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CHAPTER |
INTRODUTION

Polymer are materials used in all fields of life. These materials have been
discovered and now produced all over the world. Polymer-based materials such as
plaétics, fibers, elastomers were consumed. In the portion of markets, polyolefins is
majority. The production and consumption of polyolefins will proportionally increase with
the increasing population member. The key success factors for polyolefins

‘manufacturing are the following ones[1]:

1. The raw materials (monomers) are easily accessible from oil or natural
gas.
2. The preduction costs are low due to modern, energy saving and non-

polluting large volume processes.

3. The products are environmentally harmless thus contributing to the
principle of sustainabie development.

4, These polymers can be burnt giving off combustion energies like oil.

5. A broad product portfolic of polyolefins is obtainable by catalytic
polymerization process ranging from very low up to ultrahigh molecular
mass compound and covering a oroad range of densities.

6. Polymer products can be tailored to reach excellent product quality in

respect to processing and finat product performance.

One of the interesting polyo|eﬁns is polymethyl methacrylate (PMMA) which is
the first acrylic polymer to be produced commercially. The production was begun in

1927 by Rohm and Haas AG in Germany [2].



In 1832 Rohm and the collaborators were the first to polymerize methyl
methacrylate into transparent sheet. A few years later the first thermoplastically

processible molding compounds based on PMMA were available [3].

After that, the cast sheet pelymethyl methacrylate have been developed. These
include display signs, lighting fittings and bathroom fittings. PMMA is more transparent
than glass. Thus, it can be made as very thick windows and it is still perfectly
transparent, for example, in large aquariums. PMMA is found in paint. Acrylic latex

:_ = paints often contain PMMA suspended in water. Lubricating oil and hydraulic fluids tend

: . to get really viscous and even gummy when they get reaily cold.

: The properties that make PMMA a high-prized plastic are good mechanical
e sfrength, outstanding optical properties (clarity, brilliance, transparency) and extremely
: good weather resistance. This favorable profile can be supplemented by the surface
modification of semifinished products (scratch-resistant or antistatic coating}, coloring or
pigmenting and treated with flame retardants to open up a wide variety of potential uses

for this polymer.

Pure PMMA is an amorphous plastic with a high surface gloss, high brilliance
and crystal-clear transparency. It is classified as a hard, rigid but brittle material. The
tensile, compressive and flexural. strengths are considered satisfactory. Scratch
resistance is also good and can be improved further by special coatings. Incorporation
of acrylate allows the rheological properties of the thermoplastics to be varied within a
wide range to satisfy the processing requiremenis during injection molding and

extrusion [3].

PMMA are high-tech polymers or engineering plastics. The stereoregularity of
which was known by the end of the 1850s to vary with the catalysts, solvents and

temperatures used in the preparation.




The stereoregularity of PMMA can be varied from highly isotactic to highly
.syndiotactic configurations by controlling polymerization conditions. The isotactic
polymers are synthesized with anionic catalyst such as Grignard reagents or alkyllithium
in nonpolar solvents such as toluene. However, the side reactions are often present. A
nu_m__ber of propagating species are formed, resulting in broad molecular weight
__d_i.:s:t'ribution and lowering of isotacticity. Syndiotactic polymers are usually obtained from
fadical po!ymerization at low temperature or with Ziegler-Natta catalysis such as TiCl,-

Al(C,H,), at very low temperature.

- Kitayama et al. found that polymerization with tert-C,H,Li combined with
triaikylaluminum compounds at low temperatures gave highty syndiotactic PMMA with
narrow molecular weight distribution. Ferguson et al. prepared atactic structure PMMA

by bulk polymerization of the monomer with sodium borohydride as catalyst [4-5].

Since the beginnihg of the 1980s, the chemistry of cationic group VB
metallocene complexes has attracted much more attention for their high activity and
h;gh stereospecificity in organic synthesis. These complexes function as useful models
fér the catalytic intermediates involved in hydrogenetion and Ziegler-Natta (Z-N)
polymerization of Ql-olefins when methylaluminoxane (MAO} and boron compounds
such as B(C4F,), , Ph,C'BC,F,), and PhNMe,H'B(C,F,), are used as cocatalyst. The
prop_a_g_ation species were confirmed as cationic complexes, for example, iPr{Cp(Flu}]
ZrMe and CpQZrMe+. However, it is difficult for these kinds of catalysts to polymerize

common polar vinyl monomer e.g., methyl methacrylate monomer (MMA).

Polymers prepared with metallocene catalysts have narrow molecular weight
distribqtj__dh than those prepared with heterogeneous catalysts and consequently better
mechanical properties. Mw/Mn range 1 ~ 2.5 for the former, compared with 5 - 6 for the

latter. This is a consequence of the single site feature of the metallocenes.



Activities of metallocene catalysts are from 10 — 100 times higher than those of
~ conventional .Ziegler-Natta catalysts. While it is often difficult to correlate structural

~ variables with activity, the'foilowing generalizations can be made [6]:

1. For the group IVB metals, the order of activity is Zr > Ti > Hf.

2. Alkyl group on the cyclopentadienyl rings increase catalyst activity if they
are not too bulky. Large, bulky alkyl groups and electron withdrawing
groups decrease the activity.

3. Ihcreasing the size of the groups attach to the .atom bridging the
cyclopentadienyl rings (C or Si) reduces the activity.

4, MAO affords much higher catalyst activities than other alkyl aluminum

cocatalysts.

Therefore, in this work, zirconocene is chosen to be used as a catalyst. Since
“many reports found that several zirconocene are appropriate catalysts for O(-olefins

polymerization.

Many researches reveal that the bridging C,-symmetric zirconocene compound
such as rac-Et(ind),ZrMe, is a good catalyst for Ol-olefins polymerization [7-11]. For
example, Soga et. al. polymerized propylene with rac-Et(ind),ZrMe, combined with
e*bess MAO or alkyl aluminum as cocatalyst, the catalytic system gave isotactic

“polypropylene with high molecular weight and narrow molecular weight distribution.

MAO is required in a large excess (1,000 — 5,000 times of catalyst). Lewis acids

._Suoh as boron compounds were examined to replace the MAO without significant loss in

"‘polymerization activity. The boron compound that can be used as is B(CGHS)‘{ but the

polymerization activity is low. The boron compounds which show higher activity are

perfluorinated arylboranes and borate anion; B(C,F,),, PhNMe,H B(CsFy), and Ph,C’
BICo-



The metallocene/boron compound catalytic system can polymerize general
o-olefins monomer, except the functional or polar monomers such as methyl
methacrylate and other acrylate monomers. It was believed that functional group (alkoxy
carbonyl) on monomer which is Lewis basic, will destroy the catalyst and cocatalyst.
Thus, the binary catalytic system was found to be inactive towards the polymerization of
MMA without the addition of a third compenent; Lewis acid such as alkyl aluminum

compounds or organozinc [12].

In this research, zirconocene catalyst rac-Et(ind),ZrMe, will be used combined

wuth different type of boron cocatalyst such as B(C,F,);, PhNMe,H B(C,F,), or Ph,C"

’-f‘---;ff_'-.'B(CGFS)‘,' together with Zn(C,H,), for methyl methacrylate polymerization. The catalytic

: 'éctivity will be tested. The resulting polymer will be characterized.



1.1

1.2

The objective of the thesis

1.1.1  To study the influence of the ansa-zirconocene catalysts with boron -

cocatalysts on catalytic yields and activity.

1.1.2  To investigate the produced polymer structure and determine the

optimum conditions for methyl methacrylate polymerization.

The scope of the thesis

1.2.1  Polymerize methyl methacrylate monomer using ansa-zirconocene

catalysts and boron compounds as a cocatalyst.

1.2.2 Investigate the corresponding parameters affecting the methyl

methacryiate polymerization :

1.2.2.1
1.2.2.2
1.2.2.3
1.2.24

Types of solvent and types of boron cocatalyst
Zn / monomer mole ratio
Polymerization temperature and polymerization time

Types of alkylating agents

1.2.3  Characterize produced polymethyl methacrylate

1.2.3.1
1.2.3.2
1233
1234

Fourier transform infrared spectroscopy (FT-IR)
Nuclear magnetic resonance spectroscopy (NMR)
Differential scanning calorimetry (DSC)

Gel permeation chromatography (GPC)



CHAPTER Il
THEORY

The catalyst systems can play the key rule in olefin polymerization. Metallocene
compounds becomes important catalysts for the systhesis of polymers. Especially,
group IVB metallocene complexes are currently introduced in industry as a new
generation of Ziegler-Natta catalysts for olefin polymerization. Ziegler-Natta catalysis is
the rapid pbfymerization of ethylene and Cl-olefins with the aid and in the coordination
sphér:é': éf a metal catalyst, operating at low pressure and low temperaturé; The group
VB metallocenes inciude titanocene, zirconocene and hafnocene, The zirconocene
| .‘¢_qmplexes are the most interesting both academicaily and industrially. Their
.-_-_;:-::':"ae.ﬁvelopment as practical polymerization catalysts is the first large scale industrial
i application for the long known and weil developed class of metallocene complexes.
About all the faséinating organometallic chemical aspect in metallocene catalysis, the
key aspect which earned them their enormous industrial research input is that group VB
metallocene catalysts make polymers which cannot be produced by conventicnal

Ziegler-Natta catalysts.
2.1 Polar monomer

Polar group such as eéters are beiieved to act as a catalytic poison in Ziegler-

Natta polymerizations. Thus, it is usually difficult to bolymerize polar vinyl monomers with
Ziegler-Natta catalysts. Nevertheless, polymerizations of vinyl moncmers containing
polar grdups have been studied from the point of the synthesis of stereoregular
polymers. Group VB metaliocene complexes are used as iniliating systems for
synthesis of polar or functional monomers. Methyl methacrylate monomers (MMA) can

be efficiently polymerized stereoselective using a two-component catalytic system.
s Collins and Ward polymerized MMA using a mixture of a Cp,ZrMe, and Cp,ZrMe-(THF)

[BPh,], the reaction is shown in equation 2.1



E E
MMA S .S
Cp,ZrMe, + Cp,ZrMe-(THF)[BPh,] "y >'\>‘\/Me (2.1)
CHCL -~ (PMMA),,»
0 OC E =COMe

The mechanism probably involved enolate complexes in a group transfer
polymerization. The sensitivity of this two-component initiator system to impurities in
: _monomer and solvent suggested that development of a scrubbing agent that could be
- used, in situ, to purify them would be attractive. in contrast, Cp2ZrCI2‘/ MAO [13],
.rac-Et(ind)ZZrCIz /] Ph,C'B(C4Fs),, rac-Et(indH,),ZrCl, / Ph,C" B(C.F,), and
rac-Me,Si(ind),ZrCl, / Ph,C'B(C4F,), were found to be inactive towards the
; polymerization of MMA without the third component, Lewis acids such as dialkylzinc and

alkylaluminum compounds.

.22 Catalytic system

2.2.1 Metallocene

Metailocene catalysts are organcmetallic compounds in which one or two
» carbocyclic ligands or substituted carbocyclic ligands such as cyclopentadienyl ring,

substituted cyclopentadieny! ring or derivatives of cyclopentadienyl ring (for example,

fluorenyl, indenyl, etc.) are Tl-bonded to the metal center atom.

o The typical chemica! structure of metallocene catalyst is shown by Figure 2.1
7 wh'ere M is the group IVB, VB or VIB transition metals, generally in group IVB (Ti, Zr and
- Hf)._ A, a bridging atom (usually C, Si atom) or bridging molecule e.g. ethylene, R, is a
."(S-vhomol‘eptic hydrocarbyl such as H, alkyl, or hydrocarbon groups and X represents

"thorine or other halogens or an alkyl group.
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Figure 2.1 Typical chemical structure of a metallocene catalyst.

The central transition metal atom, cyclopentadienyl {or cyclopentadienyl
derivatives) ligands, bridging atom and halides modified by variation and / or
= '-f_ofu_bstitutions some of these parts can result in variation of the catalytic activity, polymer

strUcture, molecular weight and molecular weight distribution.

A major difference between metallocene and conventional heterogeneous
Ziegler-Natta catalyst is that the former has well-defined molecular structure and
polymerization occurs at one position in the molecule, the transition metal atom.
}:'Z'Metaliocene is called single-site catalyst, in contrast to multiple active sites

characteristic of the more traditional Ziegler-Natta catalysts.

The structures or compositions of metallocene catalysts have many varieties.
Type of catalysts are divided by different structures or compositions. When the two
cyclopentadienyl (Cp) rings on either side of the transition metal are unbridged, (Figure

' 2‘_._'2_), this metallocene is nonstereorigid, it is C,, symmetry.
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(W

rigure 2.2 Non-bridging C,, symmetiic metaliocene catalyst.

When the two cyclopentadienyl ligands which are bonded to the metal atom, are
connected by bridging atom or bridging molecule (Figure 2.3), the metallocene is

stereorigid compound, called ‘ansa’ metallocene (ansa means handie).

The rotation of Cp ligands can be prevented by bridging which connect them
together, to give a rigid and stereoselective ligands framework. It shows C,,'C, or C,
symmetry, depending on the substituents on two Cp rings and the structure of the

bridging unit.

Figure 2.3 Ethylene bridged cyclopentadienyl metallocene catalyst.
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- The lists of the C,, C, and C, symmetric metallocenes are demonstrated in

Tables 2.1, 2.2 and 2.3, respectively.

Table 2.1 C, - symmetric metaliocenes

Metallocenes | Examples
Titanocene Cp,TiCl,, CpTiCly, Cp,TiMe,

Zirconocene ind,ZrCl,, Ind,Zr'Me,
Hafnocene Cp,H{Cl,, Cp,HiMe,

Table 2.2 C,-symmetric metallocenes

Metallocenes Exampiles
Titanocene (C;H,Me)PhTICl,
Zirconocene Et(ind),ZrCl,, Me,Si(Ind),ZrCl,,

Me,Si(2-Melnd),ZrCl,,
Me,Si(2-Nie-4-Naph-ind), ZrCl,

Hafnocene Et(ind),HfCl,, Me,Si(Ind),HfCl,

Table 2.3 C_-symmetric metallocenes

Bridging zirconocenes Examples
tert-butyl bridge t-BuCH(3-t-Bu-Cp)}{Flu)ZrCl,
isopropy; bridge i-Pr{(MeCp)(Ind)]ZrCl,

isopropylidene bridge Me,C(MeCp)(ind)ZrCl,

dimethylsilyl bridge Me,Si(3-t-Bu-Cp)(Flu)ZrCl,
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X

@\ M/ M/X
G Ty

C,,-symmetric C,-synunetric

C,-symmetric C,-symmetric

Figure 2.4 Structures of the metallocenes showing various symmetries.
2.2.2 Cocatalysts

Methylaluminoxane (MAQO)

MAQO is an oligomeric product of incomplete hydrolysis of trimuthylaluminum and
consists of monomer [-Al{CH,)O-] units. Many inorganic hydrated compounds are used
as a source of water for preparing MAO from alkylaluminum such as CuSO,.5H,0,

A]2(804)36H2O- MgC|26HZO, etlc.
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The structure of MAO can only be postulated as being a mixture of linear or
cyclic oligomers of MeAlO units (shown in Figure 2.5) with degree of oligomerization
commonly varying from 6 — 20 MAO [1]. The systhesis of MAO is associated with several
serious limitations due to reaction time to obtain a controiled exotherm, the risk of
explosicn, low yields ahd the formation of solid by products. The agreements appear to
be that MAQO oligomers are fluxional molecules with a dynamic équilibrium among them,
which change their size and structure. The average molecular weight depends on the
preparative conditions. In Figure 2.6 shown the activation of zirconocene dichioride by

MAO [14].

‘Me, Me
Al oL AL AL-O--|-O--—-Al{
Me Me - c
Me\ /Me
Al Al-O—1-O——AI_
Me Me ©
n
O

Figure 2.5 Linear and cyclic oligomers of MAO

@\ /C] MAO ®.\ /CH3 MAO @\ il

o — Zr\ - Zr

— \cx CHs d
CH, { ’ ; 3

U(S A0, Q --[--/3(121}-{-0-1,,-- O

Figure 2.6 Activation of zirconocene dichloride precursor by MAO
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In polymerization, it has been found that very high ratios of MAO to metalliocene

are required 1o achieve a good polymerization activity. MAO appears {o have a

- combination of the following functions:

1.” MAO alkylates the metaliocene.
2. MAO abstracts alkyl group from metallocene to generate cationic
metallocenium active species.
3. MAO stabilizes metallocenium active species.

4. MAOQO can scavenge the impurities in polymerization system.

Metallocene catalytic systems require a large amount of MAO for high activity in
polymerization. The high cost of aluminum cocatalyst stimulates the search for new kind

of cocatalysts, which can perform in the absence of MAO.
2.2.3 Boron compounds

Non-aluminum cocatalyst such as B(C,F.), PhNMe,H B(CF,), and Ph,C’
B(C,Fs), was discovered as an activator for metallocene catalyst. These boron
compounds can give high activity when combine with metallocene. in the polymerization
of MMA, boron compounds were used as cocatalyst in an equimolar with metallocene
catalysts. However, no polymers were produced until the third component, Lewis acid
as Zn(C,H,), was added. Soga et al.[15-16] reported that cationic zirconocene
complexes formed from dimethyizirconocene and B(C,F,), or Ph,C'B(CF,),” polymerize

MMA when activated with alkylzinc or alkylaluminum compounds.

- To generate active species catalyst, zirconocene dichloride precatalyst was
;alkytated by alkylating agents such as alkyl aluminum or Grignard reagent. Chloride
vétoms were replaced with alkyl group to form C-C bond with zirconium. The boron
compounds abstract alkyl group from dialkyl zirconocene. Zirconium cation, active site

was formed and stabilized by boron compounds throughout the polymerization reaction.
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Figure 2.7 shown the dimethyi zirconocene has been absiracted methyl group to

generate active species by boron compounds {17].

(@\/ H3CB(C¢Fs);5™

Zr'-CHj,
B(CeFs)3 {65
Q. Qe
CH - S
7 PhNMeH" B(CeFs)y Zr*—CH,

\CH 3 i //7(

{ > -CH,, -PhN(CH;), Al
Ph;C" B(C4Fs)s Zr*-CH,

-H,CPh;

a

Figure 2.7 Methyl group abstraction by boron compounds
2.2.4 Organozinc

Organozinc such as Zn(C,H;,), is Lewis acid, complexed with monomer. When

no Lewis acid was used, no product was obtained.

In polymerization, MMA was at first mixed with Zn(C,H;), in toluene solvent and
aged for 1 hour before subsequent addition of B(C,F), and Cp,ZrMe,. However,
pqumerizations were initiated to give PMMA with high molecular weight and narrow

vmoiecular weight distribution in good yields.
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2.3 Polymer tacticity

Stereoreguiarity arises because of order in the spacial structure of polymer
chains. If the backbone of a polymer chain is drawn in a flat zigzag form in the plane of
the paper, in (a) all the substituent R groups lie uniformly on the same side of the zigzag
plane, the structure is called isotactic, (b) the substituent R groups occupy positions
alternatively above and below the backbone plane, the structure is called syndiotactic,
-{c) there is no regular arrangement of the substituent R groups, the structure is called

atactic. Figure 2.8 illustrates olefin tacticity, for PMMA, R group is CO,Me.

(a) Isotactic
{b) Syndiotactic

(c) Atactic

Figure 2.8 Schematic illustration of olefin tacticity



2.4 The mechanisms for stereochemical control in olefin polymerization

The polymerization of o-olefin such as polypropylene with a catalyst would lead

15 a polymer with-randomly orierted aikyl side-chain. However, since cyciopentadieny!
ligands are easily modified by substituents and can be tailered 0 suit particutar
requirements, appropriate ligand design has been used to control the orientation of the
coordinatedr monomer & such a way that either isotactic or syndiotactic polymer must
result. Such sterecoregular polymers have quite different physical properties, for

example, crystallinity, glass transition temperature, etc,.

For bis-(ind)zirconocene complexes, the rotation of the ligands can be
prevented by connecting them via a '—CHZ—CHZ— bridge to give a rigid and
stereoselective ligand framework. The general mechanism for controlling polymer

tacticity of a-olefin by C,-symmetric zirconocene catalyst is shown in Figure 2.9 [18].

f—

——
@,I/D = R%D
<> e,

14 Velence slaction catahticaly active species

{[J indicates vecant coordination site )

A O i\R' njep—«\‘/;‘ - n%——-\

e Figure 2.9 Mechanism of &-olefin polymerization using C,- symmetric zirconocene
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2.5 Active species

It is generally agreed that the catalytically active species in olefin is a
coordinatively unsaturated cationic alkyl complex [LBMR]* that is stabilized by several
ligands (L). To generate such species severai methods can be empioyed. Three

different routes (A, B and C) are shown in Figure 2.10 [12].

(@]

Figure 2.10 Three routes for generating active species

Route A involves the abstraction of an anionic ligand (e.g. a halide) and its
substitution for a "noncoordinating” anion by a salt elimination. Common reagents are
Na[B{3,5-(CF,),C H.},] or silver salt such as AgBF, or AgOSO,CF, (AgOTf) for the later

transition metals.

Route B involves the abstraction of an atkyl ligand or, more strictly, an alky!

" anion. Reagents used for these ligands are, for example, Ph,C'B(CF,),, PhNMe,H’

B(C¢Fs),. H(OEt,), B{3.5-(CF,),CiH,}, or B(CF.),, whareas the trityl reagents as an
abstracting agent, the aluminum salt and the acid remove -the alkyl ligand by
protonation. In the case of B(C/F,}, the alky! ligand is only partly aostracted leading to

cation-like catalytic species.
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Route C is a combined alkylation and abstraction process, which® can be
achieved by treating a dihalide precatalyst firstly with.an alkylating species and then
with one of the aforementioned alkyl-abstracting agents, for example a trialkylaluminum
compound followed by B(CF.), . Some reagents can perform both procesées, for
~example, alkyiajuminum haiides and especialiy aluminoxane such as

methylaluminoxane (MAQ)[20].

In MMA polymerization, the precatalyst was alkylated by alkylating agent to
replace chloride ligands. Boron cocatalyst abstracts oneva!kyi group to generate
Et-bis(ind)zere* with one vacant site which was believed as active species. Two
indenyl ligands and bridging ethylene on zirconocene catalyst can control the direction
and insertion of monomer by steric effect. Thus, C, symmetric catalyst type produces

isotactic polymer.
2.6 Polymerization mechanisms
2.6.1 Initiating step

The nature and the information of the true active catalytic species are not yet
fully elucidated. But, for group IVB metallocene polymerization catalysts are generally
'accepted that metallocene catalysts combined with MAQO consist of catienic complexes

formed by reaction of a metallocene with MAO.

Cp,MX, + MAO = = [Cp,MCH;]'[MAO-X,] (2.2)
M =Ti, Zr and Hf

MAQO methylated and abstracted ligands on metaliocene catalyst to pronounce
Lewis acidity. The use of a large excess of MAQO is necessary because of the low value

- of the equilibrium ccnstant.
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Economically, such the high excess amount of the expensive MAO are very
unfavorable. The investigation were carried out to reduce the amount of MAQ. The boron

- compounds were used as cocatalyst to replace MAQ or aluminum compounds.

‘When boron compounds were used as cocatalyst, the metallocenium active
i 'species can be generated by boron abstraction. Thus, the catalyst precursor such as
Cp,ZrCl, must be alkylated by alkylating agent (e.g. MAQ, alkyl aluminum or Grignard

reagent). The formation of active species are proposed following these equations.

CpyZrMe, + B(CgFs)s =  Cp,ZtMe"MeB(C¢Fs), (2-3)
2CpyZiMe, + 2 PhaC'B(CgFs)y > 2Cp,ZrMe MeB(CgFs)y
| +2 PhyCMe 2.4)

2.6.2 Propagation step

The mechanism of homogeneous group IV metallocene polymerization catalysts
j'-': was proposed by many researchers. There are three basic mechanism suggested for
the insertion of olefin into a transition metal alkyi bond in metallocene catélyst [21],

shown in Figure 2.11 - 2.13. These mechanism are:

1. The direct insertion mechanism proposed by Cossee and Arlman.
2. The metathesis mechanism proposed by Green and Rooney.
3. The modified Green-Rooney mechanism proposed by Brookhart and

Green.
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Figure 2.11 Direct insertion mechanism { [vacant coordination site)

H }i'l P + olefin P,{ P
[M}-CP M]=C, =—= M]=C _
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olefin H,C=CH,

{
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Figure 2.12 Metathesis mechanism
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MI-R + Gy — > [M}R

1
[‘1 H,C=CH,

Y

MpCR-CHR D
O H,C-CH,

Figure 2.13 Modified Green-Rooney mechanism

Figure 2.14 illustrates the model of active complex of isospecific, C, symmetrical
zirconocene with the two possible positions of 1,2 coordinated Ol-olefins molecule: (a) @
to @ pathway, this pathway is the energetically fdvored one, the sieric demand of the
indenyl ligands force the growing chain and the R group on molecule into an orientation in

.the fourth and second quadrant, respectively, give isotactic polymer. (b) @ to @
pathway, the disfavored insertion from position then lead to the stereoerror a racemic
stereosequence @ , because of the enantiomorphic site control of the catalyst this error

can be corrected upon the next insertion @ to@ [211.

+
@ﬁ 2nd st

|
N

3rd ! 4th quadrant
(a) o2 3
3 imiomj 571
§/ %r/\/\_/P B P/:\/"\/-\_,/%rﬁ 2 gzrw\/l
; ; I L faimim

m ::-

®

Figure 2.14 Model of aétive complex of isospecific, C, symmetrical zirconocene with the

two possible positions (a) energeticéliy favor (b) enegetically unfavor
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2.6.3 Chain transfer and termination step

General mechanism of chain transfer reaction can be divided by four types:

1. Reaction to aluminum
In a-olefin polymerization with metaliocene catalyst / MAO or alkyl
Aluminum, chain-end takes place by transfer to aluminum which lead to the

formation of aluminum-polymer bonds:

IM']—(CH,CHp),~R + ARy — > [M][—R

(2.5)
+ R,Al— (CH,CH,), —R
2. B-ﬁydrogen transfer to metal.
IMF—(CH,CH);— R — [MF—H + (CHCH)—(CHCH),7 R
(2.6)
3. ﬁ-hydrogen transfer to monomer.

[MPF—(CH,CH)—R + » [MJ— CH,CH;,

(2.7)
4, Hydrogenolysis.
H,
MJ—(CHCH), R ———— MF~H + (CH,CH)—(CH,CH), 7R
(2.8)

[MI'—H and [M]/™R species formed from chain transfer are able to reinitiate a
new polymerization process again. For living growing chain polymer, the catalyst must
be killed at the end of reaction by adding a proton donor such as methanol, acids and

water.



CHAPTER Il
LITERATURE REVIEWS

3.1 Catalysts

3.1.1 Metallocene catalysts

3.1.1 A Group VB metallocene catalysts
A neutral metaliocene szere2@ combined with the second
component, CpZZrMe(THFY@ was found to polymerize methyl methacrylate [22].
The catalytic systerﬁ can produce in this polymerization is predominantly syndiotactic at
0 °C. The polymers posses narrow molecular weight distributions and molecular weight
increases with decreasing temperature of polymerization. Donor solvents decrease the
- '.rate of polymerization and the higher molecular weiéht is produced with a broader

molecular weight distribution. A proposed mechanism is shown in Figure 3.1.

Py I
\ e s L O===-2sCpy
. i e THF
@ D A B (3.1)
Oive DOMe
[ - b { Me }
3 Cp,%)de), ————-x-i- Mo\/L\rO"L—Q‘Iz’CPz 0@ ~——— Me\)ﬁ/o—Zr‘Cp,)‘ ° @
| o [, 40Mc (3.2)
Mo He (/-\ Mo
$. -
4 . [¢] - \,&OO/Z“CP’ ?[/O':‘;ZI'C;;,
-OMe o ‘_) e : ° 3
i_ Gido MoO (3 )
o oM

Mo

Mea
Cpazr 0\% )\T/o IEIESPR; . T
Mo |+ -~ —- poiyMMA via —_—
OLCy m/i\r° P (3.4)

1BuQ . OMe Ny = $45K
2 Muidg=115 Gy

-

v'Figure 3.1 The polymerization mechanism of MMA using Cp,ZrMe, / Cp;_,ZrMe(THF)+

system



25

_ Collins et al. [23] polymerized methyl methacrylate by using chiral

3 metallocene [Et(IndH,)ZrMe,] catalyst with tetraphenyl borate nBu3NH*BPh4'
as cocatalyst. This system gave isotactic polymer and nérrow molecular weight
distribution. The polymerization showed a living polymer via intramolecular Michael

addition of neutral enolates with monomer process, the mechanism was shown in Figure

3.2.
Me  O'Sy MeO M sl Me O'Bu  Ome Mo
'Co;,Zr\ (_\ \{1’\)\"‘ Zf Cps Cp, Zt-._O/ P> o~ 2:1Cp,
) Me Me Me Me Me

© @

O'Bu OMe Me
Ids’

1
= " Z1C
@ + MMA == (2*MMA) + OJ?(\(LO’ b2

Me Me Me

Figure 3.2 Intramolecular Michael addition of neutral enolates with monomer

Li ét al. [2_4] reported that the polymerization of polymethyl methacrylate,
initiated by zirconocene complexes Cp,ZrMe amd‘CpZZrMe(THF)+ provides partially
syndiotactic PMMA in high yield with narrow molecular weight distribution. The kinetics
of this process were studied and revealed that in this system the rate of initiation is much
slower than that of propagation. The process is not living and at high temperature, the

‘Eig.:'r;)wing chain are deactivated by t.his process and also by competitive - hydrogen

. “transfer.

Deng et al. [25] used chiral ansa-zirconocene dimethy! / Ph,C" B(C4F.),
catalyst combined with suitable Lewié acids such as alky! aluminum or organozinc to
generate highly isotactic PMMA. The polymerization was found to proceed by an
enantiomorphic site-controlled mechanism. Using achiral zirconocene catalyst in the
same condition gave syndiotactic-rich PMMA. Both systems could produce high

molecular weight and narrow molecular weight distribution PMMA.
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Hocker et al. {26] reported that the cationic complexes Me,C(Cp)(ind)
ZrMe(THF) BPh, (1) and MeQC(Cp)QZrMe(THF)’BPh‘,’(Z) are highly active for the
polymerization of MMA without the addition of the corresponding ester enolate complex.
Complexes 1 can produce highly isotactic PMMA whereas complexes 2 gives
syndiotactic PMMA at low temperature. This is the first example for a rational control of

PMMA microstructure via catalyst symmetry.

Stuhidreier et al. [27] synthesized bridged cationic zirconocene complex
(iPr-Cp){ind)Zr(Me}(THF)/[BPh,] for polymerization of PMMA. The result showed that this
complex is an efficient catalyst for the stereospecific polymerization of MMA. It was
concluded that the polymerization is living. The isotactic PMMA is formed by
enantiomorphic site .mechanism. It should be mentioned that during pelymerization, no
enolate complex is formed and the mechanism of polymerization differed from the

mechanism proposed by Collins.

Collins et al. [28] synthesized the linked Cp-amido complexes of
zirconocene, MeSi(Cp*)(BuN)ZrCl, and used for polymerization of MMA. The isotactic
PMMA were produced. At higher temperature, molecular weight distribution is broad

and the polymer was less isotactic.

- Karanikolopoulos et al. [29] polymerized PMMA using catalytic system
Cp,ZrMe,B(CF,),/Zn(C,H,), in toluene, under thoroughiy purified conditions, it was
found to produce high syndiotactic PMMA with narrow molecular weight distribution and

almost quantitative yields.
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~

3.1.1.2 Group llIB metallocene catalysis

Jiang et al. [13] usad yttrocene, Cp,YCI(THF) as a catalyst combined

with methyl aluminoxane (MAO) and diethyl zinc. Living polymerization took place when
conducted at 0 °C in toluene. The reaction temperature reached -60°C, PMMA was
highly syndiotactic and molecular weight. This catalyst system could not synthesize

PMMA when the reaction temperature exceeded room temperature.

Mao et al. [30] found that (diisopropylamido)bis(methylcyclopentadienyt)
lanthanides (MeC,H,),LnN(i-Pr),(THF) (Ln =Yb, Er and Y} exhibit extremely high Catalytié
activity in the polymerization of metiiyl methacrylate. The reaction can be carried out
over a quite broad fange of polymerization temperature from -78 to 40 °C. The catalytic
activity of the complexes increased with an increase of ionic radii of métal elements, i.e.
"~ Y > Er>Yb. High molecular weight polymer obtained exceeded 100,000 and molecular
weight distribution became broad with the increase of temperature. Highly syndiotactic

.- of PMMA were obtained by lowering the reaction temperature.

Marks et al. [31] used an achiral organolanthanide [Cp*SmH,] to
- efficiently catalyze the living, highly syndiospecific polymerization of -methyl
methacrylate. The result confirmed that achiral hydride precatalysts yield syndiotactic
] PMMA with narrow molecular weight distribution. Assuming that the mechanism involves
~initial 1,4 additiors of the Ln-R functionaiity to MMA to generate an enolate which then
undergoes rapid, subseqguent conjugate addition sequences. In Figure 3.3 the
| mechanism was proposed for the stereoregular polymerization of MMA mediated by

C,-symmetric organolanthanide complexes.
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Figure 3.3 The mechanism of MMA polymerization by C,-symmetric organolanthanide

complexes

Do et al. [32] synthesized rac-Zr(CpCMe,CB,H,,C), from the reaction
of CpHCMe,CB,H,,CH with ZrCl, this catalyst catalyzed the formation of the
syndiotactic PMMA in THF, in the absence of any alkylating agent or cationic center
genérator. The PMMA produced with these catalytic systems have a narrow molecular
weight distribution. The syndiotacticity decreased with the increase of polymerization

temperature.

3.1.2 Non- metallocene catalysts

~Miyamoto et al. [33] polymerized PMMA with a series of enammes
((1 pyrohdmyl)\cyclohexene) act as an initiator in the presence of methylaluminum bis
(2,6-d§—_ten-butylphenoxide) which acts as an activator. MMA polymerization proceeded
smo‘othly m toluene at or below room temperature, went to completion within 1 hr, and

afforded syndiotactic-rich PMMA with narrow molecular weight distribution (1.1-1.4).



Endc et al. [34] polymerized methyl methacrylate with metal
acetylacetonates, especially vanadium{lll) acetylacetonate in combination with
A}_('Csz)s- This catalyst could initiate the polymerization of MMA, proceeded through a
. ~coordination mechanism . The resulting polymers were found to form stereocomplex in
acetone. The structure was estimated to be stereocomplex from an analysis of NMR
-Spectroscopy. It was concluded that multiactive sites bearing different
'.stereospecificites. including iso-specific and syndio-epecific, were produced in the

polymerization of this system.

Polymerization mechanisms of vinyl monomers with metal
acetylacetonates {M(acac),) were reported to depend on both monomers and catalysts
'-."used, for example, when methy! méthacrylate, styrene and vinyl acetate were used as
.monomers, radical polymerizations were induced. Among the M(acac), examined,

M(acac), show the highest catalytic activity for the polymerization vof MMA. The assertion
_ |s that the polymerizations initiate with a monomer radical generated through complexes

formed between a central metal and mbnomer, and the following initiation mechanism -

was proposed (equation 3.5).

M(acac), + Monomer 4__' [Monomer-M(acac),]
—p» (acac)-Monomer. + M(acac),, (3.5)

Polar group such as esters are believed to act as a catalytic poison in
Zie__gler-Natta polymerizations. Thus, it is usually difficult to polymerize polar vinyl
: monomers with Ziegler-Natta catalysts. Nevertheless, polymerizations of vinyl monomers
containing polar groups have been studied from the point of the synthesis of
stereoregular polymers. Concerning MMA, the polymerization with’ TiCl,- AlC,H,),
catalyst was reported to give predominantly syndiotactic polymers at low temperatures
such as —78 °C. Stereoblock polymers were also synthesized with VOCI,- A{C,H,), and

VCl,- AI(C,H,), catalysts at 40 °C.



Cameron et ai. [35] described a remarkably active and robust aluminum
initiator system based upon the tetradentate N, N-ethylene bis{salicylideneimine) Schiff
base ligand and a novel nickel-catalyzed approach to generating the active aIuminu_m
enolate centers. However, the system was not good for MMA polymerization, untit three
: equivalents of the third component, bis(2,6-di-tert-butyl-4-methyl-phenoxide)
aluminummethyl was added to the system. The structure of polymer product was

- .- atactiu, molecular weight and narrow molecular weight distribution were high.
32 Organozinc

Although an interaction between Zn(C,H,), and MMA can be observed in
the °C NMR ,speétrﬁm, the role of Zn(C,H,), in the polymerization remains unknown.
Deng et al. [25] investigated the effect of Zn(C,H,), under the _conditions of [MMA] =
0.85 M. [Cp,ZrMe,] = Ph,C'B(C4F.), = 0.45 mM. Increasing of the concentration of
Zn{C,Hy), from 23 to 364 mM. caused a sharp increase in polymef yield. Then, the
polymer yield' gradually reached a constant value with increasing concentration of

Zn(C,H,), to as far as 727 mM.

Jiang et al. [13] polymerized methyl methaciylate with Cp,YCKTHF)
catalyst in the presence of Lewis acid like Zn(C,H,), which was complexed with the
MMA monomer in this experiment. The Za(C,H;), concentration used in this study was
limited to 0, 5, 7.5 and 0 mmol. When no Lewis acid was used in this polymerization, no
product was obtained because the metallocene catalyst activity was poisoned by the
monomer. Stronger activity is obtained with a concentration of Zn(C,H,), of 7.5 mmol.
Thé percent of isotacticity was decreased with increasing of zinc concentration.
Therefore, the glass transition temperature (Tg) could reach 112 "C with a high amount of

Zn(C,H,),.
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Cameron et al. [35] described a remarkably active and robust aluminum '
initiator system based upon the tetradentate N, N'-ethylene bis(salicylideneimine) Schiff
base ligand and a novel nickel-catalyzed approach to generating the active aluminum
- enolate centers. However, the system was not good for MMA polymerization, unti! three
equivalents of the third component, bis{2,6-di-tert-butyl-4-methyl-phenoxide)
aluminummethyl was added to the system. The structure of polymer product was

atactic, molecular weight and narrow molecular weight distribution were high.
3.2 Organozinc

Although an interaction between Zn(C,H,), and MMA can be observed in
the °C NMR spectrum, the role of Zn(C,H.), in the polymerization remains unknown.
Deng et al. [25] investigated the effect of Zn(C,H,), under the conditions of [MMA] =
0.85 M. [Cp,ZrMe,] = Ph,C'B(CF.), = 0.45 mM. Increasing of the concentration of
- Zn{C,H,), from 23 to 364 mM. caused a sharp increase in polymer yield. Then, the
‘polymer yield gradually reached a constant value with increasing concentration of

Zn(C,H,), to as far as 727 mM.

Jiang et al. [13] polymerized methyl methacrylate with Cp,YCKTHF)
catalyst in the presence of Lewis acid like Zn(C,H;), which was complexed with the
~ MMA monomer in this experiment. The Zn(C,H;), concentration used in this study was
limited to 0, 5, 7.5 and 10 mmol. When no Lewis acid was used in this polymerization, no
- product was obtained because the metallocene catalyst activity was poisoned by the
monomer. Stronger activity is obtained with a concentration of Zn(C,H,), of 7.5 mmol.
The percent of isotacticity was decreased with increasing of zinc concentration.
“ Therefore, the glass transition temperature (T ) could reach 112 °C with a high amount of

Zn(C,Hy),.



CHAPTER IV
EXPERIMENT

fn the present study of the methyl methacrylate oolymerization with ansa-

zirconocene catalyst, the experiment was divided into three steps.

-

Catalyst and cocatalysts solution preparation.

o

Methyl methacrylate polymerization with the prepared catalyst.
3. Characterization of polymethyi methacrylate products.

The details of the experiments were explained in the following clauses.
4.1 Operation and equipments

The experiments were done in inert atmosphere, prepurified nitrogen, using
standard Schlenk technique. All equipments used in the catalyst preparation

and polymerization, are listed as follows :

4.1.1 Schlenk line

Schlenk line consists of nitrogen and vacuum lines. The vacuum line was
equipped with the solvent tran and pump, respectively. The nitrogen line was connected
_-to the moisture trap {(purified nitrogen gas by passing molecular sieve, NaOH and P,O,,
' respectively.) and the oil bubbler that contained enough oil to provide a seal from the

atmosphere. The Schienk line was shown in Figure 4.1.



Figure 4.1 Schienk line.

4.4.2 Schlenk flask

A flask with a side-arm for use with inert gas. It has a side-arm to

connect to the Schlenk line manifold. Some typical models are shown in Figure 4.2

| l
8
o
.4—\‘\
=

}j B il

Figure 4.2 Round-bottomed and tube designed for Schienk flasks.
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4.1.3 Vacuum pump
A pressure of 10°-10" mmHg was adequate for the vacuum supply to

the vacuum line in the Schlenk line.

4.1.4 Heating bath
The heating bath with thermometer was usea io hold the temperature of

polymerization reaction.

415 Dewar flask
The semi-spherical lower Dewar flask was used to hold the very low

“temperature for reaction.

4.1.6 Inert gas supply
The ultra high purity nitrogen inert gas was passed through drying
columns. The inert gas was used io feed in the nitrogen line of Schienk line and

polymerization reactor.

4.1.7 Syringe and needle
The syringes with volume of 50, 10, 5, 2, 1 and 3.5 ml. needles No. 19,

20, and 22 were used.

4.1.8 Glove bag
Glove bag is 2 moderate-voiume gas-tight container from which air or
~moisture are excluded. The glove bag has a way to connect with Schlenk line, which

can be evacuated and then filled with nitrogen gas.



4.2 Chemicals
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The chemicals used in this experiment were analytical grade, except critical

materials are specified as follows:

Table 4.1 Chemical reagents and suppliers

Chemicals

Suppliers

Ultra high purity nitrogen gas (99.899%)

Thai industry Gas Co.,Ltd., Thailand

Toluene

Lab Scans Co., Lid., Irela_nd

Methyl methacrylate monomer

Hopkin & Williams Ltd., England

Diethyl zinc solution 1.0 M in toluene

Fluka Chemie A.G., Switzeriand

Ethylene bis (indenyl)zirconium dichloride

Aldrich Chemical Company, Inc.,

USA.

Dimethylanilinium tetrakis(pentaftuorophenyl)

borate [PhNMe,H] [B(C.F,),]

Donated from DOW Chemical

Company, USA.

Tris{pentafluorophenyl)boron. B(CF.),

Fluka Chemie A.G., Switzerland

Triphenylcarbenium tetrapentafluorophenylborate

[Ph,CT[B(C4F,),]

Donated from Japan Advanced
institute of Science and

Technology (JAIST), Japan

Methyl magnesium bromide (MeMgBr) 1.0 M
in diethy! ether

Aldrich Chemica! Company, Inc.,

USA.

Tri-isobutylaluminium (TIBA)

Donated from Japan Advanced
Institute of Science and

Technology (JAIST), Japan

In this work, several reagents react violently with water and ignite spontaneously

in air (by reaction with oxygen and/or moisture). So they were handled safely using inert-

atmosphere techniques (Schlenk and glove bag techniques). Also, the chemicals and

solvents were dried before using with following methods:
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1. Ultra high purity nitrogen gas was purified by passing through three
columns packed with molecular sieve 4°A, NaOH and P,O,, respectively.

2. Non-halogenated solvents were purified by refluxing over
sodium/benzophenone and distilled under nitrogen atmosphere.
Dichloromethane was puriﬂéd by refluxing with P,O, before use.

3. Methyl methacrylate monomer, a colerless liquid, hydroguinone inhibitor
was removed by washing twice with 5 % NaOH and twice with
demineraliised water until the pH of aqueous phase was neutral. After
being dried over anhydrous MgSQO,, it was distilled under reduced
pressure. The distilled methyl methacrylate monomer was collected and
dissolved oxygen was removed by purging nitrogen gas. The distillate

was stored in Schlenk flask at low temperature.

“-In many low temperature reactions, the mixture of dry ice and acetone (1:1)

was used for temperature of —78 .

43 Characterization instruments

The instruments used to characterize cataiysts and polymer products are

specified in the following:

4.3.1 Fourier transform infrared spectrometer (FT-IR)

Fourier transform infrared spectra were recorded on Nicolet FT-IR Impact

{110 Spectrophotometer at Department of Chemistry, Chulalongkorn University, for
..: '.'.polymethyl methacrylate products. The samples were made into KBr pellets. Infrared

spectra were recorded between 400 cm™ to 4,000 cm’ in transmittance mode.
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4.3.2 Nuclear magnetic resonance spectrometer (NMR)

'H-NMR and “C-NMR spectra were obtained on Bruker ACF 200 MHz at
Department of Chemistry, Chulalongkorn University. The NMR spectra were measured in
chloroform—d at room temperature. Broad-band decoupling was used to remove the ®c
-'H coupling. The center peak df chloroform-d was used as the internal reference (77.0

| ppm).

4.3.3 Differential scanning calorimeter (DSC)

The melting temperature (T, ) and the giass transition temperature (T,) of

the polymethyl methacrylate were determined by a NETZSCH DSC 200 at the Scientific
and Technological Research Equipment Center (STREC), Chulaiongkorn University. The
analyses were performed at the heating rate of 10 °Cimin. in the temperature range of 25

e 300 °C. The heating cycle was run twice. In the first scan, polymer products were
: heated and then cooled down to room temperature. in the second scan, samples were
reheated at the same rale, only the last scan was recorded because the first scan was

influenced by the mechanical and thermal history of samples.

4.3.4 ‘Gel permeation chromatograph (GPC)

GPC curves of polymethyl methacrylate were determined on a Water

__ 150-CV GPC at the National Metal and Materials Technology Center (MTEC), the
| National Science and Technology Development Agency (NSTDA). The molecular weight

and molecular weight distribution of the polymethyl methacrylate were measured at

- room temperature using chloroform as a solvent at flow rate of 1 ml/min and calibrated

with standard polystyrene samples.
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4.4 Procedures

4.4.1 Catalyst and cocatalysts solution preparation

1. rac-Et bis(ind),ZrCl, catalyst stock solution.
rac-Et bis(ind),ZrCl,, yellow-brownish solid catalyst, 0.0836 g.
(0.0002 mole ) was dissolved in 60 m! distilled tciuene in a Schlenk flask with a magnetic
bar. The solution was stirred under nitrogen atmosphere until all of the solid catalyst

dissolved.

2. B(C4F,), cocatalyst stock solution.
B(C4F5), solution was drawn via syringe 0.35 mi. (0.0005 mole) and

mixed in 50 ml. distilled toluene in a Schlenk flask.

3. [Ph,CI'[B(C,F,).] cocatalyst stock solution.
[Phacf[B(CﬁFs)d]' white solid cocatalyst 0.2305 g. (0.00025 mole)

was dissolved in 50 mi. distilled toluene in a Schlenk flask.

4. [PhNMe,H]'[ B(C4F.),] cocatalyst stock solution.
[PhNMezH]*[ B(C4Fs),), white solid cocatalyst, 0.2 g. (0.00025 mole)

was dissolved in 50 mi. distilied toluene in a Schlenk flask.

5. TIBA stock solution.
Mixed 1.25 mi. TIBA solution (2M) in 98.75 mi of distilled hexane

under nitrogen atmosphere to get 0.05 M. 100 ml.



4.42 Polymerization procedure

Polymerization cf methyl methacrylate monomer (MMA) was carried out
under dry nitrogen atmosphere in a 100 ml round-bottomed Schlenk flask with a
mégnet?_c bar. A typical polymerization step was as follows: add toluene as solveni,
methyl methacrylate monomer and toluene solution of Zn(C,H;), were injected into the
flask, «.d the mixture was stirred for 1 hr. After the addition of boron cocatalyst solution,
catalyst solution was immediately injected to start the polymerization. After a given time
interval, the polymerization was terminated by the addition of 10 % HCI in methanol.
Next, methanol was added to precipitate the product. The polymer was collected by
filtration and washed several times with methanol, after that dried in vacuum oven at

60 °C for6 hr.
Yields and activity

Percent yields and activity in this experiment can be calculated by equations 4.1

and 4.2
% Yields = {weight of polymer obtained / weight of monomer) x 100 (4.1)
g Y

Activity = (grams of polymer) / {mole of catalyst x mole of MMA nionomer x hr)  (4.2)
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4.4.3 Various effects on the methyl methacryiate polymerization

4431 Effect of solvent

The polymerization of methyl methacrylate using rac-Et(ind),ZrCl,
catalyst /B(CiF;), cocatalyst system was investigated by varying solvent: hexane,
toluene and dichioromethane. The other parameters were fixed: 5 x 10° mole catalyst,

MMA/Zn(C,H;), = 10 mole ratio, room temperature and reaction time 4 hrs.

4432  Effect of MMA/Zn(C,H,), mole ratio
The MMA/ Zn(C,H,), mole ratios were varied from 2 — 16.The
polymerization condition was set at room temperature, 1 x 10° mole catalyst, one

equivalent of PhNMe,H" B(C,F,), cocatalyst and 8 hrs.

44.3.3 Effect of concentration of catalyst

The effect of concentration of catalyst was investigated by
varying catalyst concentration from 1 x 10° mole to 5 x 10° mole. The polymerization
condition was set at MMA/ Zn(C,H,), = 4 mole ratio, room temperature and reaction time

24 hrs. with one equivalent of PANMe,H 'B(C,F,), cocatalyst.

44,34  Effect of type of boron cocatalyst

The effect of types of boron cocatalyst were examined. Boron
complexes used are B(C,F,),, Ph,C'B(C,F,), and PhNMe,H B(C,F),. The condition
was set at room temperature, 1 x 10° mole catalyst, MMA/ Zn(C,H,), = 4 mole ratio and

reaction time 12 hrs.

44.3.5 Effect of temperature

The effect of temperature was studied by varying the

polymerization temperature; room temperature, 0 °C and -78 °C., 1 x 10° mole catalyst

“"“with one equivalent of Ph,C'B(C,F,), cocatalyst, MMA/Zn(C,H,), = 4 mole ratio and

reaction time 8 hrs.



4.43.6 Effect of time
The effect of polymerization time was investigated by varying

reaction time from 2 ~ 24 hrs. using the same condition as Section 4.4.3.5.

4.4.3.7 Effect of type of alkylating agents

MeMgBr and TiBA were used. The reaction condition was the
same as in Section 4.4,3.4,

4.5 Characterization of polymethyl methacrylate

In this work, polymethyl methacrylate products were characterized by the

following methods.
1. Fourier transform infrared spectrometry (FT-IR).
The FT-IR technique was used to characterize a polymer structure and was

~ compared with the reference polymethyl methacryiate.

2. Nuclear magnetic resonance spectroscopy (NMR)

Nuclear magnetic resonance spectroscopy was used to record "H-NMR and
~ “C-NMR spectra. The samples were dissolved in chloroform-d, run at room

temperature. The carbonyl resonances in BC-NMR spectra determined the tacticity of

, the polymethyl methacrylate.

3. Differential scanning calorimetry (DSC)

40

Differential scanning calorimetry was used to determine the thermal properties

| of polymethyl methacrylate products such as melting temperature (T.) and glass

transition temperature (Ty).
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4. Gel permeation chromatography (GPC)
Gel permeation chromatography was used to determine molecular weight
{Mw), number average molecular weight (Mn) and molecular weight distribution (MWD]
by principle of size exclusion chromatography (SEC). Molecular weight and molecular
weight distribution of the produced polymethyl. methacrylate were measured at room

s temperature using chioroform as solvent at 1.0 ml/min by a Water 150-C column.
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CHAPTER V
RESULTS AND DISCUSSION

5.1 Polymerization of methyl methacrylate with rac-Et(ind),ZrCl, catalyst.
5.1.1  The effect of solvent on methy! methacrylate polymerization

The influence of the solvent was investigated with three types of solvent :hexane,
toluene and dichloromethane using 5 x 10° mole catalyst with one equivalent of B(CFs),
cocatalyst, MMA/Zn mole ratio = 10 and polymerization time 4 hrs. Table 5.1 and Figure

5.1 showed the results for the effect of solvent on catalyst activity.

Table 5.1 Polymerization of methyl methacrylate catalyzed by rac- Et(ind),ZrCl, -

MeMgBr/ B(C,F,), system using various solvents.

Solvents Yields Activity

(@) ' (%)
n-hexane 0.2315 4.85 205,230
toluene 0.2444 5142 216,666
dichloromethane 0.2261 474 200,443




250000 216,666
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Figure 5.1 Catalytic activity using different soivent

The results in Figure 5.1 showed that using toluene as solvent in polymerization

gave a little better activity than using n-hexane and dichioromethane. Thus, toiuene

was chosen for next reactions.

5.1.2 The effect of MMA /Zn(C,H,), mole ratio oni methyl methacrylate

polymerization.

The effect of the MMA/Zn mole ratio was investigated using catalyst'1 x 10° mole
and one equivalent of PhNMe,H B(C,F.), cocatalyst at room temperature and

polymerization ime 8 hrs. The experimental results were shown in Table 5.2 and Figure

5.2
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Table 5.2 Polymerization of methyl methacrylate catalyzed by rac-Et(indeny!),ZrCl.-

MeMgBr / PhNMe,H" B(C,F), system using various MMA/Zn mole ratios.

Mole ratio of MMA/Zn 3

MMA /Zn Yields Activity
mole ratios (9) —ch;)_—'——
3 0.3962 14.05 175,620
4 0.4108 14.26 178,300
6 0.3523 12.49 156,160
8 0.3387 11.76 150,132
16 _ trace - -
~ Without Zn 0 0 0
250000
175,620 178,300
200000 T56.160 150132
> 150000
=
°
< 100000 -
50000
0]

Figure 5.2 Catalytic activity using different MMA/Zn mole ratio



_ The results in Table 5.2 and Figure 5.2 show that no polymer was obtained
without using Zn(C,H,),. This compound is a Lewis acid, it was believed that. it can
coordinate with methoxy carbonyl which is a nucleophilic group on MMA. Some
compiexes were formed between MMA and zinc compound which were indicated by a-
downfield shift of carbonyl of MMA from 167.7 to 169.9 ppm and an upfield shift of
methylene protons of Zn(C,H,), from 7.2 to 7.0 ppm observed in “C NMR spectrum

[15]. Fular monomer will destroy metallocene catalyt and boron cocatalyst [34].

The optimum ratio of MMA/Zn was found from the experiment results to be
around 4. This obtained figure is in the agreement with the previously report [15]. So,
MMA/Zn mole ratio = 4 will be used in the other polymerization reactions. For MMA/Zn
mole ratio higher than 4, the catalytic activity decreased. This can be explained by an
inedequate amount of Zn, therefore there is a chance that metallocene catalyst was
destroyed when bound to the polar end of MMA. In the cases of lower MMA/Zn mole
ratios, the activities were also decréased. this is presumably due to the large excess of
Zn which caused too crowded environment around the metaliocene caté}yst, preventing

the approach of cocatalyst.

5.1.3 The effect of concentration of catalyst on methyl methacrylate

polymerization

The effect of concentration of catalyst was investigated by varying catalyst
concentration from 1 x 10° mole to 5 x 10° mole. The polymerizations were performed
using MMA/Zn mole ratio of 4, at room temperature for 24 hrs. with one equivalent of

PhNMe,H" B(C4F,), cocatalyst. The results were shown in Table 5.3 and Figure 5.3.
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Table 5.3 Polymerization of methyl methacrylate catalyzed by rac- Et(ind)2ZrCI2

"~ MeMgBr/ PhN(Me)2H+B(CSF5)4' system using various concentration of catalysts.

Mole of catalyst Yields Activity
-5
( x 10 mole) (g) (%)
0.1 trace - -
0.5 0.2787 9.67 82,358
1.0 0.9808 34.78 144,917
2.0 1.5485 54.91 114,398
50 2.4211 85.85 71,545
00N A . e % L S
| . 144,917
f ‘[50]000 = - = 114—398 .
i > (
= 1 2, 58
| 2 100,000 - —8 3 ~
(8]
L <
50,000 — - -
i
. Concentration 0

| of catalyst (xlO mole) 0.5 0 2.0 5.0

Figure 5.3 Catalytic activity of different moie of catalysts

The results in Table 5.3 and Figure 5.3 showed that the catalytic activity
is strongly affected by mole of catalyst. The catalyst aclivity increases with an increase
in the amount of catalyst. The highest catalytic activity was obtained at 1.0 x 10° mole
catalyst. Increasing the mole of catalyst caused the decreasing in the activity. This might
be caused by the decreasing of active species due to the dimerization of metallocene

forming inactive species [36].



5.14 The effect of boron cocatalyst on methyl methacrylate polymerization

The effect of types of boron cocatalyst was examined. Three types used are
B(CeFs)s » [Ph,CITB(C,F,),] and [PhiNMe,H]'[ B(C,F,),]..The polymerization condition
was set at room temperature, 1 x 10° mole catalef, MMA/Zn mole ratio of 4 and
polymerization time 12 hrs. with one equivalent of boron compounds. Table 5.4 and

Figure 5.4 showed the exgarimental results.

Table 5.4 Polymerization of methyf methacrylate cata!yzéd by rac- Et(ind),ZrCl,~

MeMgBr system using various boron compounds.

Boron compounds Yields Activity
(@) (%)

B(C4Fs), | 0.4503 - 15.96 133,067

PhSC+B(CEF5) " 1.3792 48.91 - 407,565

PhNMe2H+B(CsF5)4' 1.3533 47.99 399,911
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Figure 5.4 Catalytic activity of different boron cocatalysts.

From the experimental results, it revealed that both [Pnh,CI'[B(CF,),] and
[PhNMe,HI'[B(CF,),I have efficiency to activate the polymerization of methyl
methacrylate. However, the trityl compound seems to be a little betterthan the anilinium

one. Meanwhile, the neutral boron, B(C,F,), was found to be inferior to the other two

borate compounds.

5.1.5 The effect of temperature on methy! methacrylate poiymerization

The effect of temperature on methyl methacrylate polymerization was performed
by varying the polymerization temperatures; —78 °C, 0 °C and room temperature using
1 x 10° mole catalyst with one equivalent of Ph,C"B(C(F,), cocatalyst, MMA/Zn mole

ratio of 4 and polymerization time 8 hrs. The experimental results were shown in Table

5.5 and Figure 5.5.
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Table 5.5 Polymerization of methyl methacrylate catalyzed by rac- Et(ind),ZrCl,

MeMgBr/ Ph3C+B(Cer)4 system using various polymerization temperature.

Polymerization Yields Activity
temperature (OC) (@) (%)
-78 1.0605 37.60 470,079
0 _ 0.9441 33.47 418,484
30 0.8921 31.63 395,434
470,079
500000
395,434
400000
2 300000 A
=
< 200000 -
100000
0 -
Temp. (OC) -78 0 rt

Figure 5.5 Catalytic activily at different temperature

The results of the effect of temperature on the catalytic activity showed that the
polymerization can be performed at different temperature, from very low temperature to

even a temperature as high as 30 °C or room temperature. This indicates that the

propagaticon site is quite stable.



5.1.6 The effect of time on methyl methacrylate polymerization

The effect of polymerization time was investigated; 2, 4, 8, 12 and 24 hrs. The

50

polymerization candition was set at room temperature, 1 x 1(_)_’5 mole catalyst, MMA/Zn

mole ratio of 4 and with one equivalent of PhNMezH+ B(CSFR)‘{ cocatalyst. Table 5.6 and

Figure 5.6 showed the results and relationship between activity and po_lymerization time.

In addition, the relationship between yield and polymerizatioh time was shown in Figure

5.7.

Table 5.6 Polymerization of methyl methacrylate catalyzed by rac- Et(ind),ZrCl, -

MeMgBr / PhNMe,H" B(CF,),” system using various polymerization time.

Polymerization time Yields Activity
() ©) (%)
2 trace - -
4 0.2420 8.58 214,539
8 0.4877 17.29 216,179
12 0.8707 30.23 257,299
24 1.3515 46.93 199,689




300000 257 299
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<
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Figure 5.6 Catalytic activity of different polymerization time.

2.5
2 —
1.3515
= 15
B 0.8707
2 1
> 0.4877
0.242

0.5

o | B !
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Figure 5.7 Relationship between yield and polymerization time.
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The {esults from Figure 5.8 indicated that the catalyst activity increases with
increasing polymerization time, in tne range of 0 to 12 hrs., after that, the aotivity
decreases. Figure 5.7 showed the relaticnship between pcolymer vyield versus
polymerization time, the polymer yield increases linearly with polymerization time. 8 hrs.
polymerization time can get enough vield for the further characterization of polymethy!

methacrylate.
5.1.7 The effect of alkylating agents

The two alkylating agents: MeMgBr and TIBA were compared for alkylating
rac- Et(ind),ZrCl, catalyst. The optimum condition used is 1 x 10° mole catalyst, MMA/Zn
mole ratio of 4 and polymerization time 12 hrs. with one equivalent of each of boron

compounds. The resuits were shown in Table 5.7.

Table 5.7 Polymerization of methyl methacrylate catalyzed by rac- Et(ind),ZrCl,/
[Ph3C]+[B(CSF5)‘,}' system using various alkylating agents. '

Alkytating agents Yields Activity
) (%)
MeMgBr 1.3792 48.91 407,565
TIBA 0 - -

The triisobutyl aluminium compound (TIBA) was attempted as an alkylating
agent, the result showed that no polymerization was occurred. TIBA might be a too
strong reducing agent. It should be noted that using TIBA instead of Zn{C,H,),

produced no polymer.
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5.2 Characterization of polymethyl methacrylate
5.2.1  Chemical structure determination

52114 Fourier transform infrared spectroscopy (FT-IR).

The polymer samples were characterized the microstructure of polymer
by using Fourier transform infrared spectroscopy (FT-IR) in wave number of 800 cm’

— 4000 cm”. The identification of the spectrum is summarized in Table 5.8.

Table 5.8 IR spectral data of the polymethyl methacrylate.

Wave number range (cm’) Assignment
2,850 - 3,000 C-H stretching aliphatic
1,730 C=0
1,350-1,470 -CH,,-CH, bending
1,150 C-0

IR spectrum of PMMA using rac-Et{ind),ZrCi,-MeMgBr/boron compound,
shows the C=0 peak at 1,730 cm”. CH,- and CH,- bendings appear at 1,350-1,470 cm’
regicn. The absorptions at 1,150 cm” results from C-O. and aliphatic C-H stretching

absorbs around 2,850 — 3,000 cm.

All polymer in this work showed the characteristic peaks of PMMA (Figure
5.8b) which match those of the reference PMMA (Figure 5.8a), thus, it can be confirmed

that the produced polymer are polymethyl methacrylate.
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Figure 5.8 FT-IR spectra of polymethyl methacrylate.

a. FT-IR spectrum of reference PMMA .
b. FT-IR spectrum of PMMA obtained with Et(Ind),ZrCl,-MeMgBr/ Ph,C B(CFy), -
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5.21.2 Nuclear magnetic resonance spectroscopy (NMR)

The tacticity of polymethyl methacrylate was determined by high-resolution ‘
C NMR spectroscopy. PC-NMR spectrum of the produced polymethy! methacrylate by
Et(Inc),ZrCl,-MeMgBr/ Ph,C'B(C,F),” system is presented in Figure 5.9 and the spectra
for other catalytic systems are similar. The methy! group is shown at 22 ppm. and the
carbonyi group of PMMA is at 176-177 2pm. The stereospecificity of PMMA can be
defined at 16-24 ppm. for methyi group region and 176-180 ppm. for carbony! group
region. (The expanded peaks for methyl and carbonyl are shown in Figures 5.10 - 5.11)
“C-NMR spectra for isotactic, syndiotactic and atactic structures show methyl
resonances at 22 ppm.,18.5 ppm. and 16.3 ppm., respectively [13, 25]. For carbonyi
resonance, peaks ‘appear at 176.5 ppm., 177.0 ppm. and 177.6 ppm., respectively.
Figure 5.12 shows BC-NMR spectrum of atactic PMMA reference [25], the expanded

peaks for methyl and carbony! are shown in Figures 5.13 - 5.14.

Therefore, the "C-NMR spectra of all produced polymers_showed that the

obtained polymers from the experiments are isotactic.
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Figure 5.9 C NMR spectrum of isotactic polymethyl methacrylate obtained with Et{Ind),ZrCl,-MeMgBr/ PhGC+B(CBF5)4,’ 1x10°

mole catalyst, MMA/Zn mole ratio of 4, polymerization terr.perature of ~78°C and 12 hrs polymerization time.
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i y : |
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Figure 5.10 °C NMR methy! region spectrum of produced polymethyl methacrylate
expanded from Figure 5.8

176
PPM

Figure 5.11 "C NMR carbonyl region spectrum of produced polymethyl methacrylate
expanded from Figure 5.9
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Figure 5.12 "°C NMR spectrum of atactic polyméthy! methacrylate reference [25].
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Figure 5.13 C NMR methyl region spectrum of atactic polymethyl methacrylate

referenece expanded from Figure 5.12.
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Figure 5.14 C NMR carbony! region spectrum of atactic polymethyl methacryiate -

reference expanded from Figure 5.12,
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9.2.2  Glass transition temperature ()

5.2.21 The effect of boron c_dcataiyst

The glass transition temperature (Tg) of polymethyl methacrylate has
been determined on different types of boron cocatalysts. B(C,Fs); , [Ph,Cl [B(CF.),]
and [PhNMe,H1'T B(C,4F,),]. The polymerization condition was setat —78 'C, 1 x 10~
mole catalyst, MMA/Zn mole ratio of 4. with one equivalent of boron compound. The

results are shown in Table 5.9 and DSC curves shown in Figure 5.15.

Table 5.9 Glass transition temperature of polymers using various boron compounds.

Boron compounds Te c) Polymer structure B
B(C4Fs)s 58.4 Isotactic
Ph3C+B(C6F5_)4' 53.5 Isotactic
PhNMe,H B(CF,), 57.2 Isotactic

Table 5.9 shows that all boron compounds which used as cocatalyst, produce
polymethyl methacrylate with the gilass transition temperatures observed at
approximately 50 °C which is clese to T, of isotactic polymethyl methacrylate (50 oC).

Therefore the produced polymers are isotactic.
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52272 The effect of temperature

The glass transition temperature of polymethy! methacrylate has been
determined on polymers which were polymerized at different temperature. The condition
used is: 1 x 10° mole catalyst with one equivalent of Ph,C'B(CFy), cocatalyét, MMA/Zn
mole ratio of 4. The results are shown in Table 5.10. and DSC curves shown i.n Figure

5.16.

Table 5.10 Glass transition temperature of polymers using various polymerization

temperature.
Temperature (°C) T (°C) Polymer structure
-78 53.5 Isotactic
0 58.6 Isotactic
30 61.7 Isctactic

The above table illustrates the effect of different polymerization temperature
on the glass transition temperature of polymethyl methacrylate obtained. Tg of théj
polymers show that the majority of all polymer products is isotactic (T is about 50 °c). N
Tg increases with the increasing temperature, this reveals that the percent. of isotacticity
decreases with the increasing temperature. Figure 5.16 shows DSC curves at 0 °c
(Figure 5.16a) and 30°C (Figure 5.16b) while Figure 5.16¢c shows DSC cur_ve__‘of
reference syndiotactic PMMA [28]. "
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Figure 5.15 DSC curve of polymethyl methacrylate obtained with Et(Ind),ZrCl,-MeMgBr/ Ph,C B(C4Fg), 1 X 10° mole catalyst,

MMA/Zn mole ratio of 4, vpo!ymerization temperature of ey
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€9



o4

523 Molecular weight (Mw) and Molecular weight distribution (MWD)

The molecular weight and molecular weight distribution of polymethyl
methacrylate produced with different type of boron compounds; B(C4F,), and, [Ph:,C]+
[B(C¢F),Jwere investigated. The polymerization condition was set at -78 °C,1x10°
mole catalyst, MMA/Zn mole ratio of 4. with one equivalent of boron compounds. The

results are shown ih Table 5.11.

Table 5.11 Mw and MWD of the obtained polymethyl metnhacrylate by

rac- Et(ind),ZrClL-MeMgBr system using various boron compounds

Boron compounds Mw Mn MWD
B(CiFs), 191,682 100,462 1.908
[Ph30]+[B(CSF5) L1 1,345,892 875,660 1.537

The data in Table 5.11 shows that the catalytic system with [PhSCY[B(CGFS)J
as cocatalyst, produces polymethyl methacrylate with high molecular weight. In
contrast, B(C4F;), produces lower molecular weight polymer. However, both can

produce the polymer with narrow MWD. The GPC curves are shown in Figure 5.17.
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Figure 5.17 GPC curves of polymethyl methacrylate obtained from rac- Et(ind),ZrCl,-
MeMgBr/[Ph,CI' [B(C,F,),T
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CHAPTER VI
CONCLUSION AND SUGGESTION

6.1 Conclusion

A chiral C,-symmetric catalyst, Et(Ind),ZrCl, has been used as a precatalyst in
methyl methacrylate polymerization with Grignard reagent (MeMgBr) as an alky!ating.
agent and boron compound as a cocatalyst. Premixing of methyl methacrylate
monomer, which is a polar monomer with suitable Lewis acids such as diethyizinc for at.
least 1 hr. before polymerization is found to be a very necessary step. Without addition
of diethylzinc to monomer, there is no polymer produced. The catalytic system is
Et(Ind),ZrCl,-MeMgBr/ Ph30+B(C6F5)4' {or PhN(Me)zi-fB(CSF5)4')/Zn(CZH5)2, which " is v
active for the isospecific polymerization of methyl methacrylaté. The conditions for."'i--
polymerization were examined and found as follows: 1 x 1_0'5 mole catalyst ahd an
equimolar of boron cocatalyst, 2.82 x 107 mole MMA, 7.1 x 10° mole Zn(CéHS)Q, MMA/Z-;_r_j_
mole ratio of 4, polymerization temperature of ~78°C and 12 hours p_otymerizatipn timé"
which give the highest activity. The polymer vield increases linearly with._poiyme}izatvion
time. There is no significant difference from varying solvent;.toluené;."'.hexane and
dichloromethane. In this experiment, B(C,F.}, can be used-as a cocatalyst fof..:t:‘h.e above
system but gives a lower yield and activity than Ph3C+B(CeF5)4' or PHZN.MeQH* B(C_._é_FS);.
Comparison of the alkylating agents between MeMgBr and TlBA-‘,___;it was fouh_d that.only
MeMgBr is efficient to alkylate the catalyst. The glass transition tem_p‘eraturé:(Tg) of the
obtained polymer is approximately 50 °C which confirmed tha_t__the pré’duced pd'lvy_methyl
methacrylate is isotactic. The molecular weight distrib_ution o.f}"."the obta.i.‘r:ied polymer is

narrow (< 2.5). This characteristic is belonged to the metéllocene C’;;'_ij:talysts.
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The results show that this studied bata|ytic system give higher isotacticity _than
the catalytic system reported by Soga, Cp,ZrMe,/B(C4F.), and Et(ind),ZrMe,/Ph,C
B(C4F.),[15,16,25].
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6.2 . Suggestion

For'.t.he future work, the:catalyst might be developed by changing metals and/or
ligand _environmehf. Search for new cocatalyst that is more efficient, safer and has lower

price would be worth done.
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