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1 General Introduction

1.1 Polyolefins

As polyolefins comprise the largest portion of organic thermoplastic polymers (Figure
1-1)," a general overview is described in terms of their definition, application fields and
market share. Since polyolefins can be found almost everywhere in our daily life, they are
also called "commodity thermoplastics". The term polyolefin means "oil-like" and refers to
the oily or waxy texture of this class of plastic resins. This class of polymers is also
commonly referred to as “polyalkene”, although "polyolefin" is still typically found in
organic chemistry and the petrochemical industry. At the molecular level, polyolefins are
created by the polymerization of simple olefin molecules, also known as “alkenes”, with the
general formula, C H,,. For instance, polyethene is a polyolefin produced by
polymerization of ethene. The other types of polyolefins include polypropene (from
propene), polybutene (from butene) and so on. Commonly, polyethene and polypropene
are called polyethylene (PE) and polypropylene (PP), respectively. Among them, PE
(HDPE, LLDPE and LDPE; they will be briefly explained in Section 1.3) is the most
produced polymer which had a market share of approximately 38 % in 2010 (Figure 1-7).
General detail in the differences and structures of these polymers is given in Section 1.2

(Classification of polyethylenes).

. LLDPE
1%

/ “\_LDPE
PP/ 10%
25%
2010 World Polymer Demand = 190 Million Metric Tons

Figure 1-1. Global plastics consumption in 2010
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Polyolefins are non-polar, odorless and nonporous materials that are used in consumer
goods, structural plastics, food packaging, textiles and industrial products. As polyolefins
are capable of keeping goods safe from moisture, dust, and static, they also can be applied
in higher-end consumer goods like compact disks (CDs) and electronics, and in a diverse

range of fields over the world.

Due to the broad application of polyolefins, the global consumption of polyethylene
reached 129 million metric tons (m.t.) in 2012 and is forecasted to grow 4 % annually for
the next 5 years according to an iHS report?” (Figure 1-2). This represents nearly 6 million
m.t. per year of demand growth, which would result in total consumption near 158 million
m.t. by 2017. To give a better understanding of the volume of the annually produced
polyethylene in 2012, it was calculated that it corresponds to 59 times of the great pyramid

of Giza in Egypt."”

Million Metric Tons, Global Ethylene Capacity & Demand  Operating Rate, %
180 96

160 94
140 92
120 90
100 88

80 ! 86

60 84
40 82
20 80

0 78
1990 1993 1996 1999 2002 2005 2008 2011 2014
Domestic Demand ===Capacity ===Operating Rate

Figure 1-2. Global capacity & demand of polyethylene!”

1.2 General history of polyolefins

The history of polyolefins started with “serendipity” by a German scientist, Hans von
Pechmann. He discovered a white waxy resin accidentally at the end of the 19" century
while working with a form of methane in ether. In 1900, his colleagues, Eugene Bamberger
and Friedrich Tschirner identified the white waxy resin contained long methylene chains,
and it was “polymethylene” that is very close to “polyethylene”. However the resin, Mr.

Pechmann had discovered, was difficult to process and had no practical value. After 34
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years from the first accidental discovery of polymethylene, two British organic chemists at
Imperial Chemical Industries (ICI) in Northwich, England, Eric W. Fawcett and Reginald
O. Gibson had found a part of an autoclave covered with a waxy substance during working
with ethylene gas at high pressures. Upon applying several hundred atmospheres to a
mixture of ethylene and benzaldehyde in the autoclave, the white and waxy resin was
produced. However, it was difficult to reproduce the reaction since the reaction was
initiated by trace amounts of oxygen contaminated in their glassware. Thus it was not easy
to control the amount of oxygen corresponding to the ethylene gas until 1935. Another
scientist at ICI, Michael Perrin had developed a reproducible process for polyethylene
synthesis which was performed under high pressures up to 1500 bar and at temperatures
up to 250 degrees Celsius. It became the foundation for industrial production of low
density polyethylene (LDPE). Its first commercial application came during World War II
(WW II). The British used it as electrical insulation for vital military applications in radar
because the polymer was an ideal material for coating telecommunication systems to be laid
on the ocean floor. It met the requirements due to its high dielectric constant, low
dielectric loss at high frequencies, high moisture resistance and excellent flexibility. Thus
the substance, LDPE contributed to the Allied victory in WW II and was highly classified
during WW II. After the war, research was continued on the ICI process. DuPont started

LDPE production with commercial scale under licensing from ICI in 194214

Figure 1-3. Photo of the Ziegler-Natter process discovers, Karl Ziegler™ (left)
and Giulio Natta” (right)

Thereafter, in the early 1950s, chromium oxide-based catalysts for ethylene polymerization
had been discovered by workers at Phillips Petroleum."” The catalysts, generally known as

Phillips catalysts, were highly effective for the ethylene polymerization at lower
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temperatures as compared to the ICI process.” Later, in 1953 a German scientist, Karl
Ziegler (Figure 1-3) at the Kaiser Wilhelm Institute (renamed to Max-Planck-Institute fiir
Kohlenforschung), Milheim an der Ruhr and Erhard Holzkamp developed a new process
for the synthesis of high density polyethylene (HDPE).”'” The process (commonly known
as Ziegler process) employed a catalytic system consisting of a mixture of titanium
trichloride (x-TiCly) and an alkylaluminum derivative (eg Et,AlCl). The catalytic system
helped to decrease the operating pressures dramatically (~ 100 bar). As eatly as 1955,
further development was made by an Italian scientist, Giulio Natta (Figure 7-3) who
extended the method to other olefins and developed further variations of the Ziegler

9 He reported propylene polymerization by the combination of crystalline o-

process.
TiCl, and triethylaluminium (AIEt,) as a cocatalyst.'” ' The discovery of in a stereo-
regulated isotactic polypropylene (iPP) by Natta was the first example that nature can be
mimicked to create stereo-specific structures like that of natural polymers. These two
historical discoveries are together called the Ziegler-Natta process (Z/N process). Due to
their contribution to the development of polyolefins, they were awarded the Nobel Prize
for Chemistry in 1963. Furthermore, remarkable development in a vast range of polyolefin
materials and global production followed. In 1958, the Japanese chemical company,
Sumitomo Chemicals, started to produce polyolefins at a commercial scale. Hanhwa
Petrochemical in South Korea built up a plant for polyolefin production in 1973. Such a

successful commercialization of polyolefins led to the greater research in the Z/N process

to understand the mechanism.

<L 4
l ~ ‘\\C
M

Fe

M = Titanium,

“ClI Zirconium,
Hafnium
Ferrocene Metallocene

Figure 1-4. Chemical structure of ferrocene and metallocene

To elucidate the Z/N process, development of single site catalysts is considered. Thus
complexes of titanium, such as Cp,TiCl, are synthesized with n’-coordinated
cyclopentadienyl (Cp) units, which results in a similar structure to ferrocene (Figure 1-4).
Activated titanium complexes with trialkylaluminum as a cocatalyst for the Z/N process
have low activity towards ethylene and show no activity for propylene. Thus, its industrial

application is limited. In 1974, however, Sinn and Kaminsky observed the enhanced
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activity in weakly active catalytic system (Cp,ZtMe,/AlMe;) by addition of water, although
water is ironically known as a poison to the Z/N process. In 1980s, they reported very high
activities of single-center catalysts with a combination of methylaluminoxane (MAO),
which is formed by partial hydrolysis of AlMe;. The revolutionary discovery of MAO as a
cocatalyst for metallocenes ignited an intensive research in the area of metallocene catalyst
development and immobilization. As a result, ExxonMobil commercialized metallocene-
based polyolefin production in 1991. Another turning point in the polyolefin industry was
the synthesis of isotatic polypropylene (iPP) using C,-symmetric metallocenes, discovered
by Brintzinger."" By further modifying the ligand structure of C,-symmetric metallocenes,
stetreoseletvity and thermal stabilities were enhanced. During the 1990s, a considerable
amount of research has been carried out on non-metallocene catalysts (known as “post-

metallocenes”) involving late-transition metals.!"""

The latest development in the catalytic
polymerization of olefins has emerged with the discovery of post-metallocenes based on
dimine complexes of nickel and palladium and of phenoxy-imine complexes of zirconium
and nickel. Discovery of highly active «-diimine nickel catalysts, which can produce
branched polyethylene with only ethylene (without using comonomers) by a “chain-
walking” mechanism, triggered further research in post-metallocenes.!”?!! Interestingly,
post-metallocene complexes with late transition metals (Ni, Pd) are capable of synthesizing
functionalized polyolefins due to their higher resistance against polar groups, as compared
to that of eatly transition metals (Ti, Zr, Hf).'">*’ Later, development of group 4 transition
metal complexes having bis(phenoxy-imine) ligands, known as FI catalysts, were
reported.”” Theses catalysts yield ultra high molecularweight polyethylenes (UHMWPE)
with an extremely high molecular weight (>2 million g'mol') and a narrow molecular

[

weight distribution.”* * More recently, developments in synthesis of polycarbonates and

polyketones with post-metallocene catalysts are of great interest in industry and academia.”®
?I More details in these catalytic systems such as Z/N, Phillips, metallocene and post-

metallocene complexes are further described in Section 1.4.

1.3 Classification of polyethylenes

As polyethylenes (PEs) represent a major demand in the global polymer market (Figure 1-7),
better insight in the classification of PEs is necessary. Depending on the density and
branching, PEs can be generally classified as low density polyethylene (LDPE), high density
polyethylene (HDPE) and linear low density polyethylene (LLDPE). There is one more
polyethylene named ultra-high molecular polyethylene (UHMWPE) which is a HDPE with

a molecular weight between 2 and 10 million g/mol. A general structure of the PEs is

6
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teatured in Figure 1-5. A specific description of the each PEs is followed by the order of

development.

(HDPE)
High density “~ o NN N TN TN TN NN
polyethylene

(LDPE)
Low density
polyethylene

(LLDPE) R R R
Linear low density ~_ )\/\/\(\/\/K/\]/\/\/l\ -
polyethylene
Figure 1-5. General structures for the various classifications of polyethylenes

1.3.1 Low density polyethylene (LDPE)

Low density polyethylene (LDPE) is exclusively synthesized by a radical polymerization
whereas other types of polyethylene are produced by metal-catalyzed polymerization. As
aforementioned, LDPE was discovered at ICI in 1930s and is the first practically produced
polyethylene in the early 1940s. This polymer is made by a radical polymerization using
initiators under critical conditions and thus branches are created due to intramolecular and
intermolecular chain transfer during polymerization. It is made using supercritical ethylene
(T: 282.4 K, P: 50.4 bar) under severe polymerization conditions in (i) autoclaves (1500 —
2000 atm, 180 — 290 °C) or (ii) tubular reactors (1500 — 3500 atm, 140 — 180 °C). Due to
the harsh conditions, LDPE has uncontrolled lengths of branches induced by side

%21 and chain transfer to polymer backbones

reactions, such as a “back-biting” mechanism
of short chain branches (SCB) and long chain branches (LCB), respectively (Figure 1-6). The
total number of side chains can range from 15 — 30 per 500 monomer units (1000 C
atoms) depending on the polymerization conditions.”

During the propagation step, the active center (radical) is transferred from the end of the
growing chain to a position on one of the ethylene carbons and the process continues
forming longer and longer polyethylene chains. For introducing SCBs, the radical is

transferred from the end of the growing chain to a position along the back of the chain and

chain growth proceeds from this position. For LCB introduction to the polymer backbone,

7
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the radical is transferred from the end of the growing chain to a position on a dead chain

that allows that chain to begin forming a long chain branch.

Conventional propagation

H H H,
L4 \ / ®
P/\\/\CHZ + C=—C J— . P/\/\C’C\CHZ
H/ \H H,

Back-biting mechanism

H H; H H; H, H;
PN N, — PME.'C\CHz — P c“‘c’c“cHa
H, /c\:Hz f":l-l2 . CH, M2

“C H, CH; Hz Short branch

Chain transfer to polymer

P/\\’/\éHz + PN PONNEH, + PN

[ ]
P N"CH, + PP
Long branch

Figure 1-6. A typical propagation mechanism for free radical polymerization of LDPE
1.3.2 High density polyethylene (HDPE)

Until the 1950s, only type of polyethylene produced was low density polyethylene (LDPE).
Since Karl Ziegler was trying to perform the polymerization under mild conditions, a great
contribution to producing high density polyethylene (HDPE) is made. Generally, HDPE is
made with Ziegler-Natta (Z/N) catalysts or Phillips catalysts in a conventional slurry
process (See Section 1.5 for processes). This class of polyethylenes has a totally different
structure from LDPE. HDPEs have a much lower degree of branching (0.5 — 3 side chains
per 1000 C atoms) when compared with LDPE (15 — 30 side chains per 1000 C atoms).
Due to the fact that chain transfer to polymer is not possible in coordination
polymerization, long chain branches are limited. Thus HDPEs are referred to as linear
polyethylenes. Difference between LDPE and HDPE is the degree of branching which
determines its mechanical properties. For instance, low degree of branching in HDPE is
more crystalline (70 — 90 %) compared to the case of LDPE (40 — 60 %). This increases
polymer density (0.94 —0.96 g/mL ». 091 —0.93 g/ml) and crystalline melting
temperature (133 — 138 °C »s. 105 — 115 °C).

8



Chapter 1. General Introduction

1.3.3 Linear low density polyethylene (LLDPE)

Linear low density polyethylene (LLDPE) is similar to low density polyethylene (LDPE)
but the topology of long chain branches (LCB) is distinct from that of LDPEs. LLDPE
can be only produced by coordination catalysts of Phillips type, Z/N and metallocenes.
Among them, Z/N systems are still the predominant type for LLDPE production. LLDPE
is a copolymer of ethylene with a-olefins (generally small amounts of 1-butene, 1-hexene,
or l-octene) which determine the precise length of branches with much better control.
This method of polymerization incorporates short side-chains or branches on the ethylene
backbone and the resulting polymers, linear low-density polyethylenes, were first developed
commercially in the late 1970s. The properties of LLDPE are very similar to that of LDPE
which is now being supplanted by LLDPE. However, many of the desirable properties of
LDPE can not be achieved by LLDPE due to the absence of LCBs. By the development of
LLDPE, the economics of the low pressure, solvent-free process eliminate the need to
build new high-pressure plants. Note that PE products with even lower densities, 0.88
g/cm’; are sometimes called “very low-density polyethylene” (VL.DPE) but are chemically
identical to LLDPE. More recently, development of LLDPE synthesis without using -
olefins, known as “tandem catalysis”, is reported by employing two metallocene catalysts:
one for ethylene oligomerization and the other for copolymerization of ethylene with the

oligomers. This is further discussed in Chapter 5.

1.3.4 Ultra high molecular weight polyethylene (UHMWPE)

Ultra high molecular weight polyethylene (UHMWPE) is a HDPE which has extremely
high molecular weight (over 2 million g/mol) with a narrow molecular weight distribution.
As a result, UHMWPE is a very tough material and has the highest impact strength among
all thermoplastics. Although the polymer has no branches, the density is determined as only
940 kg/m’, because the extremely high viscosity hinders the crystallization process. As it is
difficult to process, studies in encapsulating UHMWPE with LLDPE to increase elasticity
is described in Chapter 6.

1.4 Catalytic systems

The nature of the titanium complexes in a Ziegler-Natta-catalyst or the chrominum

complexes in a Phillips catalyst or (post-) metallocenes is decisive for the properties of the
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polyolefin such as molecular weight, molecular weight distribution and degree of branching.
As catalytic systems are important, a better understanding of the systems is required. Aside
from radical polymerization of olefins, there are basically four main types of coordination
catalytic system for polyolefin synthesis: 1) Phillips system, 2) Ziegler-Natta system, 3)
metallocene catalysts and 4) post-metallocene catalysts. A general introduction of these

systems is descried in this section.

1.4.1 Phillips systems

o
N O
H H er? Cr
/ / ) CrO; / N\ Ethylene /N
(0] — 0 (0] 7T* o) (0]
| | 2) Heat, O, | | | |
---—8i-0—Si—--- ---—8i-0—Sj—--- -2CH;0 ---—§j-0—Si—---
Ethylene
Q \Cr/\ Ethylene C!r
?/ \? -— ?/ \? ?/ \?
---—Si-0—Si—--- ---—S8i-0—Si—--- ---—S8i-0—Si—---

_H \ _H /\ /\\

Cr Cr Ethylene Cr
o o o
~-—Si-0—Si—--- —-—Si-0—Si—--- ~-—Si-0—Si—---

Figure 1-7. Phillips catalyst and its polymerization with ethylene

Phillips catalysts are chromium oxide-based complexes supported on silica or alumina for
ethylene polymerization, which was discovered by Paul Hogan and Robert Banks at Phillips
Petroleum in the early 1950s (Figure 71-7). The catalyst is prepared by adsorption of a
chromium compound, mostly chromium trioxide, onto an amorphous silica support and
subsequent reduction by exposure to ethylene. The catalyst does not require addition of
chemical activators before the polymerization, since the active site is produced prior to the
polymerization by thermal activation at high temperatures (eg 600 °C). However,
performance of some chromium catalysts developed in the 1970s — 1980s is improved by

31, 32

metal alkyls. Due to the relatively simple preparation procedure and no-need for an

10
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activator (cocatalyst), they are still used to produce more than 30 % of polyethylene
wortldwide. The Phillips systems produce various types of high density polyethylene
(HDPE) with particularly high molar mass but are incapable of polymerizing propylene.

1.4.2 Ziegler-Natta systems

Table 1-1. Generations of Ziegler-Natta catalysts for propylene polymerization "

isotactic

generation catalyst composition productivity? index mmmm  Mw/Mn
(year) kgpp/gcar % %
First
(1954) o-TiCl3-0.33AICI; + AlEtCI 2-4 90 — 94
Second
(1968) o-TiCls: AlEt,Cl 10 -15 94 - 97
(1970) MgCl,/TiCly + AlR; 15 40 50 — 60
Third
(1971) MgCl,/TiCls/benzoate + 15-30 95 -97 90 — 94 8-10
AlIR3/benzoate
Fourth
(1980) MgCl,/TiCls/phthalate + 40 -70 95-99 94 - 99 65-8
AlRj5/silane
Fifth
(1988) MgCly/TiCly/diether + AlR; 100 — 130 95-98 95-97 5-55
MgCl,/TiCly/diether + 70 — 100 98 — 99 97-99 45-5
AlR;/silane
“NeXt”
(1999) MgCl,/TiCly/succinate + 40 -70 95-99 95-99 10-15
AlRj5/silane

a) Polymerization conditions: liquid propylene, 70 °C, H,

Since the first discovery of the Ziegler-Natta (Z/N) system in 1953 by Karl Ziegler and
further development by Giulio Natta to the stereospecific polymerization of propylene
(isotactic polypropylene) in industrial production, various modifications of the system allow
for its continuing dominance in the polyolefin market (Table 71-7). For instance, introducing
MgCl, as a support to TiCl-based catalyst (2™ generation) exhibited improved
productivities over the first generation of the Z/N system (Table 1-1). Please note that this
heterogenization of the Z/N system innovated production process in terms of morphology

control, improved processablitiy and handling of the final product.

11
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Although productivity of the Z/N system was enhanced to 15 kg of polypropylene per
gram of catalyst (kgpp/gc,) by heterogenization with MgCl, as a support, this benefit did
not outweigh the need for an additional process such as either de-ashing step or extraction
of final polymer. As a result, removal of the catalytic compounds which acted as impurities
in the final product was necessary. The major objective was thus to develop high activity
catalysts, which resulted in low catalyst residues in the final polymer. Throughout the
developments over the few decades (Table 1-1), Z/N catalysts have been modified by
combination with different additives (internal and external donors) which have resulted in
high productivities (> 100 kgpp/gc,) that an additional removal procedure of catalyst
compounds from the obtained polymer has been eliminated economically impractical.
Furthermore, by introduction of the donors to Z/N system, stereoselectivity has been

dramatically improved (~ 99 %).

Multi site centers

cl
A g T g b \g aCln. g“‘CM“"lV‘l .
|/‘\c/“0|/‘\c/‘\o/‘\0l/‘
"'l\/‘l WCle, f\f‘l Cly, f\f‘l WCle, N‘l \\CJ, ) ‘ \\Cl, | wCluy, Ry
S [Sor [ [Sor o 0/\9\0'
wClh,, | ol | \CI:,‘NL wClay, | wCly, wL wCl, | wCly,, ‘
d

- ‘g\m/ | ~err ‘ Novr ‘g\c/ | \cl/ ‘g\c/ ‘g\m/ |
Figure 1-8. Multi-site active centers in Ziegler-Natta catalyst™

As Z/N systems ate achieved by adsorption of TiCl, on a crystal surface of MgCl,, TiCl,
can be bound in a different way which results in a multi-site catalyst (Figure 7-8). Due to the
different activities of multi-active site, relatively broad molecular weight distributions of
polyolefins are obtained. Despite this drawback, however, Z/N catalysts are still the

dominant catalyst systems in commercial polyolefin production.
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Figure 1-9. Cossee-Arlman mechanism for olefin polymerization

For better understanding of olefin polymerization with Z/N systems, Cossee and Arlman
proposed a monometallic mechanism for olefin polymetization using Z/N process,
wherein the active center contains a transition metal-carbon bond (Figure 7-9).°>" This

mechanism is also applied to the olefin polymerization with metallocene complexes.

1.4.3 Metallocene and post-metallocene complexes

Metallocene has a similar structure with ferrocene and is a generic term for a transition
metal complex bearing one or two n’-coordinated cyclopentadienyl (Cp) groups to the
central metal (Fzgure 1-4). As a result, metallocene has a single active site in contrast to the
Z/N system. The unique nature of “single-center” catalysts leads to uniformity in the
metallocene-catalyzed polyolefin synthesis in terms of narrow molecular weight
distributions. In addition, metallocene is typically soluble and therefore can be used as
either a homogeneous catalyst or supported on inert carriers such as silica, alumina, and

magnesium chloride (more detail about immobilization is described in Section 1.6).
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Cl—Ti—ClI + AIR; Low catalytic activity for ethylene
D‘ (AIEt;, AIEt,CI) No catalytic activity for propylene
G:D - - - -

A|M93/H20 Very high catalytic activity for ethylene

ClI—Ti—Cl +

Good catalytic activity for propylene

(Al:H,0=1:2)

Figure 1-10. Metallocene activation with alkylaluminum without and with water presence

In 1957, the progress in metallocenes was initiated by the observation of Natta and
Breslow that the homogeneous Cp,TiCL,/AIR; (eg. AIEt,Cl, AlEt;) system could produce
polyethylene (Figure 1-10).°" Although it showed low activity, this system is more suitable
for basic research on the chemical nature of the heterogeneous Z/N catalysts, since Ziegler
catalysts for ethylene polymerization are generally insoluble in the reaction medium.? >
Due to this low activity, however, metallocene complexes have gained less commercial
interest. Lately, the recognition of the importance of water presence in the Cp,TiCl,/AIR,

% 1ed to the great discovery of a powerful cocatalyst, methylaluminoxane (MAO).*!

system
(see also Chapter 8 about cocatalysts) Active species of the metallocene/MAO system
have featured high activities in polymerization of both ethylene and propylene. This

discovery has ignited intensive research in metallocene complexes for olefin

polymerization.
s #2
@‘”Me ;
' hn(é""‘*i(: 1-|(:|

_usil zec,  LLLLL (L1 \/ 2l 1

Mer < | Me Me T
isotactic Me Me Low stereoregular

t-Bu stereoblock

)
\

Z<_< LLL L L] 'f"-:cc?zfmz L L L1
ZrCl | | T T 711

géb
@_:?

ph—q—pn L 1L gz
M

@ isotactic stereoblock

Figure 1-11. Correlation of polypropylene microstructures with metallocene structures

\
K

syndiotactic

)
0

YA

I,

-

B

v

N
2
]

LELElElglsl
A

hemiisotactic

14



Chapter 1. General Introduction

The most attractive point of metallocene catalysts is the easy tailoring of the microstructure
of obtained polyolefins (in particular, polypropylene) by convenient substitution of the
cyclopentadienyl group(s) with larger aromatic one(s) such as fluorenyl or benzindeneyl and
by bridging them with silylene or alkylene moieties (Figure 7-17). For instance, bridged
ethylene bis(indenyl)complexes (commonly known as ansa-metallocenes) were first
prepared by Brintzinger and co-workers in 1982. By applying these metallocenes to
propylene polymerization, different tacticities of polypropylene (atactic, isotactic,
syndiotactic or hemitactic) are obtained depending on the ligand structure of the catalysts
(Figure 1-17). Such properties of metallocene systems, high catalytic activity, narrow range
of molecular masses of the obtained polyolefins and the possibility of controlling the
catalytic properties by variation of ligand structure have further stimulated their broad

industrial production.

As briefly outlined in Figure 1-12, revolutionary developments in synthesizing new types of
metallocene complexes have been made since the discovery in 1957 that
biscyclopentadienyltitanocene dichloride (Cp,TiCl) when activated with alkylaluminum
chlorides (AIR;) was a competent ethylene polymerization catalyst. In 1986, mono-
cyclopendienyltitanium chloride (“half-metallocene”) affords the synthesis of syndiotactic
polystyrene (sPS) firstly with metallocene complex.”” In 1992, Dow reported a totally new
type of metallocene complex named “constrained geometry catalyst” (CGC) as versatile
catalyst in polyolefin synthesis. In particular, the CGC can produce high density
polyethylenes with high activity and linear low density polyethylene with high «-olefin
incorporations.™ In 1995, Waymouth reported the synthesis of isotactic—atactic block

4]

polypropylene using the bis(3-phenyl)indenyl zirconium dichloride/MAO system."

After the successful development in metallocene catalysts, the exploration of other
transition metal complexes bearing non-cyclopentadienyl (Cp) ligands has led to further
research in the catalytic polymerization of olefins.*” It has come up with the discovery of
“non-metallocene” single site catalysts (known as “post-metallocenes”) based on dimine
complexes of nickel and palladium and of phenoxy-imino complexes of zirconium and

nickel.!""”

Highly active nickel complex with a ligand of «-diimine discovered by
Brookhart has initiated intensive research in post-metallocenes."”*"! The most outstanding
property of the nickel complexes is that they are capable of producing branched

[46

polyethylene by a “chain-walking” mechanism'* leading to polyolefins having short chain

branches (SCB) in the absence of a-olefin comonomers (Figure 1-13).
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Figure 1-12. Revolutionary development of homogeneous metallocene catalysts for olefin

polymerization™”

In the last two decades, post-metallocene catalysts for olefin polymerization have been

developed based on bis(imino), bis(imino)pyridyl, bis(phenoxy-imino), bis(pyrrolylimino)

and other complexes of transition metals.”> **!! Furthermore, post-metallocenes with late

transition metals (Ni, Pd, Co) can produce polar polyolefins due to the lower oxophilicity

of late transition metals, compared to that of metallocenes (Ti, Zr, Hf).”>***!l In parallel,

early transition metals bearing non-Cp ligands have been studied. In 1999, Fujita reported

phenoxy-imine zirconium catalysts (FI catalysts, originated from Japanese pronunciation of

phenoxy-imine) for the production of polyethylene with extremely high molecular weights

(Over 2 million grmol ") and narrow molecular weight distribution.” ** > Later, intensive

research in the group of Lee led to the development of or#ho-phenylene-bridged titanium
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complexes.”™ * For the synthesis of LLDPE, they display a higher comonomer

incorporation, activity and molecular weight, as compared to the one from the Dow’s

CGC.P»*7

Forward Forward .
chain-walking chain-walking Ni
Ni /\/\/\/\/P -_— \/\/\/\/P — AP
Backward ' Backward
chain-walking Ni chain-walking
Ethylene Ethylene Ethylene
insertion insertion insertion

Ni

NI SN SNNSNAP P \j‘\/\/\/P

No branches

Niv_
via propagation Methyl branch Ethyl branch

Figure 1-13. Chain walking mechanism with a nickel complex for introducing short chain
branches (SCB) to polymer chain

More recently, post-metallocene catalysts have led to new synthetic methods to produce
various polymers such as polycarbonate. In view of atom efficiency, polycarbonate can be
synthesized using epoxides and carbon dioxide (CO,). In 1969, Inoue reported the

58

copolymerization of epoxides and CO, in the presence of ZnEt, and water.” Thereafter,

this discovery led to intensive research based on synthesis of diiminato-zinc, salen-

chromium and salen-cobalt complexes.””

However, their catalytic activities were
unsuitable for commercialization. Recently, B. Lee and coworkers reported the synthesis of
polycarbonate catalyzed by superactive salen-cobalt complexes (Figure 1-14).°*1 The
complexes have proven to be the most active catalyst for the copolymerization of CO, with

epoxides towards the synthesis of polycarbonates hitherto.”” As a result, it is transferred to

a commercial production of SK Chemicals in South Korea.

Me Me
o)
o}
Co, + P Y,
A .{0 \ i(
n
R R
Epoxide Polycarbonate

Figure 1-14. Chemical structure of salen-cobalt complex and copolymerization of epoxides
and CO, towards polycarbonate
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1.5 Processes

A brief overview of general processes in industrial polyolefin production is provided in this
section. Commercial production of polyolefins utilizes four major types of processes such
as radical (high pressure), solution-phase, gas-phase, and slurry-phase (Table 1-2). The first
two processes (radical and solution-phase) are performed for homogeneous olefin
polymerization under high pressure. By further developments in catalytic systems (e.g
hetereogenization Z/N system), slurry and gas-phase reactors have been utilized in order
to perform olefin polymerization in heterogeneous media under milder reactor conditions.
Each process is capable of producing particular polyolefins with versatile advantages in

performance.

Table 1-2. Polymerization processes and reactor operating conditions!™

radical solution-phase slurry gas-phase
rocess rocess rocess rocess
reactot type P P P p. .
tubular or CSTR loop or CSTR ﬂglchzed or
autoclave stitred bed
feactor pressure 500 — 3000 ~ 100 225 20 — 30
[bar]
‘eaCtE;"Ct]emP' 130 — 350 130 — 250 85-100 70 - 115
polymerlz.atlon Free radical Coordination Coordination Coordination
mechanism
location of Monomer Solvent Solid Solid
polymetization phase

1.5.1 Radical process

As described in Section 1.3.1., radical processes have the longest history among
polymerization methods. This polymerization process is a free radical reaction which is
initiated by oxygen or peroxides and affords production of low density polyethylene
(LDPE) with short and long chain branches. Polyethylene with higher molecular weight
can be obtained by increasing the polymerization pressure up to very high pressure (~
3,000 bar). When the conversion of this process reaches to 20 %, it should be terminated

due to the high viscosity in the reactor. The major advantage of the radical process is
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allowing for the production of polyolefin films with high clarity, since there is no need to

use a diluent (organic solvent) and an inert carrier.

1.5.2 Solution process

The solution process for polyolefin synthesis was first operated with the conventional
Ziegler-Natta (Z/N) catalysts in the 1950s. It operates in a continuously stirred tank
reactor (CSTR) with a solvent (generally, aliphatic hydrocarbon) under relatively high
temperatures from 130 to 250 °C. This temperature range helps to keep the process in
solution since polyolefins (PEs and PPs) stay in a melt. As a result, no additional procedure
for removing the solvent is required, as the solvent can be vaporized and recycled due to
the high temperature. In addition, it can shorten the reaction time (1 — 10 min) which
increases productivity. However, by increasing the reaction time, solution viscosity linearly
increases which is limiting high molecular weight polymers. Nowadays, solution-based
technologies are mostly replaced by slurry and gas phase reactors. However, it still operates
for synthesis of copolymers with a low softening point and/or high solubility. Especially,
commercial production of ethylene copolymers with octene is exclusively limited to the
solution process. Furthermore, it is capable of being utilized for production of emerging

synthetic rubbers in the market such as ethylene-propylene-diene terpolymers (EPDM).

1.5.3 Slurry process

In contrast to radical and solution processes, the slurry process allows heterogeneous olefin
polymerization under mild reaction conditions (> 100 °C and 2 — 25 bar). As olefin
polymerization is an extremely exothermic reaction, removal of the generated heat
effectively is a key-issue for the slurry process. The typical slurry CSTR process (Figure
71-15) is equipped with a cooling jacket to remove the heat generated during olefin
polymerization. As the cooling jacket is insufficient for removal of heat from the diluent,
additional cooling equipment is provided by supplying a heat exchanger and pre-cooled
diluent. The slurry process is relatively expensive to build and operate due to the
requirement of extra procedures such as centrifuging to remove the “heavy” diluent,
recovery of the diluent and steam dryer. However, it is still used due to the robustness of

the process.
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Figure 1-15. Schematic representation of the CSTR process"

In order to overcome the drawbacks in CSTR slurty, a loop slurry system was developed by
Phillips Petroleum and has been exploited commercially since 1970. As shown in Figure
1-16, reactors are pipes equipped with multiple cooling jackets for improving heat removal.
By increasing the ratio of surface area to volume, effective maintenance of the temperature
during the reaction is achieved. To shorten the procedure, usage of “light” diluent
(isobutane) is considered in this case. Although liquidized isobutane as a diluent creates the
problem of poor solubility and solvent-induced swelling of the polymer particles, extra

procedures can be eliminated by vaporizing the isobutane after polymerization.

Double-Loop
Reactor

Flash Hydrocarbon
N\ Tank Recycle

Diluent

Catalyst Recovery

Purge

Diluent Column

Ethylene
Comonormar

Palymer

Cooling

Figure 1-16. Schematic representation of the double slurry loop (Phillips) process"
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1.5.4 Gas-phase process
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Figure 1-17. Schematic representation of a gas-phase polymerization process!!

The gas-phase process was first developed by Union Carbide. A schematic representation
of a gas-phase polymerization process is shown in Figure 7-17. In contrast to the highly
pressurized ethylene polymerization, the gas-phase process needs just a few tenth pressure
of ethylene without diluents. As a result, total energy consumption and cost of building up
a plant are reduced to "4 and 2, respectively. Furthermore, neatrly the full range of
polyethylene grades can be produced by the gas-phase processes. For these reasons, the
gas-phase process has become the most dominant and widespread process in polyethylene
production. For gas-phase ethylene polymerizations, immobilization of catalyst on support
materials is mandatory. The catalysts-immobilized on particles are dispersed in a fluidized
bed reactor which is a large cylinder reactor. In the reactor, the particles are fluidized by a
gas flow with a carefully tuned strength to suspend the particles but not too fast to avoid
blowing the particles out. However, gas phase processes have some disadvantages. In
particular, heat removal from the reactor is critical because if the reactor is not properly

cooled, agglomeration of the particles or chunk formation can result.

1.6 Support materials

Since most of the modern commercial polyolefin catalysts are heterogeneous Ziegler-Natta
(Z/N) or Phillips systems, industrial mass polymerization is generally carried out either
with a slurry process or as a gas-phase process. In order to achieve compatibility with

current industrial facilities for polyolefin production, new catalytic systems, such as
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metallocenes and post-metallocenes, must be supported. Although supporting a catalyst is
leading to a heterogenization and generally reduces the catalytic activity, it provides
advantages in terms of the morphology control of the polyolefins and preventing
intermolecular catalyst deactivation (dimer formation).”! To optimize the performance of
the catalyst in this way, it has been shown that the amount of cocatalsyts (particularly
MAO) is dramatically reduced as compared to homogeneous conditions. Controlling
particle growth produces polymer particles with controlled shapes that replicate those of
the starting catalyst particles and eliminate reactor fouling (sheeting of the reactor walls
forms an isolating layer between the reaction medium and the cooled wall). As the selection
of a support is profoundly crucial for improving final properties of polyolefin products, a

brief overview of various supports and the requirements for support is described as follow.

1.6.1 Requirements for supports
The catriers (support materials) must have the following characteristics:™ *™
1. Spherical shape

Micrometer-ranged diameter

2
3. Narrow particle size distribution
4. Porosity

5

Mechanical properties : fragmentablity

These are practical reasons for these particular requirements. Spherical particles facilitate
handling of the product after olefin polymerization since the final polyolefin products
replicate the original morphology of the supports. Additionally, micrometer-ranged
diameters and narrow size distributions of supports are required to prevent agglomeration
of supports and to achieve regular size of the final products, respectively. High porosity of
supports affords increased surface area which leads to more places for immobilized
catalysts. Pores should also be interconnected (open-pore structure) so that the supports
can be broken into small fragments during olefin polymerization. The catalyst carrier must
be mechanically stable to avoid the formation of polymer fines (dust). On the other hand, it
must be sufficiently fragile to undergo fragmentation into particles of sub-micrometer size
by the hydraulic forces exerted by the growing polymer. Extensive fragmentation and
uniform particle growth are key features in the replication process to achieve good

morphology control.
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1.6.2 Inorganic supports

175

. . . . . oy 71-74 .
There has been intensive research in inorganic supports such as silica,”"™ alumina,'™ and

7671 Among them, amorphous and porous SiO, gels are most

magnesium chloride.
commonly applied as supports for MAO-activated metallocene catalysts, as they possess
high surface area and porosity, good mechanical properties, and are stable and inert under
reaction and processing conditions. To understand the silica particles, a general synthetic
procedure is given in in Figure 71-18, commercially applied porous silica particles are
agglomerates (secondary particles) composed of nanometer-sized non-porous granulates
(primary particles)."™ These primary particles are commonly prepared by neutralization of
aqueous alkali metal silicates with an acid.”™ The average sizes of the secondary patticles,

which should be in the micrometer-range, are mainly altered by the nozzle pressure of a

spray drying process with the primary particles. This process is suitable for large-scale

production.
Alkali metal
silicates Polymerization Aggregation
= - _—
with acid  g45her method spray drying + MAO
or hase process /Metallocene
Primary particle Secondary particle Secondary particle
(non-porous garnule) (porous agglomerate) (porous agglomerate
a0 ~ 200 nm 80 ~ 100 um with MAO/Metallocene)

50 ~ 100 um

Figure 1-18. Schematic drawing for silica particle preparation

Immobilization of the catalysts can generally be categorized by these three different

supporting methods:

1. Absorption on the support without pretreatment.™ 'l

[83 (84, 85]

2. Chemical modification of silica with MAO" alkylaluminum™, organosilanes.

3. In-situ synthesis of metallocenes on silica.”

1.6.3 Organic supports

Compared to inorganic supports, organic supports are relatively less studied. Since the
middle of 1990s, usage of organic-based support materials has been considered for
metallocene-supported polyolefin synthesis. Polystyrene (PS) is the most applied carrier
[86]

and the methods of catalylst immobilization can be classified in four categories:

1. Swelling process.
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2. Post modification of a preformed PS support.
3. Copolymerization of styrene with a functionalized ligand.

4. Via non-covalent bonding.

1.6.3.1 Swelling process

One of the simplest ways of supporting metallocenes on organic particles is encapsulation
of the metallocenes into polystyrene (PS) beads. The metallocene can be introduced in the
gel-type particles by a simple swelling-shrinking process carried out in the presence of a
solvent. By controlling the amount of divinylbezene as crosslinker, some properties such as
swellabllity and mechanical strength of the PS can be altered. For instance, very low levels
of crosslinker (< 1%) yield mechanically weak swollen resin networks, easily damaged by
shear. On the other hand, highly crosslinked gel-type resin networks, although
mechanically stronger, may swell too little even in a very ‘good’ solvent and not allow all

networks to be penetrated and exploited.

Supporting
Made porous Catalysts
— —_—

PS particle PS porous particle Catalyst-supported
S PS porous particle

+ Catalyst

PE contents

PS8 fragments

PE particle wit!-w_ PS fragments

Figure 1-19. Schematic diagram for the preparation of a PE-PS blend

Collman et al.*” reported that styrene copolymers crosslinked with 2 % of divinylbenzene
are mobile enough to allow ligands attached to the polymer beads to act as chelates.
Consequently, this copolymer is not rigid (solvent swelled) enough to prevent dimerization
of attached unstable species (to bring nonadjustment sites together). Hong et al.™
demonstrated a simple encapsulation technique to immobilize metallocene catalysts inside

the gel type-PS particles by the swelling-shrinking characteristic of the PS support, because

no complex chemical reactions are necessary. However, it is a potential problem of this
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method that the enclosed catalyst easily falls off during polymerization. By controlling the
amount of cross-linker (divinlybenzene), the influence of the swelling response of the
poly(styrene-co-methyl methacrylate-co-divinylbenzene) particles/Cp,ZrCl, was studied.”™
In addition, porous PS support particles were tested for metallocene catalyzed ethylene

polymerization.[%]

1.6.3.2 Post-modification of a preformed PS support

By a post-modification of a preformed polystyrene (PS), metallocenes have been chemically
linked to the PS. In particular, Grubbs and coworkers reported attachment of metallocene
(Cp,TiCL) on polystyrene (PS) bead via a step-wise chemical construction (Figure 1-20).1°
They observed the polymer-attached metallocene avoids dimerization of the reduced
metallocene complexes. Soga et al. also demonstrated the preparation of polymer-
supported metallocene catalysts  (azsa-metallocene  complexes) using lithiated

[o1

polystyrene/2 % divinylbenzene copolymer beads.”! Lately, Klapper et al. have introduced

cyclopentadiene (Cp) unit(s) to PS resins for the irreversible attachment of metallocene

which achieved by Diels-Alder reaction.””

. CHch NaCp @ @
CpTiCl,

&
O ©

Figure 1-20. The attachment of homogeneous catalysts to polystyrene-divinylbenzene
copolymer®

1.6.3.3 Copolymerization of styrene with a functionalized ligand

By a copolymerization of styrene with vinyl-functionalized metallocenes, polystyrene (PS)
resin-bound metallocenes have also been produced. In particular, Hu et. al. prepared
metallocene-bound PS resin by the copolymerization of styrene with ansa-zirconocene

complex bearing an allyl substituted silane bridge in the presence of radical initiator (Figure
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7-27)."" Jin and coworkers also demonstrated metallocene complexes with an allyl group

copolymerized with styrene.” Furthermore, copolymerization of styrene with a post-

metallocene (iron-based catalyst) bearing one or two allyl groups is performed.”

\\L N ~. n
Si/ + C0p0|ymerization= \Si

@ ZI_'/ 3} ﬂZ[R
‘% ci‘ ¢

Cl
Figure 1-21. Allyl substituted silane bridged metallocene and resulting copolymer
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1.6.3.4 Via non-covalent bonding
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Figure 1-22. Immobilization procedure of a metallocene catalyst on PEO-functionalized PS
nanoparticles

Supporting a metallocene via non-covalent bonding is a relatively new approach. As

activated metallocene species have a cationic character, they can be immobilized via
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nucleophilic interaction. Particularly, Roscoe et al. reported non-interacting polystyrene
(PS) support from chlorobenzyl-PS resin towards weakly coordinating cocatalyst.”” *
Klapper et al. demonstrated olefin polymerization with the metallocene/PS patticles
covered by methoxy groups™, poly(ethylene oxide) (PEO)> '™ or poly(propylene oxide)
(PPO) chains."" '™ The nucleophilic groups enhance the affinity towards immobilization
of the MAO/metallocene complexes through nucleophilic aluminum—oxygen interactions.
Furthermore, pyridine groups were introduced to remove trace amounts of trimethylamine

(TMA) that originate from MAO and also hamper activation of post-metallocenes.!"””
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2 Motivation and Objectives

The work presented in this dissertation includes two distinct aspects of the metallocene
catalyst field. First, immobilization technique of metallocenes on a fiber, spherical particle
and core-shell structured support are studied towards morphology control in polyolefin
synthesis. Second, modulating metallocene activity by controlling a size of borates based on

dendrimer-chemistry is studied.

Chapter 3 presents the usage of polyurethane particles as supports for metallocene-
catalyzed polyolefin synthesis. Since supporting metallocene is profoundly crucial for
industrial processes, finding a suitable support material is necessary. To date, inorganic
particles, particularly silica gel, have been studied and are dominantly used. Alternatively,
organic-based supports have also been studied due to their convenient modification.
However, introducing porosity to an organic support had not been conducted previously.
To fulfill the fundamental requirements of supports, such as micrometer-diameter, narrow
size distribution, controlled porosity and mechanical strength, polyurethane (PU) is
considered with various porosities, via control of the employed water in the emulsion
polymerization. Within this study, the effect of PU porosity on the catalytic activity will be

investigated.

The objective of the Chapter 4 is the direct synthesis of polyethylene fibers using
supported metallocene. Industrially, fibrous polyolefins are of interest as they can be used
in various fields. However, direct processing of polyolefins into fibers via electrospinning
has encountered limitations such as electrospinning in a melt state, usage of inorganic salts
to overcome low conductivity, removal of the salt, poor morphology control and changes
in microstructure. Therefore, usage of anisotropic supports would be an alternative method
to synthesize polyolefin fibers without further processing after olefin polymerization. Here,
spherical supports replicate the final morphology of the products. Electrospun fibers based
on polyvinyl alcohol (PVA) were used as supports for metallocene-catalyzed polyethylene
synthesis. In this case, however, the morphology of the final product was not controlled
due to the lack of interaction between metallocene and supports. To circumvent the
problem, introducing anchoring units such as nucleophilic groups to anisotropic supports
are considered. For instance, Jang and Naundorf in our group reported that polystyrene

(PS) nanoparticles containing poly(ethylene oxide) (PEO) groups are capable of interacting
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with pre-activated metallocene species (cationic character) strongly. Therefore,
transformation of PEO-functionalized PS nanoparticles into fibers is considered by colloid
electrospinning. Thus, these nucleophilic groups can be used for immobilizing pre-
activated metallocene complexes. The effect of this non-covalent interaction between

catalysts and supports in morphology control of final product will be investigated.

Chapter 5 is an extension of the work presented in Chapter 4. The objective of the
Chapter is demonstration of “concurrent tandem catalysis” towards the synthesis of linear
low density polyethylene (LLDPE) using ethylene as a single monomer feed. Since PEO-
functionalized PS nanoparticles embedded on electrospun fibers show a strong interaction
with metallocene catalysts and afford HDPE-coated fibers with well-controlled
morphology in Chapter 4, synthesis of LLDPE is subsequently considered to show the
typical applications of anisotropic supports. In order to perform tandem catalysis for
LLDPE synthesis using ethylene as a single monomer feed, the employed catalyst must be
adapted and work under the same conditions. As most metallocene catalysts for ethylene
oligomerization work under harsh conditions (over 30 bar of ethylene and above 100 °C),
finding a suitable oligomerization catalyst, which works under mild conditions (range of 1
to 5 bar of ethylene and below 70 °C), is the primary challenge. Another consideration is
the selective conversion of ethylene to oligomers (mainly C,-Cy fraction). Thus, a catalyst
(A) for ethylene oligomerization will be immobilized in silica particles and another catalyst
(B) for ethylene copoplymerization with the oligomers (in-situ generated by A) will be
immobilized on the electrospun fibers. The gas-phase tandem catalysis will be performed
using ethylene as a single monomer feed. Its tandem activity in LLDPE synthesis by
varying the ratio of [A]/[B] will be studied as well as the effect on the number of branches
and melting points Furthermore, the ability to recycle A will be tested since it is supported

on silica particles.

The objective of Chapter 6 is synthesis of UHMWPE having a layer of LLDPE to
enhance the processablity. It demonstrates the synthesis of spatially resolved polyolefins in
the same particle via selective catalyst loading of metallocene catalysts. Two metallocene
catalysts (A and B) are supported in the core and shell, respectively, via step-wise
construction. Since the synthesis of hard core-soft shell polyolefins in single particles using
ethylene as a single monomer feed is considered, three different catalysts are required as
followed: one catalyst (A) supported in the core is responsible to synthesize UHMWPE

whereas another catalyst (B) supported in the shell copolymerizes ethylene with a-olefins
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that are generated zz-situ by an oligomerization catalyst (C) supported on silica particles,
separately. Individual systems for LLDPE and UHMWPE synthesis will be initially tested
to qualitatively and quantitatively determine the roles of the catalysts. Thereafter, synthesis
of LLDPE-UHMWPE core-shell particles via a combination of tandem catalysis and
selective catalyst loading of metallocene catalysts will be conducted. Since these two
polyolefins coexist in a particle, GPC and DSC will show no evidence of the spatially
resolved core-shell particles containing two different polyolefins. Therefore, in order to
elucidate the inner-morphology of the spatially resolved polyolefin core-shell particles,
various microscopic techniques will be employed such as cryo-TEM, SEM, STEM with
EDX and hyper-mapping, AFM and LSCFM.

Chapter 7 presents the usage of hollow silica particles (HSP) as a support in metallocene-
catalyzed polyolefin synthesis. The objective of the chapter is to suppress the amount of
supports by using HSPs as supports. Supports for metallocene catalysts are required for
industrial processes. Ironically, residual supports often become impurities after olefin
polymerization. Furthermore, the supports hamper the clarity of the polyolefin product.
Therefore, minimizing the amount of supports is considered by using hollow supports.
HSPs are synthesized by a sol-gel method on polystyrene-co-acrylate microspheres as
scarifying templates. By controlling the immobilizing procedure of metallocene catalysts
with the HSPs, the catalyst can be immobilized either inside or around the HSPs. After
olefin polymerization, the locations of fragmented HSPs will give an evidence to identify

the immobilization place.

Chapter 8 investigates modulating the catalytic activity of metallocene catalysts by
controlling the size of borates as cocatalysts. Methylaluminoxane (MAO) (aforementioned
in Chapter 1) is a strong and mostly applied cocatalyst for metallocene complexes.
However, MAO has drawbacks such as undefined structure, required usage of excess
amounts, expensive raw material (trimethyl aluminum) and storage issue. As an alternative
cocatalyst, boron-based cocatalysts have been studied. Unlike MAO, boron-based
cocatalysts have a chemically well-defined structure and require only a stoichiometric ratio
to metallocenes. However, studies on boron-based cocatalysts have been relatively less
reported due to their sensitivity towards impurities and difficulties to control reaction
conditions. It is speculated that the catalytic activity of metallocene species can be
controlled by electron density of the central metal. To control the electron density,

lowering the ionic interaction between cationic metallocene species (activated form with a
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vacant site) and cocatalyst (counter anion, e.g. borates) can be considered. Indeed, Marks
and Eugene reported that catalytic activity of metallocene towards ethylene polymerization
is enhanced by modulating the diameter of borates with bulky groups on para-position of
commercially available borate, B(C,F;),. As one of the specialties in the Mdllen group is
dendrimer chemistry, introducing tetraphenyl dendrons groups on para-position of B(C(F;),
is considered to increase the size of the borate. By increasing the generations of dendrimer,
the size of the borates can be chemically tailored, and thus the anionic character of borates
on the outer surface of dendritic borates can be suppressed. Using these bulky and rigid
dendritic borates with different generations, the influence of the various borates on the

catalytic activity of ra~-C,H,(Ind),ZrMe, will be studied in a homogeneous condition.

Chapter 9 provides a summay of Chapters 3 — 8 and an outlook to the future of the
polyolefin field with a few suggestions based on experimental knowledge. In particular, via
copolymerization of ethylene and poly(ethylene oxide) (PEO)-functionalized norbornene
using metallocene, the obtained copolymer can be applied as a binder for membrane in
batteries. Since the copolymer possesses PEO groups as a strong anchoring unit, inorganic
particles such as alumina or silica can 