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Preface

Polyolefins represent approximately 50% by weight of all commodity and com-
modity-plus polymers, which in turn amounts to about 90% by weight of the global
polymer production. Today, literally hundreds of polyolefin grades are available
commercially, with an incredible variety of properties and applications, ranging
from ultra-rigid thermosets (stiffer than steel, but with the premium of a much
lower density) to high-performance elastomers, via all conceivable thermoplastic
and elastoplastic materials in between. Yet, if one looks at their chemical composi-
tion, polyolefins are surprisingly limited: polyethylene, polypropylene, a few copo-
lymers of ethene with propene or another alpha-olefin, and little else. The key
reason for this apparent contradiction is the unique and thorough molecular
control of the polymerization process that modern transition metal-based catalysts
are able to provide. With the correct choice of catalyst system and reaction condi-
tions, it is possible to produce polyolefin materials with precisely defined and
tunable chain microstructures and molecular mass distributions; this translates
into a correspondingly fine control in the way such chains crystallize (when they
are able to) and flow. In addition, a rich toolbox for supramolecular material design
provides almost unlimited possibilities for further tailoring and diversification
by means of intelligent processing, blending and additives formulations and
technologies.

The result has been an unprecedented success story, as demonstrated by the
exponential growth curve of the annual world consumption of polyolefins, from
less than 10° tonnes during the mid-1950s to the present-day 10° tonnes. It might
be worthy to add here that polyolefins should be regarded as a metastable state of
the light fractions of refined oil. Rather than flaring them—as has happened in the
past—they may be temporarily solidified, used for all sorts of smart applications
at a nominal cost, and then burned to produce energy (the most logical way of
recycling/disposing). If this point were to be understood by politicians, environ-
mentalists and opinion-makers, polyolefins would be recognized for what they
are—the greenest and most environmentally friendly materials ever invented.

For almost three decades, the industrial production of high-density polyethylene
(HDPE) and isotactic polypropylene (iPP) was based exclusively on heterogeneous
catalysts (of the Ziegler—Natta- or Phillips type), and characterized by many differ-
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ent and ill-defined active species. However, a massive research effort resulted in
major improvements of catalytic performance, although it is fair to admit that the
approach was purely empirical.

It was only during the early 1980s that the serendipitous discovery of methyl-
alumoxane as an effective activator of metallocene precatalysts made it possible to
derive the first industrially appealing homogeneous ethene polymerization cata-
lysts. Soon after that, with the implementation of stereorigid ansa-metallocenes
with chirotopic sites, it was demonstrated that stereoregular polypropylenes could
also be obtained in solution, and this opened the era of “single-site” catalysts. The
strong point of a homogeneous catalyst is its well-defined structure, which
translates into a single active species and a corresponding microstructural
uniformity of the polymerization products. Although the active species can
be designed, at least in principle, in order to achieve better/different catalytic
properties, the drawback is that, for most industrial olefin polymerization process
technologies, a heterogeneous catalyst is needed. Unfortunately, changing a homo-
geneous single-site catalyst into a heterogeneous (supported) one is a logical but
by no means simple solution; in fact, the process forms the subject of this whole
book.

Homogeneous “Single-site” Olefin Polymerization Catalysts:
A Brief Mechanistic Introduction

In spite of the popularity of the definition, no transition metal-based olefin polym-
erization catalyst can be “single-site”. In fact, the reaction mechanism inherently
involves two cis coordination sites of the metal: one for the c-bound growing
polymeryl (i.e., the active site), and one for the incoming monomer. The chain
migratory insertion path ensuring the least nuclear motion results in an exchange
of polymeryl and monomer coordination sites, which means that both are (or at
least can be) active sites. What is important to realize is that in most cases the two
sites are not equivalent; therefore, defining a homogeneous catalyst as “single-
center” would, in our opinion, be more appropriate.

The catalytic cycle of olefin polymerization in homogeneous phase is fairly
simple. The active species is usually a coordinatively unsaturated [L,MR]" cation,
generated from a LM (X)(Y) precursor (M =transition metal; L, = ancillary ligand(s);
X and Y = monodentate anionic ligands, such as halide or amide) by alkylation
and reaction with a strong Lewis acid. In the case where X and Y are alkyl groups,
alkylation may be unnecessary and the coordination vacancy can also be produced
by reaction with a Bregnsted acid. A key point here is that the counteranion needs
to be poorly coordinating, so as not to prevent/slow-down monomer access to the
transition metal.

Chain propagation is believed to involve olefin m-coordination at the metal, fol-
lowed by the formation of a four-center transition state and migratory insertion.
A regular alternation of insertions at the two coordination sites is expected under
a kinetic quench regime; at the other limit, a Curtin-Hammett regime can be
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observed in case of a rapid (relative to insertion) relocation of the growing poly-
meryl between the two metal coordination sites (e.g., under conditions of monomer
starvation).

Chain transfer can occur, for example via B-H elimination (to the monomer
and/or to the metal), or by trans-alkylation with main group metal alkyl cocatalysts.
Molecular hydrogen can be added deliberately to decrease the polymer molecular
weight via 6-bond metathesis. In all cases, the newly formed M—H or M—R bond
is an active site, and can initiate the growth of a new polymeryl.

In the homopolymerization of ethene, the above is expected to result in perfectly
linear polyethylene chains, which is indeed the norm. However, with some cata-
lysts, and under certain conditions, a vinyl-terminated polyethylene chain may be
released into the reaction medium where it acts as a macromonomer and inserts
into a different M—Polyethylenyl bond; this leads to the formation of a “long-chain-
branched” polyethylene. A different type of branched polyethylene, on the other
hand, has been obtained with a number of sterically hindered late transition metal
catalysts showing a high propensity to intramolecular B-H elimination; repeated
steps of B-H elimination and macro-olefin reinsertion into the M—H bond (a
process often referred to as “chain walking”) can result in extensively branched
polyethylenes resembling those produced by radical polymerization.

The case of alpha-olefins in general-and of propene in particular—is more
complicated. A prochiral alpha-olefin molecule can insert into a M—R bond in
four different ways, depending on the regiochemistry (1,2 or 2,1) and on the choice
of enantioface (re or si). In most cases, a strong preference is observed for one
insertion regiochemistry (usually the 1,2); compared with heterogeneous Ziegler—
Natta catalysts, however, most homogeneous single-site catalysts (and particularly
metallocenes) are remarkably less regioselective, and occasional regiodefects are
detected in the polymer by ?C NMR, typically in the form of head-to-head/tail-to-
tail enchainments. For a catalyst to be stereoselective, on the other hand, a second
element of chirality must combine with that arising from monomer coordination.
In principle, this can be the configuration of the growing chain, and in particular
of the stereogenic C in the last-inserted monomeric unit (chain end control);
occasional cases of 1,3-like or 1,3-unlike asymmetric induction have indeed been
reported in propene polymerizations mediated by single-site catalysts, but always
at low temperatures and with modest entity. Much more important—and also
industrially relevant—on the other hand, is the case of catalysts with chirotopic
active sites, in which the selection of monomer enantioface results from non-
bonded contacts in the active pocket shaped by the ancillary ligand(s) (site control).
Notably, in practically all known cases the chiral recognition is not due to direct
steric interactions between the incoming monomer and the ancillary ligand(s);
rather, the latter constrains the growing polymer chain into a chiral conformation,
which in turn favors monomer insertion with the enantioface pointing the alkyl
substituent anti to the first chain C—C bond (a mechanism of stereocontrol known
as “growing chain orientation”). The stereoregularity of the resulting polymer
depends on the symmetry of the catalytic species: for propene polymerization, in
particular, an isotactic polymer is expected out of C,-symmetric species with
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homotopic active sites, whereas a syndiotactic polymer will form at Cs-symmetric
species with enantiotopic sites, provided that chain propagation occurs under a
kinetic quench regime. Far less predictable is the case of C;-symmetric species
with diastereotopic sites, which can yield practically all microstructures (e.g., iso-
tactic, syndiotactic, hemi-isotactic) depending on the enantioselectivity of the indi-
vidual sites and on the kinetic regime of chain propagation.

Relative to ethene, propene and higher alpha-olefins usually have a (much) lower
insertion rate, which makes the concurrent processes of chain transfer and isom-
erizations (much) more competitive. In particular, in many cases -H elimination
to the monomer is only slightly slower than (poly-)insertion, particularly at high
temperature, which is obviously undesired and must be contrasted with a proper
ancillary ligand design. Intramolecular 8-H elimination, in turn, can also be sig-
nificant; at odds with the polyethylene case, poly(alpha-olefin) chains are too bulky
to undergo chain walking, and tend to be isomerized locally (e.g., 2,1-to-3,1 isom-
erization, chain-end epimerization).

Immobilizing “Single-site” Olefin Polymerization Catalysts: The Basic Problems

A single-site olefin polymerization catalyst is a well-defined molecular entity which
is intolerant to virtually everything; moreover, its performance is critically depen-
dent on the precise ligand environment of the transition metal center. Therefore,
immobilizing one such catalyst on a suitable solid or glassy inorganic or organic
matrix is a formidably complicated task. Apart from the requirements on the
support, which must be harmless to the catalyst (and also to the polymer end-user!)
and also amenable to morphology control (with the related delicate issues of shape
replication, fragmentation and heat/mass-transfer properties, etc.), the main dif-
ficulty is how to introduce a strong non-labile binding between the support and
the active species without altering (deteriorating) the performance of the latter.
In the various chapters of this book, the possible strategies (e.g., physical or
chemical adsorption, tethering, etc.) will be introduced and discussed in detail.
Here, we would like to mention a few basic problems of general relevance.
« Catalyst productivity. For an efficient catalytic action it is
mandatory that the monomer has an easy access to the
active sites. Selective catalysts have an active pocket which
fits tightly to the incoming monomer. We have already
commented on the crucial importance of a poorly
coordinating counteranion for cationic catalysts. In view of
all this, it can be understood that introducing a strong link
between the catalyst and the support, without limiting the
accessibility of the active sites, is extremely complicated. As
a matter of fact, the productivity of most immobilized
catalysts is one or more orders of magnitude lower than that
of the same catalysts in solution. However, there are
exceptions, as we shall see. One advantage of immobilized
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catalysts, on the other hand, is that intermolecular catalyst
deactivation processes that can be highly detrimental in
solution are usually frozen on surfaces; therefore, provided
that a good productivity can be achieved, this tends to be
maintained for a longer reaction time.

« Catalyst selectivity. The proximity to a surface inevitably
represents a perturbation to the catalyst active pocket, not
only in terms of accessibility, but also of symmetry. In
particular, the stereoselectivity of Cs-symmetric and
Ci-symmetric catalysts can be altered by the immobilization,
because this may change the relative monomer insertion
frequency at the two sites. A limiting case which has been
reported is that of propene polymerization at certain
Cs-symmetric ansa-zirconocene catalysts, which is
syndiotactic-selective in solution and can be isotactic-
selective on a surface because one side of the catalyst would
be obstructed by the support. C,-symmetric catalysts with
homotopic sites are expected to be relatively insensitive to
this problem; however, in case of severe decrease of
insertion rate, a loss in stereoselectivity can result here due
to an increased impact of growing chain epimerization (vide
infra).

« Competing reaction processes. Immobilizing a single-site
catalyst affects the kinetics of all reactions occurring at that
catalyst—that is, (poly-)insertion, chain-transfer and
isomerization processes. It is very unlikely that the effect is
proportional for all such processes (some of which are
intramolecular). Therefore, it is to be expected that some
microstructural features of the polymer produced (e.g., long
and/or short branches, terminal unsaturations, average
molecular mass and molecular mass distribution,
regiodefects, etc.) change upon catalyst immobilization. Of
course, this also holds true for copolymerization statistics.

December 2007 John R. Severn and John C. Chadwick
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Designing Polymer Properties
Markus Gahleitner and John R. Severn

1.1
Polyolefins

Polyolefins represent approximately 50% Dby weight of all commodity and
commodity-plus polymers, which in turn amount to about 90% by weight of the
global polymer production. Literally hundreds of polyolefin grades are available
commercially with an incredible variety of properties and applications, ranging
from ultra-rigid thermosets (stiffer than steel, but with the premium of a much
lower density) to high-performance elastomers via all conceivable thermoplastic
and elastoplastic materials in between. Yet, if one looks at the chemical composi-
tion, polyolefins are surprisingly limited: polyethylene, polypropylene, a few copo-
lymers of ethene with propene or another alpha-olefin, and little else. The key
reason for this apparent contradiction is the unique and thorough molecular
control of the polymerization process that modern transition metal-based catalysts
are able to provide. With a proper choice of catalyst system and reaction conditions,
it is possible to produce polyolefin materials with precisely defined and tunable
chain microstructures and molecular mass distributions; this translates into a
correspondingly fine control of the way in which such chains crystallize (when
they are able to) and flow. In addition, a rich “toolbox” for supramolecular material
design provides almost unlimited possibilities of further tailoring and diversifica-
tion by means of intelligent processing, blending and additives formulations and
technologies.

The result is an unprecedented success story, demonstrated by the exponential
growth curve of polyolefin world consumption from less than 100 KT per annum
during the mid-1950s to the current 100 Mt. It is worthy to add here that polyole-
fins should be considered as a metastable state of the light fractions of refined oil.
Rather than flaring them, as has happened in the past, these are temporarily solidi-
fied, used for all forms of smart applications at a nominal cost, and burned after-
wards to produce energy (the most logical way of recycling/disposing). If this was
understood by politicians, environmentalists and opinion-makers, polyolefins
would be recognized for what they are, namely the greenest and most environ-
mentally friendly materials ever invented.

Tailor-Made Polymers. Via Immobilization of Alpha-Olefin Polymerization Catalysts.
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For almost three decades, the industrial production of high-density polyethylene
(HDPE) and isotactic polypropylene (iPP) was based exclusively on heterogeneous
catalysts (of the Ziegler—Natta or Phillips type) characterized by many different
and ill-defined active species. Although massive research effort resulted in major
improvements of catalytic performance, it is fair to admit that the approach was
purely empirical.

It was only during the early 1980s that the serendipitous discovery of methyl-
alumoxane as an effective activator of metallocene precatalysts made it possible to
develop the first industrially appealing homogeneous ethene polymerization cata-
lysts. Soon after that, with the implementation of stereorigid ansa-metallocenes
with chirotopic sites, it could be demonstrated that stereoregular polypropylenes
could also be obtained in solution. This opened the era of “single-site” catalysts.

The strong point of a homogeneous catalyst is its well-defined structure, which
translates into a single active species and a corresponding microstructural unifor-
mity of the polymerization products. Moreover, the active species can be designed -
at least in principle—in order to achieve better/different catalytic properties. The
drawback is that, for most industrial olefin polymerization process technologies,
a heterogeneous catalyst is needed. Unfortunately, changing a homogeneous
single-site catalyst into a heterogeneous (supported) one is a logical, but by no
means simple, solution; in fact, it is the subject of this whole book.

1.2
Levels and Scales of Polymer Structure and Modification

Thermoplastic polyolefin polymers have reached a wide application range since
their original introduction during the latter half of the 20th century. The adaptation
to often quite difficult requirements to processability, mechanics, optics and long-
term behavior has been achieved by a number of structural modifications, starting
at the chain chemistry level and ending in the component design and processing
step [1]. From a dimensional point of view this can be translated into a diagram
for different (length) scales of polymer design (Figure 1.1). The following section
of this chapter will deal with these levels as seen from the chemistry, the morphol-
ogy, and the property sides of material design.

1.2.1
Chain Structure: Chemistry, Interaction, Regularity, and Disturbance

Polymer design starts at the level of the molecule, at the chain structure defining
the basic characteristics of the material, such as being crystalline or amorphous,
and thus determining application properties to a large extent. Polarity, ranging
from apolar pure polyolefins to polycondensates with intensive hydrogen bridge
formation between the chains, is one major factor here. While both polyamide-6
(PA-6, nylon) and HDPE have similar levels of crystallinity (~60%), their melting
points are, at 220 and 135°C, quite different. At the same time the reaction to
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Figure 1.1 Structural levels and respective dimensions for the
systematic modification of polymeric materials with
appropriate investigation tools for characterization.

Figure 1.2 Tacticity.

environmental effects such as humidity and ultraviolet (UV) radiation will already
be predetermined here. At a given level of polarity, stereochemistry and bulkiness
of side groups has a decisive effect, separating crystallizable from amorphous
subspecies of the same polymer; examples are the difference between atactic and
isotactic polystyrene (aPS/iPS) or members of the polypropylene family—atactic
(aPP), syndiotactic (sPP) and isotactic (iPP) [2] (Figure 1.2). Basically, the same
effect—namely a disturbance of the chain structure first reducing and finally dis-
rupting the ability to crystallize—can be achieved by copolymerization. One well-
known point here is the crystallinity and density control of polyethylene (PE) by
incorporating higher a-olefins such as 1-butene, 1-hexene or 1-octene, although
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similar effects can also be achieved for aromatic polyesters with aliphatic diesters
[3]. Further consequences of this modification, such as effects on melting tem-
perature (i.e., sealing properties), crystal size (i.e., transparency), modulus (i.e.,
stiffness) and free volume (i.e., gas and vapor permeability) will be discussed
below.

1.2.1.1  Chain Topology: SCB, LCB, and Special Structures

While stereostructure and chemistry suffice to describe the polymer chain at a
local level of a few monomeric units, the chain topology is required to differentiate
between purely linear and various branched polymers. The rheology and process-
ability, but ultimately also the mechanical properties, of a polymer are decisively
affected by the branching structure, which can be roughly split into short-chain
branched (SCB) and long-chain branched (LCB) polymers [4]. The usual parameter
serving as distinction here is the branch length or branch molecular weight, where
LCB represents a branch molecular weight above the critical molecular weight
(M) of the respective polymer. In detail, star-, H-, and comb structures must be
differentiated, while the existence of “branches on branches” (also called “multi-
branching”, typical for low-density polyethylene, LDPE, from a high-pressure
process [5]) adds a further dimension to the system’s complexity (Figure 1.3).

1.2.1.1  Molecular Weight Distribution (MWD)

Technical polymers are polydisperse, showing a more or less broad MWD as result
of a number of factors. Multi-site catalysts, kinetics and residence time distribution
are among the main factors contributing to polydispersity, which can be related
again to both processing and end-use properties, either directly or via the charac-
teristic parameters of averages and moments (in the most simple case the number
average, My, and weight average, My, molecular weight) [3, 6]. Two important
distinctions must be made here: (i) the mechanical consequences of an MWD
fraction are significantly higher (and the rheological ones lower) if the fraction is
below M¢; and (ii) all changes are much more critical for glassy polymers, where

Figure 1.3 Schematic representation of chain topology.
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Figure 1.4 Contributions of various molecular-weight fractions
to the property profile of polyethylenes with monomodal
(dashed line) and bimodal (full line) molecular weight
distribution.

the mechanics are defined by entanglements rather than by crystalline
structures.

Modern polyolefin materials mostly have a rather elaborate designed MWD, in
which the various fractions contribute to the different target properties (or prob-
lems) of the overall system. Figure 1.4 provides a rough outline of this property
design for the case of bimodal polyethylenes, where this development is already
well advanced, partly resulting from the very wide MWDs and possibly even with
conventional Ziegler or chromium catalyst systems.

In reality, complete control of the produced MWD is limited by the characteris-
tics of the catalyst and residence time distribution of the polymerization process.
Chromium catalysts are unsuitable because of their inherently broad MWD, and
even in the case of titanium-(Ziegler-)-catalysts limits are frequently reached in
controlling the low-molecular-weight fraction (critical below Mc because of a lack
of integration into the crystalline structure and entanglements) and extremely
high-molecular-weight fractions (critical in film grades in which “gels” consisting
of higher-molecular-weight or crosslinked material deteriorate the performance).
A further limitation in broadening the MWD is the need to homogenize such
materials, which also makes special extruder constructions necessary.

1.2.1.3 Blends and Other Multiphase Structures

As alloys are decisive for the wide application range of metals, blends and com-
posites have further expanded the accessible property range of polymers. The
underlying idea is to combine the advantages of different components, the base
being a thermoplastic polymer, while the second (disperse) component can be
inorganic (filler, fiber), elastomeric (and even crosslinked), or also thermoplastic
[7, 8]. Details for these materials, which can be produced in multi-stage copoly-
merization, melt compounding or a combination of both processes, are provided
below.

5
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1.2.2
Semi-crystalline Polymers: From Lattices to Superstructures

Focusing the discussion on semicrystalline systems from now on is justified as
this is the main area of catalytic and stereoselective polymerization. Even within
this range of materials the variation in crystallinity, melting point and modulus is
very wide and closely related to structural factors, as mentioned above.

1.2.2.1 Chain Structure and Crystallization Speed

The crystallization of polymers is a slow process in comparison to other materials
such as metals. This results on the one hand from the high molecular weight and
the related long characteristic times of the materials, and on the other hand from
the low heat conductivity. It also limits the maximum degree of crystallinity, which
for polyolefins rarely exceeds 60%. The process of solidification can therefore be
separated into nucleation and crystal growth, which have been shown to be defined
by different molecular characteristics of the polymer.

Crystal growth rate is defined mainly by the “smoothness” and regularity of the
chain; consequently, among polyolefins the highest values are found for HDPE,
which also has the most simple crystal structure based on chain folding (zig-zag
structure in the lattice) only. Increased bulkiness will reduce the growth rate, as
shown for a number of different polymers in Figure 1.5 [2, 9]. The maximum of
the G¢(T) function will normally be found approximately halfway between the
melting point Ty and the glass transition point T, with PE being a notable excep-
tion. Polypropylene (PP) is one of the best investigated polymers in this respect,
with both the contributions of stereoregularity and comonomer content being well
documented [10]. A clear correlation to both processing speed and modulus can
be recognized.

Figure 1.5 Temperature-dependence of crystal growth rate for
polymers with different chain structure. (Data from Ref. [11].)
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1.2.2.2 Lamellar Thickness and Modulus

A rather important contribution to the mechanical performance of polyolefins is
the correlation of modulus to not only the overall crystallinity but also the lamellar
thickness in the system. The latter is correlated to the crystallization temperature
according to the Gibbs-Thompson equation (demonstrated for example for ethyl-
ene—octene copolymers by Rabiej et al. [12]), resulting in a general correlation
also for the case of PP, as shown in Figure 1.6, where for three types of polymer-
independent but parallel dependences were achieved. As shown in the report
by Pukanszky et al. [13], although nucleation contributes significantly to the per-
formance via this relationship, isotacticity effects [14] and also the isotactic sequence
length are highly relevant.

1.2.2.3 Nucleation and Polymorphism
For the pure polymer the MWD and especially the high-molecular-weight
fraction—that is, the part of the composition having the highest relaxation time and
therefore acting as self-nucleants [15, 16] have been found to be decisive for the
nucleation density (N¢(T)), which is the second decisive factor for mechanics and
optics, but also shrinkage and warpage of injection-molded parts. The maximum
of the temperature dependence of N¢(7T) is, however, located always at lower tem-
peratures than G¢(T), allowing the use of other highly efficient external nucleating
agents as further design instruments. These are even more important for rather
slowly crystallizing polymers such as syndiotactic PP. However, to be efficient, and
especially to improve transparency, the efficiency must be rather high.

Special considerations must be taken in the case of polymorphic polymers such
as isotactic and syndiotactic PP or poly-1-butene (PB-1). Normally, one of the

Figure 1.6 Dependence of the tensile modulus (Young's
modulus) and crystallization temperature of non-nucleated
and differently nucleated versions of three different
polypropylene (PP) types: O, homopolymer; [J, impact
copolymer; A, random copolymer. (Data from Ref. [13].)

7
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Figure 1.7 Evolution of the fracture energy, the maximum of G, in the considered MFR
Gioy With the temperature, T, for non- range (this reflects the transition from a semi-
nucleated and B-nucleated resins with ductile to a fully ductile behavior, without

different flowabilities (melt flow ratios, MFR). breaking the tested specimen). Test speed
(a) MFR 0.3°Cmin”"; (b) MFR 2°Cmin™’; a 1.5ms™" on injection-molded specimens.
ductile-brittle transition temperature chosen (Data from ref. [17].)

as the temperature corresponding to half of

possible crystal modifications will be the most stable, being the o-modification for
iPP. With selective nucleating agents the B-modification can be promoted in pro-
cessing, resulting in materials with a significantly higher impact strength and
allowing stretching into microporous films. The wide potential of these specifically
nucleated iPP materials which also have a lower ductile-brittle transition tempera-
ture (see Figure 1.7) has been recently outlined in a review by Grein [17].

1.2.2.4 Flow-induced Structures and Processing Effects

Especially components and articles produced in conversion processes involving
high deformation (shear or extension), such as injection molding, stretch-blow
molding, mono- or biaxially oriented films or fibers, derive their morphology and
application properties largely from flow-induced crystallization phenomena. These
are well investigated for iPP, PB-1 and PE, and also demonstrate the strong influ-
ence of the MWD here. Notably, the group of Kornfield [18] has demonstrated the
consequences of very small fractions of long molecules being related to the stron-
ger orientation of these by flow stresses. Highly oriented skin layers with a far
higher modulus than the less-oriented core of injection-molded specimens [19],
as well as the enormous strength of highly oriented PE fibers, result from these
mechanisms.

A similarly important role is played when quenching the normally semicrystal-
line polymers by very high cooling rates into materials with limited or even no
crystallinity. Very drastic examples of this are poly(ethylene-terephthalate) (PET)
and poly(lactic acid) (PLA), both of which can be quenched into a fully amorphous
state. In the case of iPP, another crystal modification —the mesomorphic or smectic
form—is achieved by quenching with cooling rates of more than 100 Ks™ [20]; this
finding is of great practical relevance in the production of PP cast films.
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1.2.3
Multiphase Structures

Blends and composites are considered whenever the highest mechanical require-
ments or seemingly conflicting property demands are confronted for a specific
application. These need not be limited to mechanics, but can also involve dimen-
sional stability or processability.

1.2.3.1 General Concepts of Impact Modification

Originally developed for the naturally more brittle amorphous polymers, the
concept of elastomer-based impact modification is also applicable for semicrystal-
line polymers [21, 22]. The relevance is highest for polymers with a glass transition
within the application temperature range, such as iPP (T¢ ~ 0°C), adding mobility
with elastomeric components having a far lower T;, which is the case for ethylene-
propylene-“rubbers” (EPR) in the range from —60 to —40°C. Alternative concepts
such as hard-phase impact modification with inorganic micro- or nanoparticles
[23] have not yet gained widespread application, while crosslinked elastomer
phases have a solid position for special areas.

1.2.3.2  Multi-stage Copolymers (PP)

While the addition of elastomeric impact modifiers such as EPR, ethylene propyl-
ene diene monomer (EPDM), styrene elastomers or ethylene-based plastomers
in extrusion mixing allows for maximum flexibility in property design [7]; it also
involves high cost, and the compatibility is often limited. The multi-stage copoly-
merization of propylene with ethylene (or higher a-olefins), where the elastomer
is produced directly in the reactor, represents a much more economical way of
producing materials with high impact strength. Products from the latter process
are generally still called “block-copolymers”, though a more correct name would
be “heterophasic copolymers”. In Figure 1.8, it can be seen that the polymer con-
tains not only crystalline PP and essentially amorphous EPR, but also crystalline
PE in the “core” of the EPR particles. The properties of these materials are defined
by the quantity, size and internal structure of these soft particles, where the
primary design parameter is the quantity of disperse elastomer phase. The linear
effect on the modulus as compared to the step function in toughness is demon-
strated graphically in Figure 1.6.

Further composition parameters such as molecular weight and comonomer
distribution of the EPR phase allow reactor design [24], while the further addition
of PE and other elastomer or filler components are used for post-polymerization
modification.

1.2.3.3 Polymer Blends and Reactive Modification

Blends between polymers of different chemical nature, such as PP/PA-6 or PE/PS,
almost always require compatibilization, for which either graft- or block-copolymers
are applied [25]. Both, the combination of polar and non-polar property aspects
(e.g., paintability with limited water uptake) and the possibility of reaching highest

9
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Figure 1.8 General structure of heterophasic EP-copolymers.
Left: PP and PE crystalline, EPR amorphous; image from
RuO,-stained transmission electron microscopy image). Right:
influence of the amount of elastomer phase (EPR) on stiffness
and impact strength of such polymer systems.

temperature resistance by three-dimensional (3-D) network structures, as in glass
fiber-reinforced PP/PA-6.

Special property combinations can be reached by reactive modification, which
in the case of polyolefins is practically always based on radical grafting reactions
[26]. The potential applications of this technology range from the production of
long-chain branched PP with high melt strength offering advantages in foaming,
and other processes with strong extensional flow, via the stabilization or partial
crosslinking of phase structures (up to thermoplastic vulcanizates, TPVs) up to
polar modifiers and compatibilizers (e.g., by grafting with maleic anhydride). In
the case of PE the process is even more flexible because the inherent risk of deg-
radation is lower.

1.2.3.4 Compounds and (Nano)Composites
Further modifications are possible, for example through the addition of fillers and
reinforcements of mostly mineral nature. The possible mechanical profiles are
determined by the properties of the base polymer, as well as by the quantity and
nature of the filler [27]. Especially when using glass fibers, which open the highest
strength level, further improvements are possible by modifying the fiber surface
(sizing) and using compatibilizers (adhesives). Parts of this category are also
organic reinforcing fibers from natural (regenerative) sources such as hemp, flax,
or wood fibers. The strength of glass-fiber-reinforced materials is not achieved with
such additions, and the lot-to-lot variations of natural fibers are problematic;
however, the full combustibility of such composites is seen as an advantage.

The new generation of nanofillers promised even better opportunities for prop-
erty profile optimization [28]. Very small and highly anisotropic particles resulting
from an exfoliation of organically modified clay have a strong reinforcing potential



1.3 Polymer Design: The Catalyst’s Point of View | 11

in polycondensates such as PA-6, whilst in polyolefins the problems of dispersion
and exfoliation are much greater. In-situ methods are considered as a viable alter-
native here, as they avoid the problems of melt phase dispersion; however, they
are still in the early stages of development for catalyst-based systems.

1.2.4
Property Optimization in Processing

One final possibility for optimizing part properties is the application of special pro-
cessing (conversion) technologies. As mentioned above, the ultimate mechanical
properties of semi-crystalline polymers depend heavily on not only the crystallinity
but also the morphology of the formed crystalline structures. In this way, a massive
increase in strength can be achieved through the targeted production of oriented
structures; examples include the SCORIM (shear-controlled injection molding)
process [29] or the “Push-Pull” injection-molding process. Even larger increases in
the elastic modulus, and also in breaking strength, can be achieved in fiber-spin-
ning processes by post-drawing in either the solid or semi-solid state. A combina-
tion of this process, with weaving and sintering of these high-strength PP-fibers to
plates for later thermoforming, was developed by the group of Ward in the United
Kingdom [30], and is presently marketed under the product name “curv”. By using
this technique, modulus values of up to 5000 MPa can be achieved.

13
Polymer Design: The Catalyst’s Point of View

As illustrated above, designing polymer properties can be achieved at various
scales. The following section concentrates on polymer design from a catalyst point
of view. The primary role of a single-site catalyst is its ability to influence the
molecular architecture of a polymer chain (molecular weight, MWD, comonomer
incorporation and distribution, stereoselectivity, regioselectivity and block struc-
ture). Emphasis will be placed in this section on single-site o-olefin polymerization
catalysts and their prodigious ability to tailor the molecular architecture of a
polymer, through rational design of the steric and electronic environment of the
active site. That said, however, it should be noted that the “true” rational design
of a catalyst system is not commonplace, and the vast majority of reports of single-
site catalysts have been more “pot-luck” than precision. Put in a nutshell, the art
of single-site catalyst tailoring is the ability to encourage or discourage certain
competing reactions, by tailoring the catalyst system, polymerization conditions
(or both) to produce a polymer resin with a desired molecular architecture. The
success of this approach has seen this fascinating area of catalysis and polymer
science grow, in less than three decades, to truly gargantuan proportions. It has
greatly benefited from the understanding of the kinetic mechanisms at play during
polymerization, rational tailoring of the steric and electronic properties of the cata-
lyst, activation, and the advent of powerful computational modeling. In addition,
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the development of detailed physical measurements and rheological testing of the
resultant polymer resins, facilitated by their narrowly dispersed nature that has
allowed a synergistic combination of one or more of the above.

Due to the great volume of material, only the basic tools and concepts will be
discussed here, along with illustrative “case studies”. For a more detailed discus-
sion, the reader is directed elsewhere [31-100].

1.3.1
Mechanisms and Kinetics: A “Tailors Toolbox”

At this point it is worth recapping on some of the basic developments in the
understanding of metal-catalyzed polymerization processes. During a typical
polymerization, numerous competing reactions are occurring with different rates
and orders. Consequently, understanding the mechanisms and how their kinetic
rates are affected by polymerization conditions—for example, are the rates
monomer-dependent or independent?—can provide considerable help. Equally,
an understanding of the steric and electronic requirements of a mechanism are
important if the aim is to (potentially) raise or lower the energy of a transition
state in order to promote or discourage a desired reaction, or to control how a
monomer is enchained (stereo- or regioselectivity, etc).

1.3.1.1 Activation, Initiation, Propagation: On your Marks, Get Set, . . . Go!!

Activation The “activation” of a single-site precatalyst complex is typically achieved
via contact with an appropriate cocatalyst species. It is crucially important to select
the correct combination for the particular polymer process or target. It is also an
area that is typically overlooked, with focus being paid to altering the complex
rather than to the activation process. In terms of activity, major improvements can
be achieved merely by altering the activation package.

Common procedures for generating “primary” ion-pairs start from metal chlo-
ride or alkyl precursors (Figure 1.9). For dichloride precatalysts (L-MCL,), the gen-
eration of the species requires the initial conversion of one (L-M(R)Cl) or both of
the chlorides (L-MR,) into alkyls species. Subsequent abstraction of either the
remaining chloride or the alkyl moiety forms a “primary” ion pair (cationic 14e
metal center). Typically, although MAO fulfils all of the above criteria, they can
also be achieved via a combination of alkylating agent and an abstracting agent
(Cl or R). For dialkyl precatalysts, alkyl abstraction is typically achieved via two
routes. Abstraction via Lewis acids such as B(C¢Fs); or MAO is commonplace;
however, ability of the resultant anions ([RB(CgFs);]” or [R-MAO]T] to coordinate to
the cationic metal center is heavily dependent on the nature of R and the ability
to delocalize the negative charge in the cation. Alternate alkyl abstractors are
Bronsted ((HNMe,Ph]') or Lewis acidic ([CPh;]*) cations which contain a weakly
coordinating counterion (e.g., [B(CsFs)4]") [40-44].

It is important to highlight that formation of the “primary” ion pair is governed
by kinetic considerations, and its chemistry is dominated by equilibria reactions,
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Figure 1.9 Schematic representation of precatalyst
“activation” via archetypal Lewis and Brgnsted acidic
cocatalyst/activators.

for example the coordination of basic metal alkyls such as trimethylaluminum or
even a dialkyl precatalyst complex to the cationic center.

Initiation The initiation of the polymerization process is believed to occur as a
result of the displacement of the anion and coordination of the monomer in the
“primary” complex. Whether the monomer binding is an associative or dissocia-
tive mechanism remains a matter of debate (Figure 1.10). Briefly, the anion dis-
sociation mechanism generates an available coordination site on the metal center,
which grabs a monomer for subsequent enchainment. Anion dissociation is an
equilibrium reaction, and therefore the tendency for anion re-association would
also arise. This begs the question of how fast the re-association reaction is, relative
to the rate of propagation (does it interrupt the growth of a chain, or not?). The
energetics of anion dissociation (charge separation) is also questionable in the
non-polar environments that normally exist in industrial processes.

In the associative mechanism, monomer coordination and anion displacement
is a concerted process. Therefore, how and in what direction the monomer
approaches the metal center, and the steric influence of the anion may have
important consequences for microstructure control [40—48].

As mentioned above, displacement of the anion and the coordination of the
monomer are believed to result in the initiation of the active species, heralding
the start of propagation. However, this still may not tell the whole picture, as
interesting findings from the groups of Fink [49] and Landis [50] seem to suggest
that the catalyst initiation step (active site formation) follows the irreversible inser-
tion of the first monomer.

Propagation Once the active species is formed, the commonly accepted mecha-
nism for chain propagation is based on the migratory insertion mechanism of
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Figure 1.10 Schematic representations of associative and
dissociative mechanisms for the coordination of an olefin.

Cosse-Arlman and further refinements [51]. The mechanism is basically a two-
step process in which the olefin coordinates to the available coordination site metal
center and is inserted via cis opening of the double bond, leading to chain migra-
tion (Figure 1.11; Site A to Site B). A regular alternation of insertions at the two
coordination sites is expected under a kinetic quench regime; at the other limit,
a Curtin-Hammett regime can be observed in case of fast (relative to insertion)
relocation of the growing polymeryl between the two metal coordination sites (e.g.,
under conditions of monomer starvation). In addition, the mechanisms indicate
that an olefin must be face-on to the metal, with the double bond parallel to the
metal alkyl bond. The presence of a-agostic interaction “conformationally locks”
the growing polymer chain and/or assists in stabilizing the transition state and
secondary insertions, which may occur in o-olefins higher than ethylene; these
are also illustrated in Figure 1.11 [52].

In very basic terms, the whole process up to this point is akin to a Formula 1
race. In the activation step, the driver (precatalyst) enters the car (cocatalyst) and
switches the engine on. However, the race cannot start until the driver engages
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Figure 1.11 o-Agostic-assisted Cosse—Arlman mechanism (after Refs. [52a,b]).

the gear (coordinates olefin), drops the clutch (displaces the anion), and accelerates
away (chain propagation).

1.3.1.2 Chain Transfer
Chain transfer is a statistical chain event in the life of a growing polymer chain.
It is not necessarily the termination of the final polymer chain, as many chain-
transferred products are subsequently reinserted. This is exemplified by the
appearance of ethyl and methyl branches in the homo-polymerization of ethylene
with metallocenes [53, 54], branch formation by the ubiquitous Brookhart systems
[55], the formation of LCB polymers (vinyl released end-group macro-monomer
re-insertion) [56], and reversible transmetallation (“chain shuttling”) [57].
Understanding chain transfer can help in tailoring a catalyst’s performance to
either promote or discourage one or more of the chain-transfer mechanisms. Typi-
cally, tailoring starts by an analysis of the end-groups in a polymer produced by a
“first-generation” system. The analysis of end-groups then provides a “finger-
print” of what types of chain transfer have occurred, and which are the dominant.
“Second-generation” systems can then be designed to address any short comings
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and to attain the desired molecular weight capabilities. Typically, two routes are
employed to tune the molecular weight capabilities of a system: the polymerization
conditions and the metal precatalyst. Investigations conducted by Fink and cowork-
ers on ethylene insertion rates, into differing Ti-R bonds (rate of insertion R = Pr"
>> Et >> Me) may also be interesting to consider in terms of what group is left on
the metal following chain transfer, and how quickly can that center reinitiate
chain-propagation [49].

The apex of controlled chain transfer allows the formation of interesting block
copolymers or polyolefins with extremely narrow molecular weight distributions
(My/M, = 1.1) [58]. The control of chain transfer can also allow the synthesis of
resins with increased amounts of end-groups that are beneficial for post modifica-
tion (e.g., crosslinking).

B-Transfer Chain transfer via B-hydride transfer occurs via two distinct mecha-
nisms that afford a polymer chain with the same end-group: (i) B-hydride transfer
to the metal center, yielding a metal hydride; or (ii) B-hydride transfer to an incom-
ing (co)monomer, yielding a metal alkyl (Figure 1.12) [59-62]. B-Hydride transfer
to a (co)monomer after a secondary insertion is also shown in Figure 1.12. Such
a chain-transfer mechanism can become important in terms of molecular weight
for such centers where propagation after secondary insertion is slow [59, 60, 63].
Whilst both mechanisms yield the same product, it is important to understand
the difference and possible implications towards molecular weight tailoring.
B-Hydride transfer to metal is a unimolecular process, and the transfer rate is
independent of monomer concentration. For most systems, the propagation is
dependent on monomer concentration, and therefore an increased monomer con-
centration can lead to high molecular weights. In contrast, B-hydride transfer to a
(co)monomer is dependent on the monomer concentration, and therefore increases
proportionally with the propagation rate; as a result, the molecular weight is often

Figure 1.12 Schematic representations of -hydride chain-transfer reactions.
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independent of the monomer concentration. Generally, speaking B-hydride trans-
fer to a (co)comonomer is the dominant termination mechanism.

A variety of end-groups results from B-hydride transfer to a (co)comonomer, and
these are dictated by what and how the last (co)monomer was enchained (ethylene
or 1-olefin; primary or secondary insertion). For primary insertion, B-hydride
transfer leads to the formation of a vinyl (ethylene; CH,=CH,-polymeryl) or vinyli-
dene (1-olefin; CH,=CH(R)-polymeryl) polymer end-group. In contrast, trans-vin-
ylene end-groups arise following B-hydride transfer following a secondary insertion
of propylene or a higher a-olefin.

B-Me transfer to the metal center is an additional chain-transfer mechanism in
propylene polymerizations. As shown in Figure 1.13, such a termination mecha-
nism results in a vinyl end-group for propylene, forming a potential macro-
monomer (LCB) [64], unlike the vinylidene product from a B-hydride-transferred
chain transfer [65].

Chain-transfer Agents: Transmetallation and Hydrogenolysis Chain transfer via
transmetallation occurs through a metal alkyl-containing chain-transfer agent, via
an exchange of the polymer chain and the chain transfer agent’s alkyl group. Such
chain-transfer agents are typically, but necessarily, aluminum alkyl compounds
such as Al,Me; or ALEt;. Following termination and work-up of the resultant
polymer resin, the reactive Al-carbon bonds are hydrolyzed to yield a saturated
hydrocarbon (Figure 1.14). However, chains residing on aluminum can be
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Figure 1.13 Schematic representations of the B-methyl chain-transfer reactions.

Figure 1.14 Schematic representations of transmetallation
and hydrogenolysis chain-transfer reactions.
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captured and converted into useful macromonomers [66]. It should be noted that
this reaction is reversible—that is, the secondary metal can transfer this chain back
to an active site. Mastering this reaction has resulted in a recent major break-
through in polyolefin catalysis, and this will be discussed in more detail in a sub-
sequent section [57].

Chain transfer via hydrogenolysis is achieved by the addition of hydrogen, which
leads to saturated end-groups (Figure 1.14). As hydrogenolysis is the preferred
means of controlling the molecular weight under industrial conditions, an under-
standing of how reactive a catalyst system is to hydrogen, and how it affects pro-
ductivity, is extremely important in any catalyst system, particularly for the
single-site catalysts which are commonly highly reactive towards hydrogen.

1.3.1.3 Insertion Control

Copolymerization Control Ethylene copolymers (e.g., ULDPE, VLDPE, LLDPE,
MDPE) represent the most successful application area of single-site catalysts. The
control of such copolymerization is primarily achieved through an understanding
of the relative reactivity ratios of ethylene and comonomer(s) for a particular
system (precatalyst + cocatalyst).

Ethylene is the most reactive olefin, with alpha-olefin reactivities decreasing as
the length of the alkyl group increases. However, the rate of decrease in the reac-
tivity diminishes as the length of the alkyl group increases. Linear o-olefins are
more reactive than their branched counterparts, with a drastic decrease in reactiv-
ity seen for the branched molecules at the B-carbon (CH,=CRR’). This effect
is generally attributed to steric crowding in the vicinity of the reactive double
bond.

Apart from the general reactivities of o-olefins, their reactivity is highly depen-
dent on the catalyst structure [67]. In general, single-site catalyst are more reactive
towards a-olefin comonomers than are traditional catalysts (e.g., Ziegler and Cr),
although the reactivity of an o-olefin is highly dependent on the metal and the
ligand structure. Electronic factors at the active site, as well as steric environment
in the vicinity of the active site, determine the reactivity and structure of the copo-
lymer (SCB, M,,). Although many general conclusions on the influence of ligand
structure on polymer structure have been drawn, the details of how the combina-
tion of electronic and steric affects the relative reactivities remain unclear. Ligand
substitution, active metal and the presence of some form of rigidity in the structure
(e.g., ansa-bridges) each have distinct effects on the polymerization behavior [68].

Stereo-regio Control A prochiral a-olefin molecule can insert into a M—-R bond in
four different ways, depending on the regiochemistry (1,2 or 2,1), and on the
choice of the enantioface (re or si). In most cases, a strong preference is observed
for one insertion regiochemistry (usually the 1,2); compared with heterogeneous
Ziegler-Natta catalysts, however, most homogeneous single-site catalysts (and
particularly metallocenes) are remarkably less regioselective, and occasional regio-



1.3 Polymer Design: The Catalyst’s Point of View |19

defects are detected in the polymer by using *C NMR, these typically being in the
form of head-to-head/tail-to-tail enchainments.

The stereochemistry of a polymerization reaction is governed by the symmetry
and steric environment of the metal center (ancillary ligand and anion) and the
growing polymer chain. In the latter case, the stereogenic center formed by the
last monomer enchainment influences the stereochemistry of the subsequent
monomer addition. If this influence is significant and overrides that of the ancil-
lary ligand, then the stereochemical regulation of the process is referred to as
“chain-end-controlled”. The archetypal examples of this are isotactic enriched
polypropylene from low-temperature polymerization with Cp,TiPh, (primary
insertion) [69] and syndiotactic polypropylene from vanadium-based Ziegler cata-
lysts (secondary insertion) [70]. If the single-site catalyst contains a chiral ancillary
ligand set that is able to induce a “chiral pocket” at the active site, and which over-
rides the influences of the polymer-chain end, then the stereochemical regulation
of the process is referred to as “enantiomorphic-site-controlled”. It is this process
that is most amenable for the rational tailoring of a catalyst and, subsequently, the
polymer microstructure that is formed.

Enantiomorphic Site Control In the majority of cases, enantiomorphic site control
can be predicted by the symmetry of the metal center. Ewen was the first to link
the symmetry at a metallocene center and the microstructure of the resultant
polymer (Figure 1.15) [71]. Strictly speaking, the active species is asymmetric due
to the presence of the growing polymer chain and the available coordination site;
however, it is assumed that the polymerization rapidly equilibrates between the

Figure 1.15 Ewen’s symmetry rules.
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two coordination sites. Based on Ewen’s symmetry rules, the catalysts are divided
into five main symmetry categories [71]:

« C, symmetric catalysts typically produce atactic or
moderately stereoregular polymers (chain-end-controlled).

« C, symmetric catalysts containing two distereotopic
coordination sites typically produce atactic or moderately
stereoregular polymers (chain-end-controlled).

« C, symmetric catalysts containing two enantiomorphic
coordination sites frequently produce syndiotactic polymers.

- C; symmetric catalysts are distereotopic and contain an
enantioselective and non-selective coordination site. Ewen’s
symmetry rule predict a hemi-isotactic structure where
alternating chiral-achiral insertion takes place. In practice,
however, balancing the “steric excesses” is very important
and makes prediction based only on symmetry very difficult.

« C,symmetric catalysts contain two homotopic sites and
typically form isotactic polymers via enantiomorphic site
control (both racemic and enantiomerically pure versions).

Although the Ewen symmetry rules are rather simplistic, they are typically the
first starting point for catalyst design. Tailoring of the catalyst then revolves around
the ability to dictate in which direction the growing chain is orientated, and how
the incoming monomer is presented by the application of “steric pressure” (repul-
sive non-bonded interactions). Detailed mechanistic studies concerning enan-
tiofacial selectivity, o-agostic-assisted olefin insertion and their relevance to
stereocontrol, as well as the possible role that anions play, may be found elsewhere
[59-62].

Defects The stereocontrol of a polymerization reaction, as with most things
in life, is not perfect. Defects are enchained (stereo-error or regio-error) into a
polymer during its lifetime, and occur, typically, via either the mis-insertion of a
monomer or following an epimerization reaction (site or chain). As the frequency
and distribution of defects plays a key role in dictating the polymer’s properties,
an understanding of how they arise and what they are dependent on has become
a key feature in catalyst design.

In isotactic polypropylene polymerization there are two main types of chain
defect, regio-error or stereo-error (Figure 1.16). The mechanism shown in Figure
1.17 is the idealized enantiomorphic site-controlled enchainment of propylene. As
can be seen, the growing monomer chain is orientated in such a way as to mini-
mize the non-bond interaction with the benzo-fragment of the indenyl moiety. In
addition, the incoming ligand is enantiofacially presented in such a way as to
minimize any interaction with the growing chain. The combination of homotopic
sites, the controlled orientation of the growing chain, a consistent presentation of
the correct enantioface of monomer, and an absence of chain-end epimerization,
leads to the formation of pure isotactic polypropylene.
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Figure 1.16 Stereo- and regio-defects in isotactic polypropylene.

Figure 1.17 Schematic representation of chain propagation on
a G, symmetric catalyst via enantiomorphic site control.

Figures 1.18 and 1.19 illustrate the various mechanisms that have been proposed
to account for stereo-defects (Figure 1.18) and regio-defects (Figure 1.19) in iso-
tactic polypropylene catalyzed via C,-symmetric systems. Stereo-errors are thought
to result from the enchainment of a propylene monomer with the “wrong” enan-
tioface, or via a unimolecular chain-end epimerization mechanism. The latter
mechanism is thought by some to be the dominant cause of stereo-defects due to
the fact that such defects tend to increase with decreasing monomer concentration
(lower propagation rates but the same chain-end epimerization rate). Regio-errors
result from a secondary insertion of propylene; if this secondary insertion is
propagated, then a 2,1-regio-defect is formed. However, if propagation after a
secondary insertion is slow relative to a chain-end epimerization reaction from a
secondary to a primary alkyl (alleviating steric hindrance), then a 1,3 regio-defect
is formed.

Defects (stereo- or regio-errors) in the backbone of an isotactic polypropylene
disrupt the chain in a similar way that the addition of comonomer does in poly-
ethylene or polypropylene (EPR). As discussed above, chain disruption affects the
crystallization parameters of the polymer and, in turn, some of its physical proper-
ties. Assigning the impact of one type of defect compared to another is a matter
for debate; it would appear from Figure 1.16 that the 2,1 and 1,3 regio-error defects
seem to have a larger defect foot-print (more disruption of the chain) than the
stereo-error defects. Fischer and Miilhaupt, however, clearly proved that both
regio- and stereo-error units are incompatible with the crystal lattice. Moreover,
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Figure 1.18 Stereo-defect formation.

Figure 1.19 Regio-defect formation.
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Figure 1.20 Schematic representation of the average length of iPP sequences.

the key to the situation is the distribution of defects and, more importantly, the
average pure isotactic segment length (crystallizable sequence) between defects
(mis) (Figure 1.20) [72a). As might be imagined, the molecular weight of the
polymer (M,,) and the number of defects need also to be taken into account.
Single-site catalysts typically distribute their defects homogeneously throughout
the length of a polymer chain, unlike Ziegler—Natta catalysts which tend to “con-
centrate” defects in blocks with extremely long isotactic segment lengths. As a
result, the more homogeneous a distribution, the more effective it is in segment-
ing the polymer (for the same molecular weight and defect content). Single-site
catalysts typically have short isotactic segments (n;,), and as a result they com-
monly crystallize in the y-form (the y-form modification of iPP is often achieved
by the incorporation of low amounts of comonomer, typically ethylene), which has
implications for certain, notably optical, properties (the y-form does not form
spherulites). The relevance of isotactic sequence length—especially for highly iso-
tactic polypropylenes—to the achieved modulus level has been demonstrated by
Viville et al., by utilizing a combination of analytical methods [72b]. It should
always be remembered, however, that a variety of factors in combination play a
role in defining the properties of microstructure, molecular weight, molecular
weight distribution, and morphology of the crystalline domains. A more homoge-
neous distribution of regio-errors also has implications for propylene copolymers
(in particular of ethylene copolymers), as ethylene is thought to be much more
effective at insertion following a secondary insertion of propylene. This leads to a
more random distribution of comonomer in the case of single-site catalysts.
Stereo-defects arise in syndiotactic polypropylene derived from the Ewen/Razavi
family of C, symmetrical metallocene (Figure 1.21) [73]. As described above, an
enantioface error and a chain-end-epimerization lead to the propagation of a
stereo-defect. However, as the C, symmetric metallocene has a distereotropic site,
a site-epimerization reaction (“back-skipping”) can result in the formation of the
same enantiomeric site. Hence, rather than alternating between the distereotropic
sites, two consecutive insertions occur at the same enantioface, a process which
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Figure 1.21 Schematic representation of stereo-defect formation on a C, symmetric catalyst.

is possibly anion-assisted (Figure 1.22) [45]. Site epimerization does not result in
stereo-defects in C,-symmetric complexes, as their sites are homotopic and there-
fore site epimerization forms the same enantioface.

1.3.1.4 Summary

This section has hopefully illustrated the range of mechanistic tools that can be
used to tailor the behavior of a precatalyst. One of the most important points to
note is that migratory insertion requires the active metal center to possess at least
two active sites. The nature of each active site is determined by the metal and the
steric, electronic nature and symmetry that the ancillary ligand imparts to the
metal, as well as the cocatalyst. It is also influenced the structure of the growing
chain arising from various insertion (primary or secondary re or si). Therefore, a
“single-site” catalyst can in fact possess numerous active sites with differing reac-
tivity ratios to (co)monomer or chain-transfer agents, different regioselectivity and
enantioface stereoselectivity. However, under set conditions the above processes
behave, statistically, in the same way from one polymer chain to the next.

1.3.2
Case Study 1: Development of Commercially Relevant Single-Site iPP Catalysts

The development of commercially relevant single-site iPP catalysts is perhaps the
archetypal elegant example of what the rational tailoring of a precatalyst can
achieve, in terms of activity and the polymer resins that they produce.

The genesis of commercial single-site iPP catalysts and their development can
be traced back to the stereo-rigid C,-symmetric metallocenes of Brintzinger (rac-
Et(Ind)MCl,, M = Ti or Zr) [74]. It was Ewen, whilst employing the titanium cata-
lyst above, who first correlated the C, symmetry of the metallocene to isotacticity
[75]. However, the titanium complex proved too thermally unstable and had a low
isotacticity. By using the zirconium analogue, Kaminsky and Brintzinger attained
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Figure 1.22 Site epimerization.
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higher thermal stabilities and stereoselectivities [76]. Subsequent development of
the bridged bis-indenyl zirconocenes indicated that the nature of the bridging
atom could increase the stereoselectivity and molecular weight of a polypropylene
(H,C < Me, < C,H, < Me,Si) under industrially applicable conditions, although all
of these systems were far from being commercially viable catalysts (Figure 1.23)
[60].

Ultimately, it was the seminal studies of Spaleck and coworkers, with their
rational tailoring of the basic C,-symmetrical complex Me,Si(Ind)ZrCl, (C)-1)
(Figure 1.24; Table 1.1) which truly illustrated the full potential [77]. As can be
seen from Figure 1.24 and Table 1.1, the introduction of a methyl group in the 2
position of the indenyl moiety increased the molecular weight and stereoregular-
ity, and was also found to reduce region-errors. The result was the production of
polypropylenes with higher melting points, albeit with reduced activity. The intro-
duction of an aryl ring in the 4-position of the indenyl moiety increased the poly-
mer’s stereoregularity, but once again a reduction in activity was observed. Finally,
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Figure 1.23 Evolution of C,-symmetric complexes for the
isotactic polymerization of propylene.

Figure 1.24 Evolution of a C,-symmetric catalyst.
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Table 1.1 Polymerization performances of Spaleck and
coworkers C, symmetric complexes [77].

rac-Zirconocenes C,-1 C,2 C,-3 C,4 C,-5
Activity (kg PPmmol,,"h™) 190 99 48 755 875
% mmmm 81.7 88.5 86.5 95.2 99.1
T 137 145 148 157 161
M, 36000 195000 42000 729000 920000

a combination of substituents in the 2 and 4 positions of the indenyl moiety led
to an order of magnitude increase in activity, along with increased stereoregularity,
molecular weight and melting point of the final polymer resin.

Further evolutions of “Spaleck-type” polypropylene catalysis has led to catalysts
with reportedly increased activities, molecular weights, and melting points. Such
development has also further refined the structures [78], and highlighted the
importance of the bridging atom and the substituents on it [79], as well as the
active metal center [80]. In addition, it has heralded the development of the
heterocene-based systems of Ewen, Jones and Elder, which have added yet another
dimension to the “tailors toolbox” (not only for polypropylene) [81, 82]. Interest-
ingly, similar structure-property relationships can be seen in ethylene-1-octene
polymerization with C,-1, C,-2, C,-4, C,-5. Miilhaupt and coworkers reported that
substitution in the 2 position of the indenyl moiety leads to increased molecular
weights, while the addition of an aryl functionality in the 4 position increased the
ability to incorporate comonomer [83]. Once again, the combination of these two
changes led to a considerable increase in molecular weight and activity for a given
comonomer incorporation (density).

The effect of the steric influence on molecular weight capability and stereose-
lectivity is easily understood. From a stereoselectivity point of view, the introduc-
tion of aryl and methyl groups allows for a better orientation of the growing
polymer chain. As for molecular weight, if we consider the steric requirements
for the transition states for chain propagation and chain transfer via B-hydride
transfer to monomer (see Figure 1.11), a rather compact, four-centered transition
state is seen to be required for chain propagation, and this can be accommodated
in a relatively small space. Chain transfer to the (co)monomer, on the other hand,
requires a six-centered transition state (see Figure 1.12) which utilizes more space
and is more likely to be destabilized by the steric hindrance of the ligand frame-
work. The increase in activity can be rationalized by the effective separation of the
electrophilic active center and the counterion induced by the steric environment
induced by the ligand, which in addition may hinder dinuclear deactivation mecha-
nisms. The substitution pattern potentially enhances the degree of unsaturation
associated with the active cationic center, thus increasing the reactivity towards
propylene. The culmination of these studies led to the first single-site polypropyl-
ene catalysts with commercially viable performances.
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133
Case Study 2: One Monomer, Many Microstructures

1.3.3.1 Propylene

The impact of what may seem like “subtle” changes in the stereochemistry and
steric environment of the catalyst may have a considerable impact on the micro-
structure of the polymer [73, 84-87]. The different polypropylene microstructures,
ranging from syndio, isotactic to atactic, that can be obtained by slight variations
in the ligand environment are highlighted in Figure 1.25. The figures also illus-
trates how finely balanced some systems are; like a modern-day fighter aircraft,
they are extremely agile and capable of an extraordinary range of “maneuvers” but
more often than not this agility is based on an inherent “instability”.

Although complex Cs-2 possesses all the symmetry and structural requirements
of a syndio-specific catalyst, when activated this catalyst produces perfectly atactic
polypropylene. The dynamic interchange between pseudo-axial/equatorial C-H
(boat/chair confirmation on either side) geometries is presumed to disrupt the
balance of steric forces and stereorigidity (Figure 1.26) [87].

The delicacy required when balancing steric control is highlighted by the C;-
symmetric family of metallocenes. From Ewen’s symmetry rules, the predicted
microstructure should be hemi-isotactic, but a range of polymer microstructures
can be obtained depending on the “steric excess” of the substituent on the 3-posi-
tion of the cyclopentadienyl moiety. Complex C;-1 [84] is capable of producing
hemi-isotactic polypropylene, whilst C;-2 [85] and C;-3 [86] have been used to
prepare iPP or hemi-isotactic stereo-block polypropylene, respectively.

Figure 1.25 Symmetry is just part of the puzzle.
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Figure 1.26 A mechanism for the formation of atactic
polypropylene from a C, symmetric catalyst.

Figure 1.27 Formation of hemi-isotactic polypropylene.

The formation of hemi-isotactic PP is best explained via typical migratory inser-
tion with distereotopic sites, one of which is enantioselective and the other aselec-
tive (Figure 1.27). The formation of isotactic or hemi-isotactic stereo-block
polypropylene remains a topic for debate. At present, two limiting mechanisms
are proposed for the formation of isotactic polypropylene. These are “site epimer-
ization” or “alternating” mechanisms (Figure 1.28). The prevailing literature has
invoked the “site epimerization” mechanism to explain the formation whereby,
following migratory insertion at the enantioselective site (Site B in Figure 1.28),
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Figure 1.28 Formation of isotactic polypropylene (iPP) from a C; symmetric metallocene.

the growing polymer chain is located on the crowded (tert-butyl) side of the metal-
locene. Steric repulsion forbids subsequent insertion, and so forces a site epimer-
ization to occur (Site A to B). This leads to an inversion of the stereochemistry at
the metal center and a re-formation of the initial enantioselective site. Propagation
then continues via this two step process (insertion—“back-skip”—insertion, etc.) to
form isotactic polypropylene.

In the “alternating” mechanism, insertion occurs at the enantioselective and
aselective sites of the metallocene. Insertion occurs at the enantioselective site (Site
B, Figure 1.28), after which an available site becomes open due to a redirection of
the growing polymer chain away from the steric bulk of the tert-butyl moiety and
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Figure 1.29 Formation of hemi-isotactic-co-isotactic stereoblock copolymers.

towards the fluorenyl group (Site A to AA). Insertion of the next monomer occurs
with a trans arrangement between the polymer chain and the methyl group of the
propylene monomer. Isotactic enchainment of propylene then continues via an
alternating enantiomorphic site-controlled and chain-end-controlled mechanism
[88].

The formation of hemi-isotactic-co-isotactic stereo-block polypropylene from C,-2
can then be rationalized in terms of the adamantly ligand “oscillating” between
positions that exert high or low steric hindrance of the growing polymer chain,
within the time frame of polymer growth (Figure 1.29) [87].

The copolymerization of ethylene and propylene with bridged metallocenes
Me,E(3-RCp)(Flu)X,/MAO (E =C, X = Me; E = Si, X = Cl; R = H or alkyl) have also
been investigated [89]. Ethylene/propylene copolymerization with metallocenes
having heterotopic active sites (R = Me, i-Pr) yield alternating, isotactic ethylene/
propylene copolymers. Both, the nature of the substituent R and the bridging atom
(E) influenced the copolymerization behavior, including copolymerization activity,
copolymer sequence distribution, molecular weight, and stereochemistry.

1.3.3.2 Ethylene

Iron 2,6-bis(arylimino)pyridyl Complexes The Brookhart-Gibson family of 2,6-
bis(arylimino)pyridyl iron complexes are effective catalysts for the conversion of
ethylene either to highly-linear HDPE or to linear o-olefins with Schulz—Flory
distribution, depending on the aryl group on the imine moiety [90]. For linear
HDPE, the conditions are that the aryl rings bear either alkyl/aryl groups on both
ortho-positions or a large alkyl group, such as tert-butyl, on an ortho-position. The
presence of ortho-substituents locks the aryl groups orthogonal to the N-N-N
plane (Figure 1.30), and also on the timescale of polymerization, which induces a
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Figure 1.30 Ligand bonding patterns and its affects on the
molecular weight capabilities of 2,6-bis (arylimino) pyridyl iron
complexes.

retarding effect on the chain-transfer rate. Typically, the steric bulk of the aryl
ortho-substituents affects the productivity and the polymer’s molecular weight. A
general rule of thumb is that an increased steric bulk increases the molecular
weight by (retarded chain transfer, as discussed above), but decreases productivity.
The HDPEs produced by 2,6-bis(arylimino)pyridyl Fe(Il) catalysis exhibit high
melting points (133-139°C) accompanied by remarkably high heats of fusion (AH
=220-230] g"); improved stiffness, high densities and gas permeability are also
claimed. The absence of branches on the polymer chains indicates that the Fe(II)
polymerization catalysts are unable to isomerize the produced alkyl via a “chain-
walking” mechanism, nor to incorporate early-produced o.-olefins into the growing
polymer chain (SCB or LCB) [91].

Iron 2,6-bis(arylimino)pyridyl complexes in combination with MAO and ZnEt,
(>500equiv.) have been shown by Gibson and coworkers to catalyze polyethylene
chain growth on zinc [92]. The catalyzed chain growth process is characterized by
an exceptionally fast and reversible exchange of the growing polymer chains
between the iron and zinc centers. Upon hydrolysis of the resultant ZnR, product,
a Poisson distribution of linear alkanes is obtained; linear a-olefins with a Poisson
distribution can be generated via a nickel-catalyzed displacement reaction. The
remarkably efficient iron-catalyzed chain growth reaction for ZnEt, compared to
other metal alkyls can be rationalized on the basis of: (i) relatively low steric hin-
drance around the zinc center; (ii) their monomeric nature in solution; (iii) the
relatively weak Zn—C bond; and (iv) a reasonably close match in Zn-C and Fe-C
bond strengths.

Nickel o-Diimine The physical properties of the homopolyethylenes produced by
these catalyst systems vary widely depending on the type and extent of branching
and polymer molecular weight. It is clear from various studies that structural
variations of the o-diimine ligand coupled with the conditions of polymerization
(temperature and ethylene pressure) can be used to control branching and molecu-
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lar weight in a “predictable” way (Figure 1.31). Thus, variably branched polyethyl-
enes can be produced without the use of an additional o-olefin comonomer (as is
required for early metal catalysts) with properties that not only span the range of
HDPE to LLDPE to LDPE but also include amorphous, elastomeric homopolymers
[55, 93, 94].

In the chain-walking mechanism, the active center moves along the growing
polymer chain (Figure 1.32). The process commences when a -hydride transfer
is followed by reinsertion, instead of a monomer addition. In this process the
active site moves from the terminal carbon in the polymer chain to the next carbon
in the backbone. This chain-walking step can be repeated several times before a
monomer is added to the chain or the chain is terminated. A monomer insertion
after a chain-walking step produces a branch. Figure 1.32 illustrates a simplified
scheme of this mechanism. Chain walking is believed to occur in both directions—
that is, from the terminal carbon towards the center of the backbone, and from
any internal carbon backward to the terminal carbon. For nickel-diimine systems
there is no evidence of branches on branches or branches separated by only one
carbon, whilst a different behavior has been observed for palladium-o-diimine-
catalyzed polyethylene, which does possess branches on branches.

Figure 1.31 Nickel a-diimine.

Figure 1.32 Chain-walking mechanism.
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Due to the kinetics of chain transfer, several generalized trends can be used for
tailoring the polymer. Increasing the steric bulk of the ortho aryl substituents on
the a-diimine ligand increases the molecular weights of the polyethylenes. It also
increases the extent of branching, as well as the turnover frequency (TOF). The
electron-withdrawing substituents, such as o-CF;, appear to increase the TOF more
than expected, based simply on steric effects. Catalysts bearing alkyl substituents
on the backbone carbon atoms tend to produce higher-molecular-weight polymers
with narrower molecular weight distributions than do catalysts bearing the planar
aromatic (acenaphthyl) backbone. Increases in ethylene pressure lead to dramatic
reductions in the extent of branching in the polymer, presumably due to an
increased rate of trapping and insertion relative to the rate of chain isomerization,
which is independent of C,H,.

Increases in polymerization temperatures result in increased branching and
decreased molecular weights.

1.3.4
Case Study 3: FI Catalysts; From Lazy to Hyperactive, and Beyond

The metallocene systems described above are exceptionally versatile in terms of
ancillary ligand modification. However, such modification typically require numer-
ous synthetic steps with varying degrees of selectivities and yields. The phenoxy-
imine systems, as developed by Fujita and coworkers, illustrate the tremendous
diversity that can be achieved in tuning the electronic and steric environment via
a combination of two base component libraries [95].

The basic ligand system can be divided into two base reagents; salicylaldehydes
(FI-A) and primary amines (FI-B) (Figure 1.33). The condensation of the two typi-
cally results in high selectivity and yields (hence its versatility in high-throughput
developments). In addition, both reagents have a rich commercial inventory or a
straightforward synthetic route. With this basic toolbox, Fujita and coworkers ele-
gantly demonstrated the range of radically different activities, thermal stabilities,
molecular weight capabilities and molecular weight distributions that could be
achieved by varying combination of R;, R, and R; groups on the final ligand.

An extraordinary increase in activity—by four to five orders of magnitude—was
achieved via a relatively simple ligand modification (see Figure 1.34), whereby it

Figure 1.33 Modular synthesis of a phenoxy-imine precatalyst complex.
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Figure 1.34 Rational design of the phenoxy-imine ligand and
it affect on activity, thermal stability and molecular weight
capabilities.

was demonstrated that the activity correlated directly to the steric hindrance of the
R, substituent on the phenoxy-imine ligand (FI-ligand).

Fujita’s group proposed that steric hindrance in this position protects the oxygen
atom from either the coordination of Lewis acids (TMA, MAO), or the active center
from typical di-nuclear deactivation processes. Improving ion-pair separation was
also proposed. However, the thermal stabilities peaked at relatively low polymer-
ization temperatures (40-50°C) and declined rapidly at typical temperatures used
in industry (above 70°C). Poor thermal stability and activity loss was attributed to
a decomposition of the active species due to a loss of the ligand(s). Once again,
the group designed the ligand framework by the addition of an electron-donating
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Figure 1.35 Rational design of the phenoxy-imine ligand
framework to attain highly controlled (“living”) polymerization
of ethylene.

group in the R; position, thereby imparting a large electronic influence on the
zirconium and strengthening the metal-ligand interactions. The synergistic ben-
efits of fine-tuning the electronic and steric nature of the catalyst were clearly
demonstrated in the performance of FI-9, which is both highly active and ther-
mally stable.

In the process of tailoring the structure, Fujita’s group also clearly demonstrated
the effect of steric hindrance in the R, position, which increased considerably (by
three orders of magnitude from FI-10 to F14) as the steric hindrance at the ortho
position increased. The “ortho” effect has also been used to obtain a highly con-
trolled polymerization. The crucial role of an ortho-fluorine in this process is
illustrated in Figure 1.35. It has been postulated, based on computational calcula-
tions, that the ortho-fluorine forms an attractive interaction with the B-hydride of
the growing polymer chain, making it less prone to transfer to metal and or
monomer. However, recent studies by Busico have shown that the fluorine groups
is not sterically benign, and that a controlled status is achieved via a “traditional”
repulsive interaction, rather than via an atypical attractive interaction [96]. What-
ever the reason, controlled status has been achieved and subsequently been suc-
cessfully exploited by the groups of Coates and Fujita to produce mono-disperse
sPP (via an unusual 2,1 chain-end-controlled process) and well-defined di-block
copolymers of the type sPP-block-PE and sPP-block-EPR [58, 95].

1.3.5
Case Study 4: “Chain-shuttling”

Reversible transmetallation and the formation of “blocky” polyolefins are not new
to the world of science [97-99]. However, until recently most tailored block struc-
tures were generated with either one type of monomer (propylene) or via a living
polymerization. Although the process is extremely precise, by definition each cata-
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lyst molecule produces only one polymer chain, and it is not therefore particularly
economic from a “technical” polymer point of view, other than as a potential
compatibilizer [58, 95].

Arriola and coworkers recently disclosed a breakthrough in polyolefin catalyst
that allows the large-scale manufacture of block copolymers [57]. At the heart of
the technology is a continuous solution process and a three-part catalytic system
(Figure 1.36). The latter consists of a combination of two single-site catalysts
(preferably post-metallocenes) which have substantially different monomer selec-
tivities, and a reversible chain-transfer agent (CSA). For example, a zirconium

Figure 1.36 “Chain shuttling”.



38

1 Designing Polymer Properties

bis(phenoxyimine) (FI) Cat.1, which is a poor incorporator of comonomer, pro-
duces a “hard” (rigid) comonomer-lean polymer, whereas the hafnium pyridyl-
amide (Versify™ catalyst) Cat.2 is a good incorporator of comonomer, producing
a “soft” (elastomeric) comonomer-rich polymer. The diethyl zinc then intermit-
tently “shuttles” the growing polymer chain between Cat.1 and Cat.2. The condi-
tions and amount of chain-shuttling can be controlled so as to form block structures
with longer or strong block lengths, whilst an absence of chain shuttling results
in a bimodal composition. As might be imagined, a considerable amount of experi-
mentation and tailoring was needed to optimize this reaction, and it is unsur-
prising that such an innovation resulted from the application of well planned
high-throughput techniques.

The impressive results of catalyst tailoring are the polymeric resins that are
produced with alternating blocks of the two “hard” and “soft” polymers. As men-
tioned above, the rate of “chain-shuttling” —and thus the “blockiness” of the prod-
uct—can be controlled by the concentration of the monomers, and diethyl zinc and
the resultant block-copolymer on its face offer “new-to-the-world” combinations
of property performance for olefin-based elastomers. A clear example of this is the
ability to “decouple” the modulus from the melting point. Compared to statistical
ethylene—octene copolymers, the blocky architecture imparts a substantially higher
crystallization temperature, a higher melting temperature, and a better-organized
crystalline morphology, while maintaining a lower glass transition temperature.
The differences between blocky and statistical copolymers become progressively
more apparent as the total comonomer content increases. The high melting point
versus mono-modal metallocene grade PE at the same density (120°C versus mPE
60°C at density 870 gdm™) results in an enhanced balance between flexibility and
heat resistance. Additional improved properties are higher abrasion resistance, a
higher recovery after elongation, a strong compression performance, and faster
set-up times [100].

1.4
Immobilizing “Single-site” Olefin Polymerization Catalysts: The Basic Problems

A single-site olefin polymerization catalyst is a well-defined molecular entity which
is intolerant to virtually everything, and which has a performance that is critically
dependent on the precise ligand environment of the transition metal center. There-
fore, immobilizing one such catalyst on a suitable solid or glassy inorganic or
organic matrix is a formidably complicated task. Apart from the requirements for
the support, which must be harmless to the catalyst (and also to the polymer end-
user!) and amenable to morphology control (with the related delicate issues of
shape replication, fragmentation and heat/mass transfer properties, etc.), the main
difficulty is how to introduce a strong, non-labile binding between the support and
the active species without altering (deteriorating) the performance of the latter.

Although the possible strategies (e.g., physical or chemical adsorption, tether-
ing, etc.) will be introduced and discussed in detail in various chapters of this book,
at this point it is worth mentioning a few basic problems of general relevance.
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Catalyst Productivity For an efficient catalytic action, it is mandatory that the
monomer has an easy access to the active sites. Selective catalysts have an active
pocket which fits tightly to the incoming monomer. The crucial importance of a
poorly coordinating counter-anion for cationic catalysts was mentioned previously.
In view of all this, it can be understood that the introduction of a strong link
between the catalyst and support, without limiting the accessibility of the active
sites, is extremely complicated. In fact, the productivity of most immobilized cata-
lysts is one or more orders of magnitude lower than that of the same catalysts in
solution, though there are some exceptions. One advantage of immobilized cata-
lysts, on the other hand, is that intermolecular catalyst deactivation processes
which may be highly detrimental in solution are usually frozen on surfaces; there-
fore, if a good productivity can be achieved it tends to be maintained for a longer
reaction time.

Catalyst Selectivity The proximity to a surface inevitably represents a perturbation
to the catalyst active pocket, not only in terms of accessibility but also of symmetry.
In particular, the stereoselectivity of C-symmetric and C,-symmetric catalysts can
be altered by the immobilization, because this may change the relative monomer
insertion frequency at the two sites. One limiting case which has been reported is
that of propene polymerization at certain C,-symmetric ansa-zirconocene catalysts,
which is syndiotactic-selective in solution but may be isotactic-selective on a
surface because one side of the catalyst would be obstructed by the support. C,-
symmetric catalysts with homotopic sites are expected to be relatively insensitive
to this problem; however, in case of a severe decrease of insertion rate, a loss in
stereoselectivity may result due to an increased impact of growing chain epimer-
ization (vide infra).

Competing Reaction Processes Immobilizing a single-site catalyst affects the
kinetics of all reactions occurring at that catalyst, including (poly-)insertion, chain
transfer, and isomerization processes. It is very unlikely that such an effect would
be proportional for all such processes (some of which are intramolecular), and
therefore it is to be expected that some microstructural features of the polymer
produced (e.g., long and/or short branches, terminal unsaturations, average
molecular mass and molecular mass distribution, regiodefects, etc.) will change
upon catalyst immobilization. Of course, this also holds true for copolymerization
statistics.
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2
Traditional Heterogeneous Catalysts

2.1
Ziegler—Natta Catalysts in Polyolefin Synthesis
John C. Chadwick, Thomas Garoff, and John R. Severn

2.1.1
Introduction

The continual evolution of the ubiquitous Ziegler catalysts, in either the Ziegler
polyethylene (PE) or Ziegler-Natta polypropylene (PP) form, has ensured their
dominance in the commercial production of PE and polypropylene PP for the past
50 years [1-6]. Modern Ziegler catalysts with ferocious productivity (in excess of
100kg POg™ catalyst, depending on the target resin) and a relatively inexpensive
manufacturing cost (tens of € per kg catalyst) are commonplace [1]. In an industry
where small savings can make or break a new polymer technology, it is under-
standably difficult to compete with the economics of such catalysts, particularly
for commodity-based resins.

The industrious heart of the Ziegler system is an organometallic catalyst formed
via the reaction and interaction of an alkyl aluminum compound and a Group 3
(V), or more commonly Group 4, transition metal chloride. The TiCl; catalysts
used in the early industrial processes for PE and PP (first and second generations)
were typically prepared by the reduction of TiCl, with an aluminum alkyl or alu-
minum metal, generating a solid of composition TiCl;-0.33AICl;. The reaction of
TiCl, and AlEt; (molar ratio 3:1) at low temperatures in hydrocarbon solution
resulted in the controlled precipitation of catalysts having spheroidal particle mor-
phology. The B-TiCl;-0.33AICl; formed was converted to the more stereoselective
v-form by heating to 160-200°C [7]. This catalyst was used, together with AlEt,Cl
as cocatalyst, in slurry processes, with typical PP yields being around 1-4kgg™
catalyst. The very low catalyst activity (by today’s standards) meant that the removal
(de-ashing) of catalyst residues from the polymer was necessary. In many cases,
limited catalyst stereoselectivity meant that it was also necessary to remove “atactic”
polymer from the product, leading to complicated and expensive manufacturing
processes.
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Edited by John R. Severn and John C. Chadwick

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ISBN: 978-3-527-31782-0

43



44| 2 Traditional Heterogeneous Catalysts

During the early 1970s, an improved (second-generation) TiCl; catalyst was
developed by Solvay [8]. The catalyst preparation procedure involved the treatment
of TiCl;/AlICl;/AlEtCl,, produced by reaction of TiCl, with AlEt,Cl, with diisoamyl
ether to remove aluminum from the solid. Subsequent treatment with TiCl, cata-
lyzed the transformation from the B- to the d-form of TiCl; at a relatively mild
temperature (<100°C) [9]. By using catalysts of this type, it was possible to obtain
PP yields in the range 5 to 20kg g™ catalyst in 1 to 4 hours polymerization in liquid
monomer [10].

For PE, TiCl; catalysts are reported give a broad molecular weight distribution
(MWD=4-12), and a very inhomogeneous chemical composition distribution
(CCD) for linear low-density polyethylene (LLDPE). However, 8-(TiCl;)-0.33AICl;
has been reported to give a low level of hydrocarbon-soluble material [11].

2.1.2
Ziegler—Natta Catalysts for Polypropylene

Since the first discoveries by Karl Ziegler and Giulio Natta in 1953/1954, Ziegler—
Natta catalysts for the production of PP have evolved from the TiCl;-based systems
described above, having limited activity and selectivity, to the highly active and
stereoselective MgCl,-supported catalysts which now dominate PP manufacture.
The application of different Lewis bases (electron donors) in catalyst preparation
and polymerization has led to a range of MgCl,-supported catalyst systems giving
ever-increasing control over polymer tacticity, molecular weight and MWD,
enabling the production of polymers with processability and properties suited to
very different end-use applications.

Ziegler—Natta catalysts are generally described in terms of generations, corre-
sponding to the chronological order of their development [2]. The first and second
generations refer to the TiCl; catalysts described above, which were developed up
until the 1970s. The basis for the MgCl,-supported catalysts lay in the discovery,
during the late 1960s, of “activated” MgCl, able to support TiCl, and give high
catalyst activity, and the subsequent discovery of electron donors capable of increas-
ing the stereospecificity of the catalyst so that (highly) isotactic PP could be
obtained. Dependent on the type of electron donor used, these catalysts are termed
third, fourth, or fifth generation, as described in Table 2.1.

2.1.2.1 Third-Generation MgCl,-supported Catalysts

The first steps in the development of third-generation catalysts took place with the
discovery, during the late 1960s, of “activated” MgCl, as a support for TiCl,, fol-
lowed by the incorporation into the catalyst system of electron donors giving high
catalyst stereospecificity [3, 12-14]. Initially, activated MgCl, was prepared by ball-
milling a mixture of magnesium chloride and ethyl benzoate, which led to the
formation of very small (<3 nm-thick) primary crystallites of MgCl, [9]. Subsequent
X-ray diffraction studies have revealed that activated MgCl, also has a disordered
structure, with rotational disorder in the stacking of the Cl-Mg-Cl triple layers
[15, 16]. The combination of small crystallite size and large rotational disorder
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Table 2.1 MgCl,-based Ziegler—Natta catalysts for
polypropylene. Data indicate catalyst performance for different
internal and external donors.

Internal donor  Year of  External donor  Productivity Amorphous fraction MWD

discovery (kg PPg™" cat.) (wt.%) (M.,/M.,)
Benzoate 1971 Benzoate 15-30 4-7 8-10
Phthalate 1980 Alkoxysilane 40-70 1-5 6-8
Diether 1988 - 100-130 2-5 4-5
Diether 1988 Alkoxysilane 70-100 1-2 4-5
Succinate 1999 Alkoxysilane 40-70 1-5 10-15

MWD, molecular weight distribution.

Figure 2.1 Model for a monolayer of a MgCl, crystal, showing
the most probable 100 and 110 cleavage cuts. (Figure
provided courtesy of Dr. F. Piemontesi, Basell Polyolefins.)

appears to lead to a high catalyst activity [17]. Giannini [12] has indicated that, on
preferential lateral cleavage surfaces, the magnesium atoms are coordinated with
four or five chlorine atoms, as opposed to six chlorine atoms in the bulk of the
crystal. These lateral cuts correspond to (110) and (100) faces of MgCl,, as illus-
trated in Figure 2.1. It was suggested by Corradini [18, 19] that bridged, dinuclear
Ti,Clg species can coordinate to the (100) cut of MgCl, and give rise to the forma-
tion of chiral, isospecific active species. Preferential coordination of the donor (in
this case ethyl benzoate) on the more acidic (110) cut would therefore lead to the
(100) cut being prevailingly occupied by Ti,Cls dimers. It is certainly so that
the function of the donor is to control the amount and distribution of TiCl, on the
support surface, as well as stabilizing small crystallites of MgCl,, but recent mecha-
nistic and modeling studies have provided strong evidence for the formation of
active species on the (110) cut of MgCl,. This is discussed in more depth later in
the chapter.
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Ziegler—Natta catalysts comprising MgCl,, TiCl, and an “internal” electron
donor are typically used in combination with an aluminum alkyl cocatalyst
such as AlEt; and an “external” electron donor added in polymerization. Third-
generation catalysts in which the internal donor is ethyl benzoate are used in
combination with a second aromatic ester, such as methyl p-toluate or ethyl p-
ethoxybenzoate, as external donor. The requirement for the external 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 complex-
ation reactions. The external donor replaces, to a large extent, the internal donor
in the solid catalyst, thereby maintaining high catalyst stereospecificity. It has been
demonstrated that the most active and stereospecific catalyst systems are those
which allow the highest incorporation of external donor [20], the effectiveness of
a catalyst system depending more on the combination of donors than on the
individual internal or external donor.

2.1.2.2 Fourth-Generation MgCl,-supported Catalysts
During the early 1980s, a new generation of catalysts was developed in which the
internal donor is a phthalate ester such as diisobutyl phthalate and the external
donor is an alkoxysilane of type RR’Si(OMe), or RSi(OMe); [21]. This became the
most widely used catalyst system in PP production. A further feature which con-
tributed greatly to the commercial success of MgCl,-supported catalysts was the
development of spherical catalysts with controlled particle size and porosity, pre-
pared via chemical rather than mechanical activation of magnesium chloride.
Many different approaches have been followed, such as reaction of a magnesium
alkyl or alkoxide with a chlorinating agent or TiCl,, or by complexation of MgCl,
with an alcohol. For example, the cooling of emulsions of molten MgCl,-nEtOH
in paraffin oil gives almost perfectly spherical supports, which are then converted
into the catalysts by reaction with TiCl, in the presence of the appropriate donor
[2]. Temperatures of at least 80°C and at least two TiCl, treatment steps are nor-
mally used, in order to obtain high-performance catalysts in which the titanium
is mainly present as TiCl, rather than the TiCl;OEt generated in the initial reaction
with the support. Catalysts obtained via chemical routes generally have a BET
surface area of around 300m”g™" and pore volumes in the range 0.3 to 0.4cm’g™
[2]. An exception is the recent development of a low-porosity catalyst, prepared via
solidification from emulsion [22], which nevertheless undergoes rapid fragmenta-
tion and particle growth during polymerization [23]. A single Ziegler—Natta catalyst
particle contains millions of primary crystallites, often in the form of quasi-
hexagonal thin platelets [24, 25], which agglomerate to form clusters of subparti-
cles [26]. The particular internal particle morphology depends on the catalyst
preparation route. A catalyst prepared via precipitation of a support from solution
by reacting TiCl, with a complex of MgCl,, epichlorohydrin and tributyl phosphate
has been shown to contain primary particles in which long rods of MgCl, crystal-
lites emanate from a central (nucleation) point [27].

The most effective alkoxysilane external donors for high catalyst stereospecificity
are methoxysilanes containing relatively bulky groups alpha to the silicon atom
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[28-30]. Typical examples include cyclohexyl(methyl)dimethoxysilane and dicyclo-
pentyldimethoxysilane [31]. Of these, the latter gives particularly high stereospeci-
ficity [32] and a broader MWD [33]. High PP stereoregularity and broad MWD has
also been obtained by the use of dimethoxysilanes containing polycyclic amino
groups [34, 35].

A particular advantage of the fourth-generation catalysts over the third-
generation systems is their greater stability during polymerization. The ethyl
benzoate-based catalysts exhibit very high initial activity but then decay rapidly,
losing around 90% of their activity during the course of a 1-hour polymerization.
This limits their productivity to around 30kg PP g™ catalyst under typical polym-
erization conditions (bulk liquid monomer, ca. 70°C). In contrast, productivities
up to around 70kg PP g™ catalyst are achievable with the fourth-generation, phthal-
ate-based systems.

2.1.2.3 Fifth-Generation MgCl,-supported Catalysts

The discovery and development of the fourth-generation phthalate/alkoxysilane-
based catalyst systems was based on the consideration 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. As was the case for the third-generation catalysts, the
function of the external donor is to replace the internal donor lost by alkylation
and complexation reactions with the Al alkyl cocatalyst.

The search for further catalyst improvements led to the development of internal
donors which not only had the correct oxygen—oxygen distance for effective
coordination with MgCl, but which, unlike phthalate esters, were not removed
from the support on contact with AlEt;. Thus, certain 2,2-disubstituted-1,3-
dimethoxypropanes were found to meet these criteria [36-39]. The best perfor-
mance was obtained when bulky substituents in the 2-position led to the diether
having a most probable conformation [40] with an oxygen—oxygen distance in the
range of 2.8 t0 3.2 A.

The fact that the diether internal donor is not extracted when the catalyst is
brought into contact with the AlEt; cocatalyst means that high stereospecificity can
be obtained even in the absence of external donor. Furthermore, fifth-generation
catalyst systems of type MgCl,/TiCl,/diether-AlR; show particularly high polym-
erization activity and good stability (low decay), typically giving yields exceeding
100kg PPg™ catalyst. They also give a relatively narrow MWD and show high
sensitivity to chain transfer with hydrogen. In other words, relatively low concen-
trations of hydrogen are sufficient to give effective control over the PP molecular
weight, so that a wide range of polymer grades can be produced.

The high hydrogen response of fifth-generation, diether-based catalysts arises
from chain transfer after the occasional secondary (2,1-) rather than the usual
primary (1,2-) monomer insertion [41]. The reactivation of “dormant” (2,1-inserted)
species via chain transfer with hydrogen also explains the frequently observed
activating effect of hydrogen in propylene polymerization, giving yields which may
be around three times those observed in the absence of hydrogen [42]. These con-
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clusions have been based on "C NMR determination of the relative proportions
of iBu- and nBu-terminated chains, resulting from chain transfer with hydrogen
after primary and secondary insertion, respectively:

Ti-CH,CH(CH;)[CH,CH(CHj)],Pr + H, —
Ti-H + iBuCH(CH;)[CH,CH(CH3)},_,Pr

Ti-CH(CH;)CH,[CH,CH(CH,)],Pr + H, —
Ti-H + nBuCH(CH;)[CH,CH(CHj)],_,Pr

Not only the high hydrogen response but also the relatively narrow PP MWDs
obtained with diether-based catalysts can be attributed to chain transfer after 2,1-
insertion. In these systems, even the most highly stereospecific active sites are not
totally regiospecific; a proportion of approximately one secondary insertion for
every 2000 primary insertions at highly isospecific sites has been noted [41]. The
probability of chain transfer with hydrogen after a secondary insertion is such that
this is sufficient to prevent the formation of very high-molecular-weight chains,
taking into account that the highest molecular weight fraction of the polymer is
formed on the active species having the highest isospecificity. The broader MWDs
obtained with catalysts containing ester internal donors are likely to be due to the
presence of (some) isospecific active sites having very high regiospecificity and
therefore lower hydrogen sensitivity [43].

2.1.2.4 New Developments

Recently, a further family of MgCl,-supported catalysts has been developed in
which the internal donor is a succinate ester [44, 45]. As is the case with phthal-
ate-based catalysts, an alkoxysilane is used as external donor. The essential differ-
ence between these catalysts is that the succinate-based systems produce PP
having a much broader MWD.

The desired MWD of a PP depends on the end-use application of the polymer.
A narrow value, and relatively low molecular weight, is advantageous in fiber-
spinning applications. In contrast, the extrusion of pipes and thick sheets requires
a high melt strength, and therefore a relatively high molecular weight and broad
MWD. A broad MWD, along with high isotactic stereoregularity, is also beneficial
for high crystallinity and therefore high rigidity. The new succinate-based catalysts
enable very broad MWD PP homopolymers to be produced in a single reactor, and
also produce heterophasic copolymers having an improved balance of stiffness
and impact strength, taking into account that the incorporation of a rubbery
(ethylene/propylene) copolymer phase into a PP homopolymer matrix increases
impact strength but leads at the same time to decreased stiffness.

The characteristics of the various families of MgCl,-supported catalysts, along
with the chronological order of their development, are summarized in Table 2.1.

2.1.2.5 Mechanistic Aspects
It is generally assumed that the active species in propylene polymerization with
MgCl,-supported catalysts comprises trivalent titanium, but only a limited propor-
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tion of the titanium in the catalyst is actually catalytically active. Estimates of the
concentrations of active centers (C*, expressed as a proportion of the total Ti
present) have ranged from less than 1% to more than 20%, depending on the
particular catalyst and the method used for the determination of C* [46—48]. The
proportions of isospecific and weakly-specific active species are of course depen-
dent on catalyst composition, and in particular on the internal and external donors
present in the system. The propagation rate constant (k,) is around an order of
magnitude higher for isospecific sites than for weakly-specific sites and the value
of k, increases significantly in the presence of hydrogen [49], in accordance with
the reactivation of “dormant” (2,1-inserted) centers by chain transfer with hydro-
gen. Stopped-flow polymerization studies have shown that hydrogen is only effec-
tive as chain-transfer agent when the catalyst and cocatalyst have been precontacted,
indicating that effective chain transfer with hydrogen requires the presence of
species able to promote the dissociation of hydrogen [50, 51].

It is well established that the nature of the active species in MgCl,-supported
Ziegler—Natta catalysts is strongly dependent on the nature of the internal and
external donors. Effective external donors not only increase the isotactic index of
PP (the proportion of polymer insoluble in boiling heptane or in xylene at 25°C),
but can also increase in absolute terms the amount of isotactic polymer formed
[52, 53]. The external donor not only decreases “atactics” formation but can also
increase the degree of steric control at isospecific sites [54]. A powerful technique
to study the effects of electron donors on site selectivity in Ziegler—Natta catalysts
is the determination of the stereoregularity of the first insertion step in propylene
polymerization. First-step stereoregularity is particularly sensitive to the steric
environment of the active center, due to the fact that the stereospecificity of the
first monomer insertion is always lower than that of the following propagation
steps. Investigation of the effect of Lewis bases on the first-step stereoregularity
resulting from propylene insertion into a Ti-Et bond formed via chain transfer
with C-enriched AlEts;, using a MgCl,/TiCl,/diisobutyl phthalate catalyst, showed
that the mole fraction of erythro (isotactic) placement in the isotactic polymer
fraction was 0.67 with no external donor, 0.82 with MeSi(OEt);, and 0.92 with
PhSi(OEt); [55]. It could be concluded that the alkoxysilane external donor was
present in the environment of at least part of the isospecific centers. Subsequent
studies indicated that similar considerations apply to diether donors [56, 57].

The presence of a donor molecule in the vicinity of isospecific active species is
an important feature of a mechanistic model recently proposed by Busico, based
on detailed >C NMR analysis of the PP chain microstructure [58]. This model is
based on the fact that defects arising from stereoirregular insertions are not ran-
domly distributed along the chain but are clustered. The chain can therefore
contain, in addition to highly isotactic blocks, sequences which can be attributed
to weakly isotactic (isotactoid) and to syndiotactic blocks. This implies that the
active site can isomerize very rapidly (during the growth time of a single polymer
chain, i.e., in less than 1 second) between three different propagating species. The
same sequences are present, but in different amounts, in both the soluble and
insoluble fractions. The polymer can therefore be considered to have a stereoblock
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structure in which highly isotactic sequences alternate with defective isotactic
(isotactoid) and with syndiotactoid sequences. The relative contributions of these
sequences can be related to site transformations involving the presence or absence
of steric hindrance in the vicinity of the active species. ?C NMR studies have
indicated [59] the presence of Cj-symmetric active species in MgCl,-supported
catalysts, with a mechanism of isotactic propagation which is analogous to that for
certain C;-symmetric metallocenes, in the sense that propylene insertion at a
highly enantioselective site tends to be followed by chain “back-skip” rather than
a less regio- and stereoselective insertion when the chain is in the coordination
position previously occupied by the monomer. It is proposed that a (temporary)
loss of steric hindrance from one side of an active species with local C,-symmetry,
giving a Cj-symmetric species, may result in a transition from highly isospecific
to moderately isospecific propagation. The loss of steric hindrance on both sides
can lead to syndiospecific propagation in which chain-end control becomes opera-
tive. This model is illustrated in Figure 2.2.

If it is considered that the steric hindrance in the vicinity of the active species
can result from the presence of a donor molecule, and that the coordination of
such a donor is reversible, the above model provides us with an explanation for
the fact that strongly-coordinating, stereorigid donors typically give stereoregular
polymers in which the highly isotactic sequences predominate [60]. It has been
suggested [61] that the high stereospecificity obtained using silanes having one or
more bulky hydrocarbyl groups is due to the silane stabilizing “fluctuating” iso-
specific sites, with the bulky hydrocarbyl groups protecting the silane from removal
from the catalyst surface via complexation with aluminum alkyl. Stereospecific
active species involving the coordination of AlEt; or AlEt,Cl in the vicinity of the
titanium atom have also been proposed [62].

The fundamental question remains as to whether the active species are situated
on the (100) or the (110) face of MgCl,. Possible modes of coordination of TiCl,
on MgCl, are illustrated in Figure 2.3. After many years of uncertainty and debate,
experimental and modeling studies now appear to be resolving this issue. A recent

Figure 2.2 Model of possible active species for highly
isotactic, isotactoid and syndiotactic propagation.
(Reproduced with permission from Macromelcules 2003, 26,
2616-2622; © American Chemical Society.)
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Figure 2.3 Proposed coordination modes of TiCl, species on
MgCl, lateral cuts, showing dimeric and monomeric species
on the 100 cut, and monomeric species on the 110 cut.
(Figure provided courtesy of Dr. F. Piemontesi, Basell
Polyolefins.)

investigation of the Raman spectra of the products of co-milling mixtures of MgCl,
and TiCl, led to the conclusion, supported by ab-initio calculations, that the adsorp-
tion of TiCl, gave a species with octahedrally coordinated titanium, on the (110)
lateral cut of MgCl, [63, 64]. This stable complex was not removed by washing with
solvent, whereas dimeric species (Ti,Cl) on the (100) cut were easily removed. The
monomeric species was therefore concluded to be the active site precursor in
MgCl,-supported catalysts. There is also strong evidence from modeling studies
that the dominant coordination mode of diether donors to MgCl, is via bidentate
coordination on the (110) cut [65, 66]. Taking into account the evidence for the
presence of a donor molecule in the vicinity of stereospecific active species, these
results indicate that it is likely that both the active titanium and the diether donor
are located on the (110) lateral cut. It has also been shown [67, 68] that the use of
a diether as external donor in combination with a MgCl,/TiCl,/phthalate ester
catalyst gives active species which are very similar to those present when the
diether is used as internal donor. This could therefore imply that the active species
in phthalate-based catalysts are similarly located on the (110) cut.

Recent molecular modeling studies conducted by Cavallo [69] have revealed that,
in contrast to the strong preference of diethers and alkoxysilanes for coordination
on the (110) cut of MgCl,, succinate donors show much less preference for a single
coordination mode. In this case, the energies of coordination on the (110) and
(100) cuts are much closer and, in addition to bidentate coordination to a single
Mg atom on the (110) cut, bridging coordination to Mg atoms on the same or
adjacent (110) monolayers is possible. The ability of succinates to assume a number
of different coordination modes on the (110) cut, adjacent to adsorbed TiCl,, would
be expected to lead to the formation of different active sites and is in line with the
broad MWD of PP produced by catalysts containing a succinate as internal
donor.
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213
Ziegler Catalysts in Polyethylene

The development of Ziegler PE catalysts containing MgCl,, along with the Union
Carbide Corporation (UCC) gas-phase process, marked a step change in PE manu-
facturing [70]. As a result, Ziegler PE catalysts grew to become the most dominant
family of catalysts for the manufacture of linear PE. As with the PP catalyst, MgCl,
functions not only as a support material but also as a part of the active complex.
These catalysts have shown very high activities and are also reported to give nar-
rower molecular weight and chemical composition distributions, compared to
TiCl;-based catalysts. Three main groups of MgCl,-supported catalysts have been
described: (i) catalysts prepared by ball milling; (ii) those impregnated on silica
carrier; and (iii) those prepared by precipitation.

2.1.3.1 Ideal Catalysts?

Before entering further discussions, it is important to note that there is no one
ideal catalyst for the full range of PE densities and polymerization processes. The
ideal catalyst for a particular product often depends on whose perspective (the PE
manufacturer, the converter or the consumer) one takes, although the best product
for the lowest cost is the common defining motive. A PE manufacturer for example
may be interested in maximizing the throughput of the reactor, increasing the
productivity to reduce catalyst cost, and reducing losses to flare or recycling. These
considerations will depend heavily on the process technology employed [slurry
continuous stirred-tank reactor (CSTR) or loop, gas-phase or cascaded combina-
tions], often placing unique requirements on the catalyst for a particular product
target. Polyethylene converters may be interested in the processability of a product
(e.g., reduced energy consumption in extrusion) or increased throughput (an
ability to increase line speed). A reduction in extractable components or catalyst
residue may also be important for taste and odor, optical properties and end-use
applications (e.g., wire and cable, food and medical applications or water pipes).
Finally, the customer may want the ideal catalyst for a product property perfor-
mance which could be, for example, high-strength films with high machine direc-
tion tear (MD tear) or dart impact strength, or pipe applications where high
pressure ratings and environmental stress crack resistance are important. Finding
common ground and addressing the needs throughout the full value chain from
manufacturer to converter to customer is therefore needed to develop the ideal
catalyst for a particular combination.

2.1.3.2 Ball-milled MgCl,-based Ziegler Catalysts

Magnesium dichloride, as mentioned above, cannot be used as such as support
material for the preparation of a Ziegler catalyst without some form of condition-
ing. The crystal structure must be changed from the o-MgCl, to the 8-MgCl, form,
where the closely packed layered structure is strongly interrupted by stacking
defects [71-78]. TiCl, or TiCl, are often co-milled with MgCl,, melding together to
form a solid solution. In general, higher productivities have been achieved with
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high titanium loadings, but it has also been shown that the specific activity per g-Ti
is higher, the lower the titanium loading. In this activation process the specific
surface area of the catalyst increases from 1-2 to 100-200 gm™. Productivities have
been reported to be around 10kg PE g™' catalyst per hour, and the optimum amount
of Ti in these catalysts is believed to be around 3 wt.%, coordinating to the unsatu-
rated 100 and 110 faces of MgCl,. As a result of the variety of coordination possibili-
ties for the active TiCly, the catalysts provide a rather broad MWD of between 4 and
6. Today, however, ball-milling of MgCl, is no longer commonplace.

2.1.3.3 MgCl,-Titanium Catalysts on Silica

Silica-based catalysts have found wide use, especially in gas-phase processes where
a controlled particle size and distribution is needed in order to keep the bed in
position. The silica support acts as a carrier material, imparting morphology
control to the catalyst. In theory, it is not considered as a part of the active center,
but it offers a large pore volume and surface area. The silica is impregnated with
the catalyst components, which can either be added together or in differing order.
The resulting supported catalysts may consist of up to 50wt.% of the catalyst
component. The data in Table 2.2 illustrate how the order in which the reagents
are added affects the catalyst productivity, along with the molecular weight and
density of the resultant resins. Kelly and coworkers impregnated silica with
butyl(ethyl)magnesium and then added four catalyst components. The order of
addition was found to have a significant effect on productivity [79a].

A wide variety of catalysts can also be achieved by altering the physical properties
of the silica support material (particle size and distribution, pore volume, surface
area, etc.). In addition, the calcination conditions for the support can be altered,
thereby altering the proportions of isolated and hydrogen-bonded hydroxyl or
siloxane bridge groups. The activities of these catalysts depend to some degree on
the amount of titanium that is chemically bound and the amount of “free” TiCl,
(the more “free” titanium, the higher the activity). Typically, silica-based catalysts

Table 2.2 The effect of the order of chemical addition on a Ziegler catalyst.

Catalyst Ad(dition order Product Mi Density

(g) (g10min™)  (gem™)
1st 2nd 3rd 4th

1 "BuCl THF TiCl, TNOAl 148 0.79 0.928

2 ‘BuCl THF TNOAI TiCl, 7.7 0.74 0.93

3 ‘BuCl TNOAI THF TiCl, 22.5 1.07 0.927

4 ‘BucCl TiCl, THF TNOAI 17.5 0.74 0.926

5 TNOAI THF ‘BuCl TiCl, 9.1 0.63 0.931

6 TNOAI ‘BucCl THF TiCl, 379 0.78 0.922

7 THF TNOAI ‘BuCl TiCl, 12 0.69 0.929

8 THF ‘BuCl TiCl, TNOAI 11.7 0.65 0.93

9 THF ‘BuCl TNOAI TiCl, 8.4 0.93 0.933
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possess improved chemical composition distributions (CCD) in ethylene copoly-
merization [79-94].

2.1.3.4 Precipitated and Supported MgCl,-based Catalysts

Precipitated and MgCl,-supported catalysts, along with silica-based catalysts, rep-
resent the majority of all Ziegler catalysts used in PE production. Precipitated
Ziegler catalysts are prepared by first bringing into a dissolved state as many of
the catalyst components as possible. MgCl, is then precipitated as an amorphous
material, imparting high catalytic activity to the system. Usually, this is done by
adding highly soluble magnesium and or aluminum alcoholates or alkyl to the
reaction solution, and then precipitating the catalyst by the addition of a suitable
chlorination agent. Titanium can be added either as a soluble complex or used as
one of the chlorination agents. By using different “tricks” during precipitation,
and by adding suitable donor compounds, particle size and particle size distribu-
tion can be directed to a certain extent. Supported systems are typically prepared
via the titanation of a prepared support derived from magnesium dichloride and
ethanol (emulsified or spray-dried).

A large number of investigations have been carried out to measure the number
of active sites on these catalysts — that is, the mole fraction of the total amount of
Ti that takes part in the polymerization. Values ranging from 0.1 to 100% have
been reported, with between 1% and 4% being the most common result. This wide
discrepancy in the results is not only due to differences in the chemical composi-
tion of the catalysts, but also depends on the method used in the measurement
[95-114].

2.1.3.5 Spray-dried MgCl,-Titanium Catalysts

Spray-drying techniques are commonly used to prepare MgCl,-based Ziegler PE
systems. In spray-drying, droplets containing a solution or slurry of the catalyst
components are sprayed into a chamber under drying conditions to remove the
solvent or slurry diluent, leaving behind a solid residue. The characteristics of the
droplets formed can be used to tailor the particle size of the final catalyst. Struc-
tural reorganization of the particle can be influenced by volume and size changes.
In addition, spray-drying conditions can be used to form substantially spheroidal
catalyst particles (large or small) or aggregated particles, with a homogeneous
composition or porosity. Typically, spray-drying techniques employ a “filler” com-
ponent to aid control of the shape and composition of the catalyst. Common fillers
are hydrophobic fumed silicas, which impart a relatively high viscosity to the slurry
to be spray-dried and also improve the mechanical strength of the final catalyst.
The filler may also generate increased porosity in the final catalyst [115-117].

2.1.3.6 General Polymerization Behavior of the MgCl,-Titanium-based

Ziegler Catalysts

The most common features of the Ziegler PE catalysts in homo and copolymeriza-
tion conditions can be summarized as follows:
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- Hydrogen decreases activity but is the most common
reagent to adjust molecular weight. The effect on activity is
opposite to what is seen in propylene polymerization.

« The amount of ethane gas produced increases with the
amount of hydrogen added.

« Activity increases if a comonomer (o-olefin) is added.

« Molecular weight often drops when a comonomer is
incorporated.

« Incorporation of the comonomer is better, the shorter is the
chain length of the a-olefin, but density decreases with
increasing o-olefin chain length.

« Donor addition (compounds that form complexes but do not
react, such as R-O-R or R-CO-O-R) decreases activity,
regardless of whether the donor is added during catalyst
synthesis, during pre-contacting, or during polymerization.

« The molecular weight increases when donors are added, and
the MWD becomes narrower.

« Comonomer incorporation typically increases if donors are
added.

« Deactivation is seen predominantly in copolymerization,
whereas homopolymerization can often be quite stable.

« The ability to incorporate a comonomer typically drops
during polymerization, whilst at the same time molecular
weight increases and the MWD becomes broader.

« The cocatalyst, AIR;, activates the Ziegler catalyst, but can
also have a deactivating effect, depending on the
concentration of AIR; or the alkyl group.

« The molecular weight falls with increased amounts of AlR;.

« Donor compounds, and support materials in general,
decrease the effect of AlR;.

« Comonomer incorporation and molecular weight increase
when the cocatalyst is in chlorinated form (Al-R — Al-Cl).

When synthesizing LLDPE, there is first a harmonic drop in density with
increasing comonomer content, until a density of approximately 920kgm™ has
been reached, after which the density falls slowly. A similar situation occurs with
regard to the melting point of the material; an initial harmonic drop in melting
point down to about 120 °C with increasing comonomer incorporation, after which
the melting point decreases at a substantially slower rate. In addition, the hexane-
soluble fraction in the material, while not of concern at lower comonomer levels,
typically starts to increase at the same tipping point as density and melting tem-
perature. Above a critical point in comonomer content, there is a rapid drop in the
consistency of the comonomer distribution. The highly soluble fraction at lower
densities makes the material sticky and soluble, which limits its processability.
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Figure 2.4 Temperature-rising elution fractionation (TREF)
curves for polymer samples produced with three different
catalyst systems under identical conditions.

This behavior of the Ziegler catalysts is the practical reason why typically there is
a limit to the density of the PE produced in a particular process. The general belief
is that most of the mechanical properties of PE are a function of MWD and CCD.
To take full advantage of these materials, control over CCD and MWD is needed,
and this one of the greatest challenges and areas of research in Ziegler PE indus-
trial research and development.

A temperature-rising elution fractionation (TREF) curve of LLDPE illustrates the
above traits (Figure 2.4). A sharp fraction of high-density polyethylene (HDPE)
material can always be seen at higher elution temperatures, indicating the pres-
ence of a fraction with negligible comonomer content and having a high melting
temperature. In approximate terms, the LLDPE material is dominated by 15- to
20-nm-thick backbone lamellae, containing little or no comonomer and represent-
ing the HDPE fraction. From these central lamellae there are branches of thinner
lamellae containing the comonomer and representing the ideal copolymer.
Together with the thick lamellae, these form the spherulites that have a diameter
of 10 to 50um. In between the branches is the amorphous fraction containing an
excess of comonomer. The branches can also be interconnected by tie-molecules
that form bridges between the lamellae, thereby increasing the strength of the
material [118-134].

2.1.3.7 Models for Chemical Composition Distribution and Comonomer Drift
Several models have been developed to describe the heterogeneous chemical
composition distribution and the phenomenon of comonomer drift during Ziegler
catalyzed copolymerization experiments.

The “multi-site, isolated-site and selective poisoning” model for Ziegler PE cata-
lysts consists of three different types of active titanium, located in clusters or iso-
lated sites. For clustered titanium the model proposes that these types of site are
very comonomer sensitive, being able to produce even block copolymer [135, 136].
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These sites are believed to produce low-molecular-weight and hydrocarbon-soluble
material. At the other extreme are isolated titanium sites, with very low to no com-
onomer sensitivity, producing high-molecular-weight HDPE material. According
to electron paramagnetic resonance (EPR) studies, about 20% of the sites would be
in this state in a normal Ziegler PE catalyst [137, 138]. Several intermediate forms
between the multi-site titanium and the isolated-site titanium could exist, produc-
ing copolymers having features between the extremes. Most important would be
titanium species that form pairs, which are assumed to produce the ideal LLDPE
material with an even CCD, and at the same time possess a high enough molecular
weight capacity. The partition of titanium across different sites would explain the
tendency of typical Ziegler PE catalysts to produce a broad MWD and CCD. The
partitioning is further assumed to be mobile during polymerization. Electron
donors could possibly either redistribute or “selectively” poison titanium species.

Changes in the Ziegler PE catalyst behavior with respect to polymerization time
have been claimed to result from diffusion limitation [139-142]. This would be
due to the high density of HDPE causing the formation of tight crystal packing,
which may in turn influence the relative diffusion rates of the monomer, como-
nomer and hydrogen. This means that, when starting a polymerization, there is
relatively little diffusion hindrance for the monomer and the hydrogen, but as the
particle grows there is a gradually increasing diffusion limitation, which manifests
as a gradual deactivation and a growing molecular weight, and a decrease in
comonomer incorporation. Increased activity when adding comonomers can be
explained by the diffusion model in that comonomer incorporation produces a
less-crystalline material, thus facilitating diffusion of the monomer through the
growing particle. This model could also explain why catalysts with a higher pore
volume or surface area show a higher activity. Furthermore, an explanation as to
why a lower activity is seen in the presence of hydrogen can also be provided.
Hydrogen provides a lower molecular weight and therefore a higher crystallinity,
which in turn creates a higher diffusion resistance. Finally, the model could be
used to explain why there would be a change in behavior at a certain mol.% of
comonomet, in that (co)monomer diffusion would occur most easily through
areas in the polymer having high comonomer contents. Hence, whilst this model
can explain both the drift in polymerization behavior and the change in such
behavior at a certain mol.% of comonomer, it cannot explain the influence seen
when using donors.

The oxidation state model is based on the drift in the oxidation state of titanium
[93]. This model has been the prevailing discussion in Ziegler PE catalyst systems
which, for LLDPE, tend to partition between two extremes of high and low como-
nomer incorporation during the course of a polymerization. The oxidation states
in the catalyst have also been found to change with time (albeit in the absence of
monomer). Consequently, the assumption drawn is first that titanium(IV) is
comonomer-active and also hydrogen-sensitive, giving a relatively low-molecular-
weight polymer with a high comonomer content. Second, titanium(III) is moder-
ately comonomer-sensitive, giving a good CCD and a moderately high molecular
weight. Finally, titanium(II) would be comonomer-insensitive and therefore
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produce high-molecular-weight HDPE-type material. The difference in the polym-
erization behavior is proposed to explain the broad MWD and CCD seen when
using typical Ziegler PE catalysts (Figures 2.5 and 2.6). The oxidation state distri-
bution would also be subject to a continuous drift during polymerization, caused
by the AIR;. This would explain the decrease in activity, comonomer response and
hydrogen response, and also the increase in MWD. The model has been used to
improve the quality of LLDPE by manipulating the redox chemistry with nitrous
oxide (:N-N=O) [143, 144], and by slowing down the reduction of Ti(III) to Ti(II)
by the addition of donors or less-reducing cocatalyst components.

As noted from the discussion above, none of the existing models used to describe
the behavior of a typical Ziegler—Natta PE catalyst is able to explain all of the typical
polymerization features seen when using this type of catalyst. Additional factors
such as the steric environment around the metal center and the coordination

Figure 2.5 Titanium oxidation state drift, and its effect on comonomer response.

Figure 2.6 Temperature-rising elution fractionation (TREF)
curve illustrating the types of polymers, proposed to be
produced at active sites with differing titanium oxidation
states.
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number, along with the cumulative effect on the electronic properties (orbitals),
can also be considered. Hence, a considerable amount of knowledge is required
to fully describe these catalysts. As stated earlier, the development of a fundamen-
tal understanding of the catalyst, and more importantly the ability to direct the
Ziegler PE catalyst behavior at higher comonomer contents, whilst retaining a
more homogeneous CCD with the MWD and solubles contents held under control,
represents the core challenge in the research and development of these catalysts.

2.1.3.8 Vanadium-based Ziegler Catalysts

Vanadium catalysts have also been classified as belonging to the Ziegler—Natta
catalyst family. (AcAc),VCl, OV(OEt);, VCL;, VCl, or CL,VO with or without SiO,
or MgCl, carrier, and with and without —CICF- promoters, have been used in this
respect [145-149]. CL,VR, where vanadium is in the oxidation state of (III), is
believed to be the active species in polymerization, and between 2 and 6mol.%
of the V is stated to be in the active, polymerizing form. Vanadium catalysts are
reported to give a narrow MWD (2-3) and CCD in LLDPE polymerization. The
vanadium-based catalysts are reported to rapidly deactivate (after 2-4min, only
10% of activity remains), and to be very sensitive to hydrogen, losing most of their
activity if even minute amounts of hydrogen are added. The rapid deactivation is
believed to originate from a fast reduction of V(VI) and V(III) to V(II), and is prob-
ably why “weak” cocatalysts such as diethylaluminum chloride (DEAC) or triiso-
butylaluminum (TIBA) are recommended. Because of this rapid deactivation,
these vanadium catalysts have found most use in solution processes (DOW, DSM
and Mitsui) where ethylene/propylene (EP) elastomers are produced. Densities of
900kg m™ and less can be achieved using propene and/or 1-octene as comonomer,
giving a very strong film material.

2.1.4
Concluding Remarks

Despite the advances in single-site-catalyzed polymerization that have been made
during the past 20 years, the proportion of PE, and in particular PP, manufactured
by single-site technology is still low compared to Ziegler—Natta-catalyzed polyole-
fins. The success of Ziegler—Natta catalysts for PP and PE production is the result
of continual advances and improvements in catalyst composition and perfor-
mance, leading to efficient polyolefin manufacturing processes and to an ever-
increasing control over polymer structure and properties. As indicated above,
different catalysts are required for different applications and, with the develop-
ment and application of new types of electron donor or synthetic preparations, it
is now possible to produce polymers ranging from narrow to broad molecular
weight distributions. Nevertheless, single-site catalysts such as metallocenes can
provide important advantages for certain applications. Ziegler—Natta and single-
site catalysts should therefore be regarded as complementary rather than competi-
tive systems, which together provide the basis for an expanding range of polymers
with closely controlled molecular structures.



60

2 Traditional Heterogeneous Catalysts

2.2
Chromium Polymerization Catalysts: Still Alive in Polyethylene Production
Hilkka Knuuttila and Arja Lehtinen

2.2.1
Introduction

During the early 1950s, at about the time when K. Ziegler first published the
details of his transition metal catalyst (the Ti tetrachloride—triethylaluminum cata-
lyst for ethylene polymerization), P. Hogan and R. Banks, who conducted research
at Phillips Petroleum Company, discovered that inorganic chromium salts were
able to polymerize olefins [152, 153]. Soon afterwards, Phillips developed the slurry
loop process to utilize the catalyst, while 10 years later during the early 1960s
Union Carbide adapted chromium catalysts for their fluidized-bed gas-phase
process. Chromium-based Phillips catalysts (inorganic chromium supported on
silica) have now been used industrially for 50 years, and have reserved their
position in high-density polyethylene (HDPE) production, still accounting for
approximately one-third of current global HDPE production. Today, however,
strong competition has led to revolutionary improvements in polyethylene
catalysts and process technologies, resulting in technically more sophisticated
polyethylene resins. In particular, structurally tailored bimodal Ziegler—Natta poly-
ethylene is increasingly replacing Cr HDPE in more demanding applications such
as pipe and blow molding, and is already regarded as a property standard in film
applications.

A traditional Phillips catalyst is based on chromium(VI) oxide, usually supported
on silica or aluminosilicate. The raw catalyst is often referred to as a “precursor”
as it is not active in polymerization before being undergoing further treatments
such as activation by heat (calcination). Unlike Ziegler—Natta and single-site cata-
lysts, a traditional chromium catalyst does not require a cocatalyst to be active in
polymerization. In general, the behavior of CrO,/SiO, catalysts in ethylene polym-
erization is quite different from that observed for Ziegler—Natta and single-site
catalysts.

Even after so many years in commercial use, chromium catalysts remain a
somewhat mysterious subject in both academic and industrial research. The
precise nature of the active site at the molecular level is still debated today; neither
is the polymerization mechanism fully understood, even though new spectro-
scopic techniques have been adapted to clarify the molecular structure and envi-
ronment of the active chromium site [154-156].

2.2.2
The Chromium Catalyst System

Supported chromium catalysts can be classified in two main families: (i) those
based on chromium oxide (Phillips type); and (ii) those using organochromium
compounds. A possible third family may be considered if organosilylchromate
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catalysts are considered as a group in their own right. All of these catalyst types
can vary widely in composition, and are produced commercially by companies
such as Basell, Grace Davison, Ineos Silicas, PQ Corporation, and Univation
technologies.

The CrO,/silica catalyst is typically prepared by impregnating an aqueous solu-
tion of a chromium(IIl) compound (e.g., acetate, acetyl acetonate), earlier also
CrO;, onto a porous support material with high surface area and large pore
volume, usually amorphous silica. A typical catalyst loading is less than 1wt.% Cr
on the silica surface [157, 158)]. Drying and calcination at temperatures of 500 to
900°C are then followed by treatment in dry air or oxygen to activate the catalyst
[159]. In the activation step, the Cr(III) compounds are oxidized to Cr(VI) com-
pounds. Chromium(VI) itself is not active in polymerization reaction, and must
be further activated by reduction to lower oxidation states, most probably to Cr(II).
This occurs in the polymerization reactor when the activated catalyst comes in
contact with the ethylene monomer. Typically, this route is applied for the indus-
trial use of Phillips-type chromium catalysts.

The polymerization performance of a supported chromium catalyst is extremely
sensitive towards its preparation method and the properties of the support material
used. Therefore, numerous variations exist of the basic chromium catalyst in
which either the chromium compound or its support is chemically modified
before or during the catalyst preparation. This in turn provides the tools to tailor
a material’s properties suitable for different applications, for example molecular
weight distribution (MWD). In this way, the polymer’s properties may be influ-
enced by changing the chemical surroundings and electron deficiency of the
chromium atom, for example by using titanium, aluminum or fluorine com-
pounds [160-162].

The bis-triphenylsilyl chromate catalyst (earlier known as S2 catalyst by Union
Carbide) has been used successfully in the commercial production of HDPE resins
for film and pipe applications, due mainly to its ability to polymerize material with
broad MWD [163]. Typically, this catalyst is prepared by supporting the silyl chro-
mate compound onto a precalcined silica carrier following the pre-reduction of
chromium(VI) to chromium(III) by an aluminum alkyl compound such as diethyl
aluminum ethoxide. Recently, a new synthesis route was presented for the conver-
sion of a chromium oxide catalyst to the silyl chromate catalyst by introducing a
silyl ligand from a corresponding silanol compound and performing synthesis on
the chromate surface [164, 165].

The silica-supported chromocene catalyst developed by Union Carbide has not
been generally accepted for industrial use due to material processing difficulties
and issues about catalyst stability. In this catalyst, chromocene (Cp,Cr, where
Cp=1°-CsHs, cyclopentadienyl) is attached onto the partially dehydroxylated silica
surface. During supporting, one of the cyclopentadienyl ligands is released while
the other remains bound to the chromium. The characteristics of a chromocene
catalyst differ from those of other supported chromium catalysts, and include a
relatively narrow MWD, high selectivity between ethylene and a-olefins (no copo-
lymerization), and a good hydrogen response for molecular weight control [166].

61
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Supported chromium-based catalysts are typically used in particle-forming
polymerization processes, such as a slurry process in which dissolved ethylene is
polymerized to form solid polymer particles suspended in a hydrocarbon diluent,
and a gas-phase process where ethylene is polymerized to a solid polymer in a
fluidized bed of polymer particles [167].

2.2.2.1 Activation of the Chromium Catalyst

When a chromium compound is deposited onto a fully hydrated porous silica
support with silanol groups, the supported catalyst is calcined at high temperature
in air or oxygen in order to activate it [154]. The catalyst may also be activated and
reduced to lower oxidation states in catalyst preparation step by utilizing carbon
monoxide or metal alkyl compounds as reducing agents [154, 159].

The surface of hydrated silica is heterogeneous due to the presence of different
types of hydroxyl groups (isolated, geminal and vicinal), which play an important
role in adsorption and chemical reactions. In the preactivation phase, dehydroxyl-
ation occurs by the first physisorbed H,0O being removed, followed by different
silanol groups, depending on the calcination temperature. Examples of these reac-
tions are shown in the schematic thermogravimetric curve of a chromium oxide
catalyst (Figure 2.7). The removal of isolated silanol groups requires very high
calcination temperatures [168], with chromium(III) being oxidized to chromium(VI)
during the calcination step. The monodispersed surface monochromate or dichro-
mate ester species are formed at 150 to 350°C and anchored onto the silica surface
(Figure 2.8), where at least the monochromate species serve as an active site. The
catalyst activity is heavily dependent upon the activation temperature used for the
catalyst preparation [159]. In general, only part (0-1%) of the chromium loading
is active in polymerization, and probably not in excess of 10% [169-171].

At higher calcination temperatures (usually at ca. 900°C) the amorphous silica
begins to sinter and the pore structure starts to collapse. As a consequence, it loses

Figure 2.7 A schematic presentation of the thermogravimetric analysis of a CrO,/SiO, catalyst.
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Figure 2.8 Anchoring and reduction reactions of chromate on silica surface.

its high surface area as the small pores begin to fuse together to form larger pores.
It is a well-known phenomenon that alkali metals promote the sintering of silica
while enhancing the formation and breakage of Si—~O-Si bonds [172]. For example,
it appears that sodium induces a much more drastic effect on sintering on the
surface area than on the pore volume. Compared to sodium-induced sintering,
normal sintering only slightly reduces the average pore radius [173]; therefore, in
the specifications of commercial silica carriers the Na content must be held within
confined limits.

Recently, further studies on the activation of CrO,/SiO, catalysts by metal alkyls
have begun to attract interest from a number of research groups. Metal alkyls,
besides boron alkyls (triethylboron, TEB), are not widely used as cocatalysts in
commercial processes. The introduction of a metal alkyl cocatalyst influences the
active site formation, polymerization kinetics and structure of polymer chains. A
metal alkyl may be introduced to the chromium catalyst system in: (i) the catalyst
preparation phase; (ii) during catalyst aging or the pretreatment stage in a polym-
erization reactor, just before monomer feeding; or (iii) at the polymerization stage,
with simultaneous interaction of the catalyst with a metal alkyl cocatalyst and
monomer. According to the studies of Blom et al., the stage at which the metal
alkyl is introduced to the system has a crucial effect on polymerization behaviour
and polymer properties [174, 175].

Terano et al. have performed kinetic studies on the simultaneous interaction of
catalyst with an Al-alkyl cocatalyst and monomer. The cocatalysts triethyl alumi-
num (TEA) and diethyl aluminum ethoxide (DEAE) each provided different polym-
erization kinetics. CrO,/SiO,(600°C)/TEA was responsible for two types of basic
polymerization kinetics: (i) rapid formation—rapid decay; and (ii) slow formation—
slow decay. In the case of CrO,/SiO,(600°C)/DEAE, the kinetics was of the single
type [176]. Because aluminum alkyls are strong reducing agents, they may be used
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during the catalyst preparation phase to pre-reduce Cr(VI) chromate to a lower
oxidation state. Most likely, at the same time the metal alkyl is able to alkylate the
chromium center [177, 178], as no induction time can be found and the polymer-
ization rate is increased.

The reduction of CrO,/SiO,-Al,0O; catalysts with alkoxides (e.g., diethylalumi-
num ethoxide) and other reducing agents results in more productive, hydrogen-
sensitive, polymerization catalysts which allow the use of hydrogen to control the
molecular weight of the polyethylene. Such use of hydrogen appears also to have
an effect on the chain-transfer reaction and the ratio of unsaturated to saturated
end groups (this is changed from 1:1 to 3:2) [179]. With a conventional Phillips-
type chromium catalysts, the termination reaction occurs by -hydrogen elimina-
tion to produce an unsaturated double bond at the end of the polymer chain. The
ratio of the -CH=CH, and —CH; end groups is then 1:1.

223
Polymerization Mechanism

During recent years the exact mechanisms for initiation, propagation and chain
transfer have been widely debated, and in particular the initiation reaction has
remained an open question for decades. Despite intensive research and the use
of the latest spectroscopic methods and catalyst modeling to clarify the structural
features of the precursor of the Cr active site, the polymerization mechanism of
CrO,/SiO, catalyst is still not fully understood [156].

A chromium oxide catalyst may not be immediately active for ethylene polym-
erization following its exposure to ethylene in the reactor, and the induction period
(i.e., when there is no detectable activity) ranges typically between 10 and 60
minutes, or even longer, before the polymerization starts [154]. When the ethylene
in the reactor reduces Cr(VI) to Cr(II) to initiate the polymerization, formaldehyde
or acetaldehyde is formed simultaneously in a redox reaction. Formaldehyde (and
acetaldehyde) is able to coordinate strongly to Cr(II). However, the reduction reac-
tion of surface chromate is not the sole contributor to the induction period of the
CrO,/SiO, catalysts. Another contribution is made by ethylene metathesis through
the formation of a chromium-—carbene species. The gradual desorption of residual
formaldehyde from the surface Cr(II) species is considered to cause an accelerating-
type polymerization, with metathesis-active sites transforming to polymerization-
active sites. The coexistence of metathesis sites with polymerization sites may be
indicated by the in-situ formation of short olefin comonomers during ethylene
homopolymerization with calcined chromium oxide catalysts. The existence of a
metathesis initiation during the induction period was first proposed by Terano
et al. [180, 181], and the first evidence of chromium-—carbene complex formation
was later obtained during the induction period using X-ray photoelectron spectros-
copy (XPS) [182]. More recently, spectroscopic studies performed by Groppo and
colleagues also shed some light on the polymerization mechanism and the initia-
tion reaction. By using in-situ Fourier transform infra-red (FTIR) measurements,
this group identified the first spectroscopic evidence of the creation of a metalla-
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Figure 2.9 A schematic presentation of the initiation
mechanism of a CrO,/SiO, catalyst in ethylene polymerization.
(a) The metallacyclo mechanism; (b) the mechanism
according to a Ziegler-Natta-like behavior. (Reproduced with
permission from Ref. [183]; © 2006, Elsevier.)

cycle intermediate species during ethylene polymerization on the Cr(II)/SiO, cata-
lyst. This finding was considered to be key evidence that the initiation mechanism
followed a metallacycle route, which was also found to occur for several ethylene
trimerization and tetramerization catalysts [183]. The mechanism of metallacycle
formation is shown in Figure 2.9. Previously, the Cr(Il)----(C,H,), n-bonded
complex had been identified by these authors [184].

Following the induction period, the polymerization rate with chromium oxide
catalysts begins to increase with time until eventually it levels off. This time-related
increase in polymerization rate suggests that the concentration of active catalytic
species is not constant but rather increases with time, as proposed by the new
reaction mechanism studies. The polymer chain length is determined by the rate
of chain growth relative to chain transfer, with both reactions being highly sensi-
tive to the surroundings of the active Cr center. Catalyst activity is heavily depen-
dent on the activation temperature used in catalyst preparation, and the existence
of different types of Cr active centers with different chain-termination rates has
been proposed [159]. The chain-transfer rate is not only very sensitive to polymer-
ization temperature [159], but is also accelerated by modifying agents such as Ti
and F. The growth of the polymer chain is terminated by the B-hydrogen elimina-
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tion reaction, which produces a vinyl group at one chain end and a methyl group
at the other (Scheme 2.1).

Most likely, due to the diversity of active sites and time-varying polymerization
rate, the supported chromium oxide catalysts typically produce a broader MWD
than either Ziegler—Natta (M,,/M, ~ 3-6) or metallocene catalysts (M,,/M, ~ 2-3)
(Figure 2.10).

During the polymerization reaction, CrO,/SiO, catalysts are very sensitive to all
polar compounds, such as oxygen, water, methanol, carbon monoxide, and acety-
lene. These compounds are able to act as strong catalyst poisons, coordinating to
the active center and influencing the initiation reaction by extending the induction
time rather than affecting the polymerization itself [186]. Due to the induction

CH,{-CH,+-CH
o P o
H,C==CH, —_— CH,—CHs ¥ HZCTZCHfCHZ?SHS
H,C=CH,
CH,{-CH,}-CH H,C==CH,
- 2(' 2')' 3 )
N—cr " e E——Cr\ + HQCZCHJvCHZ}CH3
v —p H n

Scheme 2.1 Termination reactions of a CrO,/SiO, catalyst.
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Figure 2.10 The influence of catalyst on the molecular weight
distribution of unimodal polyethylene (PE) film material.
Chromium 1=high-density polyethylene (HDPE) film;
Chromium 2=linear low-density polyethylene (LLDPE).
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period and reasonably short residence times used in continuous-slurry polymer-
izations, chromium catalysts may often leave the slurry loop reactor before reach-
ing maximum activity. The average residence time in a gas-phase reactor is longer,
from 3 to 6 hours [167]. The induction period can be reduced, for example by using
carbon monoxide (CO) in the activation step [187], or by using a metal alkyl such
as triethylaluminum (TEA) as a poison scavenger in the polymerization reactor.
The use of poison scavengers also increases catalyst activity.

224
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2.2.41 The Effect of Carrier Material and Calcination Temperature

The carrier material plays a major role in chromium catalyst chemistry. In addition
to being an inert carrier, the support material increases the effective surface area
of the catalyst, stabilizes the valency of the transition metal centers, participates
in catalyst site formation by chemically anchoring the chromium compound to
the surface, isolates the chromium sites thereby preventing their destruction by
mutual interaction, and also provides a template for polymer particle growth [188].
The most common support in commercial catalysts is silica, although porous
silica-alumina (aluminosilicate), silica-titania, and aluminum phosphate may also
be used as support material for a chromium catalyst.

As the type of carrier used (based on chemistry, total pore volume, average pore
size, surface area) and its heat history influence the performance of a chromium
oxide catalyst, its activity and what type of polymer it produces, the commercial
chromium oxide catalysts may be divided in five groups: low pore volume; medium
pore volume; high pore volume; aluminum-phosphated; and fluorided. These dif-
ferent catalyst versions behave differently in polymerization and provide different
polymer properties. Therefore, by correctly choosing the catalyst type and activa-
tion profile, the polymer properties can be tailored for different end-use applica-
tions. For example, Cr/aluminophosphate catalysts produce polymers having a
broader MWD than is obtained using a plain silica carrier [189]. However, if a
narrower MWD but a still high molecular weight is needed, then a fluorinated Cr
catalyst may be used. If a lowering of the molecular weight is desirable, then the
catalyst should be supported on silica-titania [160].

Silica (silica gel) used as a carrier for chromium-based polymerization catalysts
is a synthetic amorphous and porous material having a high pore volume (typically
1.0-2.5mLg™ SiO,) and a high surface area (typically 200-600m*g™ SiO,). The
size, shape, porosity and fragility of the silica also plays an important role in regu-
lating the shape and morphology of the polymer particles in the particle-forming
polymerization processes. In order to avoid problems in polymerization processes
(e.g., fines, poor polymer flowability), an ideal silica support might be spherical
and have a large surface area, good porosity and sufficient mechanical strength as
the growing polymer particles replicate the shape of the catalyst particles. On the
other hand, the silica particles should be fragile enough to fragment during polym-
erization, or otherwise the catalyst would have little or no activity. The catalyst
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activity increases with increasing total pore volume. An odd feature noticed in
practice is that even the molar mass of the polymer seems to depend on the pore
radius. The use of a support material with larger pores leads to polyethylene with
a lower molecular weight [154, 190]. The activity of the catalyst is also very sensitive
to the temperature at which it was calcined, as increasing the calcination tempera-
ture also increases the activity. Surface hydroxyls are thought to interfere with the
polymerization reaction by coordinating to active chromium centers. Dehydroxyl-
ation occurs during the calcination step, and a higher activation temperature leads
to a more effective decrease in the surface hydroxyl population [159, 185]. However,
the calcination temperature used affects not only the activity of the catalyst but
also the polymer properties, such as the average molecular weight (melt flow rate)
of the polymer, the higher calcination temperature resulting in a lower molecular
weight (higher melt flow rate) [154, 159].

The data in Figure 2.11 show how the activation temperature influences not only
the catalyst activity but also the molecular weight and MWD of the polymer pro-
duced [191].

2.2.4.2 Effect of Polymerization Temperature

The way in which the main variables of the chromium oxide catalyst, and also its
activation and polymerization conditions, affect catalyst activity and the molecular
weight and MWD of the polymer product are summarized in Table 2.3. Catalyst
activity usually increases with increasing polymerization temperature; hence,
present-day slurry loop reactors are operated over a temperature range of 80 to
110°C, while reaction temperatures of 70 to 100°C are common in gas-phase pro-
cesses [167].

Figure 2.11 Performance of chromium-based catalysts as a
function of the calcination temperature. (Reproduced with
permission from Ref. [191]; © 1988, American Chemical
Society.)
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Table 2.3 Summary of the catalyst and process variables influencing catalyst performance.

Variable Responses

Catalyst Mw MWD Activity
Chromium content T 0 0 s+ T
Pore volume T ++ 4 +4 w4+ T
Added Ti T ++ 1 +7 +7
Added Al T +7 +7

Added F T +7 ++ 0
Catalyst particle size T 0 0 4+
Activation

Temperature T ot ++ +++ T
Reduction vs. no reduction +++ T +4 +++ T
Reactor conditions

Temperature 7 ++ 1 +1 +++ T
C, = concentration T + 7T +7 4+ T
Co-monomer (Cj, Cs) ++ 4 ++ 1 ++ T
Co-catalyt, TEB ++ 4 ++ T + (+4) T
Scavenger, TEA 0 0 + 7T
Hydrogen +4 +1 +4
Poisons O,, CO, H,0 =+ 4 +7 L

+ some effect; ++++ high effect; 0 no or neglectable effect.T increase; | decrease.

Recently, Niemantsverdriet et al. have used silicon wafer (Si(100)) as a support
to synthesize the model Phillips catalyst [192, 193]. The active component was
impregnated onto the model support, which may be further calcined or treated in
the correct manner. This model was used to study the effect of polymerization
temperature on the performance of CrO,/SiO,/Si(100). By combining the activity
with the molecular weight data, a huge increase in activity could be confirmed
with increasing polymerization temperature, although a visible decrease in molec-
ular weight could not be identified for polymerization temperatures below 100°C.
Above 100°C, however, the decrease in molecular weight was obvious. Flat model
catalysts are also well suited also for surface spectroscopic studies.

2.2.43 Effect of Hydrogen/Hydrogen Sensitivity

Phillips-type chromium oxide catalysts show very little sensitivity to hydrogen, and
behave quite differently compared to the Ziegler—Natta and metallocene catalysts,
which are considered to be hydrogen-sensitive. That is, the hydrogen acts as a
chain-transfer agent, terminating the growth of the polymer chain and yielding an
saturated polymer [171]. Thus, as the hydrogen response of chromium oxide cata-
lysts is poor, hydrogen has only a minor effect on the melt flow rate (molecular
weight) of the polymer, even if it tends to narrow the MWD. Instead of hydrogen,
the molecular weight of the polymer is usually controlled by the polymerization
temperature [154, 189]. However, some members of the chromium-based polym-
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erization catalyst family are more sensitive to hydrogen than is conventional
chromium oxide on silica. One well-known hydrogen-sensitive catalyst is chromo-
cene on silica, which has an even greater hydrogen response than the Ziegler—
Natta catalysts and produces highly saturated material [166].

_Cr—CHZ—(CHz)n—CH3 — —Cr—-H+ CH3—(CHz)n—CH3

Both, CrOj; alone and organochromium compounds on an aluminum phosphate
carrier, are reported to be hydrogen-sensitive [189]. Although the chain-transfer
reaction occurs by hydrogenation, the termination by B-elimination is favorable
and therefore polyethylene with a high vinyl group content is produced.

Metal alkyls may also sometimes terminate polymer chains through alkyl
exchange; aluminum, zinc and boron alkyls have each been reported to do this for
some chromium catalysts [189, 194-196].

225
Summary

Over the years that chromium oxide catalysts have been in use, our understanding
of the physico-chemical nature of the surface Cr species during preactivation and
monomer activation processes has increased continuously. The result has been an
improved catalyst preparation, a more controlled polymerization, and a continuous
quest for new types of chromium catalyst, such as Cr single-site catalysts, non-Cr
Phillips catalysts, and mixed catalysts [182].

The structural features and properties of a polymer are mainly defined by the
catalyst and process used in its production (Figure 2.12). Polyethylene resins pro-

Figure 2.12 Structure—property relationship indicating the
connection between polymer and catalyst. (Modified from the
figure in Ref. [191].)
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duced with chromium catalysts typically have a high molecular weight and form
a broad to very broad MWD (see Figure 2.11). They often also contain very low
levels of long-chain branching (LCB) whereas, through the incorporation of in-situ-
formed short o-olefin comonomers, small amounts of short-chain branching may
also be found in homopolymers [154]. The low- and high-molecular-weight tails
associated with Cr polyethylene resins affect the processing and mechanical prop-
erties of the products made from them. Excessive amounts of low-molecular-
weight material can decrease a material’s environmental stress crack resistance
(ESCR) and, in the worst case, migrate out of the material. Large amounts of very
high-molecular-weight material can result in gel formation, processing difficulties,
and warpage on cooling. Long-chain branching has a major effect on polymer flow
behavior (rheology), and in some applications may be detrimental for the mechani-
cal properties. Long-chain branching causes orientation in film and in blow-
molding, decreases die swell and ESCR, but causes an increase in melt strength.
Therefore, when basic chromium catalysts are modified, the ability to control LCB
formation is of equal benefit to control over the polymer molecular weight and
MWD.

Due to its high molecular weight and broad MWD, chromium-catalyzed high-
density polyethylene is used in applications where good processability and certain
mechanical strength is needed (e.g., blow-molding, films, pipes). For example, the
typical performance criteria for HDPE films are stiffness, tensile strength, punc-
ture resistance, tear strength and barrier properties. Improvements in all these
properties, and a resultant reduction in film thickness, has led to the tailoring of
MWD and especially comonomer/short-chain branching incorporation. This has
been made possible in both bimodal and multimodal processes with Ziegler—Natta
catalysts, and has resulted in an increasing replacement of Cr HDPE with bimodal
Ziegler-Natta HDPE for different film applications. In high-molecular-weight
(HMW) blow-molding, such as the production of drums and gasoline tanks, chro-
mium materials have been better able to defend their position [197].

Linear low-density polyethylene (LLDPE) resins are also important materials in
blown and cast film production. During the 1990s, Phillips Petroleum developed
a range of chromium catalyst low-density linear polyethylene (LDLPE) grades, to
compete first with conventional unimodal LLDPE produced with Ziegler—Natta
catalysts and later with metallocene-catalyzed LLDPE. LDLPE has a much broader
MWD and a lower melt flow rate (MFR) than the corresponding conventional
Ziegler—Natta and metallocene materials, and contains a low level of LCB. Although
LDLPE has good processability in film blowing, the film obtained is very hazy and
has in general worse impact and tear properties than films produced from the
other LLDPEs with a narrower MWD. Since their development, the LDLPE-type
polymers have not gained any large market share, and seem - like Cr HDPE - to
have lost in competition to bimodal Ziegler—Natta materials [198, 199].

In pipe applications, the move from PE80- to PE100-type materials has been in
progress in Europe for more than 10 years, with the United States following far
behind. A PE100 pipe classification means that the pipe must withstand hoop
stress of 10MPa for up to 50 years at 20°C. Until now, the PE100 requirements
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have been fulfilled only by the bimodal Ziegler—Natta polyethylenes [200, 201]. In
order to solve this problem, the research team at Chevron Phillips, using modified
chromium oxide catalysts and a Phillips slurry loop process, recently developed a
multimodal high-density polyethylene, produced in a single reactor where the
catalyst is supported on a modified aluminum phosphate carrier. The new PE100
pipe resin has an exceptionally high molecular weight and a broad MWD, a high
degree of SCB in very long chains, and a reduced amount of LCB when compared
to resins made using chromium catalysts on conventional supports. The new resin
is said to exhibit greater toughness and resistance to sagging during pipe extrusion
than the conventional bimodal pipe resins [202, 203].

As mentioned above, chromium catalyst technology has enjoyed a strong posi-
tion in unimodal HDPE production for over 50 years, and competition, both with
new catalysts that allow a better control of the polymer microstructure and with
multireactor processes, will be difficult to overcome. However, the future will show
whether polyethylene produced in a single reactor with novel chromium catalysts
can compete with bimodal/multimodal Ziegler—Natta or single-site materials. Or,
in other words, whether the new multimodal chromium polyethylene will become
a commercial success and be accepted by pipe producers and further developed
for film and molding applications in order to gain large market volumes.
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3
Polymer Particle Growth and Process Engineering Aspects
Michael Bartke

3.1
Heterogeneous Polymerization with Supported Catalysts versus Polymerization
in Homogeneous Phase

In homogeneous polymerization processes, the polymer formed is soluble in the
solvent and forms a single-phase polymer solution. In polymer solutions, viscosity
increases rapidly with increasing polymer content (up to several magnitudes), and
depends heavily on the polymer properties, and especially the molecular weight
of the polymer produced. With increasing viscosity, mixing and transport pro-
cesses, heat removal in particular become more difficult.

In heterogeneous processes with supported catalysts, the polymer is not soluble
in the continuous phase and forms a dispersion of solid polymer particles sus-
pended in the surrounding bulk phase. Polymer dispersions have a significantly
lower viscosity compared to polymer solutions of same polymer content. Thus,
heat removal and mixing are much less problematic for heterogeneous processes
compared to homogeneous processes.

The solution process for polyethylene is presently the only homogeneous process
applied commercially for the production of polyolefins. Commercial heteroge-
neous processes for polyolefins include slurry polymerization, in which the cata-
lyst is suspended in an inert suspension media, and bulk polymerization, in which
the liquid monomer is used as continuous phase, and gas-phase polymerization,
as well as combinations thereof.

Another difference between solution and slurry-, bulk- or gas-phase polymeriza-
tion can be seen in the temperature window applied. Solution processes in
general are operated well above the melting point of the polymer, typically around
or above 160°C, compared to slurry- or gas-phase polymerization which function
at below 100°C. Depending on the optimal temperature window of a given catalyst,
either solution or slurry- (respectively gas-phase) polymerization may be
favorable.

Tailor-Made Polymers. Via Immobilization of Alpha-Olefin Polymerization Catalysts.
Edited by John R. Severn and John C. Chadwick

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.2
Phenomena in Polymerization with Heterogeneous Catalysts

Following a classification introduced by Ray [1], the phenomena of polymerization
processes with supported catalysts can be grouped on the basis of three different
levels of scale:
« In the macro-scale, phenomena on the reactor scale such as
mixing, mass- and heat transfer to/from the continuous
phase, residence time distribution, particle size distribution,
control and stability of the reactor are investigated.
« In the meso-scale, phenomena on the particle scale such as
catalyst fragmentation, morphology development and phase
equilibria and mass- and heat transfer processes within the
polymerizing particle are the focus of attention.
« In the micro-scale, the molecular processes at the active site,
the reaction kinetics are the main topic.

The focal point of this chapter is the meso-scale, as catalyst heterogenization
may have a major influence on meso-scale phenomena.

3.2.1
The Particle as Microreactor

In heterogeneous polymerization with supported catalysts, the reaction takes place
in the polymer particles formed. Hence, these catalyst (polymer) particles must be
considered as microreactors (or in fact as semi-batch microreactors) within the
process.

The monomer and other reaction partners such as comonomers and chain-
transfer agents must be transported from the bulk phase to the particle, and from
the particle surface to the active sites of the catalyst. The heat of reaction [for
polypropylene (PP), 84k] mol™; for polyethylene (PE), 101k] mol™] is released at
the active site of the catalyst, and must be transported through the polymer particle
to the particle surface, from there to the bulk phase, and finally from the bulk
phase to the cooling system of the reactor.

Due to phase-equilibria and transport processes, the concentrations and tem-
peratures at the active site may differ significantly from those in the bulk phase.

Polymer particles grow significantly during the course of polymerization. Pro-
ductivities of, for example, 100kgPPg™ catalyst and more correspond to an
increase in the particle diameter of a factor in the range of 50; this means that a
catalyst particle of 20 um yields a polymer particle of 1 mm diameter.

Not only mass and heat transfer but also other process characteristics are sig-
nificantly affected by polymer particle morphology.



3.2 Phenomena in Polymerization with Heterogeneous Catalysts

3.22
Polymer Particle Growth and Morphology Development

Polymer particle growth and has been the focus of intense scientific activities
during the past decades. In fact, many different morphology models for polymer-
izing particles have been developed over the years, and reviews of the relevant lit-
erature may be found elsewhere [2—4]. Some underlying model assumptions of
selected models, together with some of the main findings, are discussed briefly in
the following sections.

Assuming that the catalyst particle does not break up during polymerization, a
core-shell morphology for the polymer is the consequence (Figure 3.1). The cata-
lyst particle serves as a core, around which a growing shell-like layer of polymer
is formed. The reaction takes place only on the external surface of the catalyst
particle, with the monomer being absorbed at the surface of the polymer layer and
transported to the catalyst surface. The growing polymer layer resembles a severe
mass-transfer resistance, and causes a significant decay in the rate of polymeriza-
tion. Crabtree et al. [5] have described experimental results for reaction rate and
molecular weight distribution (MWD) for a Ziegler—Natta catalyst in a slurry
polymerization of ethylene by a core-shell model. It is due to these serious mass-
transfer resistances that, in industrial processes, the core-shell morphology is
avoided. However, the core-shell model represents a limiting case with maximum
mass-transfer resistance, and consequently is of theoretical interest. Comparisons
with other single-particle models can be found elsewhere [3-5].

The multigrain model is the most widely used particle model for describing
particle growth in polyolefin polymerization. The basic concept was proposed by
Yermakov et al., while the first detailed calculations were carried out by Ray and
colleagues [6]. In fact, Ray’s group has constantly improved and extended the
multigrain model during the 1980s and 1990s [7-14].

The multigrain model presumes that the catalyst is instantly disintegrating into
fragments at the very beginning of the polymerization process. It is also assumed
that the reaction takes place on the surface of the catalyst fragments, and that the
catalyst fragments or “micrograins” polymerize according to a core-shell morphol-
ogy and together form a porous macroparticle (see Figure 3.1).

Heat and mass transfer are considered in the multigrain-model on two different
scales: (i) mass transfer within the pores of the macroparticle (pore diffusion); and

core — shell multigrain polymeric flow

Figure 3.1 The basic particle morphology as assumed in core-
shell, multigrain, and polymeric flow models.
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(ii) mass transfer through the polymer layer around the catalyst fragments within
the micrograins. The model uses two diffusion coefficients for both macro- and
microparticle diffusion.

According to parameter studies [6, 7], the main mass-transfer resistance—
especially in the case of slurry polymerization—seems to be the mass-transfer
resistance on the macroparticle scale due to the longer diffusion pathways. In
general, mass-transfer resistances predicted by the multigrain-model are much
less pronounced than those predicted by the core-shell model.

For catalyst systems with one type of active site, a polydispersity of about four
can be explained by diffusion limitations [8]. The description of broader MWDs
cannot be described solely by mass-transfer limitations, and requires the consid-
eration of multiple sorts of active site [7, 8], as is generally accepted for Ziegler—
Natta type catalysts.

The influence of external transport resistances at the interface of the particle
and the continuous phase has been discussed [9]. For slurry polymerizations with
highly active catalysts, the external mass transfer can become limiting, whilst
limited heat removal in gas-phase polymerization may lead to overheating up to
a point where particle melting occurs [10]. Recently, Hutchinson et al. have
extended the multigrain model to copolymerizations [11].

During recent years, the description of particle morphology has been constantly
improved. The original form of the multigrain-model implied constant porosity
during the course of polymerization. However, constant porosity requires a con-
tinuous spatial rearrangement of the micrograins within the macroparticle, which
is unlikely to be a realistic assumption. Hutchinson et al. [11] subsequently aban-
doned the assumption of constant porosity and instead assumed a constant spatial
arrangement of the micrograins. The model modification predicted—as observed
experimentally—that strong concentration gradients would increase the porosities
up to hollow particles. In any case, the model predicted porosities that would be
equal to or even larger than the catalyst porosity. However, with metallocene cata-
lysts, very compact polymer particles with a lower porosity than the catalyst particle
were observed. Debling [12] explained this finding by suggesting a lower melting
point and thus a higher compressibility of the micrograin particles.

Naik et al. [13] studied the influence of leaching of the active compound from
the catalyst support. Extraction of the active compound results in the reaction no
longer occurring solely on the catalyst surface, but also in the polymer phase of
the micrograins. For gas-phase polymerizations, this reduced the mass-transfer
resistance and increased activity. In slurry polymerizations, the extracted active
compound may also polymerize within the pores of the catalyst, the result being
pore clogging and an increased mass-transfer resistance. A reduced rate and a
potentially dramatic reduction in porosity may be the consequence of such effects.
In this case, the multigrain morphology is deemed to be transferring into a
polymeric-flow morphology [14].

With help from the multigrain-model, numerous observations of polyolefin
polymerization may be explained, although the number of model parameters
involved might become substantial.
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One other, often used, particle model—namely, the polymeric flow model-has
been proposed in two very similar reports by both Schmeal and Streen [15] and
Singh and Merrill [16], the aim being to explain the experimentally observed broad
MWDs. In analogy to the multigrain model, instant catalyst fragmentation during
the very early stages of polymerization is assumed. In contrast to the multigrain-
model, the polymeric flow model is a quasi-homogeneous model, where the
polymer and catalyst fragments are treated as one compact phase (see Figure 3.1).
As a consequence, only one effective diffusion coefficient is required in order to
describe the transport processes occurring.

The polymer formed by reaction cannot be accumulated within the particle, and
thus is transported outwards by convection. The catalyst fragments and all other
species present are distributed within the particle by this internal convective
polymer flux. In other investigations, Galvan and Tirell [17] have used a polymeric
flow model with two active sites for simulation studies.

Hoel et al. [18] have applied a polymeric flow model for copolymerization, while
Sun et al. [19] and Bartke and colleagues [20] have used polymeric flow models
for the gas-phase polymerization of butadiene with supported catalysts based on
neodymium.

Sakar and Gupta [21] have proposed a polymeric multigrain model, which is
based on a discretized version of the polymeric flow model. In order to better
take into account particle morphology, the effective diffusion coefficient is cal-
culated depending on catalyst concentration as function of time and spatial
position.

Catalyst fragmentation was studied experimentally during the early 1970s, when
both Hock [22] and Buls and Higgins [23] proved, using electron microscopy, that
during the early stages of polymerization the rapid fragmentation of heteroge-
neous Ziegler—Natta catalysts of approximate size 30 um fragmented to approxi-
mately 10 to 100nm, and thus became embedded in the polymer particle.

Although, both the polymeric flow model and the multigrain model assume
instantaneous fragmentation of the catalyst, the fragmentation process itself has
not been considered. The first quantitative studies on catalyst fragmentation were
carried out during the early 1980s by Laurence and Chiovetta [24] and Ferrero and
Chiovetta [25-28], the model developed being based on the multigrain-model. The
catalyst particle was considered, as for the multigrain-model, to be an agglomera-
tion of micrograins.

Polymerization begins in the pores of the catalyst, which clogs due to polymer
formation such that the monomer concentrations inside the particle are very low.
Initially, polymerization takes place in the outer regions of the particle, and the
hydraulic forces induced by polymer formation lead to catalyst fragmentation. In
the model, fragmentation is correlated to a critical growth factor whereby, if the
micrograins increase their diameter by a specific degree, then fracture occurs and
the micrograin is separated from the catalyst core. It then forms a second porous
particle phase in which polymerization takes place according to the multigrain-
model. The model describes fragmentation as a consecutive fragmentation from
outside to the inside of the catalyst particle (Figure 3.2).
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Figure 3.2 Catalyst fragmentation patterns (from outside to inside versus bisectional).

In one report [22], for a MgCl,-based Ziegler—Natta catalyst, critical growth
factors are described ranging from about 1.03 to 1.06, which means that fragmen-
tation took place when the micrograins had grown by 3-6% in diameter. For the
gas-phase polymerization of propylene [23], complete fragmentation of the catalyst
was seen to occur within seconds. Consideration of the fragmentation process,
compared to the multigrain model, leads to significantly lower predictions of
temperature increases at the start of the polymerization. For polymerization in
liquid propylene (bulk polymerization), the model predicts longer fragmentation
periods, in the scale of minutes, and anticipates a less-pronounced temperature
increase due to improved heat-removal conditions in the liquid phase [25, 26]. In
1995, Bonini and colleagues [29] presented a very similar model for the fragmenta-
tion of a metallocene catalyst supported on silica in slurry polymerization of pro-
pylene. The critical growth factors obtained for this catalyst indicated, with values
between 1.4 and 2.1, that fragmentation for this silica-supported catalyst occurred
significantly more slowly than for MgCl,-supported catalysts.

A completely different approach was proposed by Estenoz and Chiovetta [30,
31]. Based on experimental observations with silica-supported chromium catalysts,
these authors formulated a particle model in which the catalyst initially broke up
into large fragments, which broke up further during the course of polymerization
(see Figure 3.2). During the fragmentation process, new active surfaces of the
catalyst were continuously released. Fragmentation was seen to begin in the larger
pores, as these had the lowest hydraulic resistance towards polymer formation,
and continued in the smaller pores until the hydraulic pressure built up by poly-
merization was insufficient to break up the support. For silica supports, fragment
sizes in the range of 0.1 to 10 um are indicated. This model was quasi-homogenous
in nature, and no further morphology predictions were made, the fragmentation
process being described solely by the surface/volume ratio of the catalyst frag-
ments. Model parameters may also be obtained by morphology data of the catalyst
support such as pore size, pore size distribution and BET surface.

In the tension-model proposed by Kittilsen and McKenna [32], the catalyst frag-
mentation was initially explained by the underlying physical phenomena, the build
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up and relaxation of mechanical stresses. This model is based on the multigrain
model, but in additionally to the mass- and heat balances, the mechanical stress
in the particle, resulting from a build up by volume expansion due to polymeriza-
tion, is calculated. When the stress exceeds a critical limit, the relaxation of stress
in the form of fragmentation in a tangential direction occurs, such that the
micrograins separate and continue their growth. In contrast to the other fragmen-
tation models discussed above, apart from assuming spherical symmetry the
tension model does not include any a priori assumptions on the location or direc-
tion of the fragmentation process. Fragmentation occurs where the build-up of
tensions in the particle are highest. The formation of hollow particles has been
explained by the presence of highly active catalysts [30]. The basic concept which
has been further developed by Kosek et al. [33, 34]. In their model, the mechanical
force interactions between the microelements of a particle (e.g., the micrograins
of a porous macroparticle) are described by a viscoelastic Maxwell model. Depend-
ing on the particle growth, mechanical material properties, mass-transfer condi-
tions, and the uniformity of catalyst loading, a variety of different polymer particle
morphologies have been described, including compact particles, macrocavity
formation, hollow particle formation, loss of sphericity and the formation of
cauliflower-like structures, disintegration into fines, and the attrition of
micrograins.

3.23
Mass Transfer in Polymerizing Particles

From the results of various particle modeling studies it can be concluded, that
both mass- and heat-transfer resistances are most pronounced during the early
stages of polymerization, when activity is high and the particles are still very
small.

For the above-mentioned particle models, different mass-transfer mechanisms
such as fickian diffusion, pore diffusion, multicomponent diffusion, diffusion and
convection have been utilized.

For many of the present highly active catalyst systems, the outlined models
would in general predict unrealistically high mass-transfer restrictions, which have
not been observed experimentally. Hence, it may be concluded that mass-transfer
parameters, and especially effective diffusion coefficients, are often severely under-
estimated or the corresponding diffusion length, often the micro- and macro-
particle radii are used, are significantly overestimated [2].

Although convection may contribute to overall mass transfer, under industrial
conditions the convective mass transfer will invariably decrease due to an accu-
mulation of inerts within the particle and a corresponding reduction in pressure
gradient as the driving force for convection [2].

One general problem in the quantification of mass transfer is a lack of experi-
mental data. For gas-phase conditions, effective diffusion coefficients can be
determined from sorption experiments [20, 35, 36]. However, these mass-transfer
parameters have not been determined under reactive conditions. In fact, for slurry
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or bulk polymerization even fewer experimental data are available concerning
mass transfer in polymerizing particles.

3.24
Role of Catalyst Porosity

Within the generally accepted understanding of catalyst fragmentation and mass
transfer, catalyst and polymer particle porosity plays an important role.

According to all fragmentation models available, catalyst fragmentation begins
in the pores of the catalyst particle. Mass transfer in the pores, according to
Knudsen diffusion, is assumed to be about one magnitude faster compared to
molecular diffusion in (unporous-) polymer films. Kiparissides et al. predicted
that, with decreasing porosity, there would be a decrease in the effective diffusion
coefficient of factor of about four [37]. However, catalyst systems without any
measurable porosity but with high activity in polymerization and complete and
rapid fragmentation of the catalyst particle have been described [38—40].

Sorption studies carried out with PP particles prepared by catalysts with differ-
ent porosities showed no significant differences in effective diffusion coefficients,
depending on the particle morphology [39].

It is possible that the role of catalyst porosity might depend to a much greater
extent on the nature of the catalyst support material and the catalyst preparation
process:

« Porosity may be needed for a specific catalyst preparation
process, such as the impregnation of a metallocene complex
on a silica carrier.

« For particle fragmentation, the solubility of the monomer in
the support material is an important factor; for support
materials with no solubility for monomers (e.g., inorganic
support material, silica), the pores are needed to facilitate
catalyst fragmentation. For catalyst support materials with
solubility for monomers (e.g., (partially-) organic
compounds or polymeric carriers), porosity may not
necessarily be needed to start catalyst particle fragmentation.

« For the effect of porosity on mass transfer, further
experimental data regarding the effective length of diffusion
are needed. The above-mentioned highly active unporous
catalysts systems suggest that the role of porosity in mass
transfer in polymerization is overestimated in the particle
models presently available.

3.25
Particle Homogeneity/Videomicroscopy

The interparticle homogeneity of heterogeneous polymerization catalysts—or,
more precisely, a uniform polymerization behavior of catalyst particles—is impor-
tant from the points of view of both process and product.
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Unactive catalyst particles will not disintegrate and ultimately locate in the
polymer product, the result being reduced clarity in film products or fiber breakage
during spinning processes in the case of fiber grades. An uneven loading of the
catalyst particles might lead to the generation of fines in the case of low loading,
or to particle overheating in the case of a too-high loading; both can lead to process
problems. In the case of multi-step processes, differences in the kinetic profile
might also lead to different polymer compositions on a particle scale.

One excellent technique by which to study the homogeneity of heterogeneous
catalysts under reaction conditions is videomicroscopy. This was first applied to
polymerization by Eberstein and Reichert [41], in the gas-phase polymerization of
butadiene with a heterogeneous Ziegler-Natta ZN catalyst. Pater and Weickert
[42, 43], as well as Fink et al. [44, 45] and Reichert and colleagues [46, 47] subse-
quently applied videomicroscopy to polyolefin polymerization.

In videomicroscopy, the resting catalyst particles are polymerized in a gas phase
within a pressure cell equipped with a window. The polymerization is observed
through the window, using a digital video camera mounted on top of a microscope
with suitable magnification. Two-dimensional (2-D) pictures of the growing parti-
cles are then recorded during the course of polymerization, and from these the
volume growth and hence catalyst activity can be calculated. The generally labori-
ous analysis required may be conducted computationally, using by digital image
processing.

Originally, videomicroscopy was used to study single-particle kinetics. However,
it should be borne in mind that the reaction conditions—and especially the heat-
removal conditions of resting particles—are incomparable to those of industrial
reactor conditions. Indeed, temperature increases of several decades, as measured
with infrared technology, have been reported by Pater and Weickert [43] in the
case of ethylene polymerization. In virtually all videomicroscopic investigations,
more or less pronounced inhomogeneities between different catalyst particles have
been reported. This means, on the one hand, that for kinetic studies a statistical
analysis of the data must be applied in order to obtain reliable kinetic information,
although on the other hand it does mean that videomicroscopy may be used to
study the homogeneity of catalyst polymerization behavior.

Both, Abboud et al. [47] and Bartke et al. [40], used videomicroscopy to study
the homogeneity of different heterogenization techniques for supported metallo-
cene catalysts. In both cases, depending on the heterogenization technique, sig-
nificant differences in particle homogeneity could be detected.

3.2.6
Prepolymerization

As mentioned above, mass- and especially heat-transfer, limitations are likely to
occur during the initial stages of the polymerization.

One useful approach to avoid overheating and its associated problems such as
loss of morphology and thermal deactivation, is that of prepolymerization [48, 49].
With prepolymerization, an initial polymerization is conducted under mild condi-
tions (lower temperature and/or monomer concentrations), such that a reduced
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rate occurs. Consequently, heat production—and thus overheating—is obviously
also reduced, and particle fragmentation and morphology development take place
in a more homogeneous and controlled manner. Prepolymerization is usually run
only up to very low yields, perhaps 10 to 500 g prepolymer per gram catalyst. Thus,
although the contribution of prepolymerization to the final polymer product is, in
terms of product properties, negligible, its influence on the polymerization process
is significant.

Prepolymerizing under mild conditions to a polymerization degree of 5° = 125
represents an increase in catalyst mass by a factor of 125. For highly active catalysts
this would be less than 1% of the final productivity. For this prepolymerization
degree, the particle diameter is increased roughly by a factor of 5, and the (external)
particle surface by a factor of 5% = 25. Thus, a prepolymer entering a main polym-
erization reactor that is polymerizing at high activity has a 25-fold larger heat-
transfer area available for heat removal compared to the “virgin” catalyst. Although
heat-transfer coefficients decrease with increasing particle size, the temperature
difference between the particle and surrounding bulk phase that is needed in order
to remove the heat of reaction is significantly lower for the prepolymer in com-
parison to the virgin catalyst polymerizing at the same rate.

Particle overheating during the main stage of polymerization can be avoided by
correct prepolymerization. As a result of continuous improvements in catalyst
productivity, prepolymerization is becoming increasingly important and more
widely used.

3.3
Polymerization Processes and Reactors for Polymerization with
Heterogeneous Catalysts

3.3
Slurry/Bulk Processes

In slurry polymerization the catalysts are suspended in an inert suspension medium,
typically alkanes such as hexane, isobutane, or propane. The monomer, comono-
mer and chain-transfer agents must be dissolved in the suspension medium. The
slurry process is used for the polymerization of polyethylene, predominantly to
produce high-density polyethylene (HDPE). The slurry polymerization of ethylene
is limited to higher densities, since linear low-density polyethylene (LLDPE) frac-
tions with high a comonomer content and/or a low molecular weight would par-
tially dissolve in the suspension medium and this would lead to reactor fouling.

In bulk- or liquid pool polymerization, the monomer is used as the suspension
medium. In bulk polymerization, which is widely used for the production of PP,
heat removal from the polymer particle to the liquid bulk-phase is superior to that
seen with gas-phase polymerization.

When designing a catalyst for use in slurry- or bulk polymerization, the avoid-
ance of leaching (i.e., the extraction of active components into the liquid phase) is
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Figure 3.3 Schematic representation of a slurry loop reactor.

essential. Leaching can lead to uncontrolled homogeneous polymerization in the
liquid phase and the formation of deposits on the reactor walls. This so-called
“reactor fouling” significantly reduces the operability and hence the economy of a
process.

Slurry- or bulk processes are usually carried out either in continuous stirred-tank
reactors (CSTRs) or in loop reactors. Loop reactors (Figure 3.3) have the advantage
of a higher specific heat-transfer surface area and thus better heat-removal condi-
tions. In contrast to CSTRs, loop reactors do not have a gas phase present in the
reactor, and consequently the pressure may increase much more rapidly in
case of a malfunction; hence, such reactors must be equipped with an effective
blow-down system. Loop reactors operate under industrial conditions, with high
circulation rates. The high velocities inside the reactor improve the heat-removal
conditions and also reduce the risk of deposit formation on the reactor walls. At
high circulation rates, the residence time distribution of a loop reactor approaches
that of a CSTR. However, the presence of size-selective reactor outlets such as
settling legs or cyclones can significantly affect the residence time distribution, as
demonstrated by Zacca et al. [50, 51].

332
Gas-Phase Polymerization

In gas-phase polymerization, a broad product window can be achieved. Due to the
absence of a liquid phase, leaching or dissolution of low-density/low-molecular-
weight fractions of the polymer is not an issue. Gas-phase processes have advan-
tages in investment and operating costs, as no recycling of the solvent/suspension
medium is required.

The gas-phase polymerization of PE on an industrial scale is carried out solely
in fluidized-bed reactors (FBRs) (Figure 3.4). The typical reaction conditions
include a temperature of 80-100°C, a pressure of approximately 20 bar, and resi-
dence times of between 1.5 and 3 hours. Fluidization of the powder is achieved
by superficial gas velocities in the cylindrical section of the FBR of typically 0.1 to
0.5ms™. In the expansion zone of an FBR, the gas velocity is lowered below the
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Figure 3.4 Schematic representation of a fluidized bed reactor.

fluidization velocity in order to avoid any carry-over of particles to the gas circula-
tion. As the fluidization velocity is a function of particle size, a narrow catalyst
particle size distribution and high bulk density of the polymer are desirable for
the efficient operation of an FBR.

The heat of reaction is removed in the gas recycle loop, either by cooling or by
the condensation of condensable components such as propane (“condensed mode
operation”). The residence time distribution is usually described as being well
mixed and CSTR-like, although sizing effects may play a significant role [50, 51].

The operability of FBRs is limited by agglomeration for sticky products, such as
LLDPE with a very low density. Static electricity may also lead to operability prob-
lems, and consequently antistatic agents are normally used.

Compared to polymerization in the liquid phase, heat removal is more critical
during the initial phase of polymerization. Prepolymerization represents a useful
method of avoiding overheating and the formation of hot spots in the reactive
bed.

The gas-phase polymerization of PP is carried out in either an FBR or a stirred-
tank reactor. Both, horizontal and vertical stirred-bed reactors are used on an
industrial scale. In stirred-bed reactors the fluidization is achieved by agitators,
and consequently they are less sensitive towards broader particle size distribution
than FBRs.

333
Cascaded Processes

Today, polyolefins are used in many application areas which previously required
the use of more expensive engineering plastics. An important technique by which
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to broaden property combinations and thus the application area of polyolefins, is
multi-stage polymerization. In this process, different fractions of polymer with
varying properties such as molecular weight and/or comonomer content are pro-
duced in a series of reactors operated under different conditions. In this way,
multimodal polymers or multiphase polymers with new properties and property
combinations may be obtained.

In the case of PE, multistage processes are used to produce multimodal poly-
mers, for example by the combination of two types of reactors of same type (e.g.,
two slurry tank reactors in Mitsui’'s CX® process; or two FBRs in Basell’s Spher-
ilene® process) or a combination of two reactors of different types (e.g., a slurry
loop reactor combined with a fluidized-bed, gas-phase reactor in the Borstar®
process of Borealis). In this way, polymers with a bimodal MWD and/or polymer
fractions with different comonomer contents may be produced (Figure 3.5).

Multistage processes are widely used for the production of PP, and in particular
for the production of heterophasic PP copolymers. In the first stage of either bulk-
or gas-phase polymerization, a homopolymer or random copolymer is produced
as a matrix material. Subsequently, an ethylene-rich, rubber-like copolymer, which
is immiscible with the matrix material, is produced in a gas-phase polymerization.
If the matrix material is produced as a bimodal polymer, then reactor cascades of
three or more reactors may be utilized.

For multistage processes the carry-over of critical reaction partners from one
reactor to another must be taken into account. For example, if a reaction partner
of the first reactor (e.g., hydrogen as chain-transfer agent, or comonomer) is not
desired in the second reactor, then an appropriate separation unit may need to be
positioned between the reactors, such as a flash tank to remove hydrogen.

Due to the inevitable residence time distribution of continuously operated reac-
tors, a distribution of properties for the final polymer product is always obtained
[50, 51]. For example, in the case of a two reactor-cascade with a split of 50wt.%
production in each reactor, certain fractions of polymer particles with a locally
lower (or higher) fraction of polymer produced in the first reactor will be obtained.
The catalyst homogeneity and kinetics may further influence this property distri-
bution. These inhomogeneities may also have an influence not only on the final
polymer properties but also on the operability of the process, and so should be
taken into consideration during its design.

Figure 3.5 Cascaded processes.
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Whilst it is clear that multimodal polymers offer more opportunities for product
development, it is also clear that multistage polymerization plants are more
complex and require higher investment costs.

Alternative concepts for the production of multimodal polymers include the use
of multisite catalysts in single-stage processes (e.g., Univation’s Prodigy™ catalysts
for the gas-phase polymerization of ethylene). In this case, the investment costs
are lower compared to a multistage process, but the controllability of the polymer
properties is also much reduced, as only one set of reaction conditions is available
in order to adjust for instance a bimodal MWD. New developments for the produc-
tion of multimodal polymers include reactors with different reaction zones, such
as the multizone circulation reactor in the Spherizone® [52] process by Basell.
This gas-phase reactor for the production of bimodal PP matrix material is a com-
bination of an expanded FBR section (riser) and a moving-bed reactor section
(downer) (Figure 3.6). In the riser section, low-molecular-weight material may be
produced at a higher hydrogen concentration, whereas in the downer section high-
molecular-weight is produced at lower hydrogen concentrations. The carry-over of
hydrogen from riser to downer is reduced by the use of a gas barrier, which
involves spraying liquid propylene on the top of the downer section. The polymer
circulates a couple of times through both reactor sections, such that a better par-
ticle homogeneity compared to a multireactor set-up can be achieved. In terms of
investment costs, reactors with different reaction zones lie between single-reactor
and multireactor set-ups.

Weickert [53] has proposed a multizone reactor on the basis of a FBR with an
internal circulation.

Figure 3.6 Schematic representation of Basell’s multi-zone circulating reactor.
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Requirements for Polymerization Catalysts

References

From a process engineering point of view, some general requirements for hetero-
geneous polymerization catalysts may be summarized:
« The kinetics (temperature window, catalyst life) must always

fit the process.

« A uniform impregnation/activation of the catalyst particles,
with homogeneous polymerization behavior
« Smooth and complete fragmentation of the carrier

« No break-up of catalyst particles

« A narrow particle size distribution

« High bulk density/compact particles
« No leaching of active compounds
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Methylaluminoxane (MAO), Silica and a Complex:
The “Holy Trinity” of Supported Single-site Catalyst
John R. Severn

4.1
Introduction

Methylaluminoxane (MAO), silica and a precatalyst complex—just like celery,
onions and carrots (or bell peppers)—are the three key ingredients (French “Mire-
poix” and Cajun “Holy Trinity”) to many a successful recipe. This chapter focuses
on how precatalyst complexes, methylaluminoxanes and silica support have been
combined to produce supported single-site catalysts.

Silica and MAO are the most commonly employed support material and cocata-
lyst, respectively, in the immobilization of a single-site precatalyst. It is advanta-
geous to have some basic knowledge of the reagents in question, how they can be
tailored, and how they interact with each other. In addition, the chapter will
provide examples of selected immobilization procedures and discuss the impor-
tant factors and pitfalls that may affect the outcome of the polymerization experi-
ment, focusing on the goal of a commercial catalyst.

411
Background

The development of single-site catalysts began when Cp,TiCl, was combined with
an alkyl aluminum complex to afford a catalyst that could polymerize ethylene
[1, 2]. These systems were low in activity and relatively unstable, but were effective
models for studying the mechanistic behavior of heterogeneous Ziegler—Natta
catalysts. The activation effect of water in such systems was initially noted by the
groups of Reichert [3], Breslow [4] and Kaminsky [5]; however, the major break-
through came when Sinn and Kaminsky demonstrated that this activation was due
to the formation of MAO from the partial hydrolysis of trimethylaluminum [6].
The MAO cocatalysts yielded an order of magnitude increase in activity and stabil-
ity of metallocene-based catalysts and this, coupled with the unprecedented ability
to tailor the polymer microstructure, resulted in considerable industrial interest
and investment into the field. A true single-site catalyst produces polymers with a
Schulz—Flory molecular weight distribution (MWD) (My/M,, = 2 and M,/M,, = 1.5).
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In addition, polymer chains with a uniform microstructure (comonomer incorpo-
ration, tacticity, etc.) are formed. One or a combination of these features can
impart unique macroscopic properties to such polymer resins, the formation of
which demands a catalyst with active sites that are identical and have all sites
operating ideally under very homogeneous polymerization conditions.

However, the vast majority of polyolefin production capacity is based on particle-
forming processes such as slurry/bulk, gas-phase, or cascaded-combinations
[7, 8]. Such processes are extremely large-scale (150-800kton year™) and operate
continuously. They rely on solid heterogeneous catalyst particles that form discrete
polymer particles to provide good reactor operability. It therefore became evident,
during the development of single-site a-olefin polymerization catalysts, that the
homogeneous catalysts required heterogenization in such a way as to avoid fouling,
allow continuous operation, and retain the desired polymer properties in such
processes. As might be imagined, it is quite a challenge to achieve “true” single-
site behavior on a heterogeneous catalyst particle, and in practice supported single-
site catalysts often provide somewhat broader MWDs as a result of generating
multiple active sites or (co)monomer concentration gradients within the particle.
However, there may be some tolerance to a deviation from true single-site behavior
if it does not adversely affect the desired polymer properties. It is this wish to
capture the unique polymer performance package offered by polymer resins
derived from single-site catalysts that has led to the “art” of immobilizing or het-
erogenizing becoming an area of intense research [7, 8].

4.1.2
Commercial Catalysts

The reader is constantly reminded that single-site catalysts are only immobilized
to allow operation in commercial particle-forming processes, to produce commer-
cially viable products. It should also be stated that the particle-forming processes
have certain limitations as to what type of polymer (density, melting point, etc.)
they can produce. In addition, the immobilization of a single-site catalyst is not
an absolute requirement to produce polymer resins with “tailored” single-site
properties, as several commercial grades of polymer are derived from solution-
based process technologies [7, 8].

At the outset of developing a commercial/industrial immobilization strategy for
a single-site precatalyst, it is important to take into account and balance several
different factors that could affect the success of the intended catalyst. The first
consideration is the targeted polymer resin; it is important to consider that the
polyolefin industry ultimately sells the property package of a plastic product, and
not a particular polymer resin. If the property package of the targeted single-site
catalytic resin can be achieved at a more economical cost by using a traditional
Cr- or Ziegler—Natta-based resin, or by a blending/additive combination, then it
will be. The targeted resin may also place requirements on the polymerization
process in terms of density ranges or multimodal features. The target resin strongly
dictates the choice of single-site precatalysts, particularly for resins with high
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molecular weight and good comonomer incorporation (polyethylene, PE) or iso-
tacticity (polypropylene, PP) demands. The volume sales of the target resin will
also affect the economic viability from a process point of view, as grade transitions
can be costly, particularly between traditional heterogeneous and single-site cata-
lysts. In addition, the target resin needs, ideally, to be produced at close to the
plant production capacity rate.

In all commercial particle-forming polyolefin processes the catalyst remains in
the finished polymer product unless extracted, which is a costly process. Therefore,
itis the catalyst productivity —that is, how much polymer is produced by how much
solid catalyst (including complex, cocatalyst and carrier)—that is crucially impor-
tant, and not the activity of the metal complex alone. Additionally, each polymer
product may require a specific polymer stabilization package. As a consequence it
is important to consider if the nature and/or quantity of the catalyst residues,
additives or their byproducts, following melt-state shaping, are benign or detri-
mental to the quality or long-term stability of the final product.

The polymerization process is an equally important factor placing further
requirements on a catalyst. Each proprietary process has its own limits in terms
of monomer and comonomer concentrations, temperature, temperature control
(AT), and residence time distribution. These factors place requirements on the
catalyst in terms of its kinetic profile, which may have a strong effect on the
polymer target capability and can be tailored to a certain extent by all the com-
ponents in the final catalyst (support, precatalyst, cocatalyst, and synthetic
strategy).

One of the main factors to affect process operability is reactor fouling. This typi-
cally occurs in a single-site catalyst polymerization when active species leach from
the surface of the heterogeneous catalyst and begin to polymerize homogeneously.
It results in the formation of polymer deposits on the surfaces of a reactor, its
internal parts such as gas-distribution plates, heat exchangers, impeller blades and
thermocouples and additional process hardware such as recycling lines and com-
pressors. These polymer deposits build up over a period of time, contributing to
a decrease in the ability to control the process (heat-transfer, catalyst efficiency,
product throughput and split-control in cascaded processes), and hence the ability
to produce the desired polymer resin to specification. This can spiral out of control
to a point where the reactor needs to be shut down, cleaned, and restarted. Fouling
is also detrimental to all parts of a polymerization process, including the reactor
and its associated hardware (pumps, motor and gearboxes, etc.), which may need
to be changed or maintained. The cleaning, maintenance and restart process can
take several days, and is extremely costly and time-consuming. It should be borne
in mind, however, that catalyst leaching is not the only cause of reactor fouling.
Indeed, the build-up of static electricity, overheating of a catalyst/polymer particle
through heat-transfer problems or poor control of the processes can also result in
fouling [9].

If the catalyst has passed the requirements of the target resin and the process,
then once again economics comes into the equation, and these may be quite
complex. For example, catalyst A may be 50% more productive than catalyst B, but
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if it costs three times as much to produce it is not as economical—unless the
increased productivity allows the producer to include additional value to the resul-
tant polymer resin (lower catalyst residues, enhanced film quality, etc.) or to reduce
their costs (fill the production rate of the plant). It should be noted that catalyst
quality and consistency are also crucial considerations in the commercial applica-
tion of any polyolefin catalyst, and this is particularly important for single-site
catalysts. The catalyst must perform consistently and produce material on-specifi-
cation day in, day out and year in, year out in the plants. In order to achieve this,
the producer requires relatively robust synthetic strategies, and the control of every
step of the process (starting material, quality, handling and reaction equipment,
process control, etc.), not forgetting the storage/shipping stability of the final
catalyst.

Important factors intimately linked to “economics” are legal issues such as
freedom to operate (FTO) and intellectual property rights (IPR). All steps in the
process of producing a polymer resin from a single-site catalyst have been pro-
tected to some extent, and these can either be licensed (where possible) or must
be circumvented. As might be imagined, the acquisition of a license for several of
the steps may be very expensive and, especially if there is more than one licensor
involved, this may prove uneconomic if the cost offsets the “added value” that has
come from the tailored material in the first place. Consequently, legal issues have
become one of the main reasons for the relatively slow penetration of single-site
catalysts and resulting resins. Ultimately, the profitability—and hence the com-
mercial viability of any polyolefin technology—is governed by the ability to save
costs and or to “add value” to the final product that overcompensates for any
increased costs.

413
Polymer Particle Growth

It is important to have some understanding of how the catalyst particle produces
a polymer particle, and also how that polymer particle grows, before undertaking
an immobilization strategy. Ideally, a single catalyst particle of a certain shape
should result in a single polymer particle of the same shape. Various models
describing particle growth during olefin polymerization have been developed. For
further information, the reader is directed to a review by McKenna and Soares
[10], in which the authors discuss single particle modeling for olefin polymeriza-
tion catalysts, and the recent investigations of Kosek et al. [11] and McKenna et al.
[12].

It is important that the mechanical strength of the catalyst particle is sufficiently
high to prevent disintegration into smaller fragments (as this may lead to fines
formation), but low enough to allow controlled progressive expansion during
polymerization. As the polymerization proceeds, the initial catalyst support
becomes fragmented and dispersed within the growing polymer matrix (Figure
4.1). The morphology of the starting support is replicated in the final polymer, so
that a spherical support in the size range 10 to 100 um will give spherical polymer
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Figure 4.1 Schematic representation of a model for the growth of a single polymer particle.

Figure 4.2 Schematic polymer growth and particle expansion
from experimental analysis. (Reproduced with permission
from Ref. [13b]; © 2004, Wiley-VCH.)

morphology with particle size generally in the range of 100 to 3000 um, dependent
on the catalyst productivity.

Extensive fragmentation and uniform particle growth are key features in the
replication process, and are dependent on a high surface area, a homogeneous
distribution of catalytically active centers throughout the particle, and free access
of the monomer to the innermost zones of the particle. For silica-supported cata-
lysts, it is frequently observed in the literature that polymer growth starts at and
near the particle surface, leading to the formation of a shell of polyolefin around
the catalyst particle. This imposes a diffusion limitation, preventing free access of
the monomer to active sites within the particle. Fink and others have highlighted
that this mechanism of particle growth is associated with a kinetic profile in which
an initial induction period is followed by an acceleration after which, in the
absence of chemical deactivation, a stationary rate is obtained [13]. Figure 4.2
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represents such a profile. However, as the author states, this is for a low loading
of active complex, so the actual time for each stage may be considerably com-
pressed. Although a catalyst chemist may not require a deep knowledge of all the
particle growth models, Bohm’s visualization that each individual polymerizing
particle should be considered as a microreactor with its own mass and heat bal-
ances is handy to keep in mind at all times [14].

4.2
Basic Ingredients

4.2.1
Silica Supports

Silica has been used as a support for a-olefin polymerization catalysts since the
late 1950s. Although it is often referred to as an “inert” support, it is far from
the “innocent bystander” that the term implies. In fact, it is one of the crucial
components in a considerable number of heterogeneous single-site, chromium
and Ziegler—Natta (PE) polymerization catalyst systems. Therefore, a deeper
understanding of the physical properties of the silica supports, and how to tailor
them, is of paramount importance in making a good industrial catalyst. The key
properties, which can be altered to varying degrees during the manufacture of the
silica and have a major influence on a heterogeneous single-site polyolefin catalyst,
are:
« Chemical composition
« Surface chemistry (number and type of surface species such
silanol, silyl-ether and Lewis and/or Brensted acid sites)
- Particle size
- Particle morphology (granular, spheroidal, agglomerated,
etc.)
« Silica manufacture
« Physical properties (surface area, pore volume, pore size
distribution)
« Attrition/mechanical properties

4.2.1.1 Silica Synthesis

Silica is typically produced in a pipeline mixing process by reacting sodium silicate
and a mineral acid, typically sulfuric acid, yielding silichydroxide and Na,SO.,.
The acidification of the sodium silicate solution promotes the condensation of the
silichydroxide to form polysilic acid units, which continue to condense, yielding a
polymer having the approximate composition of silica. The extent of polymeriza-
tion increases in line with the concentration of the solution and, more importantly,
with decreasing pH. A transparent hydrosol containing micelles in the range of 1
to 3nm in diameter is formed. The size of micelles can be studied by using trans-
mission electron microscopy (TEM), while the pH of the solution can be used to
adjust the size of the micelles; at a higher pH the micelles are larger [15].
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Figure 4.3 A schematic representation of silica support manufacture.

The next step in the preparation is gelation of the hydrosol (Figure 4.3). A three-
dimensional (3-D) network is formed via hydrogen bridges between the hydroxyl
groups on the surface of the micelles. This process is obviously affected by the
pH; the starting pH of the hydrosol is around 10, and this is reduced by the addi-
tion of an acid. The pH, mixing and temperature of the reaction all influence how
quickly the hydrogel is formed. To strengthen the material the gel is treated at
appropriate temperatures and at the appropriate pH; in this process the mass
fractional dimension is increased. In practice it is a question of crosslinking the
silica material which provides the mass with increased strength. Smaller particles
are dissolved and reprecipitated on the larger particles and between those, making
them stronger and strengthening the whole construction. During the ageing
process the surface area decreases (Ostwald-ripening). For a polyolefin catalyst,
tailoring at this stage is extremely important as the catalyst needs to be strong
enough to withstand synthesis and handling of the final catalyst, but weak enough
to be easily friable during polymerization. The friability of a support can also
considerably affect the polymer particle growth and kinetic profile of a
polymerization.

After the ageing process the hydrogel is washed to remove the dissolved salts
from the silica matrix. The salts remaining in the matrix and final silica can affect
its thermal and electrical properties. The thermal stability of the silica depends
heavily on the purity (i.e., the degree of washing); the more Na,O that is left in
the silica after neutralization and washing, the lower the melting point of the silica,
and consequently the effects of sintering that may occur in high-temperature pro-
cesses. The degree of static electricity that occurs in silica is affected by the amount
of salts left in the silica following washing. This also affects the surface acidity of
the material, which in turn influences the coordination capacity of the silica.
This surface acidity can be greatly influenced by AI** doping of the silica surface.
Sodium and sulfate residues typically arise from poor washing of the hydrogel,
whilst calcium, magnesium and soda residues are commonly a result of the water
supply. The sand used in the silicate manufacture commonly entrains salts of Fe,
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Al, and Ti into the final silica. For polyolefin catalysts, extensive washing is
employed to remove potential polyolefin catalyst poisons, although the extent of
washing also greatly influences the price of the silica.

The final step in the preparation of the silica is drying, during which the pore
volume decreases drastically due to shrinkage of the silica particle. Before drying,
the pore volume is about 4-5mLg™" SiO,, but after drying this is commonly about
1-2mLg™" SiO,. The mean pore diameter is typically in the range of 10 to 30nm.
As a general rule, the faster the drying occurs, the larger the pore volume; there-
fore, if small pores or high porosity are demanded in the silica, the untreated silica
can be rapidly dried. Drying can also be achieved through an emulsification step.
Here, an aqueous solution of the hydrogel can be exchanged to a light hydrocarbon
that has a much lower surface tension and thus causes much smaller internal
pressures to occur in the interior of the silica, and the capillary forces are also
smaller. Another possibility is to distil the solution off under supercritical condi-
tions, thus avoiding surface tension effects (e.g., Aerogel) [15].

Spherical silica is typically created by spray-drying a slurry of milled particles.
In this process, the small silica primary particles are agglomerated and “glued”
together by what is believed to be remnant material, derived from the colloidal
segment of the wet-milled material present in the slurry to form the final particle.
The cross-section of such a particle is shown in Figure 4.4 [16]. The procedure
creates a more or less spherical form in the material (microspheroids). The void
space between the particles is known as the interstitial void space; this starts at
the surface of the particle and penetrates into the interior of the agglomerate.
Considerable care must be taken when tailoring the process to achieve the desired
particle size and distribution, whilst controlling the interstitial void space between
the particles, and avoiding the large or non-uniform distribution of void space in
the particle. The physical strength of this “microspheroidal” material is less than

Figure 4.4 Cross-sectional scanning electron microscopy
image of a spheroidal silica support. (Reproduced with
permission from Borealis Polymers; Ref. [16].)
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Table 4.1 Physical properties of a representative sample of
spheroidal, polymerization-grade silica supports.

Surface area Pore volume Average pore Average particle
(m*g™) (mLg™) diameter (A) size (um)
Grace Davison
Sylopol® 948 ~278 ~1.68 ~242 ~58
Sylopol® 952 ~272 ~1.71 ~253 ~33
Sylopol® 955 ~276 ~1.76 ~266 ~31
INEOS
ES-70X ~273 ~1.54 ~225 ~39
ES-747]JR ~263 ~1.60 ~244 ~20
ES-757 ~316 ~1.59 ~25
PQ Corp.
MS-3040 ~428 ~3 ~281 ~63
MS-1732 ~497 ~1.5 ~121 ~60
MS-1733 ~311 ~1.79 ~74
Fuji Silysia
P10 ~270 ~1.5 ~222 ~20

that of granular-shaped material, and can be tailored to achieve the right balance
of mechanical strength and friability during polymerization. The physical proper-
ties of a representative sample of polymerization-grade spheroidal silica supports
are listed in Table 4.1 [17].

4.2.1.2 Thermal Modification

Typical “polymerization grades” of silica require some form of thermal treatment
to remove H,O from the surface and to adjust the relative ratios of the various
species, whilst at the same time controlling the physical properties of the silica
(pore volume and mechanical strength). Calcinations are normally conducted in
processes that place low stress on the support material such as fixed or fluidized-
bed ovens, multiple hearth furnaces, or rotary calcination ovens. The atmosphere
of the calcination is typically air, an inert gas, or a combination of the two (air cal-
cination, inert gas-cooled), and is conducted in such a way as to avoid sintering.
It consists of three phases: heating; calcinations; and cooling, each of which may
need to be controlled in terms of the rate of temperature increase/decrease, the
hold time at calcination temperature and/or agitation, in order to obtain a consis-
tent support material with the desired properties [15].

In its unmodified and fully hydroxylated form, the surface of silica is saturated
in silanol groups. Three different hydroxyl groups can be distinguished: isolated
(I); geminal (II); and vicinal (III) (Figure 4.5). Water molecules can easily adsorb
onto this type of surface, either through hydrogen bonds to the silanol groups or
through physical adsorption. Generally speaking, a physically adsorbed water mol-
ecule desorbs at 25-105 °C, and hydrogen-bonded water at 105-180°C. At tempera-
tures above 180°C, the adjacent vicinal silanol groups begin to condense with each
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Figure 4.5 Various silica surface species.

Figure 4.6 Effect of calcination temperature on silica OH
content and surface area for a silica gel.

other to form a surface siloxane (silyl ether; Figure 4.5, IV). This process possibly
continues to elevated temperatures, with Pruski et al. reporting that strong
hydrogen-bonded silanol groups are still present even after calcinations to 350°C
in vacuo [18]. The final density of silanol groups depends on the calcination tem-
perature (and time at that temperature), but usually ranges between one and five
OHnm™. The calcination temperature also alters the pore-size distribution and
pore volume of the support. An increased calcination temperature usually yields
supports with reduced pore volumes and surface areas (see Figure 4.6) [15]. For
microspheroidal supports, an increased calcination temperature typically leads to
an increase in the strength of the particle, which may be above the desirable level.
Therefore, a more friable precalcined support material may be needed. The tailor-
ing of the surface species can also be performed via reaction with certain surface
modifiers, such as chloro- or alkoxy-silanes or disilazanes. An analysis of the
hydroxyl content on a silica surface may also facilitate patentable claims [19].
The full range of hydroxylated, dehydroxylated or partially-dehydroxylated silicas
have been employed in the preparation of heterogeneous single-site o-olefin
polymerization catalysts, and whilst some degree of thermal treatment is usually
required, the exact calcination temperature and profile of the support may depend
on several factors such as mechanical strength of support, polymerization process,
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cocatalyst, and/or precatalyst combination and target properties of the polymer
resins.

422
Methylaluminoxane

Methylaluminoxane (MAO) is a generic term, used to describe a cocktail of oligo-
meric and polymeric species containing Al-O-Al and Al-CH; bonds that coexist
in multiple equilibria. MAO is mainly formed by the “controlled” hydrolysis of
trimethylaluminum (TMAL). Apart from residual TMAL, no other structural com-
ponents or specific molecules have been unambiguously isolated and identified,
including the “active ingredient”. However, a considerable number of thoughtful
experimental and theoretical studies have been undertaken to highlight this area
[20, 21]. Such studies remain crucial to understanding how different species and
equilibria in MAO solutions affect its storage and shipment stability, the activity
and stereoselectivity of the final catalyst system, and also the molecular weight and
MWDs of the resultant polymer resins.

4.2.2.1 Synthesis of MAO

Methylaluminoxanes are predominantly formed by the partial hydrolysis of tri-
methylaluminum, or a combination of mostly trimethylaluminum and an addi-
tional trialkylaluminum. Several sources of water have been employed in the
manufacture of MAO. Initially, the water of crystallization (inorganic salt hydrates)
was utilized, and this allowed good control of the hydrolysis procedure. However,
with the exception of lithium salt hydrates, the entrainment of inorganic salts into
the final product may affect its quality and performance. Furthermore, the low
yield in terms of converted TMAL found in the final solution affects the economics
of the manufacturing process. Water on the surface of intensely cooled ice, or
derived from emulsified water vapor in saturated nitrogen, are typical commercial
routes for standard MAO production [20].

As might be imagined, studies of the reaction mechanism for the formation
of unidentified components within MAO have proved extremely challenging,
although the advent of powerful computational hardware and software has assisted
such study to some degree. Recently, Hall and colleagues modeled the initial steps
in the formation of MAO via a combination of ab-initio molecular dynamics and
standard ab-initio methods [22]. In their study, the first step is the formation of
TMAL-OH, (A in Figure 4.7), which is described as a bifunctional monomer. The
monomer can then undergo further reaction to form the dimeric hydroxide (B in
Figure 4.7). Hall’s group then used a combination of species A and B, and TMAL
to account for various structures proposed in their mechanism, which resembles
a step polymerization, with termination by reaction with the free TMAL. Interest-
ingly, the mechanism resulted in proposed structures with CH;/Al ratios greater
than 1, and within the range of experimental values.

Relatively recently, MAO derived from non-hydrolytic routes has become com-
mercially available. The conversion of TMAL to MAO is achieved by treatment
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Figure 4.7 Proposed reaction scheme for the hydrolytic
formation of methylaluminoxane (MAO).

Figure 4.8 Proposed reaction scheme for the non-hydrolytic
formation of methylaluminoxane (MAO).

with a carbonyl-containing organic compound [20]. An example of a non-hydrolytic
route to MAO, via TMAL and benzaphenone, is illustrated in Figure 4.8. Deffieux
et al. proposed that the synthesis proceeds via the initial formation of aluminum
alcoholates, which form oligomeric Al-O compounds (MAO-like). However, shift-
ing the reaction towards the formation of aluminoxane structures generally
requires the presence of catalytic amounts of commercial MAO [23]. MAO derived
from a non-hydrolytic process is claimed to have a longer storage stability and to
cause less gel formation.
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4.2.2.2 Characterization of MAO

The characterization of MAO solutions is of crucial importance for silica-
supported systems, especially in understanding how the components of MAO
interact with the various chemical species present on a silica surface, as well as
the single-site precatalyst. In addition, the batch-to-batch consistency of a MAO
solution may affect the final catalyst’s preparation, quality and/or performance.

Typical commercial samples of MAO are assayed with regard to MAO content
(Wt.%), aluminum content (wt.%), amount of “free” (residual) trimethylalumi-
num, and the extent of hydrolysis. The MAO content is most often a measure of
“solids” contents, and is nominally estimated by the amount of “solid” material
obtained on stripping a sample to dryness. It should be noted, however, that such
“solid” MAO typically contains remnants of solvent, trimethylaluminum, and also
usually small amounts of higher hydrocarbons (process oil), entrained during the
commercial manufacturing process. The aluminum contents of MAO solutions
are measured by digesting a sample in an acid or base, followed by colorimetric
or potentiometric analyses, or via inductively coupled plasma (ICP) spectroscopy.
Typically, the aluminum concentrations for unmodified MAO synthesized via
hydrolytic methods are 4-5wt.% Al for 10wt.% MAO solutions, and 13-14wt.%
Al for 30wt.% MAO solutions.

Quantification of the amount of “free” TMAL in a sample of MAO is a vital part
of the jigsaw puzzle. For example, TMAL has been shown to: (i) assist in the acti-
vation and polymerization process or encumber it (depending on the precatalyst
or leaving group); (ii) alter the kinetic profile of a catalytic system; (iii) affect
molecular weights, polydispersity and stereoselectivity; and (iv) promote catalyst
leaching or restrict the amount of “active” aluminum on a silica-supported catalyst.
Exact quantification of the free TMAL content of an MAO solution is relatively
problematic, and various physical methods have been employed including distil-
lation under set conditions and colorimetric or thermometric titrations with
phenazine or a sterically hindered alcohol, respectively. However, spectroscopic
methods—notably nuclear magnetic resonance (NMR)-are by far the most
common and routine means of quantifying the free TMAL content, although great
care and experience is needed in interpreting the results. Typically, the “free”
TMAL content can be in the range of 10 to 50% of the total aluminum content,
depending on the synthetic route.

The extent of hydrolysis of the sample is usually measured by the amount of
methane gas generated when a sample is digested with an aqueous acid. This, in
combination with the aluminum content, provides a measure of hydrolysis, and
is typically expressed as the ratio of Me/Al By combining these results it is possi-
ble to determine the chemical formula of the MAO repeat unit. Consequently,
after analyzing numerous samples, Imhoff et al. reported that the average chemi-
cal formula of the repeat unit was AlMe(; 4/Os for unmodified MAO synthesized
hydrolytically [24].

Molar mass measurements of MAO have long been a disputed area. Reported
values range from 250 to 3000 Da, and are typically determined from cryoscopic
or ebullioscopic measurements. Cryoscopic measurements are undertaken on the
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dry friable form of MAO. As with NMR analysis, great care should be taken in
analyzing these samples, as the presence of residual solvent, TMAL and process
oil must all be taken into consideration when determining the molecular weight,
as does the complete solubility of the MAO in the cryoscopic medium. For example,
toluene solutions of MAO typically display a Tyndall effect indicating incomplete
solubility, and may be considered more as colloidal dispersions. Therefore, a
combination of cryoscopy and NMR is used to determine the average molecular
weight. Typical values for unmodified MAO synthesized via hydrolytic routes,
resulting from a combination of cryoscopy and NMR, are between 700 and 1500 Da.
Taking into account the average chemical formula for the repeat units, the average
MAO molecule consists of between 10 to 20 Al [20].

For supported catalysts, an estimation of the size of MAO may prove to be
important when discussing its ability to diffuse into the variously sized pores of a
support (see Table 4.1). For example, Talsi et al. utilized ¥Al NMR [25], whilst
Hansen et al. analyzed '"H NMR spin-lattice relaxation time data to estimate the
size of MAO [26]. The conclusion of Talsi’s study was that MAO exists as oligomers
that reversibly break into smaller MAO units on heating (120°C). The sizes of
these oligomers and smaller MAO units were estimated to be 13-15A or 9-11A
in diameter, respectively. Hansen reported an estimated value of 19-20 A for MAO
at ambient temperature; however, when the model was applied to MAO at 120°C
a calculated value for the diameter of 8 A was found, which was in good agreement
with the value reported by Talsi at the same temperature. In a related study,
Babushkin and Brintzinger reported data on the size of the [Me-MAO]- anion,
determined from pulsed-field gradient NMR experiments [27]. An observed mean
effective hydrodynamic radius of 12.2-12.5 A was reported, from which the authors
calculated that each MAO molecule consisted of 150 to 200 Al atoms, assuming a
solid spherical shape and the volume occupied by a AIO(Me) unit, based on pro-
posed small cage structures. Whilst the actual number of aluminum atoms present
is highly debatable, given the assumption made, it is interesting to consider the
results on the effective size of the [Me-MAO]- anion with regard to its possible
mobility in the various pores of a silica support.

In the absence of precise crystallographic and spectroscopic characterization,
several structural interpretations of the “real” or “active” components of MAO have
been proposed. Although the initial models proposed linear chain or ring struc-
tures, these contain 2- and 3-coordinate oxygen and aluminum, respectively, which
contradicts the multinuclear NMR measurements of 3- and 4-coordinate oxygen
and aluminum atoms, and is much more in keeping with aluminum chemistry.
As a result, linear ladder structures and 3-D structures such as nanotubes [28],
and in particular cages, were proposed. At present, the favored structure for MAO
is a cage [21], although nanotubes have also recently been suggested.

It should be noted, however, that the above studies have been carried out almost
exclusively on MAO produced via the hydrolysis of TMAL, with very few investiga-
tions utilizing samples produced via non-hydrolytic means. Recently, Stellbrink
and coworkers reported an extensive analysis of polymethylaluminoxane (PMAO-
IP; Akzo Nobel) formed via a non-hydrolytic process [29]. The group utilized a
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Figure 4.9 Proposed mechanism to account for chain branching in PMAO-IP.

combination of small-angle neutron scattering (SANS), fortified with static and
dynamic light-scattering, '"H NMR spectroscopy, and elemental analysis. As a
result, it was proposed that most of the PMAO-IP existed in a linear polymeric
form with [-Al(CH,)O-] as a repeat unit (monomer), with methyl groups partially
replaced by higher alkyl chains. The molecular weight for the polymer chains was
estimated at 20kgmol™, corresponding to an average degree of polymerization of
=300 and a radius of gyration of =46 A. An increased volume fraction of the MAO
led to a proposed chain-branching mechanism seen in Figure 4.9. Finally, the
group reported that only 0.8% of the PMAO-IP forms large-scale 3-D aggregate
structures with a size >1000A, with a higher oxygen:aluminum ratio and lower
alkyl content.

4.2.2.3 MAO Interaction with a Precatalyst Complex

One of the main goals in the development of single-site catalysts is to understand
how such a precatalyst is activated and interacts with the various species in MAO.
The hope is that, with a better understanding of the important species present in
MAO, and which are surplus to requirements, it might be possible to design routes
that selectively synthesize and/or immobilize such species. As a result, catalysts
with dramatically improved activities (metal activity), productivities (increased
metal loading capability) and selectivities may possibly be created. Unfortunately,
at present a complete understanding of the interactions and various species formed
between MAO and single-site catalysts is not available. However, it is known that
the species present in MAO may have a considerable effect on catalyst activity,
kinetic profile, stereoselectivity and molecular weight capability. These interaction
depend upon a combination of the precatalyst complex, leaving group, the type of
MAQO, the metal:aluminum ratio, and the solvent and temperature.

It is generally believed that MAO first acts as a methylating agent for the prec-
atalyst (where needed), and then generates an active cationic metal center, by
abstraction of one of the leaving groups. However, while this is the most probable
route to the active catalyst, it is in fact a rather simplistic view, even for the ubiq-
uitous zirconocenes. In reality, and following many excellent spectroscopic inves-
tigations, several species have been identified and structures proposed, at differing
aluminum: metal ratios (Figure 4.10) [20, 21, 30].

Recently, Brintzinger et al. utilized ultraviolet (UV)/visible [31] and NMR [32]
spectroscopies to study MAO interaction with Me,Si(Ind),ZrCl, and labeled
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Figure 4.10 Some of the structures proposed to exist when
MAO and Cp,ZrMe, are contacted together under varying
ratios (Al:Zr).

(MeCp),ZrCl,, respectively. The results led this group to propose a highly interest-
ing concept, namely that two forms of MAO existed, with two distinctly different
forms of [Me—-MAO]- anions being generated, with different equilibria. Apparently,
strongly Lewis acidic forms of MAO, which comprise a small fraction of the total
Al content of the MAO, are the key to obtaining highly activated systems. The
group further postulated that a substantial reduction in the amount of excess MAO
needed to fully activate a zirconocene could be achieved by a greater fraction of
the strongly Lewis acid form of MAO.

4.2.2.4 MAO Interaction with a Silica Surface

The reactions of MAO and its component species (e.g., TMAL) with a silica surface
have been studied by several groups employing a variety of analytical, spectro-
scopic and theoretical techniques, or a combination of these. As a result, numer-
ous surface species have been proposed. For example, Bartam et al. proposed a
chemisorption model for the interaction of MAO with a silica surface based on
Si-Me and Al-Me population ratios [33]. In the surface model, a monomethyl-
aluminum complex and methyl groups bound to silicon atom are proposed to be
the predominant surface species at room temperature (Figure 4.11). It should be
noted that the surface aluminum species are 3-coordinate, and should in principle
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Figure 411 Proposed surface alkyl aluminum species.

Figure 412 Generation of bridging methane species.

be highly reactive Lewis acids, with the potential to abstract a leaving group from
a single-site catalyst and generate an active catalyst.

Scott and coworkers challenged many of the proposed structures formed when
TMAL is contacted with a silica surface, in their case Aerosil 380 (calcined at
500°C) [34]. This comprehensive study was not based on one particular analytical
technique, but rather was built from the ground up, with quantitative (analysis of
volatiles and surface organometallics) and spectroscopic (infrared, *C, and *Si
solid-state cross-polarization/magic angle sample (CP/MAS) NMR analysis. The
main product in their case was believed to result from the reaction of an isolated
surface silanol and the dimeric form of TMAL (Figure 4.12). The proposed struc-
tures also contained 4-coordinate aluminum, which appeared to be much more
realistic. Interestingly, the group also found that, at elevated temperatures, the
surface alkylaluminum species could undergo C-H activation reactions to form a
methylene-bridged complex (Figure 4.12).

Studies on the interaction of an alkyl aluminum with silica have included ele-
gant NMR spectroscopic analyses. For example, Maciel and coworkers used multi-
nuclear solid-state CP/MAS NMR to analyze the effect that methylating agents
(MeLi, MeMgBr, and TMAL) have on a “dried” and SiMe;-capped silica surface.
The initial studies focused on the generation of Si-Me groups resulting from
the cleavage of surface (Si)-O—(Si) or (Si)—~OSiMe; linkages, rather than the actual
alkyl aluminum species. The results indicated that TMAL cleavage of the
(Si)-O—(Si) linkage occurred to only a minor extent, while the (Si)-O-SiMe;
linkage remained significantly intact [35]. More recently, the group focused on
the surface species formed by the reaction of TMAL with silica. Here, TMAL was
contacted with a high-surface-area silica gel (500m?g™), which had been dried
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Figure 4.13 Proposed surface species as identified by Maciel et al. [34].

in vacuo at 150°C. An analysis of results led the group to propose a considerable
number of hypothetical surface species, some of which are illustrated in Figure
4.13 [36].

The results of infrared (IR) studies on TMAL/SiO, and MAO/SiO, interactions
led Zakharov et al. to propose that the terminal surface silanol groups react rapidly
with TMAL via protolysis to yield methane, with a slower reaction and chemisorp-
tion of the MAO to the surface [37]. The determination of adsorption isotherms
for TMAL and MAO on silica, as well as in-situ monitoring of the interaction, via
IR and diffuse reflectance IR spectroscopy (DRIFTS), have been employed by dos
Santos et al. [38]. The DRIFT spectra taken from calcined Davison 948 (600°C)
before and after treatment with various levels of MAO are shown in Figure 4.14.
The sharp peak at 3747 cm™ was assigned to isolated silanol groups, and the broad
band centered at 3692 cm™ to silanol groups retained inside the pore (intraglobu-
lar). It can be seen that, at low MAO contents (1.0-6.0wt.% Al), there is still a
fraction of isolated silanol groups which are totally consumed at higher contents
(8.0-24.0wt.% Al). Zakharov’s group also proposed that, for preparations above
12wt.% Al, part of the MAO remained only physisorbed on a MAO-coated support,
and might be at least partially removable (leachable). Aluminum levels below
12wt.% correspond to typical industrial preparations involving such calcined
silicas, where leaching is not observed. However, it should be noted that situation
relates to only one type of silica calcined to one temperature, and the distribution
of aluminum across the particle(s) was not disclosed.
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Figure 4.14 DRIFT spectra of MAO-modified silicas, with Al
content ranging from 0 to 24wt.% Al/SiO,. (Reproduced with
permission from Ref. [38]; © 2001 Elsevier.)

It is interesting to note that supported activators have been generated by the
reaction of an alkyl aluminum compound with silica. However, this is achieved
by the hydrolysis of TMAL, in the presence of a silica support that contains
absorbed water, thus generating an aluminoxane cocatalyst in situ [7]. Chang pre-
pared silica-supported aluminoxanes via the hydrolysis of TMAL and/or AlR;
(R = Et or iBu) with “undehydrated” or hydrated silica (ca. 5-35wt.% H,0) sus-
pended in a hydrocarbon diluent [39]. Improvements in activity were noted when
the supported aluminoxanes were either aged [40] or heat-treated [41].

It should be noted that all of these studies on the interaction of silica and alkyl
aluminum are intimately related to the physical properties and calcination tem-
perature of the silica, as well as to the alkyl aluminum used.

4.3
Catalyst Preparations

Although numerous individual synthetic strategies have been employed to produce
a catalyst from a combination of MAO, silica, and a precatalyst complex, they fall
into three basic routes (Figure 4.15). The MAO or alkyl aluminum source can first
be contacted with the silica, whilst the precatalyst complex (or MAO-activated
complex) is introduced in a subsequent step (Route A). Activation of the precatalyst
with MAO prior to impregnation of the silica (Route B) is one of the simplest and
most effective methods. The third approach (Route C) involves the introduction
of the precatalyst to the silica support prior to contact with MAO.

It is not the goal of this chapter to provide a full review for each and every
preparation that has been employed, but merely to provide selective illustrative
examples of each synthetic strategy. In addition, it is difficult to predict which
route to choose or start with for a particular precatalyst, to generate an industrially
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Figure 4.15 Schematic representation of the various synthetic strategies.

applicable catalyst. It should be borne in mind that there is no universally recom-
mended route for all catalysts, and as a result a considerable amount of investiga-
tive research will be needed to identify the optimum preparation for a particular
precatalyst family. That said, however, there are some general “rules of thumb”.

Route C is usually avoided as it is difficult to predict how the tailored ancillary
ligand system of a precatalyst will interact/react with the silica surface, particularly
for ancillary ligand systems that are susceptible to protolysis. In addition, close
contact to the support surface may affect the local steric environment. It is, there-
fore, hardly surprising that successful examples of grafted post-metallocene com-
plexes are so rare. Typically, routes A or B are employed, particularly for industrial
applications. If the precatalyst is stable towards prolonged contact with MAO, then
routes A or B are available. However, should the precatalyst/MAO solution be
unstable or susceptible to over-reduction or any other common deactivation
mechanism [20, 30], then route A, avoiding any MAO-complex precontacting
stage, would most likely be the best starting point.

4.3.1
Illustrative Examples of Route C

As mentioned previously, precontacting silica with a precatalyst, prior to the addi-
tion of MAO, is not a common procedure for immobilizing a catalyst. One of the
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main reasons for this is to predict how the various surface hydroxyl groups would
interact with the metal center, and how the resultant species would interact with
MAO. The effects of silica calcination temperature and grafting reaction condi-
tions on the performance of such systems have been studied extensively by dos
Santos and coworkers [42]. This group dehydroxylated silica in vacuo at various
temperatures between room temperature and 450°C, and reacted these with solu-
tions of "*"Cp,ZrCl, at different contact temperatures and times. Silica pretreated
at a higher temperature led to lower catalyst loadings, but when contacted with
MADO it afforded catalyst systems with higher activities and produced resins of
higher molecular weight and narrower MWDs. High grafting temperatures and
long contact times led to higher metal contents, but reduced the activity of the
system. The polarity of the metallocene solution seemed to have little effect on
metal loading or final activity, whereas a coordinating solvent such as tetrahydro-
furan led to a more active system, albeit with lower metal contents. An analysis of
the supported zirconocenes indicated the presence of two different surface species,
one of which was believed to be inactive, possibly due to a combination of steric
and electronic considerations. Additionally, the amount of residual silanol groups
on the support following contact with the zirconocene was believed to affect the
catalytic performance of the system. dos Santos and colleagues also studied the
grafting reaction of several other metallocenes on silica dehydroxylated at 450°C
in vacuo, in the hope of understanding how the steric bulk on the metallocene
affected the grafting process. The metal contents were found to depend on the
metal center (Ti<Hf<Zr), the coordination sphere, and the support. Alkyl substi-
tution of the cyclopentadienyl ligand had no significant effect on the metal load-
ings of the catalyst, and the inductive effect of the substituent had a greatly reduced
effect on the activity in ethylene-co-1-hexene polymerization, when compared to
the corresponding homogeneous systems. Furthermore, the ethyl-bridged indenyl
derivatives gave higher metal contents than the more bulky dimethylsilyl-bridged
analogues [43].

4.3.2
Illustrative Examples of Route A

Precontacting a toluene or aliphatic hydrocarbon solution of MAO with a calcined
silica, followed by washing, drying, and reaction with an appropriate precatalyst,
is one of the earliest and most frequently used and commercially available means
to facilitate the immobilization of single-site a-olefin polymerization catalysts.
Welborn [44] and Takahashi [45] were among the first to disclose the contacting
of silica with a toluene solution of MAO. In both cases, isolation and treatment of
the silica-supported MAO with a dichloride or dialkylmetallocene yielded sup-
ported single-site catalysts that were effective in the homopolymerization and
copolymerization of ethylene in a stirred-bed, gas-phase process. Similar proce-
dures have been reported for a range of precatalysts [7].

Employing a heat-treatment regime in a particular step(s) of the supportation
procedure has been reported to improve not only the fixation of MAO to the silica
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surface but also the performance of the finished catalyst. Razavi, Gauthier and
coworkers at Fina found that refluxing the silica/MAO toluene suspension prior
to contact with a C,- or Cj-symmetric metallocene improved the stereoselectivity
and activity of the finished catalyst and yielded polymer resins with good bulk
density and morphology [46, 47]. The catalyst efficiency was also strongly related
to the temperature used in supporting the metallocene onto the MAO-treated
silica. Higher catalytic activities of the finished catalysts were observed when low
contact and washing temperatures (—20 to 0°C) were employed during fixation of
the metallocene.

The same group also showed that the silica support plays a crucial role in the
final activity of the catalyst system. MAO/SiO, samples were prepared as above on
three different types of silica (weight ratio of MAO: SiO, = 0.61-0.65:1) and con-
tacted with Me,Si(2-Me-4-PhInd),ZrCl, at differing loadings. The productivities for
catalysts derived from these systems are shown graphically in Figure 4.16. At a
1wt.% loading of complex on the MAO/SiO,, similar productivities were obtained
with all three silicas. However, when the catalyst loading was doubled, a vast dif-
ference in performance became apparent among the silicas. Interestingly, it was
proposed that a large “critical pore diameter” (CPD)-which is defined as the pore
volume after contacting the silica pore with MAO and complex—is crucial to
achieving high activity, and that the appropriate CPD is facilitated by a combina-
tion of heat fixation of MAO and an appropriate support.

A highly effective means of thoroughly fixing the MAO to a silica surface was
reported by Jacobsen and coworkers at Dow [48]. The procedure involved the room-
temperature treatment of calcined (250°C) or hydrated silica with a toluene solu-
tion of MAO. The toluene was then removed in vacuo, rather than being filtered
or decanted, to afford a dry solid silica/MAO mixture that was subjected to a heat
treatment step (100-200°C, ca. 2 h) prior to being washed with toluene (20 or 90°C)

Figure 4.16 Effect of silica and complex loading plus
schematic representation of the critical pore diameter (P10
from Fuji Sylsia; G-948 and G-952 from Grace Davison).
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and dried in vacuo (100-120°C, ca. 1h). An analysis of the various supports showed
that heating the dry solid silica/MAO led to a more thorough fixation of the alu-
minum and, presumably of MAO, to the surface of the support. The washing steps
were needed to remove the “non-fixed” aluminoxanes, and additionally allow for
a dispersion of any agglomerated particles that might have formed during the
heating step, thus providing a particle size distribution similar to the starting
support. The Dow group subsequently discovered that, for the constrained geo-
metry catalyst, Me,Si(CsMe,)('BuN)TiMe,, a synthesis strategy which involved a
combination of uncalcined silica treated with MAO, followed by a thermal heat
treatment of the dried resultant mixture (silica-supported MAO, or SMAO), yielded
a catalyst with higher activity than those derived from other combinations (Figure
4.17). The patent also contained claims for a supported single-site catalyst with an
aluminum content of between 15 and 40wt.%; once again, this places restriction
on competitors wishing to utilize this or other methods to produce high-alumi-
num-loaded catalysts.

Heating a toluene solution of MAO (30wt.%) at an elevated temperature
(50-80°C) for prolonged periods (1-7h), prior to contact with vacuum-dried silica
(200°C), is also claimed to yield benefits. Diefenbach and coworkers at Albemarle
compared such supported activators to samples prepared without heat treatment
in the copolymerization of ethylene and 1-hexene, using rac-Et(Ind),ZrCl,. The
results showed that heat-treating the MAO solution prior to contact with silica led
to appreciable improvements in catalytic activity (ca. 25%) and product morphol-
ogy [49].

The chemical modification of MAO before or after supportation has been
reported to lead to specific improvements in a supported catalyst performance.
The isolation of solid MAO and its depletion of TMAL was utilized by Meijers
et al. [50]. The group added solid MAO to a suspension of dried silica (150°C,
10h, N, flow) in toluene at room temperature. On completion of this reaction,
a solution of the low-valent precatalyst complex, Et(Cp”)(NMe,)TiCl, (Cp” =

Figure 4.17 Effect of supporting strategy on the performance
of Me,Si(CsMey) (BuN)TiMe,-based catalysts.
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Figure 4.18 Polymerization performance of supported,
low-valent geometry precatalyst, illustrating the benefits of
employing depleted MAO (DMAO) in the catalyst preparation.

2,4-(SiMe;),Cp) was added and allowed to react with the SiO,/MAO prior to
removal of the solvent in vacuo. The isolated catalyst, when used to homopoly-
merize ethylene at various pressures and Al/Ti ratios, was considerably more
active than a comparative example synthesized using the commercial MAO
(Figure 4.18).

Jeremic and coworkers at Nova Chemicals reported that the addition of cellulose
to MAO afforded “sweet” MAO which, when contacted with calcined silica (600°C)
and used in conjunction with (Ind)('‘Bu;P=N)TiCl,, yielded a catalyst that was more
active than the corresponding cellulose-free protocol in ethylene-co-1-hexene
polymerization [51]. The cellulose presumably reacts with the free TMAL in MAO,
which most likely has an adverse affect on the complex.

Alternatively, chemical modification of the inorganic oxide support with an
organic, inorganic or organometallic complex has been used to: (i) remove the
surface hydroxyl groups; (ii) produce a more uniform surface species; (iii) add an
additional functionality; or (iv) alter the electronic properties such as the number
and nature of Lewis and Brensted acidic sites of the support. The most common
organic surface modifiers have been chloro- or alkoxy-silanes [52-54]. Gao and
coworkers disclosed an example of a fluorine-modified silica, by contacting the
support with an aqueous solution of NaF. Drying the modified support in air, fol-
lowed by calcination under N,, afforded a fluorinated support which, when con-
secutively contacted with MAO and (Ind)(‘Bu;P=N)TiCl,, afforded supported
catalysts with higher activities than the corresponding “un-fluorinated” support
[55].
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433
Illustrative Examples of Route B

The combination of a solution of the precatalyst with MAO, prior to contact with a
silica support, has become a frequently utilized and successful technique for pro-
ducing a supported, single-site a-olefin polymerization catalyst. The process has
several advantages, notably from an industrial viewpoint. For example, it reduces
the amounts of solvent used and byproducts produced, and also involves a limited
number of steps, particularly the time- and energy-intensive steps such as drying.
All of these benefits typically result in a lowering of manufacturing costs. In addi-
tion, precontacting allows MAO to solubilize a poorly soluble precatalyst prior to
impregnation, and can also allow a more effective activation of the metal center (for
certain complexes) to be carried out in a homogeneous solution rather than in a
heterogeneous phase, where problems with diffusion or side reactions may occur.

An early and highly successful example of the above procedure was disclosed
by Burkhardt and coworkers at Exxon [56]. In this protocol a metallocene precata-
lyst was initially contacted with a solution of MAO prior to contact with calcined
silica. The slurry of metallocene/MAO/SiO, was then mixed together, whilst the
temperature was gradually elevated (to ca. 50°C). At about the same time, the
research group at Hoechst were seeking an effective means of immobilizing some
of the first commercially interesting C,-symmetric metallocene precatalysts, such
as Me,Si(2-Me-4-PhInd),ZrCl, and Me,Si(2-Me-4-(1-Napth)Ind),ZrCl, [57]. The
precatalysts performed exceptionally well in the homogeneous solution polymer-
ization of propylene, affording catalytic systems with MAO that possessed high
activity, stereoselectivity, and molecular weight capability. However, the retention
of all these features on immobilization had presented a much greater challenge,
and a subsequent collaboration between Exxon and Hoechst led to a successful
combination of the respective precatalyst and immobilization technologies. Modi-
fications to the basic procedure of adding a MAO/precatalyst solution to a silica
support have been reported to afford dramatic improvements in activity and/or
morphological control. Allowing a solution of MAO and Me,Si(2-Me,4-PhInd),ZrCl,
to stand in the dark overnight before addition to silica is also reported to lead to
an almost doubling in activity when compared to catalysts derived from an imme-
diate contact with the support [58].

The pacification of a silica surface with an alkyl aluminum complex prior to
contact with a solution of MAO/precatalyst is commonly encountered, particularly
for commercially applicable stereoselective complexes. Once again, this is most
likely due to the fact that the highly tailored metal centers of such complexes can
be easily perturbed by steric and/or electronic influences of the support material
[7]. If the alkyl aluminum complex is MAO, this could be considered as a “hybrid”
version of Routes A and B in Figure 4.15. However, whilst such a route may be
beneficial, it may also add further complexity or flexibility, as consideration must
be given as to what fraction of the total MAO should be added at the silica and
precatalyst steps.
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This delicate balance has been elegantly demonstrated by Winter and coworkers
at NTH [59], who started with a set amount of silica, MAO and rac-Me,Si(2-Me-
Benz[e]Ind),ZrCl,, but varied the fractions of the total MAO to be added to the
silica and rac-Me,Si(2-Me-Benz[e]Ind),ZrCl, stages to produce a number of cata-
lysts. In addition, the group investigated the effects of heat treatment and washing
of the MAO/silica. The representative results of these investigations are listed in
Table 4.2. Once again, heat treatment of the MAO/SiO, was extremely beneficial
in terms of catalyst productivity when compared with preparations 1 and 2 and
also the “route A-type” preparations 6 and 7. However, the percentage of total MAO
added to the silica or complex before heat treatment was also clearly critical (Table
4.2, c.f. preparations 1, 3, and 7). The catalyst with the highest productivity dem-
onstrates the potential cumulative benefits of such a route, and this is achieved by
a combination of a high percentage of the total MAO contacted with silica, followed
by heat treatment and washing of the resultant product, before the addition of the
complex previously contacted with a low percentage of the total MAO. Those
skilled in the art will understand that there might be considerable variation in the
Si0,:MAO:Complex ratios found in each of the final catalysts, despite the set ratio
used in the total synthesis. However, this example clearly demonstrates the com-
plexity/flexibility available by combining a set amount of one complex, one type
of MAO (manufacturer, wt.%, degree of hydrolysis and residual TMAL) on one
type of silica (average pore volume and particle size, surface area and calcination
temperature) in various ways.

Much effort has been made to support metallocene/MAO catalysts on silica
which has been chemically modified by an inorganic complex. Speca, for example,
reported the chemical treatment of silica by solid [NH,][X] (X = F, SiF,, PF; or BE,),
to produce a fluorine-modified silica. The modified silica, when treated with a
metallocene/MAO solution, afforded catalysts that were up to three times more
active than comparative “unmodified” examples, in the bulk polymerization of
propylene [60].

It is important, for a number of reasons, to ensure that a substantial proportion
of the active sites are present in the inner volume of the catalyst particle, and to
reduce waste and byproduct formation. To this end, a major commercial advance
has been the development of controlled pore-filling or “incipient wetness” tech-

Table 4.2 Effect of supporting strategy on the performance of
rac-Me,Si(2-Me-Benz[e]Ind),ZrCl,-based catalysts.

Catalyst preparation/Steps 1 2 3 4 5 6 7
MAO + SiO, (% total MAO) 83 83 33 33 33 100 100
Heat treatment of MAO/SiO, (reflux 4h) Yes No Yes No No No Yes
Washing of MAO/SiO, Yes No Yes No Yes Yes  Yes
MAO + Complex (% total MAO) 17 17 67 67 67 O 0
Productivity (kg PPg™ Cath™) (PP) 87 38 42 45 44 33 7.4

Productivity (kg PPg” Cath™) (PP with H,) 18 61 72 81 8 59 119
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niques for the impregnation of silica with a solution of MAO or complex/MAO,
or MAO/SiO, with a solution of complex. In these procedures, the volume of the
desired active ingredient solution may be less than (60-95%) [61], equal to (100%),
or slightly higher (125-150%) than the pore volume of the support. The desired
active ingredient solution, in the majority of cases, is added slowly or incrementally
to a stirred sample of support (calcined silica or dried MAO/SiO,) [62]. In such
preparations, capillary forces draw the active ingredient solution into the pores of
the support, thus aiding impregnation of the complex to the inner surfaces of the
support. However, it should be noted that the final distribution of the active ingre-
dients across the whole support material is non-equilibrium-driven, and some-
times passing the mud-point and entering a slurry (typically >150% pore volume
support) state is beneficial to reach a more equilibrium-driven environment (for
example, see Figure 4.19) [16]. It should be noted that with all preparations the
amount of energy needed to mix the components in the dry, mud or slurry states,

Figure 419 Schematic representation of various impregnation regimes [16].
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and/or the transitions between the states during filling or drying, may need to be
considered.

At this point it is prudent to mention the amount of residual hydrocarbon (typi-
cally toluene) which is left in the final catalyst, and some of the consequences. The
porous supports and substrates discussed above are absorbent materials which
can absorb substantial amounts of solvent while appearing to be dry. A careful
understanding of the drying process of the final catalysts is required, as variations
of time, temperature, inert gas flow rate, vacuum—or a combination of all these—
may lead to substantially different hydrocarbon residue contents (from ~30 to
~1wt.% catalyst). As the hydrocarbon is an inert material, it can be seen that the
productivity (kg polymerg™ catalyst) may be seriously affected by high hydrocar-
bon contents. Another factor in the drying processes that must be considered is
the amount and rate of energy that can be introduced, which is frequently either
complex- or catalyst-dependent.

434
A Summary of Catalyst Preparations

As might be imagined from the illustrative examples provided above, there is an
almost infinite number of combinations of synthetic procedures, silica supports,
reagent ratios/loadings and modifications that are available for a single precatalyst
complex. Again, it should be borne in mind that commercial immobilized single-
catalysts are designed to create a desired polymer resin in a certain dictated
process. Therefore, an acceptable balance of several factors such as productivity,
operability in the desired processes, kinetic profile and polymer morphology is
needed, and although catalyst productivity is important, it is not the sole consid-
eration. However, it is pertinent to remember the old saying that, “there is more
than one way to skin a cat”, and keep in mind that different processes may demand
a different balance of the above factors to achieve a commercially viable catalyst
for the same target resin, not forgetting proprietary technologies.

What hopefully is clear is that there is no standard procedure that suits all cases,
and a substantial amount of thoughtful, well-designed systematic experimental
work and research (FTO studies, etc.) is required when searching for a beneficial
protocol to produce a commercially viable, immobilized, single-site catalyst.

4.4
Pitfalls in the Generation of Single-Site Polymer Material

As mentioned in Section 4.1, one of the advantages of homogeneous single-site
o-olefin polymerization catalysts is the ability to rationally improve and tailor the
polymerization performance and resultant resins. Several polymer products pro-
duced by such single-site catalysts, via either homogeneous or immobilized forms,
have been commercially available for more than 10 years. However, throughout
this chapter there have been numerous examples where a supported catalyst
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derived from a combination of the precatalyst, MAO and silica dramatically alters
the catalyst performance and resultant polymer resin, when compared to the
corresponding unsupported system. It may, therefore, represent much more of a
challenge to rationally tailor the microstructure of the polymer resin. It is also
difficult to characterize the supported species, especially when the heterogene-
ous nature of the catalysts and the “black box” that is MAO are taken into
consideration.

Ironically, more often than not it is the resultant polymer resin that has allowed
a better understanding of the actual active site(s) at work. Busico eloquently pro-
posed that the microstructure of the polymer chain could be considered as a
“nano-tape” recording of what has occurred at an active site during propagation
[63]. A variety of complementary analytic and spectroscopic techniques must be
employed to study the polymer resin and the active species that produced it. Often,
a basic analysis of molecular weight, MWD and melting temperatures is not suf-
ficient to fully understand what is happening in the system. For example, the
chemical composition distribution of a copolymer of ethylene and higher o-olefins
(propene, 1-butene, 1-hexene or 1-octene) is one means of gaining useful informa-
tion about the nature of the active site, and this is commonly determined through
techniques such as temperature-rising elution fractionation (TREF) or crystalliza-
tion temperature fractionation (CRYSTAF).

4.4
The Polymerization Experiment

Having stated that an analysis of the polymer resin is a useful technique for study-
ing the effect that different immobilization techniques and starting materials have
on a catalyst, it is important to bear in mind that a rigorous understanding and
control of the polymerization experiment itself is essential, as artifacts of poly-
merization may lead to misinterpretation of the data generated from polymer
analysis. Predominantly, laboratory/bench-scale polymerizations are carried out
in batch or semi-batch reactors, where all reagents except the monomer are added
in one batch, typically at the start of the polymerization. The monomer is then
usually added on-demand to maintain a constant pressure. This is notably differ-
ent to the continuous industrial particle-forming processes used to produce PE
and PP, where the monomer, comonomer(s), H,, catalyst and diluent or carrier
gas are added continuously at controlled ratios.

Laboratory/bench scale reactors operating in a batch/semi-batch mode may have
a considerable drift in the concentration ratios of the monomer/comonomer/
chain-termination agent (hydrogen). Drifts in the concentration of hydrogen are
particularly acute with some supported single-site catalysts (e.g., metallocenes) due
to their high hydrogen response, and this can result in significant changes in the
reactant composition during the course of the polymerization. Blom et al. made
several reports highlighting the dramatic consequence of hydrogen drift on the
molecular weight MWD of homo-polyethylene produced with various supported
metallocenes [64—66]. The consequences of hydrogen drift on MWD, due to varying
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Figure 4.20 Consequences of drift in hydrogen concentration
during a batch polymerization. (Reproduced with permission
from Ref. [65]; © 2001 Wiley-VCH.)

reactivities of the metallocenes towards hydrogen and under the same conditions,
are illustrated in Figure 4.20 [66].

The choice of diluent is as an important factor that can affect the final polymer
properties. Commercial particle-forming processes use liquid monomer, fluidiz-
ing gas streams, or aliphatic hydrocarbons as diluents. Aromatic solvents such as
toluene are not used in these processes. The solubility of MAO and single-site
precatalyst/cocatalyst combinations is also much greater in toluene than in ali-
phatic hydrocarbons, which can lead to the appearance of multiple active sites,
resulting from the homogeneous and heterogeneous polymerization of the same
complex. In addition, commercial processes operate at the highest possible tem-
perature for maximum efficiency, and at these elevated temperatures diluent-
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induced swelling or solubility of the polyolefin particles produced becomes an
important consideration, particularly for slurry-phase processes. The presence,
type and amount of scavenger may also have a dramatic effect on the polymer and
the polymerization rate [67].

442
Multiple Sites and Product Quality

4.4.2.1 Catalyst Homogeneity

Catalyst homogeneity in a heterogeneous, silica-supported catalyst may seem like
a contradiction in terms. On the scale of the active complex, there will always be
a considerable inhomogeneity in the “local” environment of the active sites, as a
consequence of the heterogeneous nature of the initial support material. The varia-
tion in surface chemistry, area and pore size, shape and volume distributions that
exist on a silica support can all be mirrored in the final catalyst. In addition, cross-
contamination with a Ziegler or Cr catalyst may also affect the homogeneity of a
catalyst. All of the above can have consequences for single-site catalysts and the
polymer resins they produce.

The homogeneous distribution of active sites across the final catalyst particle is
an important factor, irrespective of the chosen combination of procedures and
starting reagents. A heterogeneous distribution of active sites across a particle can
arise for various reasons, and the consequences are manifested in the polymeriza-
tion process and the final polymer product.

A common method employed to provide an idea of the catalyst homogeneity on
a microscopic scale is that of scanning electron microscopy/energy-dispersive
X-ray (SEM-EDX) mapping of cross-sections of a catalyst particle. Silica and alu-
minum are the elements commonly mapped, as the active metals in question are
typically too low in concentration to be accurately mapped. As a result, the assump-
tion is that an active site can only exist in the presence of the aluminum-containing
cocatalyst. Ideally, a homogeneous distribution of active sites throughout the
catalyst particle is preferable to aid good morphological replication during
polymerization.

The SEM-EDX micrograms of a catalyst with a large inter- and intra-particle
variation in the distribution of active sites are shown in Figure 4.21. It can be seen
that there are areas in the aluminum map with a high (red), moderate (green) or
low (blue) loading of aluminum. When compared to the silica map, there are also
areas where the aluminum has not impregnated the silica. Such distributions
typically occur when poor mixing and/or a rapid addition of the MAO or MAO/
complex are employed.

By treating each individual catalyst particle as an individual “micro-scale poly-
merization plant” operating under the same global polymerization conditions, it
can be seen that there is a large variation in the loading of active material from
one catalyst particle to another, as well as particle size distribution, and that this
results in “micro-plants” of varying capacities and “feedstock demands” (heat and
mass balances) [14]. As a result of this, each catalyst particle could have a unique
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Figure 4.21 Scanning electron microscopy/energy-dispersive
X-ray (SEM-EDX) images of a polymerization catalyst with
inhomogeneous impregnation of active sites (Al) across the
catalyst sample (catalyst A) and catalyst particle (catalyst B).
(Reproduced with permission from Borealis Polymers.)

kinetic profile due to differing catalyst fragmentation or localized heat genera-
tion/dissipation behavior, particularly at start-up.

High loadings that result in localized overheating may be problematic, particu-
larly in processes where heat transfer is less efficient, as the growing polymer
particle may soften and form agglomerated particles, or even foul the reactor.
Alternatively, or in addition, localized heating may cause catalyst deactivation or
the production of polymer materials differing from the target resin in terms of
molecular weight, tacticity or chain branching (short or long). In addition, catalyst
particles with high loadings may not have the active sites firmly fixed to the
support, and so may be prone to leaching and hence fouling under certain polym-
erization conditions. A combination of all of these factors may lead to the forma-
tion of polymer resins with more “multi-site” characteristics.

The core-shell distributions of aluminum atoms—and hence active sites—on a
catalyst particle are another common form of catalyst inhomogeneity. The SEM-
EDX micrograms of such a catalyst are illustrated in Figure 4.21. The aluminum
resides at the surface of the catalyst particle, whilst the inner core remains unim-
pregnated, resulting in an inactive inner core. Core-shell distributions are gener-
ated as a result of deficiencies in either the synthetic strategies or the silica support.
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Typical synthetic deficiencies arise from either an insufficient amount of MAO or
MAO/precatalyst being contacted with silica, and/or an inadequate contact time
which hinders the diffusion/migration of the reagents into the inner core, prior
to drying or filtration. In the case where drying of the silica/MAO slurry is applied,
there is an increased chance that active material is precipitated or becomes loosely
associated to the surface of the support. Such material has an increased chance of
leaching from the catalyst particle or polymerizing in an homogeneous phase. The
absence of active material in the inner-core of the catalyst particle results in poly-
merization occurring at the outer surface. Little to no fragmentation occurs, and
as a result the polymer particle formed has a void at its center. Due to the presence
of hollow particles, the polymer produced has a low bulk density which can in turn
affect plant throughput. In addition, large silica particles remain inside the hollow
particle, and hence also in the polymer product (Figure 4.22).

The silica support material will always remain embedded in the polymer product,
and the amount and particle size of these residues may have a strong influence
on the final polymer. Commercial systems typically operate at productivities above
5kg polymerg™ catalyst, which results in less than 200 ppm (ash content) of the
support material in the final polymer product. Ideally, these residues should be
very small fragments, distributed homogeneously throughout the polymer matrix.
The very small fragments (10-100nm) characteristically consist of agglomerates
of “primary particles” (1-10nm), and are typically governed by the preparation
procedure of the support [13]. Catalyst inhomogeneity, however, can cause a devia-
tion from the ideal world, as described above. Carrier particles containing very low
or no loading of the active material cause the appearance of relatively large silica
fragments (silica gels) in the final polymer product. It should also be noted that

Figure 4.22 Scanning electron microscopy image of hollow
polymer particles formed with a catalyst that had a core-shell
distribution of active species. (Reproduced with permission
from Borealis Polymers.)
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silica gels can be formed by partial poisoning or deactivation of the catalyst during
catalyst preparation, transportation, storage and transfer [68]. Impurities in the
feedstock can also result in an increased occurrence of fouling, along with a loss
in activity [68-70]. The presence and amount of silica gels in a polymer may be
particularly crucial for the final polymer product application. For example, silica
gels can seriously affect both the esthetic appearance and mechanical strength of
film products. As an example, Figure 4.23 demonstrates how the presence of a
“large” silica gel in a film can damage its integrity [16].

The cross-contamination of a single-site catalyst or its polymer resins with
Ziegler- or Cr-based catalyst components or resins, during any part of the prepara-
tion, transportation, transfer, polymerization or processing, may result in the
appearance of silica and/or polymer gels in the final product [69]. If the two catalyst
systems are incompatible, any detrimental reaction between the two may lead to
a partial poisoning, resulting in catalyst residues. However, cross-contamination
usually results in the appearance of polymeric gels in the final product. This occurs
due to the fact that single-site catalysts have drastically different reactivity ratios
for molecular weight regulators or comonomers when compared to Ziegler—Natta-
and Cr-based catalysts. Typically, a Ziegler—Natta or Cr catalyst operating under
polymerization conditions suited for single-site catalysts will produce a polymer
resin with a higher density and molecular weight. As a result, the polymer resins
produced by the Ziegler or Cr catalysts may be immiscible with the bulk polymer
phase produced by the single-site catalyst, and so appear as polymeric gels in the
final product [69]. It should also be noted that polymer gels have been claimed
to result from incomplete deactivation of the single-site catalyst following the
polymerization reaction.

The results of various studies have also suggested that the pore size of a support
can affect the activity and nature of the immobilized active sites. Sano et al.
reported a segregation of MAO into different MAO species, and thus proposed

Figure 4.23 Scanning electron microscopy image of a catalyst
residue in a polyethylene film. (Reproduced with permission
from Borealis Polymers [16].)
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that the pore size influenced the nature of the catalytic sites [71]. The effect of pore
size on the resultant polymer was also studied by Wanke and coworkers [72], who
identified a strong influence of the pore size of the support on gas-phase ethylene
polymerization rates, as well as 1-hexene incorporation rates, for catalysts prepared
by the impregnation of mesoporous molecular sieves with a range of narrow pore
sizes (2.5 to 20nm) with MAO and "*"Cp,ZrCl,. The ethylene polymerization rates
and 1-hexene incorporation rates decreased and increased, respectively, with
increasing pore volume. A TREF analysis of the products indicated the presence
of multiple types of active site, with the type and ratio being dependent on the
pore size of the various supports.

4.4.2.2 Influencing the Coordination Sphere of the Active Sites

The decomposition or alteration of the active metal coordination sphere to form
inactive or differing surface species can lead to a lowering of the activity of the cata-
lyst, or the emergence of multiple distinct active sites. This in turn may lead to a
broadening of molecular weight and chemical composition distribution, whether it
be comonomer, stereo- or regio-selectivity. Collins et al. noted that the absorption of
Et(Ind),ZrCl, onto silica afforded appreciable amounts of bis(indenyl)-ethane in the
grafting solvent [73]. Such decomposition was believed to derive from the reaction
of the metallocene framework with one or more surface silanol groups, though sur-
prisingly no decomposition was reported with Et(Ind-H,),ZrCl,. The decomposition
of a metallocene coordination sphere has also been proposed to explain the inactivity
of silica-supported systems derived from rac-MeO,Si(Ind),ZrCl, and di[(1’S,2’R,
5’S)-menthoxy]silylene-bis[1(R, R)-(+)-indenyl]zirconium dichloride [74].

The choice of synthetic strategies plays a crucial role in determining the type of
catalyst formed. For example, Sacchi and coworkers reported that Ind,ZrCl,, which
produces atactic PP under homogeneous conditions, produced moderately isotac-
tic PP when grafted onto silica first prior to contact with MAO. In addition, an
exceptionally broad MWD was observed. These authors attributed the increased
isospecificity to decomposition of the metallocene coordination sphere and conver-
sion to an isospecific form. Interestingly, elemental analysis of the SiO,/Ind,ZrCl,
indicated that all the Cl at least has been reacted away [75]. In comparison, Janiak
and Rieger reported that Ind,ZrCl, activated by MAO/SiO, and in solution resulted
in waxy atactic PP in both cases. Presumably, pretreatment of the silica with MAO
resulted in a more homogeneous-like behavior [76]. A similar effect was reported
by Kaminsky and coworkers on contacting Et(Ind),ZrCl, with silica previously
dried in vacuo at 100°C [77]. The grafted catalytic system, when contacted with
MAO, afforded isotactic PP resins with high molecular weight and increased ste-
reoregularity, when compared with the corresponding homogeneous system,
whereas precontacting the silica with MAO prior to the addition of the metallocene
afforded PP resins similar to those produced by the homogeneous systems.
However, Sacchi et al. contacted Et(Ind),ZrCl, and Ind,ZrCl, with silica, using
virtually the same grafting procedure as Kaminsky. In their case, the resins
produced by the supported systems were similar to those produced by the
homogeneous system [75].
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The picture becomes even more confusing when a comparison is made of eth-
ylene/propylene copolymerization studies on Et(Ind),ZrCl,, contacted with MAO/
SiO,. Chien and He studied the influence of Al/Zr ratio in the copolymerization
of ethylene and propylene and concluded that, under their conditions, the polym-
erization behavior of the supported catalyst system showed that the silica does not
change the chemistry of the precatalyst because the bonding is mediated by MAO.
It should be noted, however, that this proposal was based on limited polymer
analysis [78]. Ethylene and propylene copolymerization as a function of aluminum
to metal ratio with the same complex, supported in a similar manner, was also
studied by Dos Santos and coworkers [38]. The group found that the MWDs of the
resins were relatively narrow (M, /M, = 2.1-2.4), and that they possessed similar
molecular weights (50000-67000Da). However, an analysis of the differential
scanning calorimetry (DSC) thermogram and "C NMR spectra showed that low
Al:Zr ratios produced a higher propylene incorporation, similar to the homoge-
neous system. Further analysis also revealed a heterogeneous chemical composi-
tion distribution. These authors proposed that the broad chemical composition
distribution (CCD) may have originated from active species unequally activated by
different alkyl aluminum cocatalysts and/or the steric influence of the support
surface.

A unimodal MWD, yet broad or even bimodal CCD, has also been reported by
Soares and coworkers. This group studied the poly(ethylene-co-1-hexene) resulting
from Cp,HfCl, supported on MAO-pretreated silica [79]. Although the MWDs of
the sample were reported to be relatively narrow (2.1-3.0) and unimodal, the
method of immobilization significantly altered the CCD of the resultant resins.
The data in Figure 4.24 show that there is a wide difference in the CCD of the
polymers produced; support preparations with MAO/silica and SMAO appeared
to produce poly(ethylene-co-1-hexene) with a bimodal CCD, whereas non-pre-
treated silica yielded relatively unimodal polymers. Crystalline analysis fraction-
ation (CRYSTAF) of a copolymer prepared using MAO/silica yielded fractions with
very similar molecular weights, despite very different CCDs. This was tentatively
linked to a partial reaction of Si-OH groups with MAO. It should be noted that
all of the polymerizations were carried out under the same aluminum to hafnium
ratio (Al: Hf = 800), although due to the difference in the support material there
may have been different ratios of free TMAL in the system.

Multimodal sites have also been proposed by Muhle and coworkers, who studied
supported metallocenes in the gas-phase polymerization of ethylene/1-hexene. A
combined TREF and gel-permeation chromatography (GPC) analysis led these
authors to propose a three-site model [80]. Similarly, a two-site model was pro-
posed by Soga and coworkers to explain the two types of poly(ethylene-co-1-hexene)
observed [81]. Perhaps the most pronounced example of the effect that a synthetic
strategy may have on stereo-control is seen when Me,Si(Flu)(Cp)ZrCl, is precon-
tacted with silica prior to activation by MAO. In the absence of silica, the homo-
geneous precatalyst produces syndiotactic PP, whereas in the presence of silica
isotactic PP is formed [82].
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Figure 4.24 Polymer resin with unimodal molecular weight
distribution and a bimodal chemical composition distribution.
(Reproduced with permission from Ref. [79];

© 1999 Wiley-VCH.)

4.4.2.3 Mass Transport Limitations

Heterogeneity in the chemical composition of polymer resins resulting from a
supported single-site catalyst has also been attributed to mass-transfer resistance.
The latter is believed to be caused by the introduction of a support in the system,
or different active sites with different local environments. Ray and coworkers
illustrated the possibility of diffusion-controlled reactions and a broadening of
MWDs, as a result of large radial concentration gradients in the growing polymer
particle for traditional heterogeneous catalysts. Hoel and coworkers developed an
ethylene—propylene copolymerization model dedicated to explaining an unexpect-
edly broad CCD when using supported single-site catalysts [83]. Based on experi-
mental and theoretical results, these authors concluded that the breadth of the
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CCD was a consequence of monomer mass transport limitation during the growth
of the polymer particle.

Diffusion limitation has also been proposed by Fink to explain the formation of
copolymers having a broad compositional distribution in ethylene/1-hexene copo-
lymerization with rac-Me,Si(2-Me-4-PhInd),ZrCl, immobilized on SiO,/MAO [84].
Both, homo- and copolymerization of ethylene took place, explained by the forma-
tion of a copolymer envelope around the particle whereby the envelope acted as a
filter to restrict diffusion of the larger monomer (1-hexene), resulted in ethylene
homopolymerization in the inner reaches of the particle. Studies conducted by
Chadwick et al. on the effects of 1-hexene comonomer on PE particle growth and
CCD, resulting from Et(Ind),ZrCl,/MAO impregnation of silica, supported the
“filter model” [85].

An extensive and detailed study was reported by Kaminsky and coworkers on
the polymerization of propylene using Me,Si(2-Me-4-(1-Napth)Ind),ZrCl, as a
precatalyst in conjunction with MAO or MAO/SiO, [86], and in various polymer-
ization processes, such as toluene slurry, bulk monomer and gas phase (NaCl and
PE mechanical stirred-fluidized bed). For all of the polymerization procedures
used, the melting points of the polymer resins were seen to decrease with an
increase of polymerization temperature and, once again, the homogeneous system
yielded resins with higher melting points.

Figure 4.25 shows, graphically, the molecular weights which for homogeneous
systems (1) and (2) are five- to 10-fold higher than their heterogeneous counter-
parts. In addition, a decrease in the melting points of the products afforded by the
heterogeneous processes was observed. This was explained by the increased
amounts of 2,1 misinsertion of propene units, due to lower monomer concentra-
tions at the active site. This lower monomer concentration was also proposed to
account for the relatively low molecular weights of the resins. Kaminsky’s group
then postulated that if misinsertions are propagated by the lack of monomer at
the active site, then chain-termination reactions will appear more often.

Miilhaupt et al. investigated and compared the isoselective polymerization of
propylene using a supported catalyst SiO,/MAO/Me,Si(2-Me-Benz[e]Ind),ZrCl,
and the corresponding homogeneous system in a slurry [87]. Attention was cen-
tered on the influence of monomer concentration, the polymerization medium,
temperature and scavenger type on the polymerization kinetics and PP properties.
The results showed that heterogenization of the metallocene led to a significant
decrease in activity when compared to the homogeneous system, and that the
molecular weights and melting points of the resins produced were heavily depen-
dent on the choice of medium and scavenger. Interestingly, the molecular weight
decreased with increasing temperature for the homogeneous system, but hardly
changed for the heterogeneous catalyst, while the MWD was narrow for both
systems. The dependence of the resin melting temperature on polymerization
temperature was also different for the homogeneous and heterogeneous systems.
With increased polymerization temperatures, the melting points of the resins
resulting from the homogeneous system decreased, whereas the opposite was seen
for the resin derived from the heterogeneous system. A further analysis of the
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Figure 4.25 Viscosimetric average molar supported in toluene slurry; (5) [J, supported
masses of polypropylenes afforded by gas-phase in NaCl bed. (Reproduced with
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resin revealed that the systems possessed different stereo- and regio-selectivity
responses to polymerization temperatures. A lack of mass- and heat-transfer in
the heterogeneous system was proposed to account for the different behavior of
the two systems. Tailoring the immobilization procedure may help improve
matters, and Fritze and coworkers used triethylaluminum (TEA) and triisobutyl-
aluminum (TIBA) treatments to “pacify” silica supports before immobilizing a
solution of rac-Me,Si(2-Me-4-PhInd),ZrCl, and MAO. These groups found that
such pretreatment yielded polymer resins with fewer stereo- and regio-errors, a
higher melting point but similar molecular weights and MWDs when compared
to the unpacified system [88]. Presumably, pacification of the silica support prior
to contact causes a buffering of any unwanted steric or electronic interactions
exerted by the support, allowing an environment similar to that of a homogeneous
polymerization.

The immobilization of highly sensitive catalyst systems, such as those based on
Brookhart’s o-diimine-based nickel complexes, is extremely difficult—though not
impossible—to achieve [89]. Brookhart complexes can produce a wide range of PE
resins with branched (short- and long-chain) or linear microstructures [90]. The
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properties of the resin are highly dependent on the steric environment around the
active site and the polymerization conditions, such as ethylene concentration and
reaction temperature.

Soares and coworkers studied the in-situ immobilization of (1,4-bis(2,6-
diisopropylphenyl)acenaphthylene diimine nickel(II) dibromide onto MAO/SiO,,
comparing the polymer microstructure and morphology to those of its homoge-
neously produced counterpart [91]. The homogeneous system produces a polymer
with a higher degree of short-chain branches (SCB) than the supported systems,
whilst the effect of polymerization temperature on the total SCB content is greater
for the supported system. Morphology studies showed that, at polymerization
temperatures above 60°C, two types of macroscopically distinct PE phases were
easily identified. Increased polymerization temperatures also led to resins with
broader to even bimodal CRYSTAF profiles. The authors considered three theories
to explain the observed heterogeneity: (i) the presence of two or more distinct
active sites resulting from chemical heterogeneity of the MAO/SiO, surface; (ii)
the presence of supported and “leached” species (although the latter was not con-
sidered likely); and (iii) mass- and/or heat-transfer effects which resulted in varying
local conditions. Either situation could affect the selectivity of the nickel catalyst
with regard to its dependence on temperature and monomer concentration.
However, the group speculated that the mechanism of polymer precipitation
around the support surface might be responsible for the differences observed in
the frequency of chain walking between the heterogeneous and homogeneous
systems. Polymer crystallization on the support was thought to reduce the mobility
of the growing polymer chain and consequently to lower the frequency of chain
walking. As a result, the supported catalyst produced a polymer with fewer branches
than the homogeneous counterpart. At high temperatures, a high degree of SCB
occurred which resulted in a polymer that was soluble in the reaction medium;
this minimized the effect of hindered chain mobility and resulted in polymer
resins similar to those obtained with the homogeneous catalyst.

Zhu and coworkers compared the polymer resin produced by the same complex
in homogeneous and heterogeneous conditions (MMAO/SiO,) [92]. Likewise, it
was found that, for a range of conditions, the supported catalyst system typically
produced less short-chain branching than its homogeneous counterpart, indicat-
ing a lower rate of chain walking. In addition, depending on the polymerization
conditions, the supported catalyst produced resins with bimodal thermograms
(Figure 4.26). The authors proposed that the chain populations were most
likely produced from two types of active site, resulting from supported and
“leached” catalysts. The leached catalyst produced polymer similar to that of
the homogeneous system, whereas the strong steric effects exerted by the support
on the supported catalyst resulted in a lower rate of chain walking and hence
fewer chain branches. The bimodality in the melt behavior was not reflected
in the MWD, which indicated that the two active sites possessed similar chain-
transfer/termination rates relative to chain propagation. Once again, the
presence of multiple active sites could not be seen from an analysis of the MWD
alone.



References

— Supported cat.
==<~Homo. cat.

-20 0 20 40 60 80 100 120 140 160 180
Temperature (°C)

Figure 4.26 Differential scanning calorimetry thermograms for
polyethylene produced with homogeneous and supported
Brookhart catalyst. (Reproduced with permission from Ref.
[92]; © 2001 Wiley-VCH.)

4.5
Conclusions

To some extent, the discussion on the factors that affect silica-supported, MAO-
activated, single-site catalysts and the polymer resin that they produce is rather
similar to the “Nature versus Nurture” debate, used to explain the physical and
behavioral traits of human beings. As such, how a catalyst system produces a
polymer resin is always dictated by a combination of its “genetic” dispositions
(precatalyst ancillary ligand structure, etc.), the environment (local chemical and
physical environment) in which it resides, and its past history.

In this chapter we have briefly described supported single-site catalysts derived
from a combination of silica, MAO and a precatalyst complex which, whilst being
a major technology, is only one type of system. In addition, we have discussed
some of the commercial requirements, reagents, a multitude of synthetic proce-
dures, and the consequent pitfalls for such catalysts. Hopefully, it will be appreci-
ated just how complex such endeavors are, and how the description of supported,
single-site catalysts as “drop-in” technologies somewhat trivializes an extremely
challenging process.
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