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Chapter 1

General Introduction.

1.1 Introduction.

Synthetic polymers have become a part of our daily life. We see so many things around us
ranging from our basic necessities such as tooth brushes, clothing, storage bottles and carry
bags to special applications like gas pipelines, bullet proof jackets, acrospace application and
biomedical implants that are made of plastics. The extensive and still increasing usage of
polymeric materials stems from their unique properties and economical advantages and in
many applications their performance is better than conventional materials such as metals,
wood and natural fibers.

What are polymers? Polymers are macromolecules containing simple repeating units called
monomers. A wide range of material properties can be achieved depending on the type of
monomer(s) (homo- or co-polymer), their architecture (linear, branched, star shape) and
microstructure (tacticity, amount and distribution of regio- and/or stereo errors). Polymers
can be amorphous or semi-crystalline depending on the amorphous content. Highly
crystalline materials with a glass transition temperature above room temperature are brittle,

whereas semi-crystalline materials with a glass transition temperature below room



2 Chapter 1

temperature and amorphous material like for example elastomers are tough. By mixing
polymers with certain fillers, their properties such as toughness and flame retardence can be
modified.

The study of structure property relationships in polymers has become an exciting and
demanding field of research in recent decades. This study is, however, complicated since
polymer performance not only depends on the polymer microstructure but also on the
molecular weight, the molecular weight distribution, the processing technique and influence
of additives.

Polyethylene (PE) is one of the most widely used commodity plastics with a global demand
(high density, linear low density, and low density polyethylenes) of 50 million metric tons
and has the simplest chemical structure of all the commercial polymers.

Polyolefins are prepared either via free radical polymerization or via coordination
polymerization using a catalyst. Free radical polymerization is used commercially to
synthesize polymers at high pressure such as polyethylene, polymethylmetacrylate, polyvinyl
acetate, polystyrene and copolymers of ethylene with vinyl acetate, maleic anhydride and
ethyl acrylate.

Coordination polymerization has also attracted serious attention in the last few decades and
has been used to homopolymerize a wide range of monomers (ethylene, propylene, 1-hexene,
4-methyl-1-pentene etc) and to afford copolymers involving ethylene and a-olefins
(propylene, 1-butene, 1-pentene, 1-hexene, 1-octene, 1, 5-hexadiene, norbornene, styrene
etc.), terpolymers of ethylene, propylene with styrene or ethylidiene norbornene (EPDM),
terpolymers of ethylene, 1-pentene and 1-butene, 1-hexene or 1-octene, cyclic olefins, vinyl
aromatic olefins. The type of polymerization, reaction conditions such as temperature,
pressure, type of catalyst, cocatalyst, scavenger and comonomer can considerably influence
the composition, molecular weight and degree of branching in the polymer and hence the
final architecture. Based on the polymer architecture and the resulting density of packing,
polyethylenes are classified into high density polyethylene (HDPE; few short or no
branches), linear low density polyethylene (LLDPE; many equal short branches) and low
density polyethylene (LDPE; various branches on branches) (Figure 1.1). A special class of
HDPE is ultra high molecular weight PE, UHMWPE, with a molar mass of over 1x10° g/mol
whereas HDPE typically has a molar mass between 50,000-300,000 g/mol.
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Figure 1.1 Chemical structures of various kinds of polyethylene (a) HDPE (linear) (b) LLDPE

(many equal short branches) (c) LDPE (various branches on branches).
1.2 Historical Development.

Polyethylene was first synthesized by chance in 1898 as a waxy solid by Hans von Pechmann
while heating diazomethane.' The first industrial synthesis of PE also took place accidentally
in 1933, when Eric Fawcett and Reginald Gibson from ICI chemicals subjected a mixture of
benzaldehyde and ethylene to high pressure (1400 bar and 170°C), thereby producing a waxy
solid." The PE thus produced had a branched structure and a low density and hence was
denoted as LDPE. Attempts to synthesize PE at lower temp and pressure led to the discovery
of the Phillips catalyst (chromium trioxide on silica) in 1951 by Robert Banks and John
Hogan.” Later in 1953, Karl Ziegler discovered heterogeneous catalysts based on titanium
halides (TiCls-1/3 AICl;) that produced HDPE upon activation with organoaluminum
cocatalysts such as Al(C,Hs),Cl by coordination polymerization at low temperature and
pressure.3 Later, Natta independently discovered stereoregular polymers such as propylene,
butene-1 and styrene.’ The subsequent discovery of MgCl, supported TiCly catalyst system
resulted in a two fold increase in the activity.’ The basic mechanism of ethylene

polymerization by coordination polymerization is shown in Figure 1.2.*
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Figure 1.2 Cossee-Ariman mechanism for the polymerization of olefins (heterogeneous and

homogeneous catalysts).

As shown in Figure 1.2, the olefin insertion takes place by coordination of the monomer at
the vacant active metal center followed by cis-opening of the double bond. Once the
monomer is inserted, chain migration takes place generating a vacant site once again where
another monomer can insert for the chain to grow. The catalysts used in the coordination
polymerization can be classified into two groups: heterogeneous and homogeneous. In the
case of homogeneous systems, the catalyst is soluble in the polymerization medium, while for
heterogeneous systems the catalyst is supported on various supports such as silica or
magnesium dichloride which makes it insoluble in the polymerization medium. Most of the
heterogeneous catalysts are based on TiCly, Ti(OBu)4 supported on TiCls, SiO, and MgCl, or
CrOs supported on SiO, and usually yields polymers with controlled particle morphology,
high bulk density and no reactor fouling. Although the heterogeneous Ziegler-Natta catalysts
are used extensively, one of the drawbacks of a heterogeneous catalyst system is the presence
of many different active sites on the catalyst surface. These different active sites display
different activities and selectivities towards monomer insertion and hence exercise poor
control over polymer architecture, resulting in polymers having broad molecular weight
distributions and non-uniform comonomer distributions, thereby influencing the product
morphology, processability and properties.

With respect to controllability of the polymer architecture, homogeneous catalysts offer
advantages over heterogeneous catalysts. Due to the single site character of these catalysts,
the active sites exhibit uniform behavior. The discovery of methylalumoxane (MAQ) as an
efficient cocatalyst for homogeneous single site catalysts (metallocenes) in 1976 by Walter
Kaminsky and Hansjorg Sinn,’ started a new era in the polyolefin industry. The discovery
and use of MAO as a cocatalyst led to extremely active homogeneous ethylene
polymerization catalysts. Tailor-made monodisperse polymers with well-defined
architectures, microstructures and properties could be produced due to the advantages of

being able to tune the ligands of the catalyst.
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Metallocenes have been mainly used to synthesize HDPE, PP (isotactic and syndiotactic), and
copolymers of ethylene with a-olefins (LLDPE).6 Typically a metallocene catalyst is a
sandwich complex with a transition metal coordinated to two cyclopentadienyl derivatives
(Figure 1.3). Unbridged catalysts such as (CsMes),ZrCl; (1), (Indenyl),ZrCl, (2) and bridged
metallocenes such as [Me,Si(Indenyl),]ZrCl, (3), [Me,Si(2,4,7-Mes-Indenyl),]ZrCl, (4),
[C,H4(Indenyl),]ZrCl, (5) are some of the systems which are highly active for a-olefin
polymerization.® Depending on the symmetry of the catalyst and the substituents on the

cyclopentadienyl ring polypropylene with different tacticity can be produced.

*ééc

@@ e

ZrCI

Figure 1.3 Highly active metallocene catalysts for the polymerization of a-olefins.

&)

Highly isotactic PP is obtained with C,-symmetric ansa-metallocene complexes such as
[MezSi(2—Me—4—naphthylindenyl)z]ZrClz7 and [Mezsi(2—Me—4—phenylinde:nyl)z]Zer7 or
[Me;Si(2,3,5-Mes-Cp),JHfCL,.*  The Cj-symmetric complex Me,C(3-MeCp)(Flu)ZrCl,
produces hemiisotactic PP.* However, if the methyl group at the 3-position of the
cyclopentadienyl ring is replaced by a fert-butyl group, i-PP is formed. Interestingly, the use
of oscillating metallocenes (2-phenylindenyl),ZrCl, has been reported to produce atactic and
isotactic PP block copolymers and the Cs-symmetric [Me,C(Flu)(Cp)]ZrCl, produces
syndiotactic PP.%% After the success of metallocenes, additional catalyst families have been
developed based on mono-cyclopentadienyl or non-cyclopentadienyl ligands using transition
metals from group 3 to 10 of the periodic table. With these post-metallocene catalysts a wide
range of polyolefins can be produced. The constrained geometry catalyst [Me>Si(CsMeg)(N-2-
Bu)]TiCL*'" enables polymerization of ethene with 1-octene resulting in Cg-branched PE.

These catalysts have a very high comonomer affinity resulting in re-incorporation of polymer
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chains having an unsaturated chain end (long chain branching). In addition, with complexes
of the type [Me,Si(Flu)(N-z-Bu)]TiMe, syndiotactic PP can be obtained.'' Recently, Fujita ez
al.discovered post metallocene catalysts based on phenoxy-imine chelate ligands (FI) with
group 4 transition metals. When activated by a cocatalyst under mild conditions these
catalysts proved to be at least as active as metallocenes for the polymerization of ethylene at
moderate temperatures. By simply varying the ligand structure of this class of catalyst or the
nature of the cocatalyst, polyethylene with a wide range of molecular weights can be
synthesized with narrow molecular weight distribution. The titanium catalyst [3-#-Bu-2-O-
CeH3CH=N(C¢F5)]2TiCl, is the first example of a polymerization catalyst that promotes living
polymerization of ethylene even at 50°C.

Iron based catalysts with bis(imino) pyridine ligands yield HDPE."*With the catalysts based
on late transition metals like nickel and palladium, it is possible to either synthesize HDPE or
highly branched amorphous polyethylene (Figure 1.4) from ethylene alone. Cationic
palladium a-diimine complexes afford LLDPE-like polymers at low pressure whereas the
nickel based polyethylene is linear. Therefore, depending on the catalyst used and on the
process conditions applied a diverse range of polymers, from highly branched amorphous
polyethylene as viscous oils (at low pressure) via less branched thermoplastic elastomers (at
higher pressure) to linear PE (with specific catalyst variations), can be produced. Therefore a
rubbery material, equivalent to an ethylene-propylene rubber (EPR), could be produced from

only ethylene monomer using a cationic a-diimine based palladium catalyst.

.
‘‘‘‘‘
Pid '

Figure 1.4 The structure of rubbery polymers formed with a homogeneous cationic a-diimine based

palladium catalyst.
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A detailed examination of these rubbery polymers showed not only the presence of methyl
branches but also of longer alkyl branches such as sec-butyl ended branched and larger
branches on branches (Figure 1.4). As shown above with these new homogeneous catalysts
new polymer microstructures have been reported that were not accessible with traditional
heterogeneous Ziegler-Natta catalysts. For slurry and gas phase processes, however, a
heterogeneous catalyst is required. Most of the commercial production of polyolefins today
takes place using heterogeneous catalyst technology. As many other factors influence the
economics of olefin polymerization processes, only a few grades of polyethylene, mainly
LLDPE (a copolymer of ethylene and an a-olefin such as butene, hexene or octene) and a
small fraction of polypropylene are commercially synthesized using homogeneous catalysts

in solution processes.

1.3 Crystallization of Polymers.

Crystallizable polymers are different from normal crystalline solids in that they possess
amorphous segments and therefore are generally semi-crystalline. The crystallinity of
polymers is governed by the extent of branching (number and type) (Figure 1.1), type and
composition of comonomers and by tacticity (isotactic, syndiotactic, atactic) (Figure 1.5). For
example, polymers with long chain branching or atactic polymers are usually non-crystalline.
On the other hand isotactic and syndiotactic polymers or copolymer of ethylene with small
amount of propylene have the ability to crystallize. The degree of crystallinity as well as the
T, determines the brittleness or toughness of the polymer. In addition, the size and the spatial
arrangement of the crystallites profoundly influence the physical and mechanical properties

of the polymer.

(a)

SMMIAMMANSASSSSNLLL,

(©)

Figure 1.5 Polypropylene with different tacticity (a) completely amorphous atactic PP (b) semi-
crystalline isotactic PP (c) semi-crystalline syndiotactic PP.
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The drive towards crystallization in polymers can be understood from the thermodynamics of
the process."*In the molten state the polymer chains are in the random coil configuration and
are entangled which is an entropy driven process. However, when the melt is cooled slowly,
the polymer molecules arrange themselves in a regular fashion to attain a state of minimum
free energy. There are a number of factors that influence the rate of crystallization and the
resulting degree of crystallinity such as the rate of cooling from the melt, presence of
nucleating agents, molecular weight and molecular weight distribution of the polymer, the
amount of branching etc. If the cooling rate is very fast then the polymer may not crystallize
at all, leading to a completely amorphous polymer. The process is in this case kinetically
controlled.

By using X-ray diffraction techniques it is possible to determine the crystal structure of a
polymer. Generally, in a crystal the polymer chains tend to align resulting in an orientation
along a particular direction. A unit cell may consist of hundreds of atoms belonging to the
repeating segments of a polymer chain, with several segments packed together in a crystal.
The polymer chains fold back and forth in the crystal and a single chain can be part of two or
more crystals giving rise to inter-crystallite links. The fold surface and the connectors or tie

molecules form the amorphous regions in the polymer.

LAY

fal i)

ie) {d)

Figure 1.6 Schematic representation of models of the fold surfaces in polymer single crystals (a)
sharp folds (b) switchboard model (c) loose loops with adjacent re-entry (d) a combination of several

features.”
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Crystallization of Polyethylene.

Polyethylene is one of the most studied polymers due to its wide application. Figure 1.6
shows different kinds of folds that arise at the surface of lamellac. Solution grown
polyethylene crystals form plate-like lamellar single crystals. The chains in a lamellar single
crystal are perpendicular to the plane of the lamella as shown in Figure 1.7b.'® The thickness
of the lamella is of the order of 100 A although the length of a polymer chain is of the order
of several thousands of Angstroms. Therefore the chains must fold back and forth between
the top and bottom surface of the lamellae.'”** A linear polyethylene with a molar mass of
100,000 would require about seventy foldings for a lamellae with a thickness of 120
A."Since linear high molecular weight polyethylene is more coiled than low molecular
weight analogs, a higher temperature is required for crystallization from dilute solutions.*’
Lamellar single crystals grown from dilute solutions are often accompanied by the formation
of spiral structures called screw dislocations (see Figure 1.7a).**Screw dislocations are

believed to occur during collision between two growing single crystals.

Melt crystallized polymer consists of a ball like morphology called spherulites. Spherulites
are formed by radial branching out of single folded chain lamellae in a three dimensional
space and have more or less the same thickness as the solution grown crystals as shown in

Figure 1.7c.

(@) (b)

Figure 1.7 (a) Electron micrograph of lamellar growth of solution grown single crystal of

polyethylene with screw dislocation.'® (b) AFM imaging of stacked array of lamellar single crystal of
polyethylene.” (¢) Optical micrograph showing spherulitic growth of melt crystallized polymer.”*
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Solution grown lamellar crystals and melt crystallized spherulitic crystals of polyethylene
have a completely different morphology. When synthesized in a solvent below the melt
temperature, polyethylene will precipitate out. The nascent morphology, obtained upon
polymerization, is considerably influenced by the polymerization conditions such as structure
of the catalyst and co-catalyst and by the polymerization temperature. Various morphologies
have been reported in the literature such as fibrillar, globular, cobweb, ribbon like, worm like,
nodular, and lamellar depending on the polymerization conditions for the polymer produced
by Ziegler- Natta catalyst.”> Another striking feature of nascent polyethylene is the destruction
of this unique morphology on annealing or melting and re-crystallization. The nascent
UHMWPE crystals have a higher melting point than the solution or melt crystallized
samples.26A remarkable advantage of using nascent powders is that the processability and the
flow characteristics of the polymer can be influenced by the synthesis conditions. The
significant discovery that some nascent UHMWPE could flow below the melting point on
compression, whereas other samples of nascent UHMWPE could only be sintered, was

assigned to a lower degree of entanglement of the former.”’

1.4 Processing of Polyolefins.

Generally polymers are shaped into final products by molding, extrusion or casting, which
can be accomplished at much lower temperature than required for shaping steel, aluminum or
glass and hence are cost effective. The common processing techniques usually employed for
polyolefins are film extrusion (LDPE, LLDPE, HDPE, PP) ram extrusion (UHMWPE), blow
molding (HDPE, PP), injection molding (HDPE, PP) compression molding (UHMWPE,
PTFE) or fiber extrusion (PP).® Depending on the processing techniques and temperatures
employed, the ultimate properties of the final product can be influenced. For instance, high
performance fibers formed from polyethylene possess much better mechanical properties than
polyethylene bottles when made from the same PE grade due to different processing
techniques employed.

Processing of a polymer depends on its flow behavior which modifies the orientation of the
long chain. The flow behavior of a polymer is in turn determined by the polymer architecture,
degree of cross linking, molecular weight, molecular weight distribution, amount of
entanglements, presence of additives and by the temperature and pressure at which they are
pressed. Many of the above factors are influenced by the conditions employed during

polymer synthesis. Therefore the flow behavior and hence the processability of a polymer can



Introduction 11

be influenced considerably by the way it is synthesized. Semi-crystalline polymers are
usually processed at high temperature, above their melting point and depending on the
molecular weight, amount of entanglements and molar mass distribution exhibit high
viscosities. The viscosity in the polymeric system increases considerably with molecular

weight.”

Log no

T]OUva

v

M,

Log M,,

Figure 1.8 Plot representing the relation between zero shear viscosity (ny) and molecular weight

M,,).

Up to the critical molar mass (M,; typically twice the length between entanglements M), the
viscosity increases linearly with the molecular weight.”’ Above the entanglement molar mass
the viscosity builds rapidly as shown in Figure 1.8 due to an increase in the amount of
entanglements resulting in poor flow properties and difficult processability. Therefore, ultra
high molecular weight polymers (UHMWPE) display poor processability and the finished
products of UHMWPE possess fusion defects or grain boundaries. The presence of grain

boundaries may lead to poor mechanical performance of the polymer.

Processing of UHMWPE.

UHMWPE has outstanding physical and mechanical properties such as high abrasion
resistance, high impact toughness, good corrosion and chemical resistance, resistance to
cyclic fatigue, and resistance to radiation.*® Due to its excellent properties UHMWPE finds

use in highly demanding applications®' including artificial implant materials.**
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Figure 1.9 Picture shows the use of a UHMWPE component at the interface of metallic components

in the artificial hip prosthesis.”>*

The basic requirements for any medical implant material are: biological stability, bio-
compatibility, high toughness, high creep resistance, low friction, and low wear.*® In the case
of hip and knee joint prostheses, UHMWPE has been used at the interface of artificial joints.
The hip cup is covered by a layer UHMWPE (10 mm thick) as shown in Figure 1.9. The use
of a UHMWPE sheet in such an application reduces the friction when the hip cup moves
against the artificial femoral head. Artificial joints made with UHMWPE can function well
for twenty years if they are well-designed and well-implanted, but the use of UHMWPE in
hip and knee prosthesis is often associated with major problems.30’360ne major problem
associated with the hip prosthesis is the adhesive wear of this material. In the case of hip
implants, sub-micron particles are released from the surface of the polyethylene (over 50,000
particles per step), leading to inflammatory response and subsequent loosening of the
implant.*”*' This is caused by cyclic articulation of the polymer cup against the metal, which
in turn causes localized stress build up at the ball/socket interface. As a result, small fractions
of UHMWPE adhere to the metal ball. These fractions break off in due course to form sub
micrometer-sized particles. In the case of knee joints, failure of the implant generally occurs
due to crack propagation through the existing fusion defects. For both hip and knee implants
one of the possible causes for these problems have been poor processability and consequently
poor homogeneity of the processed product obtained from such a high molecular weight
material.

UHMWPE cannot be processed via conventional processing routes such as injection

moulding, blow molding etc. UHMWPE is usually processed via compression molding or
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ram-extrusion®” as the former methods would involve a very viscous melt. Regardless of the
process applied, today all products of UHMWPE possess fusion defects or grain-boundaries
due to which UHMWPE eventually fails in many applications.*

The origin of grain boundaries can be traced back to the conditions during synthesis. In
industry, UHMWPE is synthesized by a slurry process using a heterogeneous Ziegler-Natta
catalyst with a hydrocarbon as diluent.** As the active sites in such catalyst systems are
relatively close together, the chains grow in close proximity to each other. Due to the
relatively high polymerization temperature of 60-100°C, crystallization of the polymer chains
is relatively slow and the resulting polymer has a very high degree of entanglements. Due to
the nature of this process, essentially every catalyst particle leads to a product polymer
particle with (sub) millimeter dimensions (I mg polymer particle of a polymer with a 1
million g/mol molecular weight contains 10'* entangled chains). Because of the high
molecular weight and high degree of entanglements, the mobility of these chains is very
limited and complete fusion of these polymer particles during processing is impossible to
achieve. Thus the structure created during synthesis of the polymer affects the final properties
of the polymer.

A considerable amount of research is being done to improve the wear life-time of these
polymers for the hip prosthesis. Two different approaches have been reported in the literature
to improve the mechanical performance of the UHMWPE products. One method involves
addition of fillers, whereas the other approach focuses on improving the processability of
UHMWPE. For example, Howdle et al.* have proposed the use of supercritical carbon
dioxide to disperse silver particles in the UHMWPE matrix. Elsewhere they have reported
blending of UHMWPE with polymethylmethacrylate (PMMA) as a possible solution to
tackle the problem.*® Another method described in the literature to improve the performance
of this polymer is based on inclusion of multi-walled carbon nano-tubes, nano-Al,Oj; particles
or various other inorganic filler materials in the matrix.*”** There are few main routes
described in the literature to improve the processability of UHMWPE.

Rastogi, et al.’® has tried to sinter the polymer via the hexagonal phase. With their study on a
polymer obtained with a single site catalyst, they demonstrated how an initial lower
entanglement density is crucial for obtaining a fully sintered material. In their study, they
established a route to disentangle the chains by the intervention of the hexagonal phase at
high temperature and pressure prior to melting. It was clearly shown that a fully fused

material was obtained upon annealing of a less entangle metallocene grade polymer, at 4000
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bars and 270°C for 12 hours. Another method involves dissolving the UHMWPE in a suitable
solvent followed by ultra drawing (solution spinning), which affords highly aligned chains of
UHMWPE fibers (Dyneema®).”’

The commercial grade UHMWPE (broad MWD) is very suitable for some applications such
as textiles, food and beverage industry, mining, ship building, transportation etc. However,
thus obtained products suffer from serious disadvantages in medical applications where
narrow molecular weight distribution**and good homogeneity of the finished product are
most desirable properties in order to improve the life-time of the artificial hip and knee
prosthesis. In order to solve this problem, the challenge is to produce UHMWPE which not
only has a narrow molecular weight distribution (for improving wear life time of hip cup) but
also easy processability.

We here propose a novel route in which nascent UHMWPE with highly disentangled chains
is synthesized by crystallization of the chains directly upon synthesis using homogeneous
catalysts. We propose that when the temperature of polymerization is kept low, the chains
begin to crystallize directly upon formation. Faster crystallization of the polymer chains upon
formation in combination with sufficient dilution to keep the growing chains apart will
facilitate the formation of polymers with highly disentangled chains. The use of
homogeneous catalysts also allows the synthesis of polymers with narrow molecular weight
distribution in addition to the unique morphology. The resulting polymer with highly
disentangled chains can be processed into completely fused grain-boundary free material in
the solid state and circumvents the use of high temperature and pressure as well as the use of
large quantities of undesirable organic solvents. For highly demanding applications such as
components of medical devices, where completely fused product is a pre-requisite, this new
route is of significant importance. However, this new polymer production route has
economical disadvantages over the existing production technology therefore may not be of

interest for low end applications.

1.5 Scope of the Thesis.

Until now, UHMWPE has been synthesized using heterogeneous catalysts, where the active
sites are not only relatively close to each other but also display different activities under a
given set of polymerization condition leading to polymers with broad molecular weight

distributions. In addition to that, since the growing chains are in close proximity to each
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other, the resulting polymer has a very high degree of entanglement, raising the viscosity due
to poor flow characteristics in the melt. In order to reduce the melt viscosity and hence
improve the processability of the polymer we have investigated and proposed a new route to
synthesize nascent UHMWPE with narrow molecular weight distribution which is discussed
in detail in Chapters 2 & 3. Chapter 4 describes various characterization techniques such as
drawing, compression molding, differential scanning calorimetry, and rheology used to study
the effect of the polymerization conditions on the entanglement density. In addition, Chapter
4 describes the ease of processability of these polymers. A detailed investigation of the
crystal structure of the nascent polymers and their crystallization behavior is discussed in

Chapter 5. Finally the industrial relevance of the project is discussed.
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Chapter 2

Synthesis of UHMWPE using a single site catalyst:
bis[(pentamethyl)cyclopentadienyl] samarium (11)

bis(tetrahydrofuran)

Synopsis: This chapter presents systematic investigation of a recently reported novel route to
synthesize highly disentangled nascent UHMWPE with narrow molecular weight distribution.
The effect of various polymerization conditions (dilution, temperature, pressure) on the
activity of the catalyst and on the obtained molecular weight is presented. The mass transfer

limitation of ethylene during the polymerization is also discussed.
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2.1 Introduction.

In industry, UHMWPE is synthesized in a slurry process using a heterogeneous Ziegler-Natta
catalyst with a hydrocarbon as diluent'. The active sites in such a catalyst system are known
to exist relatively close together, therefore the polymer chains grow in close proximity to
each other. In addition a conventional heterogeneous catalyst contains different active sites
which exhibit different activities thereby producing polymers with broad molecular weight
distributions. Due to the relatively high polymerization temperature of 60-100°C in addition
to the chains growing adjacent to each other, crystallization of the polymer chains is
relatively slow and the resulting polymer has a very high degree of entanglement. Owing to
the nature of this process, essentially every catalyst particle leads to a product polymer
particle with (sub) millimeter dimensions (1 mg polymer particle of a polymer with a 1
million g/mol molecular weight contains 10'* entangled chains). High entanglement density
poses restrictions to flow of the chains in the melt which results in improper fusion of the
powder particles. Consequently, ultra high molecular weight polyethylene (UHMWPE) is
difficult to process. Current processing techniques employed in the industry lead to products
with non-homogeneous morphology and to the presence of grain boundaries.

One intriguing area of application of UHMWPE is in medical implants where a narrow
molecular weight distribution (MWD) and a completely fused grain boundary free material
are highly desirable for the ultimate performance under in-vivo conditions. The presence of
grain boundaries leads to poor mechanical performance and insufficient lifetime of the
artificial implants.

High entanglement density imparts excellent mechanical properties in the end application but
causes restricted mobility of the polymer chains in the melt during processing. In order to
improve the flow characteristics of the polymer chains and to reduce the melt viscosity,
UHMWPE which has easy mobility in the melt is desired. Additionally, the molecular weight
distribution should be low in order to improve the wear life-time of the artificial hip
prosthesis.

Tervoort et al.? recently reported that monodisperse high molecular weight polyethylenes
show a similar performance compared to UHMWPE with a broad molecular weight
distribution. However, narrowv MWD in HDPE will limit the processability of the material. In
addition molecular weight distributions below 2 cannot be obtained in an economical process.

Therefore we will focus on material with higher molecular weight (1-2 million g/mol) but
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with slightly broader MWD (2-3). Polymers with this high molecular weight and relatively
narrov MWD can be obtained in an economic fashion but their processability is poor.
Therefore the challenge was to obtain easily processable UHMWPE by lowering the
entanglement density as it has been shown that disentangled UHMWPE is well-processable.’
Lowering the entanglement density®* and thus the viscosity in the melt has been achieved by
dissolving the polymer in a suitable solvent prior to polymer processing via solution spinning.
This method is cumbersome and expensive.

Our strategy is to prevent entangling of polymer chains during the synthesis and hence to
create a unique nascent morphology in UHMWPE. A remarkable advantage of nascent
powders is that the morphology created during synthesis can have profound impact on
processability and flow characteristics and subsequently on product properties such as
improved mechanical performance of artificial implants.

In order to control the molecular weight distribution, homogeneous complexes were used,
which are single site in nature and hence display uniform activity and produce polymers with
a narrow MWD.

It is proposed that when the temperature of polymerization is kept low, the chains will begin
to crystallize during the polymerization when the crystallization rate is relatively fast
compared to the polymerization rate (Rerys> Rpoiym). A sufficiently diluted system will result
in greater separation of the active sites when compared to heterogeneous systems, leading to
a unique morphology in the nascent state where the chains are highly disentangled. The
resulting polymer with highly disentangled chains can be processed easily and subsequent
curing should lead to completely fused grain-boundary free material.

The proper choice of catalyst and the appropriate polymerization conditions is crucial for the
synthesis of UHMWPE with this unique morphology. Low temperature will facilitate high
molecular weight and fast crystallization of polymer chains. To exclude any interference of
molecular weight distribution, we preferred to use a living catalyst system. In a living catalyst
chain transfer reactions do not occur and if all catalyst sites start polymerizing at the same
time, a theoretical minimum MWD of 1 can be obtained. The major disadvantage of a living
catalyst system is that only one polymer chain is produced by each catalyst site.

In the early eighties, it was discovered that organolanthanide complexes are highly active
ethylene polymerization catalysts that typically do not create branches, nor incorporate o-
olefins which results in completely linear polyethylenes.>” Several studies demonstrated that

these lanthanocenes show living behavior, which in principle gives the opportunity to obtain
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UHMWPE with a very narrow molecular weight distribution. Although lanthanocene
hydrides of the type {Cp'.Ln(u-H)}. (Cp' = CsMes, CsH3(CMes)SiMes, 1/2 Me,Si(CsMey)2)
are extremely active catalysts even at low temperature, the multi-step synthesis and extremely
high reactivity of these species makes their use rather cumbersome. Evans and coworkers
were the first to recognize that divalent lanthanide precursors (CsMes),Ln-2(THF), available
in a one step reaction of Lnl, (Ln =Sm, Yb) with CsMesK in THF, could be oxidized to yield
trivalent alkyl and hydride species.? For example, (CsMes),Sm-2(THF) reacts with ethylene
via oxidative addition to form the dimeric trivalent complex {[(CsMes),Sm],(u-CzH4)},
which with excess ethylene affords a living polymerization system that forms a polymer
chain that grows at both ends (Scheme 2.1)."%*2 These catalyst systems were found to be
extremely active in the polymerization of ethylene without the use of any cocatayst such as

methylalumoxane.

Scheme 2.1 Activation of divalent precursor to trivalent active species by an ethylene molecule.

Yasuda'*® used a related samarium system Me,Si[2(3),4-(SiMes),CsH2],Sm-2THF to
homopolymerize ethylene to polyethylenes with a very high molecular weight (Mn > 10°)
and very narrow molecular weight distribution (Mw/Mn= 1.6).

As mentioned previously the samarocene catalyst does not require any cocatalyst and can be
used as such in ethylene polymerization. As with aluminum alkyl scavengers a significant
reduction in the molecular weight is observed. Therefore scavengers cannot be employed
during polymerization when UHMWRPE is the desired product. As a consequence, at the
small scale we used, even with careful drying of solvents, a considerable fraction of the
catalyst can be used up to scavenge impurities. Therefore the polymerizations require more

catalyst than usual, especially due to the high dilution requirements.
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2.2 Experimental Section.

2.2.1 General Comments.

All manipulations were performed under an argon atmosphere using a glovebox (Braun MB-
150 GI) and Schlenk techniques. Solvents were distilled from Na/K alloy (petroleum-ether
(40:60), and heptane), or dried over a Grubbs column (Al,O3: toluene) and stored under argon
prior to use. The molecular weights and molecular weight distributions of the polymers were
measured at 135°C by gel-permeation chromatography (GPC210, Polymer Labs) at the

University of Groningen, the Netherlands, using 1,2,4-trichlorobenzene as solvent.

2.2.2 Catalyst synthesis.®*

Synthesis of Sml,-x(THF): A Schlenk flask was charged with Samarium metal (Aldrich)
(1.94 g, 12.9 mmol) and THF (80 mL). To this suspension, a solution of ICH,CH,l in THF
was added slowly (2.58 g, 9.1 mmol). To ensure complete reaction the mixture was refluxed
for 17 hrs affording a blue THF solution of Sml,-x(THF) which was filtered to remove the

excess of samarium and stored under argon prior to use.

Synthesis of CsMesH: To a stirred solution of tetramethylcyclopentenone (15.27 g, 110.4
mmol) in diethyl ether (300 mL), CH3MgClI (2.9M in THF) (38 mL, 110.2 mmol) was added
dropwise at 0°C. The resultant solution was warmed to room temperature and stirred for 2
hours. The reaction was quenched slowly with ethanol after which water was added. The
resultant milky white mixture was neutralized by adding concentrated hydrochloric acid. The
organic layer was separated and dried over MgSO,. Filtration and evaporation of the organic
layer yielded an orange oil as the crude product. Distillation under reduced pressure afforded

the pure compound in 60% yield.

Synthesis of CsMesK: To a suspension of KH (1.77 g, 44.2 mmol) in THF (20 mL), CsMesH
(3.7 g, 27.15 mmol) was added dropwise at room temperature. The reaction mixture was
stirred overnight and filtered. The white solid was washed with petroleum-ether (60:40) and

dried under vacuum.
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Synthesis of (CsMes),Sm-2(THF): A Schlenk flask was charged with CsMesK (3.2 g, 18.35
mmol) and THF (30 mL). A THF solution of Sml,-x(THF) (80 mL) prepared as above was
directly used as such and added to the suspension at room temperature. The color of the
suspension immediately changed from dark blue to purple, and the reaction mixture was
stirred overnight. The THF solvent was removed by vacuum to yield a gray solid. Toluene
(100 mL) was then added and the resulting reaction mixture was stirred for 6 hours to yield a
purple solution and a white precipitate. The white solid was separated by filtration and a clear
purple filtrate was obtained. The solvent was removed under reduced pressure to yield a
purple solid. Recrystallization of the solid from diethyl ether afforded the pure compound in
40% vyield.

2.2.3 Polymerizations.

Polymerization (Pressure): To a stirred solution of ethylene in petroleum-ether (40:60
fraction; 80 mL), 14 pmol of the catalyst (CsMes);Sm-2(THF) was added. The
polymerizations were carried out in a 200 mL Blichi reactor, equipped with a mechanical
stirrer, at 30°C and at different ethylene pressures: 1, 2 and 5 bar. The same experiment was
repeated with toluene (80 mL) as solvent at an ethylene pressure of 5 bar at two different
temperatures: 30°C and 50°C. The polymerizations were quenched after 15 minutes with
methanol. The polymers were filtered, washed with acetone, and dried under vacuum at
60°C.

Polymerization (Dilution and Temperature): To a stirred solution of ethylene in
petroleum-ether (40:60 fraction; 1 L), three portions of 14 umol each of the catalyst
(CsMes),Sm-2(THF) were added with an interval of 5 minutes between the additions. The
solvent was saturated with ethylene for 45 minutes prior to the addition of catalyst. The
polymerization was performed using a magnetic stirring bar at 0°C at an ethylene pressure of
1 bar, with ethylene continuously bubbling through the solution. The polymerizations were
carried out at different dilutions (42 umol of catalyst in 250, 500, and 1000 mL of solvent).
The same polymerizations were repeated at a constant volume of 1 L at different
temperatures (-10°C, 0°C, +10°C and +20°C) and ten times 2.8 umol of the catalyst

(CsMes),Sm-2(THF) was added with an interval of one minute between the additions. The
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polymerizations were quenched after 15 minutes with methanol. The polymers were filtered,

washed with acetone, and dried under vacuum at 60°C.
2.3 Results and Discussions.

Since we anticipated that a lower temperature, low pressure and higher dilution would favor
the synthesis of disentangled polymer chains, we studied the effect of dilution, temperature
and pressure on the catalyst performance. The polymerizations were carried out in aliphatic
hydrocarbon solvents as the polymer immediately precipitates out in this polymerization
medium whereas in more polar solvents such as toluene it forms a gel, therefore enhancing
the probability of the formation of highly disentangled chains. Since the dissolution of
ethylene in the solvent is slow, ethylene was bubbled through the solvent with effective
stirring. Preliminary polymerization results were anomalous with respect to the expected

polymerization rates which appeared to be caused by mass transfer limitation.
2.3.1 Mass transfer of ethylene: preliminary polymerization experiments.

Mass transfer of ethylene plays an important role in obtaining a sufficiently high yield and
molecular weight. Mass transfer of ethylene is affected by: (a) reaction temperature and
pressure, (b) solubility of ethylene in the solvent, (c) degree of mixing in the reactors, (d)

reactor geometry and (e) precipitated polymer in the medium.
The monomer concentration in solution is given by Henry’s equation™:
Cwm= Ki’.exp (E/RT)Py (1)

Where Py is the monomer pressure (atm); Kyl.exp (E/RT) is the Henry constant at
temperature T (mol-liter>-atm™); Cy is the concentration of the monomer in solution (mol
liter!); E is an empirical parameter (cal-mol™) describing the dependence of Ky on
temperature. For ethylene in heptane K.°=1.15 x 10 mol-liter*-atm™, E = 2700 cal-mol™.*
From the above equation it is clear that the dissolution and hence the concentration of
ethylene will increase with decrease in polymerization temperature and increasing pressure.

The concentration of ethylene drops from 0.2 M at -10°C to 0.1 M at +20°C. Therefore an
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increase in temperature from -10°C to +20°C reduces the concentration of ethylene to 50%
while at the same time the catalyst activity may have increased by one order of magnitude.
Since catalysts can only react with the dissolved ethylene, the absolute amount of dissolved
ethylene becomes very important when the propagation rate exceeds the dissolution rate.
Thus at low solvent volume, although the molar concentration of ethylene dissolved in the
polymerization medium is the same, the absolute amount of dissolved ethylene available at a

given time will be lower compared to higher solvent volumes.

Table 2.1 Effect of polymerization pressure and temperature.

Entry Temperature Pressure  Yield Concentration M, D

(°C) (bar) ) Of ethylene (kg/mol)®

(moles/L)

1# 30 1 - 0.1 - -
28 30 2 0.4 0.2 1088 2.7
3 30 5 3.0 0.4 1428 15
4 30 5 1.2 0.5
5 50 5 0.2 0.4 - -

Polymerizations were carried out with (a) petroleum-ether (40:60) (80 mL). (b) With toluene (80 mL) as

solvent.

In the first few minutes of the polymerization homogeneous catalysts are known to be
extremely active, which at lower dilution and higher temperature and low pressure will
quickly lead to monomer depletion. In order to demonstrate that ethylene dissolution in the
polymerization medium indeed becomes the rate determining step, we carried out ethylene
polymerizations at higher temperatures of 30°C and 50°C varying the pressure of ethylene
from 1 to 5 bar using (CsMes),Sm-2(THF).
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Figure 2.1 Influence of monomer pressure on the ethylene concentration (0) and the yield of the

polymer (m) at 30 °C with 0.175 mM catalyst concentration.

Table 2.1 (entries 1-3) shows the results of ethylene polymerizations carried out at a constant
volume of 80 mL with changing ethylene pressure at 30°C. It is seen that at low pressure (1-2
bar), the obtained yield is very low. When the pressure is raised to a higher value (Table 2.1,
entry 3; Figure 2.1), the yield increases considerably. Changing the pressure from 1 to 5 bar
at 30 °C the concentration of ethylene raises from 0.1 M to 0.5 M. The actual concentration
of ethylene according to Henry’s equation, at the beginning of polymerization drops from 0.5
M at 30°C to 0.4 M at 50 °C when the polymerization is carried out at 5 bar. With the
increase in temperature from 30 to 50°C, the yield of the polymer drops drastically. Earlier
reports on polymerization experiments using the same samarocene catalyst in a hydrocarbon
solvent showed that the catalyst is thermally stable at higher temperature. Therefore, the drop
in yield can only be explained by thermal decomposition of the catalyst in toluene. Therefore
the samarium catalyst will only be used in hydrocarbon solvent in future experiments. Even
though the amount of solvent used in the polymerizations is low (80 mL), the diffusion
limitation can be overcome with the increase of pressure as shown in Table 2.1 where
polymerization rate increases drastically with the increase of pressure. Although a clear trend
relating the yield to varying temperature and pressure is seen, the yields obtained are quite

low due to the low volume of solvent used. In order to avoid mass transfer limitations as well
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as temperature overshoot in further experiments, we have used larger volume of solvent and

low pressure.

2.3.2 Effect of Dilution during Polymerization.

Table 2.2 shows that with increasing amount of solvent, the yield and the molecular weight of
the polymer obtained increases. Except for the amount of the solvent, all other conditions
were maintained constant. Given that the dissolution of ethylene in the solvent is slower than
the consumption of ethylene, mass transfer becomes the rate determining step at higher
catalyst concentration and the system becomes diffusion controlled. Owing to higher molar
concentration of the catalyst in a less diluted system (0.168 mM), the yield and the molecular
weight of the polymer decrease. In a highly diluted catalyst system, the ethylene
concentration will remain more or less constant and relatively high resulting in an increase in
the yield and molecular weight (see Figures 2.2 & 2.3). The effect of dilution on the

entanglement density is discussed in Chapter 4.

Table 2.2 Effect of dilution during polymerization.

Solvent Yield My D
(mL) (9) (kg/mol)?*

250 0.4 1038 15
500 16 1769 16
1000 6.0 1700 4.2
1000* 9.0 2361 2.8

Polymerizations were carried out with (CsMes),Sm-2(THF) (14 umol x 3); ethylene (1 bar); 0°C; 15 minutes;
petroleum-ether (40:60) (1 L); *with mechanical stirring. (a) Determined by GPC.
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Figure 2.2 Influence of dilution on the yield of UHMWPE obtained using the (CsMes),Sm-2(THF) at
0C
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Figure 2.3 Influence of dilution on the M, of UHMWPE obtained using the (CsMes),Sm-2(THF) at
0C.

An important observation was that effective stirring plays a very important role in terms of
yield, even at this small laboratory scale. When a mechanical stirrer was used instead of a
magnetic stirring bar, the yield increased considerably. This observation prompted us to run

the polymerizations using a mechanical stirrer for further studies. Another interesting
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observation is that at low dilutions, e.g. 250 mL (0.168 mM) and 500 mL (0.084 mM),
bubbling of ethylene through the solvent versus leading ethylene into the head space during
the polymerization using magnetic stirring had no effect on the yield and molecular weight.
In order to study as to how polymerization temperature affects the entanglement density
which is discussed in chapter 4, the polymerization temperature was varied at constant

dilution.

2.3.3 Effect of Polymerization Temperature.

Table 2.3 shows that, at -10°C, the catalyst activity is very low. This is evident from the low
yield and molecular weight of the polymer, although the amount of dissolved ethylene is the
highest at such low temperatures (according to equation 1). With a 10°C rise in temperature,

the activity of the catalyst increases considerably.

Table 2.3 Effect of polymerization temperature.

Temperature Yield My D
(°C) (9) (kg/mol)*

-10 2.4 1225 2.0
0 13.0 2040 25
+10 16.7 2265 2.7
+20* 14.0 1368 3.2

Polymerizations were carried out with (CsMes),Sm-2(THF) (2.8 umol x 10); ethylene (1 bar); petroleum-ether
(40:60) (1 L); 15 minutes; * catalyst addition was 2.8 umol x 7 times. (a) Determined by GPC.

Figures 2.4 and 2.5 show that up to +10°C with the increase in temperature the catalyst
activity increases, resulting in higher yield and higher molecular weight. At +20°C the lower
yield and lower molecular weight may result from lower ethylene concentration and

increased chain transfer, respectively.
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Figure 2.4 Influence of polymerization temperature on the yield of UHMWPE obtained using
the (C5M€5)2SI’I’ZZ(THF)
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Figure 2.5 Influence of polymerization temperature on the M,, of UHMWPE obtained using
the (C5Me5)2Sm2(THF)

It is not surprising that the MWD of the UHMWPE synthesized with the samarocene is
higher than expected for a truly living catalyst as shown in Table 2.3, due to heterogenization
of the system during polymer synthesis.?® The further broadening of MWD in combination
with the lowering of molecular weight with increase in the polymerization temperature

indicates that chain termination occurs at higher temperatures, transforming the catalyst from
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a living system to non living catalyst system. Recently, Chirinos et al.** reported a similar

drop in the activity of their catalyst on increasing the temperature.

2.4 Conclusions.

In this chapter, the influence of varying the dilution and temperature on the activity of the
catalyst and molecular weight of the produced polyethylene was investigated. It is shown that
the polymers synthesized using (CsMes),Sm-2(THF) under various polymerization conditions
are all UHMWPE with very narrow molecular weight distribution. The results presented in
this chapter show that increasing the dilution results in an increase in the yield and molecular
weight due to a larger initial (absolute) amount of dissolved ethylene in the system, whereas
increasing the temperature results in increase in the yield and molecular weight up to +10°C.
The drop in yield and molecular weight thereafter is related to diffusion limitation of ethylene
and chain termination reactions that are likely to occur at higher temperatures. Besides it is
also shown in this chapter that dissolution of ethylene can be a rate determining step in these
polymerizations. It is expected that lower temperature and higher dilution favors the synthesis
of highly disentangled UHMWPE which is necessary for the easy processability of the
polymer. The influence of dilution and temperature on the entanglement density and hence
the ease of processing of nascent UHMWPE will be discussed in Chapter 4.

Since this catalyst does not allow the use of scavengers, the catalyst precursor itself is used to
scavenge the impurities in the polymerization medium which makes this catalyst very
impractical. Therefore, other homogeneous catalysts were explored which allow the use of
scavengers, polymerize ethylene to nascent UHMWPE at low temperature and are cost
effective. It will be shown in Chapter 3 a different homogeneous catalyst that is capable of
making UHMWPE at low temperature can produce nascent UHMWPE with narrow

molecular weight distribution.
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Chapter 3

Nascent UHMWPE obtained using homogeneous
catalysts: exploring the versatility of the catalysts to

generate UHMWPE with unique morphology.

Synopsis: This chapter focuses on examining the potential use of different homogeneous
catalysts to synthesize highly disentangled nascent UHMWPE with narrow molecular weight
distribution. Two living homogeneous post metallocene catalysts were selected to generate
the unique morphology in the nascent state which might benefit the processability of the
material. Several polymerization conditions (dilution, temperature, pressure, cocatalyst)
were varied to study their effect on the catalyst activity, molecular weight and the

entanglement density.
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3.1 Introduction.

The chemistry of catalytic olefin polymerization by various single site catalysts, especially
the group 4 transition metal based compounds, has been of great importance in the past few
decades.'” Extensive studies on metallocene complexes involving cyclopentadienyl ligands
have contributed towards greater understanding of catalyst design in terms of ligand structure
and orientation surrounding the active center. The effect of ligand design on stabilizing the
active center, selectivity and activity of the catalyst has been explored significantly.

MAUO is the most widely used cocatalyst, able to activate a large number of metallocenes and
non-metallocene complexes. Due to the high cost of MAO and relatively large amount
needed to activate the catalyst (AI/M=103 —104) (that might also lead to chain transfer to the
AlMe; present in the MAQO), alternative stoichiometric cocatalysts have been developed such
as B(CgF5)s; NR3H+B(C6F5)4' and Ph3C+B(C6F5)4'.4'5 These systems can be used in close to
equimolar amounts with either metallocene alkyl derivatives or with the chloride analogues
together with trialkyl aluminum species such as Al(i-Bu); and AlEt; that scavenge impurities
and alkylate the catalyst precursor.

For a living single site catalyst, the chain termination is virtually absent and the polymers
obtained have very narrow molecular weight distribution. Therefore stability towards
scavengers employed during the polymerization is one of the main requirements for a living
catalyst. Only a limited number of catalysts have been cited in the literature to be living at
room temperature and above for the polymerization of ethylene. This is because at higher
temperature various chain transfer reactions take place such as [-hydride- and B-alkyl
elimination or chain transfer to cocatalyst (trans alkylation to aluminum), resulting in lower
molecular weights and a MWD of 2. The earliest catalyst reported to be living at -78°C was
based on vanadium acetylacetonate.® Nakamura et al.” discovered the diene complexes of
tantalum to be living for the polymerization of ethylene below -20°C. McConville et al.®
reported the first living polymerization at room temperature. The titanium diamido complex
[(2,6-Me,CsH3)N(CH;);3N(2,6-Me,CgH3) [ TiMe, was found to exhibit living polymerization of
1-hexene in the presence of B(C¢Fs)3 as activator. However, the living complex deactivates in
the absence of monomer yielding an inactive compound in quantitative yield. Nickel catalysts
based on a-diimine ligands have been reported to be living for the polymerization of a-
olefins at -10°C.° Schrock, et al.,'” Kim, et al.,'" and Shiono, et al.'* have independently

reported catalysts that exhibit living polymerization of 1-hexene. The catalyst [(t-BuN-o-
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C6H4)20]ZrC1213 also exhibits living behavior for hexene at 0°C. Sita, et al."* found dimethyl-
monocyclopentadienylzirconium  acetamidinates to  exhibit living stereospecific
polymerization of a-olefins. Last decade has seen a growing interest in exploiting various
soluble non-metallocene catalysts based on transition metals and lanthanides for the

1
|13

polymerization of olefins as well as a-olefins. Recently, Coates, et al. ” have demonstrated

the living syndiospecific polymerization of propylene using bis(salicylaldiminato)titanium

.'® showed that the nonmetallocene C,—symmetric di(alkoxo)

complex whereas, Kol et a
ZrBn, promotes living polymerization of 1-hexene at room temperature. Brookhart et al.'”
reported a palladium catalyst based an aryl o-diimine ligand to be living for the
polymerization of ethylene at 5°C. They have also reported a complex based on Co(III) to be
living for ethylene.

In Chapter 2, a method to synthesize nascent UHMWPE with very narrow molecular weight
distribution, using a metallocene catalyst (CsMes),Sm-2(THF)'® was presented. The major
drawback of this catalyst is that only in the absence of scavengers it polymerizes ethylene to
UHMWPE, which makes its use expensive and cumbersome. Scavengers act as chain transfer
agents for this catalyst and hence the desired molecular weight cannot be achieved. Due to
these drawbacks, alternative catalyst systems were explored which will be discussed in this
chapter. It will be investigated if the synthesis of highly disentangled UHMWPE with narrow
molecular weight distribution is limited only to one exotic catalyst (CsMes),Sm-2(THF) or
that different kinds of homogeneous catalysts can be employed to synthesize similar grades
of polymer simply by controlling the polymerization conditions. In order to prove that, a non-
metallocene single site catalyst based on group 4 transition metal, commonly referred to as
Mitsui’s ~ bis(phenoxy-imine)titanium  catalyst  [3-t-Bu-2-O-C¢H3;CH=N(C4Fs)],TiCl,"
activated with MAO was used to synthesize UHMWPE by solution polymerization. In
addition, another single site catalyst based on a group 3 metal [PhC(N-2,6-i-
Pr,CsH3),]Y(CH,SiMes),(THF) activated with [PhNMezH]+[B(C6F5)4]' was tested to prove
the principle of obtaining nascent disentangled UHMWPE at slightly higher temperatures.
This catalyst was reported to be living and yield UHMWPE with very narrow MWD at
50°C.%°
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3.2 Experimental Section.

3.2.1 General Comments.

All manipulations were performed under an argon atmosphere using a glovebox (Braun MB-
150 GI) and Schlenk techniques. Solvents were distilled from Na/K alloy (petroleum-ether
(40:60), and heptane) or dried over a Grubbs column (Al,Os: toluene) and stored under argon
prior to use. The catalysts were either prepared according to literature procedure® or obtained
from Sabic Euro Petrochemicals. The molecular weights and molecular weight distributions
of the polymers were measured at 135°C by gel-permeation chromatography (GPC210,

Polymer Labs) at the University of Groningen, using 1,2,4-trichlorobenzene as solvent.

3.2.2 Polymerization with [3-t-Bu-2-O-CgH3;CH=N(C¢Fs)].TiCl,.

Polymerization (Pressure): To a mechanically stirred 200 mL Biichi reactor containing a
solution of ethylene in petroleum-ether (40:60 fraction; 80 mL), MAO (16.6 mmol) and the
catalyst (1 pumol) were added. The polymerizations were performed at 30°C at ethylene
pressures of 1 and 5 bar. The same experiment was repeated with toluene (80 mL) as solvent
at an ethylene pressure of 5 bar at 50°C. The polymerizations were quenched after 5 min with
acidified methanol. The polymers were filtered, washed with acetone and dried under vacuum

at 60°C.

Polymerization (Reaction Time): To a 1 L round bottom flask containing a solution of
ethylene in heptane (500 mL), MAO (16.6 mmol) was added. The solution was stirred for a
while before adding the catalyst (1pmol). The solvent was saturated with ethylene for 45
minutes prior to the addition of catalyst and cocatalyst. The polymerizations were carried out
at 8°C at an ethylene pressure of 1 bar, using a mechanical stirrer with ethylene bubbling
through the solution. The polymerizations were quenched after different time intervals (5, 10,
15, 20 minutes) with acidified methanol. The polymers were filtered, washed with acetone

and dried under vacuum at 60°C.

Polymerization (Dilution and Temperature): To a 2 L round bottom flask provided with a
magnetic stirring bar/mechanical stirring, containing a stirred solution of ethylene in

petroleum-ether (40:60 fraction; 1 L), MAO (33.2 mmol) was added followed by addition of
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the catalyst (1 umol). The solvent was saturated with ethylene for 45 minutes prior to the
addition of catalyst and cocatalyst. The reaction was carried out at 8°C and an ethylene
pressure of 1 bar, with ethylene continuously bubbling through the solution. The
polymerizations were carried out at different dilutions (1 pwmol of catalyst in 250, 500, 1000
and 2000 mL). The polymerizations were repeated using a mechanical stirrer at different
temperatures (-10°C, 0°C, +10°C, +20°C, +50°C and +68°C). The polymerizations were
quenched after 20 minutes with acidified methanol. The polymers were filtered, washed with

acetone and dried under vacuum at 60°C.

Polymerization (MAO Concentration): To a stirred and saturated (for 20 minutes) solution
of ethylene in petroleum-ether (40:60 fraction; 250 mL), different amounts of MAO (8.3,
16.6, 33.2, 66.4, 132.8 mmol) were added. The polymerization was performed in a 500 mL
round bottom flask using a magnetic stirring bar at 8°C at an ethylene pressure of 1 bar for 10
minutes. Subsequently, the reactions were quenched with acidified methanol, the polymer

products were filtered, washed with acetone and dried under vacuum at 60°C.

3.2.3 Polymerization with [PhC(N-2,6-i-Pr,CsHs)2]Y(CH,SiMe3),(THF).

To a stirred solution of ethylene in toluene (250 mL), the catalyst (50 pmol) and activator (50
umol) were added. The polymerizations were carried out in a 1 L Biichi reactor provided with
a mechanical stirrer at 25 and 50°C, respectively, and at ethylene pressures of 5 bar for 30
minutes. After 15 minutes the reactions were quenched with acidified methanol and the

polymers were filtered, washed with acetone and dried under vacuum at 60°C.

3.3 Results and Discussions.
3.3.1 Polymerization with [3-t-Bu-2-O-CgH3;CH=N(C¢Fs)].TiCl,.

The post-metallocene catalyst system [3-t-Bu-2-O-C¢H3;CH=N(C¢F5)],TiCl,/MAO
polymerizes ethylene in a living fashion at room temperature which, under controlled
polymerization conditions might lead to easily processable polymer. The turnover frequency
of the catalyst is very high (TOF > 20,000 min-atm™) which is higher than that of the
zirconocene catalyst system Cp,ZrCl/MAO." The high activity is a result of a combination

of steric and electronic factors. Systematic studies on the [3-t-Bu-2-O-
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CsH3;CH=N(C¢F5)],TiCl, /MAO system with varying amounts of fluorine substituents has
demonstrated that the fluoro atoms play a crucial role in turning the titanium center more
electrophilic. The presence of fluorine atoms on the phenyl ring prevents [-hydride
elimination in the titanium catalyst.'” Moreover, a tert-butyl group at the 3-position of the
phenoxy moiety diminishes the probability of other chain termination reactions and at the
same time enhances effective ion separation between the cationic metal center and the
counter ion of the co-catalyst resulting in an increase in the activity of the catalyst.”’

During the polymerization, ethylene was constantly bubbled through the polymerization
medium with effective stirring to minimize the diffusion limitation as discussed in Chapter 2.
In order to study the effect of temperature, dilution, pressure and reaction time on the
molecular weight and entanglement density, these parameters were varied and polymerization

runs were carried out. All other conditions were kept constant.
Influence of Monomer Pressure.

Table 3.1 clearly shows that the activity of the catalyst increases drastically with the increase
in pressure at 30°C (entry 1 and 2) because of a higher concentration of the dissolved

monomer.

Table 3.1 Effect of monomer pressure.

Entry Temperature Pressure Yield Concentration My, D
(°C) (bar) (2) of ethylene (kg/mol)
(moles)
1 30 1 0.8 0.1 736 1.3
2 30%* 5 7.0 0.5 2688 1.3
3 50* 5 5.0 0.4 1158 1.8

Polymerizations performed using the [3-t-Bu-2-O-C¢H3;CH=N(C¢F5)],TiCl, (1umol); *3 minutes; 5 minutes;
toluene (80 mL); MAO (16.6 mmol); *Determined by GPC.

Even though the amount of solvent used is low (80 mL) in the polymerizations, the diffusion

limitation can be overcome with the increase of pressure.



Synthesis of UHMWPE using homogeneous catalyst 41

At 5 bar of ethylene, the polymerization rate was very high due to which the polymerizations
had to be quenched after 3 minutes as the reactor content nearly solidified and a high
exotherm was observed.

Therefore further experiments were carried out at low ethylene pressure (1 bar) to guarantee
good control over the reaction. Moreover, the dilution (amount of solvent) was kept high to
increase the absolute amount of ethylene in the medium and to prevent diffusion limitation

and overshooting of temperature during the polymerization.

Influence of Polymerization Time.

Despite the living nature of the catalyst, there seems to be a limit for the maximum attainable
molecular weight. In other words, even though UHMWPE is produced within the first few
minutes of polymerization, the molecular weight does not increase linearly with the
polymerization time and a relatively high MWD is obtained as shown in Table 3.2. However,
as we can see from the duplicate measurements of the molecular weight of the 10 minutes
experiment, the reproducibility of the molecular weight determination of UHMWPE using

high temperature GPC is low.

Table 3.2 Influence of polymerization time.

Time Yield M., D

(min) (2) (kg/mol)*

5 1.2 1067 1.7

10 1.5 772 1.7
1101 1.3

15.2 1.9 1426 1.7

20.5 2.0 1355 1.7

Polymerizations performed using the [3-t-Bu-2-O-C4H;CH=N(C4F5)],TiCl, (1umol); heptane (500 mL); MAO
(16.6 mmol); 8°C; ethylene (1 bar);* Determined by GPC.
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If not all the chains start to grow at the same time, a molecular weight distribution will result
that is higher than the theoretical value of 1.0 expected for a perfectly living system. Among
many other reasons that can lead to broad MWD in living systems, it was shown in Chapter 2
that heterogenization of the catalyst was a plausible cause for obtaining high MWD with the
samarocene catalyst. Due to this encapsulation of the catalyst, the monomer diffusion through

the polymer to the active center becomes increasingly difficult and the chain stops growing.

Influence of Dilution during Polymerization.

It is anticipated that a highly diluted homogeneous system would enhance effective
separation of the growing chains which should lead to less entangled polymer chains. An
increase of polymerization temperature is thought to increase the number of entanglements
per unit chain. Moreover, in more diluted systems, the heat dissipation is more effective,
resulting in less local temperature overshoot at the catalyst active sites. It has to be taken into
account that when going to high dilution while keeping the absolute amount of catalyst and
cocatalyst constant the reduced molar concentration of MAO may affect the catalyst activity
which will be discussed in the section where effect of cocatalyst is described. Table 3.3
shows that the yield and molecular weight of the polymer does not increase appreciably with

the increase in the amount of solvent used for the polymerization.

Table 3.3 The influence of dilution during polymerization on molecular weight and yield.

Solvent Yield M, D
(mL) (8 (kg/mol)*

250 1.0 882 1.3
500 25 1378 1.4
1000* 2.0 1321 1.2
2000* 2.7 1525 1.2

Polymerization performed using the [3-t-Bu-2-O-C¢H;CH=N(C¢F5)],TiCl,; MAO (33.2 mmol); ethylene (1 bar)
20 minutes, 8°C; *With mechanical stirring; (a) Determined by GPC.

Except at the lowest dilution (250 mL), a molecular weight of 1 million g/mol is achieved in
all reactions regardless of the amount of solvent used. This means that diffusion of ethylene

into the solvent is not critical for these polymerizations and that the yield and M,, are not
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affected by the initial absolute amount of dissolved ethylene which increases as the amount of
solvent used increases. The propagation rate is fast and a molecular weight of 1 million g/mol
is achieved in a very short period and further growth of the chain is slow probably because of
the encapsulation of active catalyst in the polymer matrix, which prevents the diffusion of
ethylene to the catalyst active site.

Only for the lowest dilution (250 mL), the yield and M, are relatively low. When the amount
of solvent used is low, the molar concentration of the catalyst in the polymerization medium
is relatively high (0.004 mM), resulting in consumption of all the dissolved ethylene faster
than the dissolution while the absolute amount of dissolved ethylene is also low. This effect
was also seen earlier when the polymerizations were performed at 1 bar with 80 mL of
solvent at 30°C (entry 1, Table 3.1). The collective effect of high catalyst concentration, less
amount of dissolved ethylene in the solvent at lower dilutions, leads to reduction in the yield
and molecular weight as shown in Figure 3.1 and 3.2. The influence of dilution on the

entanglement density is discussed separately in Chapter 4.
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Figure 3.1 Effect of dilution on the yield of UHMWPE obtained using the [3-t-Bu-2-O-
CeH3CH=N(C¢Fs5)].TiCl,/MAO catalyst system at 0 <C.
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Figure 3.2 Effect of dilution on the M,, of UHMWPE obtained using the [3-t-Bu-2-O-
CeH3CH=N(C¢F5)],TiCl,/MAO catalyst system 0 <.

Influence of Cocatalyst Concentration.

Since the catalyst is only active in the presence of MAO, the molar concentration of MAO in
the medium might affect the activity of the catalyst, when an equilibrium exists between the
catalyst precursor and the cationic active species formed upon reaction with MAO as shown

in equation 3.1.

+

[MAOCL,]

(3.1)

The concentration of MAO in the polymerization medium becomes increasingly important in

dilution experiments, where the amount of solvent used for polymerization is varied. It is
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well-known that besides generating an active cationic metal center, the trimethylaluminum
(TMA) present in the MAO can cause various side reactions such as chain transfer or
deactivation reactions.”? To study if the molar concentration of methylalumoxane is important
for obtaining the same activity of the catalyst in the dilution experiments, the effect of co-
catalyst to catalyst ratio on the yield, molecular weight and molecular weight distribution of
the polymers was studied.

Table 3.4 clearly shows that the catalyst produces UHMWPE even at a very high cocatalyst
to catalyst ratio of 132,000 (entry 5). In addition, the molecular weight continuously increases
whereas the MWD stays very low with the increase in the concentration of MAO. This means
that the chain transfer to aluminum is minimal even at such high concentration of
trimethyaluminum (in MAO) in the polymerization medium. Therefore, it can be concluded
that the catalyst shows living behavior even at high concentration of MAO, strengthening the
information reported in the literature that the tert-butyl group at the 3-position of the phenoxy
moiety effectively diminishes the probability of chain transfer rections.”’ The increased
amount of MAO is accompanied by an increased amount of toluene. The increase in yield
with the increase in the concentration of MAO can be explained by an increase in the polarity
of the medium resulting in higher catalyst activity (solvent separated ion pairs versus contact
ion pairs).” The increase in M,, with increased amount of MAO will result from reduced
catalyst deactivation via bimolecular interactions leading to dormant sites and from the

increased scavenging of impurities.

Table 3.4 The influence of MAO concentration.

Entry. catalyst MAO Yield M, M, D No. chains/
(umol) (pmol) (2) (kg/mol)*  (kg/mol) Metal
center*

1 1 8,300 0.9 785 584 1.4 1.5

2 1 16,600 1.3 886 634 1.4 2

3 1 33,200 2.3 1290 1005 1.3 2.3

4 1 66,400 3.0 1572 1220 1.3 2.5

5 1 132,800 4.6 1601 1244 1.3 3.6

Polymerization performed using the [3-t-Bu-2-O-C4H3;CH=N(Cg4F5)],TiCl,; heptane (250 mL); MAO (8.3, 16.6,
33.2, 66.4, 132.8 mmol in toluene, respectively); ethylene (1 bar); 10 minutes, 8°C; *With mechanical stirring;

(a) Determined by GPC; * Assuming all metal centers are active.
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For a true living system, each metal center should produce one chain. Obviously, Table 3.4
shows that this is not the case, which means that under the polymerization conditions
employed, the catalyst does not exhibit truly living behavior and can produce more than one
chain per metal center and still maintain very low poly-dispersity which is possible only if the
propagation rate stays very high until a molecular weight of approximately 1 million g/mol is
achieved. At that point diffusion limitation may lead to competing chain transfer reactions.
Alternatively, assuming that the catalyst is truly living and that it produces one chain per
metal center, the value of M, for entry 4 of Table 3.4 should have been 3 million g/mol
instead of 1.2 million g/mol. In order to verify the GPC results, the same polymer sample was
sent to two different labs for GPC analysis. The results obtained were very surprising. For
example for a polymer made with this catalyst was shown to have a M;, of 795 kg/mol in the
laboratory where we did most of our measurements, while the same polymer was shown to
have a M,, of 2000 kg/mol in another laboratory. The yield of this specific experiment was 3.7
grams of polymer obtained with 1 pmol of catalyst. This corresponds to 4.6 chains per metal
center for the 795 kg/mol molecular weight measurement and to 1.8 chains per metal for the
2000 kg/mol molecular weight measurement. Based on these explanations and Table 3.4, it
can be stated that the catalyst is probably truly living and any discrepancy observed is due to

chain transfer at high molecular weight and/or unreliable M,, values.

Influence of Polymerization Temperature.

Since it was expected that low polymerization temperature would favor the synthesis of
disentangled chains of UHMWPE due to faster crystallization of the chains and lower
polymerization rate, the influence of polymerization temperature on the catalyst activity,
molecular weight and number of entanglements in the polymer chain was studied. The
polymerization was performed at constant but higher dilution as discussed before. Table 3.5
shows the influence of the polymerization temperature. With the increase in temperature the
observed productivity of the catalyst increases to a maximum which is close to +28°C (see
Figure 3.3), after which the yield decreases with increasing temperature.

Irrespective of the synthesis temperature the molecular weight in all cases is above a million
but as there is no trend in the molecular weight as a function of temperature, the accuracy of
the GPC results are questionable as discussed before. In all cases, even at the highest

temperature, UHMWPE is obtained. As expected for a living catalyst system, at low
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temperatures the MWD is narrow. Only at higher temperature the MWD is broader which

indicates that chain transfer reactions are starting to become competitive.

Table 3.5 The influence of polymerization temperature.

Temperature Yield M., D
°O (2 (kg/mol)’

-10 1.8 1001 1.3
0 2.7 1397 1.4
+10 2.8 1131 1.3
+20 3.7 1089 1.4
+50 3.0 1788 1.7
+68 1.3 1099 2.7

Polymerizations performed using the [3-t-Bu-2-O-C4H;CH=N(C4F5)],TiCl, (1umol); petroleum-ether(40:60) (1
L); MAO (33.2 mmol); 20 minutes ; ethylene (1 bar); * Determined by GPC.
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Figure 3.3.Effect of polymerization temperature on the yield of UHMWPE obtained using the [3-t-
Bu-2-O-CgH3;CH=N(CsFs)].TiCl, /IMAO catalyst system.

Like most titanium alkyl species, the intermediate (di)alkyl species are expected to be

thermally unstable, which leads to catalyst deactivation and a lower yield at higher



48 Chapter 3

temperature. In contrast, at low polymerization temperature, slow activation of the catalyst
leads to lower yield. We would like to emphasize here that these experiments cannot be
compared with the high pressure experiments as the above experiments were performed at

optimal controlled conditions.
3.3.2 Polymerization with [PhC(N-2,6-i-Pr,C¢Hs),]Y (CH.SiMes),(THF).

Since we wanted to investigate if a different homogeneous catalyst can be used for the
synthesis of UHMWPE with narrow molecular distribution, polymerizations were carried out
using the yttrium catalyst. The single site yttrium catalyst [PhC(N-2,6-i-
Pr,CH3),]Y(CH,SiMes)»(THF)® upon activation with [PhNMe,H] [B(C¢Fs)s]” has been
reported to polymerize ethylene to UHMWPE. With this catalyst, scavengers cannot be used
as through chain transfer to aluminum the molecular weight drops significantly, similar to the
samarocene catalyst discussed in Chapter 2. The catalyst, when activated with
[PhNMe,H]'[B(CsFs)4]’, has been reported to be living and to polymerize ethylene rather
slowly.zo This feature allows us to tune the My, of the polymer made with this living system
by varying the polymerization time.

The polymerizations were carried out in a stainless steel autoclave as the catalyst was not
active at low monomer pressure. As shown in Table 3.6, a large amount of catalyst was
required for the reaction since most of it is consumed to scavenge the impurities. Although it
was possible to obtain UHMWPE the molecular weight distribution that was obtained from

these experiments is bimodal.

Table 3.6 Results of polymerization with [PhC(N-2, 6-i-Pr,C¢Hs),]Y(CH,SiMez)(THF).

Temperature Yield M. D No

(°C) (2) (kg/mol)” chains/Metal
center

25 1.5 1339 52 bimodal

25 3.5 1145 4.2 bimodal

50 10.5 625 1.7

Catalyst (50 umol); toluene (250 mL); activator (50 pmol); 30 minutes; ethylene (5 bar); * Determined by GPC.
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As the UHMWPE powders were found to be completely entangled even at 25°C, no further
attempts were made to improve these results. The fact that UHMWPE obtained with the [3-t-
Bu-2-0-C¢H3;CH=N(C¢F5)],TiCl, at 25°C with toluene as the diluent are highly disentangled

1s remarkable.

3.4 Conclusions.

In this chapter, it was investigated if different homogeneous catalysts with high molecular
weight capability can be used to synthesize highly disentangled nascent UHMWPE with
narrow molecular weight distribution by simply controlling the polymerization conditions.
Two living homogeneous post-metallocene catalysts, [3-t-Bu-2-0O-
C¢H3CH=N(C¢F5)],TiCl/ MAO and [PhC(N-2,6-i-Pr,CcH3),]Y(CH,SiMe;3),(THF) were
selected for this study. Only with the titanium catalyst the desired nascent disentangled
UHMWPE with narrow molecular weight distribution was obtained. With the [3-t-Bu-2-O-
CsH3;CH=N(C¢F5)],TiCl,/MAO, it is shown that the yield and molecular weight of the
polymer does not increase appreciably with the increase in the amount of solvent used for the
polymerization. The propagation rate is fast and a molecular weight of 1 million g/mol is
achieved in a very short period of time and further growth of the chain is slow probably
because of the encapsulation of active catalyst in the polymer matrix, which prevents the
diffusion of ethylene to the catalyst active site. Only for the lowest dilution (250 mL) the My,
and yield obtained were low and it was attributed to the diffusion limitation of ethylene in the
solvent, which becomes less severe when the amount of solvent used is high.

It is also shown in this chapter that the yield of the polymer continuously increases with
increasing MAO concentration. This effect can be explained by an increase in the polarity of
the medium resulting in higher catalyst activity (solvent separated ion pairs versus contact ion
pairs). The increase in My, with increased amount of MAO will result from reduced catalyst
deactivation via bimolecular interactions leading to dormant sites and from the increased
scavenging of impurities.

Similar to the dilution experiments it was shown that the M,, is hardly affected by the
increase in the synthesis temperature, providing additional evidence of fast polymerization
and catalyst encapsulation in the polymer matrix as stated earlier. However, the yield does
increase with the increase in the temperature to a maximum at +28°C and then starts to

decrease.
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In order to investigate the influence of polymerization conditions on the entanglement

density, various characterization techniques have been employed to ascertain the

entanglement density of UHMWPE synthesized in Chapters 2 and 3 which are presented in
Chapter 4.
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Chapter 4

Characterization of Nascent UHMWPE as
synthesized via Single Site Catalysts: estimation of

Entanglements in Nascent Powders.

Synopsis: This chapter presents the results of various characterization techniques employed
to estimate the entanglement density in the UHMWPE synthesized by the two different
catalyst systems described in Chapters 2 and 3. The mechanical deformation tests performed
on the UHMWPE support the success of the synthesis conditions as the films consolidated
below the a-relaxation temperature are highly drawable. The high drawability is associated
with a low entanglement density in the UHMWPE. Furthermore, valuable tools such as
temperature modulated DSC studies combined with rheology are used to confirm this

observation.
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4.1 Introduction.

UHMWPE is difficult to process due to its high molar mass and the presence of
entanglements.! High entanglement density imparts excellent mechanical properties but
causes restricted mobility of the polymer chains in the melt. UHMWPE cannot be processed
via conventional processing routes such as injection molding, blow molding, etc. and is
usually processed via compression molding or ram-extrusion.” The high viscosity is due to
the presence of entanglements and the long reptation time needed for these chains to renew
their position within the melt and relax. Regardless of the process applied, today all products
of UHMWPE possess fusion defects or grain-boundaries due to which they have limited
lifetime when applied in highly demanding applications such as components for medical
implant.?

The extremely high viscosity of UHMW polymer melts results from the entanglements of the
polymer chains following the relation 1o o« M,’*. Therefore, lowering the number of

entanglements per unit chain®

is one of the prime requirements to improve the flow
characteristics of the UHMWPE, both below and above the melting temperature of the

polymer.
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Figure 4.1 Hypothetical representation of lowered melt viscosity of UHMWPE with highly

disentangled morphology.
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For a thermodynamically labile state in which the material is not fully entangled, the
fundamental relation between zero shear viscosity and molecular weight of the polymer does
not follow the universally accepted model. Instead, the slope will be lower than the value of
3.4 in the plot of log ng versus log M, as shown schematically in Figure 4.1.

As described in the previous chapters, it is proposed that when homogeneous catalysts are
used in diluted systems and the temperature of polymerization is kept low, the chains will
begin to crystallize during the polymerization due to a faster crystallization rate compared to
the polymerization rate (Rerys™> Rpolym). In order to establish if the as synthesized UHMWPE
are disentangled, various characterization techniques have been used which are discussed in
detail in this chapter. The quantitative determination of entanglement density poses great
challenges since there is no direct method available to measure the entanglement density.
Hence, combinations of different techniques are essential to obtain and support a qualitative
estimation of the amount of entanglements. In this chapter, it is shown how a variety of
techniques such as drawing, DSC and rheology have been used effectively to estimate
relative variation in the entanglement density. Another purpose of this chapter is to compare
polymers obtained with the two different homogeneous catalysts described in Chapters 2 and
3 in order to verify the universal behavior of homogeneous catalysts under similar

polymerization condition to yield polymer with similar properties.

4.2 Results and Discussions.

4.2.1 Mechanical Deformation of Polymers.

Polymers when subjected to deformation are known to show yielding, necking, strain
hardening and eventually they will fracture. Depending on the type of the polymer (structure
and morphology) the manner in which they behave may differ. For instance, a ductile
polymer when subjected to tensile testing shows a linear increase in the stress with increasing
strain according to Hooks law® up to the yield point. Beyond the yield point, necking takes
place, which extends as the strain is further increased resulting in a drop in the stress. When
the process of necking is complete, strain hardening occurs whereby the stress increases until

the polymer fractures (Figure 4.2a).
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Figure 4.2 (a) Stress-strain behavior of polymers (b) Role of entanglements on the draw ratio of

polyethylene.

On the other hand a stiff polymer fractures much faster and necking is drastically reduced.’
The degree of necking in the polymer is characterized by the draw ratio (length of fully
necked sample/original length). Post yield behavior in polymers is directly related to the
entanglement density and hence the chain stiffness. As the entanglement density increases the
stiffness of the polymer chain increases resulting in a lower draw ratio®

It is well known that with the increase in the molar mass the number of entanglements per
unit chain increases and consequently the draw ratio decreases. For instance, UHMWPE has
a considerably lower draw ratio compared to HDPE as shown in Figure 4.2b. The drawing
experiments, however, are strongly affected by the temperature at which they are performed.
If the drawing temperature is too high, chain slippage might occur instead of chain extension.
Therefore drawing should be performed at temperatures close to but still below the melting
temperature of the polymers.

Figure 4.3 shows the difference in the drawing behavior between melt crystallized (upon
compression molding) and solution crystallized UHMWPE as a function of temperature.9 In
the region 1, below the melting temperature Ty,', the solution crystallized samples (S) are
highly drawable compared to the melt crystallized samples (M). The drawability of solution
crystallized samples drops considerably above the melting temperature due to entangling of
the chains. The apparent increase in the drawability in region 2 for both melt- and solution
crystallized samples is the result of chain slippage and -relaxation. At very high temperature

(region 3) the drawability is completely lost due to the onset of the hexagonal phase.’
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Figure 4.3 Drawing behavior of UHMWPE at different temperature. (M) Melt crystallized (S)

solution crystallized.”

Whether or not a polymer is drawable is strongly dependent on the initial morphology and the
processing conditions. The maximum draw ratio (Am.x) was found to depend on the chain
conformation.'® In case of single crystal mats of polyethylene consisting of regularly stacked

folded chain crystals, i.e. disentangled state, the Amax iS given by equation 1

Amax = L¢/3 (1)
where L¢ is the fold length & is the chain diameter. The maximum draw ratio is 30-60.
On the other hand, for melt crystallized polyethylene, i.e. entangled state, where chain
conformation is random-coil, the maximum draw ratio is given by equation 2

Amax = K (M) 2)

where M. is the molar mass between entanglements and K is the proportionality constant. For

UHMWRPE, the maximum draw ratio is found to be 4-5.

Smith et al.'' also reported that less entangled UHMWPE films prepared by depositing a

vanadium catalyst on a glass slide followed by polymerization of ethylene at relatively low
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temperatures, could be drawn in the solid state to a draw ratio of 60. This draw ratio
corresponds to the theoretical value for disentangled UHMWPE. The drawability of the same
polymer was lost upon melt crystallization suggesting entangling of the polymer chains. A
possible explanation for the immediate loss in drawability upon melting was proposed by
Barham and Sadler'” by proposing immediate increase in radius of gyration using the concept
of “chain explosion”.

Drawing by hand proved to be a simple method to qualitatively determine the draw ratio of
UHMWPE films, which in turn is an effective tool to estimate the entanglement density in
polymers. The samples'® were compression molded at 120°C/200 bar to form films prior to
drawing. The drawing experiments on the films were performed in air at 120°C using a hot
plate. The draw ratios were determined from the separation of ink markers pre-printed on the
surface of the samples.

The solid state drawability of commercial nascent UHMWPE synthesized with a
heterogeneous Ziegler-Natta catalyst is restricted due to the presence of entanglements, and
was found to be less than 10.'*"> However, when entangled commercial grade UHMWPE is
dissolved and subsequently crystallized from a suitable solvent the draw ratio dramatically
increases. In contrast to the commercial grade polymer, polymers synthesized and obtained
directly from the reactor through controlled polymerization conditions by using either one of
the catalysts (CsMes),Sm-2(THF) or [3-t-Bu-2-O-C¢H3;CH=N(C¢F5)],TiCl,  showed
remarkable solid state drawing characteristics. The draw ratios of the polymers produced at
different temperatures (-10°C up to +68°C) were all found to be well above 120. This is much
higher than the theoretical value of 60 which was discussed above. This means that the
UHMWPE’s synthesized under such conditions are highly disentangled when compared to
the commercial grade UHMWPE.

It was expected that with the increase in the polymerization temperature the amount of
entanglements per unit chain in the UHMWPE would increase and consequently the
drawability would decrease. For the polymers synthesized using (CsMes),Sm-2(THF),
increasing the polymerization temperature from -10°C up to +20 °C has no effect in terms of
drawability of the polymers, indicating that the polymers are highly disentangled even at
higher polymerization temperatures. Also the polymers synthesized using the catalyst [3-t-
Bu-2-O-CcH3CH=N(C¢F5)],TiCl, at temperatures ranging from -10°C up to +68°C show high
draw ratios, suggesting that even at higher polymerization temperatures disentangled

polymers can be obtained. From the fact that the drawability is similar in all these polymers,
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it can be concluded that the number of entanglements per unit chain is similar in every case.
Moreover, the formation of disentangled UHMWPE does not seem to be restricted to one
particular catalyst but can be obtained by various homogeneous catalysts that are able to
produce UHMWPE. As discussed in Chapter 3, the yttrium catalyst does not show this

behavior.

4.2.2 Compression Molding.

The results from the drawing experiments show that the disentangled UHMWPE’s are ductile

I.'" demonstrated that under extreme shear

and can be deformed in the solid state. Smith et a
conditions at temperatures as low as 50°C, the specially synthesized UHMWPE powder
(using a vanadium catalyst) can result into a transparent film. Using similar concepts, the
powders synthesized as reported in Chapters 2 and 3 were subjected to shear deformation at
50°C and 200 bars. Figure 4.4 shows two films prepared under similar shear conditions.
Unlike the film obtained by the commercial grade (Figure 4.4 a), the film prepared from the
samples using the homogeneous catalysts (CsMes),Sm-2(THF) and [3-t-Bu-2-O-

CsH3CH=N(C¢F5)],TiCl, are translucent (Figure 4.4 b).

Processable Ulvrn High

Violecular Weight Polyethylens

(b)

Figure 4.4 Compression molded samples of (a) entangled UHMWPE (opaque film) (b) highly
disentangled UHMWPE (transparent film).

The commercial grade entangled polymer could not be pressed into completely fused
transparent films, not even above the a-relaxation temperature (above 90°C). Compression
molding experiments performed on UHMWPE samples synthesized at different temperatures
using the two homogeneous catalysts described in Chapters 2 and 3, showed that clear
polymer films could be obtained at temperatures much below the melting point. These
observations are in good agreement with the high draw ratios for all samples obtained during

mechanical deformation.
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4.2.3 Differential Scanning Calorimetry.

An exciting phenomenon that has resulted in considerable debate about its occurrence is the
fact that the melting peak in the first DSC scan of nascent UHMWPE appears around 141°C.
On subsequent cooling from the melt and reheating, the material now melts at 135°C
corresponding to the melting temperature of melt crystallized PE. This first melting peak of
141°C corresponds to the equilibrium melting temperature of polyethylene that can be

theoretically calculated using the Gibbs-Thompson equation.'®

Tu=Tu[(1-26¢/1.p.AHm)-(26/A.p.AH)-(26/B.p.AH,)] 3)

Where T, is the experimentally determined melting point, T,° is the equilibrium melting
point for infinite perfect crystals (141.5°C for polyethylene),'” o is the surface free energy of
the fold planes, o is the surface free energy of the lateral planes, | is the crystal thickness in
the chain direction (fold length), AH,, is the heat of fusion, A and B are the lateral crystal
dimensions and p is the crystal density.

Engelen et al.'®

showed that the small, irregularly stacked, folded chain crystals in nascent
UHMWPE powder undergo fast reorganization upon heating. Therefore it was thought that
this high first melting point of 141°C is due to the fast reorganization of small metastable
folded chain crystals during heating leading to thickening of the lamella. Later it was shown
by Kurelec' that such a process cannot explain this high melting point as the thickness of the
lamella does not increase to such an extent that the T,, would approach T,°.

In a recent article Chirinos et al.?® described the synthesis of UHMWPE using the
homogeneous catalyst (CsHs),Ti(O,CCsHs), below room temperature. They observed a
similar melting behavior and attributed the occurrence of the first melting peak at 141°C to
the presence of disentangled chains that upon melting resulted in melt crystallized UHMWPE
with a melting temperature of 135°C. However, the conclusion is false as the difference in the
melting temperature has no correlation to the entanglement density (although the polymers
synthesized at low temperatures could have low entanglement density). In order to verify the
above assumption, the DSC of a fully entangled nascent UHMWPE sample was measured.
Since a similar high melting peak was observed, it can be excluded that the first high melting

peak originates from disentangled UHMWPE.
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As a part of our study on disentangled UHMWPE, we investigated the melting behavior of
UHMWPE (both entangled and disentangled) in more detail. Clearly the morphology of
nascent crystals is different when compared to that of a reheated sample. Furthermore, both
disentangled and entangled nascent UHMWPE exhibit a high melting temperature in the first
scan in DSC, which suggests that the melting behavior of disentangled and entangled nascent
UHMWPE are comparable. As the first experiment, the effect of the heating rate on the
melting temperature was evaluated. When the heating rate is lowered from 10 K-min™ to 1
K-min™ the first melting peak shifts from 140°C to 138°C. The drop in the melting point
observed is most probably due to the thermal lag in heating the sample at higher heating rate
and certain degree of superheating. For convenience, a heating rate of 10 K'min™' was used in
further experiments.

As mentioned before, both entangled and disentangled UHMWPE show a high first melting
temperature which in subsequent heating runs drops to the value corresponding to melt
crystallized UHMWPE. It might be expected that the kinetics of this process are different for
entangled and disentangled UHMWPE. To investigate the kinetics of melting of entangled
and disentangled polymers, we performed annealing experiments with the polymers
synthesized as described in Chapters 2 and 3 and with the commercial Montell 1900LCM

polymers.
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Figure 4.5 Effect of annealing time on the ratio of the two peaks at 135 <C and 141 € for UHMWPE
synthesized using (CsMes),Sm-2(THF) and [3-t-Bu-2-0O-CsH3CH=N(CsFs)].TiCl,..
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Samples of nascent UHMWPE were annealed for 1, 4 and 16 hours at a temperature just
above the onset of melting. Subsequently, they were cooled and reheated above the melting
temperature at the rate of 10 K-min™. On doing this, two peaks were observed in the DSC as
shown in Figure 4.5, one corresponding to the original nascent morphology (141°C), and the
other corresponding to melt crystallized PE (135°C). From the ratio of the two peaks it is
possible to estimate how much of the nascent morphology is lost after a certain time. The
polymers synthesized with homogeneous catalysts showed an appreciable increase in the
peak at 135°C at the cost of the peak at 141°C, with increasing annealing time. For the
commercial grade polymer, there was hardly any effect of the annealing time on the ratio of
the two peaks observed. This strongly supports our hypothesis that disentangled UHMWPE
can indeed be obtained by carefully controlling the polymerization conditions in such a way
that the polymer chains crystallize before they get entangled. Therefore, the time required for
nascent crystals to melt seems to depend on the initial crystal topology.

A plausible explanation would be that during annealing at 136°C the UHMWPE chains have
time to melt by reeling out of the chains from the crystal. It is obvious that this phenomenon
would occur more readily for a disentangled system than for an entangled one. Hence, a
disentangled system would melt significantly faster, resulting in a faster increase of the peak
at 135°C compared to a fully entangled system. Even among the UHMWPE synthesized with
(CsMes),Sm-2(THF) and [3-t-Bu-2-O-CcH3CH=N(C¢F5)],TiCl, a notable difference in the
annealing behavior was observed. For the polymers obtained with the [3-t-Bu-2-O-
CsH3CH=N(CgF5)]>TiCl, catalyst, irrespective of the synthesis temperature all the polymers
showed a similar increase in the peak at 135°C with increasing annealing time as shown in
Figure 4.6. However, for the UHMWPE synthesized with the samarocene catalyst this was
not the case. The polymers synthesized at -10°C and 0°C showed rapid increase in the peak at
135°C with increase in the annealing time. But as the polymerization temperature is increased
the effect starts to decrease and the polymer synthesized at +20°C shows only a marginal
effect as shown in Figure 4.7. Even on annealing this sample for a long period of time very
close to its first melting temperature (annealing temperature of 134.5°C), the ratio of the
peaks does not change significantly as seen with polymers synthesized at -10 and 0°C.
Nevertheless, the solid state drawability of this sample is similar to that of all the other
polymers synthesized with the samarocene at lower temperatures. In addition to that, the
onset of melting is also considerably lower for this sample (130.5°C) as compared to other

polymers synthesized in this series (134°C) with the samarium catalyst.
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Figure 4.6 Relative increase of the 135°C peak with the annealing time for the UHMWPE synthesized
with the [3-t-Bu-2-O-CgH3;CH=N(C¢F:)].TiCl,/ MAO at different temperatures.
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Figure 4.7 Relative increase of the 135°C peak with the annealing time for the UHMWPE synthesized
with the (CsMes),Sm-2(THF) catalyst at different temperatures.

One possible explanation for this behavior could be the difference in the entanglements

present in the solid state obtained during the polymer synthesis.
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The outcome of the annealing experiments is also very sensitive to the annealing temperature
as shown in Figure 4.8, where the influence of annealing temperature at a fixed annealing
time of 1 hour is demonstrated for the polymer synthesized with the samarocene catalyst at -
10°C. A variation of even 0.5°C in the annealing temperature can have a considerable effect

on the results.
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Figure 4.8 The effect of annealing temperature on the 135 <C/141 < peak ratio for the UHMWPE
synthesized using (CsMes),Sm-2(THF) at -10°C.

While for the polymer synthesized at -10°C annealing for 1 hour at 134°C yielded two
melting peaks, annealing the same polymer at a slightly lower temperature (133.5°C) did not
lead to the appearance of the peak at 135°C. On the other hand, after the same sample was
annealed for 1 hour at 136°C, the peak at 135°C had increased considerably. Annealing the
sample at 137°C resulted in complete disappearance of the peak at 141°C, which clearly
demonstrates the dynamic behavior of polymer chains at different temperatures. Annealing

experiments are very useful for estimating the entanglement density but cannot be used as a

quantitative technique.
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4.2.4 Temperature Modulated DSC.

Recently, Hohne et al.*"* reported on the use of temperature modulated differential scanning
calorimetry (TMDSC) to study the various processes taking place in UHMWPE below the
actual melting point. It was found that TMDSC is an excellent tool to determine the time
constants of processes such as o-relaxation and melting and dissolution of the polymer into
the viscous melt. For disentangled UHMWPE the melting and dissolution was found to occur
faster than for a fully entangled UHMWPE. Before describing the outcome of the TMDSC
measurements on our samples, the technique will be briefly described.

A conventional DSC measures the heat flow (and heat capacity) and gives the net result of all
kinds of transitions taking place in the sample during heating, making the study and
evaluation of the individual changes taking place in the sample apart from the real melting
and crystallization rather impossible. TMDSC is unique and provides the opportunity to
separately measure the individual contributions to the heat capacity due to the various
changes taking place in the sample and hence give a better understanding of these systems.
We have exploited this technique to qualitatively assess the entanglement density in the
polymers  synthesized wusing the (CsMes),Sm-2(THF) and the [3-t-Bu-2-O-
CsH3CH=N(CF5)],TiCl, catalysts as presented in Chapters 2 and 3 and have subsequently
compared the results with the completely entangled commercial grade UHMWPE.

Unlike in normal DSC, in TMDSC the actual temperature oscillates around an averaged
temperature over one modulation cycle.”> As a result, the linear temperature program used for
conventional DSC is superimposed with a sinusoidal temperature fluctuation according to the

equation 4:

T (t) = T + Bot + Tasin (wt) 4)

where 3y is the underlying heating/cooling rate, Tx is the temperature fluctuation amplitude
and o is the angular frequency of modulation (0=2nf). Some other types of periodical
temperature fluctuations have been well-documented such as: saw-tooth, triangular, step like
etc. When the average temperature is held constant (o = 0), this is called a quasi-isothermal

mode of measurement.

The apparent heating rate can be derived from equation 4 as
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dT/dt =By + Ta® cos (mt) &)

Therefore, in TMDSC measurements the heating rate is not constant but fluctuates between
(Bo + Taw) and (Bo - Ta®). A conventional DSC provides information about the heat flow

rate into the sample at a specific heating rate (equation 6).

@ (T, t) = C, (T)dT/dt + O (T, t)x (6)

The first component on the right side represents the influence of the non-zero heat capacity of
the sample, which does not change significantly during the small changes of temperature. The
second component represents the heat flow in the sample due to various endothermic and
exothermic changes taking place within the sample when heated or annealed at a particular
temperature. A conventional DSC only measures the net heat flow rate of the processes that
are taking place at the same time. The TMDSC method allows separating the heat capacity of
these time dependent processes from the normal heat capacity and heat capacity associated
with time independent or very fast processes.2 a

From equations 5 & 6 we obtain:

@ (T, t)=C, (T) Bo + Cp (T) -Taw -cos (ot)+ D (T, t)x (7

In the absence of processes ®*=0, and

D(T, t)=Cp (T) Bo + C, (T) -Taw -cos (wt) 8)

Therefore the measured heat flow rate consists of two parts as shown in Eq 8: the first term is
the underlying part ®@u (t) and is almost the curve that one would get from the conventional
DSC. The second term is the periodic part @y, (T, t) and fluctuates in time around zero.

Upon subtraction of the underlying part from the total signal, the periodic part is obtained

(®4) from where the heat capacity can be calculated using equation 9.

Cp= PA/Ta® ©)
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The apparent heat capacity calculated in this way should be identical to the thermodynamic
(vibrational) heat capacity measured from the underlying curve or the conventional DSC
measurement.

TMDSC experiments were carried out employing a modified Perkin-Elmer DSC-7 apparatus
calibrated for cell constant and temperature using Indium standards. The instrument was
modified using a commercial precision function generator to allow a sinusoidal temperature
modulation. The measurements were carried out under nitrogen atmosphere to prevent
degradation of the polymer samples. Typically for every measurement about 2 mg of a
polymer sample was weighted out each time using a precision balance. Standard (crimpled)
aluminum pans of similar predetermined masses were used for all measurements. The masses
of the pans on the reference side and the sample side were balanced to give a zero signal for
the baseline. The experiments were carried out under quasi-isothermal mode at different
temperatures (130°C, 135°C, 136°C and 138°C) at a frequency of 12.5 mHz (80 s period) and
temperature amplitude of 0.06 K. The frequency used was low enough to measure the excess
heat capacity associated with possible processes taking place in the pre-melting temperature
region. If the processes are time dependent, they will not influence the periodic signal if the
modulation frequency is too high and in that case the excess heat capacity will drop to zero.
The measured modulated signal consists of two parts: The underlying part ®@u (t) and the
periodic part @, (T, t). Gliding integration over one period provided the underlying part ®u
(t) which, when subtracted from the total measured signal, yielded the periodic part @y (T,
t). The apparent heat capacity (magnitude and phase shift) was calculated using a
mathematical procedure described in the literature.”'®

Hohne et al.>'®

showed that the magnitude of heat capacity of nascent UHMWPE obtained by
TMDSC in the pre-melting region was higher than the heat capacity obtained by conventional
DSC indicating that there are some processes taking place in the pre-melting region. The
magnitude of this excess heat capacity decreased on second heating suggesting that the
process is irreversible in nature and is observed only on the first heating of the nascent
crystals. Curve fitting on the data obtained from these measurements yields the time constants

for the different processes taking place in the UHMWPE.
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Table 4.1 Result of fitting a;e™" + a, e’ +

7, to the quasi-isothermal excess heat capacity for

ads e

disentangled (CsMes),Sm-2(THF) based UHMWPE.

T(°C) ai(Jg'K")  t;(min) a,(Jg'K")  ty(min) a3(Jg'K")  t3(min)
130 0.4 2.8 0.5 13.3 1.0 244.7
135 1.7 3.4 0.6 15.7 1.1 287.9
136 3.1 3.3 1.4 20.6 1.8 216.1
138 4.9 3.1 19.3 20.6 3.0 155.3

Figure 4.9 displays the results of two quasi-isothermal measurements carried out on

UHMWPE synthesized with the samarocene catalyst. Curve fitting on the data obtained from

each of these measurements at different temperatures affords three different time constants as

reported in Table 4.1 and Figure 4.10. It can clearly be seen that there are three processes

with different time constants operating at a given temperature.

Apparent Cp (J/g.K)

135°C

130°C

200 400

Time (minutes)

600

Figure 4.9 Plot representing apparent heat capacity versus time obtained from TMDSC quasi-
isothermal measurements of nascent UHMWPE.

The polymer sample used in this study were similar to those previously investigated by

Hohne et al.*'* As expected, the observed time constants are also comparable to those

reported earlier.”’™ A similar study conducted on the polymers synthesized using the
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bis(phenoxy-imine)titanium catalyst is represented in Table 4.2 and Figure 4.11 and the
results are in total agreement with those obtained with the samarocene catalyst. The data
points with the lowest time constant (1-5 min) can be disregarded as artifacts assigned to the
limited conductivity and the heat capacity of the measuring head of the DSC. The process
with a time constant referred to as t, has been assigned to the ordering and perfection of the
crystals (a-relaxation), which is exothermic in nature. From Tables 4.1, 4.2 and 4.3 and
Figures 4.10, 4.11 and 4.12 it can be clearly seen that the time constant t, for commercial
grade highly entangled UHMWPE is considerably higher than for the samples prepared using
the homogeneous catalysts described in Chapters 2 and 3. The process with the highest time
constant {3 is assigned to the endothermic, slow melting and dissolution of the crystallites into
the surrounding viscous liquid phase. The time constant of this process also differs
considerably when comparing commercial grade samples with those prepared using the

homogeneous catalysts.
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Figure 4.10 Plot representing different processes with different time constants listed in Table 4.1 for

a disentangled UHMWPE synthesized at 0 < using the (CsMes),Sm-2(THF) catalyst.
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Table 4.2 Result of fitting e’y +a, e, +aze?; to the quasi-isothermal excess heat capacity for

disentangled [3-t-Bu-2-O-C¢H3CH=N(C¢Fs)].TiCl, based UHMWPE.

TCC) aiJg'K") ti(min) a(Jg'K') t(min) a;(Jg'K") ts(min)

130 0.1 5.53 04 11.0 0.9 320
135 1.7 3.9 0.6 14.5 1.1 303
136 4.0 2.8 1.3 15.3 1.37 198
138 8.4 1.8 4.9 6.2 1.2 34.2
1000 -
JAN A
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Figure 4.11 Plot representing different processes with different time constants listed in Table 4.2 for
a disentangled UHMWPE synthesized at 0T using the [3-t-Bu-2-O-C¢H3;CH=N(C¢Fs)].TiCl,
catalyst.

Comparing Figures 4.10 and 4.11 with 4.12, it is seen that both entangled and disentangled
polymers undergo an a-relaxation process and that the time constant t, for this process differs
considerably especially at temperatures below the melting point. However, there is an
appreciable difference for these polymer samples in the time constant for the process
associated with the melting and dissolution. An entangled polymer exhibits much higher time
constant (600 — 1000 minutes; Table 4.3, Figure 4.12) compared to a disentangled polymer
(100 — 300 minutes; Tables 4.1 and 4.2, Figures 4.10 and 4.11). The results of TMDSC are in

complete agreement with the annealing experiments. In other words, the processes of both a-
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relaxation and melting and dissolution in the surrounding medium are much slower for an
entangled material due to the highly viscous melt and the increased restriction to flow.
Therefore TMDSC can be used to provide another qualitative measure to investigate
entanglement density.

Table 4.3 Time constants obtained by curve fitting a;e % + a, eV, + a3 €% to the quasi-
isothermal excess heat capacity for entangled commercial UHMWPE based on

heterogeneous catalyst.

T(°C) t;(min) t2(min) t3(min)
130 9.3 64.0 1000.0
135 5.8 22.0 477.0
136 4.3 25.0 559.0
138 2.3 13.9 195.0
1000 - A
A A
A
100 4
O
% - O
= O
10 - =
|
|
|
1

2.42 2.43 2.44 2.45 2.46 2.47 2.48 2.49

UT 10°K?

Figure 4.12 Plot representing different processes with different time constants listed in Table 4.3 for

an entangled Montell grade UHMWPE.
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4.2.5 Determination of Entanglements by Rheology

Another technique that provides information on the visco-elastic nature of a polymer melt is
rheology. The graph of the zero shear viscosity versus the My, is shown in Figure 4.1 (solid
line). The graph shows that initially the viscosity of the polymer melt increases linearly with
the increase in the molecular weight. Beyond a critical molar mass, M., an exponential
increase in viscosity is observed. The exponential increase in viscosity results from
entanglements between chains in the melt. A defined rheological experiment helps in the
estimation of the plateau modulus G'. Figure 4.13 shows a typical plot of the storage modulus
as a function of frequency at constant strain of a series of polystyrenes having different
molecular weights and narrow MWD. The experimental findings are that the plateau spreads
over wider frequency with increase in the molecular weight, while the modulus stays the
same. This suggests that the modulus is independent of the molecular weight. The storage
plateau modulus of the polymer is inversely related to the average molecular weight between

entanglements (M) according to equation 10.*

Glplateau: ngRT/Me ( 10)

where gy is a numerical factor, R is the gas constant, T is the temperature at which the
measurement is carried out, M, is the molecular weight between entanglements and p is the
density of the polymer. Since G' is inversely related to the molar mass between
entanglements M, it is clear that for the thermodynamically stable state of all polystyrene
samples in Figure 4.13 the entanglement density is the same. So far rheology has been mainly
used to study polymer melts in their thermodynamically stable state (i.e. fully entangled
state). It is expected that the G' for a disentangled polymer will be lower than an entangled
polymer and will increase to the level of the latter during the entangling process upon
melting. Therefore we have exploited the versatility of this technique to ascertain the
entanglement density of the polymer. Following the storage modulus at fixed frequency and

temperature, dynamic changes in the number of entanglements with time can be followed.
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M,=581000

log &, dynesfem?
o

log wetp, see™1
Fig 4.13 The storage modulus of a series of very narrow distributed polystyrenes having different
molecular weigh ranging from M,,=8.9 kg/mol to M,,=581 kg/mol . The plateau spreads over wider

frequency with increase in the molecular weight, while the modulus stays the same.”

Effect of Dilution and Temperature during Polymerization on the Storage Plateau
Modulus.

Samarocene

The value of the storage plateau modulus of a fully entangled polyethylene is close to 2 x 10°
Pa. In Chapter 1, it was proposed that at low polymerization temperatures, the polymer chains
might begin to crystallize directly upon synthesis since the crystallization rate is expected to
be faster than the polymerization rate at low temperatures. When the crystallization and
polymerization rates are comparable, a sufficiently diluted system would keep the active sites

apart, enhancing the formation of polymer with highly disentangled chains.
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Figure 4.14 Plot representing the broad rubbery plateau exhibited by UHMWPE at higher frequency

prepared at 0°C and a concentration of samarocene of 0.168 mM.

In order to study the possible influence of catalyst concentration and polymerization
temperature on the storage modulus, frequency sweep measurements were carried out at
160°C using the UHMWPE synthesized with the (CsMes),Sm-2(THF) catalyst at varying
dilutions (250 mL to 1000 mL) and temperatures (-10°C to +20°C).

Table 4.4 Effect of dilution during the polymer synthesis on the storage plateau modulus of
UHMWRPE synthesized using the (CsMes),Sm-2(THF).

Solvent Yield T’ My D G*
(mL) @ (°C) (kg/mol)" (x10°Pa)
250 0.4 137.2 1038 1.5 0.9
500 1.6 141.2 1769 1.6 0.7
1000 9.0 141.2 2361 2.8 0.5

(a) Measured by DSC, Pyris 1 (b) Determined by GPC (c¢) Determined by rheology.
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Figure 4.15 Influence of dilution during polymer synthesis on storage plateau of UHMWPE
synthesized using the (CsMes),Sm-2(THF) at 0 <C.

The polymer samples® were compression molded at 50°C/200 bar into films. The plateau
modulus was measured with an ARES 3LS-4A, of Rheometrics Inc. with a plate-plate
geometry having a diameter of 8 mm. All measurements were performed in a temperature
range of 160-180°C in a nitrogen environment to prevent the degradation of polymer sample.
The angular frequency dependence of the viscoelastic property G' (storage modulus) was
determined in the range from 107 to 10” radians per second at 160°C. The dynamic strain

applied was 0.5%. At this strain level all the tested materials were fully viscoelastic.

Tables 4.4 & 4.5 and Figures 4.15 & 4.16 display the effect of dilution and temperature on
the value of the storage plateau modulus. For all samples, the value of the storage plateau
modulus is significantly lower than 2 x 10° Pa suggesting a low entangled state. Moreover,
the value of G' decreases from 0.9 x 10° Pa to 0.5 x 10° Pa on increasing the dilution from
250 mL to 1000 mL, respectively. As an example, the frequency sweep plot of the UHMWPE

prepared at 0°C and a concentration of samarocene of 0.168 mM is presented in Figure 4.14.
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Table 4.5 Effect of temperature on the storage plateau modulus of UHMWPE synthesized using the
(CsMes),Sm-2(THF).

Temperature  Yield Tn' My D G*
(°C) 2 0)  (kg/mol)® (x10°Pa)
-10 2.4 139.8 1225 2.0 0.6
0 13.0 140.3 2040 2.5 0.4
+10 16.7 141.6 2265 2.7 0.4
+20* 14.0 136.8 1368 2.2 0.5

* Catalyst addition was 2.8umol x 7 times; petroleum-ether (40:60) 1 L; ethylene (1 bar)
(a) Measured by DSC, Pyris 1 (b) Determined by GPC (c¢) Determined by Rheology.

Also, with the average value®* of 0.5 x 10°Pa the plateau modulus of polymers produced at
different temperatures are much lower than that of the commercial grade entangled
UHMWPE. Although it was expected that with the increase in the polymerization
temperature the number of entanglements per unit chain would increase (as a result of an
increase in the polymerization rate and a decrease in the crystallization rate), no significant
change in the G' value was observed through out the temperature range.These results for the
first time demonstrate that the entanglement density or M. of the nascent polymer can indeed

be tuned by changing the synthesis conditions, such as catalyst type and dilution.
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Figure 4.16 Influence of the polymerization temperature on the storage plateau of UHMWPE
synthesized using the (CsMes),Sm-2(THF) at constant dilution (1 L).
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Bis(phenoxy-imine)titanium catalyst.

Following the rheology experiments with the samarium catalyst, similar studies were
performed on the polymers obtained with the catalyst [3-t-Bu-2-O-CsH3;CH=N(C¢Fs)], TiCl.
Again it was observed that the value of G' is considerably lower than that for the commercial
grade UHMWPE, and decreases even further upon dilution as shown in Table 4.6 and Figure
4.17. The results of rheology measurements on the UHMWPE synthesized using [3-t-Bu-2-
0O-C¢H3CH=N(C¢F5)],TiCl, at different temperatures, ranging from -10°C to +68°C are
shown in Table 4.7 and Figure 4.18. Like for the UHMWPE prepared by the samarocene the
polymers synthesized with bis(phenoxy-imine)titanium show a low value of G' (0.6 x 10° Pa)
throughout the whole temperature range of -10°C to +20°C. The question at this point is what
is the upper temperature limit at which disentangled UHMWPE can still be obtained.
Although the G' value increases slightly, Figure 4.18 shows that the polymer prepared at
+50°C still has a low storage plateau modulus (0.8 x 10° Pa) indicative for a less entangled
morphology. Unfortunately, the storage plateau modulus of a UHMWPE sample prepared at
+68°C could not be measured accurately due to slippage during the measurement.
Nevertheless, the fact that this sample was highly drawable is very encouraging and strongly
suggests that the production of a less entangled UHMWPE is feasible at temperatures as high
as +68°C.

Table 4.6 Effect of dilution during the polymer synthesis on the storage plateau modulus of
UHMWPE synthesized using the [3-t-Bu-2-O-CgH3;CH=N(C¢Fs)],TiCl,/MAQ.

Solvent  Yield T M,, D G*

(mL) €3) (°C) (kg/mol)” (x10°Pa)
500 1.0 139.8 882 1.3 0.9

1000 2.0 140.4 1321 1.2 0.4

2000 2.8 140.0 1525 1.2 0.5

(a) Measured by DSC, Pyris 1 (b) Determined by GPC (c¢) Determined by rheology.
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Figure 4.17 Influence of dilution during polymer synthesis on the storage plateau modulus of

UHMWRPE synthesized using the [3-t-Bu-2-O-CsH3CH=N(CsFs)].TiCl,/MAO.

Table 4.7 Effect of the polymerization temperature on the storage plateau modulus of UHMWPE

synthesized using the [3-t-Bu-2-0-CsH3CH=N(CsFs)],TiCI,/MAO.

Temperature  Yield T M,, D G*
(°C) (g) (°C) (kg/mol)” (x10° Pa)
-10 1.8 140.4 1001 1.3 0.4
0 2.7 141.8 1397 1.4 0.6
+10 2.8 140.4 1131 1.3 0.5
+20 3.7 141.0 1089 1.4 0.6
+50 3.0 141.8 1788 1.7 0.8

Petroleum-ether (40:60) (1 L); ethylene (1 bar); (a) Measured by DSC, Pyris 1 (b) Determined by GPC (c)

Determined by rheology.
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Figure 4.18 Influence of polymerization temperature on the storage plateau of UHMWPE synthesized
using the [3-t-Bu-2-0-CgH3CH=N(CsFs)].TiCl,/MAQ at constant dilution (1 L).

Build Up of Storage Plateau Modulus with Time.

The results of the rheology experiments described above are in good agreement with those
obtained from drawing, DSC and TMDSC experiments, and confirms that specific
polymerization conditions such as choice of catalyst, temperature and dilution facilitate the
synthesis of highly disentangled UHMWPE.

So far it has been shown that UHMWPE can be obtained that exists in a thermodynamically
labile disentangled state. It was also shown that this state provides a material that can readily
flow on compression even below the melting point. Although the disentangled state is
advantageous for the processing, the mechanical properties of a polymer are very much
dependent on the presence of entanglements. Therefore, the disentangled UHMWPE’s must
entangle fully at the end of the processing step in order to confer good mechanical properties
to the final product. However, if the disentangled state could be maintained in the melt for a
while, the low melt viscosity would result in better flow of the long chains and improved
processability of the material. If disentangled polymers would entangle, it should result in the
increase of modulus. This occurrence of the entanglement process was studied by time sweep
rheology experiments® In such an experiment the build up of G' with time is followed at

constant temperature (160°C), frequency (10 radians/second) and strain (0.5%).
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Figure 4.19 Time sweep test performed at 160 < on (a) commercial grade UHMWPE showing the
absence of build up of the modulus with time (b) UHMWPE synthesized with the homogeneous

catalysts showing build up of modulus with time.

As expected, for an entangled commercial grade polymer there was no build up of modulus
with time as shown in Figure 4.19a. The plateau value stays close to 2 x 10° Pa from the
beginning to the end of the experiment. On the other hand, the polymers synthesized using
samarocene catalyst at -10 and 0°C, showed a build-up of the storage plateau modulus
(entanglements) from values around 0.5 x 10° Pa (which represent the disentangled state) to
values close to 2 x 10° Pa, (representing the fully entangled state) as shown in Figures 4.19b
and 4.20. It is also seen that under constant strain this build up occurs rather slow suggesting
that the melt viscosity stays low for few hours before the polymer becomes fully entangled.
Notably, when the same polymer films were left in the oven at 160°C for a few minutes
without any strain, the polymers entangled within a few minutes. Obviously this behavior has
far reaching consequences for processing.

Another interesting phenomenon was observed for the polymer samples synthesized at +10°C
and +20°C using the samarocene catalyst. Although showing a low G' value during the
frequency sweep experiments, the UHMWPE samples do not show a build up of modulus
with time. A similar discrepancy was observed during annealing of these particular samples,

which either showed slow or no increase of the melting peak at 135°C (see section 4.2.3).
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Nevertheless, they formed clear films on compression (50°C/200 bar) that were highly

drawable.
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Figure 4.20 Plot representing the build up of modulus with time for UHMWPE synthesized at
different temperatures using the (CsMes),Sm-2(THF) (a) not normalized (b) normalized

Interestingly, when the same polymer films were left in the oven at 160°C for a few minutes,
the initial draw ratio (> 120) dropped drastically to values corresponding to that of
commercial grade polymer. This means that the initial nascent material was highly

disentangled, although rheology and annealing experiments gave inconclusive results. At this
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stage we can only assume that the possible cause of the difference in the build up of modulus
between samples synthesized at or below 0°C versus those formed at or above +10°C is likely
resulting from small but significant differences in the number of entanglements in the solid-

state obtained during polymer synthesis.

1.80E+06 -
1.60E+06 - +20°C

1.40E+06 -
-10°C

0°C

1.20E+06 -

1.00E+06
+50°C
8.00E+05 -

G' (Pascal)

6.00E+05 -

4.00E+05 4

2.00E+05

0.00E+00

0 20 40 60 80 100
Time (*E+03 seconds)

(@)

2.00E+06

-10°C +20°C
1.80E+06 W 0°C

+506C
1.60E+06 /
1.40E+06

=1.20E+06
o

Pascal)

1.00E+06 -

8.00E+05

6.00E+05
0 20 40 60 80 100

Time (*E+03seconds)

(b)
Figure 4.21 Plot representing the build up of modulus with time for UHMWPE synthesized at
different temperatures using the [3-t-Bu-2-O-CgH;CH=N(C;F:)].TiCl, catalyst. (a) not normalized

(b) normalized

Similarly, polymers synthesized at different temperatures using the bis(phenoxy-

imine)titanium catalyst showed a build up of modulus with time indicating that the chains in
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the disentangled state can be fully entangled when left in the melt for a significantly long

time as shown in Figure 4.21.

Complexity of Rheology Measurements.

As has been demonstrated in the previous section, rheology proved to be a very useful
technique to qualitatively estimate the relative entanglement density of a polymer.
Unfortunately, there were problems encountered with respect to the accuracy of the
measurements and the absolute values of G' could not be established easily. Therefore, the
obtained values tend to show a reduced reproducibility. The origin of this problem is to a
large extent due to anisotropic shrinkage of the sample during the measurement. The problem
was more severe with the polymers obtained with the bis(phenoxy-imine)titanium catalyst
system when compared to those obtained with the samarocene. An example of such a
shortcoming is depicted in Figures 4.20 and 4.21 where the absolute value of G’ for the
polymer synthesized using the (CsMes),Sm-2(THF) and [3-t-Bu-2-O-C¢H3;CH=N(C¢F5)], TiCl,
catalyst system showed deviation on repeated measurements. There can be various reasons
for the shrinkage in these UHMWPE samples. One reason could be the build up of stresses in
the material during the preparation of a polymer film at a high pressure of 200 bar (and
50°C). When the polymer chains subsequently relax in the melt, the stresses are released
resulting in the deformation of the material. In order to minimize the development of stresses,
the films were prepared by compression molding at lower pressure. Therefore, a lower
pressure of 50 bar was used instead of 200 bar and the temperature was doubled to 100°C to
retain easy flow of the material. Upon repeating the measurements, the experiments were
reproducible to some extent but the problem still persisted.

Since the shrinkage was much more pronounced for polymers synthesized with [3-t-Bu-2-O-
CsH3CH=N(C¢F5)],TiCl, compared to (CsMes),Sm-2(THF) it was argued that the difference
in catalyst system might play an important role. While samarocene is a single component
catalyst that is active without the need of a cocatalyst, to activate the bis(phenoxy-
imine)titanium catalyst large amounts of MAO is required. In order to investigate, if the
MAO cocatalyst was responsible for the shrinkage in the material, UHMWPE was
synthesized using the same bis(phenoxy-imine)titanium catalyst but activated with a different
cocatalyst. Instead of 32,000 equivalents of MAO, triisobutylaluminum (TIBA; 100

equivalents) was used as the scavenger and alkylating agent in combination with
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triphenylcarbeniumtetrakis (pentaflorophenyl) borate (1 equivalent) as the cation generating
species. Upon performing the build up measurements on this polymer batch, shrinkage in the
material was indeed absent. The MAO, present in large amount will probably be incorporated
in the polymer during crystallization upon synthesis and hence influences the packing of the
polymer significantly. Upon work-up of the polymer, the aluminum residues are washed
away leaving voids in the material. When these voids are not fully removed during
compression molding, they will disappear when the material relaxes in the melt causing
shrinkage in the material.

Although with the samarocene system shrinkage was less pronounced, the absolute values are
still not completely reproducible. To be able to compare a series of polymers synthesized at
different temperatures, the curves were normalized by setting the final value of the modulus
at the end of time sweep measurements at 1.8 x 10° Pa. This procedure is valid as it can safely
be assumed that after 24 hours in the melt the material will be completely entangled. This
was confirmed by drawing the polymer film before and after the time sweep measurement.
By using this assumption, polymers can be more easily compared with respect to build up of
modulus as shown in Figure 4.20 and 4.21. Obviously the initial values of G' in the
normalized plots do no longer correspond to the values obtained from the frequency sweep

measurements.

4.3 Conclusions.

Different characterization techniques ranging from common methods such as DSC and fiber
drawing to more exotic ones such as TMDSC and rheology prove to be highly beneficial in
the qualitative determination of the entanglement density of nascent UHMWPE. With these
techniques, it was proven that UHMWPE synthesized using single site catalyst under
controlled polymerization conditions can be highly disentangled. Furthermore, it was also
shown that the approach of synthesizing nascent disentangled UHMWPE, processing it in the
melt and subsequently curing to form fully entangled UHMWPE is indeed successful.
Unfortunately, within the timeframe of this project the mechanical properties and the
presence/absence of grain boundaries could not be studied.

In the following section we will draw the main conclusions from each of the techniques
employed to qualitatively estimate the entanglement density. In addition, remarks are made

pertaining to the simplicity of techniques for the estimation of entanglement density.
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Mechanical Deformation.

Mechanical deformation experiments are fast, easy and highly illustrative for a qualitative
estimation of entanglement density. The draw ratios of all the polymers synthesized using the
homogeneous samarocene and bis(phenoxy-imine)titanium catalysts were found to be greater
than 120 suggesting that each polymer is highly disentangled. In contrast, a commercial fully
entangled UHMWPE could be drawn only to a draw ratio less than 10.

Compression Molding.

Compression molding is yet another rapid and simple technique that can provide a rough
estimation of the presence of entanglements in the UHMWPE. Highly disentangled
UHMWPE formed clear transparent films at 50°C and 200 bar when compared to the
commercial grade entangled polymer which could not be pressed into films under these
conditions. In contrast, deformation of UHMWPE produced using conventional production
routes is impossible at such low temperature. The fact that the samarocene and bis(phenoxy-
imine)titanium based UHMWPE can be formed into clear films below the a-relaxation
temperature indicates that the polymer grains can be deformed easily below their melting
temperature and made to flow.

DSC and TMDSC.

DSC annealing experiments performed on the UHMWPE synthesized with the homogeneous
catalysts show faster increase in the intensity of the melt crystallized peak at 135°C with
increasing annealing time when compared to an entangled commercial grade polymer which
does not show any of such an effect. TMDSC undoubtedly demonstrates the ease of melting
of polymer chains where an entangled polymer shows a much higher time constant (600-1000
minutes) for melting compared to a UHMWPE (100-300 minutes) synthesized using the
homogeneous catalyst. The process of melting is believed to occur by first melting of the
nascent crystals followed by dissolution into the surrounding viscous liquid, a process which
is more complex for an entangled UHMWPE compared to disentangled UHMWPE.
Therefore TMDSC again proves that the polymers synthesized with the homogeneous
catalysts are highly disentangled. Although, DSC and TMDSC techniques provide a
qualitiative estimation of the number of entanglements but they are highly sensitive to small
temperature variations and time consuming in contrast to the drawing and compression

molding tests.
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Rheology.

Rheology has been successfully and effectively applied to estimate the entanglement density
in UHMWPE. UHMWPE synthesized using the homogeneous catalysts show low values of
the storage plateau modulus (G'=0.6 x 10° Pa) when compared to the commercial grade
entangled UHMWPE (G'= 2 x 10° Pa) suggesting highly disentangled morphology. Moreover
a disentangled polymer shows a build up of modulus with time when left in the melt at 160°C
up to the value of 2 x 10° Pa for completely entangled UHMWPE. However, the drawback of
this technique is that the initial value of G' is difficult to reproducibly establish.
Differentiation between entangled and non-entangled UHMWPE and qualitatively estimation
of the entanglement density is possible by extrapolation and normalization of the G' end-
value (2 x 10° Pa). Despite these challenges, the exciting results bestow confidence that

rheology can indeed be employed to qualitatively establish the entanglement density in

UHMWPE.
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Chapter 5

Structure determination of nascent morphology: a
SAXS/WAXS study.

Synopsis: In the past, various attempts have been made to understand the high melting
temperature of nascent UHMWPE. SAXS and WAXS studies combined with DSC techniques
have often been used to investigate the nascent morphology and to correlate it with the
melting temperature of 141°C observed during the first heating of the nascent sample. The
absence of a SAXS pattern in the nascent samples at room temperature has been attributed to
a wide dispersion in the lamellae thickness or to the formation of extended chain crystal
during synthesis or to irregular stacking of the crystals. By performing a series of SAXS and
WAXS studies, an attempt has been made in this chapter to establish a correlation between
the polymerization conditions and the lamellae morphology obtained during the synthesis.
Our observations are that a relatively sharp dispersion in the lamellae thickness exists for the
samples that were synthesized at low temperatures, which gives rise to a well-defined SAXS
pattern at room temperature. WAXD studies conclusively show the existence of a monoclinic
reflection in the samples synthesized at or below 10°C. This reflection is absent in PE

synthesized, using the same catalyst at temperatures higher than 20°C.
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5.1 Introduction.

In previous chapters it has been shown that the morphology of the nascent powders can be
strongly influenced by the polymerization conditions, which results into variation in melting
behavior and thus the rheological aspects of the polymer melt. This chapter presents the X-
ray diffraction study on the UHMWPE synthesized under various conditions. Wide angle X-
ray scattering (WAXS) is used to investigate the crystal structure of UHMWPE synthesized
using the homogeneous catalysts as reported in Chapters 2 and 3, while small angle X-ray
scattering (SAXS) is used to explore the resultant morphology of the different grades.

Here we recall that the nascent UHMWPE is synthesized in such a way that the growing
polymer chains crystallize directly upon synthesis. Therefore, the polymerizations are carried
out at low temperature and high dilutions so that the crystallization rate is faster than the
polymerization rate. As discussed in Chapter 4, the nascent UHMWPE (both entangled and
disentangled) exhibit a melting peak at 141°C during first heating. However, the melting
temperature decreases during second heating run. Chanzy et al.! attributed the high melting
point of nascent UHMWPE to the formation of chain-extended crystals during
polymerization. In view of the absence of any small angle X-ray diffraction pattern, Engelen
et al. concluded that the nascent crystals contain small, irregularly stacked crystals which
reorganize upon heating resulting in the thickening of lamellae leading to the high melting
peak. Recently, Kurelec et al.® showed that in nascent UHMWPE’s lamellar thickening does
not occur to the extent that extended chain crystals are formed even when the crystals are
subjected to the highly mobile hexagonal phase. It was also shown that lamellar thickening is
strongly dependent on the initial entanglement density. These experimental findings
contradict the explanation for the high melting temperature given by Engelen et al.” In
Chapter 4 we showed that independent of the polymerization conditions the nascent
UHMWPE normally exhibits high melting temperature. A possible explanation of this
behavior is that a chain residing within the same crystal is sufficiently long to feel its length.
In the past, X-ray studies have been performed to follow lamellar thickening in a range of
nascent powders. It has been shown conclusively that thickening behavior strongly depends
upon the synthesis conditions governing the entanglements.** This existing know-how has
been used to explore differences in the thickening behavior of thus synthesized well-

characterized grades.



Structure determination of nascent morphology 91

Another interesting feature of nascent powders is that the initial morphology depends
strongly on the synthesis condition. Various morphologies have been reported in the literature
depending on the catalyst and synthesis conditions applied.” The use of single site catalysts at
low temperatures usually results in highly disentangled UHMWPE’s that are able to flow
during compression below their melting points. This prompted us to investigate the
morphologies of the nascent UHMWPE synthesized under varying conditions using different

catalysts and cocatalysts.

5.2 Experimental.

X-ray Diffraction

Small and wide angle X-ray experiments were performed on nascent UHMWPE powders.
Experiments were performed on beamlines 1D02 and ID11 at the ESRF, Grenoble. Energy
used for the experiments was 12keV, wavelength (1A). For wide angle X-ray diffraction
studies, a sample to detector distance of 40cm was maintained, whereas a 10 meter distance
was used for small angle X-ray diffraction studies. For better resolution of WAXD patterns
beamline ID11 at the ESRF was used. Unless specified an exposure time of 10 seconds was
applied for data collection. Using the FIT2D program developed within the ESRF, 2D X-ray
patterns were transformed into one dimensional patterns by performing integration along the
azimuthal angle. Heating and cooling scans at atmospheric pressure were performed by
placing a compressed sample on a silver block of a Linkam THMS600 hot-stage. All samples

were compression molded at 50°C.

5.3 Results and Discussions.

Small Angle Diffraction

5.3.1 Time resolved SAXS during heating and cooling at atmospheric pressure on
commercial grade UHMWPE (GHR1080).

Figure 5.1 shows a typical SAXS pattern of the commercial grade UHMWPE synthesized
using a commercial heterogeneous catalyst at 80°C. As mentioned in Chapter 4, the chains
within the polymer are completely entangled. It is clearly seen that at room temperature

(27°C), the commercial entangled UHMWPE sample hardly shows any SAXS pattern (halo).
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Upon heating at a rate of 10°C-min™* to 170°C, the SAXS pattern develops till the sample
melts completely. The complete absence of the halo at room temperature suggests that regular
lamellar organization defining an average lamellar thickness does not exist in the nascent
powder. The SAXS pattern disappears above 143°C due to complete melting of the polymer
(not shown here). This observation is in complete agreement with earlier reported data on a
similar class of commercial polymers in the literature.*® In other words, these nascent

powders are characterized by irregular stacking of the crystalline lamellae.
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Figure 5.1 Lorentz corrected SAXS pattern of nascent commercial UHMWPE (GHR1080) recorded
during heating at 10 <C-min™.

Ottani et al.® have reported that even on annealing the nascent powder at 80°C for long
duration (> 12 hrs), no regular lamellar stacking is observed. Following the heating run as
described above, the sample was subsequently cooled to room temperature at the rate of
10°C-min™ as shown in Figure 5.2a. It is clearly seen that at 148°C, the SAXS pattern is not
observed due to the molten state of the polymer.
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Figure 5.2a Lorentz corrected SAXS pattern of nascent commercial UHMWPE (GHR1080) recorded

during cooling at 10 T min™.

On cooling the sample, the halo starts to appear at 123°C indicating the development of
ordering in the lamellar thickness. The increase in the intensity of the SAXS pattern strongly
supports relatively regular stacking of the crystalline and non-crystalline layers compared to
the starting material. Figure 5.2b clearly shows the difference between the SAXS pattern of a
nascent material with the melt crystallized sample at room temperature. Therefore the SAXS

intensity is retained even when the sample is cooled to room temperature.
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Figure 5.2b Comparison of the SAXS pattern of nascent (GHR1080) and the melt- crystallized

commercial UHMWPE recorded at room temperature.

In contrast to the commercial grade, the polymers synthesized with the homogeneous

catalysts show the presence of a well-defined SAXS signal at room temperature. The

observed SAXS pattern strongly depends on the synthesis conditions. Table 5.1 shows four

different grades of UHMWPE which were synthesized using two different homogeneous

catalysts under different polymerization conditions. SAXS and WAXD studies were

performed on these samples.

Table 5.1 Different grades of UHMWPE synthesized with homogeneous catalysts.

Entry Grade Catalyst Cocatalyst Polymerization
temperature (°C)

1 BW” (CsMes),Sm-2(THF) - 25

2 Samarocene  (CsMes),Sm-2(THF) - 0

3 Samarocene  (CsMes),Sm-2(THF) - 10

4 Bis(phenoxy [3-t-Bu-2-O- MAO 10

imine)titani

um

C5H3CH:N(CGF5)]2TiC|2

*QObtained from DSM Chemical Research, The Netherlands; ethylene (1 bar).
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5.3.2 Time resolved SAXS during heating and cooling at atmospheric pressure on BW
grade UHMWPE.

Figure 5.3 shows the presence of a SAXS pattern at room temperature for the highly
disentangled BW grade UHMWRPE, indicating the presence of relatively well-defined

lamellae thickness in the nascent material.
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Figure 5.3 Lorentz corrected SAXS pattern of BW grade nascent UHMWPE (synthesized at +25 <C)

recorded during heating at 10 T-min™.

This observation is in contrast with the commercial grade UHMWPE as discussed above. On
heating the nascent UHMWPE, the intensity of the SAXS pattern increases gradually to
140°C. With increase in the intensity the broad peak also sharpens suggesting a decrease in
the dispersion of the lamellar thickness, which would be only possible when the chains are
able to reorganize. The anticipated reorganization process during heating of the BW sample is
in agreement with the experimental data collected by TMDSC in Chapter 4. Above 138°C,
the intensity starts to decrease until the sample melts. Partial melting of the lamellae causes
enhancement in the electron density fluctuation, which results into an increase in the SAXS
intensity. Shift in the peak position can be a result of a partial melting process and lamellar
thickening. The experimental date is, however, not conclusive to resolve the two factors in

the peak shift.
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Figure 5.4a Lorentz corrected SAXS pattern of BW grade nascent UHMWPE (synthesized at +25 <C)

recorded during cooling at 10 T-min™.

On subsequent cooling to room temperature at the same rate, the halo starts to appear again at
approximately 123°C as shown in figure 5.4a. The SAXS pattern at room temperature of the
thus melt crystallized BW sample is similar to that obtained by melt crystallization of the
commercial grade UHMWPE.
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Figure 5.4b Comparison of the SAXS pattern of nascent and melt crystallized BW grade UHMWPE

(synthesized at +25 <C) recorded at room temperature.
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A comparison between the nascent and melt crystallized sample at room temperature is
shown in figure 5.4b, where the presence of well-defined lamellar organization is confirmed
even in the nascent material.

To compare between different grades of UHMWPE synthesized with homogeneous catalysts,
the BW grade will be used as a model system for further discussions. This grade has been
used for future discussions because this is the sample that has been well-studied in our

laboratory, thus facilitating characterization of the morphology.

5.3.3 Time resolved SAXS during heating and cooling at atmospheric pressure on
bis(phenoxy-imine)titanium grade UHMWPE.

Figure 5.5 shows a series of SAXS patterns for the highly disentangled bis(phenoxy-
imine)titanium grade UHMWPE. SAXS patterns were recorded in situ during heating from
room temperature to 170°C. Similar to the commercial grade UHMWPE, at room
temperature a diffraction pattern is absent. An unusual feature in this sample is that the SAXS
pattern develops when the sample is heated but fails to show any pattern on cooling from the

melt.
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Figure 5.5 Lorentz corrected SAXS pattern of bis(phenoxy-imine)titanium grade nascent UHMWPE
(synthesized at +10 C) recorded during heating at 10 <C -min™.
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Figures 5.6a and 5.6b show that even upon cooling from the melt the halo does not develop at
all. Thus the sample behaves completely different from the others discussed so far. It has
been recognized that bis(phenoxy-imine)titanium grade UHMWPE showed considerable

shrinkage in rheological measurement (Chapter 4).
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Figure 5.6a Lorentz corrected SAXS pattern of bis(phenoxy-imine)titanium grade nascent UHMWPE
(synthesized at +10 <) recorded during cooling at 10 T -min™,
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Figure 5.6b Comparison of the SAXS pattern of nascent and melt crystallized bis(phenoxy-

imine)titanium grade UHMWPE (synthesized at +10 <) recorded at room temperature.
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Therefore, during the synthesis a completely different kind of morphology has been created
proving that the type of morphology is indeed affected be the polymerization conditions and

the type of the catalyst.

5.3.4 Time resolved SAXS during heating and cooling at atmospheric pressure on

samarocene grade UHMWPE.

Figure 5.7 depicts the SAXS diffraction pattern of a samarocene grade (highly disentangled),
polymer synthesized under similar conditions as the BW grade but at lower temperature of
0°C. The BW grade was synthesized in a large reactor (10 L) under fully optimized condition
compared to the samarocene grade (1 L). It is clearly seen that there is some order of the
lamellae at room temperature (halo) which intensifies on heating the sample up to its melting
temperature. The halo disappears once the polymer is completely molten above 160°C. Upon
cooling the sample from the melt, a well-defined halo similar as was observed for the BW

sample is seen.
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Figure5.7 Lorentz corrected SAXS pattern of samarocene grade nascent UHMWPE (synthesized at

0 <C) recorded during heating at 10 T -min™.

UHMWPE synthesized at +10°C, also shows similar behavior as shown in Figures 5.7a and
5.7b.
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Figure 5.7a Lorentz corrected SAXS pattern of samarocene grade nascent UHMWPE (synthesized at

+10 <C) recorded during heating at 10 <C-min™.
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Figure 5.7b Comparison of the SAXS pattern recorded at room temperatureof nascent UHMWPE

synthesized with the samarocene catalyst at 0 and +10 < respectively.
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Wide Angle X-ray Diffraction.

Wide angle X-ray scattering experiments were performed to investigate the crystal phase
structure in the UMMWPE synthesized using single site catalyst at different polymerization
conditions as described in Chapters 2 and 3. It is well-known that during crystallization upon
polymer synthesis, especially at a large degree of supercooling, various kinds of
imperfections are bound to occur. These defects could be present on the fold surface of the
crystals (amorphous layer) or could exist within the crystalline lattice. The fold surface
imperfections are formed when the polymerization temperature is low and crystallization rate
is fast. On the other hand, the distortions in the lattice take place due to the mechanical
deformation during polymer synthesis and preparation or due to the dynamics of chain
folding during crystallization.® It was shown in Chapter 4 that the defects or imperfections are
removed during annealing the UHMWPE, where considerable reorganization of the polymer
chain takes place resulting in removal of distortions and thickening of the lamellae. The
crystal phase distortions are characterized by the presence of the monoclinic phase in addition
to the thermodynamically stable orthorhombic phase, which might increase as the
temperature is lowered. Removal of such imperfections are usually accompanied by reduction
in the volume or shrinkage as the volume of the monoclinic unit cell is larger than the
orthorhombic unit cell in addition to the perfectioning of the fold surface in between two
different crystalline phases. Chanzy et al.” attributed the occurrence of the monoclinic phase
to interference between growing crystallites.

Figure 5.8 shows the WAXD pattern of the polymers synthesized with the single site
samarocene catalyst at different polymerization temperatures. It is clearly seen that the
monoclinic reflection (100) exists in the nascent material, in addition to the usual
orthorhombic reflections (110) and (200) at low temperature indicating shear in the
crystalline lattice. The monoclinic reflection is very strong in the samples synthesized at low
polymerization temperatures ranging from -10°C to +10°C. The reflection is absent in the
polymer synthesized at +20°C. It is reported in the literature® that a commercial grade nascent
UHMWPE synthesized at +90°C does not exhibit any monoclinic reflection at room

temperature.
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Figure 5.8 Wide angle X-ray patterns recorded at room temperature of nascent UHMWPE
synthesized using the samarocene catalyst at different temperatures. (a) -10°C (b) 0°C (c) +10°C (d)
+20°C.

Figure 5.9 shows the X-ray pattern of the nascent UHMWPE synthesized using the
bis(phenoxy-imine)titanium catalyst at different polymerization temperatures. Once again we
observe a monoclinic reflection at low polymerization temperatures (0°C to +10°C) and its

non-existence for the polymer synthesized at +50°C.
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Figure 5.9 Wide angle X-ray patterns recorded at room temperature of nascent UHMWPE
synthesized using the bis(phenoxy-imine)titanium catalyst at different temperatures. (a) 0°C bc)
+10°C (c) +58°C.

BW grade UHMWPE synthesized at +25°C also shows the presence of monoclinic phase as
shown in Figure 5.10. Hence, it can be concluded that the formation of the monoclinic phase

is strongly dependent on the polymerization conditions.

Figure 5.10 Wide angle X-ray patterns recorded at room temperature of BW grade nascent
UHMWPE synthesized at +25°C.

5.4. Conclusions.

In-situ SAXS studies performed on different grades of UHMWPE proved that the initial
morphology of the nascent UHMWPE is considerably influenced by the synthesis conditions.
It was shown in this chapter that changing the catalyst and cocatalyst results in different
lamellar arrangements of the crystals, which changes during heating. WAXS experiments
were conducted to probe the crystal phase structure of the UHMWPE synthesized at different
temperatures using the samarocene and the bis(phenoxy-imine)titanium catalyst. WAXS

patterns show the existence of the monoclinic phase in addition to the orthorhombic phase at
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low temperature. However, the monoclinic reflection is absent in the nascent material

synthesized using the same catalyst but at higher temperatures.
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Technology Assessment

UHMWPE is usually intractable via conventional processing routes due to very high melt
viscosity and today all products of UHMWPE possess fusion defects or grain boundaries.
Among numerous application of this polymer, the use of UHMWPE for biomedical
application mainly, hip joints has been the major focus in this work. One of the major
problems with such application has been the adhesive wear of the polymer which causes
osteolysis and loosening of the implant. Though, the incomplete fusion of the powder
particles has been often regarded as one of the possible cause for insufficient lifetime of the
hip joint, Kurelec'showed that complete fusion of the particles does not lead to substantial
improvement in the adhesive wear of the material.

The remarkable effect of narrow molecular weight distribution towards reduced adhesive
wear has been reported.? However, extraction of monodisperse fractions of UHMWPE from
commercial grades is highly impractical. It has been clearly shown in this thesis that
homogeneous catalysts can be used to directly synthesize disentangled nascent UHMWPE
with very narrow molecular weight distribution by carefully controlling the polymerization
conditions, which displays a significantly improved processability compared to commercial
grade fully entangled UHMWPE. Although narrow molecular weight distribution for such a
high molecular weight polymer is expected to hinder the processability, creating a less
entangled state during polymer synthesis has been proved to significantly enhance the
processability of the material. Thus processed material will, after curing, show improved

mechanical performance.
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It has been discussed in Chapter 4 that the solid state drawability of as synthesized
disentangled polymers is very high. High performance UHMWPE fibers (Dyneema®) are
commercially produced via disentangling the polymer chains by dissolving the UHMWPE in
decalin followed by ultra-drawing (gel spinning). In contrast, the direct synthesis of highly
disentangled UHMWPE by solution polymerization offers considerable advantages for
polymer processing as it circumvents the drawbacks associated with gel spinning, where a
relatively large quantity of solvent needs to be processed and high temperature and relatively
long time is required to dissolve the polymer. However, this new polymer production route
has economical disadvantages over the existing production technology and may therefore
only be of interest for high demanding products with high end applications such as the
components for artificial hip implant.

Solution polymerization using homogeneous catalysts is also useful to synthesize UHMWPE-
CaCOg blends. Usually, the incorporation of inorganic fillers such as CaCOs in a polyolefin
matrix is known to cause an increase in the impact strength, making them useful for various
engineering applications. However, the elongation at break and the tensile strength are found
to decrease as a result of the poor adhesion between the filler particles and the polymer
matrix.® In order to overcome this adhesion problem and to achieve high elongation at break,
a uniform distribution of the filler particles at higher filler concentrations is needed, which
can be obtained when the polymerizations are carried out in the presence of filler particles.
Alternatively, a suspension of finely powdered CaCOs3; can be added to highly disentangled
UHMWPE nascent powder to ensure homogeneous dispersion of the filler particles. Thus the

solution polymerization can be of advantage to synthesize the composites directly in one step.
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summary

The main objective of this work was to develop general procedures to synthesize highly
disentangled easily processable ultra high molecular weight polyethylene (UHMWPE) with a
narrow molecular weight distribution (MWD) for better end-properties. It is well-known that
a narrow molecular weight distribution would hinder the processability of high molecular
weight polymers. Hence, the challenge was to find a solution to tackle the issues addressed.
In order to do so UHMWPE with highly disentangled chains was desired because a lower
entanglement density is expected to improve the mobility of the polymer chains under
processing conditions. Completely entangled UHMWPE exhibits a high melt viscosity and is
intractable via conventional processing routes such as injection molding and blow molding.
Due to the intractable nature of this polymer, irrespective of the processing technique
employed, the final products obtained invariably show fusion defects or grain boundaries.
The defects in the final products result in the poor mechanical performance and reduced
lifetime of the polymer products, especially when UHMWPE components are used in highly
demanding applications such as medical implants (hip and knee prosthesis).

Therefore, this thesis addresses the fundamental issue of improving the processability of
UHMWPE starting from the synthesis of a polymer with a unique morphology to the use of
various characterization techniques proving that the morphology created during polymer
synthesis can be of considerable advantage to polymer processing.

The first objective was to synthesize UHMWPE with narrow molecular weight distribution.
For this, homogeneous catalysts were sought because they yield polymer with uniform
activity and produce polymer with a narrow MWD (£2) owing to their single site character.

The second requirement was to synthesize a highly disentangled UHMWPE. To synthesize
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polymers with this unique morphology, the polymerization conditions such as catalyst
concentration (dilution), temperature and pressure were varied. It was assumed that when the
temperature of polymerization is kept low, the chains will crystallize upon their formation
during the polymerization when the crystallization rate is faster than the polymerization rate
(Rerys™ Rpolym)- A sufficiently diluted system would enable greater separation of the active
sites and thus of the growing polymer chains, leading to a unique morphology in the nascent
state where the chains are highly disentangled.

The first catalyst system tested was the single component catalyst (CsMes),Sm-2(THF). The
reactions performed by varying the dilution showed that the yield and molecular weight
increases with the increase in the dilution due to the larger (absolute) amount of ethylene
dissolved in the polymerization medium. The polymerizations performed at different
temperatures (-10°C, 0°C, +10°C and +20°C) show that increasing the polymerization
temperature above +10°C results in a drop in the yield and the molecular weight and is
attributed to due to diffusion limitation of ethylene in the solvent and chain termination
reactions that become prominent at higher temperatures. It was also shown that mass transfer
of ethylene becomes the rate determining step in the polymerization reactions at higher
temperature. However, a major drawback of this catalyst is that only in the absence of
scavengers it polymerizes ethylene to UHMWPE, which makes its use expensive and
unpractical because a considerable amount of catalyst is used to scavenge the impurities. To
overcome these shortcomings and to explore if a different homogeneous catalyst can be used
to synthesize highly disentangled UHMWPE by controlling the polymerization conditions,
Mitsui’s bis(phenoxy-imine)titanium catalyst system [3-t-Bu-2-O-
CsH3CH=N(C¢F5)]oTiCl,/MAO was used. Polymerizations performed at various conditions
show that with the increase in dilution, reaction time and temperature the yield and molecular
weights are hardly affected, which was attributed to the extremely fast polymerization and
subsequent encapsulation of the catalyst in the polymer matrix. Unusually, a very large
excess of MAO (>100,000 equivalents) was required to reach optimum activity, which was
attributed to a relatively large number of active species resting in the dormant state at low
MAO concentrations and an increase in reactivity with more MAO (in toluene) present as a
result of the increased polarity of the solvent. In order to investigate the influence of
polymerization conditions on the entanglement density, different tools were needed to
characterize the polymer samples. The disentangled state of the UHMWPE obtained from

homogeneous catalysts was proved using various characterization techniques such as drawing
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in the solid state, compression moulding, differential scanning calorimetry (DSC),
temperature modulated DSC (TMDSC) and rheology and compared with commercial grade
UHMWPE. The UHMWPE synthesized by both the catalysts at different polymerization
conditions were compression molded to films below their melting temperature (50°C/200
bar). Upon mechanical deformation in the solid state, the films exhibited a draw ratio greater
than 120. In contrast, a commercial grade entangled UHMWPE exhibits a draw ratio of less
than 10. Moreover, the films produced with the homogeneous catalysts were transparent
unlike the films obtained from the commercial grade UHMWPE, confirming the ease of flow
of the polymer chains upon shearing even much below the melting temperature in the former
case. These observations are indicative for a lower entanglement density in the nascent
material produced using homogeneous catalysts.

In order to further strengthen the results obtained from drawing and compression molding
studies which prove that the polymers obtained with the homogeneous catalysts are highly
disentangled, annealing experiments by DSC were performed on the UHMWPE. The
polymers were annealed at a temperature close to the onset of melting of nascent UHMWPE.
The samples when annealed for different durations at the said temperature, subsequently
cooled and melted at the rate of 10 K'min™ resulted in the appearance of two peaks: one
corresponding to the melting temperature of the nascent polymer (141°C) and the other
corresponding to the melting temperature of the melt crystallized polyethylene (135°C). For
the polymers synthesized with the homogeneous catalysts, increasing the annealing time
results in increase of the melt crystallized peak. The observed increase is due to the
continuous melting of nascent crystals during annealing which increases with increasing
annealing time. On the other hand, the commercial grade polymer hardly shows any of such
behavior strongly indicating that flowability and hence, melting is much slower for the fully
entangled commercial grade UHMWPE compared to the the as-synthesized disentangled
polymers due to reduced number of entanglements per unit chain of the latter.

TMDSC conclusively shows that the melting process is much faster for the UHMWPE
synthesized with the homogeneous catalyst, since the time constant derived for melting are
much lower (100-300 minutes) compared to the entangled commercial grade polymer which
has a very high time constant (600-1000 minutes). As expected, even the a-relaxation process
is much faster for polymers synthesized with the homogeneous catalysts when compared to
the commercial grade UHMWPE especially at temperatures below the melting of the nascent
polymers. From these experiments, it was concluded that the melting occurs by first melting

of the nascent crystals followed by gradual dissolution into the surrounding viscous liquid, a
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process which is more complex for an entangled UHMWPE and hence needs more time
compared to a disentangled UHMWPE.

Finally, a powerful technique like rheology was used to quantify the number of
entanglements per unit chain. Compared to a completely entangled UHMWPE which shows a
storage plateau modulus of about 2 x 10° Pa, the polymers obtained with the two
homogeneous catalysts exhibited much lower values (G'= 0.6 x 10° Pa). Since the value of
the plateau modulus is inversely related to the molar mass between entanglements (M), it
was concluded that the polymers synthesized using homogeneous catalysts as described in
Chapter 2 and 3, are highly disentangled. Additionally, a disentangled UHMWPE showed a
build up of modulus from the initial low values (0.6 x 10° Pa) up to the value of 2 x 10° Pa
for a completely entangled UHMWPE, when left in the melt at 160°C for a few hours. As
expected, the commercial grade entangled UHMWPE does not show any build up of
modulus. However, it was shown that rheology can only be used as a qualitative tool due to
reduced reproducibility of the results. Nevertheless, each of the techniques described above
provides a valuable and qualitative estimation of the number of entanglements per unit chain
in the nascent polymers and prove the disentangled morphology of the UHMWPE
synthesized with the homogeneous catalysts.

Additionally, in-situ SAXS experiments were performed to see the influence of
polymerization conditions (heterogeneous versus homogeneous catalysts; type of
homogeneous catalyst, type of cocatalyst) on the nascent morphology. It was shown that
polymers synthesized with the homogeneous samarocene catalyst showed the existence of
halo at room temperature in the nascent material, the intensity of which increases when the
material is heated indicative of a long range order in the lamellar thickness. At room
temperature for the polymers synthesized using the bis(phenoxy-imine)titanium, halo was not
observed. The absence of the halo at room temperature in the commercial grade polymer and
the UHMWPE synthesized with the bis(phenoxy-imine)titanium catalyst suggests a broad
distribution of lamellar thickness, which becomes narrow as the sample is heated to the melt.
A sharp difference between the commercial grade and polymer grade synthesized using the
bis(phenoxyimine)titanium catalyst was that the halo is retained on cooling for the former
whereas it is absent for the latter. WAXS experiments show the existence of a monoclinic
phase in addition to the orthorhombic phase for the polymers synthesized at low temperatures
up to 0°C. The monoclinic phase is absent for the polymers synthesized at higher

temperature.
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To conclude, the initial aim of the project as described in this thesis has been achieved
successfully. UHMWPE with narrow molecular weight distribution was synthesized using
different homogeneous catalysts and was proved by various characterization techniques to be
highly disentangled. The resulting polymer exhibits an excellent processable material which
after curing yields a fully entangled and completely fused product.

However, for the process to become commercially attractive a cheap, active, non-living

catalyst would be required.









Samenvatting

Het belangrijkste doel van dit werk was het ontwikkelen van algemene procedures voor de
synthese van uit sterk onverstrengelde ketens bestaand, eenvoudig verwerkbaar, ultrahoog
molgewicht polyetheen (UHMWPE) met een smalle molgewichtsverdeling voor betere
producteigenschappen. Het is bekend dat de verwerkbaarheid van hoog molgewicht
polyetheen afneemt met een smallere molgewichtsverdeling. Het was daarom een uitdaging
om een oplossing voor dit dilemma te vinden. Hiervoor was UHMWPE met sterk
onverstrengelde ketens gewenst omdat een verminderde ketenverstrengeling de mobiliteit van
de ketens tijdens de verwerking zou verbeteren. UHMWPE met volledig verstrengelde ketens
heeft een hoge smeltviscositeit en is niet verwerkbaar via conventionele
verwerkingstechnieken zoals spuitgieten en folieblazen. Door deze stugheid vertonen de
eindproducten van deze polymeren, onathankelijk van de toegepaste verwerkingstechniek,
versmeltingsdefekten of korrelgrenzen (grain boundaries). Deze defekten in de eindproducten
resulteren in slechte mechanische eigenschappen en een gereduceerde levensduur van deze
producten, vooral wanneer UHMWPE-componenten zijn toegepast in zeer veeleisende
toepassingsgebieden zoals die van medische implantaten (heup en knie protheses).

Om die reden wordt in dit proefschrift de fundamentele uitdaging om de verwerkbaarheid van
UHMWPE te verbeteren beschreven, beginnend met de synthese van polymeren met een
unieke morfologie tot het gebruik van verschillende karakteriseringstechnieken waarmee
werd bewezen dat de morfologie die werd verkregen gedurende de polymeersynthese grote
voordelen heeft voor de polymeer verwerkbaarheid.

De eerste doelstelling was om UHMWPE met een smalle molgewichtsverdeling te

synthetiseren. Hiertoe werden homogene katalysatoren geselecteerd omdat deze door hun
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single-site karakter polymeren met een smalle molgewichtsverdeling (£2) kunnen geven. De
tweede doelstelling was om een UHMWPE met sterk onverstrengelde ketens te maken. Om
polymeren met deze unieke morfologie te bereiden werden de polymerisatie condities zoals
katalysator concentratie (verdunning), temperatuur en druk gevarieerd. De aanname hierbij
was dat wanneer de polymerisatie temperatuur laag werd gehouden, de ketens direkt na hun
vorming zullen kristalliseren als de kristallisatiesnelheid groter is dan de polymerisatie
snelheid (Rerys™> Rpoym). Een voldoende verdund systeem leidt tot een relatief grotere afstand
tussen de katalysator sites en dus tussen de groeiende polymeerketens wat tot een unieke
morfologie van de nascent toestand leidt waarbij de ketens sterk onverstrengeld zijn.

Het eerste katalysatorsysteem dat werd getest was de single-component katalysator
(CsMes),Sm-2(THF). De reakties die bij verschillende verdunningen werden uitgevoerd
lieten zien dat de productiviteit en het molgewicht toenamen met een toename in verdunning
door de grotere (absolute) hoeveelheid opgelost etheen in het polymerisatie medium. Het
verhogen van de polymerisatietemperatuur boven de +10°C leidt tot een productiviteits- en
molgewichtsverlaging wat wordt toegeschreven aan diffusielimitatie van etheen in het
oplosmiddel en aan ketenterminatie reakties die meer voorkomen bij hogere temperaturen.
Ook is het aangetoond dat de massaoverdracht van etheen de snelheidsbepalende stap wordt
voor de polymerisatiereakties bij hogere temperaturen. Een groot nadeel van deze katalysator
is echter dat alleen hoge molgewichten kunnen worden verkregen in de afwezigheid van
scavengers. Het feit dat een deel van de katalysator als scavenger wordt gebruikt vermindert
de praktische toepasbaarheid van deze katalysator sterk. Om deze tekortkomingen te
elimineren en om te evalueren of andere homogene katalysatorsystemen ook kunnen worden
gebruikt om UHMWPE met sterk onverstrengelde ketens te verkrijgen werd Mitsui’s
bis(fenoxyimine)titanium katalysatorsysteem [3-t-Bu-2-O-CcH3CH=N(C¢F5)],TiCl,’MAO
bestudeerd. Polymerisaties, uitgevoerd onder verschillende condities, lieten zien dat
verschillende verdunningen, reaktietijden en reaktietemperaturen nauwlijks invloed hebben
op de productiviteit en op het molgewicht wat werd toegeschreven aan zeer snelle
polymerisatie en volledige omhulling van de katalysatormolekulen door de polymere matrix.
Het was opmerkelijk dat een zeer grote overmaat MAO (>100,000 equivalenten) nodig was
om een optimale aktiviteit te bereiken. Dit werd toegeschreven aan de aanwezigheid van een
relatief groot aantal “slapende sites” bij lage MAO concentraties. Een toename in reaktiviteit
met meer MAO (in tolueen) kan het gevolg zijn van de toegenomen polariteit van het
reaktiemedium. Om het effekt van de polymerisatie condities op mengingsdichtheid van de

ketens te onderzoeken werden verschillende apparaten ingezet om de polymeer monsters te
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analyseren. De toestand met onverstrengelde UHMWPE ketens verkregen met homogene
katalysatoren =~ werd bewezen door gebruik te maken van  verschillende
karakterisatietechnieken zoals verstrekken in de vaste toestand, persen, differential scanning
calorimetry (DSC), temperature modulated DSC (TMDSC) en rheologie en vergeleken met
een commercieel monster. De UHMWPE die werd gesynthetiseerd met behulp van beide
homogene katalysatoren onder verschillende polymerisatiecondities werden geperst tot films
onder hun smelttemperatuur. (50°C/ 200 bar). Tijdens mechanische deformatie in de vaste
toestand lieten de films een verstrekkingsgraad zien van meer dan 120. Daarentegen vertoont
een commerciéle kwaliteit UHMWPE (waarbij de ketens geheel verstrengeld zijn) een
verstrekkingsgraad van 10. Bovendien waren alleen de films die werden verkregen met de
homogene katalysatoren transparant, wat een gevolg is van de eenvoudigere vloei van deze
polymeerketens tijdens shearing, zelfs als dit ver beneden de smelttemperatuur wordt
uitgevoerd. Deze waarnemingen zijn indicaties voor een lagere ketenverstrengelingsdichtheid
in de nascent materialen verkregen met de homogene katalysatoren.

Om de resultaten verkregen door de verstrekkingsexperimenten en de pers experimenten,
welke aantoonden dat de polymeren sterk onverstrengeld waren, verder te versterken werden
DSC annealing experimenten met het UHMWPE uitgevoerd. De polymeren werden
geannealed bij een temperatuur dicht bij het punt waar het nascent UHMWPE begint te
smelten. De monsters werden gedurende verschillende tijden geannealed bij de
bovengenoemde temperature, waarna ze werden afgekoeld en gesmolten met een snelheid
van 10 K-min' wat resulteerde in het optreden van 2 pieken: één welke overeenkomt met de
smelttemperatuur van nascent polymeer (141°C) en de andere welke overeenkomt met de
smelttemperatuur van smelt gekristalliseerd PE (135°C). Voor de polymeren die werden
gesynthetiseerd met de homogene katalysatoren resulteerde een langere annealingtijd tot een
toename in de 135°C piek. De waargenomen toename is het gevolg van het continue smelten
van nascent kristallen gedurende de annealing. Aan de andere kant liet het commerciéle
monster nauwlijks dergelijk gedrag zien, wat een sterke indicatie is dat vloei en dus smelten
veel langzamer is voor het volledig verstrengelde materiaal in vergelijking met het niet
verstrengelde UHMWPE.

Met TMDSC werd eenduidig aangetoond dat het smeltproces veel sneller is voor UHMWPE
gesynthetiseerd met de homogene katalysatoren omdat de tijdsconstante voor smelten veel
lager is (100-300 minuten) vergeleken met de volledig verstengelde commerciéle UHMWPE
welke een zeer hoge smelt tijdsconstante heeft (600-1000 minuten). Zoals verwacht is zelfs

het o-relaxatie proces veel sneller voor polymeren gesynthetiseerd met de homogene
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katalysatoren, vooral bij temperaturen beneden het smeltpunt van de nascent polymeren. Uit
deze experimenten werd geconcludeerd dat het smelten eerst start door het smelten van de
nascent kristallen, gevolgd door langzaam oplossen in de omhullende visceuse vloeistof, een
proces dat veel complexer en tijdrovender is voor verstengeld UHMWPE.

Ten slotte werd een krachtige techniek zoals rheologie gebruikt om hat aantal verstengelingen
per keten te kwantificeren. In tegenstelling tot een volledig verstrengeld UHMWPE welke
een storage plateau modulus heeft van ongeveer 2 x 10° Pa, laten de polymeren verkregen
met de twee homogene katalysatoren veel lagere waarden zien (G'= 0.6 x 10° Pa). Omdat de
waarde van de plateau modulus omgekeerd evenredig gerelateerd is aan het molgewicht
tussen omstrengelingen (M.), werd geconcludeerd dat de polymeren die werden verkregen
met de homogene katalysatoren zoals beschreven in Hoofdstukken 2 en 3 sterk
onverstrengeld zijn. Bovendien laat een onverstrengeld UHMWPE een opbouw van de
modulus zien van de initiéle lage waarden (0.6 x 10° Pa) oplopend naar een waarde van 2 x
10° Pa voor volledig verstrengeld UHMWPE, wanneer het polymeermonster een aantal uren
bij 160°C in de melt wordt gehouden. Zoals verwacht zien we voor de commerciéle
UHMWPE monster geen opbouw van de modulus. Het is echter wel aangetoond dat
rheologie alleen gebruikt kan worden als een kwalitatieve methode door de matige
reproduceerbaarheid van de metingen. Elk van de hierboven beschreven technieken heeft een
waardevolle kwantitatieve bijdrage geleverd aan de schatting van het aantal omstrengelingen
per keten in het nascent materiaal en we achten de niet-omstrengelde keten morfologie voor
de UHMWPE’s verkregen met de homogene katalysatoren bewezen.

Er zijn ook nog in-situ SAXS experimenten uitgevoerd om de invloed van de polymerisatie
condities (heterogenene versus homogene katalysator; type homogene katalysator, type
cocatalyst) op de nascent morphologie te bestuderen. Polymeren gesynthetiseerd met de
homogene samaroceen katalysator lieten in het nascent materiaal de aanwezigheid zien van
een halo bij kamertemperatuur. De toename van de intensiteit met verwarming is indicatief
voor "long range order" in de dikte van de lamellen. Voor polymeren gesynthetiseerd met de
bis(fenoxyimine)titanium, werd bij kamertemperatuur geen halo waargenomen. De
afwezigheid van de halo in het commerciéle materiaal en bij d¢ UHMWPE gesynthetiseerd
met de bis(fenoxyimine)titanium katalysator bij kamertemperatuur is een indicatie voor een
brede lameldikte verdeling, welke smaller wordt bij verwarmen van het monster naar het
smeltpunt. Een scherp contrast tussen de commerciéle kwaliteit UHMWPE en het polymeer

verkregen met de bis(fenoxyimine)titanium katalysator was dat de halo behouden bleef na
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koelen van de commerci€le monster, terwijl deze niet aanwezig is voor het
bis(phenoxyimine)titanium  katalysator ~materiaal. WAXS experimenten laten de
aanwezigheid van een monoclinische fase zien naast de orthorhombische fase voor de
polymeren gesynthetiseerd bij lage temperaturen tot 0°C. De monoclinische fase is afwezig
voor de polymeren verkregen bij hogere temperaturen.

In conclusie, het oorspronkelijke doel van het projekt zoals beschreven in dit proefschrift is
met succes voltooid. UHMWPE met een smalle molgewichtsverdeling is gesynthetiseerd met
verschillende homogene katalysatoren en met verschillende technieken is aangetoond dat het
materiaal onverstrengeld is. Het resulterende polymeer laat een excellente verwerkbaarheid
zien en na curing kan een volledig verstrengeld en volledig "fused" materiaal worden
verkregen.

Om een commercieel attractieve route te ontwikkelen is een goedkope, aktieve, niet-levende

katalysator nodig.
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