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Summary

This study comprises the synthesis and characterization of propene/lower a-olefin

copolymers and a-olefm homopolymers using metallocene catalyst systems.

Incorporation of a-olefin comonomer into the polypropene backbone led to a change in

properties such as microstructure and melting and crystallization temperatures. Synthesis

of propene/a-olefin (J-butene, l-pentene, l-hexene and 4-menthyl-l-pentene)

copolymers was carried out using the Me2Si(2-Methylbenz[e]indenyl)2ZrChIMAO

catalyst combination. Copolymers were characterized by NMR, GPC, DSC and

CRYSTAF. Comonomer incorporation was generally kept below 6 % to ensure

crystallizable copolymers. Comonomer content influences tacticity. It was especially

pronounced for propenell-butene copolymers and attributed to the formation of clusters.

Melting and crystallization temperatures, (Tm (DSC), Tc (DSC) and Tc (CRYSTAF)), of

propene/lower a-olefin copolymers decreased linearly with an increase in comonomer

incorporation and strongly depend on comonomer type displaying a different behaviour

compared to that of propene/ higher a-olefins (l-octene, I-decene, l-tetradecene, and 1-

octadecene) copolymers. The melting and crystallization temperatures of propene/4-

methyl-l-pentene copolymers occur between those ofpropene/l-pentene and propenell-

hexene.

Poly-n-olefins (l-pentene, l-hexene, l-octene and l-decene) were prepared using a series

of (R-115_C9H6)2ZrChIMAO[R = benzyl, phenyl and Si(CH3)3] and Me2C(115-C5H4-115-

C9H6)ZrCh/MAO catalysts under different conditions. The resulting oligomers and

polymers were characterized by GPC and NMR. Better conversions were obtained using

catalysts with less bulky substituents and high MAO/catalyst ratios. Products ranged from

dimeric oligomers to poly-u-olefins with molar masses between ca. 300 g.mol" and 6000

g.mol". Polydispersities, MwlMn, of poly-n-olefins synthesized at room temperatures

were approximately 2, however, higher polydispersities were obtained at higher
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Opsomming

temperatures. Various end groups such as vinylidene, 1,2 disubstituted and 1,1,2

trisubstituted double bonds were observed and attributed to different propagation and

termination reactions. The most important vinylidene end group corresponds to a specific

1,2 monomer insertion and termination by p-elimination.

Hierdie studie behels die sintese en karakterisering van propeen/laer-a-olefien ko-

polimere en a-olefien homo-polimere wat berei is deur van metalloseen-katalisatore

gebruik te maak. Die insluiting van 'n a-olefien ko-monomeer in die ruggraat van

propileen het 'n verandering in eienskappe soos mikrostruktuur, smelting en die

temperatuur van kristallisasie tot gevolg gehad.

Die sintese van propeen/a-olefien (l-buteen, I-penteen, I-hekseen en 4-metiel-l-

penteen) ko-polimere is uitgevoer met die katalisatorkombinasie Me2Si(2-Metielbenz[e]

indeniel)2ZrClzIMAO. Daar is gepoog om die inkorporasie van die ko-monomeer tot

<6% te beperk, om sodoende kristalliseerbare ko-polimere te verseker. Die ko-

monomeerinhoud beïnvloed taktisiteit. Dit was veralopvallend in die propeen/l-buteen

ko-polimere, en is toegeskryf aan die vorming van trosse (klusters) Die ko-polimere is

gekarakteriseer deur van KMR, GPK, DSK en KRISTAF gebruik te maak.

Die smelt-en kristallisasie-temperature (Tm (DSC), Tc (DSC) en Tc (CRYSTAF») van die

propeen/Iaer-n-olefien ko-polimere het lineêr afgeneem met 'n toename in ko-monomeer

inkorporasie en het sterk afgehang van van die tipe ko-monomeer. Die gedrag van

laasgenoemde ko-polimere het verskil van dié van die propeenlhoër-a-olefien ko-

polimere (l-okteen, I-dekeen, I-tetradekeen, en l-oktadekeen). Die smelt- en

kristallisasie-temperature van die propeen/4-metiel-l-penteen ko-polimere lê tussen dié

van propeen/l-penteen en propeen/l-hekseen.
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Die poli-a-olefiene (l-penteen, I-hekseen,l-okteen en I-dekeen) is onder verskillende

reaksiekondisies berei deur van die katalisatore (R-115-C9H6)zZrChIMAO [R=bensiel,

feniel en Si(CH3)3] en Me2C(115-C514-115-C9H6)zrChIMAO.gebruik te maak. Die nuwe

oligomere en polimere is met behulp van GPK en KMR gekarakteriseer. Katalisatore

met kleiner substituente en hoër MAO/katalisator-verhoudings lewer beter omskakelings.

Produkte het gevarieer vanaf dimeriese oligomere tot poli-a-olefiene met molêre massas

tussen 300 en 6000 g.mol'. Die polidispersie van die poli-a-olefiene by

kamertemperatuur gesintetiseer was ongeveer 2; hoër polidispersies is egter by hoër

temperature verkry.

Vinilideen, 1.2-disgesubstitueerde- en 1,1,2-trigesubsidueerde dubbelbindings is as

eindgroepe waargeneem. Dit is toegeskryf aan verskillende voortplantings- en

termineringsreaksies. Die belangrikste vinilideen-eindgroep stem ooreen met 'n

spesifieke 1,2 monomeerinvoeging en terminering deur p-eliminasie.
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CHAPTERl

INTRODUCTION AND OBJECTIVES

1.1 Introduction

Metallocenes are special members of a class of compounds known as organometallic

compounds. Metallocenes activated with Methylaluminoxane (MAO) form single-site

catalyst systems effective in a-olefins polymerization to produce polymers with uniform

controlled properties.

Metallocenes do not only allow the direct control of properties but also enable the

synthesis of polymers and copolymers that could not have been produced with

heterogeneous Ziegler-Natta catalysts. In addition, new monomers (oligomers) with new

application possibilities can be obtained using metallocene catalysts.

Metallocene-catalyzed processes for large scale industrial polymer synthesis are used by

companies such as Exxon Chemical, Dow, BP Chemicals, Du Pont and Sumitomo.

Industrial applications of metallocene-catalyzed polymers include biaxially oriented

polypropene (BOPP) films, adhesives, fragrances, lubricants, cosmetics and fuel

additives I.

I Hungenberg, K. D.; Kerth, J.; Langhauser, F.; Mueller, H. J.; Mueller, P. J.; Angew. Makromo/. Chern.
1995,227, 159.

1
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1.2 Objectives

The main purpose of this study was to synthesize and characterize metallocene-catalyzed

homo-polymers of long chain a-olefins and copolymers of a-olefins with propene.

Specific goals were to:

1.2.1 Synthesize propene copolymers with:

• l-butene

• 1-pentene

• I-hexene

• 4-methyl-1-pentene

1.2.2 Characterize propene copolymers (in 1.2.1) and investigate the following:

• Microstructure and compositional analysis

• Melting behavior

• Crystallization behaviour

• Mechanical properties of selected propene copolymers

1.2.3 Synthesize homopolymers of the following a-olefins:

• 1-pentene

• 1-hexene

• l-octene

• 1-decene

1.2.4 Characterize a-olefins homopolymers with regard to their structures

1.2.5 Investigate the effect of various metallocene structures and different reaction

conditions on polyolefin formation.

2
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CHAPTER2

HISTORICAL AND THEORETICAL BACKGROUND

2.1 Introduction

The development of co-ordination chemistry of transition metal complexes and more

specifically organometallic compounds has stimulated research in the field of polymer

chemistry and material science in general. Polymerization of o-olefins and other vinyl

monomers using coordination metal complexes has been studied extensively and is still

continuing'".

Three types of transition metal based catalysts that have been widely used for ethylene

and propene polymerization are Ziegler-Natta mixtures, metallocenes and chromium

oxide-based catalysts. These catalysts have led to the discovery and improvement of

commercial material such as high density polyethylene (HDPE), linear low density

polyethylene (LLDPE), ethylene-propylene rubber (EPR), ethylene/propene/diene/rubber

(EPDR) and ethylene-butene (EB) copolymers.

Ziegler-Natta catalysts are multiple active sites catalysts and are formed from reactions

involving certain transition metal compounds of Group IV-VIII (commonly halides)

combined with alkyls, aryls or hydrides of Group I-IV metals in the presence of inert

solvent or diluent6•

Metallocene catalysts generally contain a transition metal (usually a group IV metal such

as Ti, Zr or Hf) sandwiched between cyclopentadienyl ring structures 7
• Variations of

metallocene structures include ring functionalization with various alkyl or aromatic

groups, ring bridging (ansa-types) with silyl or carbon atoms and metal coordination to

either alkyl or halogen groups.

3
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Metallocene catalysts are also known as "single-site catalysts" because of their ability to

confine polymerization to a single active site. Their single site nature allows precise

control over product polymer structure.

This chapter focuses largely on the development of metallocenes and the advancement of

olefin polymerization. Other theoretical background studies related to the objectives of

this study will also be highlighted.

2.2 Historical development of metallocenes

Metallocene catalysts were discovered in the 1950's following the discovery of the

sandwich compound known as ferrocene (2.1) which is based on Fe (II) coordinated to

two cyclopentadienyl ligands" 10. The stability, structure, and bonding of ferrocene defied

the classical Lewis description of bonding and therefore captured the imagination of

chemists. This puzzle in tum generated an interest in synthesizing, characterizing and

theorizing that led to rapid development of d-block organometallic chemistry.

2.1

In 1953 Karl Ziegler and his co-workers discovered catalyst systems based on transition

metal compounds (zirconium and titanium halides), which were used to study the

polymerization of a-olefins II. In the presence of aluminium alkyls activators these

catalyst systems were able to polymerize ethylene to yield HDPE at low pressure, but

could not polymerize propylene.

In 1954 Natta reported the successful polymerization of propene using the same catalyst

system 12. After characterizing the resulting polymer, he was able to define the three

stereo conformations of polypropylene: isotactic, syndiotactic and atactic polypropylene.

This was the first stereospecific polymerization of propylene to be reported.
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The catalyst systems used by Ziegler and Natta are now generally known as Ziegler-Natta

catalysts. Ziegler-Natta catalysis and Phillips-type catalysts led to the discovery of

polyolefin materials exhibiting a broad range of properties from thermoplastic to rubber

materials. Ziegler and Natta both received the Nobel Prize in chemistry in 1963 for their

important ground breaking contribution.

Metallocene catalysts (e.g 2.2) used for ethylene polymerization, were reported in 1958

by Breslow and Newburg+'. These catalysts were based on bis(cyclopentadienyl) titanium

dichloride. Activation was achieved with aluminium alkyls (specifically AlEt3)'

2.2

Early metallocene catalysts, CP2TiChlAIR3, showed poor activity towards ethylene

polymerization and could not polymerize propylene. Reichert and Meyer discovered that

addition of traces of water, originally thought to be poisonous, improves the activity of

metallocene/aluminiumalkyl systems". Shortly after this discovery, unexpected increase

in reactivity was obtained by substantial water addition.15• These developments led to the

separate synthesis of methylaluminoxane (MAO)16. MAO has since been used as a

cocatalyst in conjunction with metallocenes for olefin polymerization.

The structure of metallocenes has also received a lot of attention in order to optimize it

for the polymerization of o.-olefins. Metallocenes can be unsubstituted, substituted (2.3)

bridged (stereo rigid) (2.4), unbridged, or of the halfsandwich type (2.5). Structures shown

below illustrate some of these examples.

2.3 2.4 2.5

5
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Ligands such as indenyl (Ind) and fluorenyl (Flu) (shown below) have been used instead

of cyclopentadienyl (Cp).

indenyl (Ind) fluorenyl (Flu)

The synthesis of bridged metallocenes by Brintzinger et al. in 1982 led to the

stereospecific polymerization of propylene'", Two years later Ewen correlated catalyst

symmetry with the polymer structure and reaction mechanisms'",

The major events of metallocene developments for olefin polymerization are listed in

Table 2.1.

Table 2.1 Historical events of metaUocene developments for olefin polymerization

Year Developments Reference

1952 Synthesis of Ferrocene by Fischer as a model compound for 8
metallocenes.

1955 Metallocene activated with AlEt3, showed low activity toward 12,13
ethylene polymerization.

1973 Addition of small amount of water (AI:H20= 1:0.5)increased the 14
activity.

1975 High activity upon addition of substantial amount of water (AI: 15
H2O=1:2).

1977 Methylaluminoxane (MAO) was separately prepared as a cocatalyst 16
for olefin polymerization.

1982 Synthesis of ansa-metallocene with C2 symmetry. 17
1984 Polymerization of propylene using a rae/meso mixture of ansa- 18

titanocenes led to partially isotactic propylene.

1984 Chiral ansa-zirconocenes produce highly isotactic polypropylene. 22

6
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Waymouth and co-workers recently reported an unbridged metallocene catalyst, (2-

phenylindenylj-Zrï.ïlj/Mé.O (2.6), which appears to isomerize by restricted rotation of its

indenyl ligand between chiral and achiral coordination geometries during chain growth.

This catalyst yields a highly stretchable atactic-isotactic stereoblock polypropylene with

I . . 19-21e astomenc properties .

"Clz-:
"""'_'CI

2.6

The investigation of this catalysts family for higher a-olefins polymerization is described

in Chapter 6.

Kaminsky et al. reported the use of metallocene catalysts to synthesize cyclic

homopolymers without ring opening22-24. Cyclopentene was the first cyclic monomer to

be polymerized by rac-[Et(Ind)2]zrCh (2.7)/MAO at room temperature. The resulting

polymer was semicrystalline and was insoluble in common organic solvents.

o
MAO

2.7

The use of metallocene catalyst systems to polymerize non-conjugated and conjugated

diene monomers furnished new types of cyclic polymers with ring structures interspaeed

by CH2_groups25-27.

7

Stellenbosch University http://scholar.sun.ac.za



1,5 hexadiene

MAO

Other cyclic polymers of cyclic monomers such as norbomene have been synthesized

using metallocene catalyst systems28,29.

2.3 Theoretical background

2.3.1 Mechanisms for a-olefins polymerization using metallocene catalyst systems

2.3.1.1 The homopolymerization of a-olefins with metallocene catalysts

The polymerization reaction of u-olefins with metallocenes is initiated by active centers

of metallocene catalysts. Active species (chain initiators) are ionic pairs containing

cationic species like CP2~ -R. These species are either synthesized or are formed in the

reaction between metallocene complexes, such as Cp2ZrMe2 or Cp2zrCh and MAO.

Cationic metallocene complexes can also be formed by other counterion initiators such as

Ph3C+B(C6F5k or B(C6F5h 30-32.

The structure of MAO is not known, however, it is generally believed to be an oligomer

with molecular weight between 1000 and 1500 g/moe3
-
37
• The mechanism surrounding

the generation of the cationic species and chain propagation will be discussed in the

following sections.

The mechanism of olefm polymerization with metallocenes can be summarized by a

number ofM-R+ reaction steps:

8
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(i) Initiation

The polymerization reaction starts when an a-olefin coordinates to the transitional metal

atom bearing a positive charge, and subsequently inserts into the Zr-Me bond (probably

by Me-migration):

C++P2Zr -Me + CH2=CH2 ----t CP2Zr -CH2-CH2-CH3 (1)

(ii) Chain propagation

Another molecule of alkene coordinates and inserts:

(2)

(iii)Termination

The chain propagation is usually terminated by p-hydride elimination:

Cp2Zr+-CH2-CH2-Polymer ----t CP2Zr+-H+ CH2=CH2-Polymer (3)

A Zr-C bond is regenerated by the first ethylene monomer inserted into the Zr-H bond:

(4)

The methyl group present in the first cycle is now, and in all following cycles, absent.

2.3.1.2 The role of MAO as co-catalyst

The primary role of the co-catalyst is the methylation of the halogenated metallocene

precursor and abstraction of Mé which leads to the formation of the active complex

(Scheme 2.1) 38-41.Methylaluminoxane (MAO) is widely used as a cocatalyst. Other
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functions of the MAO are to scavenge impurities and moisture and to reactivate the

inactive complexes formed. High ratio of MAO:Zr (~ 5000: 1) is needed for catalyst

activation.

As mentioned before, other cocatalysts such as tetraphenylborate (C6H5)4B-,carborane

(C2H9H12-)or fluorinated borate can also be used for the formation of M-CH/ (cationic

species) 42-45.The main advantage of borate cocatalysts is that they are more economical

with a ratio of 1:1 of borate to metallocene. The disadvantage of using borate cocatalysts

is that they are very sensitive to poisons, decompose easily and must be stabilized by

addition of aluminiumalkyls such as tri-isobutylaluminiurrï'<".

2.3.1.3 Mechanistic details of the formation of the cationic species during the

polymerization reaction

The formation of cationic species described above results from the reaction between the

catalyst and MA049. The addition of MAO to the metallocene leads to the abstraction of

chloride and substitution by a methyl group. The abstraction of chloride is a fast reaction.

Excess MAO is needed for the abstraction of a second chlorine and the subsequent

formation of a catalytically active cationic species(Scheme 2.1)50-52.

MAO

j MAO

MAO

[MeMAO,8 ....

Scheme 2.1 Formation of the first active cationic species during olefin polymerlzanon'"
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This stepwise process leading to a weakly-bonded ion pair, is supported by spectroscopic

evidence54,55.

Several reports have been published that cover the mechanism of monomer insertion into

the M-C (and later M-H) bond56.

The mechanistic details are shown in Scheme 2.2. Propylene polymerization with

cyclopentadienylzirconium dichloride is used as an example, effecting a 1,2-insertion of

the monomer in the Zr-CH3 bond, which is mainly observed with metallocene catalysts.

1 ,2 insertion

3
~
1 2

n~

Scheme 2.2 Mechanistic details of olefin polymerization with metallocenes
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2.3.1.4 Copolymerization kinetics

In copolymerization reactions, two or more different a-olefin monomers are

competitively inserted into the transition metal carbon bonds at the active center. The

simplest case is when two a-olefins, e.g CH2=CH-R' and CH2=CH-R", are

copolymerized.

Now four chain growth reactions must be considered instead of a single chain

propagation reaction.

M-CH2-CHR'-Polymer + CH2=CH-R' ~ M-CH2-CHR'-CH2-CHR'-Polymer (1)

M-CH2-CHR'-Polymer + CH2=CH-R" ~ M-CH2-CHR"-CH2-CHR'-Polymer (2)

M-CH2-CHR"-Polymer + CH2=CH-R" ~ M-CH2-CHR"-CH2-CHR"-Polymer (3)

M-CH2-CHR"-Polymer + CH2=CH-R' ~ M-CH2-CHR'-CH2-CHR"-Polymer (4)

Reactions (1) and (3) represent homopolymerization reactions of CH2=CH-R' and CH2-

CH-R" with rate constants kil and k22 respectively. The reactions, (2) and (4) represent

cross-growth reactions with rate constants kl2 and k21 respectively.

The values for all four rate constants kll, k12, k21 and k22 are different since the rate of

insertion of a particular a-olefin into an M-C bond depends on the structure of the a-

olefm and also on the structure of the last inserted monomer unit.

The four rate constants are normally reported as reactivity parameters rr=ku/k» and

r2=k221k2157-59.Reactivity ratio constants r, and r2, differ for the same pair of monomers

with the catalyst system and solvent.
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2.3.2 Stereospecific polymerization of a-olefins with metallocene
catalysts

Metallocenes have been used for many years for polymerization of monomers ranging

from ethylene to tetradecene including cyclic monomers such as cyclopentene,

norbomene, etc. Copolymerization of these monomers was reported and detailed studies

have shown that the catalyst type has an influence on the regio- and stereoregularity'Y'".

2.3.2.1 Regioselectivity

The microstructure is also determined by the regiospecificity of the incoming monomer

incorporation into the growing polymer chain. Regioselective polymerization of the

monomers gives an insight into the mechanism of insertion into the growing polymer.

Several possibilities are shown in Scheme 2.3. The first is 1,2 (head to tail) insertion

which lead to 1,3 branching. Other possibilities are 2,1 (head to head) or 1,3 (tail to tail)

which lead to 1,2 and 1,4 branching respectively.

polymer1,2 insertion M

2,1 insertion polymerM

1,3 insertion M polymer

Scheme 2.3 Possible insertion mechanism of olefin monomer
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With metallocene catalysts monomer insertion generally occurs in the 1,2_mode76-89_ The

2,1 misinsertions are also observed but are slow and cause chain termination. The choice

of reaction conditions such as temperature and metallocene type also influences a

particular insertion mode. The 1,3 insertion results from isomerization of the Zr-Polymer

bond prior to insertion of the next monomer97•98•

2.3.2.2 The effect of metallocene structure on tacticity

Monomer units are enchained with each other in a particular regular manner, which

depends on the catalyst structure and on the polymerization conditions. This type of

regularity is known as tacticity.

One of the advantages of metallocenes or "single-site" catalysts over heterogeneous

Ziegler-Natta catalysts is that their structure or symmetry can be designed to produce a

particular tacticity.

Table 2.2 shows the relationship between catalyst symmetry and the resulting polymer

tacticity (structure).
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Table 2.2 The relationship between catalyst symmetry and polymer tacticity

Catalyst Structure Catalyst

Symmetry

Polymer Structure (Sawhorse model)

2.8

2.9

2.10

2.6

C2V

Cs

Oscillating

between

rae- and

meso

phase

Atactic

Isotactic

Syndiotactic

Isotactic-atactic stereo block
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2.3.2.3 The effect of the substituent on catalyst symmetry and tacticity

The degree of stereoregularity of the polymer can be tailored by introduction of a

substituent on the Cp ring (Scheme 2.4). Ewen and co-workers used complexes 2.10-2.12

to demonstrate the influence of the substituent on catalyst symmetry and tacticity90,91.

The introduction of methyl and isobutyl groups on the Cp ring changed the

syndiospecific catalyst iPr(CpFlu)zrCh (2.10) to hemiisospecific (2.11) and isospecific

(2.12), catalysts respectively.

2.10

2.11

2.12

MAO

Synd iotactic

MAO
Hemiisotactic

MAO

Isotactic

Scheme 2.4 The effect of the substituent on propene stereo regularity
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The size of the substituent can also improve the percentage of tacticity. The effect of a

bulky substituent on the cyclopentadienyl (Cp) ring on tacticity was investigated by Erker

et al. 71.75. The tacticity of the obtained polypropylene was found to increase with the

bulkiness of the substituent.

2.3.2.4 Tacticity and stereoerrors

Stereoregularity of propene and higher a-olefins can be controlled by suitably designed

metallocene catalysts as shown in Table 2.2. Characterization of these polymers,

polypropylene in particular, by I3C NMR give rise to signals which can readily be related

to the microstructure of the polymer. Bovey developed a nomenclature system which is

widely used to designate neighbouring units as m (meso) for equally and r (racemo) for

unequally positioned substituents'".

It is almost impossible to produce a polymer which has 100% stereoregularity, due to
. I h' hd' 1" 93-101occasiona errors w IC occur unng po ymenzation . During isotactic

polymerization, monomers are inserted into the metal-carbon bond in a particular regular

manner facing one direction. If one monomer is inserted in a syndiotactic position it

causes an error on the growing polymer chain. Catalysts that produce highly isotactic

polymers usually correct this error during the next insertion step of the olefin monomer.

There are two types of errors that can occur (Scheme 2.5)102. The first is the so-called

catalytic site control error (also known as enantiomorphic site control). Metallocenes are

known for catalytic site controlled error. The second is chain-end controlled error and is

caused by the last monomer inserted.
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isospecific I ml m I r r I m ml

site control
error correction syndiospecific I r r I m m r

2
Primary
insertion isospecific I ml m I m I r m m

chain-end contro

error propagation syndiospecific I r r I m I r
4

r I r

Scheme 2.5 Typical stereoerrors during polymerization

In polypropylene, the signal of the CH3 group from I3C NMR measurements is usually

used to determine the polymer microstructure. The I3C NMR chemical shift for CH3 is

determined by neighbouring repeat units on both sides. Each CH3 signal is assignable to a

particular "pentad" pattern, represented by the four consecutive m or r designators

framing the CH3 (*) under consideration. The possible pentads are listed below (Scheme
2.1)103-108.

Imlmrml r

I

~~

Imlmr~ ~

Imlmr ~ fL~ ~~
Y LL2~

Scheme 2.6 Ten possible stereochemical pentads of a polyolefin

All ten possible pentad signals (mmmm, mmmr, rmmr, mmrm, mmrr, rmrr, rmrm, rrrr,

rrrm, and mrrm) are observed in atactic polypropylene. Isotactic polypropylene is

characterized by a single I3C NMR signal for the mmmm pentad. The degree of
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isotacticity is expressed as the ratio of the mmmm pentad integral to the sum of all pentad

integrals observed and is designated as [mmmm]. Syndiotactic polypropylene contains

only rrrr pentads and is also characterized by a single I3C NMR signal. The

syndiotacticity is expressed as the ratio of the rrrr pentad integral to the sum of all pentad

integrals and designated as [rrrr].

Polypropylene produced by Ziegler-Natta catalysts is highly isotactic with [mmmm] >

0.95 109-112. Bridged metallocene/MAO catalysts on the other hand, produce isotactic

polypropylene with stereoregularity of [mmmm] ::::;0.8 - 0.9 113,114.

2.4 Advantages of polymers produced with metallocenes

The advantage of metallocenes compared to traditional Ziegler-Natta catalysts is that

their structures are designable to produce polymers with desired properties. The single

site nature of the metallocene's active sites, allows the production of polymers with

uniform properties (narrow molecular weight distribution, regioregularity,

stereo selectivity and chemical composition distribution ).

Another advantage of metallocenes is their ability to produce oligomers. Oligomers are

polymers with very low molecular weights (number of monomer units less than 100) with

unsaturated reactive end groups. Scheme 2.7 shows an example of a 1-pentene oligomer.

The fact that the product oligomer contains no methyl group on the chain means that the

catalyst was a hydride (formed after the first cycle by ~-elimination). These end groups

can further be functionalized to produce molecules that can have new applications.

Detailed analysis of poly o-olefins unsaturated end groups is described in Chapter 6.

Oligomers can also be used as comonomers.
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MAO

Scheme 2.7 MetaUocene oligomerization of 1-pentene

2.5 Polymer characterization

Polymers are highly complex multicomponent macromolecules. Polymers with the same

identical repeating units may not necessarily have the same structural, thermal or

mechanical properties (Figure 2.1). The differences in these properties may result from

different techniques or reaction conditions used during polymerization (e.g. LDPE and

HDPE).

A molecule of linear polyethylene, or HDPE

A molecule of branched polyethylene, or LDPE

Figure 2.1 Molecules of polyethylene polymers
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HDPE is linear and highly crystalline while LDPE is highly branched and amorphous.

There are various analytical techniques available for characterization of the chemical,

thermal and physical properties of the polymers.

2.5.1 Molecular weight distributions

The chains inside a material resulting from the polymerization process are not identical

either by the size of polymer chain or by composition in a case of a copolymer. The

molecular weight of a given polymer is represented by mean values such as number-

average molecular weight (Mn) and weight-average molecular weight (Me). Analytical

techniques for the determination of these values are light scattering, intrinsic viscometry,

osmometry, gel permeation chromatography (GPC). The most recent technique is matrix-

assisted laser desorption ionization (MALDI) mass spectroscopy. GPC is the most widely

used due to the relative short analysis time. It is a relative method and, therefore,

calibration is required. A polystyrene standard is most commonly used.

2.5.2 Chemical structure and microstructures

Chemical structure and different functional groups within the polymer chain can be

accurately characterized by nuclear magnetic resonance (NMR) and infrared (IR) studies.

Of these, NMR yields more information than IR. 13C and lH NMR provide information

such as regularity, comonomer amount and sequence and endgroups. Information about

the mechanism of polymerization can also sometimes be deduced from such NMR data.

2.5.3 Chemical composition distribution

Copolymers also possess chemical composition distribution (CCD) (also known as short

chain branching distribution (SCBD)). Temperature rising elution fractionation (TREF)

has been used to study the CCD of polymers. The drawback of TREF is long analysis

time (one sample per day). Recently a technique known as crystallization analysis

fractionation (CRYSTAF), which provides similar information as TREF has been
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developedl15• CRYSTAF has short analysis time (five samples in ca. 6h). The principles

surrounding CRYSTAF will be explained in Chapter 3.

2.5.4 Thermal and mechanical properties

Thermal transitions such as glass transition (Tg), crystallization and melting temperatures

can be studied using differential scanning calorimetry (DSC), thermogravimetric analysis

(TGA), dynamic mechanical analysis (DMA), dielectric analysis (DEA) and

thermomechanical analysis (TMA). The most common thermal analysis techniques are

DSC and TGA.

Generally a combination of two or more of these analytical techniques is used. Analytical

techniques employed in this study include NMR, GPC, DSC and CRYSTAF.

2.6 Conclusions

Metallocene/MAO catalyst systems afford new opportunities for materials which were

not accessible with traditional Ziegler-Natta catalyst systems. These single-site catalyst

systems are able to produce polymers with a wide variety of properties. Metallocene

structures can, to a certain extent, be tailored to produce polymers with desired

properties.
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CHAPTER3

SYNTHESIS AND CHARACTERISATION OF METALLOCENE-
CATALYZED RANDOM PROPENEILINEAR a-OLEFIN

COPOLYMERS

Abstract

The synthesis of random propene copolymers with l-butene, l-pentene, I-hexene was

carried out using the isospecific Me2Si(2-Methylbenz[ e]indenyl)2ZrChIMAO catalyst

system. The resulting copolymers were characterized by NMR, OPC, CRYSTAF and

DSC. All copolymers possessed high molecular weights (ranging from 300,000 to

700,000 g.rnol') and narrow molecular weight distributions (Mc/M, ~ 2). Comonomer

incorporation was generally kept below 6 %. The influence of comonomer content and

type on stereo regularity was investigated. The [mmmm] ratio decreased with increasing

comonomer content for each comonomer used. Melting and crystallization temperatures

decreased with increasing comonomer content.
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3.1 Introduction

The copolymerization of propene with a-ole fins via metallocene catalysts allows the

synthesis of random propene copolymers with a great variety of properties. The use of

metallocene catalyst systems allows control of molecular weight, molecular weight

distribution, stereo regularity and comonomer incorporation.

A disadvantage of using typical Ziegler-Natta catalyst systems for the copolymerization

of propene with a-olefins is poor reactivity of the a-olefins towards these catalyst

systems'. The discovery of metallocene/MAO catalysts led to the successful

copolymerization of propene with bulky comonomers of up to 18 carbons as well as

cyclic comonomersr". It has been shown that ansa-metallocenes, particularly substituted

ones, are most effective in the copolymerization of propene and o-olcfins'"!'.

Melting point and crystallinity of highly isotactic polypropene are lowered by

incorporation of comonomer units. Small amounts of comonomer incorporated in the

copolymer can influence the thermal properties significantly as was reported for

propene/ethylene copolymers'<.

Copolymerization of propene with higher a-olefins (C6-CI8) produces copolymers with

properties ranging from thermoplastic polymers to properties of typical rubbersI3,14. Our

research group investigated melting and crystallization behaviour of random

propenelhigher a-olefins (I-octene, l-decene, I-tetradecene and l-octadecene)

copolymers synthesized by both isospecific and syndiospecific catalyst systems'<'".

These investigations indicated a linear dependence of both melting and crystallization

temperature on comonomer content of the copolymer. Melting and crystallization

temperature decreased linearly with increase of the comonomer content, but were

independent of the comonomer type.
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As part of an ongoing investigation, random copolymers of propene/linear a-olefins (1-

butene, l-pentene and l-hexene) were synthesized utilizing Me2Si(2-

Methylbenz[ e]indenyl)2ZrCh/MAO.

Properties such as structure, microstructure, comonomer content, molecular weight,

melting and crystallization behaviour of the synthesized propene/a-olefin copolymers

were characterized by NMR, OPC, DSC and CRYSTAF.

3.2 Reaction scheme

The copolymerization of propene with I-butene, 1-pentene, 1-hexene was carried out

using the constrained geometry catalyst, (CH3)2Si(2-methylbenz[e]indenyl)2ZrCh (3.1)

(Scheme 3.1).

',~CI's·~zr,,'1

/~

3.1

room temp.+
3.1/MAO

n=I,2,3

n=I,2,3

Scheme 3.1: General reaction scheme for the copolymerisation of propene with linear u-olefins
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3.3 Experimental

3.3.1 Materials and methods

3.3.1.1 Purification of reagents

Propene, polymerization grade, was obtained from Fedgas and purified by passmg

through a column containing BASF catalyst R 3-12. Toluene was dried by refluxing over

sodiumlbenzophenone and then distilled under inert gas. Methylaluminoxane was

purchased from Sigma-Aldrich and used without further purification (10 % solution in

toluene). l-Butene was purchased from Sigma-Aldrich and used without further

purification. 1-Pentene and 1-hexene, received from SASOL, were dried over CaCh prior

to distillation. They were then refluxed and distilled over CaCh and LiAlH respectively

for 5 hours. The catalyst used, (CH3)2Si(2-methylbenz[e]indenyl)2ZrCh, was obtained

from Boulder Scientific.

3.3.1.2 Copolymerization procedures

All reactions were carried out under inert gas atmosphere using standard Schlenk

techniques. The polymerization reactions were carried out in a 350 mL stainless steel Parr

autoclave with inlet and pressure gauge. A glass liner was used. Typically the reactor was

charged in an inert atmosphere with catalyst (8J.!mol in 10 mL of toluene), MAO (lO %

solution in toluene) and 50 mL toluene. The catalyst solution was stirred for 5 min. and

the comonomer was added. Subsequently, the reactor was pressurized with propene and

stirred for 3 hours at room temperature. The catalyst/MAO ratio was kept at 1: 6000 for

all reactions.

After 3h the reaction was quenched with 10 % HCIlMeOH. The resulting polymer was

filtered off, washed several times with methanol and subsequently dried in a vacuum

oven at 80°C for 15h.
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Experimental parameters for the copolymerization reactions performed under the above

conditions are summarized in Table 3.1.

Table 3.1 Experimental parameters'r" and results for propene/a-olefin copolymers.

Entry Comonomer Sample Comonomer Comonomer Yield Molecular MwlMn
No. No [mol-%] in [mol-%] in (g) Weight (Mw)

feed cOEolymer.

None 15.30 460700 2.8
2 l-butene 4.8 n.a 5.66 1.03 540400 2.1
3 4.1 n.a 4.43 1.90 582500 2.1
4 4.3 n.a 2.63 11.06 343200 2.4
5 4.11 n.a 2.57 3.03 394500 2.1
6 4.9 n.a 1.43 26.85 320600 3.3
7 4.10 n.a 0.56 2.77 673700 2.4
8 4.2 n.a 0.45 7.41 222800 2.5
9 I-pentene 5.32 9.84 4.16 0.92 509600 2.5
10 5.38 9.17 4.13 0.49 519200 2.3
11 5.37 6.67 3.10 0.93 622200 2.4
12 5.33 5.83 2.58 1.56 694300 2.5
13 5.27 4.80 2.10 2.95 486400 2.5
14 5.26 2.92 1.49 1.29 390500 2.6
15 5.34 2.04 1.16 1.22 750200 2.0
16 5.24 1.57 0.41 2.89 460400 2.5
17 l-hexene 6.7 5.36 2.53 5.10 574400 2.2
18 6.8 5.78 2.28 5.80 572800 2.3
19 6.9 4.19 1.71 2.10 395100 2.2
20 6.6 3.52 1.36 5.50 520100 2.2
21 6.5 2.72 1.17 7.40 331600 2.0
22 6.4 2.17 1.01 4.90 343000 2.2
23 6.2 1.16 0.58 4.30 339900 2.1
24 6.1 0.70 0.35 3.30 422100 2.1

a MAO/catalyst:ratio = 6000
b room temperature

3.3.2 Analytical techniques for the characterization of the propene/a-olefin

copolymers

3.3.2.1 NMR measurements

NMR spectra (l3C NMR) were recorded at 100 "c on a Varian VXR 300 in a 9:1 mixture

of 1,2,4-trichlorobenzene/C6D6, using C6D6 at 8127.9 as internal secondary reference.

The pulse angle was 45 degrees and the repetition time 0.82 seconds. Calibration
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spectrum: In order to calculate the degree of error involved, a gated proton decoupling

experiment (decoupler gated experiments off for 4.2 seconds) with a long repetition time

of 5.02 seconds was conducted.

3.3.2.2 DSC measurements

DSC measurements were carried out on a Pyris 1 from Perkin Elmer. Three cycles were

performed for each sample. Firstly the samples (about 10mg) were heated in cramped

aluminium pans from -50°C to 180 °c at a rate of 10°C/min. Secondly, they were

cooled from 180°C to -50 °c. The crystallization temperature, Tc (DSC), from the

maximum of the endotherm, was determined from the cooling cycle. Lastly, the

copolymers were heated for the second time at 10°C/min to 180°C. This was done to

determine the melting temperature TIDfrom the maximum of the second heating cycle.

3.3.2.3 CRYSTAF measurements

Crystallization analysis fractionation was carried out using a CRYSTAF commercial

apparatus model 200 manufactured by Polymer Char S.A. (Valencia, Spain). The

crystallization was carried out in stirred stainless steel reactors of 60 mL volume where

dissolution and filtration takes place automatically. About 20 mg of a sample were

dissolved in 30 mL 1,2,4-trichlorobenzene. The temperature was decreased at a rate of

0.10 °C/min from 100°C to 30°C. Fractions were taken automatically and the polymer

concentration from solution was determined by an infrared detector using 3.511as the

chosen wavelength.

3.3.2.4 GPC measurements

Molecular weights were determined usmg gel permeation chromatography. The

measurements were performed at a flow rate of 1.06 mL/min in 1,2,4 -trichlorobenzene

at 140°C using a Waters 150 C high temperature OPC system. A polystyrene calibration

curve was used for all molecular weights determinations.
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3.4 Results and discussion

All copolymers (Table 3.1) have high molecular weights (Me) and narrow molecular

weight distributions as expected for metallocene catalysts. The molecular weights (Mw)

ranged between 300,000 and 700,000 g.mol'. The l3C NMR spectra of propene/a-olefin

copolymers with low comonomer content are shown in Figure 3.1 (a, b, c).

a ,.._4.2 : 0.5% 1-bltene

..N. \.l 1.1
".

I

"
I
II

I
10

I
Cl

I
:D

Figure 3.1(a) 13e NMR spectrum of propene/I-butene copolymers
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b N.. 5.24 : 0.41% 1-pertene

c

j \.. 1

fil. 6.1 : 0.35%1-tecme

J
"'I"" I"" I"" I"" I"" I'" 'I"" I'" 'I"" I'" 'I"" I"" I"" I"" I"" I'" 'I"" I"" I"" I"" I"

.li .. 4S ~ Cl CJ :li :ti 34 12 :li :II ~ ~ Il Jl III 16 14 t! Kl

Figure 3.1(b and c) "c NMR spectrum ofpropene/l-pentene(b) and I-hexene(c) copolymers

Three prominent peaks that appear at approximately ()21, ()28, ()46 correspond to the

methyl, methylene and methine carbons respectively. The small peaks correspond to the

carbons from the respective comonomer. Details on the full assignment of these peaks

will be the subject of the following section.

The spectra shown in Figure 3.1 (a, b, c) are of copolymers of propene with higher

comonomer content. Spectra of copolymers with lower comonomer content, have very
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small peaks that are difficult to assign and also to integrate because they interfere with

instrumental noise.

3.4.1 The assignment of 13e NMR data

There are very few publications dealing with full l3C NMR spectral assignment of

propene/lower a-olefin copolymers. A number of publications discuss ethylene/a-olefin

and propene/a-olefin copolymers, with the latter components ranging from l-octene to

tetradecene 19.23.

To carry out full l3C NMR characterization, the copolymer backbone was constantly

numbered as shown in Figure 3.215,21-29. For the sake of simplicity, propene/l-hexene will

be used as example in all explanations.

eba br
'V\.I\f\.r---CH - CH- CH -CH---'VVVV

2 I 2 I
a CH3 4 CH2

I
3 CH2

I
2 CH2

I
1 CH3

Figure 3.2 The backbone structure ofpropene/l-hexene copolymer

Several empirical rules were developed to assign the chemical shifts of all the propene/a-

olefins. The most commonly used are the rules developed by Grant and Pau130• Grant and

Paul rules allow the calculation of the chemical shift for carbon atoms in different

environments. The chemical shift of a particular carbon is given by the sum of the a, J3, y,
8 and E constants. These constants are listed in Table 3.2. A correction factor arises from

the branches {3°(2), 2"(3\ (3°)} and a constant is also added.
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Table 3.2 Chemical shift constants determined by Grant and Paul

Carbon Chern.Shifts
Position ppm

a 8.61

~ 9.78
y -2.88
8 0.37
e 0.06

Const -1.87
3°(2°t -2.65
2°(3°)b -2.45

((3Y -1.4

In order to calculate or predict the chemical shift of a given carbon atom with the aid of

the Grant and Paul rules, the structure of a propene/l-hexene copolymer (Figure 3.2) is

considered.

a 3°(2') = tertiary carbon attached to secondary carbon
b 2°(3') = secondary carbon attached to tertiary carbon
C ((30) = primary carbon attached to tertiary carbon
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The chemical shift of the a CH3 carbon in propenell-hexene copolymer, for example, is

calculated as follows:

8 (a CH3) = 1*a + 2*P + 2*8 + 2* Y+ 4* I';+ 3"(2') +2°(3°)+ 1"(3°)+ Const.

= (1*8.61) + (2*9.78) + (2*0.37) + (2* -2.88) + (4* 0.06) + (-1.4) + (-1.87)

= 20.8ppm

The chemical shifts for all propene/a-olefin copolymers calculated from these empirical

rules are listed in Table 3.3.

For some carbons with complicated environments some chemical shifts are only

approximate and may further complicate assignment of the peaks.

To avoid ambiguity, rules such as those of Bovey et al. and other available on ChemDraw

software, were also used31,32. The values of the chemical shifts obtained from these rules

were compared with experimental values and are listed in Table 3.3.
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Table 3.3 Chemical shifts for propene/a-olefin copolymers

Propene/1-Butene

Carbon a I3 y I) E Const 3"(2") 2"(3") 1"(3") Calculated" BV' Chem Drawe EXpd

8.61 9.78 -2.88 0.37 0.06 -1.87 -2.65 -2.45 -1.4 ppm ppm ppm ppm

a 1 2 2 4 3 1 0 0 1 20.8 21.00 20.70 21.45
b 3 2 4 3 5 1 2 0 0 28.11 27.90 27.30 28.40
c 2 4 2 4 3 1 0 2 0 45.47 45.00 44.70 46.07
a 2 4 3 4 2 1 0 2 0 42.53 42.40 42.20 42.93
br 3 3 4 2 4 1 3 0 0 34.81 33.25 32.70 34.84
1 1 1 2 2 4 1 0 0 0 11.74 12.20 11.80 10.69
2 2 2 2 4 2 1 0 1 0 28.3 28.60 28.40 27.92

Propene/1-Pentene

Carbon a 13 y I) E Const 30(2") 2"(30

) 1"(30

) Calculated BV ChemDraw EXP
8.61 9.78 -2.88 0.37 0.06 -1.87 -2.65 -2.45 -1.4 ppm ppm ppm ppm

a 1 2 2 4 3 1 0 0 1 20.8 21.00 21.70 21.47
b 3 3 4 4 4 1 3 0 0 35.55 27.90 27.30 28.39
c 2 4 2 4 3 1 0 0 0 50.37 45.00 44.70 46.06
a 2 4 3 5 3 1 0 0 0 47.86 42.70 42.50 43.44
br 3 3 5 2 4 1 3 0 0 31.93 30.75 30.20 33.08
1 1 1 1 2 2 1 0 0 0 14.5 14.50 14.30 14.31
2 2 1 2 2 4 1 0 0 0 20.35 21.30 20.90 19.76
3 2 3 2 4 2 1 0 1 0 38.08 38.00 37.80 38.15

Propene/1-Hexene

Carbon a J3 y I) E Const 3"(2") 2"(3") 1"(3") Calculated BV ChemDraw EXP
8.61 9.78 -2.88 0.37 0.06 -1.87 -2.65 -2.45 -1.4 ppm ppm ppm ppm

a 1 2 2 4 3 1 0 0 1 20.8 21.00 20.70 21.44
b 3 2 4 3 5 1 2 0 0 28.11 27.90 27.30 28.40
c 2 4 2 4 3 1 0 2 0 45.47 45.00 44.70 46.07
a 2 4 3 5 4 1 0 0 0 47.92 42.80 42.50 43.51
br 3 3 5 3 4 1 3 0 0 32.3 31.05 30.50 33.36
1 1 1 1 1 2 1 0 0 0 14.13 14.20 14.00 13.80
2 2 1 1 2 2 1 0 0 0 23.11 23.60 23.40 23.05
3 2 2 2 2 4 1 0 0 0 30.13 30.70 30.30 31.39
4 2 3 3 4 2 1 0 1 0 35.2 35.50 35.30 35.39

a Calculated chemical shifts (ref. 30)
b
, Calculated chemical shifts according Bovey (BV) (ref. 31)

c, d Chemical shifts according to ref. 32 and experimental observation respectively.
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The spectral peaks of all prop ene/ l-butene, l-pentene, l-hexene copolymers were

assigned according to the above calculations. As shown in Table 3.3, the values obtained

from all empirical rules are in agreement with experimental values within 5 % error.

Fully assigned spectra of all the copolymers are shown in Figure 3.3 (a, b, c).

a

brCH

Sample NL 4.8: 5.66% 1-butene

eba br
'VVVV-- CH2- fl-r- CH2- f!-.--lr\J"I.1VV

a CH3 2 CH2

I
1 CH3

bCH

50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10

Figure 3.3(a) Assigned 13CNMR spectrum of propene/I-butene copolymers
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Sample NL 5.32: 4.1% 1-Pentene

eba br
~rvv--CH -CH-CH -CH'--WV"V.nv

2 I 2 I
a CH3 3 CH2

I
2 CH2

I
1 CH3

b

brCH

bCH

I" I I I' I I I I' I I i I" ii I r II I I' I li II I I I I' 1I I I' I I I I' I I I I' , I I I' I I I I' I II I' I I I I' I I I I' I I I I' I II I' I I I I' I II I' I I I I" II I' II I I' I I I I' I I
52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10

c

Sample NL 6.7: 2.53% 1-Hexene

eba br
'VV\.JV--CH -CH-CH -CH---'"\J'"I..IIwrv

2 I 2 I
a CH3 4 CH2

I
3 CH2

I
2 CH2

I
cCH2 1 CH3

4CH2 brCH

bCH

Figure 3.3(b,c) Assigned "c NMR spectrum of propene/l-pentene (b) and I-hexene (c) copolymers
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The amount of comonomer in the copolymer was determined once all the spectra were

fully assigned. Several mathematical formulae exist to calculate comonomer content for

ethylene or propylene/a-olefin copolymers from l3C NMR spectral data26-28,33,34.

Equation 3.126 was used to calculate the comonomer content of all propylene copolymers.

Percentage of comonomer [mol-%] = [O.5(Ia+lbr)]/h (3.1)

Where Ir is the total intensity of the signals of the backbone carbons (c , b, a and br), la

and hr are the intensity of the signals of Ca and Cbr respectively (see Figure 3a, b, c).

The results are summarized in Table 3.4.

Table 3.4 Como nomer concentration of propene/a-olefin copolymers

Entry Comonomer Sample Comonomer Comonomer [mmmm]
No. No [mol-%] in feed [mol-%] in cOEolymer.

None 0.96
2 l-butene 4.8 n.a 5.66 0.69
3 4.1 n.a 4.43 0.75
4 4.3 n.a 2.63 0.82
5 4.11 n.a 2.57 0.83
6 4.9 n.a 1.43 0.87
7 4.10 n.a 0.56 0.91
8 4.2 n.a 0.45 0.94
9 I-pentene 5.32 9.84 4.16 0.81
10 5.38 9.17 4.13 0.86
11 5.37 6.67 3.10 0.88
12 5.33 5.83 2.58 0.88
13 5.27 4.80 2.10 0.90
14 5.26 2.92 1.49 0.93
15 5.34 2.04 1.16 0.94
16 5.24 1.57 0.41 0.95
17 I-hexene 6.7 5.36 2.53 0.80
18 6.8 5.78 2.28 0.92
19 6.9 4.19 1.71 0.93
20 6.6 3.52 1.36 0.93
21 6.5 2.72 1.17 0.93
22 6.4 2.17 1.01 0.93
23 6.2 1.16 0.58 0.90
24 6.1 0.70 0.35 0.95

n.a = not available (could not be quantified).
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The comonomer incorporation decreased with increasing comonomer chain length. Up to

5 % I-butene incorporation in the copolymer was achieved compared to about 4 and 2.5

% for I-pentene and I-hexene respectively. This could be attributed to poor reactivity of

the como nomer due to steric effects resulting from the increased size of the comonomer

chain. A similar trend was observed elsewhere 15,25,35 •

3.4.2 Microstructure of propene/a-olefin copolymers

The methyl 13e NMR signals were used to determine the microstructure of propene

copolymers.

The expanded region of the methyl signal is shown below (Figure 3.4).

NL 4.3: 2.63% Buie e

m m
mmmr

rmmr

mmrr

Figure 3.4 Expanded methyl region of propenell-butene copolymer with pentad assignments
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Since the catalyst system 3.lIMAO (Scheme 3.1) used to synthesize all the copolymers

produces isotactic polymers, the ratio of the mmmm integral to the integral sum of all the

other pentad signals in the CH3 region, was used to determine the degree of isotacticity

expressed as [mmmm].

The abundance of mmmm pentad signals was plotted against comonomer content [mol-

%] in the copolymer (Figure 3.5).

1-hexene

0.9

E 0.8
E
E
oS 0.7

0.6

0.5
0 2 3 4 5 6

Comonomer content [mol-%] in the copolymer

Figure 3.5 Relative intensity (%) of the mmmm signal obtained by Be NMR spectroscopy

It is clear that the relative abundance of the mmmm signal of all propene copolymers

decreased with increase in comonomer content. The effect of the amount of comonomer

on stereoregularity is more pronounced for propenell-butene copolymers than for 1-

pentene and hexene. The concentration of the mmmm pentad of prop ene/ I-butene series

decreased linearly with increase in comonomer content. This could be attributed to the

fact that the chain length of l-butene comonomer is relatively short and as a result could

be included in the crystal lattice forming copolymers with clusters36• These observations

are confirmed by the presence of an unpredicted resonance at 8 39.85 (Figure 3.6) which

was assigned to an isolated CH2 (BBBB sequence) unit resulting from clustering of 1-

butene comonomers.
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NL 4.9: 1.43% Butene

43 42 41 40 39 38 37 36 35 34 ppm

Figure 3.6 The IJ C NMR spectral region between 033 - 44 for propene/l-butene copolymers

The appearance of a CH2 signal at ~ ()40 was observed elsewhere37-39• Detailed spectral

assignments and comonomer sequences are shown in (Table 3.5). As the chain length of

the comonomer increases, the effect of the amount of comonomer on stereoregularity

does not playa major role as observed for l-pentene and l-hexene (Figure 3.5).
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Table 3.5 13C NMR signals and polymer sequence assignment

Chemical shift Assignment (marked with *) Polymer sequence
*

10.60 CH3-CHz-CH BBB,BBP,PBP
*

20.67 CH3-CH BPB
*

21.37 CH3-CH PPP
*

27.95 CH3-CHz-CH PBP
28.42 CH:r-~H PPP,PPB,BPB

*
34.75 CH3-CHz-CH BBB,BBP,PBP

-CH-êHz-CH
I I

39.85 Et Et BBBB,BBBP,PBBP
-CH2- CH-êHz-CH

I I
42.99 Et Et PBPP

*-CH2- CH-CH -CH
I I

43.34 Et Et BBPB,BBPP,PBPB
*-CH-CH;r-CH-

I I
46.07 Me Me PPPB

*-CH-CH;r-CH-
I I

46.37 Me Me BPPB

3.4.3 Melting and crystallization behaviour of propylene/a-olefin

copolymers

Melting and crystallization behaviour of propene/a-olefin copolymers were investigated

by DSC and CRYSTAF. The analytical procedures followed for the two techniques have

been explained in Sections 3.2.2.2 and 3.2.2.3.
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3.4.3.1 DSC analysis

As mentioned before, the melting temperature, Tm (DSC), and crystallization temperature

from the melt.T, (OSC), were determined from the second heating cycle. Both Tm (OSC) and

Tc (OSC) decreased with increasing comonomer content in the copolymer. Melting and

crystallization temperatures of propene/l-butene were higher than these of propene/l-

hexene. Propene/l-pentene exhibited intermediate behaviour. Melting and crystallization

behaviour of propene/a-olefin copolymers are discussed in detail in Chapter 5.

3.4.3.2 CRYSTAF analysis

The crystallization analysis fractionation (CRYST AF) technique was recently developed

to analyze composition of semicrystalline polymers''", CRYSTAF is based on the analysis

of the concentration of the polymer in the liquid phase during crystallization. Typical

results from CRYSTAF consist of two curves (Figure 3.7) accompanied by sample data.

The sample under investigation is dissolved at a temperature above its crystallization

temperature. After complete dissolution the temperature of the solution is lowered while

the concentration of the polymer is monitored by a detector. At this stage the sample has

a constant concentration equal to the initial polymer solution concentration (Section A).

Upon cooling, the crystalline fractions with few or no branches will crystallize first,

followed by fractions with increased branch content (Section B). Section C represents a

fraction that has not crystallized. Curve 1 corresponds to cumulative SCBD and curve 2

corresponds to the first derivative of curve 1.

48

Stellenbosch University http://scholar.sun.ac.za
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Figure 3.7 Typical curves from CRYSTAF measurements

To observe the effect of comonomer incorporation on crystallization temperature from

solution, the two curves were arranged according to comonomer content. The resulting

relationships for propenell-butene copolymers are shown in Figures 3.8 and 3.9.

49

Stellenbosch University http://scholar.sun.ac.za



100

80

60

40

20

o

Propene/1-butene

[mol-%]
--5.66
--4.43
--2.57
--1.43
--0.56
--0.45

11020 30 40 50 60 70 80 90

Temperature(oe)

100

Figure 3.8 Changing concentration of propene/I-butene copolymers in solution with temperature for
different comonomer incorporation
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Figure 3.9 First derivative ofthe curves in Fig. 3.8 as a function of temperature for propene/l-butene
copolymers

The maximum of the second derivative of tbe crystallization curve shown in Figure 3.9

was taken as crystallization temperature from solution, Tc (CRYSTAF)- Crystallization
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temperatures from solution also decreased with increasing comonomer content. This is

also discussed in detail in Chapter 5.

3.5 Conclusions

The copolymers of propene/a-olefin were successfully synthesized with Me2Si(2-

Methylbenz[ e]indenyl)2ZrCh/MAO. Comonomer incorporation was confirmed by I3C

NMR spectroscopy and was below 6 % for all the copolymers. End group analysis was

not done due the fact that all copolymers possessed high molecular weight. The

stereoregularity of propene/linear a-olefin (I-butene, l-pentene, I-hexene) copolymers is

influenced by comonomer incorporation. This influence is more pronounced for

propene/l-butene than for the other copolymers.

Stereoregularity, melting and crystallization temperatures of propene/a-olefin

copolymers decrease with increasing comonomer content.

3.6 Recommendations

A detailed 13 C NMR study of all propene/a-olefin (l-butene, I-pentene, l-hexene)

copolymers would be needed to explain the influence of microstructures and comonomer

content on melting and crystallization temperatures.
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CHAPTER4

SYNTHESIS AND CHARACTERISATION OF METALLOCENE-

CATALYSED PROPENE/ 4-METHYL-I-PENTENE COPOLYMERS

Abstract

Copolymers of propene/4-methyl-l-pentene with low comonomer content were prepared

with Me2Si(2-Methylbenz[e]indenyl)2ZrChIMAO and the resulting copolymers were

characterized by NMR, oPC, DSC and CRYSTAF measurements. Thermal properties of

propene/4-methyl-l-pentene copolymers were investigated. Melting and crystallization

temperatures decreased linearly with an increase in comonomer content.
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4.1 Introduction

Metallocenes of group 4 are able to incorporate linear and branched a-olefins into

propene copolymers forming copolymers with a great variety of properties.

The reactivity of these monomers depends on the structure of the alkyl groups attached to

the double bond''", Analysis shows that the reactivity of a-olefin monomers with linear

alkyl groups from ethylene to l-octadecene decreases with an increase in chain length.

Monomers with branched alkyl groups, especially with branches next to a double bond,

exhibit reduced reactivity.

Recently copolymers of ethylene with branched a-ole fins prepared by metallocene

catalysts have been reportedl". Thermal properties of propene copolymers with branched

a-olefins have also been determinedf", Arnold et al. investigated melting and glass

transition temperatures of propene/4-methyl-l-pentene copolymers prepared with an

isospecific catalyst't". Naga et al investigated melting and crystallization behaviour of

syndiotactic propene/a-olefin copolymers including 4-methyl-l-pentene7•

The investigation of melting and crystallization behaviour of propene copolymers with

branched comonomers, is the aim of this chapter. The question is whether the same linear

relationships previously established for propene/linear a-olefms exist for such

copolymers. Copolymers of propene/4-methyl-l-pentene were prepared using Me2Si(2-

Methylbenz[e]indenyl)2ZrCh/MAO. The resulting copolymers were characterized by

NMR, GPC, DSC and CRYSTAF measurements.
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4.2 Experimental

4.2.1 Materials purification

The 4-methyl-I-pentene comonomer, received from Merck, was dried on lithium

aluminium hydride and stored on 3A molecular sieves before use. Toluene was refluxed

and distilled under a sodium metallbenzophenone mixture for 18 h. The same propene

described in Chapter 3 was used.

4.2.2 Polymerization procedures

The polymerization reactions were carried out under inert gas atmosphere in a 350 mL

stainless steel Parr autoclave with inlet and pressure gauge. All the manipulations and

reactions conditions were similar as described before.

The 4-methyl-I-pentene comonomer was chilled with ice during manipulation to prevent

it from evaporating.

After 3 h the reaction was quenched with 10 % HCl/MeOH. The resulting polymer was

filtered off, washed several times with methanol and subsequently dried in a vacuum

oven at 80°C for 15 h.

4.2.3 Analytical procedures

The analytical procedures for with NMR, OPC, DSC and CRYSTAF characterized

analytical procedures are explained in Section 3.3.2.
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4.3 Results and discussion

The l3C NMR spectra of propene/4-methyl-1-pentene copolymers are shown in Figures

4.1. and 4.2.

Sample NL 203

4

b ca

a
3_4

Figure 4.1 13e NMR spectrum of propene/4-methyl-l-pentene copolymer with 1.6 [mol-%] of

comonomer

2

c

Sample NL 204

a 3_4

1""1" "1""1""1""1""1""1' "'1""1""1""1""1""1'" '1""1""1""1""1""1""1""
S~ n SO 48 40 42 40 )8 16 34 32 30 Z8 lf) 24 22 20 18 16 14

Figure 4.2 13e NMR spectrum of propene/4-methyl-l-pentene copolymer with 2.5 [mol-%] of

comonomer
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The incorporation of 4-methyl-l-pentene is confirmed by the "c NMR spectrum shown

in Figure 4.1. The three large signals at ()21.70, 28.37 and 46.04 arise from a, b, c,

carbon atoms in the polypropene chain. The assignments have been done with the help of

calculated chemical shifts according to the rules explained in Section 3.4 of the preceding

chapter, and are given in Table 4.1.

Table 4.1 The calculated and observed chemical shifts ofpropene/4-methyl-l-pentene copolymers

y

a f3 8 E Canst 3°(2°) i(3°) (3°) 8 Chem

Carbon 8.61 9.78 2.88 0.37 0.06 -1.87 -2.65 -2.45 -1.4 (ppm) BV Draw EXP
a 1 2 2 4 3 1 0 0 20.8 21.00 21.70 21.53

b 3 2 4 3 5 1 2 0 0 28.11 27.90 27.30 28.37

c 2 4 2 4 3 0 2 0 45.47 45.00 44.70 46.04

a 2 4 3 6 2 1 0 2 0 43.27 43.00 42.50 43.93

br 3 3 6 2 4 1 3 0 0 29.05 28.25 30.20 31.25

2 4 2 4 2 1 2 0 0 45.01 42.60 44.40 44.70

2 3 1 2 2 4 0 0 0 28.96 30.40 26.30 25.50

3 1 2 2 2 1 0 0 0 24.28 23.90 22.60 23.06

4 1 2 1 2 2 1 0 0 0 24.28 38.00 22.60 23.06

The calculation of chemical shifts and subsequent assignments allow also the

determination of comonomer content in the copolymer. Values for the comonomer

content were determined using Equation 3.1 in Section 3.4.1, and are listed in Table 4.2.
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Table 4.2 Summary of results (comonomer content, Tm(DSq, Tc(DSC),TC(CRYSTAF),Mn and M./Mw) for
propene/4-methyl-l-pentene copolymers

Sample Yield (g) [Mol-%] Tm(Dsc) Tc(DSC) Tc(cRYSTAF)Mw Mn/Mw

NL2.1 21.46 2.06 128.6 86.7 58.5 nla nla

NL2.2 24.86 2.22 124.6 81.9 50.2 nla nla

NL2.3 2.84 1.59 127.6 91.2 54.1 nla nla

NL2.4 1.25 2.49 117.6 77.0 44.4 nla nla

NL2.5 0.89 2.11 122.4 85.2 46.9 nla nla

NL2.6 1.27 1.88 124.9 90.2 50.7 nla nla

NL2.7 1.72 1.95 124.2 87.7 49.4 nla nla

NL2.8 7.6 0.90 137.9 96.67 59.6 nla nla

NL2.10 1.10 1.26 132.6 97.2 57.2 nla nla

NL2.11 0.6 0.50 143.3 106.4 67.5 nla nla

n/a = not available

4.4 Thermal properties of propene/4-methyl-l-pentene copolymers

Thermal properties were investigated using DSC and CRYSTAF. The general analytical

procedures for the measurement of melting and crystallization temperatures using these

two techniques have been outlined in Section 3.3.2

4.4.1 Melting and crystallization from the melt

The typical melting and crystallization curves of propene/4-methyl-1-pentene copolymers

from DSC are shown in Figure 4.3 & 4.4. The minimum of the curve (Figure 4.3)

indicates melting temperature, Tm (DSC),while the maximum of the curve in Figure 4.4

gives the melt crystallization temperature, Tc(DSC).

59

Stellenbosch University http://scholar.sun.ac.za



22.92 -.------ ---- ..--- ,..--.-.-- ..--.------ ----.--- -- ..---'---. .--"1

22.5 -._- --- -- .... ~a! =128¥S0c+---1
22.0 +---+----t-----+---!------l------ -~----I_-----l---.--I

III I
21.5 +-----I-----+-----!----+----f---f-f----I--,_J+-----+----+----j

Ar "'I = 294.3 ~5 mj

~ 21.0 +--__ -I--__ -+-__ --!-__ -+__ --f__ ~/'+_--=D-=FEt+~...:..H-'-=-4:..::9_+.8::..:!9'-'-7-J::..:./__!--___I

i20.5 r·-=- =······=······=····=······i····=······=······=·····-=····-=~==tl=~~=~=·····=·····~······~/~······;······~······~······~·····~···b·····=··-·:······:-·-·=·····1·\1':·····~-:·····~·····~-J+~====·····~1--~~-:-:·····~·1~ I \ ____

LL. 20.0 ---
1 I
::J:

19.5 +-----I-----+-----!----+----f---I----+-----+----+----I

19.0 + + j

16.0 +-----I-----+-----!----+----f---I----+-----I-----+----I

16.5 +---.-+----+__ --j----+------!------+--.----l--.-----t- ..-....---t---.--j

o 140 160 160 200

Figure 4.3 DSC curves (2nd heating cycle) ofpropene/4-methyl-l-pentene copolymer (sample NL

2.1)
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Figure 4.4 DSC cooling curves ofpropene/4-methyl-l-pentene copolymer (sample NL 2.1)

The melting (Tm(DSC») and crystallization temperatures (Tm(DSC») were determined in

relation to comonomer content and the results are shown in Figure 4.5.
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Figure 4.5 Melting temperature, Tm(DSC'p and crystallization temperatures from the melt, TC(DSC)' as a
function of comonomer content of propene/4-methyl-l-pentene copolymers

As shown in Figure 4.5 the melting and crystallization temperatures decrease linearly

with increasing comonomer content and the two curves are parallel.

4.4.2 Crystallization from solution

Crystallization of propene/4-methyl-l-pentene copolymers from the solution was

investigated by CRYSTAF and the results are shown in Figures 4.6 and 4.7. The maxima

of the peaks in Figure 4.7 were read as crystallization temperatures from solution, Tc

(CYRTAF)·

61

Stellenbosch University http://scholar.sun.ac.za



100

80

60

I-- 40

20

Sam pie cod es
--NL 2.1
--NL 2.2
--NL 2.3
--NL 2.4
--NL 2.5
--NL 2.6
--NL 2.7

-204---~--~----.---~--~--~----.---~--~--~ __--.
30 40 50

Temperature
60 70 80

Figure 4.6 Changing concentration of propene/4-methyl-l-pentene copolymers in solution with

temperature

Sarrple oodes

-NL2_1
-NL22
-NL2_3
-NL2_4
-NL2_5
-NL2_6
-NL2.7

30
25

I- 20
"0

15-"0
S 10

5
0
20 30 40 50 60 70 80
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copolymers

The crystallization temperatures from solution, Tc(cRYSTAF),were plotted as a function of

the comonomer content and the results are displayed in Figure 4.8.
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Crystallization temperatures from solution also show a linear decrease with increasing

comonomer content. The DSC and CRYSTAF results were compared and the results are

shown in Figure 4.9. The Tc(CRYST AF) values were found to be lower than Tc (DSC) which

could be due to different sample matrixes employed by two analytical techniques.

4.5 Conclusions

Copolymers of propene/4-methyl-l-pentene were successfully synthesized with Me2Si(2-

Methylbenz[ e]indenyl)2ZrCh/MAO and characterized by NMR, OPC, DSC and

CRYSTAF. The melting temperatures of propene/4-methyl-l-pentene copolymers

decrease linearly with increasing comonomer content. Crystallization temperatures both

from the melt, Tc (DSC), and from solution, Tc (CRYSTAF), decreased similarly with increasing

comonomer content as was observed previously for propene/linear a-olefin copolymers

(Chapter 3).

4.6 Recommendations

A detailed study of melting and crystallization behaviour of propene/4-methyl-l-pentene

copolymers with high comonomer content (above 20 %) should be carried out. Arnold et

al.s reported that higher 4-methyl-l-pentene incorporation (above 60 %) into polypropene

leads to an increase in melting temperatures. This suggests different behaviour of

propene/4-methyl-l-pentene copolymers with high comonomer content than propene/4-

methyl-l-pentene copolymers with low comonomer content.
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CHAPTERS

INVESTIGATION OF MELTING AND CRYSTALLIZATION

BEHAVIOUR OF PROPENE/a-OLEFIN COPOLYMERS BY DSC

ANDCRYSTAF

Abstract

The melting and crystallization temperatures of propene/a-olefin (I-butene, l-pentene, 1-

hexene and 4-methyl-l-pentene) copolymers previously synthesized in Chapter 3 and 4

were investigated by DSC and CRYSTAF and compared. The influence of the

incorporation of the branched monomer on melting and crystallization behaviour was

also investigated. The results revealed a linear decrease in melting and crystallization

temperatures of all the copolymers investigated with increasing comonomer

incorporation. The melting and crystallization temperatures strongly depended on

comonomer type. Melting and crystallization temperatures of propene/4-methyl-l-

pentene copolymers were lower than those of propenell-pentene but higher than those of

propene/l-hexene.
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5.1. Introduction

The physical and thermal properties of ethylene and propene copolymers depend on

variables such as, among others, molecular weight, molecular structure, comonomer type

and comonomer content. Copolymerization of ethylene and propene with n-olefins is an

effective way of controlling the properties of these two semicrystalline polymers'.

The manipulation of molecular structure by introducing branches in polyethylene has led

to the discovery of commercial polymers such as low density polyethylene (LDPE) and

linear low density polyethylene (LLDPE). LLDPE can be produced by metallocene

catalyzed copolymerization of ethylene with higher u-olefins='. Unlike LLDPE,

propene/n-olefins copolymers have gained less technical relevence.

Metallocene (single site) catalysts in conjunction with MAO offer a new methodology of

synthesizing copolymers with controlled comonomer incorporation, uniform chain

structure and chemical composition distribution (CCD) as well as improved physical and

mechanical properties". Another advantage in using metallocenes is ability of some of

these catalysts to incorporate bulky monomers '". These properties could not be realized

with traditional Ziegler-Natta (multiple site) catalysts.

The use of metallocene/MAO catalyst systems for copolymerization of propene with 0.-

olefins give rise to a variety of structures'< (Figure 5.1). The successful synthesis of some

of these compounds was reported in the preceding chapters.
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Polypropene/l-butene

Polypropene

Polypropene/l-octene

Figure 5.1 Propene polymer structures available by use of metallocene catalysts

The most common and widely used analytical technique for studying melting and

crystallization behaviour of ethylene/a-olefin and propene/a-olefin copolymers has been

DSe. A single technique is not sufficient to characterize copolymers with such complex

structures. Multiple techniques are necessary.

Several techniques have been used to characterize the molecular architecture of

polypropylene. These techniques include infrared (IR) carbon-13 nuclear magnetic

resonance (l3e NMR) and various fractionation methodsv", IR and l3e NMR can pe

used to estimate the average stereoregularity of a polymer, with "c NMR considered the

definitive method for tacticity determinationl6.
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The fractionation methods are used for analytically separating the various tactic chains by

crystallization. The highly isotactic chains will crystallize as the solvent is cooled,

allowing for a separation based on branching, with the more branched and low molecular

weight products remaining in solution.2,5,6,16

Temperature rising elution fractionation (TREF) and crystallization analysis fractionation

(CRYSTAF) are methods for the analysis of chemical composition distribution and

crystallization. Due to long analysis time (typically more than one day per sample)

associated with TREF, CRYSTAF is now preferred for short chain branching distribution

(SCBD) and chemical composition distribution (CCD) analysis'".

In this chapter melting and crystallization behaviour of random propene/a-olefin (1-

butene, l-pentene, l-hexene and 4-methyl-l-pentene) copolymers investigated by DSC

and CRYSTAF are described. The propene/a-olefin copolymers were synthesized and

characterized by NMR and OPC as described in Chapter 3 and 4. The comparison

between melting and crystallization behaviour of branched and linear a-olefins is also

described. Finally, melting and crystallization behaviour of random propene/a-olefin

copolymers is compared with the thermal properties of propene/ higher a-olefin (1-

octene, I-decene, l-tetradecene and l-octadecene) copolymers as studied previously in

our group 3.

5.2 Melting and crystallization behaviour of propene/linear a-olefin

copolymers

The polymerizations and necessary analytical procedures are explained in Chapter 3. The

NMR and OPC analysis have been fully outlined. The melting and crystallization

behaviour was carried out using DSC and CRYSTAF and the results are discussed in the

following sections.
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5.2.1 Melting and Crystallization analysis investigated by DSC

In order to investigate the effect of comonomer content on melting and crystallization

temperatures, the DSC curves of propene/linear a-olefin (l-butene, l-pentene and 1-

hexene) copolymers were arranged according to comonomer content. The comonomer

content of the copolymers was determined as described in Chapter 3 and the sample

designation is shown in Table 3.1. Second heating curves of propenell-hexene samples

are shown (as examples) in Figure 5.2.

The maximum of the second heating curves (Figure 5.2) and the minimum of the cooling

curves (Figure 5.4) were recorded as melting temperatures, Tm (DSC), and crystallization

temperatures from the melt, Tc (DSC), respectively. The Tm (DSC) and Tc (DSC) of all

propene/linear a-olefin copolymers are plotted against comonomer contents and the

results are shown in Figure 5.3 and 5.5 respectively.

Figures 5.3 and 5.5 depict a linear decrease in both Tm(DSC) and Tc (DSC) with increase in

comonomer content. This is attributed to an increase in partially crystallizable or non-

crystallizable materials in the crystal lattice, hence Tm (DSC) and Tc (DSC) decreased as

comonomer content increases. Also shown is the effect of the comonomer type on Tm

(DSC) and Tc (DSC) temperatures. This will be explained in the following sections.
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5.2.2 Crystallization analysis investigated by CRYSTAF

The crystallization behaviour of the propene/linear a-olefin copolymers was also studied

using CRYSTAF. The concentration of the polymer in solution was monitored as a

function of temperature resulting in a changing concentration versus temperature curve.

The first derivative of such a curve is then plotted against temperature. Typical results

obtained for the propene/linear a-ole fins are shown in Figure 5.6.

The maximum of the first derivative curves were recorded as crystallization temperature

from solution, Tc (CRYSTAF). Tc (CRYSTAF) values of all propene/linear a-olefin copolymers

investigated were then plotted against the percentage of comonomer incorporated (Figure

5.7).

Narrow first derivative curves indicate that the propene/linear a-olefins copolymers are

highly homogeneous materials and that the short chain branches are randomly

distributed 17.

As shown in Figure 5.7, the crystallization temperatures from solution, Tc (CRYSTAF)

values, of all propene/linear a-olefin copolymers decrease linearly with increasing

comonomer incorporation as also the values for crystallization temperature from the melt,

Tc (DSC). Copolymers with shorter comonomer chains have the highest Tc (DSC) values.
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5.3 Comparison of melting and crystallization behaviour of branched
and linear propene/a-olefin copolymers

The effect of incorporated branched comonomer on melting and crystallization

behaviour, was investigated by comparing melting and crystallization temperatures (Tm

(DSC), Tc (DSC) and Tc (CRYSTAF)) of propene/l-pentene, propene/l-hexene and propene/4-

methyl-l-pentene copolymers. The results are displayed in Figures 5.8, 5.9 and 5.10.
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Figure 5.8 Melting temperature, Tm(DSC»of branched and linear propene/a-olefin copolymers

determined by DSC
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Figure 5.9 Crystallization temperature, Tc (DSC)' of branched and linear propene/a-olefin copolymers

determined by DSC
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Figure 5.10 Crystallization temperature, Tc (CRYSTAF), of branched and linear propene/a-olefin

copolymers determined by CRYSTAF

As shown in Figure 5.8 the melting temperatures (Tm (DSC)) of propene/4-methyl-I-

pentene copolymers are lower than those of propenell-pentene copolymers. Melting

temperatures of propene/4-methyl-I-pentene copolymers are more or less similar to those

of propenell-hexene copolymers wherein the comonomer contains the same number of

carbon atoms.

There is a significant difference in crystallization temperatures (Tc (DSC) and Tc (CRYSTAF))

of propene/ë-methyl-l-pentene copolymers and those of propene/linear a-olefin (1-

pentene and l-hexene) copolymers (Figures 5.9 and 5.10), with the line for the branched

comonomer lying between the other two.

The present results show different melting and crystallization behaviour to that of

propenelhigher a-olefins (l-octene, I-decene, l-tetradecene, and l-octadecene)

copolymers previously obtained in our group. Earlier results (Figure 5.11) indicated that

the melting and crystallization temperatures of propenelhigher a-olefin copolymers were

independent of comonomer type, but, as also now found, dependent on comonomer

content'.
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The dependency on comonomer content leads to the conclusion that comonomers with

shorter side chains are partially crystallizable and can more readily be incorporated into a

crystalline structure than higher u-olefins comonomers". The degree of incorporation

decreases with increase in chain length. Branches introduced by higher a-olefins are

probably too large to be incorporated into crystal lattices and, therefore, only disrupts the

sequence of crystallizable polymer, leading to lower melting points".
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Figure 5.11 Melting temperature, Tm(DSCj' crystallization temperature from melt, Tc (DSC)' and

crystallization temperature from solution, Tc (CRYSTAl')' of propene/higber a-olefin copolymers

determined by DSCand CRYSTAF3
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5.4 Conclusions

Melting and crystallization behaviour of propene/a-olefin copolymers with shorter

comonomer chains strongly depend on both comonomer type and content. Melting and

crystallization temperatures from DSC and CRYSTAF measurements of propene/a-

olefin copolymers, decrease linearly with increasing comonomer content. Copolymers

with shorter comonomer chains show higher melting and crystallization temperatures

than copolymers with longer comonomer chains. Based on these observations it can be

concluded that comonomers with shorter a-olefin chains are partially crystallizable

unlike a-olefins comonomers with larger chains. The degree of incorporation decreases

with increasing chain length.

The incorporation of the branched comonomer, 4-methyl-l-pentene, lowers Tm (DSC), Tc

(DSC) and Tc (CRYSTAF) further. Melting and crystallization temperatures of propene/4-

methyl-l-pentene copolymers are lower than those of propene/l-pentene copolymers but

higher than propene/l-hexene (with the same number of carbon atoms in the comonomer)

copolymers.
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CHAPTER6

THE INFLUENCE OF REACTION CONDITIONS AND CATALYST

SYSTEMS ON POL YMERISATION BEHAVIOUR OF a-OLEFINS

Abstract

Poly-a-olefins (l-pentene, l-hexene, l-octene and l-decene) were polymerized using

(R-rtC9H6hzrCh)2/MAO and Me2C(l1s-CsH4-11s-C9H6)ZrCh/MAO catalyst systems

under different conditions. The influence of the size and position of substituent R on the

conversion, molecular weight and the end groups formed was investigated. Oligomers

with number average molecular mass Mn ~ 300 g.mol' to poly olefins with Mn ~ 6000

g.mol' were obtained. The use of catalysts with bulkier substituents gave low

conversions. The IH NMR spectra were analyzed and end groups were attributed to

different propagation and termination reactions.
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6.1 Introduction

As mentioned previously, metallocene catalysts when activated by MAO are well known

to polymerize ethene and propene, and lead to polymers with well defined properties and

narrow molecular weight distributionl-3• Polymerization of higher n-olefins received

attention more recently, and a few excellent reviews have appeared'".

Polymers of higher a-olefins have not found major commercial application", It has been

proposed that poly-n-olefins with low molecular weight could later be converted into

adhesives, fuel additives, lubricants, copolymers and fragrances'",

The steric and electronic factors of a particular substitution on metallocene catalysts can

be correlated with the properties of the synthesized polymer. Coville et al. investigated

the influence of substituent effects in (CpR)2ZrCh catalysts on ethene polymerization II.

The influence of structure parameters on catalyst properties for ethene and propene

polymerization was also studied by Helmut and Këppl'.

In this chapter the polymerization of a number of a-olefins (l-pentene, l-hexene, 1-

octene and l-decene) using a series of (R-115-C9H6)2ZrCh catalysts is described. The

influence of the size and position of substituent R on the conversion, molecular weight

and resulting end groups was investigated. A further investigation probing the influence

of reaction conditions such as temperature, MAO/catalyst ratio, and monomer/catalyst

ratio on the conversion, molecular weight and end groups was carried out using only 1-

hexene as reactant. The resulting polymers were characterized by NMR and GPC. These

results were then compared with results of homopolymer synthesis using the ansa-

catalyst Me2C(115-C51Lt-115-C9H6)ZrCh.
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6.2 Experimental

6.2.1 Reaction Scheme

Homopolymers of l-pentene, l-hexene, l-octene and l-decene were prepared using

metallocene/MAO catalyst systems (Scheme 6.1).

'1
R

Metallocene (6.1-6.7)

MAO

R

R= n-propyl, n-butyl, n-hexyl, n-octyl

,Cl
Z

,I

r.'
'Cl

6.1

6.2 R1 = Ph, R2 = H
6.3R1=H,R2=Ph
6.4 R1 = Bz, R2 = H
6.5 R1 = H, R2 = Bz
6.6 R1 = SiMe3, R2 = H
6.7 R1 = R2 = H,

Scheme 6.1
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6.2.2 Material and methods of purification

1-Pentene and 1-hexene (SASOL), l-octene and 1-decene (Sigma-Aldrich) were dried

and distilled over LiAIRt prior to use. Toluene was dried by refluxing over

sodiumlbenzophenone and distillation under inert gas. MAO was purchased from Sigma-

Aldrich and used without further purification (10 % solution in toluene).

6.2.3 General synthetic procedure

The mixture of MAO and catalyst (2.5 umol dissolved in 1 mL of toluene) was prepared

in a Schlenk tube and stirred for 5 min. The mixture was diluted with 10 mL of toluene.

An appropriate amount of the monomer was subsequently added. All the reagents were

handled and stored under nitrogen.

Homopolyrners of 1-pentene, 1-hexene , l-octene and 1-decene were prepared at room

temperature according to a monomer/MAO/catalyst ratio of 30 000: 10 000: 1. Additional

reaction conditions were employed for the synthesis of poly-1-hexene. The different

reaction conditions were:

• Temperature: room temperature (RT), 50°C, 100°C and 140°C

• MAO/catalyst ratios: 500, 1 000, 2 500, 10 000

• Monomer/catalyst ratios: 5 000, 10 000,30 000

6.2.3 Purification of the polymer

All the experiments were run for 20 h. Then each reaction was quenched with 9 mL

methanol containing 1 mL of cone. HCl. The reaction mixture was diluted with toluene

and washed three times with water. The organic phase was dried over CaCh and the

solvent subsequently removed under vacuum.

83

Stellenbosch University http://scholar.sun.ac.za



6.3 Results and discussion

6.3.1 Poly a-olefins

The results of the poly-o-olefins (l-pentene, l-hexene, l-octene and l-decene)

preparation with (Ind)2ZrCh (6.7) are summarized in Table 6.1. The use of unsubstituted

catalyst 6.7 under different polymerization conditions yielded oligomers with low

molecular weights (Mn) ranging from 300 to about 9 000 g.mol'. The molecular weight

distribution was ~ 2 as expected for metallocenes. The yields ranged from 1 to about 40

% (2 to 900 mg). The dependence of molecular weight and yield on reaction conditions is

described in Section 6.4.2.

Table 6.1 Polymerization results obtained using complex (Ind)zZrClz (6.7)

MAO/Zr Mon/Zr Yield Conversion Mn Mw
Sample Monomer Zr Temp(lC) Ratio ratio (mg) (%2 (g.mor) (g.mol-1) MwlMn

NL7.l C6 6.7 RT 500 30000 2.6 0.11 nd nd nd

NL7.2 C6 6.7 RT 1000 30000 6.7 0.3 nrl nd nd

NL7.3 C6 6.7 RT 2500 30000 136.7 6.28 3530 8780 2.48

NL7.4 C6 6.7 RT 10000 30000 570.6 26.24 2360 6200 2.62

NL7.5 C6 6.7 RT 10000 5000 29.5 1.53 nd nd nd

NL7.6 C6 6.7 RT 10000 10000 163.7 8.51 2340 5930 2.53

NL7.7 C5 6.7 RT 10000 30000 97.9 7.24 2680 6670 2.48

NL.8 C8 6.7 RT 10000 30000 276.9 12.73 3320 8240 2.47

NL7.9 CIO 6.7 RT 10 000 30000 166.5 6.49 3240 8890 2.74

NL7.l0 C6 6.7 50 10000 30000 950.3 43.71 770 1380 1.79

NL7.11 C6 6.7 100 10000 30000 645.3 29.68 300 380 1.27

NL7.12 C6 6.7 140 10000 30000 59.5 2.74 nd nd nd

nd = not determined

RT = room temperature
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4

6.3.2 I3C NMR analysis

The very sharp, intensive "c NMR signals were assigned to the various carbons as

shown in Figure 6.1. The observed and the expected chemical shifts according to Asakura

et al.I2 are given in Table 6.2.

br
,--eH

2

3

5

6

7

8

Figure 6.1 The structure ofpoly-l-decene

Table 6.2 Chemical shifts (ppm) for the 13CNMR spectra of poly a-olefins

Poly-l-Qentene Poly-l-hexene Poly-l-octene Poly-l-decene

Carbon ExptIa Expected" ExptI Expected ExptI Expected Exptl Expected

a 40.48 41.22 40.50 40.66 40.27 41.20 40.20 41.21

br 32.50 33.26 32.52 32.81 32.23 33.41 32.23 33.41

Cl 37.50 38.01 34.66 34.96 34.18 35.67 34.06 35.68

C2 19.66 19.98 28.9 29.02 26.02 26.98 26.03 27.08

C3 14.71 14.78 23.36 23.56 29.78 30.32 30.20 30.75

C4 14.29 14.41 31.77 32.33 29.65 30.14

Cs 22.53 2300 29.35 29.77

C6 13.89 14.18 31.83 32.29

C7 22.57 22.96

Cs 14.00 14.17

a experimental b expected according to reference 12
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A good agreement between the observed and the calculated values was found. The "c
NMR spectra of poly-l-pentene, poly-l-hexene, poly-l-octene and poly-l-decene are

shown in Figure 6.2 (a-d).

NL009: C5

a

1

br

~~-rtIr
29lz
I

3%

2

3

11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111

46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 8
ppm

Figure 6.2 (a) 13C NMR spectrum of poly-L-pentene
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(b)
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CH,--CH
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I CH2
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cr br
CH2--CH

I n

I CH2

4 I 65 2 CH2NL 025 I
3 3 CH2

I
4 ,H2

5 r2

6 CH3

b

2
U

Figure 6.2 (b & c) Be NMR spectra of poly-l-hexene and poly-l-octene
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NL 026 6 7

4 5

r a br 1LCH,-IJ.
ICI-j,
I2CI-j,
I

311-j,

411-j,

511-j,
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I

8 Cl-\,

b

2

8

3

II I I I I I I I I I I I I i I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I' I I I I" I I I I I I I I' I I I I I I I I I I I I I I I I I I I I I I

46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 ru p p m s

Figure 6.2 (d) 13C NMR spectrum of poly-l-decene

Additional weak signals were observed in poly-l-pentene and poly-l-hexene l3C NMR

spectra. The weak signals might be mainly due to carbons arising from misinsertion

reactions such as 2,1 misinsertions during polymerization, or even to the formation of

saturated end groups. It has been pointed out by Kim et a1.9 that saturated end groups are

common for poly a-ole fins synthesized with metallocene/MAO catalyst systems. These

weak signals have also been observed before, but were not clearly identified9,l3. The

chemical shifts of the main signals in the l3C NMR spectra of all the poly a-olefms

revealed that the chain propagation mechanism follows mainly 1,2 insertion.
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6.3.3 Analysis of end groups

The end groups and internal double bonds were analyzed using IH NMR. Only the

saturated end groups were considered, since the possible unsaturated end groups could

not be easily - if at all - distinguished from the poly-a-olefin side chain signals. Several

types of double bonds exist (Scheme 6.2)14,15. Vinylidene end groups are a result of p-
hydride elimination that terminates chain propagation occurring by 1,2 monomer

insertion.

M H 1,1,2-trisubstituted

I3-H e1iminati~

vinylidene

1,2-dsubstituted
,

M

H

f}Hdirrimticn 'II
l,1,2-trisubstituted

R

Scheme 6.2 Possible mechanisms for the chain termination reaction leading to different end groups

89

Stellenbosch University http://scholar.sun.ac.za



The 1,2-disubstituted double bonds may result from a chain termination process caused

by 2,1-misinsertion followed by p-hydride elimination. The 1,1,2-trisubstituted double

bonds could result from a migration of the metal moiety along the carbon backbone

following either 1,2-insertion or 2, I-misinsertion and subsequent termination reaction by

p-hydride elimination. The IH NMR of poly-n-olefins are very similar to each other and

therefore IH NMR for poly-l-hexene will be used for illustrating these types of end

groups.

The resonances were assigned following Kim et a19
• The IH NMR spectrum in Figure 6.3

shows end groups of poly-n-olefins. The spectrum is expanded in Figure 6.4.

NL002:C6

I I I i I I I , I I I I I , I I I I I I I I I i i I I i I I I I I r i I I I I I I I I i I I I I I I I I I I i I f I I I I I i i I I i I

6.' 6.0 s.s '.0 4.' 4.0 l.' ],0 2.' 2.0 I.' 1.0 0.5

Figure 6.3 IH NMR spectrum of poly-l-hexene
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NL 002: C6

-CH=CI+-

-CH=c(

5.40 4.80 4.60 ppm5.20 5.00

Figure 6.4 Expanded region (4.2-5.6ppm) of IH NMR spectrum for poly-l-hexene

The intense signals at 8 4.67-4.72, 8 5.09-5.2 and 8 5.32-5.44 are attributable to

vinylidene, 1,1,2-trisubstituted, I,2-disubstituted double bonds respectively.

The amount of 1,1,2-trisubstituted increases while I,2-disubstituted double bonds

decreases with increasing temperatures as shown in Figure 6.5. The relative abundance of

olefinic end groups, is listed in Table Al (Appendix A).
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NL 045 140°C

5.60 5.40 5.20 5.00 4.80 4.60 ppm

NL 037 : RT

5.60 5.40 5.20 5.00 4.80 4.60

Figure 6.5 Expanded region (4.2-S.6ppm) of the IHNMR spectrum for poly-I-hexene synthesized at
two different temperatures
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6.4 The influence of reaction conditions and substituent effects of (R-1l5-

C9H6)2ZrCh on T-hexene polymerization behaviour

The polymerization of poly-l-hexene was carried out as explained in Section 6.2.3. The

results obtained using (Ind)2zrCh are shown in Table 6.2. Results from various

polymerizations ofpoly-I-hexene carried out using (R-l1s-C9H6)2ZrChcatalysts are listed

in Table (B 1 -B5) (Appendix B). Table 6.3 shows results obtained using the bridged

catalyst, Me2C(l1s-CsH4-l1s-C9H6)ZrCh(6.1).

Table 6.3 Polymerization results obtained using complex Me2C(115-CsHt-115-C9~)ZrCh

MAO/Zr Mon/Zr Yield Conversion
Sample Monomer Zr Temp(lC) ratio ratio (mg) (%) Mn(g.mor1) Mw(g.mor1) MwlMn

NLl.l C5 6.1 RT 2500 30000 199.9 14.79 2030 4030 1.97

NL1.2 C6 6.1 RT 2500 30000 174.9 15.92 2210 4280 2.01

NL1.3 C8 6.1 RT 2500 30000 106 4.88 2540 4700 1.84

NL1.4 C6 6.1 0 2500 30000 12.9 0.59 nd nd nd

NL1.5 C6 6.1 100 2500 30000 59.3 2.72 864 2010 2.32

NL1.6 C6 6.1 140 2500 30000 28.7 1.32 692 1040 1.5

NL1.7 C6 6.1 50 2500 30000 572.3 26.32 1930 3430 1.77

NL1.8 C6 6.1 RT 10000 30000 247 11.32 2640 6010 2.27

NL1.9 C6 6.1 RT 500 30000 17.7 0.81 2390 7080 1.7

NLl.lO C6 6.1 RT 1000 30000 172.4 7.93 3810 8240 2.15

NL1.l2 C6 6.1 RT 2500 5000 333.2 61.80 230 3 150 1.37

nd = not determined
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6.4.1 The effects of steric factors, temperature, MAO/catalyst and

monomer/catalysts ratio on poly-1-hexene yields (conversions)

The polymerization behaviour of different catalysts under various reaction conditions was

investigated. The yields of poly-l-hexene obtained using different catalysts were plotted

as a function of temperature, the MAO/catalyst ratio and monomer/catalyst ratio (Figures

6.6-6.8). The influence of steric factors is also shown.

45
40
35

~ 30
0

c: 25
0

"(i> 20,_
Q)
> 15

~

c:
0
U 10

5
0

20 40 60

Complex no.
-.- 6.1
-e- 6.2
-.t.- 6.3
-y- 6.4
-+- 6.5
--+- 6.6
-x- 6.7

80 100 120 140

Temperature ( °c )

Figure 6.6 Yields ofpoly-l-hexene as a function of temperature
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Figure 6.7 Yields of poly-l-hexene as a function of MAO/catalysts ratio
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Figure 6.8 Yields of poly-l-hexene as a function of monomer/catalysts ratio
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As shown in Figures 6.6-6.8 catalysts with less bulky substituents (1-Ph-1l5-C9H6)2ZrCh

(6.2) and (2-Ph-1l5-C9H6hZrCh (6.3) effected higher conversion or yields at any given

temperature. Using the unsubstituted catalyst (lnd)2ZrCh (6.7) the overall highest yields

(close to 19) were obtained. Catalysts with bulkier substituents, (1-Bz-1l5-C9H6hzrCh

(6.4), (2-Bz-1l5_C9H6)2ZrCh (6.5), and (l-SiMe3-1l5-C9H6)2ZrCh (6.6), produced lower

yields (10-15mg) which are insufficient for further analysis.

Better conversions under the given conditions were obtained with catalyst containing

substituents in the l-position of the indenylligand than in the 2- position.

The influence of temperature on yields is depicted in Figure 6.6. Conversions increase

with temperature reaching a maximum at ca. 50°C and then decrease again.

The yields increased with an increase in MAO/catalyst ratio as shown in Figure 6.7, but

the effect of the monomer/catalyst ratios (Figure 6.8) is not conclusive.

6.4.2 The effects of steric factors, temperature, MAO/catalyst and

monomer/catalysts ratios on poly-l-hexene molecular weight

The polymerization of 1-hexene with substituted catalyst, (R-1l5-C9H6)2ZrCh (6.2-6.6),

generally yielded polymers with molecular weight (Mn) ranging from 300 to 3800 g.mol'

(Table 6.1 and 6.3) with few exceptions. It is interesting to note that complex (2-Ph-1l5-

C9H6)2ZrCh (6.3) with MAO ratios of 500 and 1000 produced poly-1-hexene with Mn =

25 000 and 12 500 (Table B3, Appendix B) g.mol" respectively. Molecular weight

obtained for polymers synthesized using complexes containing bulkier groups, such as

(2-Bz-1l5-C9H6hZrCh (6.5) and (1-SiMe3-1l5-C9H6)2ZrCh (6.6), were not analyzed due

to insufficient yields as mentioned before (Section 6.4.1). The bridged complex, (6.1),

produced polymers with molecular weights comparable to the ones obtained with (R-1l5-

C9H6)2ZrCI2.
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Low molecular weight (300-800 g.mol') oligomers were obtained at higher temperatures,

i.e molecular weight decreased with increasing temperature. Briill et al.I6 reported that

the molecular weight of poly-a-olefins (l-pentene to l-octadecene) synthesized with the

Me2Si(2-Methylbenz[ e]indenyl)2ZrClzIMAO catalyst system, showed exponential

decrease with increasing temperature. The dependence of molecular weight on reaction

temperature suggests that chain propagation is favoured at low temperatures, whereas

chain termination, via ~-hydride elimination, is facilitated at high temperatures. Other

unknown chain termination processes could also occur. The complexity of I3C NMR

spectra of polymers synthesized at higher temperatures, supports this argument.

There seems to be no correlation between molecular weight or polydispersity on the one

hand and MAO/catalyst and monomer/catalyst ratios on the other.

Polymers synthesized at room temperature had polydispersities (Mw/Mn) ~ 2 which is

expected for metallocene polymers, however, multimodal distribution and high

polydisperisties (Mw/Mn) ~ 3.8-10 were recorded for oligomers synthesized at higher

temperatures.

GPC curves of polymers synthesized at different temperatures and different

MAO/catalysts ratios were compared and are displayed in Figures 6.9 and 6.10. Polymers

synthesized at room temperature have monomodal but broad distributions whereas curves

for polymers synthesized at high temperature have shoulders or multimodal distributions.

Polymers synthesized at 50°C gave sharp curves and even sharper at 100°C. Oligomers

of Mn ~ 300-800 g.mol' that were characterized by very narrow molecular weight

distribution were obtained at 100°C. These observations were consistent for all

complexes used.
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Figure 6.9 Molecular weight distribution of poly-f-hexene prepared at different temperatures using
catalyst 6.2 as determined by GPC
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Figure 6.10 Molecular weight distribution of poly-l-hexene prepared at room temperature using
catalyst 6.2 as determined by GPC
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Multimodal distribution and high polydisperisties for poly-l-pentene and I-hexene

synthesized with rac-[Et(Ind)2ZrClz], [(CH3)2Si(Ind)2ZrCh], Cp2HfClz, Cp2zrClz and

(CpR5)2ZrClzwere also reported by Wahner et al.17 and Murray et al.18 respectively. This

could be due to temperature fluctuations arising from instrumental fault. Another reason

could be due to conversions taking place before the set temperature was reached.

6.5 Conclusions

The of a-olefins (l-pentene, l-hexene, l-octene and I-decene) are readily polymerized

with (R-115-C9H6)2ZrCh and Me2C(115-C5~-115-C9H6)ZrCh catalyst systems under

different conditions producing polymers with number average molecular mass from Mn ~

300 g.mol' to Mn ~ 6000 g.mol". The polydispersity of polymers synthesized at room

temperatures are Mc/M, ~ 2, which is typical for metallocene-catalysed poly-a-olefins.

Multimodal distributions are observed for poly a-ole fins synthesized at high

temperatures.

The yields obtained are strongly dependent on the size of the substituent and on reaction

conditions. Yields decrease with increasing size of the substituent. The unsubstituted

complex (Ind)2ZrClz (6.7) gives higher yields than the bulky compounds (2-Bz-115-

C9H6)zZrCh (6.5) and (l-SiMe3-115-C9H6)2ZrCh (6.6).

For poly-l-pentene and I-hexene additional misinsertion mechanisms such as 2,1

misinsertions are indicated by the presence of additional small I3C NMR resonances. The

chain propagation mechanism for all poly-a-olefins and l-decene follow mainly a 1,2

insertion.

Various end groups such as vinylidene, 1,2 disubstituted and 1,1,2 trisubstituted double

bonds are formed. A vinylidene double bond is the major end group for all polymers and

oligomers indicating a 1,2 insertion propagation followed by eventual p-hydride

elimintation. The amount of 1,1,2 trisubstituted double bonds increase with an increase in

temperature.
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The stereoregularity of the materials is currently being investigated. Most of the catalysts

used are expected to exhibit iso-aspecificity and hemiisospecificity'f'". Detailed Be
NMR analysis has to be done.
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Appendix A

NMRDATA
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Propene/a-olefin copolymers

Propene/f-butene

NL 4.2 : 0.5% 1-butene

\.,.l. 1.1. A.L ..l J..,)
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NL 10 : 0.56% 1-butene
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NL 4.9: 1.43% 1-butene

NL 4.11 : 2.57% 1-butene

"'1""1""1""1""1""1""1""1""1""1""1""1""1""1""1""1""1""1""1""1""1""1""1""
~ ~ ~ ~ ~ li ~ 32 ~ n M N n 18 16 14 12 10 8

NL 4.3 : 2.63% 1-butene

'1""1""1,,111"'
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NL 4.1 : 4.43% 1-butene

Sample NL 4.8: 5.66% 1-butene

Propene/L- entene

NL 5.24 : 0.41% 1-pentene
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NL 5.34 : 1.16% 1-pentene

NL 5.26 : 1.49% 1-pentene

.;\,
1"I'l'" 'I" j'I' i ,j 1""j" i'j ,Iii I ji "1" 1'1""1 ,I, 'f' Ilij'" 'I' iii j,i, 'I,i "j' "'j' ,i, t" li I Ii,' I ii i 'J""l" i 'I" i 'I

n Q ~ nun M 18 16 14 12 10 8

NL 5.Z7: 2.1% 1-pentene
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NL 5.33 : 2.58% 1-pentene

NL 5.37: 3.1% 1-pentene

NL 5.32: 4.13% 1-pentene
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NL 5.32: 4.1% 1-pentene

I jj jj j' I ij jll'i I,i "1""1"" I' "'i' i i '1'" i I li i 'I ,jj i I" I'I' I "I'" 'i 1II'j,I i 'I' I "I'" 'I" "1,.1'1""1'" 'I" "j' jj

~ Ol lol :M Jl

Propene/f -hexene

NL 6.1 : 0.35% 1-hexene

NL 6.2 : 0.58% 1-hexene
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NL 6.4: 1.01% 1-hexene

J J..

NL 6.41.17% 1-hexene

NL 6.6: 1.36% 1-hexene
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NL 6.9: 1.71% 1-hexene

NL 6.8: 2.28% 1-hexene

NL 6.7: 2.53'Y.1-hexene
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Propene/ë-methyl-l-pentene

NL 2.1: 2.06% 4M1P

NL 2.2 : 2.22% 4M1P

NL 2.3 : 1.59% 4M1P

"1""1""1"" I' "'I" "1""1" "I'" I'" 'I'"
" 20 i2
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NL 2.4: 2.49% 4M1P

NL 2.5: 2.11% 4M1P

NL 2.7: 1.95% 4M1P

lO 28
'I"" I"" I"" I"" 1'

"1""1" " .,

"I'"

'I ' '1
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NL 2.10: 1.26"10 4M1P

"1""1""1""1""1""1""1""1""1""1""1'"'1""1""1""1""1""1""1""1""1""1""1""1""1
S4 52 48 42 38 36 32 30 28 ze 24 n 20 18 12 10 8

NL2.11 :0.5"10 4M1P

NL 2.14: 1.69"10 4M1P
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NL2.15: 2.55"1041MP
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The NMR of poly n-olefins
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NL 003 c e

NL 004 Cl

"'1""1""1""1
"

NL 005 Cl

I i i I i i I i I i i I
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NL 008 c e

i I i i I' , I'
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NlOOi:C5
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NL012:C6

'I' 'I''I' ,I" 'I" 'I " I' I' 'I' 'I 'I' 'I" 'I" '1""I'jlplil

120

Stellenbosch University http://scholar.sun.ac.za



Table Al Percentage compositons of endgroups of poly a-olefins at various
tempera tures.

1,2 1,1,2-
Catalyst Temperature(°C)_ disubstituted(%) trisubstituted(% ) Vinylidene(% )

1 RT 5.7 0.0 94.3
1 50 6.5 0.0 93.5
1 100 18.9 27.0 54.1
1 140 nd nd nd
2 RT 14.0 3.3 82.6
2 50 6.0 19.4 74.6
2 100 4.5 20.9 74.6
2 140 8.7 18.8 72.5
3 RT 0.0 0.0 100.0
3 50 0.0 44.4 55.6
3 100 0.0 35.1 64.9
3 140 0.0 27.5 72.5
7 RT 13.3 3.3 83.3
7 50 3.7 3.7 92.6
7 100 l.6 19.0 79.4
7 140 3.1 20.0 76.9
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Appendix

GPCDATA
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Complexes used for poly-a-olefins synthesis

1

4

C)c::r
CI~zr

7

2

CIII , .
C 1""""':-Zr

Bz-.............-.....-~_~

5

CIII , ,
CI~Zr

Ph_~/-.----....~~

3

~'ISiMe3

.. T'.
CI"--:- Zr

6

Ph
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Table Bl: Results obtained using complex 1

ample Monomer Zr Temp Mao/Zr MonlZr Yield(mg) Conversion NMR Mn(g/mol) Mw(g/mol) MwlMn
No No. (%) No.

ILU C5 I RT 2500 30000 199.9 14.79 009 2030 4030 1.97
1Ll.2 C6 1 RT 2500 30000 174.9 15.92 005 2210 4280 2.01
1L1.3 C8 1 RT 2500 30000 106 4.88 007 2540 4700 1.84
1L1.4 C6 1 0 2500 30000 12.9 0.59 001 770 2430 3.1
1L1.5 C6 1 100 2500 30000 59.3 2.73 003 864 2010 2.32
IL1.6 C6 1 140 2500 30000 28.7 1.32 004 692 1040 1.5
1Ll.7 C6 1 50 2500 30000 572.3 26.33 008 1930 3430 1.77
1L1.8 C6 1 RT 10000 30000 247 11.36 002 2640 6010 2.27
IL1.9 C6 1 RT 500 30000 17.7 0.81 006 2390 7080 1.7
!LUO C6 1 RT 1000 30000 172.4 7.93 010 3810 6490 2.71
!LUI C6 1 RT 2500 10000 291.5 54.22 011 nd nd nd

!L1.12 C6 1 RT 2500 5000 333.2 30.99 012 230 3150 1.37

Table B2: Results obtained using complex 2

ample Monomer Zr Temp Mao/Zr Mon/Zr Yield(mg) Conversion NMR Mn(g/mol) Mw(g/mol) MwlMn
No No. (%) No.

-IL2.1 C6 2 RT 500 30000 54.3 2.50 013 2270 5990 2.63
~L2.2 C6 2 RT 1000 30000 110.2 5.07 014 1790 4780 2.66
-IL2.3 C6 2 RT 2500 30000 30.4 1.40 015 1500 3880 2.5
-IL2.4 C6 2 RT 10000 30000 191.5 8.81 016 1270 3310 2.6
-IL2.5 C6 2 RT 2500 5000 12.8 4.75 017 1100 2370 2.1
-IL2.6 C6 2 RT 2500 10000 51.4 9.56 018 1190 2490 2.09
-IL2.7 CS 2 RT 2500 30000 nd nd nd nd nd nd

-IL2.8 C8 2 RT 2500 30000 78.6 3.62 019 1890 4870 2.57
-IL2.9 C10 2 RT 2500 30000 36 1.40 020 1580 4910 3.09
fL2.10 C6 2 50 2500 30000 329 15.13 021 610 1020 1.68
fL2.11 C6 2 100 2500 30000 341 15.69 022 350 390 1.11
fL2.12 C6 2 140 2500 30000 62.5 2.88 023 1210 5120 4.23
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Table B3: Results obtained using complex 3

ample Monomer Zr Temp Mao/Zr MonlZr Yield(mg) Conversion NMR Mn(g/mol) Mw(g/mol) MwlMn
No No. (%) No.

'lL3.1 C5 3 RT 10000 30000 70.2 5.19 024 5970 27200 4.56
'lL3.2 C8 3 RT 10000 30000 44.3 2.04 025 6760 30800 4.56
-.rL3.3 CIO 3 RT 10000 30000 67.9 2.65 026 5430 28700 5.28
'lL3.4 C6 3 50 10000 30000 204.8 9.42 027 830 2900 3.47
'lL3.5 C6 3 100 10000 30000 348.9 16.05 028 410 1710 4.12
'lL3.6 C6 3 140 10000 30000 28.2 1.30 029 870 9430 10.79
-.rL3.7 C6 3 RT 500 30000 19.1 0.88 030 25100 6100 2.42
-.rL3.8 C6 3 RT 1000 30000 85 3.91 031 12500 59700 4.79
-.rL3.9 C6 3 RT 2500 30000 136.3 6.27 032 7190 46300 6.44
!L3.10 C6 3 RT 10000 30000 31.6 1.45 033 3740 23000 6.17
!L3.11 C6 3 RT 10000 5000 51 18.92 034 2700 9600 3.52
!L3.12 C6 3 RT 10000 10000 42.7 7.94 035 3580 15500 4.32

Table B4: Results obtained using complex 4

ample Monomer Zr Temp Mao/Zr MonlZr Yield(mg) Conversion NMR Mn(g/mol) Mw(g/mol) MwlMn
No No. (%) No.
fuU C5 4 RT 10000 30000 20.7 1.53 nd 890 2480 2.77
..n.A.2 C8 4 RT 10000 30000 17.2 0.79 nd 900 2180 2.42
..n.A.3 CIO 4 RT 10000 30000 20.3 0.79 nd 840 1440 1.71
..n.A.4 C6 4 50 10000 30000 19.9 0.92 nd 650 1080 1.66
1[L4.5 C6 4 100 10000 30000 48.3 2.22 nd 460 660 1.43
..n.A.6 C6 4 140 10000 30000 15.8 0.73 nd 620 2340 3.77
..n.A.7 C6 4 RT 500 30000 11.5 2.22 nd 610 1170 1.91
..n.A.8 C6 4 RT 1000 30000 9.2 2.22 nd 810 2870 3.54
..n.A.9 C6 4 RT 2500 30000 16.1 2.22 nd 1220 3850 3.15
ru.IO C6 4 RT 10000 30000 13.5 2.22 nd 900 1770 1.97
'L4.11 C6 4 RT 10000 5000 2.5 0.93 nd 650 940 1.45
U.12 C6 4 RT 10000 10000 11.4 2.12 nd 690 lBO 1.63
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Table B5: Results obtained using complex 7

Impie Monomer Zr Temp Mao/Zr Mon/Zr Yield(mg) Conversion NMR Mn(g/mol) Mw(g/mol) MwlMn
No No. (%) No.

L7.! C6 7 RT 500 30000 2.6 0.12 nd nd nd nd
L7.2 C6 7 RT 1000 30000 6.7 0.31 nd nd nd nd
L7.3 C6 7 RT 2500 30000 136.7 6.29 036 3530 8780 2.48
L7.4 C6 7 RT 10000 30000 570.6 26.25 037 2360 6200 2.62
L7.5 C6 7 RT 10000 5000 29.5 10.94 038 nd nd nd
L7.6 C6 7 RT 10000 10000 163.7 30.45 039 2340 5930 2.53
L7.7 C5 7 RT 10000 30000 97.9 7.24 040 2680 6670 2.48
L7.8 C8 7 RT 10000 30000 276.9 12.74 041 3320 8240 2.47
L7.9 CI0 7 RT 10000 30000 166.5 6.49 042 3240 8890 2.74
L7.10 C6 7 50 10000 30000 950.3 43.71 043 770 1380 1.79
L7.l1 C6 7 100 10000 30000 645.3 29.68 044 300 380 1.27
L7.12 C6 7 140 10000 30000 59.5 2.74 045 nd nd nd
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GPC Results for poly a-olefins obtained with complex l(as examples)

Molar mass

Figure Bl : NL 1.1
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Figure B2 : NL 1.2

waters RI410

Mn : 2.0360e3
Mw: 4.0302e3
Mz : 6.5698e3
Mv : 0.000000
o : 1.9795eO
[nl: 0.000000
Vp : 2.265ge1
Mp : 3.526083
A : 1.2038-1
< 185 0.00
w%: 100.00
> 45146 0.00

Waters RI410
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7.3745e3
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Waters R1410/\
1.0 I \I .

Mn: 2.5474e3 g1mol/ i

I Mw: 4.7017e3 g1mol
nft i , 7.5151e3 g/moli Ml:! \
i / \ Mv: 0.000000 g1mol

es :1 \~.
1

\ 0: 1.8457eO() /.Q \ mVg.j \ [nl: 0.000000~ ~.1 ,
! \ Vp: 2.231ge1 ml

\ I

U2 ., I li Mp: 4.517683 g1mol;

00 i I A: 2.171e-1 mrv/ l,/ ~ , < 185 0.00
..--,

w%: 100.00'1~1 il01~

Molar mass > 69926 0.00

Figure B3 : NL 1.3

Auto-5caled Chromatogram GPC Calibration Plot
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Retention Time

, I' "I" I 1 I '
10.00 15.00 20.00
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GPC Results
• SarnpieName MI Mor ~ MI: Ml:+1 MI PoI)'disp8rsity MrIMor %Area Ale.

1 nl1.4 n2 2433 504 5783 82n 3.150654 2.376903 57.89 1048876

2 nll.4 42.11 762966

GPC Results
• BaseUne End Baseline Star! Adjusted RT Retention Time

1 22.950 14.567 18.485 18.485

2 22.950 14.567 20.020 20.020

Instrument Method Id 1960

Figure B4 : NL 1.4

o
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1.25 ""/\ Waters Rl410
_ ..~ ! \ Mn: 8.644ge2 glmol

"1 ! \
J , Mw: 2.0127e3 glmol
i \ Mz: 7.374ge3 gJmoII0.7[, j I \

0.000000 glmol
\

\ Mv:
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··t
.......... , A: 1.351e-1 mN
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IlO· gIrt<ll103 w%: 100.00
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GPC Results• SampieName Ml MIl ,.., ME Mz+1 MI Potydisperslly MrlMII "'Area Area

1 nll.6 692 1042 596 2262 6916 1.506063 2.169543 60.97 1217982

2 nll.6 39.03 779776

GPC Results

• Baseline End Baseline Start Adjusted RT Retention Time

1 24.483 14.267 18.316 18.316

2 24.483 14.267 20.019 20.019

Instrument Method Id 1960

Figure B6 : NL 1.6
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, l

"I
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Figure B7 : NL 1.7
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Figure B8 : NL 1.8
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• SampIeName Ml Mot t.P I'k Ml+l MI Polydispersily MzIMN %Area Area

1 nll.9 2396 6496 6447 12692 25790 2.711490 1.953821 65.79 961479

2 nll.9 161 161 161 161 1.000225 1.000224 34.21 499897

GPC Results

• Baseline End Baseline Start Adjusted RT Retention Time

1 23.850 12.600 15.783 15.783

2 23.850 12.600 20.584 20.584

Instrument Method Id 1960

Figure B9 : NL 1.9
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Figure BIO: NL 1.10
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Figure B11 : NL 1.2
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Appendix C

CRYSTAF CURVES
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AppendixD

DSC CURVES
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DSC results of propene/4-methyl-l-pentene copolymers (as examples)

Cooling curves
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Heating curves
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