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Preface

45 years after the discovery of transition metals and organometallics as catalysts
for the polymerization of olefins and for organic synthesis, these compounds have
not lost their fascination. The 100" birthday of Karl Ziegler, the great pioneer in
this metalorganic catalysis, was in this year.

Since 1953 when Karl Ziegler has discovered the catalytic polymerization of
ethylene leading to plastically formable polymers, synthetic polymers and rubbers
becoming one of the most growing commercial markets. The stereoselective poly-
merization of propylene and other long-chain o-olefins, first detected by Giulio
Natta, leads to an even broadened field of applications.

Today the importance of plastics is appreciated by many politicians. During the
reception of the participants of this symposium in the Rathaus of Hamburg
(townhall), the Mayor of the City of Hamburg emphasized: ,,Chemistry has
changed the world. Even those only dealing a little bit with this topic see that par-
ticularly polymer chemistry has given important impulses for the growth of our
economy and prosperity.

Polyolefins and polybutadienes produced by metallorganic catalysts are not
only the most important plastics but they show an unbroken production increase.
Containing only carbon and hydrogen atoms, polyolefins will substitute other
plastics which cannot be produced or recycled under the same environmental con-
ditions.

A great development in this field was given by the discovery of metallo-
cene/methylaluminoxane catalysts in our Hamburg laboratory. Since the last ten
years over 300 patents are announced every year from industrial and academic
research groups all over the world dealing with metllocene and , single site* cata-
lysts. Why is there so much interest in this field of research? Metallocene catalysts
are soluble in hydrocarbons, show only one type of active site and their chemical
structure can be easily changed. These properties allow one to predict accurately
the properties of the resulting polyolefins by knowing the structure of the catalyst
used during their manufacture and to control the resulting molecular weight and
distribution, comonomer content and tacticity by careful selection of the appropri-
ate reactor conditions. In addition, their catalytic activity is 10-100 times higher
than that of the classic Ziegler-Natta systems.
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This ,,International Symposium on Metalorganic Catalysts for Synthesis and
Polymerization®, held in Hamburg from September 13-17, 1998 gave an overview
of today’s point of research for olefine polymerizations with metalorganic com-
pounds. The goals of the symposium were to show the ways for further develop-
ment of catalysts, to find proper methods in molecular modeling, to investigate the
kinetics and the overall mechanisms of the catalysis with heterogeneous and ho-
mogeneous catalysts, to povide with synthetic pathways for new polyolefins and
copolymers with different properties and finally to develop tools and techniques
for a comprehensive characterization of the polymers and processes.

In many aspects there remain a lot of yet (unsolved) problems and possibilities
for the future.

On this symposium, 49 lectures and over 90 posters were presented. We are
pleased to announce that 59 manuscripts of lectures and posters could be included
in this proceedings book.

The organizers like to express their special thanks to the University of Ham-
burg, to the Gesellschaft Deutscher Chemiker, and to companies which have spon-
sored the symposium and this monograph, to all authors who prepared manu-
scripts, and to all participants for discussions.

Hamburg, May 1999 Walter Kaminsky
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Polyethylene: Polymer with Future

L. L. Bohm, J. Berthold, H.-F. Enderle, M. Fleissner

Hostalen Polyethylen GmbH,
D-65926 Frankfurt (M), Germany

Abstract

Polyethylenes play a very important role today, because these polymers have a lot
of advantages in comparison to other materials. They are produced using easily
accessible, reasonable raw materials, they are environmentally harmless, and they
can be recycled or energetically exploited after loss of performance. However, the
most important aspect is, that they can be tailored in an excellent way using well
established modern, energy saving, and non-polluting technologies of large scale.

To make these products and to run these processes appropriate catalysts mostly
together with cocatalysts are required. The catalyst or the catalyst/cocatalyst
system plays the key role for catalytic polymerization of olefins. Now, a broad
spectrum of high mileage catalyst systems is available and some new ones are
under development. New catalyst systems open prospectives for future progress.
The catalyst system and the polymerization process are forming the polymerization
technology and both parts must be well-balanced to reach a high level of
effectiveness.

Besides the polymerization technology, the correlations between polymer structure
and polymer properties must be known to tailor products. Based on these three
legs: catalyst or catalyst system, process, polymer properties/polymer structure
relations, polyethylenes with new and so far unknown properties can be designed
and brought to the market. With these polymers consumers needs can be better met
saving material and energy for processing, transportation and finally, waste
management.

Introduction

Polymers are today materials used in all fields of life. These materials have been
discovered within this century and are now produced overall in the world [1].
Nowadays (1995) around 160 Mt of polymer—based materials (plastics, fibers,
elastomers, duromers, dispersions) are consumed per annum. The largest part are
plastics with around 100 Mt/a and among these the polyolefins have a share of
about 60 Mt/a [2,3].

Within the next 10 years production and consumption of polyolefins will
considerably increase to reach between 100 and 110 Mt/a. The key success factors
for polyolefins are the following ones: the raw materials (monomers) are easily
accessible and reasonable based on oil or natural gas. The production costs are low
due to modern, energy saving and non-polluting large volume processes. The
products are saving resources and they are environmentally harmless thus
contributing to the principle of sustainable development [4,5]. After loss of
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performance these polymers can be burned having combustion energies like oil.
Therefore, they are also called solid white oil [6,7]. Finally a broad product
portfolio of polyolefins is accessible by catalytic polymerization processes ranging
from very low up to ultrahigh molecular mass compounds and covering a broad
range of densities. All these products can be tailored to reach excellent product
quality in respect to processing and final product performance. Some of these
products can be identified as polymer alloys [8-11]. Starting from easily accessible,
reasonable raw materials like ethene, propene or other 1-olefins and using catalytic
polymerization processes a broad spectrum of valuable polymer products can be
synthesized as demonstrated on fig. 1.

Monomers > Polymers
Polyethylenes
Catalysts Processes HOPE
LLDPE
VLDPE
PE-UHMW
Ziegler-catalysts slurry-process
ethene Phillips-catalysts gas phase-process Polypropylenes
;1>rolp$ne Ziegler-Natta- solution-process homopolymers
-olefins catalysts bulk-process f‘?ags."‘:a' °°p°'V'|"e's
metallocenes cascade-technology igh impact copolymers
late metal-catalysts extrusion-technology ethylene, propylene-
early metal-catalysts rubbers
waxes

Fig. 1. Catalysts, Processes for Polyolefins Production
Polymerization Technology

To make tailored polyethylenes meeting customer needs in a well-performing way,
there must be a proper technology together with a detailed know—how of polymer
structure and polymer properties relations. For catalytic polymerization processes
the catalyst, mostly in combination with a cocatalyst, and the polymerization
process are regarded as the polymerization technology. This means that both are
forming an integrated whole and both must be well-balanced in respect to each
other [12,13]. However, it must be pointed out that the catalyst or catalyst system
plays the key role as shown on fig. 2. It determines the polymerization behavior,
the polymer structure and for heterogeneous processes the polymer powder
morphology. The catalyst system must perfectly fit to the polymerization process.

In heterogeneous processes (slurry or gas phase technology) the polymerization
reaction only takes place inside the polymer particles. Each of these polymer
particles is a small reactor (micro reactor) with its own energy and mass balance
[13-15]. They grow from the catalyst particles by polymer formation around the
catalyst fragments (primary particles) [16]. This process is called particle forming
process and it is a must that it runs in a certain way which means: only negligible
temperature and monomer concentration gradients exist within the polymerizing



Polyethylene: Polymer with Future
Polymerization Polymer
Behavior Structure
« Activity = Molecular Mass
« Molecular Mass Regulation% ﬂ Distribution

» Copolymerization Behavior
« Process Control

Catalyst System
Catalyst Particle

J

« Comonomer Distribution

« Chain Structure

(regio- and stereoselectivity;

chain transfer process, long chain

branching)

Polymer Particle
Morphology

« Bulk Density
« Particle Size
« Particle Size Distribution

Fig. 2. The Key Role of the Catalyst System

particle and at the surface (see curves 1 in fig. 3). Especially in the start-up phase
of polymerization at the fresh catalyst particle after its entrance in the
polymerization reactor, this may not be the case. To avoid almost certainly
overheating of the particle (hot spot formation) and monomer concentration
gradients inside the particle (although this is not critical for technically used
catalyst systems [17,18]) the rate of polymerization must be small in this stage as

shown in fig. 3.
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When the polymerizing particle expands and the micro reactor becomes larger then
the rate of polymerization can also increase because heat transfer and monomer
flow increase simultaneously. To reach a high catalyst productivity (mass of
polymer/mass of catalyst used) the polymerization rate must then stay at a high
level as long as the polymerizing particle remains in the reactor (average residence
time).

Under such conditions the particle forming process runs as shown on fig. 4, which
means that every primary particle is covered by a polymer layer and all catalyst
fragments are evenly distributed over the whole polymer particle.

w
o
a

7
[ R = Q R
| Particle Forming Process Dyl P 500
| o
o
Polymer-Particle Dt 500
Primary Particle g _
-l d 400 E
Catalyst- % 50 KA =
Particle "5 w0 §
3 4
ool 2
Polymerization g 200
— 4
40 pm '_E 5 100
=]
-
f ? ] 50 100 150 200

t [min]

Fig. 4. Particle Forming Process

Such optimized catalyst systems are today state of the art and only those catalyst
systems can be used in technical processes.

For the technical process stability and flexibility are the main recommendations: a
polymerization reactor is an open system in which a sensitive metallorganic system
is used to catalyze polymerization. To stabilize this process against uncontrolled
entrance of impurities a sufficient high level of an aluminumorganic compound is
established as a scavenger. This compound further acts as cocatalyst. The catalyst
system must be sensitive to a limited number of process parameters to control
polymer data over a wide range. By variation of this limited set of process
parameters strong changes of the product data average molecular mass and density
can be achieved (good process flexibility) [19]. Fig. 5 shows the data set (extensive
and intensive parameters) which controls polymer data. The underlined parameters
should be kept constant under technical process conditions.

Product Portfolio

Using modern advanced technologies a broad range of products with different
average molecular mass or melt flow rate (MFR) {20], density, molecular mass
distribution and comonomer distribution can be produced as shown on fig. 6.
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Fig. 5. Process Parameters for Product Data Control

Applying the detailed knowledge about the relation between polymer structure and
polymer properties [21-26] tailored products in respect to processibility and final
product performance can be produced for a wide field of applications. There are 2
general trends: with decreasing density the comonomer distribution in the polymer
should become homogeneous, and with increasing average molecular mass or

molecular mass distribution
- broad  _ namow
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~
HDPE e S g
— G,N St —_ I ing e ."" %:
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Fig. 6. Polyethylene Product Map
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decreasing melt flow rate (MFR) the molecular mass distribution moves from
narrow to broad, going from unimodal to bimodal. In the LLDPE and VLDPE
product field, it is advantageous to produce polymers with narrow molecular mass
distribution and homogeneous comonomer distribution as shown on fig. 7 [27].

m(logM) SCB
20
1,4 ~MFR190/2.16 appr. 1 g/10min —— Metallocene
- | Density =0.925 glem® i i, — Ziegler-Natta
ik 415
1+
08 410
0,6
0,4 -5
0,2
0_ g sl PR e ] oy Y A Ve, R 0
1,0E+2 1,0E+3 1,0E+4 1,0E+5 1,0E+6 1,0E+7

molecular mass [g/mol]

Fig. 7. Molecular Mass and Comonomer Distribution (SCB: short chain branches)

These copolymers can be produced with single site catalysts now available by
combining metallocenes and methylalumoxane [28-30]. Products with nearly the
same processing behavior due to the same shear viscosity in the processing
window differ considerably in weight (M,,) and number average molecular mass
(M,) depending on the polydispersity M,/M,, (see fig. 8).
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Fig. 8. Viscosity Functions: metallocene vs. conventional PE
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For polymers with unimodal molecular mass distributions there is a master curve
correlating toughness and number average molecular mass M,, [21]. This opens the
possibility to design products with improved mechanical properties in the same
processing window compared to state of the art products with broader molecular
mass distributions. Fig. 9 shows some results for PP-fibers [31]

rupture strength [cN/tex] rupture strength [MPa]
45 m
I MFR = 20 g/10’ 400
40 - «MFR=30g/10" | 35
35 m - PP i
I 1300
30 . ]
[ 5 B MFR=25g/10" | 5g ()
25 |- PP |
I 1200
20 | i { L | L | L |
3.000 3.500 4.000 4.500 5.000

take up speed [m/min]

Fig. 9. Tensile Strength of PP-fibres (m-PP: metallocene-made polymer, PP:
standard polymer)

In summary these products with narrower molecular mass distributions, and
homogeneous comonomer distributions have higher toughness, higher tensile
strength, lower extractables, narrower melting ranges, higher stress crack resistance
and higher melt strength than known products. Improved products for injection
moulding, rotamoulding, films and fibres in the whole density range with a clear
focus on low to very low densities can be produced.

Looking on high density, high average molecular mass products, advantageous
products have a very broad, bimodal molecular mass distribution and an
inhomogeneous comonomer distribution with the comonomer built in into the long
chains [10].

These products are made using the cascade technology with 2 polymerization
reactors in series [ 32 ]. The catalyst is only introduced in the 1* reactor to form the
very low molecular mass homopolymer, then the polymer particles with the still
active catalyst move into the 2™ reactor to form the very high molecular mass
copolymer. Again the catalyst system plays the key role. Molecular mass
regulation with hydrogen must be possible over a broad range as shown in fig. 10
without loosing the activity by inhibition with hydrogen.
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Fig. 10. Molecular Mass Regulation to Produce a Bimodal PE-HD

The particle forming process must run in such a way that each catalyst fragment is
covered by layers of the low molecular mass homopolymer and the high molecular
mass copolymer, and all catalyst fragments must be evenly distributed over the
polymer particle. Fig. 11 shows this in a schematic representation.

200 m(log

atalyst fragment
primary particle

log M

Fig. 11. Polymer Particle Structure for Cascade-Made Bimodal PE-HD

Finally to reach the full performance of these materials the polymer powder must
be transferred in a homogeneous polymer melt by extrusion. This can be achieved
because already in each polymer particle the high and the low molecular mass
fractions are finely devided in each other (in situ-blend). These polymers have an
outstanding combination of desired properties for pipe applications (water and gas
pipes) and films. Therefore they can be addressed as a polymer alloy or an
engineering resin. Fig. 12 summarizes the properties.
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Fig. 12. Advantageous Properties of Bimodal Pipe Materials

The properties of the products and their applications were described in detail for
pipes [10,33-36] and films [32] elsewhere.

Conclusions
Polyolefins in general and polyethylenes as part of this product family are

polymers of the future. This is demonstrated by the great increase in production
and consumption forecasted between 1995 and 2005 [3].
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20 55
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Fig. 13. Production and Consumption of Polyolefins
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These growth rates must be driven by strong economic and technical factors. The
most important driving force is that polyolefines are often the better problem
solvers in various fields of application as shown e. g. for packaging materials [4].
After loss of performance these products can be recycled or energetically exploited
[6,7,37]. So these materials contribute strongly to the concept of sustainable
development [5].

The most relevant technical aspects are the availability of a broad range of catalyst
systems and advanced polymerization processes. Using these technologies together
with the profound knowledge in polymer structure/polymer properties relations
tailored products with excellent performance can be designed to meet customer
needs. New materials have been developed in the last few years which can be
addressed as engineering resins like the PE 100 pipe material. There are still
potentials for new, surprising developments which will be realized in near future.
In addition, the discovery of new catalyst or catalyst systems is driving this
innovation process [38].
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POLYPROPYLENE: 44 YEARS YOUNG! THE
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Montell Polyolefins

Abstract. Polypropylene is one of the most versatile and successful
materials in the market because of the ever-increasing spectrum of polymer
composition and properties which have originated from continuing
breakthroughs in catalyst and process technology. Industrial polypropylene
production is based on Ziegler-Natta supported catalysts. The success of
MgCly-supported catalysts is also due to the development of spherical
catalysts with controlled particle size and porosity, used in bulk liquid
monomer and gas-phase processes for production of a broad range of homo-
and copolymers and multiphase polymer alloys via “Reactor Granule”
technology. The most recent development is the discovery of
MgClLy/TiCld/diether catalysts which can give PP yields twice as high as
those obtained with previous catalysts. The achievement of a better control
of the polymer structure has resulted in an increased capability to tailor the
products according to the performance requirements, both in the conversion
technologies and in the application life cycle, as well as to extend their
application to new market areas.

Introduction

It was in March 1954 that Natta and his coworkers at the Politecnico di Milano
first synthesized crystalline isotactic polypropylene using the catalyst system
TiCl4 - AIEt3, following Ziegler’s discovery of similar systems for ethene
polymerization in 1953 [1-3]. Commercial production of polypropylene started in
Ferrara in 1957 (one reactor can be seen in its original position at the site) and
over the past forty years has undergone continuous growth, such that current
worldwide manufacturing capacity exceeds 20 million tonnes per annum,
forecasted to be increased in the future.

The catalytic system played a key role for the development and the innovation
of industrial technologies, leading to the achievement of sophisticated
polymerization processes and materials.
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1. Early catalyst and process development

The first and second generation catalysts were based on TiCl:/AlEt,Cl systems
and allowed the development of polymerization processes in solvent suspension
(slurry). These processes exhibited low productivity and stereospecificity and
deashing, for catalyst residues removal, and separation of the atactic polymer
fraction were necessary [4].

Early processes in liquid monomer were also developed, with the advantage of
higher polymerization rates due to higher monomer concentration. This process
simplification also led to cost reduction by eliminating the requirement for sotvent
purification and recycling [5].

The products achievable through these complex, expensive and polluting
manufacturing processes were limited to homopolymers with different molecular
weights and copolymers with low comonomer (ethene) content.

The progress accomplished since the first generation of catalysts has been
outstanding,

Fig. 1 shows the increases in yield which have been achieved with successive
generations of catalysts:
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Fig. 1. Yield increase for different catalyst generations  How has it been made possible?

The process has involved a deep meticulous understanding and control of the
different chemical steps involved in the catalysis.

2. The “high yield” catalysts

The basis for the development of the high-activity supported catalysts lay in the
discovery, in the late 1960’s, of “activated” MgCl, able to support TiCl, [6] and
give high catalyst activity, and the subsequent discovery, in the mid-1970’s, of
electron donors (Lewis bases) capable of increasing the stereospecificity of the
catalyst so that (highly) isotactic polypropylene could be obtained [7-9].

High-activity Ziegler-Natta catalysts comprise MgCl,, TiCl, and an “internal”
electron donor and are typically used in combination with an aluminium alkyl
cocatalyst such as AIEt; and an “external” electron donor added in
polymerization.
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The first catalyst systems contained ethyl benzoate as internal donor and a
second aromatic ester as external donor, but nowadays the catalysts most widely
used in polypropylene manufacture contain a diester (e.g. diisobutyl phthalate) as
internal donor and are used in combination with an alkoxysilane external donor of
type RR’Si(OMe), or RSi(OMe)s.

The function of the internal donor in MgCl,-supported catalysts is twofold. One
function is to stabilize small primary crystallites of magnesium chloride; the other
is to control the amount and distribution of TiCl, in the final catalyst. Activated
magnesium chloride has a disordered structure comprising very small lamellae.

Giannini [7] has indicated that, on preferential lateral cleavage surfaces, the
magnesium atoms are coordinated with 4 or 5 chlorine atoms, as opposed to 6
chlorine atoms in the bulk of the crystal. These lateral cuts correspond to (110)
and (100) faces of MgCl,, as shown in Fig. 2.

Fig. 2 Model of MgCI2 layer showing the (100) and (110) cuts.

Bridged dinuclear Ti,Clg species can coordinate to the (100) face of MgCl, and
on contact with an alkylaluminium cocatalyst these species will be reduced to
Ti,Cls units in which the environment of the Ti atoms is chiral [10-11] as
illustrated in Fig. 3.
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Fig. 3. TiyCls epitactically placed on a (100) cut of MgCl,

These sites have the stereoregulating ability required for isospecific
polymerization. Coordination of TiCl, to the (110) face of MgCl,, on the other
hand, will lead to monomeric Ti species which may lack the necessary
stereoregulating ability for isospecific propagation.

In the absence of a Lewis base, TiCl, will coordinate to both the (100) and the
(110) faces of MgCl,. In the presence of a base, however, there will be a
competition between the base and TiCl, for the available coordination sites. Due
to the higher acidity of the coordination sites on the (110) face [11], preferential
coordination of the base rather than TiCl, on these sites will avoid the formation
of Ti species having poor specificity.

Analytical studies [12] have indicated that a monoester internal donor such as
ethyl benzoate is coordinated to MgCl, and not to TiCl,. In the search for donors
giving catalysts having improved performance, it was considered [13] that
bidentate donors should be able to form strong chelating complexes with
tetracoordinate Mg atoms on the (110) face of MgCl,, or binuclear complexes
with two pentacoordinate Mg atoms on the (100) face. This led to the
development of the MgCl,/TiCly/phthalate ester catalysts, used in combination
with an alkoxysilane as external donor.

The requirement for an external donor when using catalysts containing an ester
as internal donor is due to the fact that, when the catalyst is brought into contact
with the cocatalyst, a large proportion of the internal donor is lost as a result of
alkylation and/or complexation reactions. In the absence of an external donor, this
leads to poor stereospecificity due to increased mobility of the titanium species on
the catalyst surface. When the external donor is present, contact of the catalyst
components leads to replacement of the internal donor by the external donor. An
alkoxysilane cannot be used effectively as internal donor, as under the conditions
of catalyst preparation (at = 100 °C, in the presence of excess TiCl,) reaction
between the alkoxysilane and titanium tetrachloride would take place, generating
chlorosilanes and alkoxytitanium species.



Polypropylene: 44 Years Young! The Challenge for the 21* Century 19

Most recently, research on MgCl,-supported catalysts has led to systems not
requiring the use of an external donor. This required the identification of
bidentate internal donors which not only had the right oxygen-oxygen distance for
effective coordination with MgCl, but which, unlike esters, were not removed
from the support on contact with AlEt; and which, in contrast to alkoxysilanes,
were unreactive with TiCl, during catalyst preparation. It was found [13,14] that
certain 2,2-disubstituted-1,3-dimethoxypropanes met all these criteria. The best
performance was obtained when bulky substituents in the 2-position resulted in
the diether having a most probable conformation with an oxygen-oxygen distance
in the range 2.8 - 3.2 A.

The successive “generations” of high-activity MgCl,-supported catalyst systems
for polypropylene are summarised below.

Catalyst type Cocatalyst External donor
MgCl/TiCly/ethyl benzoate AlR; aromatic ester
MgCly/TiCly/dialkyl phthalate AlR; alkoxysilane
MgCl,/TiCly/diether AlIR; -

Catalyst performance has improved considerably with each generation. The
polypropylene yield obtained under typical polymerization conditions (liquid
monomer, in the presence of hydrogen, 70 °C, 1-2 hours) has increased from 15-
30 kg/g cat. for the third generation to 30 - 80 kg/g cat. for the fourth generation.
With the recently developed fifth generation catalysts containing a diether as
internal donor, yields of 80-160 kg/g cat. can be achieved.

The significant improvements which have been made, and which indeed are
still continuing, in the performance of MgCly-supported catalysts for
polypropylene have been accompanied and assisted by an increase in our
fundamental understanding of heterogeneous Ziegler-Natta catalysis.

One example has been the use of molecular modelling in defining the required
characteristics of a diether donor. It was found [15] that the most effective
stereoregulating donors exhibited preferential coordination on the (110) rather
than the (100) face of MgCl,, and that the presence of the donor in the vicinity of
titanium species was able to transform non-stereospecific isolated TiCly and/or
Ti,Cls units into isospecific species.
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In addition to very high activity, an added advantage of catalysts containing a
diether donor is high sensitivity to hydrogen, so that relatively little hydrogen is
required for molecular weight control. Recently, we have established'® that this
effect can be ascribed to a high probability of chain transfer after the occasional
secondary (2,1-) rather than the usual primary (1,2-) insertion.

The activating effect of hydrogen in propene polymerization with
heterogeneous catalysts, which for a long time was regarded as one of the
unsolved problems in Ziegler-Natta catalysis, can be largely attributed to
reactivation of “dormant” (2,1-inserted) species via chain transfer with hydrogen.
These conclusions have been based on the >C NMR determination of the relative
proportions of i-Bu and »-Bu terminated chains, resulting from chain transfer
with hydrogen after primary and secondary insertion respectively.

Ti-CH,-CH(CHs)-[CH,-CH(CHy)l.Pr  + H, --> Ti-H + i-Bu-
CH(CH)[CHy(CH)],.. Pr

Ti-CH(CH;)-CH,-[CH-CH(CH3)l.,Pr + H, --> Ti-H + n-Bu-
CH(CH3)[CH2(CH3)]n.1PI'

Other studies have demonstrated that chain transfer is dependent not only on
regio- but also on stereoselectivity [17]. This explains the fact that, with catalyst
systems of type MgCl,/TiCl,/phthalate ester - AIR; - alkoxysilane, the silanes
which give the most stereoregular isotactic polymer also tend to give a relatively
low hydrogen response. By varying the catalyst composition, and in particular the
nature of the electron donors (esters, silanes, diethers) present in the catalyst
system, we are now able to control the polypropylene tacticity, molecular weight
and molecular weight distribution to produce a range of polymers having the
processing and end-use properties required for very different applications.

The progress achieved in catalyst performance has been accompanied by a
parallel expansion of the polypropylene property envelope. The main properties
reported in Fig. 4 (Flex modulus, izod impact, transparency = 100-haze) give an
indicative idea of the impressive progresses made!
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Fig 4 Variation of properties for polymers by different catalyst generations

3. The related process technology development

With the introduction of these high-yield, high-stereospecificity catalyst systems,
production processes could be simplified because deashing and atactic removal
became unnecessary [18]. The elimination of hydrocarbon diluents was also
possible, using either liquid or gaseous monomer as the polymerization medium.
These new processes allowed reduction of capital and operating costs, so an
expansion of polypropylene production was induced.

A key factor in this achievement has been the development of products with
controlled spherical morphology based on the catalyst “replication” phenomenon,
allowing an effective control of the particle size and porosity [19]. The
understanding and the full control achieved on the catalyst “replication”
phenomenon has given a real “new dimension” [20] in heterogeneous catalysis.
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The morphology of the catalyst particle is replicated in the final polymer as
particle growth takes place during polymerization [19] (Fig. 5).

Catalyst

Pre-polymer

Polymer

Fig. 5 “Replication” phenomenon during the polymerization

A new degree of freedom in tailoring the polymeric structures opens the way to
the generation of new polymer properties. A broad range of homo- and
copolymers and multiphase polymer alloys has become accessible by what we
have termed “Reactor Granule Technology” [21]. The concept includes the
possibility of planning the structure and the distribution of the phases inside the
granule itself.

It is important that the mechanical strength of the catalyst be high enough to
prevent fragmentation, but low enough to allow progressive expansion of the
particle as polymerization proceeds [22]. It is the result of a sophisticated catalyst
construction, or better “ARCHITECTURE” [23,24].

Under appropriate polymerization conditions, polymer particles can be
obtained that have an internal morphology which can range from compact to
“onion” structure to porous structure [25] (Fig. 6).
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Fig. 6. (a) “onion” and (b) porous morphological structures

Porous polymer particles produced through R.G.T can act as a microreactor for
the polymerization of other monomers within the solid granule, the second
polymer being intimately dispersed throughout the host polymer matrix, and this
has led to the development of processes for gas-phase production of rubber-rich
polyolefin alloys without the inconvenience of reactor fouling that previously
affected these processes.

4. The Spheripol process technology

Such a basic approach has been adopted for the Spheripol process, a hybrid liquid
monomer/gas-phase  process where homopolymerization and “random”
copolymerization are carried out in liquid monomer while the ethene/propene
elastomer is produced in gas-phase.

Montell’s Spheripol process is the technology most widely adopted today in the
world for the production of polypropylene. The amount of PP produced with this
technology is about 50% of total PP obtained through high-yield processes (Fig.
7), the others being Mitsui’s Hypol, involving polymerization in liquid monomer
using a continuous stirred reactor, and the gas-phase processes with fluidized bed
(Unipol-Union Carbide) or mechanically agitated reactors (Novolen-Targor,
Amoco-Chisso).
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~ Market
Share (%)
SPHERIPOL 81 11.6 50.7
UNIPOL 28 4.9 214
NOVOLEN 34 3.1 13.5
AMOCO-CHISSO 9 1.7 7.4
HYPOL 18 1.6 7

Fig. 7 PP Licensing competitive position for HY-HS processes

The multistep polymerization approach, based on the use of long lasting,
controlled morphology catalyst systems, allowed the development of an articulated
product-mix:

- Homopolymers with a wider range of molecular weight, from low fractional
MFR up to 1000 MFR, with a broader crystallinity control through
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stereoregularity and/or Molecular Weight Distribution. As a consequence PP
grades with improved processability for films and fibers were made available as
well as higher stiffness products allowing downgauging in the rigid packaging
segment.

- Random copolymers with improved optical properties and lower seal initiation
temperature were developed for the flexible packaging area.

- Heterophasic copolymers with a higher amount of better-distributed rubbery
phase, expanding the application in the more demanding impact performance
automotive and technical market segments. Heterophasic copolymers with high
crystallinity matrix and appropriate rubbery phase composition, characterized by a
relevant improvement of the impact/stiffness balance were developed.

5. The Catalloy process technology

The concept of step polymerization addressed to the achievement of a prefixed
polymer structure was further implemented with the development of the Catalloy
process.

The process is based on a multistage, highly flexible, sequential, gas-phase
polymerization technology with a fully independent control of gas composition in
each reactor.

The use of the 4™ generation of Ziegler-Natta catalyst, allowing, already in the
polymerization step, a homogeneous distribution of the various phases in each
polymer particle, coupled with the full freedom to control the amount and the
composition of each phase, has dramatically expanded the property spectrum of
the resulting materials, opening new application areas to the propylene based
“alloys” produced by this process.

New families of materials have been generated, exploiting better performance
in the consolidated application segments and increasing the inter-materials
competitiveness in application areas where other thermoplastics were dominant.

A typical example is given by products characterized by high flexibility and
softness and retaining high mechanical strength, toughness and environmental
friendly characteristics and which have entered application areas typically covered
by plastified PVC, PE and rubbers. Examples are geo-membranes, roof-protection
foils, synthetic leather for automotive applications, toughness modifiers, etc.
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6. The Hivalloy process technology

The “Reactor Granule” technology has been extended to allow the incorporation
of non-olefinic monomers into the polyolefinic matrix. The porous polyolefinic
granule is a suitable substrate for easy reaction with non-olefinic monomers, by
radical grafting and polymerization.

The combination between olefinic component and the non-olefinic one,
achieved through an in-reactor compatibilization, yields structures with a
continuous polyolefin matrix and a dispersed amorphous phase, giving polymers
with excellent uniformity and properties. The chemical resistance, processability
and ductility peculiar to the polyolefins are coupled with the dimensional stability,
thermal and surface properties characteristic of the non-olefinic materials,

Through the selection of the non-olefinic monomer, it is possible to enhance
specific set properties. The resulting product families, characterized by a
significantly lower density than various engineering materials, can easily be
modified with fillers and reinforcing agents, allowing a further expansion of
properties.

Products from Hivalloy technology offer a competitive advantage in various
applicational areas vs. engineering materials, like Nylon, PC/PBT, PC/ABS.

7. The “integrated system” approach

The availability of materials characterized by widely different properties but
having a similar polymeric matrix allowed the development of integrated systems.

The performances required to satisfy the processing and applicative needs is
achieved with materials that complement each other.

The ,Montell Integrated System Technology“ allows, in addition, the solution
of a growing problem in the wider consumer acceptance of plastics: the
environmental need to recycle plastic parts. The advantage is that separation of
different plastics in recycling is no longer required.

8. The new frontiers

The metallocene homogeneous catalysts, more recently developed at industrial
level, can produce polyolefins characterized by a homogeneous and effective
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comonomer distribution, a relevant issue in the polymer structural design. On the
other hand, they typically give a very narrow molecular weight distribution, which
results in a poor processability in several conversion technologies. In addition,
they lack morphology control.

Based on the “Reactor Granule” technology a new path has been undertaken
combining the heterogeneous Ziegler-Natta catalysis with the homogeneous
catalysis, including both metallocene and other single-centre organometallic
polymerization catalysts.

This new approach, termed Multicatalyst Reactor Granule Technology
(M.R.G.T.) [26], is based on a first step of polymerization with a spherical MgCl,-
supported catalyst, generating a spherical polymer having controlled porosity
which is then impregnated with an activated metallocene or other single-site
catalyst prior to a second polymerization step (Fig. 8).

Fig. 8 Micrographical section of a polymer granule by mixed catalysis.

It is now generally recognised that the use of a supported catalyst is an essential
prerequisite for wide industrial application of homogeneous catalysis. The
M.R.T.G. approach offers an effective solution to this problem, opening the way
to a range of new polymeric materials where the respective performance
advantages of Ziegler-Natta and single-centre polymers are combined.
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As already happened in the PP past industrial history, an advancement in the
catalyst system area is often followed by an advancement in the Process
technology. This is happening again. A new Process technology has been
conceived to polymerize alpha-olefins in gas-phase: the Multi Zone Circulating
Reactor [27] is addressing a wide exploitation of the M.R.G.T potentiality.

9, Conclusions

What could be the polypropylene future?
A further diversification potential can be perceived through the exploitation of the
technology innovation options we have previously described:

-the Reactor Granule Technology will expand the capability to directly
polymerize polymer alloys;

-the Single-Centre catalysts offer the opportunity to develop and specialize new
polymeric structures;

-the Mixed Catalysis approach offers the opportunity to get synergies between the
two above-mentioned areas;

-finally the Multi Zone Circulating Reactor will offer the opportunity to get a
level of homogeneity in the phase combination and distribution not available
today.
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Abstract. A novel metallocene, rac-Me,Si[2-n-Pr-4-(9-Phenanthryl)-
Ind]»ZrCl,, was synthesized and employed for propylene polymerization in
conjunction with Ph3CB(CgF5)4 asa cocatalyst The resulting polypropylene
(m-PP) shows 99.6 % of mmmm by 3C NMR and 162.8 C of melting
temperature (Tm) by DSC. In addition, m-PP was compared with the
polypropylene (Ti-PP) produced by our latest MgCly-supported TiCly
catalyst system, which shows 99.0 % of mmmm and 165.7 ‘C of Tm, by TREF
analysis. TREF indicated that m-PP has narrower stereo-regularity
distribution than Ti-PP and Tm of'the fraction eluted from m-PP at the highest
temperature is 163.6 C, while that from Ti-PP reaches to 167.3 C. The
individualities of both catalyst systems are discussed.

1. Introduction

Since the discovery of isotactic polymerization of propylene with the Cs-
symmetrical metallocene catalyst system[1], much effort has been invested in the
molecular design of its ligands[2,3] and the optimization of the polymerization
conditions[3,4] in order to enhance the stereo-specificity. Consequently, the stereo-
specificities of the developed metallocenes[2,3] have reached to the comparative
level to the commercial MgCly-supported TiCly catalyst systems. These
metallocenes contribute to the enhancement of the regio-specificity as well as the
stereo-specificity, but it is still lower than that with the commercial MgCl,-supported
TiCly catalyst systems which forbid chain propagation after the regio-irregular
insertion of propylene monomer by the formation of dormant sites[5]. Therefore, the
further investigation has been continuing without a break. In this paper, a newly
designed metallocene, which has extremely high stereo-specificity and regio-
specificity, is synthesized and the obtained polypropylene (PP) with it was
characterized by I3C NMR, DSC, GPC and Temperature-rising elution fractionation
(TREF) analyses.
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On the other hand, the further improvement of the stereo-specificity of the
commercial MgCl,-supported TiCly catalyst system is desired for the application of

car use and much effort is being devoted to it. Recently, we have developed the
MgCly-supported TiCly catalyst system that has higher stereo-specificity than any

commercial MgCly-supported TiCly catalyst systems. The comparison of it with the

above-mentioned metallocene would be significant for a step toward the
development of PP having no defect. TREF is an effective method for such
comparison[6]. In fact, there have been a number of reports where TREF gives the
clear interpretation for the relation between the features of the obtained PP and the
natures of the active sites of the MgCly-supported TiCly catalyst system[7-10]. In

this paper, TREF is carried out for the comparison between the PP produced by our
latest MgCly-supported TiCly catalyst system and the PP obtained by our new

metallocene catalyst system.

2. Experimental

2.1. Catalysts

2.1.1. rac-Me;Si[2-Me-4-(1-Naphtyl)Ind], ZrCl, (metallocene-A)
Metallocene-A was synthesized according to the literaturef2].

2.1.2. rac-Me;Si[2-n-Pr-4-(9-Phenanthryl)Ind],ZrCl, (metallocene-B)

Metallocene-B was synthesized as follows. To a 1 L glass flask, 37 g of potassium
t-butoxide, 400 ml of toluene and 32 ml of 1-methyl-2-pyrrolidone were added.
Then, the solution prepared by dissolving 60.7 g of n-propylmalonic diethyl ester in
50 ml of toluene was dropped at 10 C into the flask and reacted at 65 C for 1 hour
(h). Next, the solution prepared by dissolving 75 g of 2-bromobenzy] bromide in 50
ml of toluene was dropped into the flask at 10 “C and heated to reflux for 1 h. The
resulting mixture was poured into 500 ml of water, acidified with HySO4 to pH=1
and extracted with toluene. The combined organic layers were washed with brine,
dried with MgSOy and the solvent was removed. The concentrated liquid (114g) was
added into a 2 L glass flask with 237 g of potassium hydroxide, 520 ml of methanol
and 180 ml of water and it was heated to reflux for 5 h. After the removal of methanol,
the resulting mixture was poured into 500ml of water, acidified with HySO4 to pH=1
and extracted with diethyl ether. The combined organic layers were dried with
MgSO4 and the solvent was removed. The concentrated semisolid (94g) was added
into a 1 L glass flask and heated to 180°C for 10 minutes(min), followed by cooling.
Thus, 78 g of liquid, which is 2-(2-bromophenyl)-1-n-propylpropionic acid
(compound-A), was obtained. Then, 67 g of 4-bromo-2-n-propyl-1-indanone
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(compound-B) was prepared with the same operations as the synthesis of 2-methyl-
4-phenyl-1-indanone in the literature[2] except for the use of compound-A in stead of
2-(2-phenylbenzyl)propionic acid. Next, 66 g of compound-B was dissolved in 200
ml of ethanol and dropped into the 1 L glass flask containing 4.96 g of sodium
borohydride and 300 ml of ethanol at 0 “C. The reaction mixture was stirred at room
temperature for 3 h and 200 ml of water was added. After the removal of ethanol, it
was extracted with diethyl ether. The combined organic layers were dried with
MgSO4 and the resulting powder (66.5g) was obtained by the removal of solvent.
The powder was added in a 1 L glass flask with 68 ml of triethylamine and 200 ml of
diethyl ether, followed by the dropping of the mixture of 55 ml of trimethylsilyl
chloride and 100 ml of diethyl ether at 0 C. Then, it was stirred for 7 h and poured
into 400 ml of aqueous solution of sodium hydrogencarbonate. It was extracted with
diethyl ether and the combined organic layers were washed with brine. It was dried
with MgSQy, followed by the removal of solvent and vacuum distillation. Thus, 76 g
of 4-bromo-2-n-propyl-1-trimethylsilyloxyindane (compound-C) was obtained. To a
300 ml glass flask, 10 g of compound-C, 50 ml of diethyl ether and 112 mg of PdCl,
were added. Then, 42 ml of 1.45 M diethyl ether solution of 9-
phenanthrylmagnesium bromide was dropped in it and they were refluxed for 10 h.
The reaction mixture was poured into 300 ml of aqueous solution of ammonium
chloride and extracted with diethyl ether. The combined organic layers were washed
with brine and dried with MgSOy. After the removal of solvent, 20.3 g of semisolid
was obtained. It was added into a 300 ml glass flask with 50 ml of diethyl ether and 60
ml of 5 N HCI was dropped in it. After the stirring for 6.5 h, it was extracted with
diethyl ether. The combined organic layers were washed with aqueous solution of
sodium hydrogencarbonate and dried with MgSOy4. The obtained semisolid by the
removal of solvent was refined with a column chromatography. The refined powder
was added in a 200 ml glass flask with 80 ml of methylene chloride, 12.8 ml of
triethylamine and 187 mg of 4-dimethylaminopyridine and the mixture of 4.72 ml of
methylsulfonyl chloride and 20 ml of methylene chloride was dropped at 5 ‘C. After
the stirring for 4 h at room temperature, it was poured into 100 ml of water and
extracted with methylene chloride. The combined organic layers were washed with
aqueous solution of sodium hydrogencarbonate and dried with MgSO4. The obtained
semisolid by the removal of solvent was refined with a column chromatography.
Thus, 7.2 g of 2-n-propyl-7-(9-phenanthryl)-indene (compound-D) was obtained.
Then, metallocene-B was prepared from compound-D, which procedures were same
as the preparation of metallocene-A from 2-mehtyl-7-(1-naphthyl)-indene in the
literature[2].

2.1.3. The latest MgCly-supported TiCly catalyst system (Mg/Ti-A)
The latest MgCly-supported TiCly catalyst system in our laboratry was used as

Mg/Ti-A.
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2.2. Polymerizations

2.2.1. Method-A

In a 500 ml glass autoclave equipped with a stirrer, 400 ml of toluene was added and
the system was charged with propylene. Then, the temperature of it was heated to
50 C and 0.144 mmol of i-BugAl was added. In the minimum amount of toluene, 8.0
x 104 mmol of metallocene-A or metallocene-B and 0.28 mmol of
methylaluminoxane (MAO) were dissolved. This toluene solution was added in the
reactor and the polymerization was carried out under atmospheric pressure for 15
min. During the polymerization, 100 L/h of propylene was supplied continuously. At
the end of the polymerization, the feed of propylene was stopped and a small amount
of methanol was added. Then, the whole product was poured into 4 L of methanol
containing a small amount of HCI. The obtained polymer was filtered, washed with a
plenty of methanol and dried at 80 C for 12 h.

2.2.2. Method-B

In a 2 L glass autoclave equipped with a stirrer, 1 L of toluene was added and the
system was charged with propylene. Then, the temperature of it was cooled to 0 C
and the toluene solution dissolving 1.0 X 10-3 mmol of metallocene-B and 0.9 mmol
of i-BujyAl was added in it. Next, 2.0 X 10-3 mmol of Ph3CB(CgF5)4 was added in it
and the polymerization was carried out under atmospheric pressure for 30 min.
During the polymerization, 150 L/h of propylene and 3 L/h of hydrogen were
supplied continuously. After the polymerization, the polymer was obtained by the
same operations as method-A.

2.2.3. Method-C

In a 1 L stainless-steel autoclave equipped with a stirrer, 400 ml of n-heptane was
added and the system was charged with propylene. Then, 0.4 mmol of Et3Al, 0.4
mmol of an external donor and 8.0 X 10-3 mmol of Mg/Ti-A in terms of Ti were
added in this order at 60 C. Next, 100 ml of hydrogen was added and the system was
pressurized to 0.49 MPa by propylene and heated to 70 ‘C. The polymerization was
carried out at 70 C for 1 h and propylene was fed continuously to keep 0.49 MPa.
After the polymerization, the resulting slurry was filtered to separate into a powder
and a liquid phase portion. The powder was washed with n-hexane and vacuum dried
at 80 C. The liquid phase portion was concentrated to obtain the solvent-soluble

polymer.
2.3. Polymer analyses
TREF was carried out as follows. The stainless-steel column ( 21.5 mm in diameter

and 150mm in length ) was packed with glass beads which diameters were 100 pm
and maintained at 145 “C. Then, 7.5 ml of o-dichlorobenzene (ODCB) solution
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dissolving 37.5 mg of the polymer sample at 145 ‘C was injected into the column.
The cooling step was performed at 10 C/h from 145 C to 25 C and subsequent
elution step was carried out by pumping ODCB at 1.0 ml/min and rising the
temperature at 15 C/h from 25 C to 145 C. The amount of the eluted polymer was
monitored for every 2.5 min by a Mercury Cadmium Telluride detector of Nicolet
FT-IR Magna-550. The whole solution was fractionated into 4 fractions and they
were poured into five times volume of methanol. The precipitated polymer was
collected by filtration and washed with methanol, followed by vacuum-dry.

The analyses of the microstructures with 13C NMR, the number-average (Mn) and
the weight-average molecular weights (Mw) with GPC and the melting temperatures
(Tm) with DSC were performed in the same manners as our previous paper{5].

3. Results and Discussion

Figure 1 shows the structures of two types of the bridged metallocenes exhibiting Co

symmetry. Metallocene-A is already well-known for its high stereo-specificity([2]
owing to the steric effects of methyl substituent in the 2-position and naphthyl
substituent in the 4-position of the indenyl group. On the other hand, metallocene-B
is newly synthesized in order to enhance the stereo- and the regio-specificities, which
has the bulkier substituents in 2- and 4-positions of the indenyl group.

Metallocene-A Metallocene-B

Fig. 1. Structures of metallocene-A and metallocene-B. Metallocene-A; rac-
Me,Si[2-Me-4-(1-Naphtyl)Ind],ZrCl;, Metallocene-B; rac-Me,Si[2-n-Pr-4-(9-
Phenanthryl)Ind]»ZrCl,.

The catalyst performance of metallocene-B was compared with that of metallocene-
A for propylene polymerization at 50 C with MAO as a cocatalyst ( Table 1 ). The
activity of metallocene-B is twice as high as that of metallocene-A. According to
expectation, both the stereo- and the regio-specificities of metallocene-A are
improved into those of metallocene-B by the changes of substituents in 2- and 4-
positions of the indenyl group, resulting in the enhancement of Tm. While, these
substituent changes seem not to influence the chain-propagation and the chain-
transfer reactions, because Mw of the PP produced with metallocene-B is almost
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same as that with metallocene-A. Although it would be worthy of notice that mmmm
of the PP prepared with metallocene-B reaches to 99.2 %, 159.8 'C of its Tm is lower
than that with the latest MgCly-supported TiCly catalyst system (Mg/Ti-A) which
shows the equivalent mmmm. Tm and mmmm of the PP obtained by Mg/Ti-A are
165.7 “C and 99.0 %, respectively, as shown in Table 2 as Ti-PP.

Table 1. Results of propylene polymerizations with metallocene-A and metallocene-B.
Polymerization conditions: method-A; 50 ‘C, 15 min, propylene 100 L/h, atmospheric
pressure, toluene 400 ml, [Zr] =2.0 X 10-3 mM, [MAQ] = 0.70 mM, [i-BujAl] = 0.36 mM.

Catalyst Activity(kg mmmm 2,1-in-  1,3-in- Tm Mw
-PP/mmol- (%) version  version  (C) (% 105)
Zr*h) (mol%) (mol%)

Metallocene- '

A 22.5 98.6 0.29 0.05 156.2 3.8

Metallocene-

B 46.8 99.2 0.15 0.07 159.8 4.0

Next, propylene polymerization at low temperature such as 0 ‘C was performed,
using metallocene-B in conjunction with Ph3CB(CgF5)4 in stead of MAO. Tm and

mmmm of the resulting PP ( m-PP in Table 2 ) reaches to 99.6 % and 162.8 C,
respectively, and 2,1-inversion of it decreases to 0.10 mol%. However, Tm is still
lower than the expectation from mmmm. It would show that the existence of a small
amount of inversion causes the significant drop of Tm.

Table 2. PP samples for TREF analysis. m-PP: PP obtained by method-B with metallocene-
B, Ti-PP: PP produced by methoed-C with Mg/Ti-A, n.d. means “not detected”.

Sample Catalyst mmmm 2,1- 1,3- Tm Mw
%) inversion  inversion () (x10 5)
(mol%) (mol%)
m-PP Metallocene  99.6 0.10 <0.05 162.8 1.4
-B
Ti-PP Mg/Ti-A 99.0 n.d. n.d. 1657 4.9

The TREF analysis of m-PP was carried out in comparison with Ti-PP. The
relation between elution temperature and the amount of the PP eluted from each
sample is shown in Figure 2. Ti-PP was eluted in the temperature range of 110 -
140 C and m-PP was done in that of 105 - 135 ‘C. In both cases, the amount of the
eluted PP was negligible below each eluted temperature range, indicating that the
amount of atactic PP is too small to detect. Figure 2 shows that the elution curve of
Ti-PP has two peaks and that of m-PP has single peak. It would reflect the plural
active species of Mg/Ti-A and the homogeneity of the active species of
metallocene-B.
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Fig. 2. TREF profiles of m-PP and Ti-PP.

Table 3. The results of TREF, DSC and GPC analyses. m-PP: PP sample obtained by
method-B with metatlocene-B, Ti-PP; PP sample obtained by method-C with Mg/Ti-A.

Sample Elution Proportion Tm Mw Mw/Mn
temp.(C) (wt%) ©) (x109)

m-PP whole - 100 162.8 14 2.1
Fr.l 105 - 115 3.3 - - -
Fr.2 115-123 243 162.0 0.7 1.7
Fr.3 123-127 49.6 163.3 1.4 1.7
Fr.4 127 - 135 22.8 163.6 1.8 1.7

Ti-PP whole - 100 165.7 49 4.0
Fr.1 110- 123 7.2 160.4 - -
Fr.2 123 - 128 17.8 164.1 1.7 2.1
Fr.3 128 - 131 40.3 166.4 4.4 25
Fr.4 131 - 140 34.7 167.3 7.0 2.3

In addition, both m-PP and Ti-PP were fractionated into 4 fractions in order to
analyze themselves with DSC and GPC and the results are shown in Table 3. Tm and
Mw of the fractions increased with rising the elution temperature and the increase in
the case of Ti-PP is far more than m-PP. It would indicate that the higher stereo-
specific active sites produce the higher molecular weight PP especially in the use of

Mg/Ti-A.
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Regarding Fr.3 and Fr.4, Tm varies from 166.4 C to 167.3 'C and Mw ranges
from 440 000 to 700 000 in the case of Ti-PP, while Tm varies from 163.3 C to
163.6 'C and Mw ranges from 140 000 to 180 000 in the case of m-PP. Namely, the
microstructure of Fr. 3 from Ti-PP differs from that of Fr. 4 from it, while Fr.3 from
m-PP would have fundamentally same microstructure as Fr. 4 from it. It would be
noticeable that Tm of Fr. 4 from Ti-PP is obviously higher than that of the whole
sample which shows 99.0 % of mmmm and no regio-irregularity. It is distinctly
expectable that mmmm of Fr. 4 from Ti-PP exceeds 99.0 % and no regio-irregularity
is detected in it.

In conclusion, we believe that there are two ways toward the development of a
perfect PP in stereo-regularity and regio-regularity. One is the enhancement of the
regio-specificity of metallocene-B and the other is to unify the plural active sites of
Mg/Ti-A into the active sites which can produce the PP eluted as Fr. 4 from Ti-PP.
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Abstract. Many rival theories proposed for the origin of the broad MWDs of
polymers produced with heterogeneous catalysts still persist. As an absolute
test for them, the importance of the transitional behavior of MWDs during
the quasi-living stage of polymerization is emphasized. Based upon the
different mechanisms, all the rival theories have been constructed so as to
explain the broad MWDs at the stationary state. Therefore, all competing
rate processes are balanced in the stationary state, and any specification of
the kinetic mechanism can not be tested by the stationary MWDs,
However, for the transitional MWD from the living stage to the stationary
state, all the rival theories predict respective behavior in response to their
different mechanisms. The observed transitional MWDs show that MWDs
in the living stages are always broad and then mostly narrow or remain
unchanged for which all the rival theories are invalid. To understand this
situation, a new theory of non-uniform sites not only with propagation but
also slightly with transfer rate is proposed. The non-uniformity that
conforms to a popular kinetic model gives a unified explanation about the
abnormal decay kinetics recognized in many systems as well as that of the
supported Ziegler catalyst.

1. Phenomenological Review of Rival Theories

It is generally accepted that the molecular weight distribution (MWD) of
polyolefins produced with heterogeneous Ziegler-Natta or Phillips catalysts is
broad. The reasons for this wide distribution have not yet been clearly established,
though many rival theories have been proposed. Although the absence of any
decisive test method is responsible for the situation, there is some confusion in the
assessment of the rival theories.  First all the rival theories are discussed in a
phenomenological manner.

The MWD is characterized by the size distribution function F(n) and its
corollary.  The number of growing (living) n-mer chains is denoted by N * and
that of the dead n-mer by N,. The size distribution function is defined by
F(n)=(N,*+N,)/Z(N,*+N,) and its corollary: Weight distribution function,
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W(n)=nF(n)/ZnF(n), Number average degree of polymerization, n=XnF(n) and
Polydispersity, Q=Xn’F(n)/(ZnF(n))’.  The summation with n from unity to
infinity is abbreviated as X.

All the rival theories have been constructed so as to explain the broad MWDs at
the stationary state which are most adequately described by Wesslau's log-normal
distribution',

F(n)=(2mon) "expl~In*(n/n,)/ 267 M

and by Tung's exponential distribution®

W (n) = abn"" exp(-an") (2)

in some cases. All the theoretical approaches have been made so as to obtain (1),
(2) and related ones by modifying Flory's most probable distribution® that was
established for a stationary MWD during homogeneous polymerization,

F(n)=(k,/k,)exp(-nk, /k,) (3)

where k, and k, denote the rates of transfer and propagation per a growing chain,
respectively. It is well-known that (3) is derived for polymerizations of constant
rates. The possibilities of modification of (3) are limited within the three factors;
k, kp and their ratio . Also, the modifications made are referred to the popular
kinetic mechanisms of heterogeneous catalyses; the non-uniform surface sites with
respect to rate constant, the chain-length dependent rate constant and the slowest

diffusion in a porous catalyst.

1.1  Chain-length Dependent Rates

Referring to the surface-chemical mechanism of polymer desorption, Gordon
and Roe* derived the chain-length dependent transfer rate,

k., lk,=G[2dn(n+A) (4)

where G and A are experimentally determinable parameters. On the other hand,
Mussa® suggested that k, might be increased with n, referring to the possibility of
overheating with polymer accumulation. These suppositions can not be tested by
experimental MWD at a stationary state, as shown below.

The MWD in these cases can be obtained from the following set of difference-
differential equations.
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*

Lk, +k,, )N,

n n

dN,/dt=k,, N
dN; [dt=Y kN, -(k,, +k N, (5)
dN,/dt =k, N
with the boundary condition at t=0
N =0 n>1
=Y N, =C, n=1

where C,* is a constant. The solution of (5) is easily obtained for the stationary
state. Denoting k, /k,,,by fB,, the size distribution is expressed by

F(n).=N,/¥ N,=p,exp(-L B,) (6)
a=l
The inverse relation® of the above equation is
B,=F(n)./ ¥ F(n). Q)

n=n
which guarantees that from any experimental MWD, its corresponding B, can
always be estimated. Therefore, it is clear that f, the ratio k,,, / k,,, is only the
factor to determine the stationary MWD, and then many combinations of &, , and
k,,can also be assumed, as long as the functional form of B, is fixed. The
combinations with various values of p, for example,

k., =k n"" and k,,=k,n’ (8)

correspond to the same stationary MWD with f,n'% the polydispersity of which is
2=0=o in accordance to 0= @ =1. It is noted that the combination of (4) can
not explain the MWDs of Q = 6.

1.2 Non-uniform Surface Sites

Since the suggestions of Wesslau' and Natta’, the non-uniformity of
polymerization centers with respect to activity, as the origin of broad MWDs in the
heterogeneous polymerization, has been discussed by many chemists®,

The first quantitative theory was proposed by Clark and Bailey®, who assumed
that the surface sites are exponentially distributed with adsorption energy of
growing chains and desorption (transfer) is the slowest step. Denoting the values
averaged with the site-distribution function by < >, the observable values at the
stationary state in this case may be represented by
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<Q.,>=2<k ><1/k,> and <n, 6 >=k,<1/k > )

In the case of the non-uniformity with k,'°, they are represented by
<Q.>=2<k,>/<k,> and <n_ >=<k,>/k, (10)

The importance of the non-uniformity with respect to f(=k/k,)"" for characterizing
the polymerization catalyst has been emphasized by Kissin'? who recommends the
step-wise distribution of sites, f;, obtained numerically from GPC-curve, using

<W(lnn) >:n2): f.B.  exp(=np,) (3))

It can be shown that these three non-uniformities, however, are equivalent for
MWDs at the stationary state. The form of the size distribution function of dead
polymers depends on the non-uniformity,

<F(n),>=N,/YN, =<’ exp(-nf)>/< B> (12)

for the case with k, while

< F(n), >=< Bexp(-np) >= j: BeT (B)dp (13)

for the case with k,. Denoting the site distribution functions by T(f), T(k,) and
T{(k,) respectively, we have the relation between them, apart from normalization
constants,

T(B)=Tk,)=pTk,) (14)

which can easily be proved, remembering that the averaging procedure (13) is a
Laplace-transform, the inverse form of which is BT(f).

BT (B)=L([ e T(B)dp) (1s)

It is then clear that the supposition of non-uniformity with f§, that with &, and
that with k, are equally corresponding to the same stationary MWD, as shown in
Fig. 1.
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A k kp C
W (log n) (A) T('i(l; T(-kT) (©)
L 0.004 ¢
0.5
1500 0.003
03 1000 0.002
500 0.001 L
0.1}
1 4 1 4
2 4 0.001 0.002 2000 4000
logn kel kp k, / k

Fig. 1.  Site-distributions obtained from a given F(n).; A: W(logn) for logn, B: T(k, /k,) for
k, Ik,, ot T(B) for B, C: T(k, Ik, ) for k, Ik,, or T(1/B) for 1/B.

1.3 Relation between Theories of Non-uniform Sites and Chain-length
Dependent Rates

Gordon and Roe commented on the theory of non-uniform sites as "Almost any
MWD (broader than an exponential distribution) can be fitted a posterior by
assuming a suitable distribution of site activities'." This comment is correct but it
is also correct for their own theory too, because their specific function is also
obtained from experimental MWD using (7).

To examine the effect of hydrogen addition on the stationary MWD proposed by
Roe' for testing the rival theories is useful to distinguish the theory of non-
uniform sites from other theories including that of monomer diffusion control. His
assumption made about the kinetic mechanism of transfer by hydrogen appears to
be plausible but it is not so absolute as to refute any other assumption. In fact,
Vizen and Yakobson" derived a different conclusion on the effect of hydrogen
based on a different assumption. Therefore, for testing the rival theories some
absolute method should be needed.

2 MWDs during Quasi-living Polymerization

The importance of MWD during the transitional state from lving
polymerization to stationary polymerization is emphasized. It is well-known that
the MWD at the living stage of homogeneous polymerization can be described by a
Poisson distribution®.  All the rival theories, which issue their modifications of
Flory's distribution for expltaining MWD at the stationary state, should then issue
the same modifications of the Poisson distribution for MWD at the living stage.
For MWD at the living polymerization, the theory of non-uniform sites with k,, for
example, should give

<F(n), >=<[(k,)"" | P(n)}e™" > (16)

and  <Q >=<k,’>/<k, >’
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The Poisson distribution is the function of k, and independent of k,, therefore, the
theories based upon modifications of k, give always the narrowest MWD of O, = 1.
The theory of monomer diffusion control should give also the same result.
However, to identify MWD at the living polymerization is experimentally difficult,
because of observing the living stages under the condition that k,>>1 and kt<<1.
Then, MWDs at the transition stages from the living to the stationary state (k>>1),
especially those at the quasi-living stage, the duration from the living to the time
when k~1 is practically more useful. For the transitional behavior of the MWDs,
all the rival theories should predict using their modifications applied to the
transitional MWD during homogeneous polymerization. The latter MWD is
represented by (17) obtained by solving the set of difference-differential equations
(5) with constant rates.

F'(n)=N_/Y, N.=N_/C,
=[(k,0)"" e [T(n)]e™ +1(k, [k ,)e ™" Ty(n.(k, +k)1)/T(n) (17)

and  F(n)=(+k0™ (F (0 +k, [ F(mar)

where ¥ (n, (k,+k,)t) is the incomplete Gamma function. The corresponding forms

of Q and 1 of polymerization have been obtained by Cabrerizo and Guzman'® as
Q=2k,/k, )’ (kt—1+ e )(1+k,t)/(kpt)2
n=k,t/A+kt)=n_(kt/1+kr) (18)

These are the objects with respect to the modification of the rival theories.

2.1 Chain-length Dependent Rates.
From the set of difference-differential equations (5) we have
YN, +N,)=Co+]; Tk, ,N,dt
Y (N, +N,) =] Yk, Ndt (19)
and Y n*(N,+N,)=2[, Lnk, N.dt

t,n

Then, the observables are represented by
n=[; Lk, Ndt/(Co+]; Tk, ,N,dn)
0=(2f, Lnk, Nd){(C;+], Tk, Ndn}/
(b Lk, N,di}’ (20)
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Further results must be obtained by rather cumbersome numerical calculations.
Some results obtained for the cases, &, ,/k, and k, /k,, together with the general
case (8) are illustrated in Fig. 2.

P=0.0 (G-R)

N W &AWy

.5 1 15
0 Kt

Fig. 2. Transitional changes of MWD predicted from (4) by Gordon-Roe' and Mussa’
together with those from (8) or @, =6 (0=0.5).

2.2  Non-Uniform Sites

The observables in the theories of non-uniform sites are given by
2 2,2 2,,2
<Q>=2{<k, [k, >t=<k, [k~ >+<(k, [k, Yexp(—k,t) >}

{l+ <k, >1}/{<k,>1)’ (21)
<i>=<k,>t/l+ <k >t=n_{<k >t/l+<k >t}

As can be seen from these results, the change of <> with time is always the same
form as that of the homogeneous polymerization (18). The polydispersity in the
non-uniformity with <k,> increases from < k,>>/< k,>* to its double, 2< k,>1< k>,
as that from 1 to 2 in the homogeneous case. On the contrary, in the case with
<k>, the polydispersity slowly increases from 1, as illustrated in Fig. 3.

Fig. 3. Comparison of results derived from the two non-uniformities, for the cases <Q..>
=10 and 8.
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23 Comparison with Experiments

The observed MWDs, which are identified as those during the quasi-living
stages where 7 is increasing, are not very many. Similar to Chein'®, such
observations of MWDs have been made mainly for the ethene and propene
polymerizations with TiCl,/AI(C,H;,),C1 or MgCl,-supported TiCl/AI(C,H;),.b
Summarizing the time-dependencies of the observed MWDs of polypropene,
which appear to be mostly in good agreement each others, we may conclude
follows.

Number average molecular weight always increases similar to that during
homogeneous polymerization.

Polydispersity
I decreased monotonously or remain unchanged'' from broad MWDs

(0=8~12) to stationary ones in the case of TiCl,/Al(C,H;),Cl, or

(ID) remained unchanged from broad MWDs (Q~4) in the case of highly active
supported-TiCl/Al(C,H;);.">* In addition, we may note some quantitative
observations.

(IMI) polydispersity increased from broad MWD (Q=7~9) at 2min to its double,
0~20, at 30min in the case of the traditional Ziegler catalyst,
TiCl,/AIC,Hs);,.'  Tailings of a very broad MWDs (0>>20) at 15s and
broad stationary ones (Q=7) of polyethene produced with supported
catalyst agreed with each other™.

These results show that (A) MWDs at the beginning stages (almost living
stage) are broad. The beginning stage is very limited by the minimum amount of
produced polymers which is sufficient for measuring the MWD in each
experiment. In the propene polymerization of MgCl,-supported TiCl,/Al(C,H,), at
20°C", it was 0.1s when the number average degree was 100 and volume of
polypropene was 0.2 of that of the catalyst. As the number average degree was
expressed by k., up to 0.2s, the beginning stage up to 0.2s can be considered the
living stage.  Conclusion (A) refutes all the rival theories, except the theory of
non-uniformity with k,. Of course, the theory of slowest monomer-diffusion, in
any style, is refuted.

The experimental results also show that (B) MWDs during the quasi-living
stages are monotonously narrow or remain unchanged (polydispersities decrease
or keep constant) with time. This conclusion (B) refutes all the rival theories,
including that of non-uniform sites with k,. A few results, where the Q-value
doubled®', may support the non-uniformity with k,. A slight increase in the Q
(from 10 £ 2 at 5min to 14 =2 at 50min) of MWD was observed with
TiCl,/AI(C,H;), at 41°C, but the MWD could not be identified as that during the
quasi-living stage''.  The increase in MWD should then be confirmed.

15.17.18

3 A New Non-Uniformity of Surface Sites

For the narrowing of the MWD during the quasi-living stage, a theory of non-
uniformity with both &, and &, has been proposed by Vizen and Yakobson"”. It
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could explain their own experimental result, i.e., polydispersity decreased from ~9
to ~2. In addition, they assumed that the rate of transfer by hydrogen is constant
and independent of site-distribution for explaining their result that hydrogen
addition broadens the stationary MWD. Although their experimental results and
assumption on the stationary MWD can not be generally accepted, the non-
uniformity proposed should be noted.  For it is plausible that the rates of
propagation and transfer of a growing polymer on a surface site would be similarly
affected by a change from site by site.

3.1 A New Non-Uniformity of Sites with Both Rates
Suppose a non-uniformity with respect to k, together with the relation

k,/k,:(kp/k,,)a (22)
where k, and k, are their averages. Using this, (21) is represented by

<Q>=2(k1)< X" >—< x> ¢

< x* T exp(—(k,)x) >}1+ (k1) < x >} /{(k,t) < x >} (23)
where x denotes k,, /kp. From this we have

<Q >=<k,’>/<k,>

and  <Q >=2<k," ><k,* >/<k,> (24)

Further details are determined by the nature of the non-uniformity 7T(k,). If we
take a log-normal distribution as T(x)

T(x)=(\2mwox) " exp{-(Inx)? /20 } (25)
wehave  <Q, >=exp(-0°)
and In(<Q, >/2<Q,>=(1-a)’ (26)

If we take a Gamma-distribution,

T(x)={v'/T(V)}x"" exp(-vx) 27
we have <Q,>=1+(1/v)
and <Q.>/2<Q,>=T'(v-o)'(v+a)/T'(v) (28)

In Figs. 4 and 5, some results of the calculations are illustrated.
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Fig. 4. Polydispersity during quasi-living stage in the case of log-normal site distribution,
<Q. > is fixed to 10.

W(logn)
03

0.2 |-

0.1

Fig. 5. MWDs at the living stage and the stationary (<Q.>=7) state, in the case a=0.5
with Log-normal distribution.

3.2 Kinetic Mechanism and Application of New Non-uniformity

The plausibility of the new non-uniformity is now discussed. The changes in
potential energy along the reaction path in terms of bond distance between the end-
carbon of the growing chain and Ti of the catalyst may be postulated as those in

Fig. 6.
ot H} My
N b <
/ \§ < "/‘ R
P74 L S
AU}

H—¢ c
¢ 1 o
SN —

Fig. 6. Potential energy change along with reaction path,
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Some correlation exist between the changes in activation energies A € and
adsorption energy Aq. The rule of Horiuti and Polanyi*® may be proposed.

’A£p|=y|Aq| and |Ae,|=7v]Aq| 0<y,7 <l
and then |Ag|=(y'/y)|Ae,| (29)

which corresponds to the relation (22), providing a=y/y. It is noted that the site
distribution which is expressed by the Gaussian distribution of Agq with variance
(0 ')’ corresponds to the log-normal distribution T(k,), (25), provided that ¢ =
O'YRT, which has been reported by the author?.

These discussions suggest that all the reactions of the growing chains have some
correlation among them. In this connection, the abnormal decay kinetics during
propene polymerization with a supported catalyst, reported by Giannini*’, Hsu et
al.’® and us'' are important. It is the abnormal decay (first order at the initial,
after the stationary state was performed, while a higher order during decay) rate of
polymerization centers

R,=—dC"dt=k,C,(C"/Cy)°  &§>1 (31)

and the rate of polymerization (with C* first order initially while higher order
during decay)

R,=k,Co(C"/Cy)° (32)

For this abnormality the above non-uniformity with k, together with (33) can
give a plausible explanation.

kylky=(k,/k,)* (33)

For the sake of simplicity, using a Gamma-distribution (27) for the case with
&=1, we have § =1 + (1/v). Other than the above, abnormal decay kinetics have
been recognized in many systems and summarized as "stretched time" or the law
of Kholrausch who found first it in 1854 with discharge in a Leyden jar.*" For
those abnormal kinetics, the non-uniformity proposed here gives also a unified
explanation, which will be published elsewhere.

Acknowledgement: The authors thank Prof. M. Terano and Dr. H. Mori for kind discussion.
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Olefin Polymerization with Novel Type of
Ziegler Catalysts
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Ishikawa Prefecture 923-1612, Japan

Abstract : A series of dichlorobis( 3 -diketonato)titanium complexes were
synthesized and the corresponding MgCl,-supported catalysts were prepared by
impregnation method. Those complexes combined with MAO or alkylaluminums hardly
showed the activity for propene polymerization. Whereas, the MgCl,-supported catalysts
displayed high activity even using alkylaluminums as cocatalyst. The catalyst isospecificity
was drastically increased by adding a suitable Lewis base as an external donor. Isotactic
polypropene (PP) with Tm over 169 C could be thus obtained under appropriate
polymerization conditions.

On the other hand, copolymerization of ethene and propene over them gave
poly(ethene-co-propene) with a fairly high molecular weight and a narrow chemical
composition in high yield.

This paper summarizes the characteristics of the MgCl,-supported catalysts for

propene polymerization and ethene-propene copolymerization.

INTRODUCTION

Synthesis of heterogeneous Ziegler-Natta catalysts with a single-site character is not
easy due to the formation of TiCl, clustrates in the alkylation process . Whereas,
homogeneous metallocene catalysts can afford to give polyolefins with narrow MMD's as
well as olefin copolymers with narrow chemical compositions .

More recently, some non-metallocene complexes have also been claimed as
catalysts for olefin polymerizations ®. Among them, the homogeneous catalyst system

composed of a zirconium f -diketonato complex and methylaluminoxane (MAQ) or
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AIR,Cl,, (R =Me, Et and i-Bu, n = 2, 3 ), which gives polyethene or ethene oligomer
depending upon the cocatalyst, seems to be peculiarly interesting because of an easy
synthesis of the complex. However, the catalyst system is inactive for propene
polymerization.

We have synthesized a series of titanium analogues and supported them on MgCl.
The resulting catalysts showed very high activity for propene polymerization even using
ordinary alkylaluminums as cocatalyst. The catalyst isospecificity was drastically improved
by the addition of a suitable Lewis base. From the elemental analysis of the supported
catalysts before and after subjecting to cocatalyst, it was demonstrated that one of the /3 -
diketone ligands is attached to the active Ti *. As a result, the catalyst performance was
markedly dependent upon the 3 -diketone ligand. In addition, the formation of titanium
clustrates, which is frequently observed during the alkylation process of conventional
MgCl,-supported TiCl, catalysts ", might be suppressed due to the steric hindrance caused
by a bulky p -diketone ligand. Therefore, the active species formed in the supported
catalysts could be assumed to be more uniform as compared to those in the ordinary
MgCl,-supported TiCl, catalysts. The test of those catalysts to ethene-propene
copolymerization actually yielded give poly(ethene-co-propene) with a narrow chemical
composition. The copolymerization results also gave us an invaluable information on the
oxidation states of active Ti species.

This paper summarizes the characteristics of the novel Ziegler-type catalysts.

EXPERIMENTAL PART

Materials : MgCl, (surface area measured by BET method = 80 m*/g) and
triethylaluminum (TEA) donated by Toho Titanium Co. Japan and Tosoh Akzo Co. Japan
were used without further purification. Ti(acetylacetonato),Cl, [Ti(AA),CL,], Ti(1-
benzoylacetonato),Cl, [Ti(BA),Cl,], Ti(2,2,6,6-tetramethyl-3,5-heptanedionato),Cl,
[Ti(DPM),Cl,] and Ti(4,4,4-trifluoro-1-phenyl-1,3-butanedionato),Cl, [Ti(BFA),Cl,] were
prepared according to the literature ¥. Ethene and propene of research grade purchased
from Takachiho Chem. Co. Japan were further purified by passing through NaOH and P,O;s
columns. The other chemicals commercially obtained from Kanto Chemical Co. Japan

were purified according to the usual procedures.
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Preparation of the MgCl,-supported catalysts : All the reactions were performed
under nitrogen atmosphere using a standard Schienk technique. The supported catalysts
were prepared by allowing the titanium compounds to react with MgCl, in toluene at room
temperature overnight. The solid products were washed with a plenty of toluene, followed
by drying i. vac. at 40 C. The contents of Ti in the catalysts were analyzed by ICP-AES
spectrometer (Inductively Coupled Plasma Atomic Emission Spectrometer, Seiko
Instruments SPS7700).

Propene polymerization : Polymerization of propene was conducted under
atmospheric pressure in a 300 cm® glass reactor equipped with a magnetic stirrer. n-
Heptane (100 cm®) was used as the solvent. Polymerization was quenched with acidic
methanol and the polymer produced was washed with a plenty of methanol. The polymer
was subsequently extracted with boiling heptane. Isotactic index (1.1.) of PP was measured
as the weight fraction of polymer insoluble in boiling heptane.

Copolymerization of ethene with propene : The copolymerization was carried out in
a 1 dm’ glass autoclave reactor equipped with a mechanical stirrer under a total pressure of
1 atm. n-Heptane (300 cm’) was used as the solvent. Ethene and propene were continuously
supplied by using two sets of gas flow controllers (MC-1AS, KOFLOC Inc.). The
concentrations of ethene and propene in n-heptane (Cy) were estimated by using the
following Kissin's equation ®,

Cu=Ku * exp(Q/RT) * Py
where the Henry constants (Ky) for ethene and propene are 1.15 X 10? mol/dm’® - atm and
2.72X10° mol/dm’ * atm, and the heats of solution (Q) for ethene and propene are 11.3
kJ/mol and 13.4 kJ/mol, respectively. Copolymerization was started by adding 1.0 mmol of
TEA and 1 i mol of the Ti(BFA),Cl,/MgCl, catalyst, and terminated with acidic methanol.
The precipitated polymer was separated by filtration and adequately washed with methanol,
followed by drying i. vac. at 40 C.

Characterization of the (co)polymers : The "C-NMR spectra of (co)polymers were
recorded at 140 C using a Varian GEM-300 spectrometer operating at 75 MHz. The
sample solution of (co)polymer was prepared in 1,2,4-trichlorobenzene/benzene-ds (vol.
ratio 9/1). Differential scanning calorimetry (DSC) measurement was made using a Seiko

DSC (SSC-5200) at a heating rate of 10 ‘C/min. The TREF (on-line temperature-rising
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elution fractionation)-SEC (size exclusion chromatography) analysis of copolymer was

made using a Mitsubishi Yuka CFC (cross fractionation chromatography, T-105A) system.

RESULTS AND DISCUSSION

Propene polymerization : Four kinds of MgCl,-supported Ti( 3 -diketonato),Cl,
complexes [Ti(AA),Cl/MgCl, ; Ti content = 0.062 (mmol-Ti/g-cat.), Ti(BA),Cl,/MgCl, ;
0.038, Ti(DPM),Cl1/MgCl, ; 0.037, Ti(BFA),C1,/MgCl, ; 0.017] were tested to propene
polymerization at 40 ‘C using TEA as cocatalyst. From a detailed analysis of the
Ti(AA),C1,/MgCl, - TEA catalyst system, it was confirmed that one of the ligands is left
unremoved even after contacting the catalyst with TEA. The polymerization activity
decreased as follows :Ti(BFA),CL,/MgCl, > Ti(BFA),Cl,/MgCl, = Ti(BFA),Cl,/MgCl, >
Ti(BFA),Cl/MgCl, .The highest activity [Ti(BFA),Cl,/MgCl,] was ca. 900 kg-PP/mol-Ti -
atm * h, which is comparable to IilOSC obtained with the conventional MgCl,-supported
TiCl, catalysts. It may be considered that the activity is enhanced by an electron-
withdrawing substituent on the j -diketonato ligand. Whereas, the catalyst isospecificity
measured as the weight fraction of boiling heptane insoluble polymer (I.1.) was
approximately 25 % independently of the substituent.

Addition of a Lewis base like ethyl benzoate (EB), di-n-but yl phthalate (DNBP)

or di-i-propyl-

dimethoxysilane(DIPDMS)

as an external donor (ED)
caused to increase the L.I.

to a great extent as

LL (wt%)

frequently observed with

the conventional Ziegler-

. For

Natta catalysts

0 PE— L 1 PR ol

0 5 10 15 20 25

reference, the results
[ED}/[Ti] (mol/mol)

. . . . obtained with the
Fig. 1 Plots of LI. against the [ED}/[Ti] ratio

Cat. = Ti(BFA),CL/MgCl, (0.017 mmol/g), Ti = 0.001 mmol, Ti(BFA),Cl/MgCl, catalyst
[AL)/[Ti] = 70, P = latm, n-heptane = 100 cm’ at 40 C for 1 h. are illustrated in Fig. 1.
A EB B : DNBP @ : DIPDMS

DIPDMS was found to be
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most effective among the three donors.
To check the formation of clustrate active species, a set of Ti(BFA),Cl,/MgCl,
catalysts with different Ti contents [0.017, 0.011, 0.007, 0.002 (mmol-Ti/g)] were prepared

800
and tested to propene
~ 700 W Cl-insol.
= lymerization in the
5 600 @ C7-sol. poly
=
E 500 absence of an external
£ e e
& o
o ® © donor. The specific
= 300 e . .
= activities for both isotactic
=200
:tm“ - -g----L_____ B and atactic polymeri-
0 zations did not change so
0 0.002 0004 0.006 0008 001 0012 0014 0016 0.018 0.02
Ti cont. (mmol/g) much as shown in Fig. 2,
Fig. 2 Effect of the Ti content on the activity suggesting that the active
Cat. = Ti(BFA).CL/MgCL, Ti = 0.01 mmol, [AI}/[Ti] = 70, species formed in the

P =1 atm, n-heptane = 100 cm’ at 40 C for 1 h.
present catalysts are

isolated with one another.
Polymerization of propene was then conducted over those catalysts using DIPDMS

as the external donor, the typical results of which are given in Tab. 1. The rise in the LI

)

Tab. 1 Effect of the [Si}/[Ti] ratio on propene polymerization *

Ticont. [SiJ/[Ti] Activity (kg-PP/mol-Tih)” Mn(* 10%) L Tm?® [mmmm)]’
(mmol/g) (mol/mol) C7-insol.(Iso.) C7-sol.(Ata.) C7-insol.(Iso.) (%) C) (%)

0 114 378 32 234 1581 88.9
1.6 208 67 6 755 163.7 91.2
0.017 3.1 113 18 84 85.7 1649 93.2
6.2 98 9 10.5 910 1643 943
124 62 7 15.1 90.8  165.7 94.9
0 149 400 39 27.1 161.8 86.4
0.007 33 401 172 6.2 70.0 1639 -
6.5 429 33 11.1 929  166.2 94.8
13.0 271 10 10.6 964  166.8 97.0
0 164 466 38 260 1612 -
0.002 31.1 817 29 7.1 9.6 1675 95.2
62.5 416 10 10.4 97.7 168.0 98.3

¥ Polymerization conditions : Cat. = Ti(BFA),CL/MgCl,, [Ti] = 0.01mmol, [AKTEA)}/[Ti] = 70,
n-heptane = 100cm’, P = latm at 40 C for 1 h. Si = di-i-propyldimethoxysilene. ” Iso.; isotactic part,
Ata; atactic part. ° Isotactic index(LL); weight % of boiling heptane insoluble fraction. © Tm:’
[mmmmy] for boiling heptane insoluble part.
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and [mmmm)] pentad fraction by the addition of DIPDMS become more prominent
with a decrease in the Ti content. Thus, isotactic PP with Tm = 168.0 'C was obtained
with the catalyst containing as low as 0.002 mmol-Ti/g.

Whereas, the effect of EB on propene polymerization was found to be different, i. e.,

with an increase in the [EB]/ [Ti] ratio, the LI. was markedly increased from 20 to 90 %,

95 but the [mmmm] pentad
fraction was kept almost
g0 ~unchanged as shown in
- 5
gi_ 75 =Fig. 3
= | m L {7 ¢ b
=30 o g Copolymerization of
41 65
L .
20 Imess) 160 ethene with propene : The
10 455 copolymerization of ethene
0 i I e 1 1 L1 1 1 50 . .
0 10 20 30 40 50 60 with propene was first

[EBJTi] (mol/mol)
Fig. 3 Plots of LI and [mmmm] against the [EB)/[Ti] ratio
Cat. = Ti(BFA),C1/MgCl,(0.002 mmol/g), Ti = 0.01 mmol,
[Al)/[Ti] = 70, P = 1 atm, n-heptane = 100 cm' at 40 C for 1 h.

carried out at 40 C with
the Ti(BFA),Cl,/MgCl,
[0.002 mmol-Ti/g]-TEA
catalyst system in the
presence of DIPDMS
(IDIPDMS]/[Ti] = 50). In the *C-NMR spectra of resulting copolymers, any peaks
attributed to the chemical inversion were not observed.

Tab. 2 summarizes the results of ethene-propene copolymerization together with the
triad sequence distributions in the copolymers determined by "C-NMR. Even the
copolymer with a high content of propene displayed a melting temperature (7m). To get a
better information on this point, a typical copolymer (obtained in run 3) was analyzed by

TREF-SEC (Fig. 4). The majority of the copolymer (ca. 96 wt%) was extracted below 80
C and the rest at around 100 C. It is known that the Ti( Il ) species, which is inactive for
propene homopolymerization, also catalyzes the copolymerization with ethene to yield
poly(ethene-co-propene) with less content of propene *. The fraction extracted at around
100 C might thus result from the Ti( Il )} species. It may be considered, therefore, that the
catalyst contains a small portion of the over-reduced Ti( Il ) species, which could not be

confirmed by propene polymerization.
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Fig. 4 TREF diagrams of poly(ethene-co-propene)
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Fig. 5 TREF diagrams of poly(ethene-co-propene)
Sample ; run 8 (propene cont. = 36.9 mol%)
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and the summation of fractions, I(x), respectively.
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Tab. 2 Results of ethene-propene copolymerization with DIPDMS”

Run  Conc. of monomers Yield P Tm [PPP] [PPE] [PEP] [EPE] [PEE] [EEE]

No. in heptane g mol% T + +
Cemoldm’ G, mol/dm' [EPP] [EEP]
1 0.051 0.137 057 164 1222 34 7.8 39 103 19.6 550
2 0.039 0.205 1.116 258 1226 73 164 5.0 97 205 411
3 0.026 0.273 0845 433 1242 182 208 7.7 85 177 270
4 0.008 0.369 0334 778 1086 567 186 7.6 39 7.1 6.1

* Ti(BFA),CL/MgCl, (Ti cont. = 0.002 mmol/g) = | g mol, [AKTEA)/[Ti] =1000,

[di-i-propyldimethoxysilane]/[Ti] = 50, n-heptane = 300 cm’ at 40 C. " not determined

Copolymerization of ethene with propene was then conducted at 40 C under similar
conditions without adding an external donor. The results of copolymerization together with
the triad sequence distributions are shown in Tab. 3. Contrary to the results obtained above
in the presence of DIPDMS, the melting points of the copolymers decreased monotonously
to disappear completely with an increase in the propene content. The TREF diagram of a
typical copolymer (obtained in run 8) is illustrated in Fig. 5, which clearly shows that all

the copolymers are extracted below 90 C. The absence of other fractions extractable at

Tab. 3 Results of ethene-propene copolymerization without DIPDMS®”

Run  Conc. of monomers Yield P Tm [PPP] [PPE] [PEP] [EPE] [PEE] [EEE]

No. in heptane g mo% T + +

C: mol/dm' _Cp mol/dm’ [EPP] [EEP]
5 0.047 0.159 0815 5.6 1201 0O 3.0 0 2.6 100 844
6 0.038 0205 0861 134 1190 0 5.8 0.9 76 143 714
7 0.023 0.289 0.881 274 1145" 6.1 108 46 105 21.0 471
8 0.013 0339 0437 369 n.d.” 115 168 8.0 8.6 231 320
9 0.007 0371 0422 399 n.d.® 102 188 7.0 109 232 299

¥ Ti(BFA),CL/MgCl, (Ti cont. = 0.002 mmol/g) = 0.15 4 mol, [ATEA)/[Ti} = 1000,

n-heptane =300 cm’ at 40 C, ” very weak, ¢) not detected.

higher temperatures might deny the formation of Ti( Il ) species in the donor-free catalyst.

Accordingly, it may be said that the catalyst possesses a single-site character.
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Conclusion : From the results described above, we have come to the following
conclusions. 1) the MgCl,-supported Ti( 3 -diketonato),Cl, catalysts effectively catalyze
propene polymerization. 2) the active species formed in those catalysts are isolated with
one another. 3) the catalyst isospecificity is drastically improved by adding a suitable
electron donor, especially organic silane compound like DIPDMS. 4) the

Ti(BFA),Cl,/MgCl, catalyst modified by DIPDMS contains an appreciate amount of the Ti

(Il') species, and consequently gives the copolymer with less content of comonomer as a
by-product. 5) such an over-reduction of the titanium species is not observed in the donor-
free catalyst, i. e., the donor-free catalyst possesses a single-site character (all the active
species are Ti(lll) and isolated with one another). 6) the activity for ethene-propene
copolymerization is quite high, and thus, 7) the present novel Ziegler-type catalysts may be
of use for the production of LLDPE with a narrow chemical composition.

A further study is now in progress to make the structure of active species clear.
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Kinetics and Mechanism of Ethylene Polymerization
and Copolymerization Reactions with Heterogeneous
Titanium-Based Ziegler-Natta Catalysts

Yury V. Kissin, Robert I. Mink, Thomas E. Nowlin, Anita J. Brandolini

Edison Research Lab., Mobil Chemical Co., P.O.Box 3029, Edison, NJ 08818-3029, USA

A detailed kinetic analysis of ethylene homopolymerization reactions
and its copolymerization reactions with 1-hexene with a supported Ti-
based Ziegler-Natta catalyst shows a number of kinetic features which
are interpreted as a manifestation of multi-site catalysis. The catalyst
contains several types of active centers which differ in stability and
formation rates, the molecular weights of polymer molecules they
produce and in their response to the presence of an a-olefin. Several
kinetic effects in ethylene polymerization reactions require an
introduction of a special kinetic mechanism which postulates an
unusually low reactivity of the growing polymer chain containing one
ethylene unit, the Ti-CHs group. This peculiarity of the Ti-C.Hs
group, which is probably caused by its B-agostic stabilization, predicts
two features of ethylene polymerization reactions which have not been
described in the literature yet: (a) formation of deuterated ethylenes in
ethylene homopolymerization reactions in the presence of deuterium,
and (b) an apparently increased reactivity of a-olefins in chain
initiation reactions involving the Ti-H bond. Both effects were
confirmed experi-mentally.

1 Introduction

Ethylene polymerization reactions with Ti-based heterogeneous and supported
Ziegler-Natta catalysts exhibit several features which distinguish them from poly-
merization reactions of other a-olefins with the same catalysts:

1. Based on the values of its reactivity ratios in copolymerization reactions with
various a-olefins, ethylene is the most reactive among all olefins in polymeri-
zation reactions with all Ziegler-Natta catalysts [1-3]. However, ethylene never
exhibits the high reactivity in homopolymerization reactions expected based on
its relative reactivity in copolymerization reactions.

2. Introduction of a-olefins to the ethylene polymerization reactions always
results in significantly higher polymerization rates [4-11]. Literature data on
ethylene copolymerization reactions in solutions at high temperatures suggest
a kinetic rather than a physical (diffusion) mechanism of the effect [11].
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3. The overall rate of ethylene homopolymerization has a reaction order with
respect to the ethylene concentration significantly exceeding one, usually in
the 1.7-1.9 range [6,12,13].

4. Introduction of hydrogen causes a significant immediate decrease of the
ethylene polymerization rate. This rate depression effect is completely
reversible suggesting a chemical nature [6].

We have attempted to provide the experimental basis for a single explanation
of all these specific features of ethylene polymerization reactions. We have carried
out a detailed kinetic investigation of ethylene polymerization and ethylene/1-
hexene copolymerization reactions with a supported Ti-based Ziegler-Natta cata-
lyst using the concept of multi-center catalysis with different centers responding
differently to changes in reaction parameters. As a result of these studies, we have
proposed a kinetic mechanism which explains most of the above-listed features of
ethylene polymerization kinetics. The proposed mechanism predicts several new
features of ethylene polymerization reactions which have not yet been described in
the literature. We have examined these new effects and have provided experi-
mental proofs of their existence.

2 Experimental Part

Ethylene homopolymerization and copolymerization reactions were carried out in a stain-
less-steel 500-cm’ reactor equipped with a heating jacket, a magnet-drive stirrer and
several ports for adding solvents, liquid monomers and catalyst components. Most react-
ions were carried out at 80-85°C using n-heptane as the solvent and AlEt; (1.5-1.6 mmol)
as the cocatalyst. The ethylene partial pressure, Py, varied from 0.4 to 1.3 MPa (this corr-
esponds to an ethylene concentration in solution, Cg, from 0.30 to 1.0 M), the hydrogen
partial pressure, Py, ranged from 0 to 0.3 MPa (hydrogen concentration, Cy, varied from 0
to 0.03 M), and the 1-hexene concentration in solution, Cpex, varied from 0 to 2.2 M. A
single Ti-based, silica-supported catalyst with a Ti content of ca. 3 wt. % was used in all
experiments [14].

Polymers and copolymers were characterized by several techniques. GPC analysis was
performed at 145°C with a Waters 150C Liquid Chromatograph (two columns 10, 10* and
10* A). Resolution of GPC curves into Flory components was carried out with Scientist
program (MicroMath Scientific Software) as described earlier [15]. Copolymer composi-
tions were measured by the IR method using a Perkin-Elmer Paragon 1000 FTIR
spectrophotometer. *C NMR and 2H NMR analyses of polymers were performed with a
JEOL Eclipse 400 NMR spectrometer at 130°C using polymer solutions in 1,3,5-trichloro-
benzene. Analyses of light products, gases and liquids, generated in the polymerization
reactions were carried out using the GC method [with a Hewlett-Packard 5890 Gas Chro-
matograph, a 60-meter MTX-1 column, (Restek Co.)] and the GC/MS method [with a
Varian 3400 Gas Chromatograph, a 50-meter Chromopack Al;Os-plot column and a Finni-
gan MAT 8230 mass-spectrometer (mass range from 10 to 1000)].
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3 Kinetic Studies of Ethylene Polymerization Reactions

3.1 Principal Procedure of Kinetic Studies

The cornerstone of our kinetic study is the analysis of the molecular weight
distribution data. It is performed under the assumption that all heterogeneous
Ziegler-Natta catalysts contain several types of active centers. Our earlier expe-
rience suggests that Ti-based catalysts used for ethylene polymerization usually
contain four or five types of centers [16,17]. These centers differ one from another
in the following kinetic properties:

1. The centers have different stabilities. Some centers deactivate more rapidly
whereas other remain active for many hours.

2. Each type of center produces polymer molecules with a narrow molecular
weight distribution described by the Flory theory (M,/M, = 2.0). Figure 1 gives
one example of a GPC curve analysis for an ethylene/1-hexene copolymer pre-
pared in the absence of hydrogen.

3. The centers produce polymer chains of different average molecular weights.
For example, Table 1 shows that when an ethylene homopolymerization
reaction is performed 85°C, the centers produce Flory components with widely
different weight-average molecular weights M,,.

4. The centers have different copolymerization abilities.

Table 1. Molecular weights of Flory components in ethylene homopolymer

Component:  1II m v v
My 51,000-55,000 143,000-165,000 450,000-490,000 1,480,000-1,610,000

We adopted the following procedure for determining kinetic parameters of the
active centers [16,17]. A series of polymerization experiments (from 3 to 6) was
carried out under the same conditions (temperature, monomer concentrations) for
different periods of time. Every polymer was analyzed by GPC, contents of each
Flory component (produced by a single type of active center) were determined,
and the copolymer composition was measured. Polymerization kinetics on a single
type of active center is described by the following equations for the reaction rate,
R(), and the yield, Q(t,), at time t,. These equations assume the first-order
reaction kinetics with respect to Cg for a given center:

R(t) = kegrke Cy-[exp(-krt) — exp(—ka-t)l/(ka— ko) )

O(t:) = kear C- [ (ka — k]-{[1 — exp(~ket)l/ke + [1 - exp(= kat))/ka} @
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Fig. 1. GPC curve of ethylene/1-hexene copolymer. Flory components are
numbered in the order of increasing molecular weight

Each type of active center has different values of all three kinetic parameters in
Egs. 1 and 2, the effective rate constant, k. (the product of the propagation rate
constant, k,, and the concentration of a particular active center, C*, which itself is
a function of Cg), the rate constant of center formation, %;, and the rate constant of
center deactivation, k4. Every experimental kinetic curve is regarded as the sum of
kinetic curves for each type of active center. Combination of reaction rates, ZR(t),
for several types of active centers is calculated to comply with two criteria: (a) the
calculated total reaction rate should fit the experimental kinetic curve, and (b) the
yield of each Flory component at different reaction times should match the contri-
bution of the respective component to the total polymer mixture (from GPC data,
see Fig. 1). Figure 2 gives one example of such a kinetic analysis for the case of
an ethylene/1-hexene copolymerization reaction at 85°C in the absence of H,.

3.2 Ethylene Concentration Effect on Polymerization Kinetics

Kinetics of homopolymerization reactions at temperatures < 90°C at P; 0.3 to 1.2

MPa is relatively stable; reaction rates rapidly reach a plateau and then slowly

decrease by ca. 30% over a period of 4 hours. The analysis of the polymerization

reaction kinetics provides several means of evaluating overall reaction orders, n

with respect to the ethylene concentration:

1. Plotting total polymer yields after 4 hours as a function of Cg gave the n value
range of 1.7-2.0.

2. Comparison of reaction rates (at 60 or 120 minutes) at different Cg gave n =
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Fig. 2. Kinetics of ethylene/1-hexene copolymerization reaction at 85°C in the
absence of H; at Cg = 0.556 M, Cex = 1.12 M. Points - experimental data,
lines - calculated reaction rates for each type of active center

1.6-1.7.

3. Experiments in the slurry in which Py was increased step-wise from 0.2 to 1.1

MPa in the course of a single run gave n = 1.8-1.9.

4. Several multi-stage gas-phase polymerization experiments during which the
reaction pressure was repeatedly changed gave n ~1.8.

We also evaluated the reaction order with respect to Cg within the framework
of the multi-center catalyst model. Two methods were used, (a) measuring the
product of the total polymer yield, Q(t), and the content of a given Flory
component (this product corresponds to the output of a given active center as a
function of Cg), and (b) from k. values. The data in Table 2 show that the
reaction order for the centers with the highest reactivity, centers III, IV and V,
with respect to Cg is significantly higher than one and can approach the second

order.

Table 2. Reaction orders with respect to Cg for different centers

Reaction order n Center Il CenterIV Center V

From component yields 1.7 1.8 22
From kg values 1.5 16 2.1
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Fig. 3. Hydrogen effect on ethylene homopolymerization kinetics at 80°C, Pr = 0.38 MPa

3.3 Hydrogen Effects on Ethylene Homopolymerization

Hydrogen significantly (and reversibly) reduces ethylene polymerization rates

(Fig. 3) and, of course, reduces molecular weights of the polymers [3]. Table 3
gives the magnitude of the last effect for each type of active center in 1-hour
reactions at 80°C. The data in the last column of Table 3 show that hydrogen
depresses activities of all active centers nearly equally and, as a result, their

contributions to the overall catalyst productivity remain mostly unaffected.

Table 3. Hydrogen effect on molecular weights of Flory components

Pu Pr Center My, Fraction

0 MPa 0.38 MPa I 10,700 3.2%
I 47,500 10.6%

m 146,600 27.0%

v 462,800 38.0%

\Y 1,577,000 21.1%

0.69 MPa 0.38 MPa 1 1,550 2.6%
I 6,200 9.2%

m 18,500 24.9%

v 50,300 45.2%

v 145,800 18.0%
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3.4 Ethylene/1-Hexene Copolymerization Kinetics

Copolymerization reactions of ethylene and a-olefins activate much faster and
initially proceed at much higher rates; however, at longer reaction times, effective
rates in both types of reactions become similar (Fig. 4). As the reaction
progresses, the content of an a-olefin in copolymers declines. GPC measurements
showed that molecular weights of Flory components in both types of reactions,
homo- and copolymerization, are approximately the same, especially for the
material produced by centers III, IV and V. The main difference between homo-
polymerization and copolymerization reactions lies in relative contributions from
each center: when an a-olefin is present, relative contributions of centers IV and
V decrease whereas relative contributions of centers I, IT and III increase.

These changes afford a simple qualitative explanation: o-olefins activate
centers I, II, and III but do not significantly affect centers IV and V. Because
centers I, IT and III decay relatively rapidly (Fig. 2), mostly centers IV and V
remain active after ca. 2-3 hours both in homopolymerization and in copolymeri-
zation reactions, and the latter centers have similar activities independent of the
presence of an o-olefin. For this reason, relative contents of Flory components
produced by centers IV and V gradually increase with time at the expense of
material produced by centers I, I and III. Table 4 gives kinetic parameters of
different centers in ethylene/1-hexene copolymerization reactions at 85°C in the
absence of hydrogen. 1-Hexene does not affect reactivities of centers IV and V
(they poorly copolymerize olefins with ethylene) but greatly increases k. values of
centers I, II and III. 1-Hexene also increases formation rate constants of most
centers (unfortunately, these values cannot be estimated with a good precision).
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Fig. 4. Comparison of ethylene homopolymerization and copolymerization kinetics at 85°C
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Table 4. Kinetic parameters of active centers in
ethylene/1-hexene copolymerization reactions at 85°C
in the absence of hydrogen

Ethylene concentration, M: 0.482 0.529
1-Hexene concentration, M: 0 2.24
Center | kefr, /g cat-min 0.034 0.205
ke, min™! 0.540 ~10
kq, min™ 0.070 0.070
Center I kesr, Vg catmin ~ 0.082 0.237
kg, min™ 0.15 2.41
kg, min 0.018 0.018
Center Il kerr, Vg catmin ~ 0.128 0.443
kg, min™! 0.04 0.95
kg, min* 0.007 0.013
Center [V ke, l/g catmin ~ 0.211 0.247
kg, min’! 0.060 0.20
kq, min™ 0.0009  ~0.004
Center V ke, /g catmin =~ 0.156 0.128
kg, min™ 0.04 0.19
kg, min™ 0.0009  0.0009

3.5 Hydrogen Effects on Copolymerization Kinetics

Hydrogen effects in ethylene/1-hexene copolymerization reactions are, in general

terms, similar to those in ethylene homopolymerization reactions (see above).

1. Centers I, II, and III remain quite unstable whereas centers IV and V are
much more stable. The decay rates of the centers are unaffected by hydrogen.
Because of the differences in the decay rates, the average 1-hexene content in
the copolymers produced in the presence of hydrogen, [1-Hexene]copoi,
decreases as copolymerization reactions progress (Table 5).

2. Copolymerization abilities of different centers vary in a wide range indepen-
dent upon the presence of hydrogen in the reaction, as shown in Table 6.

Table S. Copolymer composition vs. reaction time. Copolymerization reaction
at 85°C in the presence of hydrogen

Time, min: 5 15 60 120 240

Normalized yield, %: 6.0 17.2 4738 69.2 100
[1-Hexene]copot, mol. %: 3.4 2.6 22 2.1 2.0
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Table 6. Copolymer compositions of Flory components (reaction at 85°C, Cg/Crex =
0.237 in the presence of hydrogen) and reactivity ratios r; of different centers

Flory component: I I m v \Y
[1-Hexene]copol, mol. %: 7-8 3.5-:3.9 2.9-34 ~0.5 ~0.3
r 45-55 100-115 120-140 ~800 ~1400

Centers IV and V copolymerize ethylene with o-olefins extremely poorly and
produce virtually linear polyethylene even in the presence of high a-olefin
concentrations.

These differences in the properties of various active centers are similar to those
found earlier for other supported Ti-based catalysts [16] in ethylene copolymeri-
zation reactions and they are probably universal for all such catalysts. Kinetic
analysis of ethylene/l1-hexene copolymerization reactions in the presence of
hydrogen reveals an additional subtle kinetic effect: whereas hydrogen decreases
activities of all types of active centers in ethylene homopolymerization reactions
to approximately the same extent (see Table 3), it does not affect reactivities of
centers I, IT and IIT anymore if an a-olefin is present, as shown in Table 7.

Table 7. Reactivities of active centers. Ethylene/1-hexene copolymerization
reactions at 85°C, Cg = 0.51-0.55 M and Cyex =1.12 M for 1 hour

Hydrogen conc., M 0 0.0204 0.0400
[1-Hexene]copot, mol.% 0.6 12 1.3
Yields, g/g cat-hour:

Center I 58.1 79.5 40.6
Center I 249.7 264.6 249.9
Center III 714.4 868.3 767.7
Center IV 1213.9 639.8 459.3
Center V 667.9 133.1 105.5

4 Kinetic Interpretation of Ethylene Polymerization Reactions

The following peculiarities of ethylene polymerization reactions should be

accounted for in a comprehensive kinetic mechanism:

1. In ethylene homopolymerization reactions, most active centers have the effect-
ive reaction order with respect to Cg greatly exceeding one and often close to
two.
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2. In ethylene/oi-olefin copolymerization reactions, the centers which have a poor
copolymerization ability (centers IV and V) retain the same high reaction
order whereas the centers that have a good copolymerization ability decrease
the reaction order to one.

3. In homopolymerization reactions, introduction of hydrogen depresses reactivi-
ties of all centers in a reversible manner and to approximately the same degree.
However, reactivities of centers that copolymerize ethylene and o-olefins well
(centers I, II and III) are not depressed when an a-olefin is present.

4. Introduction of an a-olefin significantly increases activity of centers which
are capable of copolymerization (centers I, II and IIT) but does not affect
centers that copolymerize a-olefins poorly (centers IV and V).

All these features of ethylene polymerization reactions can be reconciled if one
introduces a single assumption about the reaction mechanism, that the Ti—C,H;
bond (a growing polymer chain with one ethylene unit attached to the Ti atom) is
unusually stable. As a hypothesis, we propose that the stability of the Ti~C,H;
bond is the result of a relatively strong PB-agostic interaction between one of the
hydrogen atoms of its methyl group and the Ti atom.

Literature data on model olefin insertion reactions into metal-carbon bonds
indeed show the existence of some B-agostically stabilized complexes containing
ethyl groups:

1. A strongly B-agostic Co complex [(CsHs)Co[P(OMe)s(CH,—CH,)H]" coordin-
ates an ethylene molecule by breaking the Co---H bond and then inserts the
coordinated molecule into the Co—C bond [18].

2. The ethylene inserion rate into the Sc—C bond in the (CsMes),Sc~C,Hs
complex at -80°C is 14 times lower than that for the (CsMes),Sc-C5H,
complex due to B-agostic stabilization of the former complex [19].

3. Theoretical calculations [20,21] confirm the existence of f-agostic interactions
in various [(CsHs),Zr-R]" complexes, although reasons for a stronger agostic
interaction of a B-CHj; group vs. a B-CH, group we observe are not clear.
Scheme 1 shows the proposed kinetic scheme of ethylene polymerization

reactions. It differs from the standard kinetic schemes in the following respects:

1. Based on preliminary kinetic analysis, we assume that the equilibrium in the
reaction between the non-coordinated Ti—C,H; group and the B-agostically
stabilized Ti—C,Hs group strongly favors the stabilized species.

2. Only the non-coordinated Ti—C,Hs species can insert ethylene whereas the j3-
agostically stabilized Ti—C,Hs group is inert.

3. A reaction between the Ti-H bond and ethylene immediately produces the
stabilized Ti—C,Hs group.

4. The stabilized Ti—C,Hs group may undergo B-hydride elimination producing
an ethylene molecule and forming the Ti—H bond even in the absence of
hydrogen.

This kinetic scheme affords a uniform explanation of most observed kinetic
effects. For example, the rate-depressing effect of hydrogen is explained as due to
the formation of the stabilized Ti—C,Hs group from the Ti-H group. Stabilized
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(+ Hy, —ethane, k™)
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Ti-H —(+E, k&) »  Ti-CH; = Ti-CHs — (+nE, k) > Ti~(E)—CaHs

E
L(—ethylene, ks)— H-CH, ‘[ \
(+ E: ~p01ylner7 ktE) -

(+ a-olefin, kiM)

Scheme 1. Kinetic model of ethylene polymerization reactions

Ti—C,Hs groups can react with hydrogen with the formation of ethane, a kinetic
feature which explains the disproportionately high yields of ethane in ethylene
polymerization reactions. Finally, when a-olefin is present in a reaction system, it
inserts into the Ti—H bond with the immediate formation of the Ti—Polymer bond
and thus bypasses the B-agostically stabilized Ti—C,Hs bond.

The proposed kinetic mechanism predicts two chemical/kinetic features of
ethylene homopolymerization and copolymerization reactions which were not
described earlier:

1. If one uses D, instead of H, in ethylene homopolymerization reactions, then, in
addition to polymer molecules with two deuterium atoms on the ends of each
polymer chain (due to chain transfer with deuterium and chain re-initiation
with Ti-D species), Ziegler-Natta catalysts should generate deuterium-substi-
tuted ethylene molecules because, after the Ti-CH,-CH,D species is formed,
an exchange between B-agostically coordinated C-H and C-D bonds followed
by B-hydride elimination should produce free CH,=CHD molecules.
Deuterated ethylene has approximately the same reactivity as CH,=CH, and a
large part of it should be incorporated into polyethylene chains.

2. Scheme 1 predicts that chain initiation via the insertion of any co.-olefin into
the Ti—H bond should proceed with a relatively increased probability vs. the
ethylene insertion into the same bond.

5 Structure of Ethylene Polymers Produced with Deuterium

To verify the first of the predictions, several ethylene homopolymerization
reactions were carried with the same catalyst in the presence of large quantities of
deuterium. Analysis of the reaction products, both gases and the homopolymers,
showed that the products formed in the presence of deuterium differ from the
products formed in the presence of hydrogen under the same conditions:

1. GC/MS analysis of the gas phase showed that both its major components,

ethane and ethylene, have deuterium atoms:
Ethylene: ca. 2.2 % has formula C;H;D and ca. 1.1% C,H,D;.
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Ethane (20% of gas phase): most molecules contain one to three D atoms.

(One should keep in mind that, according to the standard polymerization

scheme, only formation of 1,2-dideuterated ethane is expected.)

The large yield of deuterated ethanes and the presence of several deuterium-

substituted isomers can be readily explained in Scheme 1 by the existence of a

large concentration of stabilized Ti—C,H;Dy groups.

2. IR analysis of the gas products confirmed the results of the GC/MS analysis:
the spectra contain bands due to v; (b;,) modes [22,23] of three deuterated
ethylenes, CH,=CHD (main component), CH,=CD,, and cis- and trans-
CHD=CHD.

3. IR spectra of polyethylenes prepared in the presence of D, have several
rocking mode bands of deuterated units [24-26]:

isolated ~CHD- groups (major component), at 660 cm™',
~CH,~CHD-CHD-CH,- sequences, at 621 and 615 cm™,
—CD,—CHD- and —CH,-CD,~CD,—CH,- (minor comp.), 588 and 560 cm’.

4. The ">C NMR spectrum of one of the polymers prepared in the presence of D,
showed the presence of -CH,D and —CH; chain ends in a ratio of ca. 1:2. The
CH; end-groups are due to Ti---H <> Ti---D isomerization in the $-agostically
stabilized ethyl group followed by formation of the Ti—H bond. Accordingly,
the «-CH, region in the spectrum exhibited two peaks assigned to
—CH,(CH,D) and —CH,(CH3) groups, also in the 1:2 ratio.

5. The *H NMR spectrum showed two broad signals, one arising from ~CH,D
groups, at 0.9 ppm, and another due to —-CHD- groups, at 1.4 ppm.

All these effects are explained in Scheme 2 which represents the extension of
Scheme 1 in the case of deuterium-affected reactions. Formation of dideuterated
ethylenes can be similarly explained by H-D exchange reactions in B-agostically
stabilized Ti—~CH,~CH,D species.

6 Chain Ends in Ethylene/o-Olefin Copolymers

Scheme 1 predicts that the chain initiation via insertion of any o-olefin molecule
into the Ti—H bond should proceed with an increased effective probability vs.
ethylene insertion into the Ti—H bond, when these reactions are compared to
respective chain growth reactions. As a result, an unproportionally high fraction
of polymer chains in ethylene/x-olefin copolymerization reactions should contain
a-olefin units as “starting” units in polymer chains. These effects can be directly
examined if the polymer molecules are very short and are easily distinguished one
from another [27]. Some copolymer molecules formed by Ti-based Ziegler-Natta
catalysts (mostly those produced by center I) have very low molecular weights and
are, in effect, oligomers. Analysis of the oligomers is a key to determining struc-
tures of “starting” chain-ends. To produce oligomers in significant quantities (0.2-
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0.4% of a polymer yield), copolymerization reactions were carried out at a high
Py, ca. 0.7 MPa. In such reactions, most chains are terminated in chain transfer

with hydrogen and the Ti—H species is the principal chain initiation center.

(+ D3, -DCH4~(E)1—C:HID, k°)

D,, -DC,HD, &'P)
o ]

Ti-D — (+E K - Ti-CGGHD —(@#+nE k) >  Ti—(E)—CHD
z ~ |
Ti-CH, Ti~-CH, (+E, k&)
© IR E
H-CHD D-CH, l
| | Ti-CHs +
(kg) (kg) CH=CH—(E)».1—C2H:D
\A {
Ti-H + CH;=CHD  Ti-D + CH,=CH,
2

copolymerization with CH;=CH,
Scheme 2. Ethylene homopolymerization reactions in the presence of deuterium

In order to determine unambiguously the precise structures of the shortest
polymer molecules (oligomers) formed in ethylene copolymerization reactions
with o-olefins, we chose olefins (Ol) which produce chain ends different from
those in ethylene homo-oligomers: 1-pentene (Fig. 5) and 4-methyl-1-pentene.
This choice can be demonstrated by comparing the most important oligomer
structures:

Ethylene homo-oligomers H-E,—H:
H*(CHz-'CHz)x.l *CHZ—CH3, n-alkanes with even Cn (n-C12 and n-CM in Flg 5)

Ethylene/a-olefin co-oligomers with the “starting” a-olefin unit, H-E,—~OIl-H:

in ethylene/1-pentene copolymerization reaction,
H—(CHz—CHz)x—CHz—CHz—C3H7, n-alkanes with odd Cn (n-C13 in Flg 5)

in ethylene/4-methyl-1-pentene copolymerization reaction,
H-(CH,-CH,),~CH,-CH,—-CH,—CH(CHj3),, 2-methyl-branched alkanes.

Calculations of relative probabilities of the “starting” reactions with ethylene
and with an o-olefin (their insertion reactions into the Ti—H bond) were carried
out as described elsewhere [28]:

Ti-H + 01 - Ti-Ol-H Probability P,
Ti-H + E > Ti-E-H Probability P
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Fig. 5.GC (C12-Ci4 range) of ethylene/1-pentene co-oligomers. n-Cj; and n-Cy4 - ethylene
homo-oligomers, n-Ci3 - co-oligomer with the “starting” 1-pentene unit, 4-Me-C); - co-
oligomer with the “end”-1-pentene unit

Probabilities of chain propagation reactions (insertion of ethylene and an o-
olefin into the Ti—C bond) were calculated in a similar manner from the relative
contents of all oligomer molecules produced in a series of steps after the following
reactions:

Ti-E)-~H + Ol - Ti-Ol-(E)~H Probability P,"®
Ti(E)-H + E - Ti~(E).-H Probability P,*®

The results of these estimations confirmed the second conclusion from the
reaction mechanism in Scheme 1: the probabilities of chain initiation reactions
with both o-olefins are significantly higher that the relative probabilities of chain
growth reactions with the same olefins: in ethylene/1-pentene co-oligomerization,
the P,°/PE ratio is 5-6 times higher than the average PSOI(E)/PPE@) value, and, in
ethylene/4-methyl-1-pentene co-oligomerization, the P°/PE value is 7-8 times
higher than the average P,"'®/P,*® value. These conclusions are supported by the
>C NMR study of the ethylene/4-methyl-1-pentene copolymer. The spectrum
shows a prominent fraction of chain ends starting with 4-methyl-1-pentene units
inserted into the Ti-H bond ( structure C in Fig. 6).
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Fig. 6. *C NMR spectrum of ethylene/4-methyl-1-pentene copolymer. Peak assignment is
based on calculations according to refs. 29 and 30. A - main-chain 4-methyl-1-pentene unit,
B - ethylene “starting” unit, C - 4-methyl-1-pentene “starting” unit
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SUMMARY:

The configurational analysis of polypropylenes made with
coordination catalysts has received a tremendous impulse by the
recent application of high-field *C NMR techniques. In particular,
unprecedented determinations of stereosequence distribution at
heptad/nonad level have made more realistic and sophisticated
models of chain propagation applicable for the first time in a
statistically significant manner. In this presentation, the most recent
applications to «high-yield» MgCl,-supported Ziegler-Natta catalysts
are illustrated.

Introduction

In the stereochemical study of 1-alkene polymerizations promoted by
heterogeneous Ziegler-Natta catalysts, NMR spectroscopy represents an indirect
but most powerful tool for the mechanistic investigation of active species which
remain unaccessible to a direct observation [1].

The concept of polymer chain microstructure as a catalyst «fingerprint»
dates back to the eary 60’s, when pioneering studies of "H NMR provided the first
information on the configuration of stereoregular vinyl polymers at #riad level, and
it was recognized that different mechanisms of chain propagation may result in
distinctive triad distributions [2,3]. For isotactic propagation, in particular, it was
shown that the two simple limiting cases in which the stereocontrol is exerted by
the configuration of the last-inserted monomeric unit of the growing chain («chain-
end» control [2]) or by the chirality of the transition metal active species
(«enantiomorphic-sites» control [3]) correspond to the formation of stereoerrors of
the type ...mmmmrmmmm... and ...mmmmrrmmmm..., respectively.
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In the case of poly(1-alkene)s, whose 'H NMR spectra in the latter respect
are relatively uninformative [4], this approach had to wait ten years more, till the
development of FT *C NMR.

However, from the very first experiments on polypropylene with rather
primitive low-field spectrometers [5], it became clear that the new technique was
able to provide stereochemical information at an unprecedented pentad level.

This easily allowed the origin of highly isotactic control in Ziegler-Natta
polymerization to be traced to the intrinsic chirality of the active species [1], in
agreement with the hypothesis of Cossee and Arlman (6], and also opened the way
to more complex studies, such as the stereochemical analysis of the «atactic» by-
products in terms of multi-site statistical models [1,7].

Elegant studies on polymers at natural isotope abundance or selectively
enriched in "C rapidly led to a thorough understanding of the mechanisms of
asymmetric induction in Ziegler-Natta catalysis, and provided the experimental
basis for the development of the first realistic models of active sites, made possible
by innovative applications of molecular mechanics [1].

Twenty years after these brilliant achievements, the microstructural
approach has still a long way to go. Indeed, with the advent of high-field
spectrometers, the resolution in polypropylene analysis has now reached the
heptad/nonad level [8,9].

In our laboratories, high-field *C NMR has been applied for the first time
to the stereochemical investigation of MgCl,-supported «high-yield» catalysts for
propene polymerization [8]. In this presentation, we report the results of a
comparative high-resolution *C NMR microstructural analysis of an «atactic» and
an «isotactic» polypropylene fraction prepared with a MgCl,-supported catalyst,
from which we derive new insight in the structure of the polymer and -
correspondingly — in the behaviour of the catalytic species.

Results and Discussion
Choice of the polypropylene fractions

Heterogeneous Ziegler-Natta catalysts contain different classes of active
species, some of which undergo reversible interconversions. As a result, they
afford polypropylenes which are complicated mixtures of highly isotactic, poorly
isotactic («isotactoid») and syndiotactic sequences, at least in part chemically
linked to form stereoblock chains [1,8,10].

A rough but practical method for evaluating the stereoregularity of a
given polymer sample is to measure the weight fraction that is insoluble in a
certain solvent under certain conditions and as such is conventionally referred to as
«isotacticy [1]. Two popular (and substantially equivalent) procedures are
extraction with boiling heptane and crystallization from xylene solution. Although
it is well known that polymer solubility depends on the molecular mass as well, it
is commonly assumed that in the range of average molecular masses of
commercial grade polypropylenes this dependence is only marginal, and that the
fractionation is mainly governed by tacticity [1]; as a matter of fact, typical
«isotactic» fractions (i.e., heptane- or xylene-insoluble) have a content of mmmm
pentads (measured by *C NMR) in excess of 90% [10j,0].
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The soluble polymer fraction, in turn, is often referred to as «atactic»,
although it has long been recognized that this notation is not appropriate. Indeed,
no truly atactic chains are found in such fraction, which contains instead isotactoid
and syndiotactic sequences [1,7,8,10].

Quite surprisingly, however, recent *C NMR investigations proved that
most «isotactic» fractions are also stereoblock materials, in which very long blocks
of almost ideal isotacticity are spanned by short syndiotactic blocks [8b,10 l-p].

Thus, it is now being realized that the difference between «isotactic» and
«atactic» polypropylene is less clearcut than has been assumed, and that the
mechanisms of stereocontrol leading to their formation are intimately related.

For our investigation, we selected a diethylether-insoluble/pentane-soluble
fraction (A) and a xylene-insoluble fraction (B) of a polypropylene sample
prepared in the presence of the catalyst system MgCl,/TiCl, - 2,6-
dimethylpyridine/Al(C,H,); [8d]. This system is peculiar in that it affords
polypropylenes with relatively high contents of crystallizable syndiotactic
sequences both in soluble and insoluble fractions; therefore, in the statistical
analysis of polymer configuration, it can be assumed that the average length of
such sequences is high enough to neglect the possible presence of block junctions,
that would represent a major source of complication.

We also checked that in both fractions the concentration of chain end-
groups is below the limit for °C NMR detectability (M, = 1.5x10° dalton for
fraction A, 5.7x10° dalton for fraction B).

Configurational analysis of the «atactic» fraction A

In Fig. 1, we compare the methyl resonance of fraction A, as it appears in

(@)

Figure 1 =*C NMR spectra (methyl
region) of polypropylene fraction A
(see text), at 100 MHz (a) and 150

MHz (b). The chemical shift scale is
in ppm downfield of TMS. Peak
numbering in the latter spectrum
U refers to the assignment given in ref.
(b) =24 216 212 gu 08 ,, 20 196 9a.
o

{ + o jw}lw v jvijvejvm ]| ix |
220 21.6 212 2038 204 200 19.6
(ppm)
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a «routine» C NMR spectrum recorded at 100 MHz (a) and in a high-resolution
spectrum run at 150 MHz (b). In both cases, the acquisition temperature was 70°C.

In the former spectrum, the nine multiplets corresponding to the ten non
equivalent steric pentads are significantly overlapped. Any attempt of
deconvolution is precluded by the fact that the fine structure is largely hidden; as a
result, the evaluation of the pentad distribution is affected by a relatively large
uncertainty (Tab. 1).

Table 1 ~ 100 MHz “C NMR pentad distribution of polypropylene fraction A, and best-fit
distribution in terms of the ES/CE model (see text).

Pentad Normalized fraction
Experimental Calculated

mmmm 183 (10) 1863
mmmr .075 (10) 0824
rmmr 022 (10) .0148
mmrr 103 (10) .0898
mmrm + rrmr 106 (10) 1178
rmrm 018 (10) .0296
rrrv 338 (10) 3387
rrrm .104 (10) .0956
mrrm .050 (10) .0449

y-yi9*x10°=6.6
zi=11

0=0.82
P.=0.90
w=10.50

It is common practice to reproduce such data in terms of a simple two-site
model, which assumes the sample to be a physical mixture of two basic types of
stereosequences: predominantly isotactic (or «wm-rich» or isotactoid) and
predominantly syndiotactic (or «r-rich» or syndiotactoid) [7,10]. The configuration
of the former is described in terms of the enantiomorphic-sites (ES) statistics [3];
that of the latter, in terms of the chain-end (CE) statistics [2]. The underlying
mechanistic implication is that the stereocontrol of isotactic propagation is exerted
by intrinsically chiral transition metal active species, whereas syndiotactic
propagation would be due to a 1,2-unlike (ul) asymmetric induction involving the
last-inserted monomeric unit of the growing chain.

The model has only three adjustable parameters: o, conditional
probability of monomer insertion with the preferred enantioface during site-
controlled isotactoid propagation; P,, conditional probability of generating a r diad
during chain-end controlled syndiotactic propagation; w, weight fraction of
isotactoid sequences.

When the analysis is limited to the steric pentads, it is easy to solve in the
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least-squares sense the overdetermined set of equations that give the probability of
occurrence for each single pentad [7]. For the data in Tab. 1, as shown in the same
table, this results in a value of the y function close to 1, which means that the
model is adequate and that more complex ones, necessarily requiring a higher
number of adjustable parameters, lead to overfitting.

The situation changes completely when high resolution *C NMR data like
those of Fig. 1-b are available. Although the complete fine structure at
nonad/undecad level is not accessible even at 150 MHz, all nine multiplets
corresponding to the steric pentads are well separated, and a number of peaks
associated with longer sequences (heptads and, to some extent, nonads) can be
deconvoluted and integrated with good accuracy; moreover, additional information
can be obtained from the methylene and methine resonance [8,9].

In the examined case, we were able to extract 27 independent normalized
integrals corresponding to a collection of steric nads from pentads to nonads (Tab.
2, columns 1-3). The evaluation of the experimental uncertainty was made with
integration codes specifically developed for spectral patterns of intrinsically low
resolution [11].

When the data in Tab. 2 are subjected to statistical analysis in terms of the
«ES/CE» two-site model (in this case, matrix multiplication methods are more
convenient, as is described in ref. 8c), the fit is far from being satisfactory, as the
unacceptably high value of > (= 18.5) indicates.

Table 2 - 150 MHz *C NMR stereosequence distribution of polypropylene fraction A, and
best-fit ones in terms of various statistical models (see text and ref. 9 for range and peak
numbering)

Range/ Assignment Normalized fraction
Peak Experimental Calculated, Calculated, Calculated,
No. ES/CE C/CE ES/C//CE
I mmmm .1937(50) .2094 2024 .1978
XX11 mmmmmm .1514(38) 1509 .1433 1527
XXIII mmmmmr .0389(35) 0537 .0539 .0384
It mmmr .0708(29) 0758 .0770 .0708
/10 mmmmrr .0426(33) .0538 .0634 .0509
I rmmr .0141(31) .0122 .0127 0161
m/17 mrrmmrrm .0042(15) .0035 .0047 .0058
/18 mrrmmrrr .0044(22) .0019 .0033 .0057
v mmrr .0999(32) .0837 .0998 .1004
1v/22 mmmrrm + .0709(22) 0642 | .0538 0758 | .0589 0694 | .0479
mmmrrr .0104 .0169 .0215
\" mmrm + .1048(79) 0.110 | .0166 .0971 | .0026 .1017 | .0026
rmrr .0934 .0945 .0991
VI rmrm .0110(16) .0245 0112 .0101
VI/31 rrmrmr .0090(10) 0092 .0080 .0066




New Insight into Propene Polymerization Promoted by Heterogeneous Ziegler-Natta ... 81

Table 2 (ctd.)
V1/34 mrmrmm .0010(10) .0097 .0010 .0013
VII rrrr .3423(47) .3490 3509 .3504
VII/37 rrrrer .2736(36) 2759 .2695 .2683
VIII/38 mrrrmr .0086(13) .0092 .0080 .0067
VIII/39 rrrrmr 0665(15) .0647 .0671 .0643
VIII/40+41  rrermm + .0364(30) .0196 { .0168 .0280 { .0268 .0348 { .0336
mrrrmm .0028 .0012 .0012
1X/42 rmrrmr .0090(15) .0046 .0046 .0056
[X/43+44 mmrrmr .0189(36) .0104 0102 0168
IX/45+46 mmrrmm .0248(36) .0269 .0308 .0244
XI mrmrr .0043(10) 0120 .0091 0077
XII rrmrr + .0486(7) .0467{ 0407 0473 { 0427 0496 [ 0457
mrrrm .0060 .0046 .0039
X1+ mrrrr + .4946(52) 490 (.0813 .5004 (.0940 .5025 .0979
XIvV+ rmmrm + .0049 .0014 .0012
XV rrrrr + .3083 .3040 3015
rmmrr + .0196 .0240 0311
mmmrm + 0117 0012 .0014
mmmrr .0642 .0758 ..0694
X110 mmrrrrm .0200(12) .0088 0158 .0198
XIII/11 rmrrrer 0525(11) .0568 .0579 .0525
ey x 100 = | 2y x 10°= | Ay x 10°=
1.88 1.32 311
=185 =82 =25
c=.85 6,=.99 o =.99
P.= 90 6,= .60 6,=1.00
w= 47 P,=.53 6,= 31
Py =1.00 Py, = 45
Pr=.89 Py =97
w=47 P,=.90
w;=.10
w,= .42

By comparison of the experimental and calculated distributions in
columns 3 and 4 of Tab. 2, it can be noted that the largest disagreement (in relative
sense) affects the rmrm-centred sequences: the fractional abundance of the rmrm
pentad according to the ES/CE model is more than twice the experimental one, and
the reason for that is a 10-fold overestimate of the mrmrmm heptad (whereas the
rrmrmyr heptad is correctly reproduced).

m,rmrm, nAds should derive from isotactoid sequences containing two
consecutive stereoerrors (Scheme 1-a).
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Scheme 1

According to the enantiomorphic-sites statistics [3], all nads of equal
length and equal number of stereoirregular units are equiprobable. This is clearly
not the case for the investigated sample, in which only #ads with non consecutive
stereoerrors (such as, e.g., mrrmmrrm and rmrrmm, Scheme 1-b and 1-c) were
detected.

In ref. 8d, we noted that this feature is typical of predominantly isotactic
polypropylenes prepared with homogeneous catalysts based on C,-symmetric
ansa-metallocenes of the 4th column of the type sketched in Scheme 2-a (with X a
bulky group such as, e.g., t-butyl or trimethylsilyl) [12] or Scheme 2-b [13], with
two diastereotopic [14] active sites (denoted in the schemes as 1 and 2).

@) (®)
Scheme 2

For such catalysts, it is generally accepted that the polymerization
proceeds with a «defective chain migratory» mechanism [12,13,15]. Indeed,
molecular mechanics calculations [15] pointed out a preference of the growing
chain for the sterically more open coordination site 2; as a result, monomer
insertion occurs preferentially at site 1. The fact that only site 1 is highly
enantioselective has the following consequences:

i) Chain propagation is predominantly isotactic.

ii) The stereoselectivity increases with decreasing monomer
concentration, because this favours chain «back-skip» relative to monomer
insertion at the weakly enantioselective site 2.

iti) The probability of two consecutive insertions at site 2 (and hence that
of two consecutive stereoerrors) is very low, which means that sequences of the
type m,rmrm, are virtually «prohibitedy.

Importantly, we proved [8d] the existence of an inverse correlation
between stereoselectivity and monomer concentration also for the active species of
the heterogeneous Ziegler-Natta systems responsible for the formation of the
isotactoid sequences. This finding, along with the discussed selection rule of
stereosequence generation, suggests a close similarity with the case of the quoted
C,-symmetric metallocenes.
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Therefore, we replaced the ES model with a more general one, apt to
describe site-controlled chain propagation at a C,-symmetric active species with
two diastereotopic sites. Four adjustable parameters are needed: o, and o,
conditional probabilities that the prochiral monomer inserts with a given
enantioface (either re or si) at each of the two sites (1 and 2, respectively), as a
result of their chirotopicity [14]; P,, and P,,, conditional probabilities of monomer
insertion at site 2 after a previous insertion at site 1 and vice versa. A linear
combination with the CE model results in a «C,/CE» two-site model with 6
adjustable parameters (a,, 05, Py, Py, P, W).

In the 5th column of Tab. 2, we report the corresponding best-fit
stereosequence distribution for fraction A. The value of z,’= 8.2 is indicative of a
substantial improvement of the fit compared with the ES/CE model; in particular,
the experimental distribution of the m rmrm, sequences is now nicely matched.

The best-fit values of P, (= 0.89) and of the mixing coefficient w (= 0.47)
are identical to those found for the ES/CE model, and the differences concern
entirely isotactoid propagation. According to the C,/CE model, this would take
place at active species inserting the monomer preferentially at one of the two
active sites (site 1; P,<P,,), and the probability (1-P,;) of two consecutive
insertions at the other site (site 2) is practically 0.

The minimum of the y? function, however, is very shallow, and
acceptable values of y,” are obtained for all solutions in which P,,(1-a;) = 0.21 and
0<0,<0.5; this leaves some margins of ambiguity on the enantioselectivity of site
2. Indeed, similar distributions of configurations can be achieved in all cases
comprised between the following two limiting hypotheses:
¢ Site 1 is highly enantioselective (o, =1), whereas site 2 is non-enantioselective

(0, % 0.5);
e Site 1 and 2 are enantiotopic and both highly enantioselective (o,=1, o, =0 or
6,20, o, =1),
provided that the probability of monomer insertion at site 2 (P,,) is adjusted so as
to result in the same value of P,,(1-0), i.e. in the same fraction of stereoerrors.

Let us now examine the residual mismatches between experimental and
best-fit calculated stereosequence distribution. By comparing columns 3 and 5 of
Tab. 2, it can be seen that the calculations tend to overestimate the mmmmmr,
mmmmrr and mmrrmr heptads, and to underestimate the rrrrmm, rmrrmr and
mmrrmr ones (Scheme 3). This is a strong indication that the stereoerrors in the
isotactoid part tend to concentrate in blocks.
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The co-presence of «less defective» and «more defective» isotactic
sequences, along with syndiotactic sequences, clearly calls for the adoption of a
three-site model.

A «C,/C,/CE» model, with as many as 11 adjustable parameters (4 for
each C,-symmetric site, 1 for the site with chain-end control and two mixing
coefficients) would be unreasonably complicated even for the high-resolution data
in Tab. 2. However, due to the fact that the ES and C, statistics tend to degenerate
with increasing stereoselectivity of chain propagation [8d], we can tentatively
adopt the former for describing the configuration of the «less defective» isotactic
sequences. This results in a more simple «ES/C,/CE» model with 8 adjustable
parameters (o for ES propagation; o,, o,, P,;, P, for C, propagation; P, for CE
propagation; two mixing coefficients w, and w,).

The best-fit stereosequence distribution for fraction A in terms of such a
model is given in the last column of Tab. 2. At the absolute minimum, z,* is now
as low as 2.5 (hence not too far from the «ideal» value of > = 1), and most | -
yi")l values are actually lower than the experimental uncertainties. Also in this
case, however, as already discussed for the C,/CE model, the y,” function is almost
invariant for all solutions in which Py,(1-0;) (that is, the fraction of stereoerrors in
the isotactoid sequences) is #0.30 and 0<0,<0.5 (the other parameters remaining
constant within the experimental uncertainty).

According to the model, the investigated polypropylene fraction consists
of three different types of stereosequences: highly isotactic, isotactoid and
syndiotactic. The former, in low amount (=10% by weight), would be close to
ideal isotacticity, with ~1 mol% of isolated stereoirregular units. The isotactoid
sequences would amount to ~40% by weight, and contain ~30 mol% of
stereoirregular units, distributed in accordance with the C, statistics. The remaining
~50% by weight of the material would be formed by syndiotactic sequences, with
~10 mol% of stereoirregular units whose structure is consistent with chain-end
control.
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Configurational analysis of the «isotactic» fraction B

Due to the comparatively high stereoregularity of fraction B, its *C NMR
characterization had to be carried out at 130°C instead of 70°C. This resulted in
appreciable variations of the "C NMR chemical shift values and in a significant
decrease of their spreading, compared with the spectrum of fraction A.

However, due to the lower fraction of «defective» stereosequences, a less
crowded spectrum was obtained, with an adequate resolution already at 125 MHz.
By integration of the methyl and methylene regions, a set of 20 independent data
ranging from pentads to nonads was achieved (Tab. 3).

In the same table, we report the best-fit distributions calculated according
to the ES/CE two-site model, and to the ES/C,/CE three-site model.

Also in this second case and for the same reasons, the ES/CE model was
found not to be adequate (y,> = 7.8).

Conversely, the application of the ES/C,/CE model resulted in a very
good match between experimental and calculated data, with a value of > = 2.0.
Interestingly, the configuration of the three types of constituting stereosequences
turned out to be similar to fraction A (cfr. Tab. 2), in spite of strong differences in
their relative amounts. Fraction B, indeed, was found to be made predominantly of
highly isotactic sequences (=60% by weight), with only minor amounts of
isotactoid (=30%) and syndiotactic (~10%) sequences.

Table 3 — 150 MHz *C NMR stereosequence distribution of polypropylene fraction B, and
best-fit ones in terms of various statistical models (see text and ref. 9 for range and peak
numbering)

Range/ Assignment Normalized fraction
Peak Experimental Calculated, Calculated,
No. ES/CE ES/C,/CE
I mmmm .6515(18) 6528 6523
1I mmmr .0621(12) .0635 .0593
11 rmmr .0065(5) .0036 .0067
/17 mrrmmrrm 0025 (7) .0013 .0035
111/18 mrrmmrrr .0019(9) .0005 .0015
v mmrr .0670(8) .0670 0682
\Y% mmrm + .0378(13) .0358 | .0038 .0363 { .0046
rmrr .0320 0317
VI rmrm .0060(5) .0072 .0066
VI/31 rrmrmr .0020(10) .0033 .0022
V1734 mrmrmm .0010(10) .0097 0013
Vil rrer 1045(7) 1046 1046
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Table 3 (ctd.)

VIII/38+39 mrrrmr+ .0180(14) .0256 .0223 .0196 0174
rrrrmr .0033 .0022
VIII/40+41 rreemm + .0130(20) .0064 [.0058 .0123 0115
mrrrmm .0006 .0008
IX mrrm .0341(8) .0335 .0340
IX/43+44 mmrrmr .0129(33) .0032 .0089
IX/45+46 mmrrmm .0192(17) .0287 .0235
X1 mrmrr .0040(12) .0038 .0030
X1 rrmrr + 0151(17) .0160 .0141 .0159 .0144
mrrrm .0019 .0015
X1 mrrrr .0277(41) .0282 .0289
XIV+ rmmrm + .1584(118) 1612 .0008 .1629 .0012
XV rrrrr + .0905 .0902
rmmrr + .0064 .0122
mmmrm + .0030 .0033
mmmrr .0605 .0560
ZiyoPx10t 2y, x10*
=317 =.75
72=178 72=20
o=.95 o=1.00
P =88 a=.97
w=.83 0,=.10
P,=.15
Py =1.00
P =091
w, =.50
w, =.36
Conclusions

The stereosequence distribution of the «atactic» and «isotactic» fractions
of a polypropylene sample made with a MgCl,-supported catalyst, determined by
means of high-resolution *C NMR, was analyzed in terms of statistical models of
increasing sophistication.

Two-site models, including the ES/CE one normally used for the
interpretation of «routine» *C NMR data at pentad level [7,10], were shown to be
inconsistent with the much finer high-resolution data. A good agreement between
experimental and calculated stereosequence distributions could be obtained only in
terms of an ES/C,/CE three-site model, describing each fraction as a mixture of
highly isotactic, weakly isotactic (isotactoid) and syndiotactic sequences.

According to such model, the two fractions would comprise the same
three building blocks (the configuration of the three different types of
stereosequences being almost invariant), and differ merely in their relative
amounts; this conclusion necessarily implies a stereoblock nature.
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We note that the model fits nicely with the observed physical properties of
the materials. In particular, on the one hand, it provides a simple explanation for
the fact that fraction B, with an average content of stereoirregularities in the
isotactic part of almost 5 mol%, has a DSC melting peak with the maximum at
157°C, whereas polypropylene samples with the same amount of uniformly
distributed defects, made with «single-site» metallocene catalysts, melt around
130°C [16].

On the other hand, it easily accounts for the observation of weak isotactic
crystallinity in the X-ray diffraction spectrum of fraction A as well. In fact, this can
be traced to the low amounts of highly isotactic blocks, the isotactoid blocks being
substantially uncrystallizable.

The experimental basis discussed so far is also an important starting point
for the development of better defined models of the active species in MgCl,-
supported Ziegler-Natta catalysts. This aspect will be addressed in forthcoming
dedicated papers.

Experimental Part

The synthesis of the polypropylene sample was described in ref. 8d. The
BC{'H} NMR spectrum of fraction A was recorded with a Bruker AMX 600
spectrometer operating at 150.9 MHz, on a 5 mg/mL polymer solution in
tetrachloroethane-1,2-d, at 70°C. Experimental setup: acquisition time, 2.3 s;
relaxation delay, 2.0 s; pulse angle, 45°; 64K data points; 25K transients. Proton
broad-band decoupling was achieved with the GARP sequence. The “C{'H} NMR
spectrum of fraction B was recorded with a Bruker DRX 500 spectrometer
operating at 125.76 MHz, on a 150 mg/mL polymer solution in tetrachloroethane-
1,2-d, at 130°C. Experimental setup: acquisition time, 3.25 s; relaxation delay, 1.0
s; pulse angle, 90°; 64K data points; 16.7K transients. Proton broad-band
decoupling was achieved with the WALTZ 16 sequence.
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Abstract.

The new method of investigation of active site non-uniformity was
developed. The method is based on mass-spectrometric study of temperature
programmed desorption (TPD) products from the catalyst surface at initial stages
of olefin polymerization (up to 10 — 15 monomer units in chain). The method
allows to obtain the information concerning the energy non-uniformity of active
sites in terms of a distribution of active sites over activation energy of active Mt-C
bond thermal destruction. By the method, the initial stages of ethylene and
deuteroethylene polymerization with Ti-supported catalysts of different structure
were studied. It is shown that the view of energy distribution of active sites
depends on catalyst structure. The values of activation energy of thermal
destruction of Ti-C bonds in differing active sites were estimated and energy
spectra of active sites for catalysts were obtained.

Introduction

The distinctive property of heterogeneous Ziegler-Natta catalysts is a non-
uniformity of active sites. It influences on kinetic regularities of olefin
polymerization and characteristics of polymers obtained. Multicenter character of
heterogeneous catalysts manifests itself in broadening of molecular mass
distribution, chemical non-uniformity of copolymers, complicated order of
catalyst deactivation reactions over the active site number observed often on an
analysis of olefin polymerization kinetics.

In this paper, new method for an analysis of non-uniformity of heterogeneous
catalyst active sites is presented. The method is based on mass-spectrometric
study of temperature programmed desorption (TPD) products from a surface of
catalyst on initial stages of olefin polymerization. By developed technique [1-3],
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the initial stages of ethylene and deuteroethylene polymerization with different
titanium supported catalysts were studied.

Experimental

Essence of method

By the method, the hydrocarbon (polyolefin) molecules evolved in thermal
degradation of active (living) Ti-polymer bonds, when polymer chains are very
short (up to 10-15 monomer units in chain), are recorded depending on
temperature of heating. Linear heating of samples gets the information of energy
distribution of active sites. The experimental data allow to calculate the activation
energies of thermal degradation of active "Ti-C" bonds located in differing active
sites and to get an energy spectrum of catalyst active sites.

The sample of pre-formed catalyst was placed in special cell connected directly
with mass-spectrometer. The gas-phase polymerization was carried out also in
this cell. The sample investigated was heated with constant rate from room
temperature to 500° C. A continuous cyclic scanning of mass-spectra in range of
m/z up to 400 was used. The ratio m/z is the mass to ion charge ratio, as z in our
experiments was equal to one, and hence this ratio characterises ion mass. TPD
products from surface of pre-formed catalysts were investigated prior to and after
monomer polymerization. The polymerization was carried out at low pressure
(0.13 - 2.15 kPa) and room temperature for a short time (1-10 min) to produce
small amount of polymer and the short macromolecules on catalyst surface which
can be desorbed and analyzed from gas phase. The additional amount of Al-alkyl
was not injected into cell.

Objects of investigation

Supported catalyst based on titanium chloride covalent-bonded to aerosil
through OH groups (SiO, /TiCly /AIEt,Cl) and supported catalyst containing
clusters of TiCls on aecrosil surface (SiOy/AlEt; /TiCls/) were used for
investigations. The catalysts were obtained by sequential adsorption of catalyst
components on aerosil in Mac-Ben balance device [4].
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Results and discussion

TPD spectra from catalyst surface prior to and after polymerization.

TPD products contain hydrocarbons. The most intense lines in mass-spectra
for SiO, /TiCl, /AIEt,Cl catalyst after polymerization are attributed to a family of
unsaturated hydrocarbons C,H,, with n>3, the amount of saturated hydrocarbons
C.Honz is much lower. For SiO,/AlEt; /TiCl, catalyst, the amounts of saturated
and unsaturated hydrocarbons are correlated. The maximum value of n is not less
than 28 corresponding to 10—15 monomer units in chain.

For tested catalysts after polymerization, the presence of maxima of
complicated shape on TPD curves in temperature range of 180-350°C is observed
(Fig. 1, curve 1). These maxima are absent on TPD curves prior to polymerization
(Fig. 1, curve 2). Desorption of physically adsorbed hydrocarbons (“dead”
macromolecules) takes place at temperature of about 100°C. Intense evolution of
hydrocarbons as a result of thermal destruction of PE begins at temperature higher
than 350°C (Fig. 1, curve 3).

Intensity

0 200 400 600
Temperature, °C

Fig. 1. TPD curves from surface of pre-formed SiO,/TiCl/AlEt,Cl catalyst
prior to (1) and after (2) ethylene polymerization (5 min.under 2,15 kPa) for
m/z=140; (3) - the catalyst after ethylene polymerization when polyethylene has
M,;=20000.

If the catalyst was inhibited by CO prior to contact with monomer, TPD curves
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do not have maxima in temperature interval of 180-350°C. If the living catalyst
was treated with hydrogen after polymerization and all living polymer chains
were terminated, TPD curves do not have the maxima in this temperature range
also.

Similar results are obtained in deuteroethylene polymerization.

Above results show that the presence of TPD maxima in temperature range of
180 — 350°C from catalyst surface is due to the evolution of hydrocarbon
molecules with different length in thermal destruction of living Ti-C bonds in
active sites.

TPD results for SiO, /TiCl, /AlEt,Cl catalyst

The spectra of TPD products from this catalyst surface after ethylene
polymerization contain two intense maxima at temperature of 180-210°C and 280-
320°C (Fig.1, Fig. 2). The curves presented are typical for all mass lines
observed. The intensity of the lines decreases quickly with increase of mass. The
plot of three-dimensional TPD surface is shown in Fig. 3. These two maxima
seem to be a weakly resolved superposition of several maxima, the relative
intensities of which change with an increase of m/z. At higher m/z the resolution
of the peaks is improved (Fig.1, Fig. 2).

Intensity

0 200 400 600

Tem perature, °C

Fig. 2. TPD curves from the surface of SiO»/TiCl/AIEt,Cl catalyst after
ethylene polymerization (5 min.under 2,15 kPa) for m/z equal to 224 and 252.
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Fig. 3. Three-dimensional plot, showing TPD curves for SiOy/TiCl/AIEt,Cl
catalyst after ethylene polymerization (5 min under 2,15 kPa) for different
m/z=28n.

The results allow to conclude that in SiO, /TiCl, /AIEt,Cl catalyst containing
titanium chloride chemically bonded to aerosil surface there are at least two types
of active sites varying in the activation energy of thermal destruction of Ti-C
bonds. Complex shape of both maxima indicates that there is a distribution over
activation energy for both site types.

TPD results for SiO, / AlEt; /TiCl, catalyst

The spectrum of TPD products from surface of catalyst containing clusters of
TiCl; on aerosil after ethylene polymerization are significantly different from
those of the above catalyst (Fig. 4). The maximum in the range of 250 - 350°C
involving, in essence, at least two peaks at 250°C and 350°C is observed. The
maximum at lower temperature (about 200°C) is absent.

It is interesting that intensities of both peaks at 250°C and 350°C change with
time of polymerization (Fig. 4). At the beginning they increase in time and
thereafter fall off, the maximal intensity of lower temperature peak being achieved
more quickly. As a result the relation between peaks changes in time. Similar
picture is observed for all masses. For living polymerization, from these data it
follows that the peak at lower temperature is attributed to more active sites, which
produce the macromolecules more quickly.
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Fig. 4. TPD curves from SiOy/AlEts/TiCl, catalysts after ethylene
polymerization for m/z = 140 depending on polymerization time (ethylene
pressure of 0.13 kPa).

Energy spectra of active sites for some catalysts

Based on the experimental dependence of evolution rate of desorption products
on temperature, the activation energies of thermal destruction of “ Ti-polymer
chain” bonds in active sites were calculated using equation like to Wigner-
Polanyi equation:

E2
F(T)= | K(E,T)C(E,T)E,

El

where k(E,T)=A-exp(-E/RT) is the rate constant of Ti-C bond destruction,
C(E,T) is the current concentration of active sites, E is an activation energy of Ti-
C bond destruction. The calculation was made in the assumption that the active
site distribution over activation energy is continuous and A=10%. The calculated
energy spectra are given in Fig. 5.
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The energy spectrum calculated for SiO, /TiCl, /AIEL,CI catalyst (Fig.5, curve
1) consists of two groups of energy peaks in range of 20-23 kcal/mol and 25-30
kcal/mol. The average values of thermal destruction of "Ti-polymer chain” bonds
in these two groups of active sites differ about 1.5 times.

The energy spectrum for SiO»/AlEt;/TiCl, catalyst containing clusters of TiCls
(Fig. 5, curve 2) does not contain the peaks in the range of about 20-23 kcal/mol
and has several peaks in the range of 25-30 kcal.

The obtained results lead to conclusion that active sites of catalyst based on
titanium chloride covalent-bonded to aerosil surface are more non-uniform in
comparison with catalyst containing clusters of TiCls on aerosil.

Intensity
e
N

N

T T !

18000 23000 28000 33000
Activation energy, cal/mol

Fig. 5. Energy spectra of active sites for  SiO,/TiCl/AlIEt,Cl (1) and
SiOy/AIEt/TiCly (2) catalysts calculated on the base of TPD experiments in the
terms of active site distribution over activation energy of thermal destruction of
Ti-C bonds.

Actually, the study of molecular mass characteristics of polyethylene showed
that both catalysts give the polymer with rather wide MWD. However,
polyethylene produced by SiO, /TiCl, /AlEt,Cl catalyst based on titanium chloride
covalent-bonded to supporter surface has more wide MWD ( M,,/M, is equal to
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10-11) than polymer obtained by SiO./AIEt;/TiCl, catalyst containing clusters of
TiCl; , for which M,/M, is equal to 7-8. The distinction of catalysts on non-
uniformity of active sites reflects itself also in the kinetics of polymerization. The
ethylene polymerization with SiO,/AlEty/TiCl, catalyst occurs with more stable in
time rate. Evidently this fact is connected with an absence of the active sites
responsible for TPD peaks in the lower temperature range (about 200°C) and
characterizing by less activation energy of thermal destruction of active Ti-C
bonds hence less stability in polymerization.

Conclusion

The obtained results show that the developed method allows to extract an
information about the character of active site non-uniformity of olefin
polymerization heterogeneous catalysts and to obtain a distribution of active sites
over activation energy of Mt-C bond thermal destruction. As evident from data
obtained, the view of energy distribution of active sites depends on catalyst
structure. It is possible to trace the effect of method of catalyst heterogenization
on energy distribution of active sites formed on supporter surface, in particular, to
trace the extent of uniformity of active sites of supported Zr-cene catalysts
depending on heterogenization method.
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Abstract. The reactions of AlMe; or Al(iBu); (TIBA) with the clay mineral
montmorillonite form surface fixed aluminoxanes. By further addition of
metallocenes — Cp,ZrCl, or Et(Ind),ZrCl, — heterogeneous metallocene
complexes are produced. The activities of these catalysts in ethylene or
propylene polymerisation are as high as the activities known of similar
homogeneous catalyst systems with MAO as cocatalyst. The reaction of
AlMe; with montmorillonite and the further addition of TiCl, or VCl, yields
very active heterogeneous Ziegler-Natta catalysts. Both types produce high
molecular weighted polyethylenes.

Some years ago we started to study the polymerisation of ethylene and propylene
with Ti-, Zr- and Hf-metallocenes as homogeneous catalysts and with MAO as
cocatalyst [1, 2].

For technical applications heterogeneous metallocene catalysts are favoured,
because they give less reactor fouling in olefin polymerisation. Following our
experience in syntheses of heterogeneous metathesis catalysts [3], we started in
1997 to heterogenize metallocene catalysts together with cocatalysts. Many
publications existed already in this field. Most of them are focused on inorganic
carriers: silica and alumina [4, 5]. As cocatalyst MAO in combination with AlMe;
was often used. Because MAO is not a well defined compound and therefore has
some disadvantages, we tried to produce heterogeneous metallocene catalysts
without using MAO.

As inorganic carrier we tested clay minerals which are alumina silicates and
found that montmorillonite was the best carrier for AIRs/metallocene catalysts. The
heterogeneous catalysts were formed by reaction of a toluene solution of trialkyl
aluminum with the carrier for 2 hours. After removing the solvent the residue was
washed twice with toluene. A heterogeneous aluminoxane can be formed by
reaction of surface - OH - groups of the carrier with the aluminum alkyls (AlMe; or
Al(iBu)s) (figure 1).

In the next reaction step a toluene solution of the metallocene (Cp,ZrCl, or
Et(Ind),ZrCl,) forms with montmorillonite/AIR; the active olefin polymerisation
catalyst. The solvent was removed and the residue again was washed twice with
toluene. The catalyst was either used immediately for ethylene or propylene
polymerisation, or stored.
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No further addition of aluminum alkyls or MAO was necessary for the olefin
polymerisations. In ethylene and propylene polymerisation the metallocene
catalysts formed by reactions with montmorillonite / Al(iBu), are as active as those
formed with montmorillonite / AiMe;s (tables 1 to 4).

As postulated for homogeneous metallocene / MAO catalysts the heterogeneous
catalysts on montmorillonite can also form weakly coordinating aluminate anions
and Ti, Zr or V cations.

Fig. 1. Formation of active heterogeneous Ziegler-Natta and Metallocene
Catalysts by Surface Reactions with Montmorillonite

(')H ?H
~ /T'\ /T\ - AR
7777777
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R
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~ /Ti\o/f\ -
777777
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Table 1. Ethylene - Polymerisation with Montmorillonite / AlMe; / Cp,ZrCl,

99

5 g Montmorillonite; solvent: heptane; pressure [C,H,]: 10 bar; T,y = 50°C;

reaction time: 60 min; no fouling;
' 2.5 g Montmorillonite; > stored for 1 week at - 30°C

mmol Molar ratio  Yield PE Activitiy A M, 10 Tm
Al Zr Al/ Zr [g] [kg PE/mol Zrh]  [g/ mol] [°C]
6 0.024 250/ 1 100 4200 0.37 135.3
12 0.006 2000/ 1 81.1 13 500 0.34 136.5
6' 0.012 500/1 75.1 6300 0.38 136.1
6" 0.012 500/ 1 64.1 5300 0.34 136.1

Table 2. Ethylene - Polymerisation with Montmorillonite / Al(iBu); / Cp,ZrCl,

reaction conditions see table 1

mmol Molar ratio  Yield PE Activitiy A M, * 10° Tu
Al Zr Al/Zr [g] [kg PE/mol Zrh]  [g/mol] [°C]
12 0.024 500/ 1 43.5 21 800 0.20 137.0
12 0.006 2000/1 84.5 14 100 0.40 136.1
6 0.012 500/ 1 81.0 6 800 0.35 136.3

Table 3. Propylene - Polymerisation with Montmorillonite / AIMe; / rac-EtInd,ZrCl,

5 g montmorillonite; 250 ml propylene; T,y =40°C; reaction time: 60 min;
purification of propylene: 12 mmol Al(iBu)s;
"reactive, stopped after 20 minutes; *2.5 g Montmorillonite

mmol Molar ratio  Yield PP Activitiy A M, Tv mmmm
Al Zr Al/Zr [g] [kg PP/mol Zrh] [g/mol] [°C] [%0]
12" 0.03 400/ 1 110.2 11 000 8500 113.8 595
6> 0.0075 800/1 115.0 15300 14000 123.6 -

3 0.0038 800/ 1 253 6 800 15000 128.6 -

Table 4. Propylene - Polymerisation with Montmorillonite / Al(iBu); / rac-EtInd,ZrCl,

reaction conditions see table 3; '1 g Montmorillonite

mmol Molar ratio  Yield PP Activitiy A M, Ty mmmm
Al Zr Al/Zr [g] [kg PP/mol Zrh] [g/mol] [°C] [%})
12 003 400/ 1 117.4 3900 15000 1283 -

6 0.0075 800/1 109.9 14 600 14000 1277 -
6' 0.0075 800/ 1 96.9 12 900 14000 126.8 -
6 0.0019 3200/1 113.1 60 300 11000 122.8 72.1




100 K. Weiss, S. Botzenhardt and M. Hofmann

The heterogeneous metallocene catalysts on the montmorillonite carrier have
activities in ethylene and propylene polymerisation like those known of
homogeneous metallocene catalysts (table 5).

Table 5. Ethylene and Propylene Polymerisation Activities of homogeneous and
heterogeneous Zirconocene Catalysts on Silica (already published by W. Kaminsky and
K. Soga) and our results with heterogeneous Zirconocene Catalysts on Montmorillonite

! Activities: kg PP (PE) / mol Zr h; ? very reactive, stopped after 1 minute

published results' our results'
Metallocene homogeneous  heterogeneous heterogeneous
(MAO) (Silica) (Montmorillonite)
PP Cp,ZrCl, 140 99 4 600
PP  rac-Et(Ind),ZrCl, 1700 26 14 800
PE Cp,ZrCl, 60900 - 13 300
PE rac-Et(Ind),ZrCl, 12 000 121 ca. 40 000*

The heterogeneous aluminoxane does not only form metallocene catalysts, but
also heterogeneous Ziegler-Natta catalysts by reactions with TiCl, or VCl,
(figure 1). Both types of Ziegler-Natta catalysts produce high molecular weighted
polyethylenes (table 6).

Table 6. Ethylene Polymerisation with Montmorillonite / AlMe; / TiCl; and
Montmorillonite / AIMe; / VCl,

5 g Montmorillonite; solvent: heptane; pressure [C;H,): 10 bar; T = 50°C;
reaction time: 60 min; no fouling; ' 1 g Montmorillonite

Catalyst mmol Molar ratio Yield PE Activity \% 10° Ty [°C]
Al M Al/M [g] [kg PE /molMh]  [g/mol]
TiCl;, 6  0.08 75/1 58.3 729 4.8 134.1
TiCl, 6 0.06 100/ 1 85.2 1420 3.2 133.7
VCl, 3 0012 250/1 335 21792 1.4

VCl,' 12 0012  100/1 89.1 7428 3.6 134.1
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Abstract. Evidence for hexa-methyl-tetra-aluminoxane as a main product

of MAO 1is demonstrated. Stability and measured molecular weights in
benzene, trimethylaluminum, dioxane and tetrahydrofurane are explained

by self-association. A new band reactor is described to produce MAO in a
small temperature range. NMR-spectra during preparation and after the com-
pletion of the reaction allow to understand the mechanism of formation.

A compound [AL(CH,),], insoluble in hydrocarbons is prepared.

Introduction

Aluminumalkyls activate metallocenes like Cp,TiCl,Cp, Ti(CH,)CLCp,ZrCl,
and Cp,Zr(CH,)Cl to polymerize ethene'**, but MAO activates the above
mentioned metallocenes and in addition Cp,Ti(CH,), and Cp_ Zr(CH,), to
polymerize ethene and alpha-olefines*.

MAQO is produced from aluminumtrimethyl and water. Unfortunately the acti-
vating power is different when aluminumtrimethyl and water or MAO - pre-
pared separately - is added to metallocenes in solution.

It was summarized®: . recent works demonstrates that the transition metal is

G.Natta, P.Pino,G.Mazzanti.J Giannini, JACS 79 (1957) 2975
D.S.Breslow,N.R.Newburg, JACS 79 (1957) 5073

F Patat,H.Sinn, Angew.Chemie 70 (1958) 496
H.Sinn, W Kaminsky,H.-J. Vollmer. R. Woldt, DE 3007725, US 4404344
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associated with the aluminoxane in activated metallocene-aluminoxane com-
plexes.“ Therefore we try to get more insight in the formation and structure of
MAO and whether the structure of MAQ allows to understand his specific
cocatalvtic power.

Section L. Evidence for hexa-methyl-tetra-aluminoxane

There is evidence that a compound with a ratio CH,/Al = 1,5 plays an impor-

tant role forming the MAO.

1°: If we add diethyl-ether to a solution of methylaluminoxane MAO and
trimethylaluminum TMA in toluene, a phase separation takes place °. After
phase separation all TMA will be found in the upper phase.

The lower phase - after washing with toluene - has a composition: one
diethyl-ether molecule for 8 aluminum atoms, 12 methyl groups and 6 oxygen
atoms.

The lower phase - after washing with diethylether - has a composition: one
toluene molecule and 3-4 diethylether molecules for 16 aluminum atoms, 24
methyl groups and 12 oxygen atoms .

From the upper phase trimethylaluminum-ctherate can be condensed off;
the composition of the residue is 1-2 diethylether molecules for 8 aluminum
atoms, 10-12 methylgroups and 6 oxygen atoms.

2°: Of interest is the reaction of MAO mixed with TMA with an excess of
tertiary butyl alcohol: All the methyl groups bound to aluminum react rapidly
under methane evolution.

The formed alcoholate of aluminum is totally insoluble in dimethoxy-
ethane. Thus it is possible to find out the amount of TMA originally present,
after digesting and washing with dimethoxyethane and quantitative estimation
of the precipitation’. The purity was shown by X-ray diffraction.

In the solution remains the alcoholate of the ,true* MAQ. By mass-balance
it was shown, that the true MAO in solution has had the composition:
methylgroups to aluminum atoms equal to 1.44 to 1.5. Looking at the numeri-
cal value 1.44 we will remember, that the alcoholate of MAO splits off
further alcoholate of aluminum in a slow reaction.

5 W.R.Beard,D.R Blevins,D.W.Imhoff,B Kneale,L.S.Simeral, Conf.Proceed.,The
Material Institute London, The International Polyethylene Conference 1997

6 J]Bliemeister, W.Hagendorf, A.Harder, B.Heitmann, I.Schimmel, E.Schmedt,
W.Schnuchel, H.Sinn (correspondence), L.Tikwe, N.von Thienen, K.Urlass,
H.Winter, O.Zarncke in Ziegler Catalysts, G.Fink R Miilhaupt, H.H Brintz-
inger(Eds.), Springer 1995, p.57

7 W.Hagendorf, A.Harder, H.Sinn, Macromol.Symp.,97 (1995) 127.
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3°: In a very nice investigation of Thorn-Csanyi and Dehmel in our institute
it was shown®, that TMA reacts with tungsten-oxychloride in a very fast
reaction, whereas MAO reacts only slow. So it is possible to distinguish bet-
ween TMA and the ,true” MAO. They estimated with this method the ratio of
CH,-/Al in true MAO to be 1.48 to 1.52.

4°: Recently a group from Albemarle Corporation was able to determine the
ratio of TMA to MAO using proton nuclear magnetic resonance. They
determined the CH,-/Al ratio in , true” MAQ to be 1.5 - 14and 15-131%9,

In combination with molecular weight determinations in dioxane they
calculated the molecular weight of the ,true” MAO to be 850 with standard
dewviation of 100.

5°: During this conference Eilertsen, Rytter and Ystenes reported: ., The
MAQ sample has a CH,~/Al ratio close to 1.5 and should contain no or little

free TMA™. The result is based on IR-investigations''.

6°: Deconvolution of a NMR-signal of a MAO free of TMA shows two
different methyl groups in the ratio 4/2'.

Concluding we identify hexa-methyl-tetra-aluminoxane as a brick of MAO;
this brick as well as the formed MAO shows a ratio of methyl-groups to alu-
minum atoms of 1.5 and the hexa-methyl-tetra-aluminoxane shows two
different methyl-groups in the ratio 4/2, which is in agreement with the NMR-
observations.

Thus, two questions arise:

- How is hexa-methyl-tetra-aluminoxane build up and why is the reaction
stopped after the formation of hexamethyltetraaluminoxane?

- Why do we find in apolar and polar solvents different molecular weights
which correspond to a multiple of hexamethvltetraaluminoxane ?

To the first question there is one very simple answer. A further build up is
stopped by the self-coordination of the hexa-methyl-tetra-aluminoxane.

8 E.Thorn-Csdnyi, J.Dehmel, O.Halle, W.Sciborski, Makromol. Chem.Phys. 195
(1994) 3017

9 D.W.Imbhoff, L.S.Simeral, S.A.Sangokoya. J.H.Peel, Organometallics 17 (1998)
1941.

10 Cf. 5

11 J.L Eilertsen, E.Rytter, M. Ystenes, Proc.of the Int.Symp.on Metalorganic
Catalysts for Synthesis and Polymerisation, W.Kaminsky(Ed.) Springer 1999.

12 H.Sinn. Macromol.Symp.,97 (1995) 27.
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Perhaps not the first, but the second or third step in the formation of MAO,
using TMA and frozen water, is undoubtedly the formation of tetra-methyl-di-
aluminoxane.

A sequence of reactions characterised by intermolecular splitting off TMA
from two molecules of tetramethyldialuminoxane forming pentamethyltrialu-
minoxane and TMA or intermolecular splitting off TMA from one molecule
of tetramethyldialuminoxane and one molecule of pentamethyltrialuminoxane
forming hexamethyltetraaluminoxane and TMA is shown in the sketch
Figure 1. ‘

The sequence starts with two molecules of tetramethyldialuminoxane which
are shown in orthogonal position. The reaction

(CH,) Al-0-Al(CH,), + (CH,) Al-O-AI(CH,), > AI(CH)),
+ (CH,)Al-0-Al(CH,)-0-A(CH),

proceeds nearly without changing a position of any atom. The bonds can be
arranged forming TMA and pentamethyltrialuminoxane. The formation of
TMA is proven experimentally. The next line of the sketch shows the penta-
methyltrialuminoxane molecule in his ,,in situ® position and the third line the
same molecule in a stretched position.

The next line of the sketch shows pentamethyltrialuminoxane in a stretched
position with one molecule of tetramethyldialuminoxane added in orthogonal
position comparable to the position in the first line.

Renewed splitting off of TMA is possible in the same manner as before and
in this reaction the hexamethyltetraaluminoxane is formed.

(CH,) Al-0-Al(CH,), + (CH,) Al-0-Al(CH,)-0-Al(CH,), > Al(CH,),
+ (CH,) Al-0-Al(CH,)-0-Al(CH,)-0-A(CH,),

The last line in the sketch of Figure 1 shows the hexamethyltetraaluminoxane
in its ,,in situ* position. It is shown how the molecule coordinates itself. This
selfcoordination of hexamethyltetraaluminoxane prevents a new and further
addition of a tetramethyldialuminoxane or a pentamethyltrialuminoxane in a
position from which splitting off of TMA is possible and this leads to hexa-
methyltetraaluminoxane as the main product. Nevertheless, side reactions may
produce heptamethylpentaaluminoxane from two molecules of pentamethyl-
trialuminoxane. But this reaction is suppressed due to kinetic reasons.

However, in the hexamethyltetraaluminoxane molecule three of the four alu-
minumatoms and two of the three oxygen atoms are coordinatively unsatura-
ted; this causes further selfassociation.
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Fig. 1. Sketch to explain the reaction sequence forming hexamethyltetraaluminox-
ane and to show the selfcoordination which stops the reaction; cf text.
O = methyl group; 0 = oxygen atom; (Al) = aluminum atom.
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Section II. Selfassociation of hexamethyltetraaluminoxane and inter-
pretation of the molecular weights cryoscopically found in benzene, TMA and
dioxane and ebullioscopically found in tetrahydrofurane.

As mentioned before the Albemarle group reported molecular weights of
Htrue“ MAO in the range of 850 with a standard deviation of 100.

Claiming the catalyst system methylaluminoxane/MAQ and organozirconi-
umcompounds, especially dimethylzirconocen, in 1980 it was said, that best
results were obtained if the degree of oligomerisation of the MAO is greater
five, especially greater ten.

We measured with cryoscopy for mixtures of MAO and TMA in benzene
molecular weights of 1,200. Later we found that the same products showed
in tetrahydrofurane by ebullioscopic measurements molecular weights of 350
to 400 . In the meantime we measured the molecular weights of a lot of
MAQO samples in benzene, in trimethylaluminum and in dioxane. The results
are reported in some PhD thesis '*'*and summarized in'*. Normally we
found 1,100-1,200 in benzene and TMA and 400 - 500 in dioxane .

The results correspond with the formula {[Al,0.(CH,),],}*nAl(CH,),. In

benzene or TMA this complex is found as owe particle. In polar solvents like
dioxane or tetrahydrofurane it is found as two particles if n = 1 and as three
particles if n = 2. This means that molecular weight of , true” MAO is 984. If
for one molecule of ,true“ MAO two molecules of TMA in benzene are
present, it will be found a molecular weight of 1128 due to the strong
association of TMA with MAO which forms {[Al,0,(CH,) ] }*2Al(CH),.

If the same composition of one ,,true” MAQO and two molecules of TMA is
dissolved in dioxane or tetrahydrofurane a molecular weight of 376 is
expected.

The ratio of CH_/Al for the whole complex i1s 27/17 ifn =1 and 30/18 if
n = 2. So it is possible to estimate the value of n with this ratio. This is the
weak point. It is very difficult to differentiate between a ratio CH,-/Al of

1.51 and 1.49 or 1.67 and 1.65. It is an additional problem, that the molecular
weight determinations are only accurate within 5-10%.

13 Cf. 4

14 J Bliemeister, Dissertation Universitdt Hamburg 1990

15 H.Winter, Dissertation Universitéit Hamburg 1990

16 W.Schnuchel, Dissertation Universitit Hamburg 1993

17 B.Heitmann, Dissertation Universitdt Hamburg, will be published in 1999
18 K.v.Lacroix, B.Heitmann, H.Sinn, Macromol.Symp.,97 (1995) 137
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Within these limits the Albemarle-measurements cited above'®, where the
content of TMA is determined bv NMR spectroscopy, are in agreement with
our results.

However, if hexamethyltetraaluminoxane is four-fold associated it satisfies
the most measured molecular weights and furthermore all oxygen atoms and
every three of four aluminum atoms are saturated coordinatively. The possible
molecular models are shown in Figures 2 and 3. The shown neighbourhood of
the dimethylaluminum groups prepare for split off of TMA. In addition it is
shown that all methyl-groups are located on an ,,outer* shell, surrounding an
,.inner™ shell of Al-O-network.

\
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,,,,,, e .
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Fig.2. Model type A of [ALO(CH,) ],  Fig.3. Model type B of [Al,0,(CH,) ],
Type A has four- and six-membered Type B has four-, six- and eight-mem-
rings and has a certain flexibility. bered rings and has a rigid structure.
Every bond-dash bears a methyl-group.  Every bond-dash bears a methyl-group.

The model shown in Figure 2 was published® accompanied by a proposal
how the catalytically active complex together with metallocene may be
formed. Looking at the structure of MAO it seems to be possible that MAO
works as a ,,wrapper™ or ,.envelope™ for one tetramethyl-aluminum ion, which
may be centered within the MAO, inside the positively charged inner shell of
the MAO micella, which is there coordinatively saturated and binds the more
cationic part of the metallocene.

The formation of the coordination bonds is shown in Figures 4 and 5.

19 Cf. S5and cf. 9
20 Cf.6p.75 Fig. 13 and cf. 12
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Fig.4 (A) and 5 (B) Me = methyl; 0 = oxygen atom; O = aluminumatom.

In every molecule LILIII and IV a free pair of electrons of o' coordinates to the
electrondeficiency of O*. The rings LILIII and IV are formed. The two possibilities
of the association 4 [Al403(CH3)6] <---> [AI4O3(CH3)6]4 are demonstrated.
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It is believed that the catalytic activity of the metallocene center 1s stimulated
by its surroundings in a similar sense as Calvin demonstrated comparing
different surroundings of an iron-ion (cf Figure 6)*'.
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Fig.6. A comparison given by Calvin on the catalytic activity K.A. of an iron(III)-
ion as a function of its surroundings. If the hydrate is replaced by the haemine and
this is replaced by the haemine-enzyme the activity is increased 10 powers of 10.

There is no doubt that beside of such structures other species of MAO are
present. Perhaps it was only a lucky chance when in an experiment where we
added diethylether to a solution of MAO in toluene, the content of
[(CH)) AL O], was high, so that we got a strong phase separation. However,

if we got strong phase separations, the samples showed also good cocatalytic
activities. Therefore we are engaged to find the conditions where a high
amount of [(CH,) Al,0,], is produced (Section III).

One side reaction is the reaction between two neighbouring -Al(CH,),-groups
with splitting off of one TMA. Because we have eight -Al(CH,) -groups it is

theoretically possible to split off four TMA molecules.
If all the eight -Al(CH,)_groups react the formula [(CH,) Al O,], changes to

[(CH,),ALO.], which would be the ideal formula of a methylaluminoxane.
Such products with tertiary butyl groups instead of methyl groups were iso-

21 The comparision was made by Melvin Calvin, nobelprize winner in 1961. As a
vision this picture accompanies us since more than 40 years. Unfortunately we
are missing the original source.
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lated and characterized by Barron®. With methyl groups it was not possible
to reach such a composition. Trying to do so products get insoluble and
cocatalytic activity is decreased.

If only one TMA is splitt off the formula [(CH,) AL, 0,], = (CH,), Al O, is

1612

changed to (CH,), Al O, with a ratio of CH,-/Al = 1.40 and a molecular

15712
weight of 912.
If two molecules of TMA are splitt off, the formula (CH,), Al O, changes

to (CH)) Al O with a ratio of CH /Al = 1.29 and a molecular weight of

14712
840 (cf. the results of the Albemarle group).
With a view on the models Figure 2 and 3 it is obvious, that not only the
described intramolecular cleavage reactions are possible but also inter-
molecular reactions. If two -Al(CH,), groups of two different molecules

(CH),AlL O, react with each other, splitting off one molecule of TMA, a

16 712

big molecule (CH)), Al O,, is produced with a ratio CH /Al = 1.45 and a

31 24
molecular weight 1,896. Values up to 3,600 were found.
In the MAO molecuie {[Al,0,(CH,),],}*2A(CH), ,
MAO molecule is complexed with two molecules of TMA:
TMA*[Al O,(CH,),],*TMA,
the TMA will be replaced with polar compounds (donors DO) like
diethylether, tetrahydrofurane or dioxane:

where the | true”

TMA*[AL O (CH,) ] *TMA + 4DO > DO*[AL,0,(CH,) ] *DO + 2TMA*DO

Inspecting the model of MAO it is seen that four -Al(CH,), -groups are
coordinatively unsaturated. This means that it is allowed to formulate

TMA*[ALO,(CH,) ],*TMA+6DO>(D0),*[Al,0,(CH,) ] X(DO),+2TMA*DO

to explain the determined ratio of (diethylether molecules)/Al-atoms of 4/16 =
1/4.

We have to distinguish between the following reactions which evolve
methane:
1°) A methylgroup of a metallocene (me-CH,, preferred ti-CH, ) reacts with

a methylgroup of TMA or a methylgroup of -Al(CH,), in MAQ forming
ti-CH_-al”. The -CH-al group reacts as a normal ligand and is especially

22 M.R.Mason, J.M.Smith, S.G.Bott, R.Barron, JACS 115 (1993) 4971-4984
23 ti = one valency of titanium, al = one valency of aluminum.
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exchanged against other alkylgroups. Thus, in a stepwise catalytic process, a
polymer -Al(CHB)CHZ[AI(CHs)CHZ]nAl(CH)CHZ- is formed*(which is iso-
elctronic with -Al(CH,)-O-{Al(CH,)-0-] AI(CH,)-O-) .

Especially in the zirconocenesystem the equilibrium

zr-CH -al + al-CH, = zr-CH, + al-CH_-al

will explain some of the so-called ,,dormant™ species.
2°) As mentioned before, in an intermolecular reaction two methvlgroups of
two -Al(CH,), groups react under methane evolution:

-AI(CH,), + (CH,) -Al- > CH, + -(CH )Al-CH -Al(CH))-

As far as we can see also the reaction between a aluminumdimethylgroup of
MAO and a molecule of TMA takes place

-AI(CH,), + (CH,) Al > CH, + ~(CH,)Al-CH -Al(CH,),

We have found, that only the methyl groups of the aluminum atoms of MAO,
which are not saturated coordinatively, and all the methyl groups of TMA are
able to react.

3°) K Ziegler reported the thermal decomposition of TMA and postulated a
compound [AL(CH),] as an intermediate”. We showed that a solution of

TMA in a high boiling hydrocarbon decomposes slowly at 175-185°C under
methane evolution and the reaction is stopped accurately when 3 moles of
CH, per 2 moles of TMA are evolved . The product is insoluble in hydrocar-

bons and we have therefore no molecular weight, but elementary analysis and
analysis by decomposition with water agree with [AL(CH,))] . We have
prepared some kilograms of this interesting compound which will be used as
scavenger and also to heterogenize MAO. This will be published separately.

As mentioned earlier®, after phase separation the lower phase shows an
unexpected high density of 0.95 g/ml. This proofs a very dense package of the
dissolved MAO. Unfortunately we were never able to get crystals. However,
we have done diffraction experiments with synchrotron radia-tion. The results
are given in the Figure 7.

24 H.Sinn. H Hinck, F.Bandermann, H.F.Griitzmacher, Angew.Chemiie Int.Ed.,7
(1968) 217

25 K Ziegler, K. Nagel, M Patheiger, Z.anorg.allg.Chem.. 282 (1955) 345

26 Cf. 12, p. 30, table II
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commercial Alumoxane

Alumoxane V22

Alumoxane V17

Alumoxgne V37
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Fig.7. Scattering curves of various MAO samples done by N.von Thienen
and R. Gehrke, both DESY, Deutsches Elektronensynchrotron Hamburg.
The s value corresponds with distances 1.0, 1.4 and 1.7 nm, equal to the
distances of model A.

It is too early to try an interpretation, but the fact that different MAQ samples
showed different diffraction curves stimulates once more to prepare MAO
under very precise conditions and to correlate conditions of production with
the activity.

Section III. A new thinfilm reactor to prepare MAO, the , Eisbandreaktor*

We know by numerous experiments®, that at -40°C from a surface of ice of
about 300 cm’ with a 1 molar solution of TMA about 3 moles of methane are
evolved per hour, corresponding of 27 grams of ice used for the reaction with
the methyl groups of TMA. This means 27,000 mm*/(3,600 sec 30,000 mm®)
= (.25 um/sec of the ice are reacted.

If it would be possible to deposite such a thin film of ice on a carrier and to
bring this carrier into a solution of TMA, a reaction would proceed within one
or some seconds and no more reaction would be possible because all the ice is

27 Cf.15and cf. 16
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Fig.8. Cross section of the ,.Eisbandreaktor”. The cooled steelband driven
with BA picks up ice E by sublimation in the sublimation chamber S and
introduces the ice into the reaction chamber R where the ice reacts with a
solution of TMA producing MAO and methane. The band passes some skim-
mers AL which strip adsorbed MAO and runs to the cooling chamber K .
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used and the carrier could be able to catch the reaction heat and to transport it
away. To get more reaction, more carrier is neded. To realize this an endless-
carrier may be the best. This requires the following steps a) - ¢):

a) To deposite ice of defined thickness on a carrier;

b) To bring this carrier into the solution of TMA

¢) To clean the carrier and to bring it back to the point where a) starts.

This is the simple idea of what we call the , Eisbandreaktor®. It was
realized with an endless band of stainless steel, 10mm broad and 0.2mm
thick. It was also realized with a wire with 0.4mm diameter. MAO was
produced at -40°C and at -5°C in toluene but also in n-heptane. The samples
showed a good phase separation and a good cocatalytic activity. The deposi-
tion of the ice on the carrier was done by sublimation.

The realized ,,Eisbandreaktor* is somewhat simpler than that described in
the patent. We worked without the proposed ,,washing chamber™. The essen-
tial dates of the reactor shown in Figure 8 are:

a) Endless steelband, 0.2*10m thick, 1.0*10*m broad;
b) heat capacity of 10“m? steelband is 63.2*10 Joule/grd,;
c) ice-film by sublimation at both sides 0.1*10m thick;
d) heat capacity of 10“m?* ice-film is 20.9*10 Joule/grd,;
e) reaction enthalpy in 10*m?® ice-film is 0.22 Joule (calculated with the
estimated value of 200 KJoule/mole methane evolution);
f) adiabatic temperature increase of the steelband is < 7 grd,;
g) the reaction proceeds within some seconds after insertion of the
steelband into the reaction chamber with a TMA solution
h) TMA solutions with concentrations up to 2 moles/l were used
i) proposed band velocities are between 0.1 and 0.7 m/s. For a short
time we used 1.5 m/s.
As it is seen in Figure 8 we have the possibility to take off small samples at
the valve Ul during the reaction from the reaction chamber. This was done.

The reaction was either stopped by introducing immediately the sample into
cold diethylether or the sample was worked up in the usual manner. The
results are given in Section IV.

Section IV. Remarks on NMR investigations 2

With numerous samples of MAQO which were prepared in toluene we got the
same or very similar results in NMR spectroscopy as recently reported®,*'.

28 German Patent 19626245
29 Cf M.Boleslawski, J.Serwatowski, J.Organometal.Chem, 255 (1983) 269-278
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Perhaps it is interesting to note that the sharp signal, usually attributed to
TMA, disappears if the MAO is made solvent free in a vacuum, dissolved in
TMA, the resulting solution is frozen and subsequently freeze-dried*”. This
signal disappears also if a MAO sample is dissolved in dioxane and
precipitated with n-pentane. If solving and precipitating is repeated eight
times, nothing of the sharp signal is to be seen.

Examples are given in Figure 10 and Figure 11. Unfortunately these examples
were measured 1992 and 1995 only with 100 Mhz 'H-frequency.

T

T T T T T
1'0 0/0 '7/0

Fig.10. NMR-Signal of MAQ, prepared  Fig.11. NMR-Signal of MAO, prepared
in toluene, dried, dissolved in dioxane, in toluene, dried, dissolved in dioxane,
precipitated with n-pentane and dried. precipitated with n-pentane and dried.
The process of dissolution and precipi-  The process of dissolution and precipi-
tation was repeated three times. tation was repeated eight times.

30 Cf. 5
31 Cf.9
32 Cf 12.p. 39
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In contrast to this, if we reacted TMA with water in dioxane or in
tetrahydrofurane we got significant structured NMR-signals in the range of
the methylprotons bound to aluminum. Such spectra are shown in Figures 12

JL
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Fig.12.NMR-spectrum of MAO prepared Fig.13. NMR-spectrum of MAO prepared
in tetrahydrofurane.To the solution of  in dioxane. To the solution of TMA in
TMA in tetrahydrofurane was added dioxane was added water till 50% of the
water (Ott,v.Thienen 305,30.06.1995)  methyl-groups were evolved as methane.

Now, after we had the band reactor, 1t was very surprising to see that
samples prepared in toluene by reaction of a solution of TMA with the ice-
film on the stainless steel band showed initially the same significant structured
NMR-signals. After a conversion of 19% of the methyl groups at -27°C a
sample was let out and flewn immediately in a vessel with diethylether. This
sample was dried in vacuum for 12 hours, then dissolved in dioxane-d,
(Figurel4).

The reaction was stopped when 24,5% of the methyl groups were evolved
as methane. About one hour later a part of the reaction mixture was given into
diethylether, warmed up, dried in a vacuum for 12 hours and dissolved in
dioxane-d, (Figure 15).

With additional two samples of the same reaction mixture, the usual
procedure of working up was done. From the reaction mixture the volatile
compounds, solvent and a part of the TMA was condensed off and the
residue dried in a vacuum of 10° Pa for 12 hours.
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Fig.14. Sample of a reaction mixture in  Fig.15. Sample of a reaction mixture in
toluene; the icefilm is reacted with TMA; toluene; the icefilm is reacted with TMA;
19%* conversion of the methyl groups; 24,5% conversion of the methyl groups;
sample immediately given into diethyl- sample one hour later given into diethyl-
ether, dried in vacuum for 12 hours, ether, dried in vacuum for 12 hours,
dissolved in dioxane-d8 and measured. ~ dissolved in dioxane-d8 and measured.

One sample was than dissolved in toluene and diethylether was added to test
the phase-separation. Without separation the phases, the mixture was dried
as before and the residue dissolved in dioxane-d,. The NMR-spectrum is

shown in Figure 16. Another sample was dissolved in toluene only; the
solution was dried in a vaccum of 10 Pa for 12 hours - that is identical how
we normaly isolate the MAOQ - and the residue dissolved in dioxane-d,. The

NMR-spectrum is shown in Figure 17.

When after the described interruptions of the reactions the products were
worked up in the usual manner, what means that solvent and most of the
excess of TMA were condensed off, the significant structured signals as seen
in Figures 14 and 15 are disappeared.

33 Conversion was measured by methane evolution; because of the methane
solubility at deep temperatures the value will be corrected to 23%.

34 Conversion was measured be methane evolution; because of the methane
solubility at deep temperatures the value will be corrected to 29%.
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Fig.16. Sample of the same reaction mix- Fig.17. Sample of the same reaction mix-
ture as in Figure 15 used but without any ture as in Figure 15 used but without any
addition of a polar substance dried, addition of a polar substance dried;

after drying dissolved in toluene, diethyl- after drying without any addition dissol-
ether added, dried again and dissolved in ved in dioxane-d8 and measured.
dioxane-d8 and measured.

These results will be reported in more detail in the near future. In the moment
we conclude, that there are the same steps in the reaction system consisting of
TMA and ice, in an apolar solvent like toluene or benzene as well as in a
polar solvent like diethylether’>*, tetrahydrofurane or dioxane which serves as
donators. In a solvent which serves as donator the intermediates (CH,) AIOH,
(CH,) Al-0-AI(CH,),, (CH,),Al-0-Al(CH,)-O-Al(CH,),, etc. will be stabi-
lized as donator complexes thus preventing some fast consecutive reactions.
To form the final products which we call MAO (combined one ,true“ MAO
with 2-4 donator molecules) it needs some days, even at room temperature .
If the system is free of donators a complexation of the intermediates is done
with the acceptor molecule TMA. The intermediates have now high reactivity
and can be catched at decreased temperatures only. And to form the final
product MAO, that is {[Al,0,(CH,) ],} *nAl(CH,), only minutes or hours are

needed.

35 N. von Thienen, Dissertation Hamburg 1996
36 Cf. 29
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Abstract. In recent years we have developed the facile preparation of group
4-6 and main-group fluorides from the corresponding chlorides using
Me,SnF as a fluorinating reagent. Reactions of group 4 organometallic
fluorides with alkyls of group 13 elements, especially those of aluminum,
are of particular interest with regard to the mechanism of homogeneous
catalysis for the polymerization of olefins. The formation of adducts of
group 4 metallocene halides with AlMe, is assumed to be the first step of
activation of a polymerization catalyst when AlMe, containing
methylaluminoxane (MAOQ) is used. The following methylation of the
metallocene centers is markedly facilitated by this electrophilic support. In
order to understand the catalytic activity of those compounds, it is
neccessary to examine whether a selective coordination of the fluorine
atoms and an exchange for alkyl and amino groups, respectively, is possible
using aluminum compounds.

The reaction of Cp*ZrF, (1) (Cp* = 1°-CsMe;) and AlMe, in an equimolar ratio
in toluene as well as in n-hexane leads to a Me-F exchange, and the fluorine-
bridged dimer cis-{[Cp'ZtMe(u,-F)][(1-F),AlMe,]}, (2) is formed stereo-
selectively (Scheme 1). The X-ray crystal structure of this complex has been

*
toluene Cpn.,. KF ----- \ I,,ACP*
2 Cp*ZrF3 + 2 AlMes > Zr Z

Scheme 1.
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determined and shows Me,AlF for the first time as a complex ligand; the fluorine
atoms are in a bridging position.[1, 2]

When an excess of AlMe, is reacted with 1 in n-hexane, all the fluorine atoms
are replaced from the zirconium and methane evolution can be observed. The
maximum amount of methane (3.5 equiv) can be achieved when 5 equiv of AlMe,
is reacted with 1. Finally, the Zr;Al,C, cluster (Cp'Zr,)AlMeg(CH,),(CH); (3) can
be isolated in yields of 30 (pure) and 70 % (crude) as a yellow crystalline solid.
From the relation of the evolved amount of methane and the theoretical required
one (Scheme 2) a maximum yield of 88 % for 3 can be calculated. Single crystals
of 3 could be obtained only from freshly prepared material by slowly evaporating
the solvent. The X-ray crystal structure of 3 has been determined. [1, 2]

Cp*
Me)<Z'
(O —M
toluene Me Al/er Ar—Me
3Cp*ZrF3 + 15 AlMes - &
- 9 Me,AlF Cp*---- Zi/_—H\Z( ---Cp*
1 - 12 MeH He—_py
Me-mA \C/ b Me
Me Me H, Me
3
Scheme 2.

Furthermore, we report on the reaction of cyclopentadienyl titanium trifluorides
with the trimeric iminoalane (4), which exhibits quasiaromatic properties and
contains Lewis-acidic, three-coordinate aluminum centers.[3] The reaction of 4
with 1’-C;H,SiMe,TiF, and Cp'TiF, in toluene leads under fluorine-nitrogen
metathesis to the adamantane-like cage compounds 5 and 6, respectively (Scheme
3). These novel titanocene compounds were characterized by IR and NMR
spectroscopy, mass spectrometrie, and elemental analysis. The structure of 5 has
been determined by X-ray crystal structural analysis.[4, 5]



The Activation of Metal-Fluorine Bonds in Compounds of Group 4 by Al Alkyls 125

SiMe3 !
Ar _}‘ Ar
AN // I\N /
Me’Al\I\F/ ~M
15-CsH4SiMe4TiF N ﬁAl\F
€
Ar/
Ar\ Me 5
N—Al
M /Q\N Ar
e— _
N
N—Al
A Me
4 Cp*TiE
toluene @
Ar :'
\ _//—/'Tx
N
Me//Al N/AI\ME
N7
e Me
Ar
Ar= (2,6-iPr,C¢H3) 6

Scheme 3.

Treatment of 6 with the donor solvent diethyl ether leads to 7 through cleavage
of an aluminum-nitrogen bond (Scheme 4). 7 is the first compound containing a
titanium-nitrogen double bond obtained by a metathesis reaction; hereby an
intramolecular stabilization of a titanium-nitrogen double bond by fluorine was
established for the first time.
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The “F NMR spectra of 5-7 contain signals for the Al-Ti-bridging fluorine
atoms (5: 6 =- 151.9; 6: 6 =- 168.2, - 158.4; 7: 6 = - 168.1, - 158.4), which are
strongly shifted to higher field with respect to those of the starting materials (& =
164.5 and 124.0). This was also observed for other compounds with Al-F
bonds.[6] The signals at 6 = - 135 are assigned to the Al-bridging fluorine atoms.
These findings indicate that the structures of the compounds are similar in the solid
state and in solution.

Conclusions. As expected, in contrast to organo transition metal chlorides,
reversible reactions of the corresponding fluorides with an excess of AlMe, are not
observed due to the generation of Me,AlF. This is one reason as well as the
elimination of methane from the involved CH activation process, which finally
results in the facile formation of the Zr-C-Al cluster. These results show the ability
of the fluorine complexes to function as Ziegler-Natta catalysts. Moreover, it was
demonstrated that hypervalent CH units are involved in catalytic cycles. Such
species are thought to persist in MAO-activated zirconocene catalyst solutions
from which methane evolution can be observed, and it is assumed that this process
inhibits the polymerization catalysts. This suggestion corresponds with the result
of the catalytical inactivity of the described Zr clusters, when no cocatalyst is
added.

Furthermore, we have shown that reactions of group 4 cyclopentadienyl metal
trifluorides with a trimeric iminoalane lead to intramolecular fluorine-nitrogen
exchange, activation of metal-fluorine bonds, and the formation of adamantane-
like cages. Moreover, the reported synthesis is a new route to aluminum-containing
mixed amidofluorides of group 4 elements.
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Abstract.

DFT quantum-chemical calculations have been performed to elucidate the
geometrical and electronic structure of methylalumoxanes (-Al(Me)O-), with
different size (n=6,8,12). The three-dimensional oxo-bridged (cage) structures of
methylalumoxane (MAO) have been analyzed.

It has been found that the cage structure consisting of three layers of
[-Al(CH),0-], units is the most stable for MAO with n=12. Trimethylaluminium
reacts with MAO by cleavage of a Al-O dative bond and the formation of acidic
tricoordinated Al-atoms and basic dicoordinated O-atoms in the MAO molecule.
Two molecules of AlMe, are associated with these sites. The total heat of the TMA
interaction with MAO depends on the n value and the MAO structure. The reactive
sites of MAO are proposed based on the obtained data.

Introduction

The polymethylalumoxane is recognized as an efficient co-catalyst for highly
active homogeneous metallocene catalysts in the ethylene polymerization [1, 2].
Polymethylyalumoxane (or methylalumoxane, MAO) is the key element determine
not only extremely high activity but also kinetic peculiarities of these catalytic
systems. The unique feature of MAO and some other activators (perfluoroborates
in particular) consists in their ability - while reacting with metallocenes - to form
cation-like alkyl complexes M(IV) (M=Ti, Zr, Hf) which act as the catalyst’s
active centers [3-9].

MAO is an oligomeric product of incomplete hydrolysis of trimethyla luminium
(TMA) and consists of monomer [-Al(CH,)O-] units. It has the following
compositional and structural peculiarities:

1) The MAO molecular mass (oligomerization degree n in structure [-
Al(CH,)0-],) varies over a wide range (n=6-30) and depends on the preparation
procedure [10-12]. The activity of zirconocene catalysts in the ethylene
polymerization depends on the MAO oligomerization degree and increases with
increasing value of n. [10, 11].

2) The MAO samples always contain a significant amount of TMA (2-30% with
respect to Al) [12,13], which is either strongly associated with MAO or in a free
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state. The MAO molecular mass depends on the TMA content and increases
withdecreasing TMA content [12]. The TMA content in MAQO affects the
metallocene catalysts activity which declines if TMA is removed from MAO [12-
15].

These peculiarities impede the studies of the MAO structure and identification
of reactive centers which interact with metallocenes forming the catalysts active
centers. Barron et al. [16] obtained reliable structural data for tert-
butylalumoxane of the composition [(t-Bu)Al(u,-O)]s. This alumoxane has been
shown to form a three-dimentional oxo-bridged structure (cage structure)
comprised by coordinatively saturated aluminium and oxygen atoms (tetra- and
triple-coordinated, respectively).

Regarding the results of work [16], the authors of [12] suggested that MAO,
formed from TMA on the surface of ice, consists of sphere molecules
[Al,0,(CH,)4l,, each associated to four molecules AI(CH,),. Similar to the Barron
cage structure all the aluminium and oxygen atoms in this compound are
coordinatively saturated.

7Al-, '70-, 'H- and C-NMR spectroscopy has been used to study the structure
of MAO in work [17]. The obtained data are consistent with the cage alumoxane
clusters [(t-Bu)Al(p;-O)] and [(t-Bu)Al(p;-O)], [16], suggesting that the studied
MAO oligomers have the cage structure as well.

Recent EPR spectroscopic studies [18] of the MAO reaction with the stable
nitroxyl radical TEMPO provided experimental data for the presence of the Lewis
acidic centers in MAO. It has been found that MAO contains one acidic center per
50£15 aluminium atoms. Most likely, the TMA contained in MAO is adsorbed at
these centers and equilibrium of type (1) exists in the system MAO/TMA:

MAQOeTMA & MAO- + TMA 1)

Recently we have presented the first data on the structures and reactive
sites of MAO obtained via DFT quantum-chemical study [19]. It has been found:

1) Starting from n=6, the three-dimensional oxo-bridged (cage) structure of MAO
is more stable than the cycle structure.

2) The Lewis acidity of Al atoms in MAO depends on the size of MAO and
increases with increasing MAO size.

3) Trimethylaluminium reacts with the cage structure of MAO by cleavage of the
Al-O dative bond; two molecules of AlMe, are associated with acidic Al' and basic
O sites formed by interaction of MAO with TMA.

In the present work we have carried out the more detail DFT analysis of
the cage structures of MAO with different sizes (n=6, 12). Three-dimensional oxo-
bridged structures consisting of three layers of [-Al(CH,)O-],, units (m=2,4; triple-
cage) have been calculated. The obtained data is compared to those for cage
structures of MAO consisting of two layers of [-Al(CH,)O-], units (m=3,4,6;
double-cage).



130 LI. Zakharov, V.A. Zakharov and G.M. Zhidomirov
Method and calculation details.

All the calculations were carried out using of the Gaussian92/DFT
package [20] The geometries of various forms of the oligomers [-Al(CH,)O-], ,
(n=4-12) have been calculated using density functional theory (DFT), the LANL1
effective core potential for inner shells of Al [21] and basis set single- & (Minimal
Basis) for valence shells of Al and for the carbon, the oxygen and hydrogen atoms.
The Vosko-Vilk-Nusair [22] (VWN) local correlation parameters (LDA) were
aplied to evaluate the density functions. The total charge densities of the [-
AJ(CH3)O-], oligomers were calculated using the Mulliken population analysis.
The accuracy of the calculated by geometries was tested for dimeric TMA. The
length of Al-C bonds calculated using DFT/LANL1IMB level agree well with those
values obtained in crystallographic studies [23]: 2.26 A° (calc.) vs. 2.24 A° (exper.)
for bridging bonds Al-Me-Al, and 2.02 A° (calc.) vs. 2.00 A° (exper.) for terminal
bonds Al-Me. Experimental data for the dissociation enthalpy of dimeric TMA
(19.0 kcal/mol) [24] are comparable to those calculated at the DFT/LANLIMB
level (9.0 kcal/mol). Comparison between calculated and experimental dissociation
enthalpy for Al,Me, shows the underestimation of the calculated reaction energy:
9.0 kcal/mol (calc.) vs. 19.0 kcal/mol (exper.), which unusual for the LDA level.
This is connected with the minimal basis sets (single-§) employed. But the
calculations at the LDA level with double-§ basis sets considerably overestimates
reaction energy and we have preferred to use the minimal basis sets.

Results and Discussion

The data of the calculation of the geometric and electronic characteristics
of the various cage structures of MAO are presented in Tab.1. Two types of the
structures have been considered. One of them (double-cage) is consisted of two
layers of [-Al(CH,)O-],, units (m=3, 4 and 6) and another one (triple-cage) is
consisted of three layers of [-Al(CH,)O-],, units (m=2 and 4). The examples of the
structures calculated for the double-cage (n=12, m=6) and the triple-cage (n=12,
m=4) are presented in Figs.la and 2a. The results of the net energy calculation
(Tab.1) clearly show that the double-cage structure is more stable in comparison to
the triple-cage structure for n=6, but that the formation of the triple-cage structure
is more preferable for MAO with n=12. The results calculated for MAO with n=6
and 12 (Tab.l) match well with the experimental X-ray data [16] of tert-
butylalumoxane with n=6 and 9. According to reference [16] the double-cage
structure is formed for tert-butylalumoxane with n=6 and the triple-cage is formed
for tert-butylalumoxane with n=9. Basing on these data and results of our
calculations we propose the triple-cage structure to be the most probable for MAO
withn > 9.

The essential characteristic of the triple-cage structure is the
inhomogeneity of the aluminium and the oxygen atoms (Tab.1). Particularly atoms
of Al in the outer layers are four-fold coordinated and the oxygen atoms are three-
fold coordinated, while atoms of Al in the inner layer are five-fold coordinated and
oxygen atoms are four-fold coordinated (Fig.2a). Accordingly atoms of aluminium
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