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For polyethylene production, Ziegler-Natta and metallocene catalysts are commonly
used for producing polyethylene. The use of metallocene catalyst activated with
methylaluminoxane exhibits very high activity in polymerization. Therefore, many studies
have been considered to develop and improve the catalytic performance of metallocene
catalyst. The study was divided into three parts. Regarding to the first part, the effect of
octamethyltetrahydorodibenzo substituent on fluorenyl ligand of CGC catalyst for ethylene/1-
hexene copolymerization was investigated. The results show that this substituent on fluorenyl
ligand enhanced the activity. The obtained polymer possessed high molecular weight with
narrow molecular weight distribution. This is because the substituent increases electron
density on active species leading to an increase in the propagation rate. NMR analysis also
shows that the octamethyltetrahydorodibenzofluorenyl-ligated complex had the higher 1-
hexene incorporation. This complex was found to be an excellent catalyst for ethylene and 1-
olefin copolymerization. Thus, the second part was chosen this complex as catalyst and
applied it for ethylene and 1-hexene with dicyclopentadiene terpolymerization. It was found
that this complex shows high efficient for synthesizing terpolymer. Dicyclopentadiene was
found to be a promising alternative termonomer to produce polyolefin containing functional
group and offered new polyolefin with specified functions. For the third study, the influence
of comonomer chain length in zirconocene system was investigated. The observed results can
be divided into two cases; short chain length comonomer and long chain length comonomer.
However, comonomer chain length does not significantly affect on the melting temperature

and comonomer distribution.
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CHAPTER |

INTRODUCTION

Nowadays, polyolefin is one of the largest-volume commodities in plastics
industry, especially polyethylene. This is because of its better physical and chemical
properties such as low density, high tensile strength and excellent chemical resistance
as well as being cost-effective. Therefore, polyethylene has been widely used to
produce many products such as plastics bags, packaging films and containers [1]. The
global demand for polyethylene is forecast to increase and strongly advances through
2016. In general, polyethylene is commercially produced by using the metal catalyst
such as metallocene catalysts [2-4] and Ziegler-Natta catalysts [5]. However,
metallocene catalysts exhibit high efficiency to polymerize polyolefin and produce
polymer with narrow molecular-weight (MWD) and comonomer composition
distribution (CCD) than the conventional Ziegler-Natta catalysts [6-10]. Therefore,
most of research in the field of olefin polymerization has focused on the metallocene

catalysts as the active catalyst for polyolefin.

In the recent years, team researchers of DOW Chemical Co., discovered the
new metal complexes which provide many advantageous over the conventional
metallocene ones not only exhibit high catalytic activity, but also show high thermal
stability and high comonomer incorporation [11-12]. The new metal catalysts are
called “constrained geometry catalysts” or CGCs. These catalysts can be categorized
as one of the metallocene groups. The common structure of catalysts is typically
based on cyclopentadienyl (Cp) derivatives and amido fragments or N-based ligand.
According to the greater efficiency to polymerize polyolefin, therefore, many efforts
have been made to improve the catalytic performance of CGC catalysts. As is well-
known, the steric and electronic properties of the ligand of these catalysts play an
important role on the catalytic activity and properties of polymer. Thus, an
improvement in these catalysts, especially through changing the steric and electronic

properties of their ligands should be considered.



In fact, in the class of polyethylene, linear low density polyethylene or
LLDPE is important in plastic industry for packaging films and containers. These
polymers are mainly synthesized via the copolymerization of ethylene with a-olefins
such as 1-butene, 1-hexene and 1-octene. As known in Ziegler-Natta and metallocene
catalysts, the characteristics in terms of catalytic activity and polymer properties are
dependent on a-olefin comonomer. This behavior is called “comonomer effect” [13-
14]. If the introduction of a-olefins increases the catalytic activity, this behavior will
be called positive comonomer effect, whereas the decrease in catalytic activity will be

called negative effect.

The explanations to define these effects are not only physical reasons, but also
chemical reasons. For the physical reason, it deals with an enhancement of monomer
diffusion to active site and the generating of new active sites during copolymerization
in case of heterogeneous system. The chemical reason is possibly described by an
activation of dormant sites by comonomer. Although most of researches have only
focused on how the catalytic activity and the properties of polymer would be affected
when  varying the concentration of comonomer in ethylene and o-olefin
copolymerization, the study on comonomer chain-length is one of important factors
influencing on behavior of copolymerization. Thus, the relationship between

copolymerization ability and comonomer chain-length should be investigated.

Instead of LLDPE, copolymerization of ethylene with o-olefin are commercial
important for elastomer production. These materials have been commercially used in
rubber and latex industries. The well known elastomer is (ethylene-ter-propylene-ter-
diene) polymer or EPDM. According to their unique properties such as good weather
and chemical resistance, good electrical insulating properties as well as excellent low
temperature flexibility, the various efforts have been made to find the factor affecting
polymerization ability. Many researches appliy various kinds of monomers for
ethylene terpolymerization, including (ethylene-ter-1-octene-ter-styrene) polymer
[15], (ethylene-ter-norbornene-ter-1-octene) polymer [16] and (ethylene-ter-

propylene-ter-1-octadecene) polymer [17]. In the beginning of terpolymer process,



vanadium catalysts were applied due to their high efficiency for polymerization.
However, the drawback of catalysts such as toxicity, aging and discoloration in
polymer makes these systems do not suitable for terpolymer production. Therefore,
the efficient way to remove or reduce residual catalysts is very considered [18]. A
plausible solution is to the use of metallocene catalysts. These catalysts not only allow

avoiding from vanadium residue, but also providing excellent catalytic abilities.

In this study, metallocene catalyst and constrained geometry catalysts were
selected as catalyst for ethylene homo-, co- and terpolymerization. The major aspect
of this research is to obtain a better understanding on homogeneous single-site

catalyst. The objective and outline are divided into three parts as mentioned below.

In the first part, we considered how modification on the fluorenyl ring would
affect on the catalytic ability of Ti complex based on constrained geometry catalysts.
Two constrained geometry catalysts, ansa-Dimethylsilylene(fluorenyl)(t-butylamido)-
dimethyl-titanium complex, Me,Si(#°-C13Hg)(7'-N'Bu)TiMe, (complex 1), and its
tetraalkylsubsutituted-fluorenyl derivative, Me,Si(#7°-CaoHas) (7*-N'Bu) TiMe,
(complex 2), were synthesized and used as catalyst for ethylene/1-hexene

copolymerization activated by modified methylalminoxiane cocatalyst (MMAO).

Second aim is to obtain a better understand on ethylene terpolymerization
behavior. We have chosen Me,Si(#7°-CasHas) (7'-N'Bu) TiMe, as catalyst precursor and
conducted terpolymerization of ethylene-ter-1-hexene-ter-dicyclopentadiene activated
with MMAO cocatalyst.

In the final aspect, the purpose is to find out the influence of comonomer
chain-length on the characteristics in terms of catalytic activity, polymer properties
and morphology. In this part, rac-Et(Ind),ZrCl, was selected as a catalyst and applied
for copolymerization of ethylene with various 1-olefins in combination with MMAO

cocatalyst.

The present study is mainly divided into five parts. Chapter 1 is to introduce

the overall concept of homogeneous single site catalysts and the objective of this



work. After that the literature review, is dealing with background theory and previous
research related to metallocene and constrained geometry catalysts and ethylene
polymerization. It provides the basic of knowledge of this work. Regarding to the
experimental chapter, the laboratory procedure for the preparation of catalyst,
ethylene polymerization and the characterization method are described. In the fourth
section, the result and discussion found from this research are present. The last part is

the conclusions and recommendation.



CHAPTER II

LITERATURE REVIEWS

Nowadays, polyolefin is one of the largest businesses with a lot of worldwide
production. Polyolefin is commonly produced using metal catalyst in order to achieve
the high conversion for changing the reactant into the reaction products. The
commercially catalyst that are widely used in olefin polymerization are Ziegler-Natta
catalysts, metallocene catalysts, Philip catalysts, and other metal complexes. After the
discovery by Karl Ziegler, in 1953, linear high-density polyethylene (HDPE) was
firstly produced in the manufacture of olefin polymerization. He found the way to
produce HDPE at low pressure by using the mixture of transition metal salts (known
as the catalyst) and metal alkyls (known as the cocatalyst). And in the next year, the
study with corresponding catalysts, Giulio Natta revealed that these catalysts have
ability to provide isotactic and syndiotactic polypropylene. The discovery of Ziegler-
Natta catalysts has considerable initiated research in the field of olefin polymerization
catalysts. And after the novel prize in Chemistry in 1963 was awarded jointly to Karl
Ziegler and Giulio Natta, the name of these catalysts, Ziegler-Natta catalysts, were

called to be their landmark discoveries for polyolefin catalysts [19-20].

Ziegler-Natta catalysts are organometallic catalysts which can be active by
reacting metal transition compound with metal alkyl group. Although there are many
transition metals used as metal compound such as vanadium (V), chromium (Cr). As
the active metal transition for the manufacture of polyolefin is titanium (Ti)
compound. These catalysts give high efficiency to polymerize polyolefins when
reacting with metal alkyl of a base metal from groups I to III such as AlEts, Al'Bus,
AIEt,Cl and AIEt,OR. Ziegler-Natta catalysts are multi-sites catalysts. It means that
each active site is different, thus leading to polyolefin with broad molecular-weight
(MWD) and comonomer-composition distribution (CCD) [21].



In 1957, the study of Breslow and Newberg encouraged the research in the
field of olefin polymerization catalysts once again. They replaced chloride ligand of
the Ziegler-Natta catalysts by bis(cyclopentadienyl)titanium derivatives and activated
them with an activator like alkylaluminum compound for ethylene polymerization.
However, theses catalysts still exhibited low catalytic activity, gave polymer with low
molecular weight and also showed less reactive for propylene polymerization [22].
Until the discovery of methyl aluminoxane as cocatalyst by Kaminsky and coworkers,
an enhancement of catalytic activity was observed. An addition of water to trialkyl
aluminum during polymerization resulted in significantly enhanced catalytic activity.
Kaminsky described that the occurred reaction between water and trialkyl aluminum
generates alkyl aluminoxane compound, which is considered as an activator or
cocatalyst, thus, improving catalytic activity. Therefore, a breakthrough in
metallocene catalysts with aluminoxane makes more attractive not only in academic

area but also in the polymer industry [23-24].

Metallocene  catalysts are organometallic compound in  which
dicyclopentadienyl ring (Cp) are bounded to metal transition atom. Metallocene
catalysts are single-site systems. Each active site is similar, thus leading to produce
polymer with narrow molecular-weight distribution (MWD=2) and comonomer-
composition distribution polymer (CCD). Theses catalysts provide many advantages
compared to the conventional Ziegler-Natta catalysts such as high catalytic activity,
uniform comonomer incorporation and tailor-made microstructure (polymer
properties can be controlled through changing the catalyst structure). Therefore, much

of research has been focused in metallocene single-site catalysts [19,25].
The advantages of metallocene catalysts can be described in the following:

(1) Metallocene catalysts show catalytic activity approximately 100 times

higher than the conventional Ziegler-Natta catalysts.

(2) Propylene produced from metallocene catalyst has stereospecific. The
obtained polypropylene can be isotactic, syndiotactic and hemitactic. These variations

open the door to new innovative polyolefin production.



(3) Metallocene catalysts are single-site systems. Thus, uniform type of active
species present in this system. The obtained polymers are narrow molecular-weight
distribution (Mw/Mn ~2) and comonomer-composition distribution (CCD). The better
physical and mechanical properties such as tear resistance, tensile strength and impact

properties can be obtained when polymerize with metallocene catalysts.

From these advantages, many attempts have been done to modify and apply

metallocene catalysts for the synthesis of the desired polymers.

2.1 Metallocene catalysts

e Structure of metallocene catalyst

Metallocene catalysts are organometallic compound. These catalysts have
metal transition atom, especially group I'V-B such as zirconocene (Zr), titanium (Ti)
and hafnium (Hf) which are bounded to two organic molecules such as
cyclopentadienyl ring (Cp) and cyclopentadienyl derivatives. The coordination
between metal atom and cyclopentadienyl rings can be in a parallel form or bent form

as seen in Figure 2.1.

Besides cyclopentadienyl ring is used as an organic molecule in metallocene
structure, the modification on cyclopentadienyl ring by substituting hydrogen atom
through methyl-, pentamethyl-, trimethylsilyl- or phenyl group can be used. The
modification of cyclopentadienyl ring by hydrogen substitution through anellated
rings are indenyl ring (Ind) and fluorenyl ring (Flu). In addition, C-H group on
cyclopentadienyl ring can also be modified by replacing with an isoelectric nitrogen

or phosphorus atom like pyrrolyl ring and phosphoryl ring (Figure 2.2).
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2.2 Constrained geometry catalysts (CGCs)

After the first single-site catalyst namely metallocene catalyst was discovered,
many studies have been attempted in order to develop and improve the catalytic
performance of these catalysts. In 1990s, researchers from Dow chemical successfully
synthesized the new metal complex. They reported that these catalysts significantly
showed high catalytic activity, high thermal stability and increased comonomer
incorporation in polymer chain compared to the conventional metallocene catalysts.
In primary studies, the metal atom is an early or late transition metals, such as
scandium (Sc), ferrous (Fe) and nickel (Ni) [26]. These catalysts have half-sandwich
Cp ring coordinated to metal atom group III or IV and coordinated to amino fragment

or amino based ligand (Figure 2.3).

| S
| Ly \ | |
Cl .\-H*""’[';C'(" N—Fc—N
7 Cl cl T
'Bu

Figure 2.3 Metallocene, CGC and Fe-catalyst

Me-Si

And in the same year, Bercrew and Shapiro replaced one of cyclopentadienyl
compound by tert-butylamido groups in metallocene catalysts. They found that the
these catalysts showed high performance for olefin polymerization These catalysts are

named ‘‘constrained geometry catalysts or CGCs’’

2.2.1 Structure of CGC catalysts

Constrained geometry catalysts or CGC catalysts can be categorized as one of
the metallocene group. The common structure of CGC catalysts can be seen in Figure
2.4. In general, these complexes typically have two ligand components; the first one is
cyclopentadienyl derivatives and the second one is amino fragment or amino based
ligand. Cyclopentadienyl (Cp) ring is attached amino donor ligand via covalent bond.
Because of their advantages over the conventional metallocene catalyst, therefore, the
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investigative efforts to develop the performance of these catalysts are very considered.
The nature of catalyst can be classified by the environmental around metal atom as
seen in the following.

'Ta
/N R,= Cl, Me

R

2, o \Ti R Cp-R = C_Me,, substitued indenyl, fluorenyl
R*” Ty

2 R, _

R R R, =Me
— R, = t-Bu, Ph
R R

Figure 2.4 Constrained Geometry Catalyst

2.2.2 Diversity of CGC catalysts

Constrained geometry catalysts can be modified by varying the surrounding
around metal atom. These catalysts can be modified by the different modification on
the amido group, the cyclopentadienyl derivatives, the ansa-bridge or a combination

thereof. The sites of modification in ligands are shown in Figure 2.5.

Figure 2.5 Sites of modification in ligands with constrained geometry [27]

¢ Modification on the cyclopentadienyl ring

Several studies have Dbeen investigated on modification on the
cyclopentadienyl ring, for instance
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Stevens revealed the modification on cyclopentadienyl ring by introducing the
substituent such as indenyl, CsH, and CsMes. When increasing electron density at
metal atom, the higher catalytic activity was observed. An electron density at metal
atom is in the order of CsMes> CsH;> indenyl. In addition, the comonomer
incorporation and molecular weight were also depended on the electron density at

active site [28].

Cai et al. [29] investigated the effect of substituent on fluorenyl ligand by
introducing tert-butyl group at 2,7- or 3,6-position. They synthesized [t-
BuNSiMe,FIu)]TiMe,, [t-BuNSiMe;,(2,7-t-BuyFlu)]TiMe, and [t-BuNSiMe,(3,6-t-
Bu,FIlu)]TiMe, and applied them for propylene polymerization. The results show that
the introduction of tert-butyl substituents on the fluorenyl ligand enhanced the
catalytic activity and produced propylene with the syndiotactic-specificity.

McKnight et al. [30] described the effect of cyclopentadienyl ring on the
productivity and molecular weight. It was found that Me,Cs -based catalysts are able
to produce polymer with high molecular weight and have productivities higher than
the indenyl ligands. It may be due to an increase of electron density of Me,Cs ligand,

thus leading to an improvement on propagation rate. The catalytic activity increased.

ansa-dimethylsilylene(fluorenyl)(amido)dimethyltitanium, Me,Si(r°-
CisHs)(;7*-N'Bu)TiMe,, combined with a suitable cocatalyst conducted not only a
syndiotactic-specific living polymerization of propylene and a-olefin [31], but also

homo- and copolymerization of norbornene with ethylene or a-olefin [32].

In addition, many researchers have also used other fused ring compounds for

olefin polymerization, such as sterically expanded fluorenyl CGC [33].

The study of Li et al. [34] was done to report the effect of the substituents on
the cyclopentadienyl (Cp) ring of these catalysts Cp'(OAr)TIiCl, [Cp'=MesCs (1),
Me4PhCs (2), and 1,2-Ph,-4-MeCsH, (3) on the catalytic ability of Ti complexes. The
order of catalytic activity is as follow: 1>2>3. These results are related to the

electronic effect of the substituent group on the cyclopentadienyl ligand. The
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introduction of electron-donating group on the Cp ring increases the catalytic activity,
whereas the catalytic activity would be decreased if the substituent is replaced by

electron-withdrawing group

e Variation of donor fragment

For the modification on donor fragment, many cases have been done to
describe the influence of donor fragment in order to improve the catalytic
performance of CGC catalysts. They have used CgHs ring [35], smaller bulkier alkyl
group (cyclododecyl or adamantyl) [36] or chiral substituents [37] for olefin
polymerization. However, among a number of the substituent on donor ligand, tert-
butyl substituent was found to be an excellent donor ligand that has been discovered

to date.

Several studies have indicated that the variation of the amido fragmant play an
important role in catalytic activity and properties of obtained polymer. Examples of

the variation of donor ligand of CGC catalysts are reported as below.

Li et al. [38] investigated the influence of alkyl group on the catalytic activity
and the incorporation of comonomer by changing the substituent group on amido
donor ligand. They report that the catalytic activity of [CsMey-4-R1-6-R-CgH,O]TiCl,
R=t-Bu (1,2), Me (3), Ph (4) and R;=1-Bu (1), H (2,3,4) complexes is in the order 1 >
2 > 3 > 4. If the substituent on R; is an electron-donating group, the catalytic activity
increased whereas if the substituent is hydrogen atom, the catalytic activity was low.
This is due to an increasing of electron density around metal atom when introducing
electron-donating group. However, if replaced R; with hydrogen atom and replaced R
with methyl group, the obtained catalytic activity were lower than 2. And when the
methyl group at R position is replaced by phenyl group, the lowest catalytic activity

was observed.

L0 et al. [39] used three Ti complexes; 2-(tetramethylcyclopentadienyl)-4,6-
di-tert-butylphenoxytitanium dichloride (1), 2-(tetramethylcyclopentadienyl)-6-tert-
butylphenoxytitanium  dichloride (2), and 2-(tetramethylcyclopentadienyl)-6-
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phenylphenoxytitanium dichloride (3) as catalyst and applied them for propylene
polymerization. The result shows that the catalytic activity was found to be 1 > 2 > 3.
This behavior is related to the electronic nature of the substituent on the phenolate
ligand and the electronic property of the substituent at both para and ortho positions

of phenolate ligand plays a significant role.

e Variation of the metal center

After discovered constrained geometry catalysts, the metal transition like
zirconium (Zr), titanium (Ti) and hafnium (Hf) have been applied as metal center for
homo- and copolymerization of o-olefins. Based on cyclopentadienyl Group 4
complex, zirconium was found to be the most active metal center among the other

metal complexes [40].

2.3 Cocatalysts

Since the discovery of metallocene catalysts, there have been many attempts to
improve the catalytic activity through changing the catalyst structure and condition
for polymerization. As the reacting metallocene catalyst with an activator like

aluminoxane cocatalyst was found to be an effective way to enhance catalytic activity.

The structure of aluminoxane compound is a “black box chemical”
Aluminoxane cocatalysts are understood as molecular species which consist of
aluminium atom bridged to oxygen atom. In practice, aluminoxanes can be obtained
from hydrolysis reaction. It is synthesized by reacting trimethylaluminum (TMA)
with crystal water of CuSO4*5H,0 or MgCl,*6H,0 [41-43]. Althiugh there are many
types of aluminoxane cocatalysts to activate metallocene catalysts such as ethyl-, iso-
or tert-, butyl-aluminoxane, only methylaluminoxane (MAO) cocatalyst exhibits
higher catalytic activity. The most favorable model for MAO species is to assume as a
cage built from six-membered rings consisting of MeAlO building blocks (Figure
2.6).
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Figure 2.6 Idealized structure of MAO cocatalyst [44]

The functions of MAO cocatalyst in metallocene catalyst system can be

described as below

e MAO methylates the metallocene dihalide (Cp,ZrCl,) to give Cp,ZrMeCl and
Cp2ZrMe; species

e MAO abstracts chloride or methide anion with the formation of a [Cp,ZrMe]"

cation and a weakly coordinating [CI-MAQ] or [Me-MAOQO] anion [45]

e MADO is a scavenger for deactivating impurities in the monomer or solvent.
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Figure 2.7 The activation of zirconocene catalyst by MAO cocatalyst [46]
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Modified methylaluminoxane (MMAO): MAO is readily soluble in aromatic
solvents such as benzene and toluene but it has limited solubility in aliphatic
hydrocarbons. To overcome this limitation, methyl group in MAO was replaced with
isobutyl groups. This new product is called “modified methylaluminoxane or
MMAO”. MMAO can be synthesized by hydrolyzing the mixture of AlMes and Al'-
Bus. Comparing the efficiency between MAO and MMADO, it demonstrated that their
efficiency is similar, but its solubility of MMAO in aliphatic hydrocarbons makes it

more attractive in polyolefin field.

2.4 Polymerization mechanism

The better understanding on mechanisms and Kkinetics involved in
polymerization reaction help us predicting the structure of the obtained polymer. It
can describe rates of propagation and chain termination from the molecular weight,
molecular weight distribution and comonomer composition results. Therefore, it is

important to know how mechanism and kinetic do in polymerization reaction.

2.4.1 Mechanism of chain growth

Table 2.1 presents the catalyst activation and propagation mechanism in
metallocene-catalyzed polymerization. Firstly, neutral metallocene catalyst (L,MCl,)
is activated by Lewis acid (i.e. methylaluminoxane) to form a cationic metal center
[47-48]. After that, 1-olefin monomer is coordinated and inserted via a metal

transition center [48-49].

Table 2.1 Schematic activation and propagation reactions in polymerization

Reaction Reaction path

Activation L,MCl; + MAO — LM -CH; + [MAO-Cl,]

PI’OpﬂgﬂtIDl’l LzM__CHchgR + CH2:CH2 i d |_2M__ CHchchQCHzR

L= ligand, MAO= methylaluminoxane; M= Ti, Zr, or Hf [50]
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For homogeneous metallocene catalyst systems, the termination of the
growing polymer chain is mostly caused by chain transfer reactions, including transfer
to monomer, to metal alkyls and to the transfer agent, as well as also caused by
thermal cleavage of the active center involving p—H elimination. The chain transfer

reactions are described as below.

2.4.2 Chain transfer reactions

The most common chain transfer mechanisms involved in metallocene

catalyzed ethylene polymerization are described as follows [46]

For the B-hydrogen elimination, metal active center abstracts hydrogen atom
bonded p-C of the growing polymer chain, thus leading to the formation of M—H
bond (M=transition metal) and polymer with an unsaturated end. While the chain
transfer by monomer, B-Hydrogen elimination and olefin monomer insertion at the
active center take place simultaneously without forming the M-H bond. In case of
chain transfer to aluminum, growing polymer chain exchanges methyl group of MAO
at the attached position. M-CHj3 bond is formed and polymer chain is terminated with
Al. However, all of the mechanisms as described above are dependent on the nature of

the metallocene, aluminoxane cocatalyst, and the polymerization conditions.

2.5 Ethylene Homopolymerization

Ethylene homopolymerization is usually done in order to understand the basic
of the influence of catalyst structure, the catalyst concentration, effect of
polymerization temperature and effect of type and concentration of cocatalyst.
Ethylene homopolymerization reaction can be simplified described as following:

Firstly, MAO cocatalyst alkylates catalyst precursor to form active site. It is
well known that the active species of metallocene catalyst is an ion pair of a
metallocenium cation and anion derived from cocatalyst. The active site is stabilized
with an excess of MAO. After that, a-olefin monomer diffuses to active center, and

competitive interacts between monomer and active center. It causes the chain
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initiation and chain propagation at active site. Lastly, it is terminated to form
precipitated solid polymer.

Table 2.2 Schematic chain transfer reactions in polymerization [51]

Chain transfer

; Reaction components End-groups
reaction

Chain transfer
M*~CH-CH-R + CH.=CH, — M'-CH.CH; + CH-=CHR
fo monomer

B-H elimination M*-CH.CH.R — M™-H + CH,=CHR

Chain transfer
M*—CH.CH:R + AIR’; - M-R" + R-AICH.CH-R
to aluminum

Chain transfer
M*—CH-CH.R + H- — M'-H + CH.CH:R
to hydrogen

M=Ti, Zr or Hf

2.6 Copolymerization of ethylene/a-olefins

According to strong demand of linear low density polyethylene (LLDPE),
copolymerization of ethylene and a-olefin is an important reaction for polyolefin
production. Although Ziegler-Natta catalysts have been commonly used in the
LLDPE production due to their low cost, some plastics industries for film and
container also continuously produce LLDPE with metallocene catalysts. This is
because LLDPE obtained from metallocene catalysts have many outstanding
properties compared to the conventional Ziegler-Natta ones. For example, LLDPE
produced with single-site metallocene catalysts exhibit an improvement of toughness,
puncture, tensile and impact properties. At the same strength, metallocene can
produce LLDPE film thinner than Ziegler-Natta catalysts [52]. Therefore, these

catalysts are of interest for many reasons. LLDPE is the copolymer of ethylene and a.-
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olefins such as 1-butene, 1-hexene and 1-octene. The used a-olefin affects on the
properties of LLDPE. Therefore, the better understanding on basic of comonomer

effect would increase the development of polyolefin process [53].

An improvement of polymerization rate in ethylene polymerization by adding
comonomer is called “comonomer effect”. This effect can be found not only in
Ziegler-Natta catalysts but also in metallocene catalysts in zirconium and titanium
metal atom. This interesting phenomenon can be described in chemical and physical
functions [54-56].

For chemical function, an addition of comonomer increases the number of
active center (C*). Taniike et al. [57] revealed that comonomer can activate potential
active site which is not easily to activate by ethylene monomer, thus leading to an
increase in polymerization rate. For physical function, the introduction of comonomer
decreases the crystallinity of the obtained polymer, resulting in a less-crystalline
copolymer. Therefore, monomer is easier to diffuse and react with active site, and
thus leads to the better catalytic activity. Moreover, it is also found that comonomer
can accelerates the fragmentation of catalyst during polymerization and causes the

new active sites in heterogeneous system.

Due to its higher electrophicility of metal center, Karol et al. [58] reported that
a-olefin can act as ligands, coordinate to the active center, and cause the greater
separation between cationic metal centers. Thus, an enhancement on the catalytic

activity was observed.

The study of Hong et al. [59] reported that when increasing comonomer
content, the catalytic activity was increased. And the order of catalytic activity was 1-
decene > 1-octene > 1-hexene. The enhancement of catalytic activity is related to an

improvement of monomer diffusion in the lower crystalline copolymer.

Jin-San Yoon et al. [60] described the copolymerization results of ethylene
and 1-hexene catalyzed with (2-Melnd),ZrCl; catalyst. It depicted that the catalytic

activity was increased with an increase in 1-hexene concentration in feed. This
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behavior is attributed to the fact that the presence of comonomer resulted in lower
polymer crystallinity, leading to more polymer swelling in medium. It would allow

easier monomer to enter to active site.

However, the opposite trend has been reported. Z. Yu et al. [61] studied the
effect of termonomers on terpolymerization. They found that an increase in 1,4-
hexadiene content decreased catalytic activity. This is attributed to the forming
chelates with active center of catalyst. A similar tendency was observed in (ethylene-
ter-1-octene-ter-styrene) terpolymerization. This behavior is called “negative

comonomer effect”.

2.7 Ethylene terpolymerization

Nowadays, polyolefins play a fundamental role in life because they exhibit
many useful properties. They have been used to produce many products such as
plastics film, shopping bags and house appliances. In addition, in the recent years, it
was found that the new polymer namely “elastomers” is one of the most-in demand
groups of materials. The world demand for elastomers is forecasted to increase over 6
percent per year through 2013. Therefore, an improvement in these materials is
crucial and will keep on playing an important role in the future. The well-known
elastomer is (ethylene-ter-propylene-ter-diene) polymer or EPDM. The beginning of
commercial production to produce this terpolymer used Ziegler-Natta catalysts for
solution polymerization process. Vanadium compound such as VCl, and VOCI; was
applied in this process. However, due to the remaining vanadium in the polymer over
10 ppms, it causes the toxicity, aging and discoloration in polymer [18]. Therefore, it

is needed to overcome these drawbacks.

After metallocene catalysts was found to be an attractive catalysts for olefin
polymerization. Many researches both in academic and industrial institutions have
focused on developing these catalysts. By applying metallocene catalysts in

terpolymerization production, the obtained products are free from the toxic vanadium
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compound and have uniform molecular weight distribution. Therefore, it is interesting

to apply metallocene catalysts to produce new polymer material.

Instead of EPDM, several monomers have been applied for producing
terpolymer materials such as (ethylene-ter-propylene-ter-butadiene) polymer [15],
(ethylene-ter-norbornene-ter-1-octene) polymer [16], and (ethylene-ter-propylene-ter-
1-octadecene) polymer [17]. Moreover, one of the most interesting aspects in this
field is the introduction of polar functional group in polyolefin. The introduction of
functional group into polymer not only makes the new material, but also improves the
properties of polymer such as compatability, adhesion and dyeability. However, the
deactivation of these catalysts caused by the coordination of functional groups to the
metal center is the limitation for applying these catalysts [62]. Therefore, the possible
way for synthesizing polymer containing functional group is to the use of a precursor
monomer possessing double bond in molecule. The functionalized polyolefin is
obtained by converting double bond into polar functional group. Most of reacting
groups that have been applied for synthesizing functionalized polyolefin is vinyl,
vinylidene, epoxide and alcohol. Dicyclopentadiene (DCP) is one of the attractive
precursor monomer used for synthesizing functionalized polyolefin due to its
industrially available at low price and its many desirable properties such as good
transparency [63]. Dicyclopentadiene is a molecule that contains both norbornene unit
and cyclopentene unit. If one of double bond in dicyclopentadiene selectively
participates in ethylene and a-olefin terpolymerization, the remaining double bond in
dicyclopentadiene may possibly generated the cross-linking leading to the
synthesizing elastomer material as well as the functionalized material that can be

obtained via converting reacting group into desirable polar material [64-65].

2.8 Performance improvement of polyolefin with metallocene

catalysts

Due to the tailor-made property of metallocene catalysts, the properties of

polymer can be controlled by tuning the catalyst structure. Metallocene catalysts
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exhibit an improvement in chemical and mechanical properties. Some of properties
that are modified include better clarity, reduced haze and increased toughness and
chemical resistance [66]. Additional improvement in polyolefin performance with

metallocene catalysts are described as below;

(i) These catalysts eliminate very low and very high molar mass polymer
fractions presented in the conventional Ziegler-Natta catalysts [44] (Figure 2.8). The
properties of polyethylene with narrow molecular weight distribution (MWD =~ 2)
such as toughness, puncture, tensile, tear, and impact performance are enhanced. It is
found that for LLDPE film, at the same strength, LLDPE film produced by
metallocene catalysts afford thinner than obtained from Ziegler-Natta catalysts. For
polypropylene, a narrow molecular weight distribution polypropylene improves
processability in fiber extrusion processes. Polypropylene with narrow molecular
weight distribution is harder, more crystalline, and more transparent. In addition, it

can be recycled more often without losing toughness [66].

(i) Metallocene catalysts produce polymer with uniform amount of
comonomer and comonomer distribution. These catalysts offer better optical
properties, such as, better clarity and less haze. And they also improve sealing
performance and lower seal initiation temperature versus conventional polyolefins
(Figure 2.9).

(iii) Ziegler-Natta catalysts produce isotactic polypropylene with some
fraction of atactic thus leads to some of properties such as the stiffness, heat distortion
temperature, and cleanliness properties are declined. While polymer obtained from
metallocene catalysts is absence of atactic polypropylene. The stiffness property is

improved and can be applied them at the high temperature.
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Figure 2.8 Schematic representation of molar mass distribution (MWD) [44]
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Figure 2.9 Schematic representation of comonomer distribution [44]

2.9 Polyolefin Industry-Outlook

In plastics industry, polyolefin is one of the largest businesses with a lot of
worldwide production, especially polyethylene. This is because they exhibit many
useful properties such as low density, high strength and resistance to chemical attach,
as well as being cost effective. Therefore, it has been used to produce many products
such as shopping bags, plastics films and house appliances. The global polyethylene
consumption is forecasted to increase in the next three years and the consumption is

also continued.
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In fact in the class of polyethylene, linear low-density polyethylene (LLDPE)
is important for the plastic industry for film and container. The LLDPE demand by
region continuously increases from the year 2005 and up to now [67]. Although in
2002, the market share of LLDPE produced from metallocene catalysts shows only 2-
3%, the demand of linear low-density polyethylene produced from metallocene
(mLLDPE) is forecast to strong advances nearly to 7-10% in 2006. North America is
the leader consuming region with approximately 42% of the global consumption. The
reasons for the still low market share are economics and process ability. Metallocene-
catalyzed polymers are more expensive due to the high cost of aluminoxane

cocatalyst.

In order to overcome this drawback, many methods have been made to reduce
the amount of MAO in polymerization. The effective way is to immobilize
aluminoxane cocatalyst on support materials. This method is called “Heterogenization

of single-center catalysts”.



CHAPTER Il

EXPERIMENTAL

3.1 Objectives of this research

The first objective is to evaluate the influence of catalyst structure on catalytic
activities, polymer properties and monomer reactivity ratios. It is generally accepted
that monomer reactivity ratios are an important parameter for determining
copolymerization behavior. They allow predicting and estimating comonomer
composition and microstructure of polymers. The copolymerization of ethylene and 1-

hexene with two constrained geometry titanium complexes are investigated.

In the second aim, the influence of termonomers on terpolymerization system
is investigated. As known, these characteristics were mainly dependent on
“comonomer effect” which is found in Ziegler-Natta and metallocene catalysts with
the presence of comonomer. Therefore, it is possible to change catalytic activity and

properties of polymer by varying termonomer concentration.

The third aim of this research is to obtain an understanding of comonomer
chain length on copolymerization systems. We selected comonomers with varied
chain length from 1-hexene (1-C6) up to 1-octadecene (1-C18) in order to define the
influence of comonomer chain length on copolymerization activity and polymer
properties. It is well known that polymer properties such as melting temperature and
degree of crystallinity are found to be significantly affected by comonomer
concentration. These results depend on not only concentration in feed, but also on the
comonomer chain length. Although comonomer short chain length is widely used in
LLDPE commercial production, comonomer with long chain length which has not

been studied so far may become more potential in future commodity applications.
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3.2 Scopes of this research

e Preparation of  ansa-Dimethylsilylene(fluorenyl)(t-butylamido)-dimethyl
titanium dimethyltitanium complex, Me;Si(;7 *-C13Hg)( 77 -N'Bu)TiMe; (complex 1),
and its tetraalkylsubsutituted-fluorenyl derivative, Me,Si(#7°-CaoHss)(7*-N'Bu) TiMe,
(complex 2)

e Characterization of ligands and complexes by *H NMR

e Study and characterization for the effect of CGC catalyst structure on
catalytic activity and polymer properties during ethylene/1-hexene copolymerization
by GPC and **C NMR analysis (as referred in Part 1).

e Study the influence of termonomers on terpolymerization behavior and
thermal properties during ethylene/1-hexene/dicyclopentadiene terpolymerization by
DSC and **C NMR measurements (as referred in Part 2).

e Study the effect of comonomer chain length to ethylene with various 1-
olefins copolymerization in terms of catalytic activity, morphology and polymer
properties. These characteristics were determined by SEM, XRD, DSC and **C NMR

measurements (as referred in Part 3).



3.3 Research methodology

The flow diagram research methodology is shown in Figure 3.1.
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Figure 3.1 Flow diagram of research methodology
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3.4 Experimental

3.4.1 Materials

All reactions were performed under argon atmosphere. Catalysts were handled
in a glove box under an inert atmosphere with maximum O, and H,O levels of 0.1
ppm and 0.1 ppm, respectively. racemic Ethylene bis(indenyl)zirconium dichloride
(rac-Et(Ind),ZrCl;) was purchased from Sigma Aldrich. A 20 wt% of the modified
methylaluminoxane (MMAO) in toluene was donated from PTT Public Co., Ltd.,
Thailand, while MMAO (1.86M in toluene) was donated from Tosoh Akso, Japan.
Toluene and n-hexane (SR Lab) was distillated over sodium/benzophenone under
argon atmosphere before use. 1-olefins (99+%) was purchased from Aldrich Chemical
Company, Inc. and purified by distilling over CaH, before use. TiCl, (99+ %) was
purchased from Wako. Tetrahydrofuran (THF) (anhydrous grade) and
Dichloromethane (CH,Cl;) (Anhydrous grade) were purchased from Aldrich
Chemical Company, Inc. and used without further purification, while 1.63 M of n-
butyllithium (n-BuLi) in hexane and 1.6 M n-methyllithium (n-MeLi) in hexane were
purchased from Aldrich Chemical Company, Inc. Diethyl ether (Et,O) (Anhydrous
grade) was purchased from Aldrich Chemical Company, Inc. and purified by distilling
over sodium/benzophenone under argon atmosphere before used. Fluorene (99 %) and
tert-butylamine (99 %) were purchased from Aldrich Chemical Company, Inc.
Ethylene (99.96%) was purchased from Thai Industrial Gas Co., Ltd. Ultra high purity
argon gas (99.999%) was purchased from Linde Co., Ltd., and purified by passing
over columns of BASF Catalyst R3-11G, sodium hydroxide (NaOH), phosphorus
pentaoxide (P20s) and molecular sieve 3A before introduction into schlenk line.

3.4.2 Equipments

Because of the organometallic compound is sensitive to air and moisture.
Thus, all manipulations were performed under an argon atmosphere, using standard

Schlenk techniques. And additional components were described below.
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e Cooling system

The cooling system is in the solvent distillation in order to condense the

freshly evaporated solvent.

e Inert gas supply

The inert gas (argon) was purified by passing over columns of BASF catalyst
R3-11G supported oxygen scavenger and molecular sieves 3 A. The BASF catalyst
will be regenerated by treatment with hydrogen at 300 °C overnight before flowing of
the argon gas through all of the columns mentioned above.

\ent stream

. Q
Schlzzl:i line !><} !><] !><! .

reactor system

| Furnace

LILI T
Thermocouple |_|

BASF catalyst Molecular sieve
Figure 3.2 Inert gas supply system

e Magnetic stirrer and heater

The magnetic stirrer and heater model RTC basis from IKA Labortechnik was
used.

e Reactor

A 100 ml of glass flask was connected with three-ways valve used as the
copolymerization reactor for atmospheric pressure system and a 100 ml stainless steel
autoclave was used as the copolymerization reactor for high pressure systems.
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e Schlenk line

Schlenk line consists of vacuum and argon lines. The vacuum line will be

equipped with the solvent trap and vacuum pump, respectively.

N

[==———— Rotary pump
[/ [l
| (PSS —— TS

Oil bubble

Figure 3.3 Schlenk line

e Schlenk tube

Schlenk tube is a tube with a ground glass joint and side arm, which is three-
way glass valve. Schlenk tubes having size of 50, 100 and 200 ml. will be used for

catalyst preparation and storage materials which are sensitive to oxygen and moisture.

e Vacuum pump

The vacuum pump model 195 from Labconco Corporation was used. A
pressure of 10™ to 10" mmHg will be adequate for the vacuum supply to the vacuum
line in the Schlenk line.

e Polymerization line

Polymerization line is composed of ethylene storage tank, pressure regulator
for ethylene consumption, mass flow meter, 100 ml semibatch stainless steel
autoclave reactor equipped with magnetic stirrer, thermometer, water bath, hot plate

and other fittings. This system is schematically represented in Figure 3.4.
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Vacuum

Figure 3.4 Diagram of system in slurry phase polymerization

3.4.3 Characterization techniques

e X-ray diffraction analysis (XRD)

The X-ray diffraction (XRD) patterns of the obtained polymers were
performed by an X-ray diffractometer SIEMENS D5000 connected to a personal
computer with Diffract AT version 3.3 program for fully control of the XRD analyzer
at Center of Excellences on Catalysis and Catalytic Reaction Engineering,
Chulalongkorn university. Samples were carried out by using CuK, radiation with Ni

filter and the operating conditions for measurement is shown below.

26 range of detection : 20 - 80°
Resolution : 0.04°
Number of scan : 10

The functions of based line subtraction and smoothing were used in order to

get the well formed XRD spectra..
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¢ Nuclear magnetic resonance spectroscopy (NMR) part 1, 2

Polymers were determined by **C NMR (125.65 MHz) spectroscopy at 130°C
on a JEOL GX 500 NMR spectrometer operated at in the pulse Fourier-Transform
mode. The pulse angle was 45° and about 10,000 scans were accumulated in pulse
repetition of 5.0 s. Polymer samples were prepared by dissolved in 1,1,2,2-
tetrachloroethane-d, and the central peak of the solvent (74.47 ppm) was used as an

internal reference.

¢ Nuclear magnetic resonance spectroscopy (NMR) part 3

The *C NMR spectra were determined at 110 °C using BRUKER Bruker 400
MHz NMR Spectrometer (Germany). Polymer samples were dissolved in 1,2,4-
trichlorobenzene with deuterated chloroform-ds as lock solvent. The central peak of
the solvent was appeared at 77.0 ppm used as an internal reference.

e Scanning electron microscope (SEM)
Polymer morphology was studied on a Hitachi VP-SEM S-3400N Scanning
Electron Microscope (Germany) at Centre of Research and Technology Development

Chulalongkorn University, (MMCT-CU). The coating of sample surface was required

¢ Differential scanning calorimetry (DSC)

The melting temperature of ethylene homopolymers and ethylene with 1-
olefin copolymers were determined with a Perkin-Elmer diamond DSC (Germany)
from MEKTEC, at the Center of Excellence on Catalysis and Catalytic Reaction
Engineering, Chulalongkorn University. Samples (1.5-2.5 mg) were heated to 150°C
at the heating rate of 20 °C min™ and cooled down at the same speed to 50°C. This
was repeated and the second heating scan was used for data analysis, because the first

scan will be influenced by the mechanical and thermal history of samples.

e Gel Permeation Chromatography (GPC)

Gel Permeation Chromatography (GPC) was used for the determination of
molecular weight and molecular weight distribution of the obtained polymer. The

polymers were dissolved in o-dichlorobenzene at 135°C on a Waters 150CV. The
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parameters for universal calibration were K=7.36x10°, o = 0.75 for polystyrene

standard.

3.4.4 Synthesis of CGC catalysts

ansa-Dimethylsilylene(fluorenyl)(t-butylamido)-dimethyl-titanium
dimethyltitanium complex, Me,Si(;°-C13Hg)(7*-N'Bu)TiMe, (complex 1), and its
tetraalkylsubsutituted-fluorenyl derivative, Me,Si(17°-CaoHas) (7*-N'Bu) TiMe,
(complex 2) were synthesized using procedure published in literatures [68-70]. The
chemical structure of 1 and 2 is shown in Figure 3.5. The route for synthesized 1 and 2 are
described below.

:'Ef'u
Ill,,,

N
/N
— S /7[T|\

1

Figure 3.5 two constrained geometry titanium complexes

e Synthesis of Me,Si(5*-C13Hsg) (*-N'Bu) TiMe, (complex 1)

The synthesis of Me,Si(i7°-C13Hs) (i7'-N'Bu) TiMe, (1) was carried out followed
procedure published in the literature [68-69] and will be briefly described below.
(Figure 3.6)
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1. n-BuLi (1 eq.)
C‘O Et,0/0°C to r.t. ‘
2. SiMeCl, (2.3eq.) C O

hexane/-78°C to r.t.

t-BuNH, (2.2eq.) Y
Q0

THF/O"C tor.t. N

e H
- 1. MeLi (4.8 eq.) -
‘ Et,0/0°C tor.t.
C O 2. TiCl/hexane at r.t. Q - Q

Figure 3.6 Synthesis of complex 1

¥

ClSiMez(ClgHg)

n-BuL.i solution (18.49 ml, 30 mmol,1.63 M in hexane) was dropwise added to
a solution of fluorene (5.01 g, 30 mmol) in diethyl ether (70 ml) at 0°C, and the
mixture was stirred for 3 h. at room temperature. Next, the diethyl ether was removed
from the Li[Flu] salt and diethyl ether (50 ml) transferred in. After stirring the orange-
red slurry overnight, it was transferred into the solution of (CH3),SiCl, flask at -78°C
over 15 min., resulting in pale-orange slurry. The resultant suspension was stirred
overnight at room temperature, and the solvent and the remained
dichlorodimethylsilane were removed in vacuum. After the addition of hexane (130
mL), lithium chloride was precipitated and the solution was decanted, followed by
removal of the solvent, 6.978 g (27.02 mmol) of 9-(chlorodimethylsilyl) fluorene was

obtained as off-white solid.
M82CNHMEQSi(C13Hg)

To a solution of 9-(chlorodimethylsilyl)fluorene in THF (45 mL) was added t-
butylamine (6.25 mL, 59.44 mmol) at 0°C. Stirring for 5 h. at room temperature gave

a yellow-orange suspension. Lithium chloride was precipitated and the solution was
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decanted. Removal of the solvent gave t-BuNHSiMe;Flu as yellow oil (6.696 g, 22.66
mmol, 75% yield).

Me,Si(5°-C1sHg)(p*-N'Bu) TiMe, (1)

To a solution of Me,Si(#7°-C13Hg)(7'-N'Bu) TiMe; (1.44 g, 4.88 mmol) in Et,0
(60 mL) was slowly added excess MeLi (20.6 mL, 23.42 mmol 1.14 M in Et,0) at
0°C and the mixture was stirred for 5 h. A new flask, TiCl, (0.54 mL, 4.88 mmol)
diluted with 30 mL of hexane and was added a solution of the dilithium salt in Et,O at
room temperature. The resulting dark green suspension was stirred overnight at room
temperature. After the solvent was removed, the residue was extracted with hexane
(100 mL). To the hexane solution was added MeMgBr (4.1 mL of a 3.0 M solution in
Et,0), and the resulting mixture was stirred for 1 h at room temperature. After the
solvent was removed, the residue was extracted with hexane (80 mL). The hexane
solution was concentrated and cooled overnight at -30°C to give orange-red crystals
(0.48 g, 1.30 mmol, 27%).

e Synthesis of Me,Si(*-CasHse)(*-N'Bu) TiMe, (complex 2)

A sterically expanded complex 2 was synthesized according to the literature
[70] and will be described below.

Octamethyloctahydrodibenzofluorene

The octamethyloctahydrodibenzofluorene (CygH3sg) was prepared according to
the literature (Figure 3.7) [33]. A flask was charged with fluorine (10g, 60 mmol) and
2,5-dichloro-2,5dimethylhexane (22 g, 120 mmol), which were dissolved in 450 ml of
nitromethane. The flask was equipped with a dropping funnel, which was charged
with AICI; solution was added over 10 min, and the purple reaction mixture was
stirred for 24 h. before it was slowly poured into 500 ml of ice water. The precipitates
were collected by filtration and wash with 400 ml of refluxing ethanol for 2 h. The
solid was collected by filtration, and further washed with 300 ml of refluxing hexane
for 2 h. The solid was collected by filtration and dried in vacuum, giving the final
product as a white-needle solid.
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Figure 3.7 Synthesis of octamethyloctahydrodibenzofluorene
Me,Si(53-CaoHs6) (p*-N'Bu) TiMe,

The synthesis route for Me,Si(;°-CagHss)(n*-N'Bu)TiMe, catalyst were
describe below (Figure 3.8)

ClSiMEz(C29H37)

A 300 mL round bottom flask was charged with 3.0 g (7.76 mmol)
ofoctamethyloctahydrodibenzofluorene and diethyl ether (200mL) was transferred in.
Next, n-BuLi (5.24 ml, 1.63 M in hexanes) was syringed in over 10 min. and the
orange-red slurry was stirred for 4 h. Meanwhile, hexane (40 ml) was transfer into
300 ml round bottom flask, followed by an excess of (CH3),SiCl, (5.8 mL, 46 mmol).
Next, the diethyl ether was removed from the lithium salt Li[OctFlu] prepared earlier
and diethyl ether transferred in. After stirring the orange-red slurry overnight, it was
transferred into the mixture of (CHs),SiCl, flask at -78°C over 15 min., resulting in
pale-orange slurry. After stirring overnight, the hexane and excess (CHs),SiCl, were
removed under vacuum and hexane (130 mL) was transferred in. The LiCl and hexane
was removed under vacuum. The product was collected as an off-white solid: 7.429 g
(95.51% vyields).

|V|82CN H MGZSi(C29H37)

THF (50 ml) was added to a CISiMe,OctFlu flask, and transferred a solution
of t-BuNH; (8.3 ml, 13 mmol) in diethyl ether to a solution of CISiMe,OctFlu at 0°C
and stirred for 5 h. The round bottom flask was allowed to warm slowly to room

temperature resulting in the formation of an off-white suspension. Next the
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precipitation of ammonium salt and THF were removed. The off-white solid product
was collected yielding 3.628 g (90.42%).

Me;,Si(5°-CagHas) (*-N'Bu) TiMe,

Me,Si(3-CagHae) (7' -N'Bu) TiMe;, (3.00 g, 6.26 mmol) was charged into a 300
ml round bottom flask, then diethyl ether (120 mL) was transferred in. Next, n-BuLi
solution (4.8 mL, 7.6 mmol, 1.60 M in hexane) was syringed in. The orange slurry
was stirred at 0°C for 4 h. and then a solution of MeLi (15.28 ml, 17.42 mmol) was
transferred into. Meanwhile, TiCl, (0.76 ml, 6.968 mmol) was added in 300 ml round
bottom flask and hexane (35 mL) transferred in. After slowly warming to room
temperature and stirring the slurry for 30 min, the solution was transferred into the
TiCl, solution flask, resulting dark-green solution. After stirring the suspension
overnight, the mixture was evaporated in vaccum and the residue was extract with
hexane 100 ml. Then the hexane solution was concentrated and cooled at -30°C to give

catalyst as red crystals.

1. n-BuLi (1 eq.)
Et,0/0°Ctort

2. SiMe,Cl, (6 eq.)
hexane/-78°C to r.t.

t-BuNH , (2.3eq.)
THF/0°Ctort
N
”,

1. n-Buli (2 1eq)
2. MeLi (2.5 eq.)
Et,0/0°C tort

TiCl y/hexane at r.t.

Figure 3.8 Synthesis of complex 2
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3.4.5 Ethylene Polymerization Procedures

Referring to the research methodology in Figure 3.1, the copolymerization

procedure can be classified under each part of the investigation.

e Ethylene/1-hexene copolymerization Procedure for part 1

Polymerization was performed in a 100 mL glass reactor equipped with a
magnetic stirrer. Under a nitrogen gas flow, the reactor was charged with desired
amount of toluene and MMAO cocatalyst. Ethylene gas was charged at an
atmospheric pressure after the reactor was evacuated. The reactor was kept in an ice
bath until reaching required reaction temperature. After 1-hexene as comonomer was
added in reactor, a 1 mL of complex solution (20 pmol) in toluene was added to start
polymerization. After polymerization finished, acidic mentanol was add in. Lastly, it
was filtrated, adequately washed with methanol, and dried under vacuum at 373K for
6 h. Experimentally, the polymerization was performed at least three times for each

run and only the average yield and activity are reported.

e Ethylene/1-hexene/dicyclopentadiene terpolymerization

Terpolymerization was performed in 100 ml stainless steel reactor equipped
with a magnetic stirrer. Firstly, the reactor was charged with toluene, desired amount
of MMAO cocatalyst and 1 ml of complex solution in toluene. Then, the reactor was
kept in liquid nitrogen to stop reaction and was charged with 1-hexene and
dicyclopentadiene, respectively. The reactor was feed with ethylene (6 psi) to start
polymerization reaction. The reaction was terminated by adding acidic methanol and
the obtained polymers were filtrated and dried under vacuum at 323K. The
polymerization of each batch was performed at least three times, and only the average

yield was reported.

e Ethylene/a-olefins copolymerization for Part 3

Copolymerizations were carried out in a 100 mL semi-batch stainless steel
autoclave reactor equipped with a magnetic stirrer. Firstly, in the glove box, the

desired amounts of toluene, MMAO and rac-Et[Ind],ZrCl, catalyst were introduced



38

into the reactor. After that, the reactor was frozen in liquid nitrogen to stop any
reactions and the proper amount of comonomer was injected into the reactor. Then,
the reactor was evacuated to remove argon and heated up to polymerization
temperature. The polymerization was started by feeding ethylene gas. At the end of
polymerization, it was terminated by an addition of acidic methanol. Lastly, the
resultant polymer was precipitated, and washed with acidic methanol, then filtered
and dried. Experimentally, the polymerization was performed at least three times for

each run and only the average yield and activity are reported.

3.5 Research benefits

e Improve the structure feature and electron-donating property of CGC catalyst
through the substituent Cp ring in order to make better activity and
polymerization ability

e Produce new polyolefin and offer an alternative approach to synthesize polyolefin
containing functional group

e Obtain a better understanding on how comonomer chain length would affect on
catalytic activity and polymer properties.

e Use this information as reference for academia and industry

e Produce international articles based on this research



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Effect of substituent on fluorenyl ligand of CGC catalyst for

ethylene/1-hexene copolymerization

Nowadays, in plastics industry, polyolefin is one of the largest businesses with
a lot of worldwide production, especially polyethylene. This is because of its useful
properties, thus it has been used to produce many products. In fact in the class of
polyethylene, linear low-density polyethylene or LLDPE is very important
commercial product in plastics industry for film and container. The LLDPE demand
by region continuously increases from the year 2005 and up to now. Due to its light
weight and good flow property as well as excellent chemical and weather resistance, it
has been widely used such as packages, films, and cable coatings. LLDPE is

commonly produced by using Ziegler-Natta and metallocene catalysts.

Although Ziegler-Natta catalysts are widely used in LLDPE production, not a
few papers have reported that so-called single site catalysts such as metallocene
catalysts exhibit good catalytic activity to produce copolymers with narrow
molecular-weight and comonomer-composition distributions, leading to better
physical properties of LLDPE compared to those produced by Ziegler-Natta catalysts
[5-8]. Therefore, many efforts have been made for developing new single catalysts for
the synthesis of LLDPE.

Constrained geometry catalysts (CGCs) which possess an ansa-
cyclopentadienylamido ligand provide many advantageous over the conventional
metallocene catalysts, includig a high comonomer incorporation and high thermal
stability. Therefore, many attempts have been made to improve the catalytic
performance of CGC by changing the steric and electronic properties of the ligand [9,
11-12].
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It was found that ansa-dimethylsilylene(fluorenyl)(amido)dimethyltitanium,
Me,Si(77°-C1sHs)(77*-N'Bu) TiMe; (1), combined with a suitable cocatalyst conducted
not only a syndiotactic-specific living polymerization of propylene and a-olefin [31],
but also homo- and copolymerization of norbornene with ethylene or a-olefin [32].
The effects of substituent on the fluorenyl ligand was also investigated and found that
the introduction of tert-butyl groups at 2,7- or 3,6-position improved the activity and

the syndiotactic-specificity without disturbing the living nature of the catalyst [29].

Miller et al. synthesized Me,Si(5"-CagHss)(17*-N'Bu)ZrCl»OEt, and reported
that the catalytic activity of the complex activated by methylaluminoxane (MAO) for
ethylene/1-octene copolymerization was 106 times higher than that for ethylene
homopolymerization [33]. They also found that the complex produced highly
syndiotactic polypropylene and poly(4-methyl-1-pentene) with high activity. We
succeeded in the synthesis of the corresponding Ti derivative, Me,Si(;*-CagHss)(n*-
N'Bu) TiMezethf, where tetrahydrofuran was coordinated in place of diethyl ether. We
applied it for ethylene/norbornene copolymerization using modified MAO (MMAO)
as a cocatalyst and found that the catalytic system showed the excellent ability for the
copolymerization [71]. We also synthesized a donor-free Ti derivative, Me,Si(7*-
CaoHa6)(n*-N'Bu)TiMe, (2), which was found to show higher activity than the
corresponding di-tert-butylfluorenyl Ti complexes for homo- and copolymerization of
propylene with norbornene [70].

Therefore, in this study, how the modification of fluorenyl ligand on catalytic
ability of Ti complexes are considered. Two constrained geometry titanium
complexes,  Me,Si(57>-CisHg)(;7-N'Bu)TiMe, (1) and  MesSi(#7°-CagHag) (17-
N'Bu)TiMe, (2) were synthesized and used as catalyst for ethylene and 1-hexene

copolymerization activated by modified methylalminoxiane (MMAO) (Figure 4.1).
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Figure 4.1 Ethylene/1-hexene copolymerization catalyzed with 1 and 2

4.1.1 Synthesis of ligand precursors and Ti complexes

For ansa-Dimethylsilylene(fluorenyl)(t-butylamido) dimethyltitanium
complex, Me;Si(5*-C13Hg)(5*-N'Bu)TiMe; (1), it was synthesized via one-pot method
which was described in the literatures [66-67] as follows in Figure 4.2.

Cl
./

) ~Si H
1. n-BuLi (1 eq.) -

C‘D EL,0/0°C to r.t. ‘
2 SiMeCl (23eq) Q Q

hexane/-78<C to r.t.

t-BuNH , (2.2eq.) Y

THF/O°C to r.t. N

NH

/

s H
- 1. MeLi (4.8 eq.) -

‘ Et,0/0°C tor.t.
Q 2. TiCly/hexane at r.t. C - Q

Figure 4.2 Synthesis of complex 1
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After (chlorodimethylsilyl)fluorene is treated with tert-butylamine in THF, the
pale yellow oil ligand about 75 % yield is afforded. In order to confirm its structure,
the obtained sample was characterized by NMR techniques. The *H-NMR spectrum
of this product is shown in Figure 4.3. And then, the corresponding ligand was
reacted with TiCl, at room temperature to synthesized 1. The orange-red crystals
about 27% yielded from the above reaction. From *H-NMR spectrum as shown in
Figure 4.4, the signal at chemical shift of 6= 3.76 ppm which is assigned to proton of
CisHg does not appear. It means that ansa-Dimethylsilylene(fluorenyl)(t-
butylamido)dimethyltitanium complex, MesSi(7°-C13Hg)(7-N'Bu)TiMe, (1) is
succeeded in synthesizing corresponds to the reference.

(2113

Figure 4.3'H NMR spectrum of synthesized Me,CNHMe,Si(C13Ho) ligand
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Figure 4.4*H NMR spectrum of Me,Si(5*-C13Hs) (7*-N'Bu) TiMe, complex

For the synthesis of  Me,Si(;7>-CooHzs)(7-N'Bu)TiMe,  (2), the
octamethyloctahydrodibenzofluorene (Ci3Hsg) was firstly synthesized according to
the procedure [33]. As a result, the white needle-like crystals 52% in yields are found
from this reaction (Figure 4.5). The *H-NMR spectrum of the complex is shown in

Figure 4.6.

AICI,

‘ W MeN02
+2 B
: 4 Hel

Figure 4.5 Synthesis of octamethyloctahydrodibenzofluorene



44

4]

L)

[L]

Figure 4.6 "H-NMR spectrum of octamethyloctahydrodibenzofluorene ring

Complex 2 was synthesized via one-pot method as the same procedure for the
preparation of 1, excepting octamethyloctahydrodibenzofluorene was applied instead
of fluorene. The synthetic procedure for Me;Si(;°-CaoHss) (i7'-N'Bu) TiMe, complex is
shown in Figure 4.7.

1. n-BuLi (1 eq.)
EIZOIO“C fort

2.SiMe,Cl, (6 eq.)
hexane/-78:Ctort

t-BuNH , (2.3eq.) M,
THF/0°Ctort.

1. n-BuLi (2.1 eq.)
2. MeLi (2.5 eq.)
Et,0/0°Ctort

TiCl y/hexane at r.t.

Figure 4.7 Synthesis of complex 2
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According to the above reactions, the Me;CNHMe,Si(C9H37) ligand yielding
90% as white solid was obtained by the reaction of t-BuNH, with CISi(CH3)2(Cz9H37).
The results characterized by elemental analysis indicated that this sample has C
82.42%, N 3.18%, H 11.80%, which are in good agreement with the calculated results
(C 81.88%, N 2.72%, H 10.38%). In addition, based on *H NMR spectrum (Figure
4.8), it was confirm that the resultant ligand exhibited similar pattern in accordance

with the previous research.
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Figure 4.8'H NMR spectrum of synthesized Me,CNHMe,Si(CoH37) ligand

When reacting the resultant ligand with TiCl,, it was found that only 22%
yield of red crystal was gained from this procedure. The obtained results from
elemental analysis measurement indicates that this synthesized titanium complex has
C 71.02%, N 3.16% and H 9.0% which is in agreement with the calculated results (C
75.09 %, N 2.37 % and H 9.71%). In addition, from the *H NMR spectrum of the
obtained complex as shown in Figure 4.9 which is consistent with the report of
Shiono et al. [70], it can be concluded that Me;Si(;7>-CagHs6) (7' -N'Bu) TiMe; (2) was
successfully synthesized.
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Figure 4.9 'H NMR spectrum of Me,Si(5>-CaoHss)(5'-N'Bu) TiMe; complex

4.1.2 Copolymerization of ethylene and 1-hexene

Two constrained geometry catalysts, ansa-Dimethylsilylene(fluorenyl)(t-
butylamido) dimethyltitanium complex, Me,Si(;>-C13Hsg)(;*-N'Bu)TiMe; (1), and its
tetraalkylsubsutituted-fluorenyl derivative, Me;Si(#7°-CaoHas) (7*-N'Bu) TiMe; (2) were
used as catalysts for ethylene and 1-hexene copolymerization with MMAO cocatalyst.

The results are summarized in Table 4.1.

The copolymerization of 1 was performed with 0.15 M of 1-hexene at 298 K,
however, it exhibited the high catalytic activity (22 kg-polymer molTi?h™) (data not
shown in Table). Therefore, all systems were conducted at 273K to provide the low

comonomer conversion.



Table 4.1 Ethylene/1-hexene copolymerization with 1 and 2 activated by MMAO

) ) 0 o 1-Hexene in
1-Hexene Time Yield o g N/Ti
Entry Complex _ Activity” , Mu/Mp? copolymer
Feed (M) (min) (9) (x10™) (mol/mol) f
(mol%)”
19 1 0.15 25 0.0227 5 2.5 1.54 0.09 16
2% 1 0.45 25 0.1290 30 2.2 1.49 0.59 33
3 1 0.75 25 0.1335 32 2.1 1.40 0.64 47
49 1 1.50 25 0.0510 12 11 1.36 0.46 58
5) 2 0.15 5 0.0299 359 5.1 2.38 0.59 17
62 2 0.45 5 0.1093 1312 15.2 1.83 0.72 36
7 2 0.75 5 0.1758 2110 19.1 2.09 0.92 52
g 2 1.50 5 0.1738 2086 18.4 2.08 0.94 66

DPolymerization conditions: Ti = 10 pmol, MMAO as cocatalyst Al/Ti = 400, solvent = toluene, total volume = 30 ml, temperature = 273K.;

®)Polymerization conditions: Ti = 1 umol, MMAO as cocatalyst Al/Ti = 400, solvent = toluene, total volume =30 ml, temperature = 273K.;

9Activity in kg-polymer-mol-Ti*-h™.

YMeasured by GPC using polystyrene standards.

®Number of polymer chains per Ti calculated from the polymer yield, the M, value and the amount of Ti used.

f1-Hexene in copolymer calcu.

Ly
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In order to keep the comonomer conversion below 10%, the copolymerization
was performed at 273K with 10umol of 1 for 25 min, whereas 1umol of 2 for 5 min,

respectively.

The result from Table 4.1 indicates that the catalytic activity of 2 was
approximately 60 times higher than that of 1 irrespective of comonomer composition
in feed. The enhancement of catalytic activity is related to the electronic effects of the
substituent group on the fluorenyl ligand. It is well known for metallocene catalysts
that the active species of metallocene catalysts is an ion-pair of a metallocenium
cation and an anion derived from cocatalyst. The introduction of electron-donating
group on the Cp ring improved the catalytic activity [72]. The increase in the activity
by reducing the positive charge on the metallocenium cation can be explained by the
enhancement of the ion-pair separation to form coordinatively unsaturated active
cationic species. On the contrary, if the substituent is replaced by -electron-
withdrawing groups, the catalytic activity was decreased which is due to the

formation of contact ion-pair [72-73]

Although, the steric hindrance of the ligand should also affect the separation of
ion pair, this is not the case in the present catalyst. Cai et al. [29] previously reported
that the introduction of tert-butyl groups at 2,7- and 3,6-position of the fluorenyl
ligand of 1 increased the activity of propene polymerization to the same extent,
although the syndiotactivity of the produced PP were depended on the position of tert-
butyl groups.

Therefore, the high catalytic activity of 2 compared to 1 can be explained by
the increase in the electron density at the active Ti species to enhance the propagation
rate for the ethylene/1-hexene copolymerization. Miller and coworkers [74] revealed
that the octamethyloctahydrodibenzofluorenyl ligand which is a part of the ligand of
2, exhibited remarkably high electron density compared to fluorenyl one by several

experiments such as deprotonation, which was confirmed by DFT calculation.
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In addition, Table 4.1 also showed that the catalytic activity of 1 for the
copolymerization increased with an increase of 1-hexene concentration in feed and
showed the maximum at 0.75 M of 1-hexene. The enhancement of catalytic activity is
ascribed to the increase of 1-hexene concentration under a constant ethylene
concentration. The decrease in catalytic activity is probably due to the increase in the
1-hexene inserted active species which is more sterically hindered, and thus less
reactive than the ethylene-inserted one [75]. Similar tendency was observed in the
copolymerization with 2. However, the decrease in catalytic activity of 2was not
significant compared with 1 which is probably due to higher reactivity of 2 for 1-

hexene.

4.1.3 Characterization of ethylene and 1-hexene copolymer

The number-average molecular weight (M) and molecular weight distribution
(MWD) of the obtained copolymer were measured by GPC analysis. The results as
shown in Table 4.1 indicate that 2 produced copolymer with higher molecular weight
than 1. In case of 2, the M, value was increased with an increase in 1-hexene
concentration in feed and showed the maximum at 0.75 M of 1-hexene keeping the
MWD values approximately 2. This indicates the frequent chain transfer reactions
with uniform active species. In case of 1, the M, value was monotonously decreased
with an increase in 1-hexene concentration followed by narrowing MWD from 1.54 to
1.36.

Living polymerization has been reported when trialkylaluminum-free MMAO
was used as cocatalyst [76]. In the present polymerization system, chain transfer by
'BusAl in MMAO s likely, taking into account the high cocatalyst concentrations
present. The used catalyst amounts in each polymerization were 10 and 1 umol for 1
and 2, respectively, keeping an Al/Ti ratio of 400. Thus, the concentration of 'BusAl

in the 1 system was 10 times higher than in the 2 system.

The number of polymer chains (N) calculated from the polymer yield and the
M, value calibrated as polystyrene for each polymerization are presented in Table 4.2.

In spite of the lower concentration of 'BusAl and the shorter polymerization time (25
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min with 1 and 5 min with 2), the N values with 2 are higher than those with 1,
indicating that the introduction of octamethyltetrahydorodibenzo substituent on
fluorenyl ligand of 2 enhanced the chain transfer rate. Even the frequent chain transfer
was presented in 2, the higher molecular weights of the copolymer produced by 2
were observed. It means that the rate enhancement effect of the
octamethyltetrahydorodibenzo substituent on the propagation rate is more significant
than that on the chain transfer rate.

The obtained copolymers were characterized by *3C NMR. The triad
distributions of the comonomers were determined from the spectra according to
literature [77]. The results are presented in Table 4.2, which shows that the
comonomer triad distribution obtained by 1 and 2 are very similar. When increasing
1-hexene concentration, the EEE triad decreased whereas the triad of HHH increased.
The 1-hexene incorporations in the copolymers determined from the triad contents are
shown in Table 4.2. The 1-hexene incorporation was increased as the 1-hexene
concentration increases in both systems. However, 2 incorporated more 1-hexene than
1, indicating that the introduction of the octamethyltetrahydrodibenzo group should
enhance the insertion of 1-hexene more than that of ethylene.



Table 4.2 **C NMR analysis of ethylene/1-hexene copolymer

Triad distribution

Dyad distribution

Complex 1-Hexene pa)
Feed(M) ""EEE EEH  HEH EHE EHH HHH  EE HE HH
1 015 0567 0242 0035 013 0024 0002 068 0298 0014 0.92
1 045 0246 0317 0108 0211 0098 002 0405 0527  0.069 0.84
1 075 0108 0249 0182 0142 0194 0125 0233 0546  0.222 0.92
1 150 0032 0178 0214 0078 0242 0256 0121 0502 0377 0.93
2 015 0534 0266 0028 0122 0045 0005 0667 0306 0028 0.97
2 045 0218 0312 0112 0147 0167 0044 0374 0499  0.128 0.94
2 075 0101 023 0148 0142 0245 0128 0219 0531  0.251 0.94
2 150 0036 0152 0156 0101 0296 0259 0112 0481  0.407 0.95

DPersistence ratio: [EH]/(2[E][H]).

16
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The monomer reactivity ratios of 1 and 2 were determined in order to evaluate
their copolymerization ability. The ethylene concentration was kept constant by
introducing an atmospheric pressure of ethylene during the copolymerization. In all
the copolymerizations, the conversions of 1-hexene were confirmed below 10%. The
reactivity ratios in each copolymerization were determined assuming the first-order
Markovian process and the monomer feed ratio and the dyad contents in the
copolymer according to Equations (1) and (2)

re = 2[EE] / [EH]F 1)
ru = 2F[HH] / [EH] 2)

where [EE], [EH] and [HH] are the dyad contents, F is the molar ratio of
ethylene and 1-hexene in feed

The reactivity ratios (rg, ry) determined by *C NMR are shown in Table 4.3.
In both catalytic systems, rg values were larger than 1 whereas ry values were lower
than 1. The results indicated the preference of ethylene insertion over 1-hexene
insertion. The average monomer reactivity ratios (rg, ry) obtained from **C NMR of 1
were 3.0 + 0.15 and 0.19 + 0.06 respectively, while the average re and ry values of 2
were 2.9 + 0.15 and 0.27 + 0.02. Complex 2 possesses better copolymerization ability
than complex 1, which should be due to the #'-tendency of the
octamethyltetrahydorodibenzofluorenyl ligand [78-79]. The products of reactivity
ratios reery obtained from 1 and 2 were 0.57 and 0.78, respectively, indicating random
tendency of the copolymers obtained with these catalysts. The persistence ratios

shown in Table 4.2 also support the random distribution of the comonomers.

To confirm the monomer reactivity ratios determined by **C NMR, the ratios
were also determined by Finemann-Ross (F-R) [80] and Kelen-Tidos (K-T) methods
[81].
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Table 4.3 Monomer reactivity ratios of ethylene/1-hexene copolymerization with
1land?2

1-Hexene Feed

Complex M re ry

1 0.15 3.0 0.14

1 0.45 3.0 0.13

1 0.75 2.8 0.25

1 1.50 3.1 0.23
1 average 30 019
2 2/ BRB O\ 33 018
1 ) R | Wy 32 017

2 0.15 2.9 0.28

2 0.45 2.9 0.26

2 0.75 2c7 0.29

2 1.50 3.0 0.26
2 average 29 027
2 FRY 31 028
2 KT 31 028

3 Finemann-Ross method. ® Kelen-Tiidds method.
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Figure 4.10 Plots of a) Fineman-Ross method for the copolymers obtained with

complex 1.; b) Kelen-Tudos method for the copolymers obtained with complex 1
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Figure 4.11 Plots of ¢) Fineman-Ross method for the copolymers obtained with
complex 2.; d) Kelen-Tudos method for the copolymers obtained with complex 2
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From the F-R and K-T plots as shown in Figure 4.10 and Figure 4.11, it was
found that each plot give good straight lines. The rg and ry values obtained from these
plots are approximately 3.3 and 0.18, respectively for 1, and 3.1 and 0.28, respectively
for 2 as shown in Table 4.3. It indicates that the monomer reactivity ratios determined
by the different methods are in good agreement each other.

Table 4.4 shows the monomer reactivity ratios in ethylene/1-hexene
copolymerization with representative single-site catalysts reported so far. The rg and
ry values of 1 and 2 are comparable to those of a typical constrained geometry catalyst
[82] and half-titanocene catalysts [83-84], which are superior to those of metallocene
catalysts [85-88]. We have reported that complex 2 can promoted random
copolymerization of 1-alkene and norbornene with high activity [89]. Thus, 2 is

expected to be applied for the synthesis of a variety of olefin copolymers.
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Table 4.4 Monomer reactivity ratios in ethylene/1-hexene copolymerization with

several single-site catalysts

Temp.

Catalyst® -C) re? ru” Feery ref.
1 0 3.0 0.19 0.57  this work
2 0 2.9 0.27 0.78 this work
[Me,Si(CsMe4)(N'BU)]TiCl, 40 3.42 0.29 0.99 82
(CsMes) TiCly(0-2,6-'ProCeHs) 40 2.7 0.11 0.29 83
(‘BUCsH.) TiCl,(0-2,6-'Pr,CgHs) 40 2.46 0.18 0.45 83
(1,3-'BuCsH3) TiCly(0-2,6-"ProCsHs) 40 3.23 0.14 0.45 83
CpTiCly(N=C'Buy,) 25 4.5 0.08 0.35 84
Cp,ZrCl, 60 62.3 0.003 0.19 85
(Ind)2ZrCl, 60 88 0.005 0.44 85
Et(Ind),ZrCl, 60 31 0.013 0.40 85
Et(IndH4)2ZrCl; 40 12.1 0.028 0.34 86
Me,C(Cp)(Flu)ZrCl, 40 5.7 0.05 0.29 86
Et(2-Ind)(1-Ind)ZrCl, 20 18 0.021 0.38 87
Et(2-Ind)(2-Ph-1-Ind)ZrCl, 20 11 0.17 1.9 87
Me,Si(2-Ind)(2-Ph-1-Ind)ZrCl, 20 8.9 0.1 0.89 87
[PhN=C(Ph)CHC(CF3)0],TiCl, 25 73.33 0.49 35.93 88

? Reactivity ratio of ethylene. ® Reactivity ratio of 1-hexene. © Activated by MAO or MMAO.
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4.2 Effect of termonomers on properties of poly(ethylene-ter-1-

hexene-ter-dicyclopentadiene) by CGC catalyst

Polyolefins are important commercial products which now widely used in
many applications such as packaging films, fibers, pipes and container applications.
Because of their unique physical and mechanical properties, polyolefins play a
fundamental role in life [1]. Polyolefins are commonly produced by using Ziegler-
Natta catalysts, metallocene catalysts and some metal complexes. Recently, the
synthesis of polyolefins containing double bond has been considered. Since, the
double bond of polyolfins can be converted into the functional group such as epoxide,
alcohol and ester through the chemical reaction or can be used for crosslinking.

The effective approach to synthesis of polyolefins containing double bond
group is the use of precursor monomers possessing double bond in molecule [62]. The
monomer which contains double bond in molecule such as 1,4-hexadiene [90], 5-
vinyl-2-norbornene [91] , vinylcyclohexene [92] and styrene [64] were chosen
because of its different reactivities of double bond in molecule. Dicyclopentadiene
(DCP) is one of the attractive precursor monomer for synthesis functionalized
polyolefins because it has specified properties such as good transparency and high
thermal resistance and it is industrially available at low price [63]. Dicyclopentadiene
is a molecule containing both norbornene unit and cyclopentene unit in structure. If
one of double bond in DCP selectively participates in ethylene and a-olefin
terpolymerization, the remaining double bond in DCP can be possible modified by the
introduction of functional group and converted into the functionalitity. Thus, polymer
which contains double bond in molecule can be used for crosslinking and produced
new polymer with specified functions [63-64]. In the beginning, these materials were
synthesized by Ziegler-Natta catalysts. Due to their poor activity and low a-olefin
incorporation, thus it is the limitation of these catalysts for synthesizing fuctionalized
polymer. After metallocene catalysts were found to be the attractive catalysts for
olefin polymerization, many researchers have been focused on the development of

these catalysts for the synthesis of desired polymers.
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Constrained geometry catalysts or CGCs, which are one of the metallocene
groups are promising catalysts for the synthesis of new polyolefins because of their
many advantageous over conventional metallocene catalysts such as high comonomer
incorporation and high thermal stability. Therefore, CGCs were chosen as the

catalysts for the introduction of double bond into polyolefin.

Therefore, in this study, we focused on using constrained geometry catalysts
(CGC) activated with MMAO to investigate the influence of termonomers on

ethylene/1-hexene/dicyclopentadiene terpolymerization. (Figure 4.12).

Ti cat.
MMAO

+ == +

Figure 4.12 Terpolymerization of ethylene/1-hexene/dicyclopentadiene

4.2.1 Terpolymerization of ethylene/1-hexene/dicyclopentadiene

Terpolymerization of ethylene and 1-hexene with dicyclopentadiene was
carried out using Me,Si(5>-CagHse)(#*-N'Bu)TiMe, in the presence of MMAO
cocatalyst. The octamethyltetrahydorodibenzofluorenyl-ligated complex 2 synthesized
in Part 4.1 was chosen as a catalyst for this study, because 2 not only enhanced the
ethylene and 1-hexene copolymerization activity and promoted highly efficient
comonomer incorporation (as indicated in Part 4.1 and in entry 2 ), but also showed
highly efficient in ethylene and dicyclopentadiene copolymerization ( as indicated in
[71] and in entry).

In order to control the comonomer conversion below 10%, terpolymerization

was conducted at 323K with 2 umol. The results are summarized in Table 4.5.
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Table 4.5 Terpolymerization of ethylene/1-hexene/dicyclopentadiene with
Me;,Si(3°-CasHas) (*-N'Bu) TiMe,/ MMAO

1-Hexenein  DCPin

Entry? 1-Hexene DCP Yield Activity?  terpOlymer  terpolymer Tm
Feed (M) Feed (M) @) (Mol%6) (mol%6)° (°C)?
1 - - 0.1759 5,277 - - 137
2 1.5 - 1.504 45,115 44 - 116
3 - 0.0045 0.2307 6,921 - 6 109
4 0.15 0.0045 0.4432 13,296 32 4 n.o.
5 0.45 0.0045 0.6052 18,156 47 4 n.o.
6 0.75 0.0045 1.4567 43,701 52 5 n.o.
7 1.5 0.0045 0.5874 17,622 58 5) n.o.
8 1.5 0.0045 0.5874 17,622 58 5 n.o.
9 1.5 0.045 0.7058 21,174 56 8 n.o.
10 1.5 0.075 1.6110 46,878 59 13 n.o.
11 1.5 0.15 0.4402 13,206 60 14 n.o.

dPolymerization conditions: Ti=2pmol, MMAO as cocatalyst Al/Ti=400, solvent=toluene, total volume=30ml,
temperature=323K.

®) Acitivity in kg-polymer molTi*-h™.
91-hexene and DCP in copolymer calculated from the **C NMR spectrum of copolymer.
9Determined by differential scanning calorimetry (DSC).

n.o. refers to not observe

Comparing ethylene homopolymerization to copolymerization, it was found
that the presence of comonomer in copolymerization showed higher catalytic activity
than the homogeneous one (entries 2-3 vs entry 1). This phenomenon is called
“comonomer effect”. This can be positive or negative results depending on the effect

on catalytic activity. The introduction of comonomer that increased the catalytic
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activity is referred to the positive comonomer effect. On the contrary, if the catalytic
activity decreases when adding comonomer, it will be referred to the negative effect.
In this study, the positive effect is obtained which is attributed to an enhancement of
monomer diffusion. The introduction of comonomer would decrease the crystallinity
of polymer and make an easier for monomer to diffusion to active site. Thus, an

increase in catalytic activity was observed [57,59,93].

As seen in Table 4.5, the influence of 1-hexene and DCP termonomers in
terpolymerization can be divided into two cases. At ethylene and dicyclopentadiene
constant (entry 4-7), it was found that the activity was increased with an increase in 1-
hexene concentration and showed the maximum at 0.75M of 1-hexene. The catalytic
activity decreased because of the increase in inserted 1-hexene on the active sites,
which is more hindered, and thus leads to lower catalytic activity. A similar trend was
observed in terpolymerization at ethylene and 1-hexene constant. Surprisingly, in this
case, the observed terpolymerization activity was higher than that observed
copolymerization activity (entry 3). An enhancemenet in catalytic activity is probably
related to “the comonomer effect”. An increase in 1-hexene concentration would
increase the diffusion of monomers through less-crystalline polymer to active sites
resulting in an increase in monomer concentration at active sites. The higher catalytic
activity can be obtained. From these results, it can be suggested that the catalytic

activity was strongly affected by the addition of termonomers.

At constant ethylene and 1-hexene concentration in feed (entries 8-11), the
catalytic activity increase with an increase in dicyclopentadiene concentration and
showed the maximum at 0.075M of dicyclopentadiene. A decrease in catalytic
activity is probably due to the increase in dicyclopentadiene inserted on the active
sites. It seems that the steric bulk of dicyclopentadiene, which is more sterically-
hindered, makes it difficult for ethylene and 1-hexene to insert to active sites. A
similar tendency was observed in ethylene and styrene with 1-octene
terpolymerization [15] and ethylene/propylene/1,4-hexadiene terpolymerization [61].
The previous results revealed that one of dicyclopentadiene double bond may chelate

to active center of catalyst, and thus this possibly caused lower catalytic activity.
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However, the observed activity was apparently lower when compared with

copolymerization activity (entry 2).

e Kinetic studies

Figures 4.13 and 4.14 show rate-time profiles for the copolymerization of
ethylene and 1-hexene as well as for ethylene and dicyclopentadiene
copolymerization with the different comonomer concentrations. It was found that all
ethylene copolymerization, rate-time profiles increased rapidly in the beginning until
reaching the maximum polymerization rate, it began to decrease which may be due to
the catalyst deactivation. The ethylene consumption rate in copolymerization was
found to depend on the comonomer concentration. The average rate of ethylene
polymerization was increased according to the comonomer concentration. For the
rate-time profile of ethylene and 1-hexene with dicyclopentadiene terpolymerization,
the maximum polymerization rate is between the maximum rate of

homopolymerization and copolymerization of ethylene and dicyclopentadiene.

2.5 T
2.0 -

i —-v— EDCP 0.0045 M
15 - @ EDCP0.45M

—a— EDCP 0.075 M
—0O— EDCP0.15M

1.0

Ethylene consumption rate (ml/sec)

Time (sec)

Figure 4.13 Rate-time profile of ethylene/dicyclopentadiene copolymerization
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Figure 4.14 Rate-time profile of ethylene/1-hexene copolymerization
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Figure 4.15 Terpolymerization of ethylene/1-hexene/dicyclopentadiene
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4.2.2 Properties of Poly(ethylene-ter-1-hexene-ter-dicyclopentadiene)

Poly(ethylene-ter-1-hexene-ter-dicyclopentadiene) was analyzed by **C NMR
spectroscopy to determine microstructure and termonomer incorporation. A typical
3C NMR spectrum for poly(ethylene-ter-1-hexene-ter-dicyclopentadiene) is shown in
Figure 4.16. According to previous reports [63,94-95], the chemical peak observed at
30.2 ppm is assigned to ethylene unit, whereas the chemical peaks of the 1-hexene
unit are at 14.2, 23.5, 29.8, 34.4, 34.9 and 38.5 ppm. The chemical peaks at 130.6 and
132.8 ppm indicated the characteristic chemical shift of dicyclopentadiene.

As known, dicyclopentadiene is a molecule that contains both norbornene and
cyclopentene unit. The results from Figure 4.16 indicate that ethylene and 1-hexene
with dicyclopentadiene terpolymerization is polymerized through the enchainment of
norbornene unit due to the presence of chemical peaks of one double bond at 130.6
and 132.8 ppm. This is consistent with the previous report, which described that the
double bond of norbornene unit is more reactive than cyclopentene. Therefore, it can
be suggested that the present catalyst is active for norbornene than cyclopentene.
According to the remaining double bond in polymers, it is highly possible that
functionalized polymer can be synthesized from the obtained polymer via chemical

reaction.



65

ethylene

HE6

H1
A 2

s 1300
Chemcal Shift (ppm}

Ethylene

H3
- 10
6 7 g8 5H5 3

H4
el |
o L LI

H2

- e S St

T T T T T T T T T
El -] 0 ® - ] o b {1

8 EA i i o a ) Az 3
Chamiext 5% gpm)

Figure 4.16 *C NMR spectrum of poly(ethylene-ter-1-hexene-ter-

dicyclopentadiene)

In addition, Table 4.5 also indicates that the 1-hexene incorporation was
increased with an increase in 1-hexene concentration in feed (entry 4-7), and
dicyclopentadiene content in terpolymers also increased with an increase in
dicyclopentadiene (entry 8-11). A similar trend was observed in the ethylene and 1-
hexene with styrene terpolymerization using aryloxo-modified half-titanocene
catalysts [64]. Based on these results, it was found that dicyclopentadiene slightly
increased when increasing 1-hexene concentration (entry 4-7) and 1-hexene
incorporation also slightly increased according to dicyclopentadiene (entry 8-11). A
similar tendency was observed in ethylene/1-hexene/dicyclopentadiene with bis(B-
enaminoketonato)titanium catalysts [88]. Comparing entry 2, 3 and 7, the results
showed that 1-hexene incorporation was significantly affected by dicyclopentadiene
concentration, whereas 1-hexene concentration seems hardly affected on
dicyclopentadiene incorporation. The similar trend was observed in ethylene and
styrene with 1-octene terpolymerization using [Me;Si(CsMe,)(N'BU)]TiCl, catalyst
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combined with MAO cocatalyst [15] . As a result, the 1-hexene incorporation was
achieved maximum at 60% (entry 11), while the dicyclopentadiene content in
polymer showed the maximum at 14% (entry 11). This CGC catalyst afforded
polymer with higher termonomer incorporation than bis(B-enaminoketonato)titanium
catalyst which was found to be 43 mol% of 1-hexene content , and 1.6 mol% of

dicyclopentadiene [96].

For thermal study, the resulting polymer was measured by differential
scanning calorimeter (DSC) in the temperature range of 50-170 °C. The results from
second scan are reported in Table 4.5. The PE sample (entry 1) has melting
temperature of 137 °C, while the introduction of comonomer decreased the
crystallinity of polymer, and thus lowered the melting temperature of the polymer.
The melting temperature was ~ 116 °C for ethylene and 1-hexene copolymer (entry 2)
and =~ 109 °C for ethylene and dicyclopentadiene copolymer (entry 3) and. For
ethylene and 1-hexene with dicylopentadiene samples (entry 4-11), it cannot be
observed the melting curve from DSC thermogram even with low 1-hexene and
dicyclopentadiene contents. These results suggest that the resultant polymers were
amorphous materials and the properties of polymer can be modified by varying the

ratio of termonomer components.

Through these studies, we believe that terpolymerization of ethylene and 1-
hexene with dicyclopentadiene with constrained geometry catalyst would be
considered as a promising alternative approach of the synthesis of new polyolefins
and preparing polyolefin containing functional group. The attention would be paid to
precise synthesis of unsaturated polymers by ethylene terpolymerization with dienes
by introducing the functional group through the chemical reactions. Ethylene and 1-
hexene with dicyclopentadiene terpolymerization would be a new promising

possibility to develop polymer industry. .
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4.3 Effect of comonomer chain-length on ethylene and 1-olefins

copolymerization using zirconocene/MMAO catalysts

Polymer has played significant role in our life, especially linear low density
polyethylene (LLDPE). Due to its useful properties such as low density, good
mechanical properties, and easy to fabricate and recycling, thus it has been used to
produce many products [1-3]. The demand of LLDPE is quite high comparing with
other polymers. For the production of LLDPE, the polymer can be synthesized by the
copolymerization of the ethylene and short chain 1-olefins, namely 1-hexene, 1-
octene and 1-decene. Although LLDPE commonly produces by using Ziegler-Natta
catalysts, metallocene catalysts exhibit high catalytic activity to give polymer with
narrow molecular weight and comonomer composition distribution. Therefore, the
development of these catalysts for the synthesis of LLDPE using metallocene
catalysts has been considered [97].

However, the properties of LLDPE, such as the average molecular weight and
molecular weight distribution of polymer, the crystallinity, the melting temperature as
well as the content and distribution of comonomer, are depended on a factor called
“comonomer effect”[13,14]. According to previous studies, they showed that the
increase of 1-olefin quantities improve the activity which is related to the physical
phenomenon by improving the monomer diffusion in the lower crystalline copolymer
structure. Besides the comonomer quantity, the length of the 1-olefin also affects the
LLDPE properties. Although short chain comonomer is normally used in industrial
process, but long chain comonomer can provide LLDPE with different properties.

Therefore, the study of long chain comonomer is attractive for future production.

In this part, rac-Et(Ind),ZrCl, was selected as catalyst and applied for
copolymerization of ethylene with various 1-olefin in combination with MMAO
cocatalyst to study the effect of comonomer chain length on the characteristics in

terms of catalytic activity, polymer properties and morphology (.
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4.3.1 Homo- and co-polymerization activities

This study is aimed to investigate the polymerization of ethylene with short
and long chain 1-olefins, namely 1-hexene, 1-octene, 1-decene, 1l-dodecene, 1-
tetradecene and 1-octadecene. The copolymerization of ethylene and 1-olefin with
zirconocene catalyst activated with MMAO is shown in Figure 4.17. The catalytic

activities obtained with different 1-olefins are shown in Table 4.6

Zr cat.

MMAQ

Figure 4.17 Copolymerization of ethylene and 1-olefin with zirconocene/MMAO

catalysts



Table 4.6 Copolymerization of ethylene with longer chained 1-olefins by using rac-Et[Ind].ZrCIl,/MAOQ, as catalytic system

Olefin Activity? Ch Xe
Run number Tm (°C) d” (g/ml)
type (x10™*kgPol/molZr - h)  (mol%)” (%)?
1 - 1.8 - 135.00 65.00 0.95
2 1-Ce 2.9 7 121.64 7.36 0.88
3 1-Cg 3.8 16 113.62 2.44 0.88
4 1-Cyo 3.5 18 116.25 2.33 0.88
5 1-Cy, 3.6 13 117.61 6.21 0.89
6 1-Cy4 3.7 20 112.98 1.33 0.87
7 1-Cig 45 15 117.58 4.34 0.88

?dActivities were measured at polymerization temperature of 343 K, [ethylene]= 0.018 mol, [Allumao / [Zf]eat = 1135, in toluene with total volume = 30 ml
and [Zr]c=5 x 105 M.

Y)Content of 1-olefin in the copolymer from *C NMR.

9Melting temperature from DSC.

dCrystallinity degree: y. =100- (AH/AH®) , where AH® = 290 J/g for linear polyethylene.

®)Copolymer density calculated from the semi-empirical equation: d = (2195+AH)/2500 [105].

69
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From Table 4.6, when comparing the activities between the homo-
polymerization and co-polymerization, it was found that the addition of the
comonomer in the system gives higher activity. An improvement of polymerization
rate in ethylene and 1-olefins copolymerization is called “comonomer effect”. This
phenomenon can be found not only in Ziegler-Natta catalysts [13,58,98] but also in
metallocene catalysts in zirconocene and titanocene system [99]. This interesting
phenomenon can be described in chemical and physical functions [54-56].

According to the chemical function, an addition of comonomer increases the
number of active center (C*). Taniike et al. [57] revealed that comonomer can
activate potential active site which is not easily to activate by ethylene monomer.
Although some site is not active for ethylene homopolymerization, it can active for
copolymerization of ethylene. Thus, an increase in polymerization rate was observed.
For physical function, the introduction of comonomer decreases the crystallinity of
the obtained polymer, resulting in a less-crystalline copolymer. Therefore, monomers
are easier to diffuse and react with active site, and thus lead to the better catalytic
activity. Moreover, it is also found that comonomer can accelerates the fragmentation
of catalyst during polymerization and causes the new active sites in heterogeneous
system.

In addition, Karol et al. [58] have proposed that 1-olefins can function as
ligands. By coordination to the active center, the 1-olefin can alter the charge density
on the cationic zirconocenium ion. Metal centers with higher mobility, lower steric
interference, and higher electrophilicity are believed to form stronger ion pairs.
Monomers that cause a greater separation between the cationic metal centers and the
MAO aggregates can enhance the activity of the catalyst, consequently increase the
rate polymerization.

On the other hand, the effect of the comonomer chain-length can be described
in two cases. Considering the short chain length comonomer (run 2-4), it indicated
that the increase of the comonomer length resulted in lower activity due to the
increase of steric hindrance effect. The longer comonomer which is sterically
hindered the insertion of ethylene, leading to slower propagation reaction process.

Therefore, it was then lead to lower activity for polymerization [4,58,100].
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On the contrary, for the long chain length 1-olefins (run 5-7), we observed an
increased of polymerization activity when the length of 1-olefin was increased. The
effect may be attributed to the opening of the gap aperture between Cy(centroid)-M-
Cp-(centroid) in metallocene complex, which forced the coordination site to open
more (Figure 4.18). This effect caused ethylene monomer to easier polymerize at the
catalytic sites, and thus the activity increased [11,99]. A similar behavior was
observed by Kaminsky et al. [100] for ethylene/ long chain 1-olefins
copolymerization with [Ph,C(2,7-di-tert-BuFlu)(Cp)]ZrCIl,/MAO catalyst system,
under different experimental conditions (T=60 °C and the presence of hydrogen) but
no reason was given for the trend.

The obtained result is also consistent with the study of Braunschweig and
Breitling [27] which reported that the opening angle of BC,(centroid)-M-Cp-(centroid)
can be found in the polymerization of ethylene and long chain olefins, and moreover,
the longer chain 1-olefin can open the angle of Cy(centroid)-M-Cp-(centroid) wider

in metallocene catalysts.

Figure 4.18 Redrawn conceptual idea by Braunschweig and Breitling [27]

Considering the influence of comonomer chain-length on rate-time profile, it
was found that, the rate-time profile for ethylene and 1-olefin copolymerization is

similar as presented in Figure 4.19.
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Figure 4.19 Rate-time profile of ethylene polymerization with various

comonomer

Both ethylene homo- and copolymerization, rate-time profile increased rapidly
at the beginning and reached the maximum point in 5 minutes followed by a slower
propagation rate. The decline in rate-time profile is related to the lowering activity of
some active centers with time. In the presence of comonomer, polymerization was
activated much faster and initially polymerized at a much higher rate. The maximum
point of rate-time profile for copolymerization was higher than ethylene
homopolymerization. This is due to the fact that 1-olefin comonomer polymerize with
ethylene rapidly, leading to the accelerating of active site. 1-octadecene comonomer

showed the highest maximum profile.
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4.3.2 Characterization of resulting polymer

Homo- and copolymer with different 1-olefins (copolymers containing 6 to 18
carbon atoms), synthesized with metallocene catalyst, have been analyzed using four
characterization techniques:

) SEM measurements

Figure 4.2 presents the scanning electron micrograph (SEM) of the obtained
polymers from homo-polymerization and co-polymerization. Considering the effect of
morphology with the length of 1-olefin, the results indicated that the crystalline
structure of the obtained polymer seems to be lower with the increase in the
comonomer length. The low crystallinity was probably due to more steric hindrance
when higher comonomer was introduced. The longer-chained comonomer added, the

more amount of amorphous observed. Therefore, the amount and type (chain length)

of comonomer affected the morphology of polymer samples.

Figure 4.2 SEM micrograph of LLDPE produced with metallocene catalyst; (a)
homopolymer (b) ethylene/1-hexene copolymer (c) ethylene/1-octadecene

copolymer
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e X-ray Diffraction (XRD) Analysis

The XRD diffractograms of the different samples which acquired at room
temperature are shown in Figure 4.21. As expect, it can be seen all samples display
peaks at three positions. The broad amorphous peak centered around 19.5-20 degree,
indicating the side branches of 1-olefin participating in the crystalline structure. While
the two peaks appeared at 20 =21.8 and 24.3 degrees are the (110) and (200)
reflections characteristic of the orthorhombic cell of polyethylene [101-103],
respectively. Moreover, the longer chain of the additional comonomers seemed to
disturb the polymer recrystallization which probably attribute to most of the steric
hindrance presented, leading to reducing in crystalline peak intensity, but clearly

increasing the amorphous peak [59,101].

® @ ® Amourphous
A 8 (110) crystalline
f A (200) crystalline
i\ &
El 1 e ©
2- -
o 0
E d I'. (e)
= ' @
(c)
(b)
(a)
10 20 30 40 50
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Figure 4.21 X-ray diffractograms of different samples. From bottom to top; (a)
homopolymer (b) ethylene/1-Cs (c) ethylene/1-Cg (d) ethylene/1-Cy (€)
ethylene/1-Cy; (f) ethylene/1-Cy4 and (g) ethylene/1-C,g copolymers

e NMR Analysis
In order to investigate the influence of the length on the comonomer

distribution, the obtained samples were also characterized by **C NMR measurement.
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The chemical-shift assignments of ethylene/ 1-Cy, to ethylene/ 1-C;5 copolymer and
some resonance of the main chain and side chain are shown in Table 4.7 and Figure
4.22. The quantitative analysis of triad distribution for all copolymers is reported in
Table 4.8. From table, it was found that ethylene incorporation in all systems gave
copolymers with similar triad distribution, and only the random copolymers can be
produced in all systems. However, the olefin chain length has no effect on the

comonomer distribution [104].

Figure 4.22 Resonance of the main chain methylenes and the side chain of the
ethylene/1-olefin copolymer
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Table 4.7 Chemical-shift assignment of ethylene/1-dodecene, ethylene/1-

tetradecene and ethylene/1-octadecene copolymers [104]

Chemical shift® (ppm)

C;;a/:::)n ethylene/1-dodecene  ethylene/1-tetradecene ethylene/1-octadecene
(1-Cy2) (1-Cua) (1-Cys)
1B, 14.10 14.10 14.10
2 By 22.80 22.80 22.80
3B, 32.13 32.13 32.13
4 B, 29.50 29.50 29.50
5B 29.85 29.85 29.85
6 By 29.909 29.909 29.909
7By 29.909 29.909 29.909
8 B, 30.36 29.909 29.90°
9B, 27.18 29.909 29.909
10 By, 34.45 30.37 29.909
11 B, - 27.18 29.909
12 B, - 34.46 29.909
13 By, - - 29.909
14 B, - - 30.37
15 B, - - 27.18
16 By, - - 34.46
CH 38.11 38.11 38.11
Sad 34.49 34.49 34.49
SBS 27.20 27.20 27.20
Sy8 30.38 30.38 30.38
S68 29.90 29.90 29.90

% See Scheme 4.8.
Y According to Randall [105].
© Overlapped to S58 peak at 29.90 ppm.
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Table 4.8 Triad distribution and properties of the resulting ethylene/1-olefin

copolymers

Triad distribution? Cs
Entry Olefin type

[EEE] [XEE] [EXE] [XEX] [EXX] [XXX] (mol%)®”

2 1-Cs 0.823 0.151 0.055 0.018 0.015 0.000 7
3 1-Cs 0412 0379 0.164 0.045 0.000 0.000 16
4 1-Cyo 0471 0.310 0.176 0.043 0.000 0.000 18
5 1-Cp 0499 0331 0.135 0.035 0.000 0.000 13
6 1-Cua 0.794 0.202 0.119 0.114 0.085 0.000 20
7 1-Cys 0.591 0.214 0.152 0.043 0.000 0.000 15

dObtained from *C NMR, where E refers to ethylene monomer and X refers to 1-olefin comonomer.
P)Content of 1-olefin in the copolymer from *C NMR.

o Differential scanning calorimetric Analysis

When dealing with the thermal properties of the polymer, the DSC
measurement is usually consider the second melting of the sample. All the
experimental results, including melting temperature (Tn), % crystallinity (y:), and
density are also reported in the Table 4.6. The PE sample (run 1) is a high density
polymer with a linear microstructure, a high melting temperature (Tm~135°C), a
degree of crystallinity of 65% and a high density (0.95 g/ml) (is not shown in table).

As can be seen in Table 4.6, the polymer with higher incorporated
comonomers in its chain had less crystallinity and lower melting temperature. This is
in correspondence with the percent insertion from *C NMR results. In addition, when
considered the crystallinity results from DSC measurement, the results indicated that
the length of comonomer did not affect the crystallization behavior which different
from XRD results. These differences were because XRD was analyzed the sample at

room temperature. Therefore, the amorphous peak of the branched 1-olefin may still
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participate in the polymer structure. However, the DSC measurement was performed
sample at high temperature. The determination relies on the measurement of the
enthalpy of melting and on the assumption of a unique enthalpy of melting for the
crystal. Thus, the enthalpy of melting of long side chain had to be taken into account
the determination of crystallinity. Therefore, the crystallinity value may be different
between the various determinations. [58,101,106-109]. However, from these results, it
can be concluded that the increase in the chain length of comonomer is reflected on a
decrease of the melting temperature. The density of all samples is in the range of
0.87-0.95 g/cm? indicating the structure of typical LLDPE.



CHAPTER YV

CONCLUSIONS & RECOMMENDATIONS

5.1 CONCLUSIONS

The ethylene polymerization activated with metallocene catalyst and
constrained geometry catalyst (CGC) in homogenous system was studied and divided
into three parts: Part 4.1 studied how the catalyst structure affected on the
copolymerization ability, Part 4.2 investigated the effect of comonomer on ethylene
terpolymerization and the last Part 4.3, investigated the influence of comonomer
chain length on ethylene copolymerization. The conclusion of each part was described

in the following,

For the first part, two constrained geometry catalysts (Me,Si(7°-C1sHsg) (5™
N'Bu)TiMe, (1) and Me,Si(17*-CaoHa3s)(7-N'Bu) TiMe, (2) with different substituents
on fluorenyl ligand were synthesized and used as catalyst precursors for ethylene and
1-hexene copolymerization. It was found that the catalyst structure significantly
affected on  the  copolymerization  ability.  The introduction  of
octamethyltetrahydrodibenzo substituent on the fluorenyl ligand significantly
enhanced the copolymerization activity. The octamethyltetrahydorodibenzo
substituent, which acts as an electron-donating group on fluorenyl ligand reduces the
positive charge on metallocenium cation leading to the formation of the
coordinatively-unsaturated active cationic species. In addition, this complex produced
high molecular weight polymer with MWD approximately 2, indicating the
characteristic of single-site metallocene catalysts. The
octamethyltetrahydorodibenzofluorenyl-ligated complex 2 not only improved the
catalytic activity and molecular weight, but also enhanced the comonomer
incorporation. From the monomer reactivity ratio results, re = 3.0 £ 0.15, ry =0.19 £
0.06 for 1; re = 2.9 £ 0.15, rg =0.27 £ 0.02 for 2, it indicates the superior ability of the

present catalysts (1 and 2) for 1-hexene incorporation among the single site catalysts.
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. Additionally, the octamethyltetrahydorodibenzofluorenyl-ligated complex 2
activated by MMAO was found to be an excellent catalyst for copolymerization of
ethylene and 1-alkene.

In the second part, terpolymerization of ethylene and 1-hexene with
dicyclopentadiene activated with Me,Si(;7>-CooH36) (7' -N'Bu) TiMe, catalyst was
studied. It was found that the octamethyltetrahydorodibenzofluorenyl-ligated complex
shows excellent ability for ethylene/l-hexene  copolymerization and
ethylene/dicyclopentadiene copolymerization as well as ethylene and 1-hexene with
dicyclopnetadiene terpolymerization. The explanation to describe the effect was
divided into two cases. At constant ethylene and 1-hexene in feed, the activity for
terpolymerization was decreased with an increase in dicyclopentadiene and lower
compared to ethylene and 1-hexene copolymerization. The decrease in catalytic
activity is due to the fact that one double bond of dicyclopentadiene may chelate with
active center, and thus lead to the lower catalytic activity. Additionally, at ethylene
and dicyclopentadiene concentration constant, the terpolymerization activity was
increased with an increase in 1-hexene concentration and showed higher catalytic
activity compared to ethylene and dicyclopenatadiene copolymerization. The increase
in 1-hexene would obstruct dicyclopentadiene coordination to active site. When
increasing 1-hexene concentration, the 1-hexene incorporation was increased, while
dicyclopentadiene insertion was also increased with an increase in dicyclopentadiene
in feed. Based on *C NMR analysis, the 1-hexene incorporation was significantly
depended on dicyclopentadiene concentration. However, 1-hexene concentration
seems did not affect on dicyclopentadiene incorporation. No melting temperature was
observed, suggesting that the resultant polymers are amorphous material. In
conclusion, terpolymerization of ethylene and 1-hexene with dicyclopentadiene
catalyzed with the present catalyst was found to be as a promising alternative
approach of the synthesis of polyolefin containing functional group. This offers new

promising possibility to develop polymer industry.
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For the third part, the copolymerization of ethylene and 1-olefin via
metallocene/MMAOQO catalysts by varying the comonomer chain length was
investigated. It was found that in case of short chain length, from 1-C6 to 1-C10, the
increase in comonomer chain length resulted in the decrease in catalytic activity. This
is due to more steric hindrance around active site On the contrary, when long
comonomer chain length was used, 1-C12 to 1-C18, the enhancement of the activity
was observed. The longer comonomer chain length can force the opening of
supplementary angle, making the olefin coordination site open wider, and thus leading
to an enhancement in catalytic activity. However, the increase of comonomer chain
length had no significant effect on polymer characteristics in terms of melting
temperature and comonomer distributions. The crystallinity tended to decrease with
increased chain length, based on XRD analysis.

5.2 RECOMMENDATIONS

In the preliminary study on the effect of substituent on the catalytic ability of
Ti complexes, the results showed that the introduction of substituent on fluorenyl
ligand affected on the activity and properties of polymer. The comonomer
incorporation, comonomer distribution and monomer reactivity ratios were also found
to depend on the ligand substitution. In general, instead of the ligand structure, the
used cocatalyst seems to influence on the catalytic performance. More detailed studies
on the difference in cocatalyst , i.e. MAO, dMMAO, MMAO-BHT should be found
out to achieve a better understanding of their ability for ethylene copolymerization
and to find the correlation between the cocatalyst and the characteristics in terms of

comonomer incorporation and distribution.

Although ethylene and 1-hexene with dicyclopentadiene terpolymer are
considered as a promising alternative approach of synthesis of polyolefin containing
(polar) functionality, the introduction of functional groups through the chemical reaction
such as epoxidation should be employed in order to check whether the resultant polymer
can be modified through the chemical reaction or not. The remaining double bond in the

ethylene terpolymer would be converted into the functional group, producing polyolefin
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containing functionality. Therefore, the use of IR and NMR techniques would be a power
tool to check and confirm the chemical reaction of the resultant polymer. In addition, the
more detailed study on the different dienes which contain two olefins with different
reactivities such as 1,4-hexadiene and 3,3’-divinylbiphenyl should be further

investigated in order to find the possibility to produce new polymers.

For the case of the comonomer chain length effect, more detailed study on the
polymer properties including molecular weight should be further determined. This is
possible that the comonomer chain length affected on the molecular weight of the
resultant polymer. In order to support those results, 'H NMR technique should be
measured. The signal peak of vinyl chain-end, the vinylidene chain-end and the
internal double bond, which results from the B-H elimination would answer how the

relation between comonomer chain length and the molecular weight of copolymer is.
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Figure A-14 *C NMR spectrum of ethylene/1-hexene/DCP terpolymer entry 4
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Figure A-15 *C NMR spectrum of ethylene/1-hexene/DCP terpolymer entry 5
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Figure A-16 *C NMR spectrum of ethylene/1-hexene/DCP terpolymer entry 6
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Figure A-17 *C NMR spectrum of ethylene/1-hexene/DCP terpolymer entry 7
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Figure A-18 *C NMR spectrum of ethylene/1-hexene/DCP terpolymer entry 8
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Figure A-19 *C NMR spectrum of ethylene/1-hexene/DCP terpolymer entry 9
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Figure A-21 *C NMR spectrum of ethylene/1-hexene/DCP terpolymer entry 11
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Figure A-23 *C NMR spectrum of ethylene/1-hexene copolymer
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Figure A-24 *C NMR spectrum of ethylene/1-octene copolymer
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Figure A-25 *C NMR spectrum of ethylene/1-decene copolymer
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Figure A-26 *C NMR spectrum of ethylene/1-dodecene copolymer
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Figure A-27 *C NMR spectrum of ethylene/1-tetradecene copolymer
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Figure A-29 **C NMR spectrum of ethylene/1-octadecene copolymer
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(DIFFERENTIAL SCANNING CALORIMETER)
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D\Student25._\Oct Complex MMAOD 1Min pdid

Filename:
Operator 1D:
Sample ID: Dct Complex MMAD 1Min
Sample Weight 5720 mg
Comment:
MEKTEC
125.3
120
\ Peak = 137.33 7C
Area = 1160.518 mJ
100 1Y Delta H = 202.8877 J'g
| —— \
- ]
| BO1—"
= - \ Peak = 139.11 7C
= - Area = 927 998 mJ
-g 40 ] Delta H=162.2374 Jig
[} - _ — '_-_ — i
g
L 20
b4
==
LB — _ 4 ] I
SR 7
\ |
-20 1 N\ I
'\ Peak = 11424 7C
W a Area = -965.142 mJ
0] \}j Delta H = -168.7311 Jig
-40.05 T T T T T T T T T T T 1
4878 & 7o & 40 00 110 120 130 140 150 180 168
Temperature {*C)
22412556 16:00:40
1) Hold for 1.0 min at 50.007C &) Hold for 1.0 min at 50.007C
2] Heat froms 50.007C to 170.007C at 20.007C/min 8) Heat from 50.007C to 170.007C at 20.007C/min
3] Hold for 1.0 min at 170.007C T) Hold for 1.0 min at 170.007C
4] Cool from 170.00%C to 50.007C at 2D.007C/min
Figure B-1 DSC curve of ethylene homopolymer entry 1
Filename: DAStudent 2558 \Khing\E_H.pdid
Onsrator ID:
Sample ID: EH
Sample Waight: 5720 mg
Comment:
MEKTEC
1398 4
134 Peak =120.34 7C
Area= 14141 ml
A~ DeltaH=24722 Jig Nl
12 4 /\{/ Ay | |
| __’_/'/ A= —\1 I| II |
R I— — el \ ” | |
L N | |
Lwoq / -, J |
| W |
E. o4 / \\"J“'/ vV |I
s [ Peak = 116.01 ?C {
2, Arza =28803 m) /
T Defta H =5.0512Jig {
£,
]
R I — _
N /\\
44 ~ #
\\____f._ / || ~
3 — | A - —
—_— __/ T __ __
16214 T T T T T T T T T T T 1
524 60 70 a0 mw 100 110 12 130 140 150 160 166
Temperature (TC)

1/5/2656 15:23:08

Hold for 1.0 min at S0.0U7C

Heat from 50.007C to 170.007C at 20.007Cimin
Hold for 1.0 min at 170.007C

1 Cool from 170.007C to 50.007C at 20.007C/min

e S b

9]  Hcld for 1.U man at SU.LUYC
&) Heat from 50.007C o 170.007C at 20.007C/min
7] Hald for 1.0 min at 770.007C

Figure B-2 DSC curve of ethylene/1-hexene copolymer entry 2
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Filename: D:AStudent 2556\ Khing\E_DCP . pdid
Oiperator 10:
Sample ID: E_DCP
sample Weight: 576U mg
Comment:
MEKTEC
50.4 5

Pezk = 112.24 7C

40 Area — 380.204 md

| Delia H = 66.0163 Jig
p———— _'-3_47___ —_——

| 304
3
= ) Peak = 108.93 ?C
£ 20 Area = 789 164 m.l
% [ — R s Delta H = 50.2020 Jig i o
)
“ 104
g

Temperaturs (7C)

e — - - e
\\ /
> /
-0 A Peak = 90.74 5C
N Area =-304.693 mJ
} Della H = -52.8990 Jiy
-17.83 T T T T T T T T T T 1
4062 80 70 an an 100 110 120 130 140 150 160 168,
Temperature (2C)
22412556 16:06:10
1] Heold for 1.0 min at 50.00°C 5| Hold for 1.0 min & 50.007C
2] Heat from 50.007C to 170.007C at 20.007C/mn & Heat from 50.007C to 170.007C at 20.007C/min
3] Hold for 1.0 min at 170.007C 7| Hold for 1.0 min & 170.007C
4] Ceol from 170.007C to 50.007C at 20.007C/min
Figure B-3 DSC curve of ethylene/dicyclopentadiene copolymer entry 3
Filename: D:\Student2556'King'10-25._.\EHDCP 11.pdid
Operator 1D:
Sample ID: EHDCP 11
Sample Weight: £.280 mg
‘Comment:
MEKTEC
14.38 ]
o~
4 —
12 ’/
| T=4»] e
104 o Y \._____——“'F -
= |/
= )
4 57 |
& o .'ﬁ']
= — — S— — — — -
Il 4 ."
% |
i‘ IJ
o | Vs
ra
-34T1 T T T T T T T T T T T 1
408 60 70 an a0 100 110 120 130 140 150 160 188

22/5/2556 13:53:10

11 Hokd ki 80 min st S0.00TC 5% Heohdfer 1.0
2] Mt S S0 D00 &S 170 0D0PC &t 20 (B Cimin A Haasdmm
3] Fuid b V0 ne i 1700 T Ty Hulifis 1.0 o
4] Cool from 170.007C to 50.007C at 20.007C/min

Figure B-4 DSC curve of ethylene/1-hexene/DCP terpolymer entry 4
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Filename: D:\Student2555\King\20_..\21_E_H_DCP.pdid
Operator 1D:

Sampls ID: 21_E_H_DCP

Sample Weight: 7.270 mg

Comment:

MEKTEC

11.48

@
L

@

.

=]
|
\

Heat Flow Endo Up fmW) —— ——
Y]

~
/
|

|

50.23 60 T a0 a0 100 110 120 130 140 150 180 170
lemperature [¥L)

20/8/2666 10:16:22

1] Hold for 1.0 min & 50.007C 5) Fold for 1.0 min at 50007C

2] Heat from 50.007C to 170.007C at 20.007C/min 6) Feat from 50.007C to 170.007C at 20.007?C/min
3) Held for 1.0 min at 170.007C 7) Fold for 1.0 min at 170.007C

2] Cool from 170.00?C to 50.007C at 20.307C/min

Figure B-5 DSC curve of ethylene/1-hexene/DCP terpolymer entry 5

Flename: CevEhudenh2sS2xing' 1 0HIS NEHDCF 11.pdid
Operator IO

‘Sampés IC: EHDCF 13

‘Sampis Welght S370mp

‘Commant

1B.E!: lf

N

™ o ] =
\
\

|

|

|

sl Flow Bnidie Up (mid) — —

a.
"

1
487 -] 0 & =0 100 110 120 130 140 150 160 187
Temperatune (7C)

ZHSIEEE 80E

1] Haid for 1.0 min af 50.007C 5] Hoid for 1.0 min af 50.007C

2| Heat from S0.007C o 170.007C af 30007 C/min &1  Heat from S0007C o 170.007C at Z0.007Cimin
3| Hold for 1.0 min at 170.007C 71 Hoid for 1.0 min af 170.007C

4| Cood from 170.007C fo S0.007C at 20,007 &imin

Figure B-6 DSC curve of ethylene/1-hexene/DCP terpolymer entry 6
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Flename: CovBhudent2SSShing'C0L. \18_E_H_DCP pdd
Opemator D
Sampie I 18_E_H_DCP
Sampie ‘Weight 9.240mg
Comment
MEKTEC
12589
1204
|
|
1104 |
| = |
= I
- |
: !
o
w 7O
i gl
: - RYER
L S04
]
-~
404 ra
el R
204
11 T T T T T T T T T T T
- &0 mm &0 50 100 1o 120 13 140 50 1e0 17
Tempemahure (74
IWTECE QSIS
1] Hoid for 4.0 min at S0.007C £] Hoid for 1.0 min a8 S0.007C
2| Heat from S0.007C o 170,007 &t 20.007Cimin 6] Heat rom S0007C o 170007 at 20.007Cmin
3| Hoid for 1.0 mim at 170.007C 71 Hodfor 1.0 min at 170.007°C
4] ool from 170007C 10 S0U007C- at 20.007C'min

Figure B-7 DSC curve of ethylene/1-hexene/DCP terpolymer entry 7

FlEname DovEldent 2SS hing' 20 . \B_E_H_DCP pad
Cperator IT
Eampls I 18_E_H_DCP
Eampis ‘Weight 2240 mg
Comment
MEKTEC
1255
1204
|
|
110 |
| e |
| <] |
f |
: !
)
d TOd
i gl
F - RYER
o =04
]
f—
40 ral
30 - i
. — — —
114 T T T T T T T T T T T
513 =] m &0 50 100 110 20 120 140 50 10 17
Temperahrs (7]
JTEER D534
1] Hodd for 1.0 min af S0.007C 51 Hold for 1.0 min af S0.007C
2] Head from SO.007C to 170.007C & 30007 C/min &] Heat from SOLOOTC o 170.007C &t 20.007Cmin
3] Hoid for 1.0 min a2 170.007C 71 Hoid for 1.0 min a2 170.007C
4] Cool from 170.007C 10 S0.007C at 20.007Cimin

Figure B-8 DSC curve of ethylene/1-hexene/DCP terpolymer entry 8
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Filename: DS tudent 2556\ King\10-05..\EHDCP 17.pdd
Qperator 1D:

Sample 10: EHDCP 17

Sample Weight 7.800 mg

Comment:
MEKTEC

R

Hest Flaw Ends Up (mwg ——

T
10
Temperature (7C)

m

00?C
.00?C at 20.007Cimin
oo?c

1 Hold for 1.0 min
i Heat from 50.00
) Hold for 1.0 min at
J Cool from 170.007C to 50.007C at 20.007Cimin

at 50
0 Heat fro DO?C to
Hold for 1.0 min at 170.

Figure B-9 DSC curve of ethylene/1-hexene/DCP terpolymer entry 9

Filename: D\ Studenti2556King! 10-05-. \EHDCP 6_paid
Operator [D:
Sample 1D: EHDCF &
Sample Weight 5.200 mg
Comment:
MEKTEC
§0.77 /
—
45 | /
i
|
| 40 |
|
|
5 4 |
E |
£ |
E
£ 30 |
5
2 5 ]
-] o R A
z_‘; — I Y Ve
= m /
% 20
2
T
/_.-' - — — — —_— _ —
ol s
Ll /
-T715 T T T T T T T T T T T 1
4054 60 T an a0 100 110 120 130 140 150 160 189
Temperature {7C)
1) Hold for 1.0 min at 50.007C 5] Hold for 1.0 min 32 5D, C
2} Heat from 50.007C to 170.007C at 20.007C/min 6] Heat from 50.007C 007C at 20.007Cimin
71 Hold for 1.0 min at C

3) Hold for 1.0 min at 170,00
4) Cool from 170.007C to 50.002C at 20.007C/min

Figure B-10 DSC curve of ethylene/1-hexene/DCP terpolymer entry 10
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Filename:
Operator ID:
Sample ID: 4_E_H_DCP
Sample Weight: 8.110mg
Comment:

D-\Studenti2565\King | 20_2...W_E_H_DCF paid

MEKTEC

1

16.83

=]

o

Heat Flow Enda Up (mW) —— ——

]
]

-10.66
408 80 0 80

110 120 120 140 150 180
Temperature (FC)

20 100

30/8/2556 10:55:08

169_

1] Hold for 1.0 min at 50.007C

2] Heat from 50.007C to 170.007C at 20.007C/min
3] Hold for 1.0 min at 170.007C

4) Cool from 170.00%C to 50.007C at 20.00%C/min

5) Hold for 1.0 min at 50.007C
8) Heat from 50.007C to 170.007C at 20.007C/min
T) Held for 1.0 min at 170.007C

Figure B-11 DSC curve of ethylene/1-hexene/DCP terpolymer entry 11

Sampl= D- 1-hexene_Khing
Sample Weight 5.600

MEKTEC
i Peak = 120.39 7C
Area =91.266 mJ -
o /\ Delta H = 16.2976 Jig

| e
| 8 / "/
§ & L ] —] ST / 7
8
&
H SN
w
£

2 f/ __,..-——-""‘—/ \v,\ //

o P

/ r
2 / — =] / Peak = 10540/2C
P \ |Area =-85.942/mJ
Deita H = -15 3468 Jig

-4.027

5434 80 70 80 100 110 120 130 140 152

L (70)

2] Heat from 50.007C to 150.007C at 20.007C/min
3] Hold for 1.0 min at 150.007C

1] Hold for 1.0 min at 50.007C
4] Cool from 150.007C to 50.007C at 20.007Cimin

5] Hold for 1.0 min at 50.007C
6] Heat from 50.007C to 150.007C at 20.007C/min
7] Hold for 1.0 min at 150.007C

Figure B-12 DSC curve of ethylene/1-hexene copolymer (part 3)
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Sample ID: 1-Octene_Khing
Sample Weight 5.100

MEKTEC
3.703

AT
//’_"\-\M \\\

| V/ \\ \"\l\ EBE:I:-I;:%?S:;.&I;CIM

i \\ T H‘\—-.

5, ~— ~

&

2 = \ “‘-\R\H
1 ~

‘f‘\
-10 Y,--!._
Pedk = 96.54 2C \
Area=-15552 T ] "\
Delta H = -3.0494 Jig \ /

-16

-16.72
54.37 80 70 = a0 100 110 120 130 140 152.
(7C)
1] Hold for 1.0 min at 50.007C 5] Hold for 1.0 min at 50.007C
2] Heat from 50.007C to 150.00°7C at 20.007C/min 6] Heat from 50.007C to 150.007C at 20.007Cémin
3] Hold for 1.0 min at 150.007C 7] Hold for 1.0 min at 150.007C
4] Coal from 150.007C to 50.007C at 20.007C/min

Figure B-13 DSC curve of ethylene/1-octene copolymer

Sample D- 1-decene_Khing
Sample Weight 6.100

MEKTEC
3083
T
2 / \\_‘_‘
P \
/ / — S Peak = 117.74 2
o s [Area= 26622 md
| \ T Deita H = 34134 /g
g 4 % \ . 4/\
r \ \ i SN I |
g 8 s N
r .
[ ot
o, \ [
£ e
) \;71\ .\
a2 Peak = 100 .h /
Area = -20.947 mJ f
Delta H = -3.4339 Jig /
14 H""""'-—ﬁ.._____
A
-15.68
5443 60 70 80 a0 100 10 120 130 140 1520
)
1] Hold for 1.0 min at 50.007C 5] Hold for 1.0 min at 50.007C
2] Heat from 50.007C to 150.007C at 20.00?C/min 6] Heat from 50.007C to 150.007C at 20.007C/min
31 Hold for 1.0 min at 150.007C 7] Hold for 1.0 min at 150.007C
4] Cool from 150.007C to 50.007C at 20.00?Cémin

Figure B-14 DSC curve of ethylene/1-decene copolymer
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tor |
Sample 1D

Sample Weight 8780 mg

Commen

DStudent 2550\ Zom~.. V1 —dodecene (2).pdid

1-dodecens (2)

-10.57

14.7
13

12

—10

MEKTEC

Peak = 11522 2C

Area = 105.140 m.d
Delta H = 11 9750 /g

Peak = 11558 2C

Area = 67 004 m.
Delta H = 76314 Mg

!

t
Peak = 100.62 ?2C
Area = -66.391 mJ
Delta H = -7 5616 Jfg

S4.a0

=] 70 a0 =0 100 110
Temperaturs (7C)

TNZIZESS5 13:40:45

1) Hold for 1.0 min st S0.002C 5) Hoid for 1.0 min at 50 .007C
2] Heat from 50.007C to 150.007C &t 20007 Camin 8) Heatfrom SO.007C to 150.007C st 20.00PCAmin
3] Hold for 1.0 min at 150.007C 71 Hold for 1.0 min at 150.007C

4) Cool from 150.007C to 50.007C at 20.003CHmin

Figure B-15 DSC curve of ethylene/1-dodecene copolymer
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Fiename [EET== e [Epr=="=]
b IO
Sample 1D- T-tetradecsne (1)
Sample Weight 1Z.650 mg
Comment:
MEMKTEC
=

E
Peak = 107 22 2C
=0 - Area = S03_614 m.d
Defta H = 39.8114 .Wg
s
| o
I Peak = 10825 ?C
Area — 224 072 mJ
‘%“ s Delta H = 17 . 7132 g
=
-
o
=
=
=
_10
_1s
oo Peak = 85.80 7C
Area = 333 557 m.J
Delta H = -26 3682 Jfg
=25
v
sa 52 eo o =0 oo 100 110 120 120 140
Teaemperature (5)
TOrEreSSS 141033
1) Hold for 1.0 min at SO_00 5)  Hoid for 1.0 min at SOOD07C
2] Haat from 50 DOPC to 150.007C at 20_00FClmin 8) Hoat from S0.007C to 170.007C at 20.007CAmin
2] Holkd for 1.0 min at 150007 sl Hoidd for 1.0 miin at 1700007
) O.D0FC bo 50 007C ot 20 00FCHmin

Figure B-16 DSC curve of ethylene/1-tetradecene copolymer
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Sampile ID:

—octa
sght 8 240 mg
=

DrStudent 2550 om+ i\ 1-octadecene pdd

1 decens

Sample Weigl

Commen

1217 5

Hest Flow Endo Up (i) = —

—t \

MEMTEC

Peak = 114.65 ?2C

Area = 865647 mel
Draita H = 10.5155 Jig

N

Peak = 115.01 2C
Area = FO_307F mel

Delta H = 8 5324 g

Peak = 98.81 7C
Area = -64.953 ML)
Delta H = -7.8826 /g

153

100 110 120 130 140

Temperature (?C)

12555 14:-:03:-48

Hoild for 1.0 min ot 50

ooFC
Heat from S0.007C to 170.002C at 2000 CAmin
Hold for 1.0 min at 1700007C

Figure B-17 DSC curve of ethylene/1-octadecene copolymer
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APPENDIX C

(CALCULATION OF POLYMER MICROSTRUCTURE)
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C-1 Calculation of monomer triad distributions

The triad distributions of the comonomers were determined from the spectra
according to the Soga K. et al. [77]. The detail of calculation for ethylene/a-olefin

copolymer was interpreted as follow.
For ethylene and 1-hecene copolymer

The integral area of **C-NMR spectrum in the specify range are listed.

Ta = 39.5-42 ppm
Ts = 38.1 ppm
Tc = 33 -36 ppm
To 7 28.5-31 ppm
Te = 26.5-275 ppm
Tk = 24 -25 ppm
Te = 23.4 ppm
Th = 14.1 ppm

Triad distribution was calculated as the followed formula.

K[HHH] =  2Ta+Te-Te

K[EHH] =  2(Te-Ts-Ta)
K[EHE] = Ts

K[EEE] =  0.5(Ta+Tp+T2Tg)
K[HEH] = T:

K[HEE] =  2(Te-Ta-Te)
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For ethylene and 1-octene copolymer

The triad distributions of the ethylene and 1-octene copolymer were
determined from the spectra according to Randall [105]. The detail of calculation for

ethylene/1-octene copolymer and ethylene/1-decene copolymer were interpreted as

follow.
Ta = 39.5-42 ppm
Ts = 38.1 ppm
Tc = 36.4 ppm
To = 33-36 ppm
Te = 32.2 ppm
Tr = 28.5-31 ppm
Te = 255-275 ppm
TH = 24 - 25 ppm
T, = 22 -23 ppm
T; = 14 - 15 ppm

Triad distribution was calculated as the followed formula.

k[00O] = Ta-05T¢
K[EOO] = Tc
K[EOE] = Te
K[EEE] = 05Te-0.25Te-0.25T¢g
k[OEO] = Tu

k[OEE] = Te-Te



For ethylene and 1-decene copolymer

The integral area of *C-NMR spectrum in the specify range are listed.

TA =

TB =

TC =

TD =

TE =

Tk =

TG =

Ty =

T| =

T,

Triad distribution was calculated as the followed formula.

K[DDD]
K[EDD]
K[EDE]
K[EEE]
K[DED]

k[DEE]

39.5-42

38.1

36.4

33-36

32.2

28.5-31

25.5-27.5

24 - 25

2223

14-15

pPpm

ppm

ppm

ppm

Ppm

Ppm

ppm

ppm

Ppm

Ppm

Ta—-0.5T¢

Tc

Te

0.5TF-0.5Te - 0.5Tg—-T,

Th

Te—-T,
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C-2 Calculation of monomer reactivity ratios

Monomer reactivity ratios (rg, rc) were determined from the triads according to
the following equations:
re = 2[EE]/([EC]X)
r.=2[CC]X/[EC]

where rg = ethylene reactivity ratio, rc = comonomer (o -olefin) reactivity ratio

[EE] = [EEE] + 0.5[CEE]
[EC] = [CEC] + 0.5[CEE] + [ECE] + 0.5[ECC]
[CC] = [CCC] + 0.5[ECC]

X =[EJ/[C] in the feed = the ratio of concentration of ethylene (mol/l) to

concentration of comonomer (mol/l) in the feed.

%E = [EEE] + [EEC] + [CEC]
%C = [CCC] + [CCE] + [ECE]

To confirm the monomer reactivity ratios determined from the monomer feed
ratio and the dyad contents, the monomer ratios were also determined by Finemann-
Ross (F-R) [80] and Kelen-Tdos (K-T) methods [81]

The Fineman-Ross equation:

F(-) _(F2),
f - f E 'C

where, f is the molar ratio of the monomers in the copolymer and F is the mole

ratio of monomer in feed.

From the plot between F(f — 1)/F vs (F%/f), it can be obtained re and rc from

the slope and the origin.
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The Kelen-Tudos (K-T) method:

el

where, 1 =G /(o + F?), E= F’/(o. + F’), G = F(f- 1), F" = F*/ f , a =(F’'maxF,min)®°
re and rc can be obtained from the origin and slope from the plot between n vs. &.

The standard deviation calculated as [(1/(N - 1))X(re.cexp) — Fe.cop) 1"

C-3 Calculation of crystallinity for ethylene/a-olefin copolymer

The crystallinities of copolymers were determined by differential scanning

Calorimeter (DSC). % crystallinity of copolymers is calculated from equation [106].

(%) = ARM 100
R

where, y (%) = %crystallinity

AHm = the heat of fusion of sample (J/g)

AHmy = the heat of fusion of perfectly crystalline polyethylene (286 J/g)
[104]
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(LIST OF PUBLICATIONS)
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D-1 Publications

Wannaborworn, M., Praserthdam, P., Jongsomjit, B. Observation of Different
Catalytic Activity of Various 1-Olefins during Ethylene/1-Olefin
Copolymerization with Homogeneous. Molecules. 16 (2011): 373-383.
Wannaborworn, M., Praserthdam, P., Jongsomijit, B., Cai, Z., Yano, H.,
Shiono, T. Copolymerization of ethylene and 1-hexene with ansa-
dimethylsilylene(fluorenyl)(t-butylamido)dimethyltitanium complexes
activated by modified methylaluminoxane. Macromol. Chem. Phys. Article in
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