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Abstract

A novel class of heterogeneous ethylene polymerization catalysts, derived from homogeneous metallacyclic zirconocene
complexes is described. These complexes can be activated with methyl aluminoxane (MAO) and used for ethylene
polymerization. The polymerization reaction begins homogeneously, but the homogeneous metallacycles self-immobilize
during the polymerization process. Subsequent olefin polymerization is therefore heterogeneously catalyzed. This method of
heterogeneous olefin polymerization is compared with a homogeneous and an aternate heterogeneous polymerization

technique. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

After the activation with methyl aluminoxane
(MAO), zirconocene dichloride complexes can
be highly active catalysts for homogeneous
polymerization of a-olefins [1-25]. The homo-
geneous nature of these catalysts has con-
tributed much to the understanding of the struc-
ture of the active species and the mechanism of
the olefin polymerization reaction. However, it
is exactly this homogeneous character which
limits the industrial application of these cata-
lysts to commercial ‘‘durry’”’ polymerization
processes because as the polymer forms, it pre-
cipitates onto internal reactor surfaces and
causes ‘‘fouling’’. Thermal control of the exo-
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thermic polymerization reactions becomes very
difficult, as does continuous operation of the
polymerization process. Converting metallo-
cene/MAO catalysts from homogeneous to het-
erogeneous catalysts is absolutely necessary to
make metallocene catalysts applicable for com-
mercia use. As a result of the conversion,
polyolefins formed with the heterogeneous cata-
lysts precipitate onto the catalyst surface and
not onto internal reactor surfaces.
Heterogenization of the catalyst can be ac-
complished by attaching the metallocene dichlo-
ride complex to an organic [26] or an inorganic
carrier material [27-29] followed by activation
with MAO or by using a heterogeneous cocata-
lyst [30—32]. An elegant and inexpensive way to
heterogenize inherently, present investigation
reports on the use of metallacyclic zirconocene
complexes as homogeneous and heterogeneous
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(supported and self-immobilized) catalysts for
ethylene polymerization. The effect of the met-
alocene structure on the polymerization reac-
tion and the properties of the resultant polymers
were of special interest.

2. Results and discussion

2.1. Heterogeneous polymerization with self-im-
mobilizing metallacycles

Metallocene complexes with a substituent on
the =-ligand that forms a o-bond or a w-bond
to the central metal are described as metallacy-
cles in this paper. After activation of the metal-
lacycle with MAQ, the ring expands during
polymerization through repeated ethylene inser-
tions into the metal—carbon o-bond of the met-
alacycle (see Fig. 1). Finaly, an insoluble poly-
mer is formed that is directly attached to one
w-ligand of the active catalyst cation.

In this manner, the catalyst is immobilized
and further ethylene polymerization occurs by
heterogeneous catalysis. During the polymeriza-
tion, the metalacycle opens due to a chain
termination reaction. Further formation of poly-
mer results from heterogeneously catalyzed
olefin insertions into the cationic metallocene
mono alkyl complex.

As an dternative, a different metallocene
cation can be discussed as potential catalyst: the
butyl ligand is still coordinated to the metal, the
metallacycle has opened and the ortho position
of the terminal phenyl group and MAO form an
anion.
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[MAO-Bu] [MAO-Bu]”

[MAO-Buj”

Bu = butyl @ insoluble polymer

Fig. 1. Scheme for the heterogenization of a metallacyclic catalyst
by repeated ethylene insertion into the metal—carbon o-bond.

Fig. 2. Metallacycles employed for homogeneous and heteroge-
neous polymerization.

We do not favor this possibility because the
Zr—phenyl bond is supposed to be much stronger
than the Zr—butyl bond and therefore, harder to
break. Another argument is the fact that the
coloured activated metallacycles can undergo
““salf-immobilization’’ reactions [33—35] with
ethylene in toluene solution to give coloured
prepolymerized heterogeneous catalysts (see
Experimental part). Such a behaviour is not
known from the reaction of ‘‘conventional’
metallocene catalysts and MAO. NMR studies
are planned to obtain further proof.

2.2. Comparison of homogeneous and heteroge-
neous ethylene catalyzed polymerization reac-
tions by metallacycles

The type of polymerization reaction, i.e., ho-
mogeneous or heterogeneous, has a direct influ-
ence on the polymerization behavior of the met-
allocene complex used. Metallacycles 1-3 [36],
activated with MAO, were used to polymerize
ethylene, homogeneously and heterogeneously
(Fig. 2). The synthesized polyethylenes were
characterized using viscosimetry, differential
scanning calorimetry (DSC), and density and
morphological investigations. The obtained re-
sults are described in the following chapters.

2.2.1. Homogeneous polymerization after the
activation with MAO

After the activation with MAO, metallacycles
1-3 are highly active homogeneous ethylene
polymerization catalysts. Complexes 1 and 2 are
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Fig. 3. Comparison of the activities of metalacycles 1-3 in
homogeneous ethylene polymerization, after the activation with
MAO, and the molecular weights of the resultant polymers.

undoubtedly metallacycles with a zirconium—
carbon o-bond. Complex 3, however, formally
isa Zr(Il) precursor of such a metallacycle, the
terminal phenyl group is interacting via an agos-
tic hydrogen atom in the ortho position of the
phenyl ring. Such types of complexes have been
presented very recently by Doerrer et al. [37]. It
is very likely that in the activation step with
MAO, 3 is transferred into an anaogous
monomeric metallacycle by hydrogen transfer
from the ortho position of the phenyl group to
the butene ligand. Another aternative of the
activation could be the formulation of a dinu-
clear complex with the same structural features.
The catalytic activities and viscosity average
molecular weights of the resultant polymers are
shown in Fig. 3.

The activities of metalacycles 1-3 signifi-
cantly increase as the length of the spacer chain
increases [35]. The three metallacycles produce
polyethylenes with molecular weights in a nar-
row range (290-350 kg,/mol). The DSC data
for these resins are given in Table 1.

Table 1
DSC date? for polyethylenes obtained from the homogeneous
polymerizations with 1-3/MAO

Metallocene T, °O) AH,, (3/moal) a (%)
complex

1 133.1 188.2 64.9
2 142.2 212.2 73.2
3 137.7 137.9 47.6

#The values are taken from the 2nd heating course of the DSC.

2.2.2. Heterogeneous polymerization with an
immobilized cocatalyst

One method of converting metalacycles into
heterogeneous catalysts is to activate them with
a supported cocatalyst. A supported cocatalyst
that is especially efficient and relatively easy to
synthesize, is partially hydrolyzed trimethylalu-
minum (PHT) [38]. It is synthesized by suspend-
ing a support, eg., silica gel, in toluene and
treating it with trimethylaluminum. The result-
ing suspension is reacted with a water saturated
inert gas stream while being stirred vigorously.
An immobilized cocatalyst system is formed
that can be used to prepare heterogeneous met-
allocene catalysts. The catalyst is prepared by
adding the selected metallocene complex (Al:Zr
=260:1) to the suspension. The complex is
simultaneously activated and immobilized. The
reaction suspension adopts the color of the ac-
tive catalyst, is filtered, and the residue dried in
vacuo to a constant weight. The dried solid can
be used directly for heterogeneous ethylene
polymerization reactions.

The activities and viscosity average molecu-
lar weights of the resulting polymers for metal-
locene complexes 1-3, activated and immobi-
lized on PHT, are compared in Fig. 4. The
polymerization activities are good, and there are
absolutely no signs of any tendency to ‘‘foul”’
internal reactor surfaces. The activities of these

[ activity [kg PE/g Zr - h]”

1 i]

Fig. 4. Comparison of the activities and viscosity average molecu-

lar weights of the resultant polyethylenes from metallacycles 1-3,
activated and immobilized with PHT.
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Table 2
DSC data® for heterogeneously polymerized polyethylenes using
metallacycles 1-3

Metallocene T, °O) AH,, (3/mol) a (%)
complex

1 135.8 149.5 51.6
2 138.3 169.5 511
3 126.4 182.6 62.7

#The values are taken from the 2nd heating course of the DSC.

heterogeneous catalysts increase with the length
of the spacer chain, but compared to the homo-
geneous polymerization results (Section 2.2.1),
the increases in activity are significantly lower.
The viscosity average molecular weights of the
resulting polyethylenes are in a narrow range of
270-310 kg/mol. The DSC datafor these resins
are given in Table 2.

2.2.3. Heterogeneous polymerization by pre-
polymerization

A second method of converting metallacycles
into heterogeneous catalysts is self-immobiliza-
tion of the catalyst by prepolymerization with
ethylene. In this case, the active catalyst pro-
duces its own heterogeneous support. For metal-
locene complexes 1 and 2, it is assumed that
ethylene inserts continuously into the metalla-
cyclic ring structure until the polymeric ring
that is bonded to the ligand becomes insoluble
(see Section 2.1). The initialy homogeneous
catalysts, after undergoing an ethylene prepoly-
merization reaction before use in the laboratory
autoclave, are thus converted into heteroge-
neous catalysts.

For the prepolymerized metallacycles, there
was no direct correlation between the length of
the carbon spacer chain and the polymerization
activity. Metallacycles containing one C,; (1)
and one C,-spacer (3) exhibited comparable
polymerization activities, while the metallacycle
containing one C,-spacer (2) had a significantly
lower activity (Fig. 5). These results can be
expected as the metallacycles 1-3 reach more
or less the same ring size in the process of
olefin insertion.
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Fig. 5. Comparison of the activities and viscosity average molecu-

lar weights of the resultant polyethylenes from prepolymerized
metallocene complexes 1-3.
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The opposite trend is observed for the viscos-
ity average molecular weights of the resulting
polyethylenes. The prepolymerized metalla-
cyclic catalysts 1 and 3 produced polymers with
a viscosity average molecular weight of approx-
imately 300 kg/mol, while prepolymerized
metallacycle 2 produced a polymer with a higher
viscosity average molecular weight (390
kg/mol). As in the case of classic heteroge-
neous Ziegler—Natta catalysis, these results can-
not be explained by simple models. The phenyl
ring could be brought into a position by the
C,-spacer that is unfavorable for polymerization
termination reactions via B-H-elimination. The
DSC data for these resins are given in Table 3.

2.3. Influence of the polymerization method on
the density of the resulting polymers

Metallocene catalysts can produce polyeth-
yleneswith densitiesin the range of 0.910—-0.980
g/cm® in commercial processes [39]. These
densities cover the complete area of commer-
cialy interesting polyethylenes (LLDPE: =

Table 3
DSC data® for heterogeneously polymerized polyethylenes using
prepolymerized metallacycles 1-3

Metallocene T, CO) AH,, (3/mal) a (%)
complex

1 139.1 159.9 55.1
2 1284 178.8 61.6
3 142.4 157.6 54.4

#The values are taken from the 2nd heating course of the DSC.
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0.91, LDPE: = 0.92 and HDPE: =~ 0.96 g/cm?)
[40].

In the current study, the densities of the
polyethylenes from both homogeneous and het-
erogeneous (PHT-immobilized or prepolymer-
ized) polymerization reactions were examined
using the metallocene complexes 1-3 (Fig. 6) to
study the effect of the polymerization method
on the densities of the resulting polymers. The
densities of these polyethylenes were deter-
mined using a floatation method [41].

The densities of the polyethylenes made with
the homogeneous and both heterogeneous poly-
merization techniques are very similar for met-
allocene complexes 1 and 3. Only metallacycle
2 with a C,-spacer is found to produce different
densities. A comparison of the two polyeth-
ylenes, heterogeneously produced with metalla-
cycle 2, shows that the PHT-immobilized cata-
lyst produces resin with a significantly higher
density than the analogous prepolymerized cata-
lyst. The measured densities are more depen-
dent on the nature of the cocatalyst than on the
polymerization method. The heterogeneous co-
catalyst must influence the number of short
and/or long chain branches. The molecular
weight and the branching content of the
polyethylenes formed directly determine the
densities measured.

Therefore, it is possible to control the poly-
mer density by changing the cocatalyst type and
the heterogenization method. Both heteroge-

Dgx;ity [g/em’] Polymerization type:
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™ heterogeneous/prepolymerized”
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Fig. 6. Comparison of the densities of polyethylenes from both
homogeneous and heterogeneous (PHT-immobilized and prepoly-
merized) polymerization reactions.

neous methods are suitable for commercia ap-
plication as neither caused fouling.

2.4. Influence of the catalyst and polymerization
method on the morphology of the resulting poly-
mers

The morphology of polyethylene is deci-
sively dependent on the polymerization method.
Severa polyethylenes are illustrated in black-
and-white pictures in Fig. 7 to document this
influence. These polyethylenes were produced
using metallacycle 1 in homogeneous and het-
erogeneous (PHT-system and prepolymerized
catalyst) polymerization reactions.

Homogeneously produced polyethylenes us-
ing metallacycle 1 consist of mostly rod-shaped
polymer particles (dimensions approximately
1.0x 0.5 mm) (Fig. 7/1). This rod-form is
typical for polyethylenes that are produced with
metallacycles in homogeneous polymerization
reactions, while polyethylenes that are produced
with metallocene dichloride complexes consist
mostly of spherical polymer particles. The inser-
tion of ethylene into the Zr—C o-bond of the
metallacyclic catalysts (see Section 2.1) seems
to be responsible for the morphology of the
produced polyethylenes. The polyethylene parti-
cles from homogeneous polymerizations consist
of polymer flakes with low bulk densities.

During heterogeneous polymerization reac-
tions, metallacycle 1 produces polyethylene par-
ticles with a different morphology. Fig. 7/2
shows polyethylene particles that were produced
using metallacycle 1 after activation and hetero-
genization with PHT. Fig. 7/3 shows poly-
ethylene particles that are produced by hetero-
geneous polymerization after activation with
MAO and prepolymerization. In contrast to the
homogeneously produced particles, the polymer
particles from heterogeneous polymerization re-
actions are edged and possess higher bulk densi-
ties. The particle size of the polymer synthe-
sized with the PHT-system (Fig. 7/2) is be-
tween 0.5 and 2.0 mm, while the size of the
polymer synthesized with the catalysts heteroge-
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12)
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Fig. 7. Black-and-white photographs of polyethylenes that were produced with metallacycle 1 under various polymerization conditions

(dimensions: (a) 1.5:1; (b) 7:1).

nized through prepolymerization (Fig. 7/3) is
approximately 1.0-3.0 mm.

2.5. Advantages of metallacyclic zrconocene
catalysts

The previous chapters show that metalla-
cyclic zirconocene complexes are well suited as

precursors for highly active, homogeneous and
heterogeneous ethylene polymerization cate-
lysts. The properties of the resulting polymers
are decisively dependent on the polymerization
method.

Metallacycles can be heterogenized by sup-
port materials, but also by prepolymerization
(without support material). Due to this self-im-
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mobilizing property, metallacyclic zirconocene
complexes offer an attractive way to produce
heterogeneous and highly active polymeriza-
tion catalysts. Compared to self-immobilizing,
alkenyl substituted metallocene dichloride
complexes that are aready known [33,36], met-
allacyclic zirconocene complexes have the ad-
vantage that they can be synthesized from eco-
nomical starting materials and in very high
yields [36]. In addition, they are free of chlo-
rides that may poison the catalyst or cause
problems when the polymers are thermally de-
composed in recycling processes.

3. Experimental part

3.1. Activation of the metallocene complexes
with MAO

The metallocene complex, 10-15 mg, was
activated with MAO (30% in toluene) (Zr:Al =
1:3000). An aiquot of the catalyst solution con-
taining 0.5-1.5 mg metalocene complex was
used within 1 h for homopolymerization.

3.2. Homopolymerization of ethylene

n-Pentane, 500 ml, was placed in a 1-| Buchi
laboratory autoclave and mixed with the catalyst
solution while maintaining the autoclave tem-
perature at 60°C. An ethylene pressure (99.98%
ethylene) of 10 bar was applied after an inside
temperature of 50°C was reached. The mixture
was dtirred for 1 h a 60+ 2°C and subse-
quently, the reaction was terminated by releas-
ing the pressure in the reactor. The obtained
polymer was dried in vacuo.

3.3. Heterogeneous ethylene polymerization us-
ing PHT-supported metallocene catalysts

Trimethylaluminum, 30 ml of a2 M solution
in toluene, was added to 2.0 g silica gel, and
then 1.80 ml water as steam/argon mixture
were bubbled through the mixture at 50°C. The

metallocene complex, 57.7 - 10~® mmol (Zr:Al
= 260:1) was added, the mixture was stirred for
15 min at room temperature and the suspension
was filtered. The residue was dried in vacuo.

n-Pentane, 500 ml, was placed in a 1-| Buchi
laboratory autoclave. Triisobutylaluminum solu-
tion, 1.0 ml, and 0.15 g PHT catalyst were
added to the autoclave thermostated at 60°C. An
ethylene pressure (99.98% ethylene) of 10 bar
was applied. The mixture was stirred for 1 h,
and the reaction was terminated by releasing the
ethylene pressure. The obtained polymer was
dried in vacuo.

3.4. Heterogeneous ethylene polymerization us-
ing prepolymerized metallocene complexes

The corresponding metalocene complex,
30-40 mg, was activated with MAO (30% in
toluene) (Zr:Al = 1:1000), mixed with 30 ml
toluene and stirred for 20 min at room tempera-
ture at an ethylene pressure of 0.2 bar. The
colored precipitate was washed with 40 ml
toluene and the resulting heterogeneous catalyst
was dried in vacuo.

n-Pentane, 500 ml, was placed in a 1-I Buchi
laboratory autoclave and mixed with 0.40—-0.50
g prepolymerized catalyst (corresponding to
0.30-0.40 mg catalyst). The autoclave was ther-
mostated at 60°C. An ethylene pressure (99.98%
ethylene) of 10 bar was applied. The mixture
was stirred for 1 h, and the reaction terminated
by releasing the ethylene pressure. The obtained
polymer was dried in vacuo.

3.5. Characterization of the polyethylene sam-
ples

3.5.1. Differential scanning calorimetry

The polymer samples were investigated for
phase transitions with DSC using a Pyris DSC 7
instrument. For the measurements, 5-12 mg
dried polymer were fused into standard au-
minum pans (J 7 mm) and measured under
nitrogen cooling using the temperature program
below.
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First heating phase was from 25°C to 200°C
with a heating rate 40 K /min. Isothermal phase
was 3 min, while cooling phase was from 200°C
to —40°C with a cooling rate of 20 K /min. On
the other hand, the second heating phase was
from —40°C to 200°C with a heating rate of 20
K/min. Melting points and fusion enthalpies
were taken from the second heating course. The
temperature was linearly corrected relative to
indium (Mp. 429.78 K). The fusion enthalpy of
indium (H,, = 28.45 J/g) was used for calibra-
tion.

3.5.2. Viscosimetry

Molecular weight determination of the poly-
ethylene samples was performed using a Ubbel-
ohde precision capillary viscometer in cis/
trans decalin at 135+ 0.1°C. For the measure-
ments, 50 mg polymer were completely dis-
solved in 45.0 ml decalin at 130°C within 3—4 h
and insoluble ingredients filtered over glass
wool. M was determined using a calibration
curve that was available for the selected concen-
tration.
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