CHAPTER II

LITERATURE REVIEW

2.1 Metallocene Catalysts

2.1.1 Role of Metallocene Catalysts for Olefin Polymerization

catalysts are operative 1 V. g industrial plants, that are presently used for

polyolefin manufacture refolufignize the -hnol o;..v\ the production of these

O r needs and the appropriate
technology must be used tg'p : : \ 1 the required properties. This
requires detailed knowledge a d=know-h of relationships among processing
conditions, polymer structy mer | ' or catalytic polymerization
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plays the key role, as shown on Flgure 2.1, in the choice of process and product
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2.1.2 History of Cataly S?sg)g_q 0] (in Polymerization

ased on titanium trichloride and
diethylaluminum chloside atalyst was m: y Ke 1Ziegler, who succeeded in
polymerizing ethyle _—%;S at standard pressure
1tutﬁn Mulheim. A little later,

Natta, at the Polytechni%aunstitute of Milan, was able to demonstrate that an

appropriate Catﬁ‘ﬂﬂqqsﬁ)w ?Wg}ﬂﬁ into semi-crystalline
g | (

polypropene. Ziegler and Natta shared a Nobel Prize for Chemistry in 1963 for their
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Ziegler-Natta catalyst has been widely used in olefin polymerization;

and room temperature i 19

the coordination polymerization allows the catalyst geometry around the metal center
to control the polymer structure. In homogeneous polymerization, the ligand of a
catalyst largely controls the geometry of an active metal center on which the
polymerization reaction occurs. However, the molecular structure of the polymers
cannot be controlled well for conventional Ziegler-Natta catalysts because these

catalysts are heterogeneous with different types of catalytic sites.



The metallocene catalyst system discovered by Kaminsky has proven
to be a major breakthrough for the polyolefin industry. Metallocene catalysts show in
contrast to conventional Ziegler-Natta catalytic systems, only one type of active site
(single site catalyst), which produces polymers with a narrow molar mass distribution
(My/M,, = 2). The molecular structure of the metallocene catalysts coan be easily
changed which allows control of the structure of polyolefin produced with these
catalysts. Many metallocenes are soluble in hydrocarbons or liquid propene. These

properties allow one to predict accurately the properties of the resulting polyolefins by

knowing the structure of the cat their manufacture and to control the

resulting molar mass and content and tacticity by careful

selection of the appropri . WOH, their catalytic activity is
10-100 times higher than f i ical Zi atta systems.

ventional aluminum alkyl

cocatalyst used in Zie [ e nde a olymerizing ethylene, but

only at a very low i o 1 overy and application of

methylaluminoxane (MA Sifit o0 414 1030, it possible to enhance the

activity, surprisingly, by a fator & 100000 » MAO played a crucial part in
F :

catalyst systems for mp mengof the catalyst system has

been conducted to dchseve=hs activity and t 3 higher molecular weight
polyethylene. Modifications of 1y er@nvestigated in non-bridged
and bridged zirconocene c.gtalysts (Alt and Ko pl 2000).

@uﬂ a Iﬂﬂ Wlﬁtrm "Jsf] iharactenstlcs can be
custom-made just b ying the li the ﬁfgc ing different
olefins aiﬁ a" ﬁﬁ ﬁﬁlﬁjﬁ mgje an be further
broadened The production of polyolefins with tailored microstructures and of
chemically uniform copolymers has not yet been achieved by conventional
heterogeneous catalysts (Kaminsky and Laban, 2001). However, extensive research
has been devoted towards metallocene catalyst studying modifications of the catalyst
system, which leads to specific changes in catalytic activity and product
characteristics (Scheirs and Kaminsky, 1999; Alt and Koppl, 2000). The development

of metallocene catalysts has not yet been concluded, and studies are required to



increase the understanding of several important factors which affect catalytic
performance, such as transition metal-olefin interaction, metal-alkyl bond stability,

influence of other ligands, and steric effects of the other ligands.
2.1.3 General Structure of Metallocene Catalysts

Metallocene catalysts are organometallic coordination compounds in

which one or two n-carbocylic ligands such as cyclopentadienyl ring, substituted

where Mt = Group 4, 5, or 6 trassitic 'g. Zr, Ti or Hf)

A = an optional ving unit consis | atgms in the backbone

T

R = hydrocaibyl ‘ (indenyl, fluorenyl and

substituted derivative
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Figure 2.2. T)édcal chemical stfucture of a mtallocene catzaal (Alt, 1999)
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Single site catalysts can be divided into five main symmetry categories,

which influence on the polymer architectures as shown in Figure 2.3. It is assumed
that the polymer rapidly equilibrates with the available coordination site for the
purposes of assigning symmetry. Catalysts exhibiting C,, symmetry typically produce
atactic polymers or moderately stereoregular polymers by chain-end control
mechanisms. Cs-symmetric catalysts that have mirror planes containing the two-

diastereotopic coordination sites behave similarly. However, C;-symmetric catalysts



that have a mirror plane reflecting two enantiotopic coordination sites frequently
produce syndiotactic polymers. C,-symmetric complexes, both racemic mixtures and
enantiomerically pure ones, typically produce isotactic polymers via a site-control
mechanism. Stereoselectivities of asymmetric (C;) complexes are unpredictable and
have been reported to produce polymer architectures ranging from highly isotactic, to
atactic, including isotactic-atactic ~stereoblock and hemiisotactic. Polymer

architectures relevant to this modification of ligands are shown in Figure 2.4.
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Figure 2.4. Common polymer tacticities (Coates, 2000)
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2.1.4 ‘Tailoring’ of metallocene catalysts (Long, 1998)

Extensive research has been devoted towards ‘catalytic tailoring’ with
modification of the catalyst system leading to specific changes in catalytic activity
and product characteristics. This requires an understanding of the physical properties
involved in ligand modification and there are several important factors affecting
catalytic performance:

(a) Transition metal-olefin interaction. The olefin has a basic character with respect to

onor. The o- and m-bonds formed

tivate the olefin for insertion.

MeBRsalkyl) bond. The stability of

olefin co-ordination t with i a 1 fin size due to steric factors

between the metal and

Olefin co-ordination a

and the energies of ¢ g i ved inbonding to the metal.

(b) Metal-alkyl bond 1jay. -adjus men 1 -R bond is possible by
variation of ligand e 1 ould be unstable to permit
facile opening and ole -alkyl bond but also strong
enough to favor catalyti of this bond depends on R itself
and the stability decrease he e t> (CH;),CHj3. Olefin co-ordination
is also another method of we’&!ﬁ;:'?&g ‘ bond in preparation for migratory
insertion. LT

(c) Influence of other g ‘onsidering the Cp 11 i1 substituents attached to

them, then if the liga ' ction donor it will reduce the

positive charge on the ;petal. This weakens the bonding between the metal and all
other ligand lylhvﬂl Hﬁm akmg insertion more
facile. Conveqe?y,J 'gs will so stabilize oxidation state complexes and
mak Tﬂyfﬁeﬂ El);qiyla'{gso a balance
Tt

(d) Steric effects of the other ligands. Bulky ligands will aid stereospecific olefin co-
ordination and polymerization. Steric effects influence the coordination of bulky
monomers and selectivity towards different monomeric species in a
polymerization reaction can be maintained. The coordination site can be opened or
closed by controlling the angle that the cyclopentadienyl rings tilt away from each
other. Shortening or lengthening the bridge in ansa-metallocenes can iead to much

improved monomeric stereoselectivity.
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2.2 Methylaluminoxane Cocatalyst

The importance of cocatalysts in metal-catalyzed polymerization processes
can be appreciated as follows. First, to form active catalysts, catalyst precursors must
be transformed into active catalysts by an effective and appropriate activating species.
Second, a successful activation process requires cocatalysts which retain the nature of
the catalytic site and do not have adverse effects on the polymerization kinetics and

polymer properties. Finally, the cocatalyst, which becomes an anion after the

activation process, is the vital fc active cation-anion pair and may
significantly influence pol et and polymer properties (Chen

especially methylalumingx@ng C )5 “whicl maximum activity.
| ) and oxygen atoms are
arranged alternately and #regfvale ‘ “areds i ied by methyl substitutions. It is
prepared by carefully cont 1ofl fatinl riydd olysis of imethylaluminum (TMA) and
: L " ., 1996 and Ystenes et al., 2000.
has been shown to proceed via the

The hydrolysis of AIR; (R = Mg
i Eguation 2.1 (Barron, 1993),

, _‘,-'/‘ﬂk* ¥
formation of an alkylalymifiu

which subsequentlyb it dialkylaluminum hydroxide

complex. This rapidly Es1 or larar oligomers in solution as

shown in Equation 2.2.

ﬂ%ﬂ] %‘I%Jﬂﬁ«MJo"lﬂ‘a' @

AlR (H,0) 1/n [ReAl( zj] + RH

he stmiﬂ'lﬁ\mﬁ BN W ELLRLEL (avoneea

which contains four aluminum, three oxygen atoms and six methyl groups. Although
very extensive research has been carried out in both academia and industry, the exact

composition and structure of MAO are still not entirely clear or well understood.

The proposed structures for MAO in the open literature shown in Figure 2.5
include: (1) one-dimensional linear chains; (2) cyclic rings, which contain three-

coordinate Al centers; (3) two-dimensional structures and (4) three-dimensional
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clusters. The three-dimensional structure (4) proposed by Sinn, 1995 is based on
structural similarities with zert-butylaluminoxanes, which form isoluable and X-ray

crystallographically characterizable cage structures (5).

metallocenes may exHibit! Wi ly d ering activ y flefin polymerization. The
hardly be 56 6f the multiple equilibria
present in MAO soluticE, e nal trimethyla umm@ in MAO solutions appears
to participate in equilibriasthat interconvert yarious MAO oligomers (Giannetti ez al.,

1985: Resconi ﬂ ulgow 81(}3%&4 ‘f}4ﬂp sent in typical MAO

solutions: “free” TMA and “assoc1ate9” TMA shown in Equation 2. 3

ol ORIDIAUAMININAY .,

"' Associated" "Free"

Tritto et al. (1997) found that cryoscopic MAO molecular weight decrease
after AlMes addition according to a linear relationship, which is caused by
disproportionation reactions. However, recent in-situ FTIR spectroscopy
investigations do not indicate any obvious reaction between TMA and MAO

(Kaminsky, 1999). Nevertheless, in light of its complicated, unresolved structural
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features, MAO is usually represented for the sake of simplicity as having linear chain

or cyclic ring structures [-Al(Me)-O-], , containing three-coordinate aluminum centers.

Up to now the most favorable proposal for the active MAO species is to
assume a cage built from six-membered rings, which consist of MeAlO building
blocks. In such cages there are monomeric AIMes; molecules that have the following
functionalities: alkylation of the metallocene dichloride complex and the formal
abstraction of a methyl anion from sition metal to give a metallocene
monomethyl cation that is s ) / %AO anion Figure 2.6 (Alt and

Koppl, 2000). b ’ | —

Figure 2.6. Model for an M2 &gk .A n activated metallocene complex

(Alt and K6pp

Since these dis¢Overie y important cocatalyst for

metal-catalyzed olefin po}ymcnzatxon However the ‘gsadvantagc of this class of
cocatalysts is ﬁrﬂfﬂ wmﬂ flr?e into the polymer,
which can cau ¢ problems “when pol olefins ermal composed (Alt and
“rIRIANTUANINYAY

q

Recently, the modification by evacuated MAO was studied. Ioku et al. (2002);
they found that dried methylaluminoxane (MAQO) which was free of Me;Al, was more
active than the standard MAO system, resulting in a steady polymerization rate and
giving higher M,, polypropylenes. Additive effects of trialkylaluminum on the dried
MAO system showed that the polymer yield was increased by the addition of i-Bu;Al
and Oct3Al and decrease by Mes;Al and Et;Al.
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2.2.1 Interaction of Metallocene with Aluminoxanes and Nature of Active

Species

The interaction of metallocene with aluminoxanes has been studied in
detail. Metallocene dichloride reacts with methylaluminoxane to yield a methylated
compound (Figure 2.7) It undergoes either methyl or chloride abstraction to generate
metallocene methyl cation (Giannetti et al.,1985; Chien et al.,1988). The research

work reported by Marks, Bochm \ rdan and others gave synthetic and

(Cp2MR)]" are the active species
(Yang et al.,1991; Hlatky.etf a - ction of dichlorozirconocene,
methylchlorozirconocene and dimethylzit sne.with MAO has been studied by x-
ray photoelectron spectrosg assme 987). The results indicated
the formation of cationic fctallogeng wad \O as (he counteranion. Spectroscopic
evidence for the formatiopfo £ i6 spee is, ..‘.‘ orted by Marks et al., 1992
“The solid-state *CPMAS-NMR

who studied the reactic .
a \ a cation like the Cp,ZrCH3"

study at different Al/Zr #2 2
species. The data also inflicate th o the ALZr s1 hiometry required to form this
_ & ] atalyst reaction. Siedle ef al., 1990
employed solution 13C- s@- démonstrate that dimethyl metallocene
24(3CHy),,  (MeCp)yZe(PCHM),L )  (Indenyl),Zr("*CHa),,

ad nerate methyl exchange
VIEgAl, and &eA]O), (see equation 2.4).
The kinetics o ﬁgenerat‘ methyl exchangedndicates that steric effects are important

H&Qyﬂ %‘lm ﬁ %ﬂ ’Hﬂ %ctromc effects in the

formation of catlyuc species.

ARAINIUUMINEY

ZI'( CH3)2+MC3A] — CPZx

such as 7
M6281(C5H4)2Zr(13C Vo
with methyl acceptor cmnpounds su

determinants o

(2.4)
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Figure 2.7. Postulated m: % forme 0. of thé,active species in the reaction

between m : alum ane (Zucchini et al., 1993)

2.3 Polymerization Mecha

Sl '
B : by zirconocene catalysts has
e —————————————————————————————

The mechanist
been many theoretic ‘_V‘ aechanism and the Trigger
mechanism. However, lalkylation and reduction of t@ metal site by cocatalyst

(generally alky]aluminum"obalkylaluminoxegc) is believed to generate the active

s e SHGRBNT NN T
DT TR T e

monomer is coordinated with a highly electrophillic and coordinatively unsaturated
cationic complex. It is followed by insertion of a monomer in the metal-carbon bond
to produce a polymer chain. The migration of the polymer chain and the formation of
the metal-carbon bond occur in concert through a four-center transition state. These
results in the reaction of a vacant coordination site at the site originally occupied by
the polymer chain. This process involving shifting of the growing chain to the

position previously occupied by a coordinated monomer continues until termination
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of the polymer chain. The proposed mechanism of metallocene-catalyzed

polymerization is illustrated in Figure 2.8.

g\ R CHp=CH;, @\,s/ﬂ @\
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Figure 2.8. The mech _ 50] 1t i ing metallocene catalysts.
2.4 Chain Termination an

Chain termination ansfer mecht ave tremendous influences
on the nature of the pelymer—in-metatiocene= fefin polymerization (Gupta

et al., 1994), the te uis through a chain transfer

involving B-H ehmmatxon B Me ellrrunatlon chain transfer to aluminum or chain
transfer to mon )3 trated in Figure 2.9-
Z13 respectivelEJJAei;ﬁ"‘g echanisms propiﬂ above are dependent on the nature
of the esconi et al.
( 1992)?&1%? ﬁﬁﬁiﬁﬁﬂj j\aﬂ‘ﬂiﬂl he propylene
polymenzatlon reaction due to the different metallocenes and reaction conditions.
sz*MClleAO (Cp* = pentamethylcyclopentadienyl; M = Zr, Hf) gives atactic
propylene oligomers and low molecular weight polymer. The GC-MS and 'H-and
BC.NMR analyses of the products show the presence of unsaturated and saturated end
groups. The unsaturated end groups contain vinylidine and alkyl groups. Product

analysis shows that both M-CH3 and M-H bonded active species are involved in the

chain termination step involving B-CHj; and B-H elimination.
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Figure 2.9. Chain tran it Y ‘ ation (Resconi et al., 1992)
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Figure 2.12. Chain transfer to monomer (Gupta et al., 1994)
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Figure 2.13. Chain transfer to hydrogen (Alt and K6ppl, 2000)

An important de( 1vated catalytic systems is a-

hydrogen transfer, whic : ane (Kaminsky, 1996). The
methane production i

TMA.The deactivation

formation of inactive spe ’ | or Z »=£r structures in Equation 2.5.

t an with less Lewis acidic

might be attributed to the

Although these inactive s ' .,:.,L Vate a transmetallation reaction with

MAO and lost Al-CH,-Al st ' xcess MAO, forming L,Zr(CH;)" and Al-CH,-

2§ffAl—-O— 2.5)

ﬂusqwswﬁwawni
Wﬁ&ﬂﬁfﬂmnwmaa

LeZr*-CH, + —O-Al—CH;—AI-0 -
CH3 CHy

Fischer et al. (1993) found that there is another type of deactivation, which is
fast and second-order relative to the active site concentration, in the Cp,ZrCl,/MAO
catalyst system and subsequently proposed a reversible + irreversible deactivation
process kinetic scheme to fit the decay of the polymerization rate as a function of time

(Equation 2.7). The mechanism involves reversible second-order deactivation
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combined with a slower irreversible deactivation of the active and/or dormant
zirconium sites, which may involve interactions between active as well as inactive Zr
sites (binuclear processes). The reversible conversion of active cationic zirconium

sites into dormant neutral zirconium sites is shown in Figure 2.14.

. K ka
2C =—C—=C; @.7)
Active k" Dormant Inactive

ZrCp,B Y

| e
Figure 2.14. Mecha __'3‘“ ‘

]

econd-order deactivation

‘v-l.
2.6 Cyclic Olefin Copé!

)

- Ty
A few years a tﬁuﬁi cover the' Zj -Natta catalysts, attempts were
made to polymﬁeﬂ I nﬁﬂﬁcﬁﬁﬂl ir to 1984 and based
on heterogeneousqﬂT i or V catalysts, Had many disadvantages. These disadvantages
includetﬂthﬂta a@dﬂﬁ.mwﬁ%ﬂ} wmr’e]iacﬁl to control. A
breakthro&h was finally achieved with metallocene/methylaluminoxane (MAO)
catalysts (Ruchatz and Fink, 1998).

Metallocene catalysts are effective not only for polymerization of common
olefins, such as ethylene and propylene, but for polymerization of cycloolefins. Key
for high activites is the selection of the right cocatalyst. Methylaluminoxane (MAO)
activates most of the transition metal complexes in an extremely way. Meanwhile

also other bulky cocatalysts such as perfluorinated phenylboranes and
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aluminosilicates can be used. Metallocene/methylaluminoxane (MAO) catalyst can
be used to polymerize and copolymerize strained cyclic olefins such as cyclopentene,
norbornene, DMON and substituted norbornenes (Figure 2.15). While polymerization
of cyclic olefins by Ziegler-Natta catalysts is accompanied by ring opening,
homogeneous metallocene, nickel palladium catalysts achieve exclusive double bond

opening polymerization (Kaminsky and Laban, 2001).

metallocenes (Kaminsky,

Homopolymerizati ’_' ! ns i 0 Opening polymerization by
means of metathesis ( csults'- m“elastome aaterials. The metallocene
homopolymers feature tw@' ¢ " er r monomer unit therefore are ditactic.
7 hital yclic and prochiral, polycyclic

types. Polymerization of b.?.- - by jchi ial metalocenes may yield tactic,

crystalline homopolym lyme clic)olefins are produced by
aved a high glass transition
temperature and are ng elastic. 'V atactic p@mers can be dissolved in

hydrocarbon solvents at ledstto some extent,gactic polymers are hardly soluble.

AULINBNTNEINT

Tactic poly(cycloolefins) are }mt processibl&c' due to their l&i}gh melting points
but by oa d]sztr? mlﬁlﬂnf]mg W ﬁraogjms COCs can
be produqe , representing a new class of thermoplastic amorphous material
(Kaminsky and Noll, 1993). Early attempts to produce such copolymers were made
using heterogeneous TiCl/AIEt,Cl or vanadium catalysts, but first significant
progress was made by utilizing metallocene catalysts for this propose. They are bout
10 times more active than vanadium systems and by care choice of the metallocene,
the comonomer distribution may be varied from statistical to alternating. Furthermore,
the glass transition temperature can be varied over a wide range by selection of the

appropriate cycloolefin and its degree of incorporation into the polymer chain.



21

Statistical copolymers become amorphous at comonomer incorporations beyond 10-

15 mol% cycloolefin.

The first metallocene-based COC material was synthesized from ethylene and
cyclopentene (Kaminsky and Spiehl, 1989).  While homopolymerization of
cyclopentene results in 1,3-enchainment of the monomer units (Collins and Kelly,
1992), isolated cyclopentene units are incorporated into the ethylene-cyclopentene

copolymer chain by 1,2-insertion. Eth is able to compensate the steric hindrance

at the o-carbon of the growin fore the insertion of cyclopentene.

Main industrial interest is pai ‘ > copolymer.
‘ .
Cyclic olefin co 00s) {»‘.u._‘n, by excellent transparency
and very high, long-life segiCedemne S. \' soluble, chemically resistant

| carbon/hydrogen ratio, these polymers

feature a high refracti x4 alg. T:53% o étt \ >-norbornene copolymer at 50
mol% norbornene incorpbr: ‘Thelt istabilil agaifst hydrolysis and chemical
degradation, in combinatic 18y §.ﬂ ffness’ le \ become desirable materials

for optical applications, e.g
(Cherdron et al., 1994).

nses, optical fibers and films

2.6.1 Copoly h;-i-- ------- ' tithylene : \‘

The structmc of biscyclo[2.2.1]hept—2-cne,mbetter known by its trivial
name norborne ﬁﬂ; grw m mt Tn be polymerized in
three different @s fllustrate r&2117. 1t i itlyo ant to note that each
route leads to its own polymer type iﬁ iﬁif)i.a\ i SHPTC éﬂﬁopeﬂies from
the otheﬂww ’] a dﬂ %p ‘ ﬁ i

q
7
& \
2 norbornene
574

3
1

Figure 2.16. The structure of norbornene (Janiak and Lassahn, 2001)
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ROMP

& lb cationic or radical

?

1
1l
—
- 3 . lg L
[l

ene is the ring-opening

metathesis polymerizati ). ion, 1§ hnically applied in the

ilkenamer which still contains

double bonds in the po y aekd hrough the double bonds the polymer

It is alsowpo and to leave the bicyclic

structure unit intact, §'6- {0

\»ﬁ the n-component. The
product does not COHtE‘l any onds. @ vinyl polymerization of

norbornene can take placg-a a homo- or copolymenzatlon Occasionally the

e A O am‘a'nw B
O L e

ethylene ahd propylene) olefins. Cycloolefin copolymers (COC) are produced by
copolymerization of these cyclic olefins with ethylene or a-olefins. Such as
copolymerization can be carried out with metallocene and half-sandwich/MAO-
catalysts (Ruchatz and Fink, 1998; Kaminsky and Noll, 1993; Kaminsky and Spiehl,
1989). The COC’s can be melt-processed. The materials can be extruded to foil,
tubes, pipes, fibers, etc. Their high transparency makes them ideally suited for optical

applications. Cycloolefin copolymers have high refractive indices close to crown
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glass. Thus, cycloolefin copolymers can be applied as a glass substitute in lenses,
prisms, carrier plates and foils for optical data storage, video and compacts disks.
They are envisioned as cover and focusing plates for solar cells or in glass fiber optics.
Hoechst and Mitsui Sekka have jointly developed a highly transparent technical
plastic: a thermoplastic olefin polymer of amorphous structure (TOPAS). TOPAS is a
copolymer from norbornene and ethylene made through metallocene catalysis (Janiak
and Lassahn, 2001).

Polycycloolefins | ' Vy llocene catalysts show no melting
point. They cannot be pr I-like t&e g lymers and therefore they are
—

of no commercial intere sthylene cyc ) opolymers, however, do show

thermoplastic behavior 468¢ ) he cresting properties.  Ethylene-
norbornene copolymers aiof ) fig ray ent, and chemically resistant.

The copolymerization : lerie=and notbomenhe were carried out with

Figure 2.18. Ethylé 1__ tallocene/MAO catalyst

(Ruchatzﬁnm, )
UH NN TN AN T e o

transition temperg{ures which can begset from 20 9,260°C by varying the norbornene

onen @ R AT G R D b e

copolyme can be controlled from statistical to alternating. The insertion of

norbornene units into the growing polymer chain is very easy. As seen by the
copolymerization parameter r;, which is between 2.0 and 3.4 and shows how much
faster ethylene is inserted than norbornene when the previous insertion was ethylene.
The copolymerization parameters r; and r, of ethylene and various cycloolefin

copolymerizations with different metallocene/MAO catalysts are summarized in
Table 2.1.
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Table 2.1  Copolymerization parameters r; and r, of ethylene and cycloolefin
copolymerizations ~ with  different metallocene/MAO  catalysts
(Kaminsky, 2000)

Cycloolefin Catalyst Temperature(°C) r r rr
Cyclopentene [En(IndHy),]ZrCl, 0 1.9 <l ~1
Cyclopentene [En(IndHy),]ZrCl, 25 2.2 <l ~1
Norbornene [Me,Si(Ind),]ZrCl, 30 2.6 <2 ~1
Norbornene [Me,C(Fluo)(Cp)]ZrCl, 30 34 006 02

Norbornene [Ph;C(Fluo)(Cp)]ZrCl_z » 2.0 0.05 0.1
Norbornene  [Ph,C(Fluo)(Cp)] : | 30 005 0.5
Norbornene v 31 0 0

DMON 7 70 002 0.4
DMON [Ph,C(Ind)(Cp - . . 64 010 064
DMON [Ph,C(Fluo) Cpyifitel,/ /. 5 . 71 004 028

2.6.2 Activity a

from Various Types of Metalloé ne..ﬁ' ...' /)

..ll‘{":.f-‘ ;l‘
Kaminsky and Nol}j{1993) cam

and ethylene with | the Cs-
[Ph,C(Fluo)(Cp)]ZrClLy:
[MeSi(Ind),]ZrCl, and/[Ph,Si(Inc
MAO as cocatalyst. It gcome clea
for the two type of catalysts =The C,-symmetrical catalyst/MAO were hlghly active in

o . ) VHELTAS BABIAHT Vo ety i

increasing norboﬂene-cthylene ratio, Whereas t e Cs- symmetn@ catalysts had a

compleQ Wq.ﬂg&)ﬂejw &d%q ’go‘nc%ja@as Eljowed a slight

maximumiin activity as a function of monomer ratio cporp : Cethylene -

' ‘ locene and Cyclic Olefin

put 'copolymerization of norbornene
plexes [Me,C(Fluo)(Cp)]ZrCl, and

) é‘g etrical  pre-catalysts
)

were activated by using

e ymerizaan rates were quite different

The reaction behavior clearly indicated better sterical prerequisites of the
Cs-symmetrical catalysts for the insertion of bulky olefins. The shorter bridge of the
Ci-catalysts results in a wider opening angle of the ring ligands around zirconium,
thus, creating a larger coordination gap (Herfert er al., 1993). The catalyst symmetry

could also be correlated with the stereochemistry of the polymer chain.
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Figure 2.19. Structure of the metallocene used in ethylene and norbornene

copolymerization Kaminsky et al. (1993)

Furthermore, Kamin iban (2001) compared activities and

incorporation of norbornene i opolymer for different catalysts.

nd:@ under the chosen conditions

[En(Ind),]ZrCl, develoﬁ—‘ the highest comonomer

incorporation is achie

The result were displaye

to different incorporation
ratios of the cyclic ol nsition temperature of the
random copolymers can asically independent of the

applied catalyst.

Table 2.2 and ethylene by different

metallocene/M A '-1-'“""7? Q°C

A ..f '
Catalyst i | 7;7 i ,g___»r Incorporation of
i"\" norbornene (wt.%)

Cp,ZrCl, ‘ u 214
rac-[En(Ind),]ZrCl, 9120 26.1
rac-[Me,Si(Ind);] 3 { 28.4
rac-[En(IndPL;)ﬂZﬁ u EJ‘ 1/] EJ V] W EJ ’] ﬂ i 28.1
[MezC(FIU)(CP)]ZrC 2
[thC(Fhﬁpw aﬂ ﬂ‘jm i] m’] ﬂ EI’-] qg_l
[Ph,C(Ind 2950
[Me;C(Flu)(tert-BuCp)]ZrCl, 30 1133 28.0

Bergstrom et al. (1997) compared Me,Si(Ind),ZrCl, and rac-
Et(Ind),ZrCl, as the catalysts were used in ethylene and norbornene copolymerization.
For Me,Si(Ind),ZrCl, could see more block sequences but less alternating sequences
in obtained copolymer than rac-Et(Ind),ZrCl,, which seems to have had a decreasing

effect on the T,. Also the yields and activities were lower for Me,Si(Ind),ZrCl,.
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B.-G. Jeong et al. (2003) found that 2,2’-CHx(1,3-Me,Cp),ZrCl, catalyst
(A) showed much higher activity in ethylene and norbornene copolymerization and
norbornene incorporation ability than rac-Et(Ind),ZrCl, catalyst (B), due to the
electronic effect and the less steric nature of the ligand structure and the absence to
any substituent on the B-carbons of the cyclopentadienyl ring in the metallocene
complex (Lee et al.,2002). Thus, the nature of no steric hindrance on the reaction site
of Catalyst A results in an easy approach of a bulky norbornene. Relative lower

molecular weight copolymer were pro by Catalyst A than Catalyst B.

Ruchatz and results of the detailed °C —
NMR analysis of the di -narbg mers. The catalysts can be
classified into three o 2.20. The reason for this

: ‘ \\ » —
as; SNoO [) | O o
different reaction behayi ; / of dif \

origin of difference in

ect. The existence and the

"‘.- ra“'-‘,| 0
. "‘
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g from meso/racemic sequences
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were demonstrated in Fig

longer norbome only isolated norbomene units and
/ ‘ T 5 altemating monomer sequences
DA sacic 4 Bomcte 7 1
PAFICHIZC, Me.sununm-m‘dag-mn , § A3 Mo CoFLIZIC,
nmopm Pr((&mcpmm iPr(3-Prop-Cp)FulZCl,
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Figure 2. 20 Microstructure of ethen-norbornene copolymers independence of the

catalyst used
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syndiotactic

Figure 2.21. Segments of isotactic and syndiotactic alternating ethylene-norbornene

copolymers (Tritto et al., 2001)

cd norbornene and ethylene

using rac-Et(Ind),Z at there is an optimum

temperature and optim

L be used in order to obtain

high incorporations of nOhomer, & increased  glass transition
temperatures and that the Jetties “¢a ' further increased by increasing the
catalyst concentration, the monomer content in the reaction

mixture.

—
fluence of polymerization

ene.@opolymers by using rac-
Et(Ind),ZrCl,/MAO and M Sl(Ind)zerlz/WO catalyst systems. BC.NMR was

st s LYY PEIRG AR Gromer. 1 v

catalysts the highgst amounts of bloc‘l’( sequences were obtained for hlgh norbornene

concent Ejmn‘? gjm 61 m Ej temperature.
There we ting sequences for high norbornene concentrations and

high polymerization temperatures. Three basic sequence possibilities for norbornene

Bergstr o

conditions on microstyture 0

in addition polymerization were shown in Figure 2.22.
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Isolated Norbornene Unit:  Alternating Norbornenc-Eiliene Unit' Norborncnc-Norbornenc 1iads:
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7 5 7a 5b b
% 5 s 6b 3
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Figure 2.22. Three basic sequence possibilities for norbornene in addition

polymerization (Bergstrom et al., 1998)

(z_ phenylnorbornene (PN) or
.’ —

o the same catalyst systems, T, increased

Later in
indanylnorbornene (IN) "
linearly with increasing ¢

rac-Et(Ind),ZrCl, the e

n copolymerizing PN with

were higher than in the
monomer and the exo/eng 7g polymerization time and
ethylene pressure. When using Mes i rid, however, the exo/endo ratios
were about the same iner \ \ e omonomers. For longer
\_‘ ['distributions, higher exo/endo
ratios and higher Charpy i basic enchainment possibilities for

norbornene in addmon polyme e ed in Figure 2.23.
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Figure 2.23. THree basic enchamdnent possxbllmes for norb%xpene in addition
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M.-J. Young et al.,(2003) studied the effect of reaction condition on the
molecular weight, polymer yield, and polymer structure of metallocene cyclic olefin
copolymer (mCOC) and proposed polymerization kinetic model to accurately predict
the reaction results. Both the catalyst activity and polymer yield decreases at elevated

reaction temperature. Catalyst concentration possesses an optimal operation value for
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catalyst activity. Both the glass transition temperature and the number average

molecular weight of copolymer product are affected by ethylene operation pressures.

B.-G. Jeong et al. (2003) demonstrated the influences of the
polymerization temperature and ethylene pressure on catalyst activity and the
properties of ethylene and norbornene copolymers produce by 2,2’-CHy(1,3-
Me,Cp),ZrCl, and rac-Et(Ind),ZrCl, in the present of MAO as a cocatalyst. The

glass transition temperature of the r increased with increasing temperature

or decreasing ethylene press nded on the norbornene/ethylene

ratio.

vestigated the mechanism of the alternating
ethylene/norbornene v ' :- y \ e - 1Cp)(Flu)]ZrCl, with MAO
as catalyst. The resul A - \' Specially the temperature of
reaction, may influence \ picrostructure of the polymer
produced. The metallocghe th | \ are not only interesting for
mechanistic studies but have pot ’_ of , e microstructure of copolymers.

Ekizogloth 3) s ________._ -norbornene copolymer
¢ lenc p

using Me;;Si(Me4C \‘, e of the T, values of

ethylene-norbornene cgpolymers according to the norbmnene content. However, it

seems there are also strucfural factors influengin the value The values of the T,

for the same nﬂow Qem&awﬁ ﬂ ﬁm of M, about 6x10*

g/mol then T, remams practically constant.
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