absorption bands at 3235 cm™ ' and 3157 cm~
the IR spectra of MgCla/PIP/TiCIL+ (see Figure 3). The former was
much weaker than the latter which corresponds to the VN-H of

1 1

were found in
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Table 1, J N-H of Ti complexes, milled products and catalyst (cm_])
Compound y)N_H Compound N, Nl
PIP 3290 PYRR 3300
MgClz/PIP 3235 MgCla/PYRR 3230
MgCl,/PTP/TiCl, 3175 MgCl,/PYRR/TiC1y 3192
TiCIAZPIP 3176 TiClAZPVRR 3190
MgCla/TiClq—ZPTP 3175 MgClZ/TiCIA-EPYRR 3185

TiClanIP. Similar case in the MgCla/PYRR/TiClh (see Figure 4) was
found, This indicates that in this step of catalyst preparation
large amount of PIP and PYRR (Lewis base) was extructed by '[‘iClL+
(Lewis acid) forming the corresponding complex and the complex was
then adsorbed on MgCla surface vacancies.,

This deduction was supported by DTA. Above the boiling point
of PYRR, the complexed PYRR in MgCla/PYRR was released at 155OC, but
the PYRR in TiC1l 2PYRR was released at 160°C and 230°C. This sugge-
sts that the bond between PYRR and MgCla is weaker than that between
PYRR and TiClu.

However, it is very interesting to compare the IR spectrum of
the catalyst Mgcla/EB/TiC14 prepared from Mgcla/EB and TiClL+ with
that of MgClZ/EB, as shown in Figure 2 and Table 2. The~JC=O at
1679 em™ ! is for the former, and-JC:O at 1688 cm-] is for the latter.
The difference between these two absorption bands is 9 cm']. This
seems to be analogous to those of the complexes MgCl 2EA and
TLNgCl64LA (EA= CHBCOOCBH \)C -0 Were found at 1696 cm - and 1704

cm'] for TngCl64EA and MgCl 2EA respectively., The difference of

these two absorption bands is equal to 8§ cm-]. It has been indicated
previously that all EA in the complex TngCl64EA were coordinated to
Mg atoms7). Therefore EB in the catalyst might still be coordinated
to MgCl2 and the coordinative bond of the surface complex between
MgCl and EB might keep the same as in the MgCl /EB milled product,
L. Coground products of titanium complex with MgCl
The catalysts MgCl /T1C14EB MgCl /T1C142EB Mgcl /TlClMEPIP

and MgClB/T1C142PYRR were prepared by cogrinding the corresponding
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Table 2. The TR spectra of compounds
Compound OC:O (cm'l) Av(cm'])
MgCl.,/EBR 1688 -
- 9 cm
MgCla/EB/TiC14 1679
MgClazEA 1704 -1
8 cm
TiMgCl LEA 1696

titanium complexes with Mg012 respectively. From the IR data it
could be seen that the complexes containing C=0 group changed during
the milling with MgCl2 not like the complexes containing N-H group.
As shown in Figure 2., the IR spectra of MgCla/TiCluEB and MgCla/
TiCluaEB were considerably similar to those of MgCla/EB and MgCla/
EB/TiClu.

The characteristic bands of titanium complexes could not be
found in these two catalysts. This indicated that the TiClQEB and
TiCluaEB decomposed under the action of milling. All EB produced
due to decomposition recombined with MgCl2 during the milling.
TiClu, the other decomposed product might be fixed on the surface of
MgCla through Cl1 bridge. This could be supported by the fact that
no\)C:O of free EB in these two catalysts.

However, the JN-H for MgCla/TiCIAZPIP and for MgCla/TiCIQZPYRR
could be found at 3175 cm"1 and 3185 cm_] respectively. These bands
associated to the titanium complexes and the~JN_H of free PIP and
PYRR were absent in these two catalysts. These were very different
from the result mentioned. Because the bond of N-Ti was stronger
than O—T1i. So these two titanium complexes kept unchanged not like
those of EB. This could be further proved by DTA results of the
TiCluaPYRR and TiCluEB. The thermal decomposition temperature
(160 OC, ZIBOC) of the former was higher than the latter (1940C).

It is worth to note that as shown in table 3. the titanium
complexes TiCluEB and TiClL+

propylene. TUnder the same polymerization condition the milled

2PYRR were inactive for polymerization of

products of titanium complex with Mg012 exhibited considerably
active even if D/Ti >1 (D=electron donor) in it. The activity of
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catalyst MgClZ/T10142EB was much lower than that of MgClZ/TiCluEB.

At the same time it can be seen that the increase of EB content in
catalyst could not result in the increase of isotacticity of polymer
produced, but on the contrary, result in the decrease of that. This
behavior is agreement with the catalyst preparated by milling-socaking
method5).

Table 3. The content of EB and Ti, activity and isotacticity of

catalysts
Catalyst EB(wt.-%) Ti(wt.-%) EB/Ti Activitya) 1.1%
(molar (g PP/g (%)
ratio Ti h)
MgCla/TiClqEB 9.7 3,25 0.96 4000 79.9
MgClZ/TiClanB 17.7 2.89 2.0 1820 754.8
TiClqEB 14,50 1.0 none
MgClZ/PIP/Ti014 3%.3%0 1350 43.0
MgClZ/PYRR/Ti014 1.15 2200 55.8
TiClAZPYRR 13.90 none

a) Polymerization of propylene was carried out at 60°C under
constant pressure of 581 mm Hg in a glass reactor with 100 ml of
n-heptane solvent, Al/Ti=20.

b) I.I. was defined as the fraction insolubel in boiling heptane.

The results as shown in table 4. indicated that EB content of
the supported catalyst preparated by milling-soaking method are
frequently more than stoichiometric amounts of TiCl,EB. The acti-
vity and stereospecivicity of MgClZ/PIP/Ticlq and MgCla/PYRR/Ti014
were lower relatively.

5. Far-IR spectra of catalyst

The far-IR spectra of M-C1(M=Mg, Ti) in Ti complexes and
catalysts were investigated on the basis of previous IR data of
related compounds6). It probably provided useful information on the
proposal structure of the catalysts, The\)Mg_Cl and vTi—Cl stret-

1

ching frequencies in 200-500 e¢m~ ' region were observed. It can be
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Table 4. The countents of Ti and EB of MgCla/EB/TiClu

EXP.NO. Ti(wt.-%) EB(wt.-%) EB/Ti(molar ratio)
12) 2.09 1.9 1.6
28) 2.4k 11.0 1.4
3 2.40 9.0 1.2

a) Taken from Ref. 5):; the interaction of MgClz/EB with TiClLJr was
at 80°cC.

seen that a strong broad band at around 280 cm"] along with a weak
band at 370 em” ! appeared in IR patern of MgClZ/EB, MgCla/EB/TiCI
MgCla/TiCluEB (Figure 5), MgCl,/PIP and MgClZ/PIP/Tim4 (Figure 6%.
It can be assigned to the JMg—Cl . The strongest band at 393 cm”

for TiCluEB and at 345 cm™ ! for TiCIMZPIP can be assigned to the
Ti~Cl stretching frequencies. NO\)Ti—Cl in the Mgcla/EB/TiCl4 and
MgClZ/T1014EB was observed, This further confirms that EB is coordi-

L

nated to MgCl2 as mentioned above. The far-IR spectra of the MgClZ/
PIP/'I‘iClLJr were different from that of the above-mentioned catalysts.

! is found from

A broad new band of medium intensity at 356 cm~
Figure 6. This band is close to that of T10142PIP and may presuma-
bly be assigned to the JTi—Cl vibration, which has been shifted due

to coordination of TiClq/PTP complexe to MgCl, through chlorine

2
bridge.
The‘}Ti—Cl of TiCIAZPYRR was at 365 cm

cn™! was found in MgCl ,/PYRR/TiCl

! and a new band at 374

L It could be similarly assigned
toympic1e
6., Result of XPS determination

Tt is known that XPS technique may be used for studying the
chemical bands in the coordination compounds according to the fact
that the binding energy of the inner-shell electrons depends on the
effective charge. The determination of binding energy can provide
an information on charge-shift and thus it possesses special func-
tion for studying coordination complex and catalyst structure.

The binding energy of NIS, Mges, T12P3/2 and 012P3/2 of the
related elements in milled products, catalysts and titanium complexes
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Fig. 5. Far~IR of complexes Fig. 6. Far-IR of complexes and
and catalysts I—MgCIZ/EB, catalysts I—MgCle/PIP,
Z—MgClz/TiCluEB, 5-MgC12/EB/ Z—MgCla/PIP/TiClu and 5—TiC142PIP.
TiClu and h-TiCluEB.

were determined. The results obtained are given in table 5.

The binding energy of Mg2S decreased with coground MgCl2 with
PIP and PYRR respectively. This exhibited that the charge have been
removed from nitrogen atom to Mg atom and the core electron density
of Mg atom was increased therefore the binding energy of inner-shell
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Table 5, Measured results of binding energy Eb

Binding energy (ev)

Compound

N1S Mg2s Ti2Py /, C12P+ /5
MgCl, 90.5 199.4
MgCl,/PTP 401.8 90.2 199.5
MgCl,/PIP/TiCl, 401.3 90.0 458.6 199.1
TiCl, 2PIP 401.2 5458.5 198.2
MgCl,/PYRR 401 .4 89.7 199.1
MgCla/PYRR/TiCIM 400.5 89.7 458.1 198.9
TiCl,2PYRR 400.8 45843 198.1

was decreased and formed N--Mg coordination bond. It was further
demostrated that the surface complex was found when MgCl2 milled
with donor. 1In the comparison of binding energy of N1S of milled

products and catalysts with that of their corresponding titanium
complexes, it was found that the results of catalysts (MgCla/PIP/
TiCl

iy MgCla/PYRR/TiClq) were very similar to those of titanium

complexes of PIP and PYRR, but were diffent from MgCla/PIP and
MgCla/PYRR respectively. The difference was 0.5-0,9 ev (see Table

5).

The difference of Eb for Ti2P3/2 between them was not obvious.

So it can be imagined that charge density of titanium complexes and

the titanium atom in the catalysts were almost the same as them in

titanium complexes. For this reason, it would be seen that the
result obtained by XPS was consistent with that of IR. That is, the
electron donor reacted with TiClu in the supported catalysts.
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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(0i-Pr)s4 system
as the dimerization component and the AlEt3-TiCls/MgCly/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 wusing supported organometallic chromium
catalysts1‘4) or Ziegler-Natta catalystss) 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 Iis

443
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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(0Oi-Pr)4 - TiCl,/MgClyp/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 1initial gas drying by molecular
sieves, 07 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 pressure/gas density relationship was
taken into accountg),

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 wutilizing gas-liquid equilibrium data for the
ethylene-1-butene-n-heptane system at reaction temperature and
pressureg).

Copolymerization of ethylene and 1-butene with the TiCly,/
MgClo-AlEty 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 wvarious 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!0), 1ts weight composition was: Ti -
4,02%, Mg - 1.44%, C1 - 7.17%, Al - 1.96% (residue - polyethylene).

Analysis of polymerization products obtained in the presence of
dual functional catalysts was carried out by 13c-mR, IR, x-ray, and
DSC methodsg),

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
titanium tetraalkoxides and trialkylaluminum compounds.11-13) A
series of different titanium tetraalkoxides in combination with AlEts
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. All 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)4-AlEt3 systems are not stable. Initial catalytic
activity of the three most active titanium compounds, Ti(OEt),,
Ti(0i-Pr)4, and Ti(OBu)y4, 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 (>90%) include 2-butenes (cis -~0.5%, trans - ~1%), isomeric

hexenes and a small admixture of polyethylene (ca. 2-4%).
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Figure 1. Kinetics of ethylene dimerization with the Ti(OR),;-AlEtj3
catalysts at 70°C (heptane, pressure 7.12 atm).

It has been previously demonstrated!4) 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. 1f this
mixing 1is 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 90°C. Figure 2 shows the kinetics of ethylene
consumption by the Ti(0i-Pr)4-AlEt3 system mixed in vacuum, in the
presence of 1-butene, and in the presence of ethylene. 1In 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 1is essential for high activity of the
dimerization catalyst. At 90°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.
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Figure 2. Ethylene consumption by the Ti(0i-Pr),-AlEt3 system formed
at 90°C in vacuum (O) and in the presence of 1-butene (A) and
ethylene (o).

Several other catalytic systems for 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)4-AlEt3 system for 1-butene
formation at high temperatures.
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Table 1. Ethylene oligomerization with wvarious catalysts in the

presence of AlEtg

Catalyst AT + M Temp. Time T-Butene Yield
. (mol/mol) °C min g/g cat
Ti(Oi—Pr§4 5.6 90 120 720
Ti(NMe2)y 2.9 90 120 35
(acac)TiCl, 4.9 90 120 80
(acac)2Ti(OEt)9 6.1 90 120 38
Ti(OCgH4Me) 4 3.7 90 120 292
VO(0i-Pr)3 3.8 90 160 80
v 3.8 90 160 154

Evaluation of ethylene polymerization catalysts. Four ethylene

polymerization catalysts were evaluated as components of dual
functional catalysts: &§-TiCl3.0.33A1Cl3 (Stauffer Chemical Company),
a supported catalyt TiCl,/MgCly/polyethylenel0), a supported catalyst
TiCl,/MgCly/ethyl anisate °*'6) (Ti - 1.52%) and vocls,

All of the Ti-containing catalysts in combination with AlEtj,
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(0i-Pr)4-AlEt3 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(0i-Pr),, ethylene. These tests
demonstrated that §-TiCl3.0,33A1C13 is not compatible with the
dimerization catalyst. When 0,05 g of the solid was allowed to react
with 0.94 mmole of AlEt3 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),; 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 AlEt3 and Ti(Oi-
Pr)4, the only reaction product was linear polyethylene. This
behavior should be compared with the performance of the unmodified
Ti(0i-Pr)4-AlEt3 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 AlEg}Cl in the
reaction between TiCl3-0.33A1Cl3 and AlEt3 at increased tempera-
tures. When an equimolar mixture of AlEt3 and AlEEZCl (0.94 mmole
each) reacted with 0.17 mmole of Ti(0i-Pr)y at 90°C, no 1-butene was
formed in the presence of ethylene, the only product being a small
amount of linear polyethylene.

Two tested suuported TiCl,-based catalysts influenced ethylene
dimerization with the Ti(0i-Pr)4-AlEt3 system to a much lesser
degree. For example, when the same testing procedure was used in the
TiCly,/MgClgp/polyethylene catalyst (0.1 g), 1-butene content in the
gas phase dropped to ca. 1%; however, in the presence of triplicate
amounts of AlEt3 and Ti(0i-Pr)s4, 1-butene content increased to 32%
after 120 min.

Ethylene polymerization with the dual functional catalyst

AlEt3 - Ti(0i-Pr)4-TiCly/MgClo/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(0i-Pr)4, 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 TiCl,), AlEt3 (4.7 mmole), and Ti(0i-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(0i-Pr),/MgClg/polyethylene-AlEt3 system, when wused 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 Ti-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(0Qi-Pr)4 content in the catalyst. Poly-
merization activity decreased with increasing Ti(0i-Pr),; 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(0i-Pr),
system, Polyethylene branching increases with the content of Ti(Oi-
Pr)s 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
dual functional catalyst.

]

PE branching, CB3/1000C

2000

1000

1200-|

800

400

Polymerization rate, g/g Ti-atm-hr

0.0 0.0

0.2 0.4
Ti(0iC3H7)4. mmole

Figure 3. Activity of the dual functional TiCl,/MgClo/PE - Ti(0i-
Pr)4-AlEt3 at 70°C and polyethylene branching as functions of Ti(O0i-
Pr), concentration.

Table 2 contains data on ethylene polymerization with the same
catalyst at 90°C. In these experiments, the Ti(0i-Pr)4-AlEty
component of the dual functional catalyst was allowed to dimerize
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 the dual functional catalyst
Ti(0i-Pr)4-A1Et3 - TiCly/MgClo/PE at 90°C, 7.1 atm, 0.0825 mmol Ti

Ti(0i-Pr),4 AlEt Al:Ti Pre-run time Reaction rate PE branching
mmol/1 mmol/1 mol/mol min g/g Ti-atm-h CH3/1000C
0.134 1.56 11.6 60 1030 3.0
0.134 1.87 13.9 30 680 7.0
0.168 1.87 11.1 30 760 7.5
0.202 1.85 9.3 30 660 18.0
0.269 1.85 7.0 30 500 15.1
0.336 1.87 5.6 15 560 22.5
0.403 1.87 4.6 15 500 24,0
0.470 2.50 5.3 15 440 35.5
0.670 3.12 4.6 18 460 45.0
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Figure 4. Kinetics of ethylene polymerization with the TiCl,/MgClgo/
PE - Ti(0i-Pr)4-AlEt3 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 wunchanged 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 Al:Ti molar ratio which
explains the absence of a straightforward correlation between
branching and the amount of Ti(0i-Pr)s; 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 Hp
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 1index 1less than 0.1) in the absence of
hydrogen. Another heterogeneous catalyst component, TiClg/MgCla/
ethyl anisate was used instead of TiCl,/MgCly/PE with similar
results. At Ti(0i-Pr)4 and Al concentrations corresponding to 0.3
and 1.87 mmol/l respectively, and an initial ethylene pressure of
6.4 atm 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(0i-Pr),;-AlEt3

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
datal7-19), According to chemical ionization mass spectrometric
data17), interaction of excess AlMe3 with Ti(0i-Pr)4 results in the

formation of two complexes:
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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 1in ethylene dimerization rapidly decreases with
time18).

We studied the kinetics of ethylene dimerization with the
Ti(0i-Pr),4-AlEt3 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(0i-Pr)4 concentration of 0.336 mM and Al: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 wunder these con-
ditions, the rate of catalyst deactivation is reasonably described by

the first order law:
Dimerization rate = Rgip = kdimCEC* (2)

Rate of catalyst deactivation c* = Coexp(—kdt) (3)
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Figure 5. Kinetics of ethylene dimerization with the Ti(0i-Pr)4-
AlEt3 system in heptane at 90°C. Cri = 0.34 mmol/l, Al:Ti = 5.6,
reaction pressure 7.12 atm. A: solid line - ethylene consumption, o -
GC data. B: change of Cg and Cp 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 kgim = the rate constant of ethylene dimerization, kq = the
rate constant of catalyst deactivation, Cg = ethylene concentration,
C* = concentration of dimerization centers (C, = the initial concen-
tration, proportional to the concentration of Ti(0i-Pr), in the
reaction, Cri). However, similar experiments performed at wvarious
Al:Ti ratios demonstrated that with the increase in the ratio, the
kinetic order of catalyst deactivation changes from the first

(Egn. 3) to the second one, described by Eqn. 4:

1/¢*

- 1/C4 = kqt (&)
Apparently, the catalyst contains several active species, e.g., A and
B in Eqn. 1 (with proportions depending on the Al: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 Al:Ti ratio. At low ratios (ca. 5-6) the initial
activity of the catalyst, Rqim/(CE-Cri), which represent the product
kdim(Co/CTi) is ca. 1.15 1/mmol min and kg in Egqn. 3 1is ca.
0.035 1/mol min. At high Al:Ti ratios, initial activities Rgim/
(CE-Cpi) in the experiments are in the range 0.7-1.3 1/mmol min and
the ratio between kgip and kg (in Eqn. 4) is in the range of 0.9-2.
Thus, the initial activity of the catalyst does not depend on the
Al: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 Al: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 Al:Ti ratio of 5-6 is ca. 2.5-3.5 mol/mmol and that at
an Al: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(0i-Pr)4-AlEty 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 TiCly/MgClo/polyethylene - AlEt3 catalyst and with the dual
functional catalyst. If the copolymerization experiments with the

TiCl,/MgCly/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 catalysts2Z), Strong compositional
inhomogeneity makes worthless estimations of two reactivity ratios
for this catalytic system 1Iin 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 mol%. Copolymers formed in
these conditions are relatively homogeneous in composition.

The general expression for copolymer composition is:
f = F(r1F + 1)/(xyg + F) (5)

where rqy = k17/k12 and r92 = 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 Mj), and £ = (C1/C2)cop and F = (C1/C2)mon
are the molar ratios of two monomers, in copolymers (f) and in the
reaction system (F). If monomer My 1is much less reactive than
monomer Mo (as in our case 1-butene 1is much less reactive than
ethylene, rq>>1 and, if F values are low, riF<K<1 and r2>>F. In such
a case, Eqn. 5 can be approximated as

£ = F/ry (6)

e.g., a linear correlation should exist between f and F values with
the slope being 1/r2. Analysis of experimental data for ethylene-
1-butene copolymerization with the supported catalyst indicated that
Eqn. 6 holds for the F range of 0-1.0 (corresponding to the f range
of 0-0.05). The rp = kgg/kgg value estimated in this way is 20%4.
Most batch experiments on ethylene polymerization with the dual
functional catalyst AlEt3-Ti(0i-Pr)4 -~ TiCly/MgClp/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 1in 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 rp value for ethylene polymerization with the
dual functional catalyst of ca. 40t5, 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 1it. 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 TiCl,/MgClp/PE - AlEt,
catalyst. Appearance of 71-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-l-butene copolymerization with the AlEt3 -
TiCl,/MgCly/PE system obvious from the figure suggest that the

30r keff’ g C2H4~l/g cat-mol.-min
20 $B E] E] E
thy ag o
[ H O
10 f 0 g 0 0
F = (CB/CE)mon
2 3 4 5 6

Figure 6. Effect of 1-butene on activity of the AlEt3 - TiCly/MgClp/
polyethylene catalyst at 90°C. B -ethylene-1-butene copolymeri-
zation, [ -ethylene polymerization with the dual functional catalyst.
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principal reason for the polymerization activity decrease 1is 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 (ki2,
see explanations to Egn. 5) compared with ethylene reactivity in the
case of chains ending with ethylene wunits (characterized by
k22>21,22)_

Pilot plant evaluation of the dual functional catalyst. Bench-

scale testings of the dual functional catalyst AlEt3 - Ti(Oi-Pr)g4-
TiCl,/MgClyp/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(0i-Pr),
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. As 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 stereospecific polymerization of a-olefins: recent developments and some

unsolved problems

P.Pino, B. Rotzinger, E. von Achenbach
Swiss Federal Institut of Technology, Institut fuer Polymere.
Universitatsstrasse 6, 8092 Zuerich, Switzerland
Abstract

On the basis of systematic experiments on the polymerization of a-olefins with the
catalytic system T1C14/M9C12/A1R3/LB (LB=Lewis base) a simple stereochemical model
is proposed for the transition states regulating regioselectivity and stereoselecti-
vity in the polyinsertion process.

Some applications of the above model are considered which allow to present a consi-
stent picture of the results obtained in the polymerization of ethylene, propylene
1-butene and racemic a-olefins with heterogeneous and homogeneous catalytic systems.
Some unsolved problems including the synthesis and deactivation of the catalytic

centers for the polyinsertions are shortly discussed.

1} Introduction

After more than 30 years since the discovery of the synthesis of Tinear polyethylene
(1) by polyinsertion (2) and of 1inear, stereoregular and stereoirregular, poly-a-
olefins (3), polymer chemists are still confronted with a number of unsolved pro-
blems such as the control of molecular weight distribution, the synthesis of poly-
a-olefins with predetermined degree of tacticity, and the synthesis of copolymers

of olefins with polar monomers.

A rational approach to the solution of the above problems requires a better know-
ledge of the structure of the catalytic centers responsible for the polymerization

and of the methods to control the synthesis of the active sites.

No systematic attempts have been made up to now to classify the large number of ca-
talytic systems available today for the polymerization of ethylene and a-olefins to

Tinear polymers. The nature of the catalytic centers being unkown the existence of

461
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monometallic (4) or bimetallic (5) catalytic sites is based mostly on speculations.
Therefore only a classification of the catalytic systems on the basis of the number

and type of catalyst precursors can be attempted.

Table 1

Attempted Classification of the catalysts for the

polymerization of olefins to linear polymers.

Number of catalyst's| Catalytic Systems Examples
precursors Nomenclature
1 Monometallic Cp'zLu—CH3(CZH5)20; (Cp)ZNdH;
T\(CHZ—C6H5)4;
2 Homobimetallic CpZTiC1Z/CpZTi(C6H5)2;T1C]4/Tic13CH3
2 Heterobimetallic | TiC1,/A1Ry; VC14/A1(C2H5)C12;
Cp2T1C12/A1(CH3)3

The proposed classification avoids the confusion existing in the literature concer-
ning the catalysts prepared from two precursors both containing the same metallic
element sometimes present in different oxidation states. These catalysts, first dis-
covered in 1958, (6,7) are indicated as a) monometallic catalysts, thus meaning that
the catalytic species contains a single metallic element, or b) as bimetallic cata-
lysts thus meaning that two derivatives of the same metal must react to produce the
actual catalyst and that two metal atoms are supposed to be present in the catalytic

site.

This type of classification does not distinguish, for the heterogeneous systems,bet-
ween inert supports just increasing the catalyst surface (e.g.polyethylene,polysty-

rene) or supports which might actively take part into the catalytic processes (e.g.

MgC]z).
and therefore to classify the catalysts arising e.g. from systems of the type
$10,/A1504/Cr05 or Alo03/Ti(CH,CEHL)4 as "monometallic” catalysts.

To eliminate this drawback we propose to consider all the supports as "inert"
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From the point of view of the nature of the active centers the most investigated
catalysts are the heterobimetallic ones which have been shown, by indirect methods,
to be chiral racemic as first proposed by Natta and coworkers in 1957 (8). Although
generalizations in this field should be avoided, it seems very 1ikely that the poly-
mer chain grows on a transition metal atom even if a main group metal is present in
the catalystsas conclusively shown for the T1'C14/A1C2H5C12 catalytic system (9). De-
spite the large number of theoretical and experimental investigations the detailed
structure of these centers and particularly the role of the catalyst precursor(s)
has never been understood. Even the actual oxidation number(s) of the transition
metals in the catalytic centers of different catalytic systems has not been fully

clarified.

Only the general features of the mechanism of the polymerization of a-olefins using
organometallic catalysts have been determined already in 1956 (10); the detailed re-
action path for the polyinsertion the structure, the synthesis and the deactivation
of the catalytic centers have been mostly the subject of speculations and of undue

generalizations.

Concerning the detailed reaction path for the polyinsertion, the step whose transi-
tion state has the highest energy has not been determined. The possible role of the
formation of a 1 complex between olefin and a metalatom of the catalytic centers,
preceeding the insertion of the olefin into the metal to carbon bond, remains uncer-
tain. The discovery of highly active and very reproducible catalytic systems of the
type T1'C14/MgC12/A1R3 (11) whose productivity and stereospecificity can be reversi-
bly modified by addition of Lewis bases (12) and, more recently, the discovery of
soluble stereospecific catalysts of the type Titanocenedichloride/Methylalumoxanes
(I1)(13) and Zirconocenedichloride/Methylalumoxanes (III)(14) have offered the possi-
bility to obtain a deeper insight into the structure of these catalytic systems
which, broadly speaking, belong to the class of the heterobimetallic catalysts ori-
ginally proposed by Ziegler (1) for the Tow pressure polymerization of ethylene.

In this review we shall briefly summarize the hints concerning the nature of the
active centers we have obtained from the studies of the diastereomeric composition,
the microtacticity and in some cases the molecular weight and the molecular weight
distribution of the polymers obtained using the catalytic systems (I) and (111)(1-2
bistetrahydroindenylethylene as ligand). The experimental results (15)-(i9) have

allowed us to formulate a stereochemical model for the transition statesbelieved to
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determine regio- and stereocselectivity ,alid at least for the catalytic systems (I},
(II) and (III) which accounts for the regio- and stereospecificity observed in the
polymerization of the a-olefins, the unexpectedly large number of classes of cataly-
tic centefs existing in the catalytic system (I) and for the double role played by
the Lewis bases in increasing the stereospecificity of the catalytic system (1)(18).
Furthermore it has been shown that particular relationships exist between the struc-
ture of the monomers and the structure of the catalytic centers able to polymerize
them. Depending on the structure of the monomer, isotactic polymers are mainly pro-

duced on different types of catalytic centers.

2) A stereochemical model for the activated complexes responsible for the polymeri-

zation of olefins to linear polymers.

It is well known from the classical kinetics that,starting with the structure and
composition of the reaction products, only some hints concerning the structure and
the relative energy of the transition states controlling the formation of the re-
action products can be obtained. From these transition states some hints on the
structure of the catalytic centers can then be obtained.

For a polyinsertion reaction we have assumed that regioselectivity and stereoselecti-
vity depend on the relative energy of the transition states corresponding to the
olefin insertion into the bond between the carbon atom of the growing chain end and

a metal atom of the catalytic centers.

In the case of ethylene we postulate for the transition state of the insertion step,
a structure (fig.la) in which the olefinic double bond is parallel to the metal to
carbon bond, the incoming molecule interacting with the growing chain and with at
least three other ligands (X, Y and Z) bound to the metal. Only steric interactions
between the incoming monomer and catalytic sites are considered; these interactions
can be easily represented in a plane ,containing the metal atom as well as the first
carbon atom of the growing chain end, which is perpendicular to the direction of
approach of ethylene to the metal to carbon bond as shown in Fig.1b. As previously
discussed (20)the projection plane is devided in 4 quadrants in which the steric
interaction with the olefin substituénts (H in the case of ethylene) is different

depending on the relative size of CHZ,X,Y and Z.

In the case of a-olefins if the insertion takes place by formation of a Mt-CH2 bond

(1-2 addition) and taking into account only steric interactions between the substi-
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Fig. 1 Simplified representation of the transition state of ethylene insertion into
a metal to carbon bond (a) and projection of the above geometrical situation on a
plane, containing the Mt-C bond and perpendicular to the direction of approach Of
ethylene (b).

tuent at the ethylenic double bond and the 4 substituents at the metalatom (CHZ,X,
Y,Z) 4 transition states must be considered (fig.2,c,d,e,f) each of which will have

a different energy.

If in the insertion step a Mt-CHR bond is formed (2-1 addition) four pairs of transi-
tion states must be considered because the carbon atom bound to the metal is asym-

metric (fig.2); (g,h,i,j).

0f course as the considered steric interactions occur between a catalytic site and
an incoming monomer, the shape of the substituent (R) bound to the ethylenic double
bond, which is also present in the growing chain, is expected to be a further im-
portant factor in determining the rate, regioselectivity and stereospecificity of

the insertion polymerization.

The relationships éxisting between the extent of interaction of the metal 1igands
with the incoming monomer and regio- and stereoselectivity (19) have been summarized
in Table 2. Possible occasional errors in the type of insertion (1-2 or 2-1) and in

the enantioface discrimination have not been considered.

The extent of steric interaction depends on the geometry of the catalytic site and
on the preferred direction followed by the monomer in its approach to the reactive

metal to carbon bond. Small changes in these two factors can easily produce families
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Fig. 2.Planar representation of the transition states for the insertion of an

a-0lefin into a Me-C bond.

of transition states with slightly different monomer-ligands interactions, and there-
fore with different energies, leading to polymers with slightly different structural
regularity and stereoregularity. Furthermore a slight modification (due to the above
geometric factors,) of the relative energy of the transition states leading to mono-
mer insertion and to chain transfer with the monomer respectively (16), can explain
the differences in ﬁv observed in macromolecules with similar structure and stereo-
regularity, and can account for the Targe molecular weights distribution (Mw/Mn> 5)

observed in polyinsertions with heterogeneous catalysts.

According to the model, non stereospecific centers are conceivable which have free
coordination sites; such centers can be largely modified by addition of suitable Ti-

gands (e.g. Lewis bases) (18) occupying one of the free coordination sites.

3,CHZ-CH(CH3)2,C6H5,

CH(CH3)2, C(CH3)3) it is conceivable that they are mainly polymerized on different

Considering monomers with R having very different sizes (e.g. CH

types of catalytic sites the ones having a bulky substituents being mainly polyme-
rized on catalytic sites in which the Tigands exert a lower hindrance to the monomer

approach. Therefore centers which, due to the low steric interactions between mono-
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Possible influence on regio- and stereoselectivity of the steric interactions between incoming o-olefin and substi-

tuents (X,Y,Z,CH

or CHR) at the Metal Atom (Mt) bearing the growing polymer chain according to fig.Z2.
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mer and X and Y ligands, are not able to discriminate between the two enantiofaces
in propylene can sufficiently discriminate the enantiofaces in 3-methyl-1-butene or

styrene.

The model could also indicate why 1-1 disubstituted ethylenes are in general very
slowly polymerized or not polymerized at all with organometallic catalysts. In fact
in these cases a very low steric interaction with the substituents of the olefin
must exist in two adjacent quadrants in order to allow a sufficiently small distance
between incoming monomer and reactive Mt-C- bond in the transition state, a situ-
ation which seems to happen very seldom in the heterogeneous catalytic systems con-

sidered above.

3) Interpretation of the experimental data obtained with the catalytic system (I)

on the basis of the proposed stereochemical model.

a) Polymerization of propylene and 1-butene.

As pointed out by different authors, (12)(21)(15) the addition of a Lewis base to
the catalytic system (I ), when the ratio Lewis base/A]RB(r) is larger than 0,1,
causes a decrease of the catalyst productivity. A systematic investigation of this
effect using propylene and 1-butene as monomers has shown that, in general, the de-
crease of productivity by increasing (r) is larger for the stereoirregular fraction

than for the stereoregular one (Fig.2).

This effect, which is reversible (22), (19 ) has been interpreted assuming the exis-
tence of families of catalytic centers with different steric hindrance to the
approach of the monomer to the reactive Mt-C bond. The most important types of cen-
ters of the MgC]z/TiC]4/A1R3 catalytic systems correspond to the transition states
2,2' and 3 (Table 2) and are indicated with Cz’cd and C respectively.

A number of experiments (17) (24) have shown the existence of equilibria (1)-(3).

The tendency to be reversibly deactivated by the bases {s larger for the less ste-
reospecific centers.

C + AIRy.(LB) == C.(LB) + AlR, (1)
Cq + ATR3 (LB) e=a C4(LB) + AIRy (2)

C, + AR3 (LB) == C,(LB) + AlR, (3)
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Fig. 3.Normalized productivity (18) in the polymerization of propylene (a) and 1-bu-
tene (b) with M9C12/T1C14/A1R3/LB catalytic system as a function of[LB]/[A]Rﬁ
ratio (r). LB=ethylbenzoate.

(a) isotactic fraction () stereoirregular fraction (Q) total polymer

It has been assumed (24) that the catalytic centers C, Cd and Cg are Lewis acids
stronger than A]R3 and that the deactivation is connected with the formation of ca-
talytically inactive Lewis salts such as C(LB), Cg(LB),Cd(LB). According to this as-
sumption the results reported in fig. 3 should be explained by a Targer "Lewis Aci-
dity" for the non stereospecific centers C than for the stereospecific centers Cz

and Cd'

The larger Lewis acidity of the centers C with respect to the centers Cz and Cd is
in keeping with the smaller steric interactions with the monomers at centers C indi-
cated by the transition state 3 with respect to the corresponding situation in tran-
sition states 2 and 2' (Table 2).

Investigation of the influence of Lewis bases at low values of (r) has shown that in
general the productivity of the amorphous polymers decreases by increasing (r). On
the contrary with some Lewis bases by increasing (r) the productivity of the isotac-

tic polymers increases, reaches a maximum and than decreases (25) (Table 3).



470 P. Pino, B. Rotzinger and E. von Achenbach

Table 3

Polymerization of propylene with the catalytic system MgC]Z/T1C14/A1R3/LB 3) at

Tow (r) ).

Lewis Base (LB) (r) (b) Normalized productivity (PN) (c)
overall A (d) B ()

Ethyl Benzoate 0,02 0,63 0,42 0,99

0,08 0,43 0,20 0,83

e () 0,02 0,9 0,86 1,09

0,08 0,80 0,65 0,99

Menthyl Crotonate 0,02 0,90 0,83 1,13

Menthyl Methacrylate| 0,02 0,89 0,79 1,07

Triethylamine 0,03 0,85 0,75 1,05

a) Prepared by comilling T1C1 and MgC12 (2,8%T1); polymerization conditions

T=60°C; pC3H6—2bar, AR ,= A1(1C4H9)3; Al1/Ti=203; solvent:n.heptane

b) (r)=[LBI/[AIR,)
c) PN- Product1v1ty in the presence of LB/Productivity without LB
d) A = Acetone ins., diethylether soluble fraction

e) B = Heptane insoluble fraction

f) TMBE = trimethylbenzoic-acid-ethyl-ester s

This interesting phenomenon shown for the first time by Kashiwa (21) has been ex-
plained, in keeping with some results obtained in the stereoelective polymerization
of  3,7-dimethyl-T-octene (18),assuming the existence of centers which originally
possess two unoccupied coordination sites, one of which is saturated by the Lewis

base already at very low (r), according to equilibria (4) and (5).
c' + A1R3(LB) == C'(LB) + A]R3 (4)
C'(LB)+ A]R3(LB) = C'(LB)2+ A]R3 (5)

The centers C' and C'(LB) give rise to low energy transition states of the type m,
n, p and q (Fig.4) which are very similar to that indicated as 3,2 and 2' in Table 2,



The Stereospecific Polymerization of o-Olefins 471

and which finally give rise to stereoirregular or to isotactic polymers respectively.

— H—-g:—-H T F H—§:—H I
LIS
— T4 [“ 5 T#
_] E, ()j [_
L i _ L j _

Fig. 4.Transition states involving catalytic centers (C') having free coordination

sites (QQ) (m,n) and centers C'(LB) containing the Lewis base (p and q).

Correspondingly a decrease of non stereospecific centers should occur as experimen-
tally observed. For steric and electronic reasons the Lewis acidity of C' should be
higher and the Lewis acidity of the centers C'(LB) should be lower than the average

Lewis acidity of the centers C.

The regular change of microtacticity and of viscosimetric average molecular weight
(ﬁv) of the stereoirregular and isotactic polymers by increasing (r),(22) confirms
also in this case that C, C', C‘(LB)CE and Cd correspond actually to families of ca-

talytic centers comprising centers with slightly different properties.

In general the observed result that the ratio mmmm/rrrr in the stereoirregular frac-
tions decreases and Mv increases by increasing (r) shows that small changes in the
geometry of similar catalytic sites is sufficient to change appreciably the diffe-
rences between the energy of the diastereometric activated complexes leading to m or

r diads or to chain growth- or chain transfer with the monomer,which is the pre-
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ferred type of chain termination under the polymerization conditions

used.

The existence of families of centers of the same type with different catalytic pro-

perties fits well in the frame of the previously discussed stereochemical model;

particularly interesting is the Tower ratio between chain growth rate and chain

transfer rate observed for the stereospecific centers in comparison to the non ste-

reospecific centers and, within each type of centers, the increase of My with (r)
In the frame of the stereochemical model used this observation may indicate that the

chain transfer reaction rate is larger in less hindered and in more acidic catalytic

centers.,

b) The influence of the Lewis bases on the polymerization of ethylene.

Also in the case of ethylene the catalyst's productivity decreases with increasing
(r); however in this case not only the productivity decreases but also the change

of polymerization rate with time is different (16) and the viscosimetric average
molecular weight first increases, reaches a maximum for (r) = 0,2 and than decreases

(fig. 5).
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The following experimental facts must be considered to attempt an interpretation of
the above results:

- For Tow values of (r) the number of catalytic centers polymerizing ethylene is
more than 50 times larger than that of the centers polymerizing propylene (26).

~ For (r)=0 the polymerization rate increases with time and after 30 minutes it re-
mains -constant indicating the existence of centers different from the ones which
polymerize propylene.

- Correspondingly at (r)=0 the productivity (mol polymerized monomer/g Ti x moles of
dissolved monomer x2 ) with the same catalytic system is 45 times higher for ethy-
lene than for propylene (22).

- For (r)=0,8 the polymerization rate rapidly increases with time reaching a maximum
after few seconds and then decreasing with time as observed for propylene polymeri-
zation. The productivity for ethylene is about 70 times Tower than in the absence
of Lewis base, and is only 17 times higher than the productivity found under the

same conditons for polymerization of propylene.

The above results have been explained (16) assuming that in the MgC]Z/T1C14/A1R3
catalytic systems, for (r)=0 together with the centers polymerizing propylene a
large number of centers (CE) exists which are active in the polymerization of ethy-
lene but not in the polymerization of «-olefins.On the contrary for (r)=0,8 ethylene
and propylene are polvmerized on the same catalytic centers (C2 and Cd) the noly-

merization rate constant being about 17 times higher for ethylene than for propylene.

The existence of the centers C. fits well in the proposed stereochemical model for

E
the transition state of the insertion step. The transition states corresponding to
1 or 4 of Table 2 imply for the catalytic centers (CE) very severe steric interac-

tions with the incoming monomer.

The stability of the centers in the first two hours of polymerization and the high
growth rate constant to chain transfer rate constant ratio (shown by the high ave-
rage viscosimetric molecular weight) are in keeping with the prediction from the
stereochemical model. The change of [n] with (r) (fig.5) indicates that also the
centers CE polymerising ethylene but not propylene are actually a family of cataly-
tic centers with different Lewis acidity, the centers with higher Lewis acidity yiel-
ding polymers with lower viscosymetric molecular weight. The decrease of the average

molecular weights for (r)» 0,2 can be explained with the increasing role played by
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the centers Cz and Cd which polymerize also propylene and for which k growth/k trans-

fer ratio is smaller than for the centers CE probably due to geometric factors.

The above results, based on a series of experiments actually suggested by the pro-
posed stereochemical model, indicate an interesting possibility to decrease the
fraction of ethylene homopolymers and block copolymers in the ethylene-propylene co-

polymerization,operating in the presence of Lewis bases (22).

c) Polymerization of propylene and 4-methyl-1-hexene with the catalytic system (III).

One of the most exciting recent finding in the field of a-olefins polymerization to
Tinear polymers is the use of soluble heterobimetallic catalytic systems prepared
from methylaluminoxanes and 1,2-ethylene-bis-indenyl- and 1,2-ethylene-bis-tetra-

hydroindenyl derivatives of titanium or zirconium (13)(14).

Using the racemic 1,2-ethylene-bis-tetrahydroindenyl-zirconiumdichloride, first pre-
pared by Brintzinger and coworkers (27) and polymeric methylaluminoxanes we have re-
peated the synthesis of isotactic polypropylene first described by Kaminsky (14) and
we have attempted the polymerization of racemic 3,7-dimethyl-1-octene and racemic

4-methyl-T-hexene.

Concerning the propylene polymerization our data are in keeping with the data ob-
tained by Kaminsky (14). The NMR 13C spectrum in the region of the bands correspon-
ding to the CH3 resonances shows, for the diethylether insoluble heptane soluble
fraction some interesting features: the syndiotactic pentads, always present in the
heptane soluble fractions of polypropylene obtained with the catalytic system (I),
are substantially absent and correspondingly the expected 1:2 ratio between the mrrm
and mmrr pentads has been found (Table 4). The only other small steric impurity con-
sists of mrmm pentads and might be connected to the presence of small amounts of the
meso complex in the racemic zirconium complex; this steric impurity contributes to
increase the percent of the mmmr pentads which is slightly higher than that of the

mmrr pentads.

This NMR spectrum indicates that the polymer is produced substantially by only one
type of catalytic center, the main steric impurities being connected with a re-
latively low difference in the energy of the activated complexes leading to isotac-

tic or syndiotactic diads respectively.
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Concerning the polymerization of the racemic olefins, 3,7-dimethyl-T-octene does not
polymerize at all under the conditions used. 4-Methyl-1-hexene polymerizes rapidly
to a low molecular weight isotactic poly-4-methyl-T-hexene. The investigation of the
]3C NMR spectrum of the diethylether insoluble fraction (Fig.6) shows a close simi-
larity with the spectrum of isotactic poly (S) 4-methyl-1-hexene indicating a stereo-
selectivity of the polymerization higher than that observed in the polymerization

carried out with the most stereospecific heterogeneous catalysts.

Tab]e_ﬂ

Microtacticity of the diethylether insoluble heptane soluble fraction of polypropy-

lenes produced with different catalytic systems determined from the ]3C NMR spectrum

Pentads A B C D £
% % % % %
mmmm 51.4 39.7 77.0 84.6 73.8
mmmy 9.8 8.9 9.4 6.7 8.9
rmmr 1.3 1.4 0 0 1.1
mmryr 10.9 10.3 6.4 4.8 7.1
mrmm
+ 6.2 9.1 2.1 0.6 2.3
rmrr
mrmr 1.9 1.6 1.2 0.7 1.3
rrer 6.0 15.3 0.2 0.2 0.6
rrrm 4.5 8.5 0.9 0.5 1.4
mrym 7.9 5.6 2.8 1.9 3.5

A: Catalyst: MgC12/TiC14/A1('— )3; Temp: 6OOC Pep '’ 1 bar, 2 h
B: Catalyst: MgC]Z/T1C14/A1(1 Bu),EB; Temp. 60°C p3 : : 2 hy EB/AT(iBu)

C3Hg
Temp: 25° Cs Pep.* 1 bar; 2 h.
3 6
C: Catalyst:rac-1-2-ethylene-bis(tetrahydroindenyl) ZrC12/Methy1a1umoxane,

Temp. 250C; Pey.: 1 bar; 2h.
36

=0,8

3 3

D: Catalyst: rac-]-2—ethy1ene-bis-(1ndeny1)ZrC]Z/Methy1a1umoxane, Temp: 25°C;
Pep.* 1 bar, 2 h;
E: Ca%a?yst Tike C,Temp: 25°C; p. . @1 bar; 16 h.
36
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A: poly(S)-4-methyl-1-hexene; B: poly(R)(S)-4-methyl-1-hexene
produced with the catalytic system (I); C: poly(R)(S)-4-methyl-

3¢ NMR spectrum of poly-4-methyl-1-hexenes:

1-hexene produced with the catalytic system (II).



The Stereospecific Polymerization of a-Olefins 477

The use of the proposed stereochemical model for the transition state corresponding
to the monomer insertion step allows us to relate the data obtained with the hetero-
geneous and homogeneous catalysts and shows the reliability of the hypotheses made

for the active sites of the heterogeneous catalysts.

Although the exact structure of the catalytic sites of the catalytic system (III) is
still not known we think that the essential features of the centers are, beside the
two bonds between the Zr atom and the cyclopentadienyl groups of the ligand, a bond
between the zirconium atom and the alumoxane macromolecule and a bond between the
zirconium atom and the last carbon atom of the growing polymer chain. The correspon-
ding structure of the low energy transition state leading to an isotactic diad,

and of the transition state with higher energy leading to a syndiotactic diad

are represented in Fig. 7 r and s, respectively,

Fig. 7.Possible transition states in the polymerization of propylene with the
catalytic systems ethylene bis-(4,5,6,7- tetrahydro-T-indeny])TiC]z(racemic

or meso) and [-(CH3)A1-O-]n 3 @=CH>"\N\ @=0-A1(CH;)(0-AT(CHy) -CH,
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The cyclohexenyl group of one of the indenylgroups represents a ligand with a Targe
steric hindrance to the incoming monomer (e.g. X in fig. Tb) the two CH groups of
the cyclopentadienyl ring of the other indenylgroup represent the substituent with
low steric hindrance to the incoming monomer (e.g. Y in fig. 1b), and the alumino-
xane macromolecule represents (13) a Tigand with a Targe steric hindrance to the in-
coming monomer (e.g.Z in fig. 1) which renders the 1-2 insertion favoured over the
2-1 insertion as in all isotactic-specific centers. The above transition state corres-
ponds to the ones indicated with 2 and 2' in Table 2 the centers being of the type
of the chiral catalytic sites CQ and Cd. For completness Fig. 7 shows the transition
states involving a meso Ti complex leading at room-temperature to actactic polymers
(13) and corresponding to the transition state indicated with 3 in Table 2, the cen-

ters being of the type C.

As suggested, (18) centers of the type CR or Cd are not able to polymerize efficient-
ly a-olefins with a methyl branching in the a position with respect to the double
bond 1ike 3,7-dimethyl-1-octene, but polymerize 4-methyl-T-hexene. The large stereo-
selectivity observed with the soluble catalysts (III) shows that the soluble cata-
lytic sites have a better defined geometry more suitable for distinguishing between
the two antipodes of the monomer than the heterogeneous catalytic systems (I). The
narrow distribution of the molecular weight obtained with the homogeneous well de-
fined catalytic sites (14) is in keeping with the assumption that the large mole-
cular weight distribution observed in the polymers prepared with the heterogeneous
catalysts is due to the existence of families of catalytic sites, basically with the
same structure but with small differences in their geometry leading to different
steric interactions with the incoming monomer and to different chemical reactivity.

(e.g. different chain growth rate to chain transfer rate ratio).

4) Final remarks

A large amount of data is available at the present on the polyolefins produced by
the catalytic systems of the type (I). The use of the very simple stereochemical mo-
del for the transition state responsible for the monomer-insertion step presented

in this paper allows us to classify most of the above results and to relate them to
the results obtained with the soluble catalytic systems (III) having catalytic cent-
ters essentially of only one type.
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From the different types of centers corresponding to the predicted transition states
(Table 2) CE, C, C'(LB), Cg and Cd have been roughly characterized according to
their Lewis acidity chemo- regio- and stereoselectivity. The characterization of the
centers which produce syndiotactic polypropylene (CS) is in progress. Fractions ha-
ving up to 40% of r pentads have been isolated (28). It appears that the presence

of syndiotactic pentads in diethylether soluble and in heptane soluble fractions is
due to the presence of macromolecules with syndiotactic structure and not to stereo-
block macromolecules. The centers CS seem to have a very low Lewis acidity as they

are still active at r = 0,8.

The resulting picture shows the need of further information particularly on the type
of addition (1-2 od 2-1) occurring at the centers C, C'(LB) and CS and on the chain
transfer with the monomer which seems to be the most important mode of termination

of the polymer chains.

0f course, due to the roughness of the stereochemical model which gives no informa-
tion on the chemical nature of the groups X,Y and Z, and does not take into consi-
deration electronic effects which could remarkably affect the rate constants of the
growth reaction and of the chain termination reaction a large number of questions

arising from the experimental results are still unanswered.

A contribution to the clarification of the structure of the active centers might
arise from the investigation of the relationships between the structure of the Lewis
bases and their reactivity with the catalytic sites, as shown in a preceding paper
(19).

Information on the structure of the catalytic centers might finally arise from the
reactions leading to the formation and to the deactivation of the catalytic centers
of the catalytic system (I)(23).

The rate of formation of the catalytic centers seems to be proportional to the A]R3
concentration and the decrease of the number of the active cencters, as shown by the
decrease of the polymerization rate with time, corresponds to a second order reac-
tion with respect to the active centers concentration and to an order 1/2 with res-

pect to A1R3 concentration (22)

The deactivation involves a decrease in the oxidation number of the Ti atoms present

in the centers as shown by the fact that the original productivity can be restored
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by addition of C12 or other oxidating agents (29).

Due to the lack of methods for a precise determination of local structure on a solid
surface and due to the scarse knowledges existing in the field of surface chemistry,
no explanation of the above facts is possible. For the same reasons a rational
approach to the synthesis of catalytic systems (I) containing catalytic sites of a
single type is, at the present, out of the experimental possibilities. Perhaps the
best chances existing today in preparing catalysts containing catalytic sites of a
single type are given by the heterogenization of catalytic systems of the type (III)
which at the present, despite their stereospecificity and activity are not compe-
titive with the catalytic systems (I) at least for the polymerization of propylene
and 1-butene. However this promising approach needs a much better knowledge of the

synthesis of the catalytic system (III) and of its precursors.
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