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1 INTRODUCTION

1.1 Benefits of plastics
In order to face today's very competitive environment, manufacturers put a lot of emphasis on
product differentiation while maintaining good margins and low cost. This differentiation is
done by design, visual appearance or by development of new functionalities requiring
miniaturized or more sophisticated systems. Part rationalization is another significant trend in
industries such as automotive, appliances, electronics and medical, as it increases end product
reliability and significantly decreases inventories. For these reasons the use of plastics to
replace metal and other traditional materials is continuously becoming a key strategy in many
markets all over the world.
Benefits of thermoplastics versus metals

This trend is expanding rapidly due to the multiple benefits provided by plastics compared to
metal. All of them lead to significant productivity improvements and/or product differentiation.
1
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Compared to plastics, metals still have some advantages such as: higher strength and stiffness,
inherent thermal and electrical conductivity and inherent flame retardance.
There is enormous potential for metal replacement across all industries. Plastic applications
cover today 15% of their capability in metal replacement. The development of high
performance materials with tailor-made property profiles combined with the development of
advanced CAO (computer aided optimization) tools to optimize design and mold tools will
probably accelerate this trend.
For many years glass was extensively used, however, nowadays it is being replaced more and
more by transparent polymers providing much higher design flexibility, much easier
processability, better colorability/decoration and significant weight savings.

Benefits of Plastics versus Glass

The combination of transparency with other performances such as gas barrier, flame
retardancy, dimensional stability, and chemical resistance, raises the interest of many
manufacturers.

2
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1.2 Major markets of plastics and thermoplastics
Motivations are diversified:
Technical: Plastics offer an exceptional balance of weight, performances, ease of processing,
aesthetics, and cost.
Economical: Plastics are the economical response to mass production quite as much as low
output specific packaging.
Aesthetics: Plastics allow much more design freedom than paper, cardboard, wood, glass,
metals and other conventional materials.
Environmental: The reduction of weight, the high protective properties compared to paper and
cardboard make plastics environment friendly.
Figure 1.1 shows the estimated polymer shares of seven plastics in the packaging market.

Figure 1.1 Plastic shares in the packaging market
Today, plastics can technically and economically replace traditional materials formerly used
for household appliances that is to say metals, wood, glass and so on. The lightweight,
aesthetics, versatility, design freedom and cost-efficiency of polymers make also the creation
of new applications easier. Figure 1.2 displays market shares of commodity and engineering
plastics used in sufficient quantities to be identified in economic statistics.

3
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Figure 1.2 Market shares of main plastics used in household appliances
The interior parts of the automotive industry are mainly made of plastics, like thermoplastics
(see Fig. 1.3 showing the thermoplastic shares in the passenger compartment) but also
thermosets (polyurethane principally but also polyimides for little parts such as bases of cigar
lighters).

Figure 1.3 Thermoplastic shares in the automotive interior
Especially foams of polypropylene are used for: side protection of doors, armrests with
integrated baby seat, floor insulation, heat and phonic insulation of tunnels of transmission,
trunks, cushioning of sun visors, steering columns, knee bolsters, armrests, tool boxes and
racks...

4
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1.3 Polypropylene products
The attractive polyolefin life cycle is displayed in Figure 1.4. Crude oil is cracked to produce
olefin monomers which are converted into polyolefins by means of transition metal catalysts.
Upon completing their product life, thermal degradation occuring at temperatures above
400°C converts polyolefins quantitatively back into synthetic oil and gas, which can be used
to produce new olefin monomers or serve as petrochemical feed stocks and energy source.

catalytic
propylene

polymerization

cracking

crude oil

thermal
degradation
(>400°C)
polypropylene

Figure 1.4 Polyolefins life cycle
Complete thermal degradation without residues was demonstrated in industrial scale already
during the 1970´s when Sinn and Kaminsky developed the Hamburg pyrolysis process [1].
Since architectures of polyolefins and oil are very similar it is not surprising that also the
energy contents of both oil and polyolefins are similar. In fact, polyolefins are
environmentally friendly hydrocarbon materials, produced in energy-efficient catalytic
processes without by-products. Polyolefins meet the demands of sustainable development
because they save oil-like energy and are readily recycled to recover resources for future
generations [2].
The adoption of metallocene catalyst technology has enabled polymer producers to develop
grades of polypropylene (PP) materials possessing unique combinations of stiffness,
toughness and clarity. Table 1.1 shows the excellent properties of PP materials [3].

5
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Table 1.1 Polypropylene properties
Advantages

Disadvantages

Low cost

Poor resistance to UV, need to be stabilized

Good chemical resistance against most

Embrittles below -20°C

inorganic acids, alkalis, and salts

Low upper service temperature, 90°-120°C

Good resistance to environmental stress

Attacked by highly oxidizing acids

cracking when in contact with alcohols,

Swell rapidly in chlorinated solvents and

esters, detergents, or polar hydrocarbons

aromatics

Very good fatigue resistance

Heat-ageing stability is adversely affected

Very low density

by contact with metals

Excellent dielectric properties

Post molding dimensional changes due to

More rigid than PE and retains mechanical

crystallinity effects

properties at elevated temperatures

Limited impact resistance

Mechanical and electrical properties

Low scratch resistance

unaffected by submersion in water

Poor paint adhesion

Can be FDA compliant
Good resistance to steam sterilization
Excellent processing characteristics
Can

be

joined

by

hot-gas,

hot-tool,

induction, or friction welding
1.3.1 Oriented polypropylene(OPP) and particularly biaxially oriented polypropylene (BOPP)
films are receiving much attention from food packagers because of their exceptional moisture
and oxygen barrier properties and improved economics over metal foil packaging. They are
useful for enclosing such products as corn chips, cookies, crackers and pet foods. Unlike foils,
the OPP films are transparent and can be designed for useful configurations such as stand-up
pouches.
OPP films can be metallized for further improvement in barrier properties. Such films are
already in use for packaging such foods as powdered beverages, nutritional drinks, soup, rice
and dried cheeses. Some grades of metallized OPP films are heat sealable. Others are intended
as the inner layers of coextruded packaging laminates containing other polymers such as plain
OPP or PET.

6
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Figure 1.5 Biaxially oriented polypropylene (BOPP) films are key elements of a growing
variety of food packaging applications. (Source: Toray Plastics)
1.3.2 Composites of wood and thermoplastics are growing rapidly due to their wide
acceptance in strong and durable outdoor decks and fences, window and door profiles, spas
and marina boardwalks (Fig. 1.6). In many cases, the composites are replacing wood for these
applications, but unlike wood, the composites are resistant to rot and insects and require little
maintenance. Compared to extruded plastic profiles, the wood composites are stronger and
more rigid. They can also be fabricated with esthetically pleasing surfaces and colors that
make them appealing to customers.

Figure 1.6 Marina structures are another wood-plastic composite market.
(Source: Trex Co., Inc.)
Although wood-plastic composites are usually more expensive than solid wood, this
difference is shrinking as processors find more efficient ways to produce the composites. Use
of recycled resins in composites can further drive down costs. Even with the current cost
structure, many consumers are willing to pay a slight premium for the composites in return for
the benefits they offer.
7
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Wood-plastic composites are also catching on in Asia, particularly in Japan, where
applications in decking, walls, flooring and indoor furniture are becoming commonplace.
1.3.3 High clarity, good barrier properties and radiation resistance make polypropylene very
useful in medical devices. Manufacturers of medical-grade polypropylene often position it as
a competitor to PVC glass and other plastics. Typical healthcare applications of
polypropylene include blister packs, flexible pouches, syringes, tubing, hospital disposables,
test tubes, beakers and pipettes.
In medical products polypropylene is readily adaptable to blown or cast films, as well as
coextrusion with other materials. An emerging market for polypropylene, particularly in
Europe, is parenteral nutrition and dialysis films.
1.3.4 Nearly all classes of commercial plastic resins can be laser marked, although some
require additives to make them markable. Lasers create marks on plastics by one of four
processes: color change, foaming, engraving, or engraving with a color change.

Figure 1.7 Laser etching produced this design on auto control button; the image can
be backlit for nighttime viewing. (Source: Sei S.p.A.)

Color changes result from chemical reactions on the plastic surface caused by the heat of a
laser beam. Foaming results from physical restructuring of polymer molecules that causes a
lighter color to appear on exposed surfaces. Engraving consists of etching caused by melting
and resolidification of the resin surface, which has a different appearance than the

8
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surrounding unexposed surface. Engraving with a color change results from exceptionally
high laser intensities, where etching and some carbonization of the plastic occurs.
1.3.5 Long-lasting coloration of flame retardant PP becomes interesting for outdoor
applications. In order to differentiate their products, manufacturers are constantly developing
new concepts and designs by mixing shape, color, surface appearance and, more recently, the
interaction with light (Fig. 1.8).

Figure 1.8 PP outdoor applications
1.3.6 One clear trend observed over the last few years and expected to grow in the coming
years is transparency. This trend was initiated in lighting applications, and in cosmetic
packaging to evoke purity and sophistication. Today, transparent effects are expanding rapidly
into a variety of industries - automotive, architecture, furniture, medical - thanks to fast
moving developments in the field of artifical light sources and innovative new polymeric
materials.
1.3.7 A new Daploy™ polypropylene “soft foam” solution for impact protection and
furnishing applications was recently produced by Borouge. To meet the growing consumer
demand for higher performance in soft foam applications ranging from automotive seating
and impact cushioning, to sport shoe construction and protective packaging, Borouge has
introduced Daploy™ WB260HMS, high melt strength polypropylene (HMS-PP).
Daploy WB260HMS represents a breakthrough in high melt strength PP development. It has
been designed to capitalise on the excellent temperature and chemical resistance, and strength
of polypropylene, while overcoming the stiffness of HMS PP that has previously excluded
their use for the production of soft foams.
9
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Figure 1.9 The improved processability of
Borecene Compact compared to ground
powder enables the rotomoulding of very
complex, intricate shapes in a more costefficient way

This advance in PP technology positions Daploy WB260HMS as a highly competitive
material in applications currently dominated by polyurethane, polyethylene and PVC foams,
giving designers and original equipment manufacturers (OEMs) in the automotive,
sports/leisure, furnishing and packaging industries a wider choice in tailoring final soft foam
properties to meet specific end user requirements.
1.3.8 A mountain rescue stretcher made of Twintex® was recently developed as a result of a
collaborative project between the French firms Saint Gobain Vetrotex, TSL Sport Equipment
and Comitech. Twintex® is a fabric woven with commingled E-glass and polypropylene
rovings. It is a lightweight material having a good abrasion and impact resistance, a high
dimensional stability even in extreme conditions. A prototype was successfully built by
incorporating a metallic structure and foam with the fabric and by using vacuum molding
process. This new mountain rescue stretcher will be commercialized by the end of 2005.

10
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2 TAILOR-MADE POLYOLEFINE MATERIALS VIA METALLOCENE
CATALYSTS
The development of single site catalyst technology is paralleled by achieving unprecendented
control of molar mass, molar mass distribution, short and long chain branching, as well as
stereochemistry. As a function of catalyst structures and process conditions it is possible to
tailor polyolefin materials according to the demands of the customers. Excellent reviews on
metallocene-catalyzed

stereoselective

polymerization

1-olefin

were

published

by

Brintzinger[4], Resconi [5], Fink [6], Coates [7] and Cobzaru[8].

2.1 Single site catalysts
Unlike the conventional catalysts that are “multi site” systems, the metallocenes provide only
a single active centre that can be tuned by altering the ligand sphere of the central atom
(Fig. 2.1).
S

S

S
B

S

X

M

S

X
S

S

S

Figure 2.1 General structure of the metallocenes
Consisting of a positively charged metal (M) sandwiched between two negatively charged
cyclopentadienyl anions, the general structure of the metallocenes can be varied in a wide
range in different ways: (1) Ring functionalization with various alkyl or aromatic groups (S);
(2) Bridging rings (B) with either a Si or C atom; (3) Changing the nature of the transition
metal (M); (4) Metal coordination to either an alkyl group or halogen atom (X). The
elucidation of the effects on polymers properties, induced by each of the previous mentioned
factors, correlated with polymerization conditions, allow a rational design of the polymer
microstructures towards elastomeric and plastomeric materials.
11
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As shown in Figure 2.2, the stereoselectivity of 1-olefin polymerization can be varied from
highly isotactic to syndiotactic, atactic and stereoblock polymers with application ranging
from stiff engineering plastics to flexible films and rubbers.

H 3C
ZrCl 2

C

ZrCl 2

C
H
CH3

CH3
CH 3

C2 - symmetric

isotactic

Cs - symmetric

syndiotactic

T iC l 2

CH 3

C1 - symmetric

hemiisotactic

Figure 2.2 Correlation of the polymer microstructure with the catalyst symmetry
Isospecific by virtue of their symmetry, C2 - symmetric ansa-zirconocene catalysts [9, 10]
produce isotactic polypropylene by enantiomorphic control. The same mechanism can be
employed as a tool toward producing polymers with a wide range of isotacticities and
molecular weights. Kaminsky and Brintzinger [11] designed the basic structure of the C2 symmetric catalysts [ethylene-bridged bis(tetrahydroindenyl) zirconium complex] (Fig. 2.2).
In time, many variations of this catalyst have been realised by changing the substitutions of
the cyclopentadienyl rings.
By introducing a bulkier moiety, e.g. fluorenyl in the biscyclopentadienyl-based structures, a
new class of catalysts was developed, known as Cs - symmetric metallocenes [5]. Due to the
enantiotopic nature of their coordination positions, the chain-end control is present as the only
stereocontrol mechanism leading to syndiotactic polypropylenes. Highly syndiotactic
polypropylene [5, 12] was first obtained by Ewen with Cs - symmetric catalyst Me2C(Cp)(9Flu)-ZrCl2 [13] (Fig. 2.2).
Lacking any symmetry element by introducing one or more substituents in different positions
of the cyclopentadienyl moiety, C1 - symmetric metallocenes possess two diastereotopic
coordination sites. Thus, the stereochemistry of the polymerization reaction can be converted
from the production of syndiotactic polypropylene to a hemiisotactic form and even to a
highly isotactic material [11]. Chien [14] reported first the synthesis of C1 - symmetric species
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[1-(η5-indenyl)-1-(η5-tetramethylcyclopentadienyl) ethane]TiCl2 (Fig. 2.2) providing elastic
polypropylenes with narrow molecular weight distribution and of fairly uniform composition.

2.2 Activators of the catalyst precursors
As the metallocene complexes require the action of a cocatalyst in order to become
catalytically active in olefin polymerization, new interesting chemical aspects are revealed in
the activation process. The structure of the activator is highly important with respect to its
behavior and activation mode.
Activation of the metallocene catalysts for ∝-olefin polymerizations [5, 10] concentrates on
the formation of the active species, the metallocene cation and a weakly- or non-coordinating
counteranion. For the first time the active species have been introduced via aluminium alkyl
cocatalysts. It is assumed that methylaluminoxane (MAO) undergoes a fast ligand exchange
reaction with metallocene dichloride, thus rendering the metallocene methyl and dichloride
aluminium compounds (Fig. 2.3) [15].
Me
ZrCl2

Zr

Cl

+

+

CH3
Al

Me

Zr

+

Cl
O

n

Al

+

Cl
O

n

Cl
Al

O

n

Figure 2.3 MAO-Activation mechanism of zirconocenes
Although the use of MAO was the breakthrough in metallocene activation, this method has
some disadvantages. First of all MAO has to be used in a very large excess (hundred to more
than ten thousand equivalents). Since the synthesis of MAO is also difficult, this compound is
very expensive. Consequently, the synthesis of other substitutes for MAO [16] became an
important aspect of the metallocene chemistry. The comparison between different catalystcocatalyst systems in the polymerization process provides information regarding the influence
of the activator nature on polymer characteristics.
An alternative to MAO activation is the formation of the active species via borane or borate
cocatalysts introducing borate counter ions [17]. Relatively strong Lewis acidic
13
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organoboranes, such as B(C6F5)3 (2.1) or organoborates, such as [PhNMe2H]+[B(C6F5)4]- (2.2)
and [Ph3C]+[B(C6F5)4]- (2.3) could be used. These cocatalysts when combined with dialkyl
metallocenes enhance the active site concentration and help to improve molecular weights and
therefore material properties significantly [18].

Cp2ZrMe2 + B(C6F5)3

[Cp2ZrMe] + [MeB(C6F5)3] -

+
Cp2ZrMe2 + [PhMe2NH] [B(C6F5)4]
+
Cp2ZrMe2 + [Ph3C] [B(C6F5)4]

(2.1)

+
[Cp2ZrMe] [B(C6F5)4] + PhNMe2 + CH4(2.2)
+
[Cp2ZrMe] [B(C6F5)4] + Ph3CMe

(2.3)

Although [B(C6F5)4]- comes close to the ideal of a “non-coordinating anion”, at least in dilute
solutions, even here there are detectable metal-fluoride interactions in many cases [18]. Even
though not cheap chemicals, they are cost competitive since only one equivalent of activator
is needed.

2.3 Stability of the active species
One of the most important characteristics of the catalytic systems is their activity. It was
shown that there is a strong dependence between the catalyst activity and the nature of the
solvent used for polymerizations. Both cation and anion, generated after the separation of the
ion pair catalyst-cocatalyst, interact with the solvent. Therefore the stability of the active
species is determined by the polarity of the polymerization medium.
Higher activities in dichlormethane than in toluene were observed with a metallocene/MAO
catalyst system in propylene polymerization [19, 20]. No change in activity was reported in
propylene polymerization with rac-Et(Ind)2ZrCl2 in chlorbenzene as compared to toluene.
Instead, an increase in dielectric constant of the medium lowered the molecular weight and
the amount of stereoregular PP formed [21]. It was suggested that the equilibrium distribution
of the propagating species is shifted towards those with low stereospecificities. An increased
polarity of the solvent could lead to a decrease of the catalyst syndiospecificity in α-olefin
polymerization, as reported for the catalyst iPr(Flu)(Cp)ZrCl2. Its syndiospecificity is lowered
at higher percentage of dichlormethane [20].
Changing the polarity of the polymerization solvent has been found to alter the incorporation
of comonomer in copolymerizations, too. A higher incorporation of hexene in propylene/114
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hexene polymerization was possible when the reaction was carried out in dichlormethane
[19], the insertion of the bulkier monomer being facilitated by the dissociation of the ion
pairs.
The solvent effects described above are due to different types of ion pairs (solvent-separated
and closed ion pairs) present in the system. NMR studies revealed that the proportion of
solvent separated ion pairs over closed ion pairs increases with medium polarity and dilution
[22].

2.4 C1 - symmetric metallocenes. Strategies of catalyst development
Modification of the system introduced by Chien toward dimethylsilane bridged indenylcyclopentadienyl zirconium or hafnium complexes by Collins et al. [23, 24] (1, Fig. 2.4)
afforded an improved activity and higher molecular weights (Mw ∼ 49 000 g/mol with
hafnium complex). In analogy to the work of Chien, the elastic properties of these new
materials were attributed to blocklike structures composed of isotactic and atactic sequences.
Ewen et al [13, 25] reported the first effectively hemiisospecific metallocene catalyst [2-(9η5-fluorenyl)-2-(3-methyl-η5-cyclopentadienyl)propane] zirconium dichloride and its hafnium
analogue (2, Fig. 2.4). They demonstrated that the two different coordination sites available
for asymmetric metallocenes customize a broad range of material properties in migratory
polyinsertion reactions of propylene by modification of the polymer microstructure. The
stereochemistry of the polymerization reaction can be changed from the production of
syndiotactic polypropylene to a hemiisotactic form and even to a highly isotactic material by
opening or blocking selective and nonselective sides in successive insertion steps. The highest
molecular weights (Mw ∼ 200 000-300 000 g/mol) are obtained with the hafnium analogue
while the zirconium complex gives lower molecular weights (Mw ∼ 50 000 g/mol). Fink [26]
investigated the effect of other alkyl groups (ethyl and isopropyl) in the position 3 of the
cyclopentadienyl ring. Both systems have been calculated to have one nonenantioselective
geometry (polymer chain in more crowded region) and one enantioselective geometry
(polymer chain in less crowded region). These catalytic systems proved to be hemiisospecific,
producing elastomeric polypropylenes [26].

15
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S
Si

MCl2

C

1

X

ZrCl2
3

2
CH3

M=Zr;Hf

ZrCl2

R
R: H, CH3, -CH(CH3)2, -C(CH3)3, Ph, Si(CH3)3
X: C, Si

Figure 2.4 Asymmetric catalysts for the production of elastomeric polypropylene
investigated by different research groups
Recently, Resconi et al. [27, 28] described the use of C1 - symmetric ansa zirconocenes based
on substituted cyclopentadienyl or indenyl-dithienocyclopentadienyl (3, Fig. 2.4). These
methylaluminoxane (MAO)-activated zirconocenes produce fully regioregular polypropylenes
with relatively high molecular weights (Mv ∼ 500 000), which, depending on the pattern of
indene substitution, have largely variable degree of isotacticity and melting temperatures (Tm
from 80°C up to 160°C).
Novel C1 - symmetric ethylene bridged (Ind-Ph-Cp) and (Ind-H-Flu) complexes (4 and 5, Fig.
2.5) have been investigated [29]. Similar to complex 1, complex 4 is provided with only one
sterically demanding β-CH-substituent (indenyl-4H) allowing facile monomer coordination at
each catalyst side. Consequently, the polymer stereoregularity is influenced only by the
polymerization temperature. Complex 5, on the other hand, with two opposed β-substitutents
(fluorenyl-5H and indenyl-4H), showed for the first time a strong dependence of
stereoselectivity on monomer concentration. Thus, these unique species with two aryl groups
on one side introduced the possibility to influence the rate and the position of stereoerror
formation along the chain by a second parameter, different from temperature, which can be
easily controlled.

Ph
4

ZrCl2

ZrCl2
5

Figure 2.5 Rieger´s asymmetric catalysts for the stereoselective polymerization of propylene
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The fact that the [mmmm]-pentad content of the polymers prepared with complex 4 remained
unchanged with variations of monomer concentration was explained on the basis that only one
β-substituent is not sufficient to define a chiral cage which is tight enough to favor a single
transition state geometry. Hence, the polymer stereoregularities are low ([mmmm] ∼ 40%).
Further research shows that this concept can be used for an arbitrary control of the
crystalline/non-crystalline segments within an isotactic polymer chain and hence to conduct
phase separation phenomena leading to stereoregular polyolefins with new material
properties.

2.5 Polypropylenes microstructures and material properties
Since the properties of polymers can be controlled and tailored to specific needs, the design of
their composition is a challenging goal. The usual approach consists of studying the
interrelation of the symmetry of the catalyst precursors and the microstructure of the resulting
polymeric composition. The flexibility of the indenyl ligand substitution proved to be the key
in controlling the stereoerror formation. Error type and error distribution have major
implications on the mean isotactic sequence length and, therefore, also on the mechanical
properties of the polymers. Polymeric materials with lower tacticity (20%-50% [mmmm])
display the typical mechanical behavior of elastomers (Fig. 2.6) as demonstrated by stressstrain curves. Once the values of the tacticity increase (50%-90% [mmmm]), the elasticity of
the polymers declines in favor of the increasing rigidity. As a consequence, these materials
exhibit low elastic recoveries.
5,6-substituted indenyl
asymmetric metallocenes

% [mmmm]
20-50
High Mw
Elastomers

6,7-substituted indenyl
asymmetric metallocenes

50-90
Ultrahigh Mw
Plastomers

stiffness (crystallinity)

Figure 2.6 Correlation between the catalyst type, polymer microstructure
and material properties
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2.6 Content and significance of the study
This study focuses on the synthesis of novel asymmetric ansa-metallocene catalysts of the
indenyl-fluorenyl type, designed to tailor the microstructures of the resulting polypropylenes
so that the portfolio of the material properties is extended toward ultrahigh molecular weight
plastomers. The demand for high-performance plastics is expanding across a broad swath of
market sectors as described in Chapter 1. The main reason is that these materials offer the
flexibility of conventional elastomers and processing properties of thermoplastics, plus
various combinations of special features, such as good heat resistance and excellent optics.
Metallocene catalysts have received attention for few decades, firstly as an alternative to
Ziegler Natta catalysts in producing polymeric materials. But new opportunities for catalyst
design are emerging. Researchers have come to appreciate the unique “styling” possibilities of
the polymer architectures with these catalysts. Chapter 2 emphasises on olefin polymerization
reactions mediated by different types of metallocenes and on the components of the catalytic
system. Furthermore, this chapter presents the driving forces behind the growing popularity of
the asymmetric catalyst type.
Chapter 3 gives an overview of catalysts aimed mainly at production of propylene homo- and
copolymers with ethylene. The newly designed catalysts are characterized by the upgraded
substitution pattern and ligand design, necessary for the improvement of catalyst polymerization properties and microstructure of the resulting polymers.
The interpretation of polymerization data in terms of catalytic activity, molecular weights and
tacticities of the resulting polymers is performed in Chapter 4. A detailed analysis of the
influences that polymerization temperature and monomer concentration exhibit on polymer
microstructure reveals a “back-skip” polymerization mechanism in analogy with similar C1 symmetric catalysts studied so far.
Furthermore, the significant performances of these metallocenes, displayed in propylene
homopolymerization, are tested in copolymerization reactions at different propylene/ethylene
ratios as described in Chapter 5. Thus, ultrahigh molecular weight materials with excellent
elasticity and glass transition temperature and, especially, high content of incorporated
ethylene are produced.
A set of thermal and mechanical analyses (GPC, DSC, WAXS, DMA) correlated with NMR
allow a detailed study of the polymer microstructures, morphologies and mechanical
properties in Chapter 6. Next, this knowledge is used in order to precisely explain the
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behavior of the polymeric materials, produced with different types of catalysts, in terms of
isotactic block length and not of stereodefects.
The impact of the presented asymmetric ansa-metallocene extends beyond simple propylene
polymerization disclosing a way to materials that fill the gap between “soft” thermoplastic
elastomers and stiff polypropylene materials.
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3 SYNTHESIS OF PLASTOMERIC POLYPROPYLENES

3.1 New ligands and complexes toward olefines homo- and copolymers
The original idea of this study was promoted by a recent development in the field of
metallocene catalysts. According to our own findings, asymmetric catalysts with well defined
geometries introduced the possibility to simultaneously influence the rate and the position of
stereoerror formation along the polymer chain by two parameters, polymerization temperature
and monomer concentration. Further research showed that this concept can be used for an
arbitrary control of the crystalline/non-crystalline segments within an isotactic polymer chain
and hence to conduct phase separation phenomena leading to stereoregular polyolefins with
new material properties. Consequently we have shown that the substitutions in positions 5 and
6 of the indenyl moiety (6,7 Fig. 3.1) have a clear function. Experiments with selectively
deuterated propylene monomers [30] revealed that they suppress any chain end isomerization
reactions, which would lead to dormant sides that facilitate chain end termination via hydride
transfer.

MR2

MR2

O
O
7 a:Zr/Cl b:Zr/Me

6 a:Zr/Cl b:Hf/Me

ZrCl2

S

HfCl2

S
8a

8b

Figure 3.1 5,6- and 6,7-indenyl disubstituted metallocenes (6,7 and 8)
Moreover, rigid substituents in the 6,7-position of the 2-methylinden-1-yl fragment (8a,b Fig.
3.1) created a situation with a similar enantiofacial discrimination of the prochiral propylene
monomer on either complex side in the migratory polyinsertion reaction. The thiophene
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fragment of the catalysts 8a,b controls the gap aperture between the fluorenyl and indenyl
ligands by repulsing steric interactions at the complex backside. This leads to increased
stereoselectivities (relative to 4-7) and is responsible for a “C2 - symmetry-like” polymerization mechanism, characterized by increasing isotacticities when the polymerization
temperature is lowered.
These novel homopolypropylenes establish a family of elastomers and plastomers with highly
variable properties (Fig. 3.2) and nicely show how a finetuning of substituents on the indenyl
moiety allow to control monomer insertion in a way that “copolymers” arise even from chiral
discrimination of the two enantiofaces of a single prochiral monomer, like propylene.

10

σ

N
____
MPa

Plastomers

Elastomers

5

0
1

3

5

7

9

11

13

15

λ

17

Figure 3.2 Stress strain curves of the polymers obtained with the above mentioned catalysts.
The intention of this work was to further promote these “dual-side” structures so that a precise
control of olefin coordination to either site allows to design interesting polymer
microstructures from linear or cyclo olefines and styrene monomers. The novel designed
structures were expected to lead to ultrahigh molecular weight plastomeric polypropylene
homopolymers and ethylene/propylene copolymers, properties not yet achieved with any of
the asymmetric catalysts known so far.
3.1.1. One approach toward a fine-tuning of the steric bulk on one side of the complexes, in
order to control the coordination and insertion of higher olefin comonomers, like styrene,
consisted in new indenyl moieties from benzo and dibenzo crown ethers. The resulting
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metallocenes (9a,b Fig. 3.2) are supposed to bring π-electron density in close proximity to the
cationic Zr(IV)-center, reducing their Lewis acidity.

O
O
O

O
O
MR2

O
O

9 a:Zr/Cl

O

ZrCl2
O

O
O

O
O

O

b

O

O

O

O

Figure 3.2 Crown ether indenyl substituted metallocenes (9a,b)
The benzo crown ether units allow to fix Li-cations close to the growing polypropylene chain
end and thus accelerating a reversible chain transfer between Li+ and Zr(IV) (Fig. 3.3)

2[B(C6H5)4]

2[B(C6H5)4]

-

-

Zr
Zr

PP block
CH3

O

O
O

O Li+ O

O Li+ O

O

O
O

O

PS block
PP block

O
Ph

CH3

Figure 3.3 Bimetallic complexes as catalysts for propylene/styrene copolymerization
It is conceivable that this bimetallic complex system leads to novel block copolymers if two
olefins like propylene and styrene are present combining the requirements of anionic and
insertion polymerisation.
3.1.2 The incorporation of the sterically demanding triptycene ligand in several bridged and
unbridged zirconocenes and hafnocenes, (10a,b Fig. 3.4) [31] designated for the co22
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polymerization of olefin comonomers like octene and 1,4-cyclohexadiene, was subjected to
investigation. The rigid, multi-cyclic compounds bear one open right and one sterically
shielded left side. Molecular modeling studies show that the triptycene aromatic unit is away
far enough from the activated metallocene cation to allow monomer coordination and
insertion. It is, however, sufficiently close to share its π-electron density with the metal cation
reducing its Lewis-acidity, so that simpler counter ions can be applied.

ZrCl2

10a

HfCl2

10b

Figure 3.4 5,6-Triptycene indenyl substituted metallocenes (10a,b)
3.1.3 It was illustrated so far that the substitution on the indenyl ring of asymmetric catalysts
is of critical importance in determining the microstructures of the resulting polymers and the
type of the polymerization mechanism. Asymmetric 5,6-cycloalkyl-substituted metallocene
6b proved to be highly active (up to 50.000 kg PP (mol Hf x h)-1 in producing ultrahigh
molecular weight homopolypropylene elastomers (between 700.000 and 5.000.000 g/mol)
with low [mmmm] pentad concentrations (15 < [mmmm] < 40). Although with low activities
(15.9 x 103 kg of PP (mol Hf x h)-1), the heteroatom containing catalyst 8b bearing a 6,7substituted indenyl fragment is able to produce flexible polypropylene plastomers with
isotacticities in the range from 65% to 85% and again ultrahigh molecular weights (up to 1.5 x
106 g/mol). However, especially the area of plastomeric, less stiff polypropylene homo- and
copolymers was never investigated in detail, so that further improvement of the catalyst
activity correlated with an easy synthetic approach was desirable. The 5,6- and 6,7substitutions illustrated two different orientations in the polymerization mechanism and
material properties.
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Figure 3.5 Correlation between the polypropylene properties
and the 5,6- and 6,7- indenyl substitution
Therefore, the effects of the 5,7-substitution on the polymer microstructures remained to be
explored in order to elucidate the correlation between different substitution patterns of the
ligand framework and the polymerization mechanism.
Two new asymmetric hafnocene dichloride complexes, each bearing a 2,5,7- or 2,4,6trimethyl substituted indenyl moiety (11,12 Fig. 3.6) were obtained and tested for the
homopolymerization reactions of propylene in toluene solution and in liquid monomer after
borate activation. The variation of the polymers tacticities obtained with 11 and 8b relative to
polymerization temperature and propylene concentration are to be compared in order to
clarify the influence of the substituents position on polymerization mechanism.
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Figure 3.6 2,5,7-trimethyl-indenyl (11) and 2,4,6-trimethyl indenyl (12)
hafnocene dichlorides

3.2 Ligand and complex synthesis
3.2.1 General procedure
All 2,4-substituted indene precursors were prepared by a recently published three-step
procedure [30] describing a facile route to 2-methylindenes in up to 90% overall yield
(Scheme 1). Starting from methacrylic acid chloride (MAC) and readily available substituted
benzene derivatives (I), the corresponding ketones (II) were obtained in one-pot reaction by
Friedel-Craft acylation and subsequent Nazarov cyclization. These reactions show a
remarkable regioselectivity, almost exclusively the linear derivatives are formed. Reduction
of the ketones with LiAlH4 followed by the elimination of water afforded the substituted
indenes (III) as crystalline solids. Published procedures [32, 33, 34] were followed for the
synthesis of the ethylene- and dimethylsilane-bridged asymmetric fluorenyl-indenyl
complexes (V).
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Scheme 1 General procedure for the synthesis of the C1 - symmetric catalysts
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3.2.2 Synthesis of the indene derivatives
The Friedel-Crafts acylation is the most useful method for the formation of carbon bonds to
aromatic rings. Commonly, alkyl halides, carboxylic acids, acid chlorides and anhydrides are
used as electrophilic reagents. The Friedel-Crafts acylation was also availed for the synthesis
of the indene derivatives III 9-12 reported in this work (Fig. 3.7).

O

O
O

O
O

O
III 9

III 11

III 10

III 12
Figure 3.7 Indene derivatives III 9-12.
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The 5,6- (III 9,10), 5,7- (III 11), 4,6-cyclopentylindenes (III 12), used for the ligand
synthesis are easily accessible by a new three step procedure [35]. The indene precursor (I)
and methacryloyl chloride react in a Friedel-Crafts acylation and a subsequent Nazarov
cyclization in one-pot reaction to the indanone intermediate (II 9-12) (Scheme 1). Aluminum
chloride is used as catalyst, as typically for Friedel-Crafts acylation reactions. The reduction
of the ketones with LiAlH4 followed by H2O elimination gives the clean indene products in
good yields (up to 80%). This easy method for the synthesis of substituted indenes represents
a great improvement compared to previous syntheses suffering under mostly complicated
multi-step procedures or highly hazardous reactants, and it provides access to broad variety of
different indene derivatives [36]. The synthesis unites several big advantages compared to
syntheses previously reported in literature: a) The procedure produces much higher yields
than conventional syntheses. b) The intermediate products and indenes themselves do not
need a further chromatographic purification. c) The synthesis is highly regioselective. d) The
overall number of reaction steps is restricted. e) The synthesis is applicable for large variety
of different precursors [37].

3.2.3 Ligand synthesis

The syntheses of the various asymmetric catalyst precursors (Fig. 3.8) were performed after
known literature procedures. In some cases slight modifications of these instructions were
implemented to increase the product yields or to make the synthesis easier to handle.
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Figure 3.8 Reaction pathway for the synthesis of the asymmetric ethylene bridged ligands IV
11 and 12 via the conversion of 1-(9-fluorenyl)-2-bromoethane 14 with indenyllithium.

The synthesis of ethylene bridged asymmetric hafnocenes can be realized in two different
ways. Fluorene can be easily converted via 1,2-dibromoethane toward asymmetric bridged
ligand patterns, whereas an excess of the bridging agent avoids the combination of two
fluorene units [38, 39]. This synthesis was used for the synthesis of the C2H4-bridged ligands
IV 11 and IV 12 (Fig. 3.8), which do not bear a bridge substituent. The 1-(9-fluorenyl)-2-

bromoethane 14 can be prepared by the addition of 1,2-dibromoethane to fluorenyllithium 13.
This stable intermediate was employed in subsequent reactions with indenyllithium
compounds; leading to a mixture of the ethylene bridged ligands IV 11 and IV 12 in up to
55% yield (IV 11/IV 12 = 1/3 ratio). This synthesis offers some advantages compared to a
second procedure, which is also applied for the preparation of the bridge, substituted
asymmetric ligands. It is easier to handle, the 1-(9-fluorenyl)-2-bromoethane 14 is a stable
intermediate, and it avoids the use of hazardous materials as trifluoromethane sulfonic acid
anhydride and ethylene oxide. The isomer 11 could be isolated from this mixture by
crystallization from toluene/hexane (1/2) as a white solid at 4°C. After filtration and
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separation of IV 11, IV 12 was obtained from the remaining solution as a slightly yellow solid
by fractionated crystallization (4°C).
The structures of the separated fractions have been assigned to the corresponding isomers (IV
11 and 12) by means of 2D NOESY analysis (Fig. 3.9). The spectra below show the cross-

peak connectivity maps with NOE effects between the chemical shift region 6.35-7.5 ppm
(the indene olefinic and aromatic protons) and 1.2-2.4 ppm (methyl groups protons).
In spectrum A, two NOE peaks (6.6 and 6.8 ppm) indicate that only one of the methyl groups
of the aromatic ring, CH3 (5), is close to two different aromatic protons (4 and 6). Therefore
this spectrum was attributed to the 2,5,7-trimethyl substituted isomer IV 11. This is supported
by the fact that no proximity of the olefinic proton H (3) to the protons of the methyl groups
attached to the aromatic ring is observed. The assignment of spectrum B to the 2,4,6-trimethyl
substituted isomer IV 12 was deduced from the observation of a NOE effect between proton
H (3) and two vicinal methyl groups (2 and 4). These assignments are further supported by
crystal structure data of complex 12 [40].
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7
5

IV11

6
4

IV12

Figure 3.9 2 D NOESY analysis and structure assignment of the separated ligands IV 11,12

Probably, the Li-salt of benzo-crown ether and trypticene indenes (III 9 and III 10) are less
nucleophile for the substitution reaction with the Br-bond of the 1-(9-Fluorenyl)-2bromethane 14. Consequently, it was not possible to synthesize the corresponding bridged
ligands (IV 9 and IV 10) as pure products following this route.
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The reaction of the benzo-crown ether indene III 9 with the intermediate 1-(9-fluorenyl)-2bromoethane 14 leads, after 48 hours of stirring, to a mixture of the benzo-crown ether indene
and the corresponding ethylene bridged ligand IV 9 in a 4/1 ratio. Several attemps to separate
these two compounds failed due to their similar solubilities in organic compounds. Instead, it
proved to be successful to perform the synthesis of the unbridged benzo-crown complex 9b.
Also, an impure ligand was obtained from the reaction of the triptycene indene III 10 with the
fluorenyl intermediate, 14. Therefore, in this case, for the reaction of the bridge formation it
was necessary to employ a second possible route toward ethylene bridged fluorenyl-indenyl
ligands via a more electrophile compound than 14, like (9-Fluorenyl) ethyl trifluormethansulfonate 17 [41].

OH
(CF3SO2)2O

O

Flu-Li +

OSO2CF3

15

16

17

Figure 3.10 Nucleophilic ring-opening of epoxides

Epoxides, as e. g. ethylene oxide or epoxy styrene, have evidenced to act as excellent starting
materials for the preparation of asymmetric complexes. By nucleophilic ring-opening of
substituted epoxides with fluorenyllithium (Fig. 3.10), a wide variety of substituents can
easily be introduced, and even more a stereogenic center is introduced into the ethylene
bridge. The resulting chiral ligands are obtained after functionalization of the alcohols with
trifluoromethane sulfonic acid anhydride and further reaction with a second indenyl moiety.
This method was used for the synthesis of the ligands IV 9 and IV 10 (Fig. 3.11).
Despite these multifaceted benefits, this straightforward method for the synthesis of bridged
ligands failed in case of benzo-crown ether ligand IV 9. Here, a mixture of both starting
compounds, (9-Fluorenyl)ethyl trifluormethansulfonate, 17 and benzo-crown ether indene III
9 as main product is yielded. We assumed that the benzo crown ether unit allows to fix Li-

cation of the BuLi before the deprotonation of the indene unit takes place, even at low
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temperature. Thus, the substitution reaction of the O-bond of 17 is hindered and,
consequently, the expected ethylene bridged ligand is not formed.

OSO2CF3

O

O
O

O
III 9

IV 9
+

O

BuLi

III 10

O

IV 10

Figure 3.11 Ligand synthesis with (9-Fluorenyl) ethyltriflate

By reacting the triptycene indene III 9 with (9-Fluorenyl) ethyltrifluormethansulfonate 17
under analoguos conditions it was possible to obtain the asymmetric ethylene bridged ligand
IV 10.

3.2.4 Synthesis of the bridged complexes

The ligands IV 11 and IV 12 were converted into their corresponding zirconocenes 11 and 12
(Fig. 3.12) by deprotonation with n-BuLi in a solvent mixture (toluene/dioxan = 10/1, T= –
78°C) and subsequent addition of HfCl4. The reaction mixture was stirred overnight at room
temperature and LiCl was filtered. The Hf-complexes 11 and 12 were isolated in up to 45 %
yield by crystallization from toluene.
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Figure 3.12 Synthesis of the bridged complexes 11 and 12

Unlike the ligands IV 11 and IV 12, the conversion of ligand IV 10 into the corresponding
hafnocene was not successful. After complexation and filtering from the lithium chloride, the
reaction product was dried, washed with pentane and then extracted with diethyl ether which
finally was evaporated yielding an orange solid. The NMR analysis gave no indication of the
corresponding hafnium complex as expected.

3.2.5 Synthesis of the unbridged complexes

A similar procedure was employed in order to obtain the benzo-crown unbridged catalyst 9b
(Fig. 3.13). This complex is quite unstable in solution and shows an extreme sensitivity to
moisture. However, it can be stored under dry argon.
Consequently, intensive trials to grow crystals suitable for X-ray structure analysis remained
unsuccessful due to the low stability of the benzo-crown unbridged complexes in solution.
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Figure 3.13 Synthesis of the unbriged catalyst 9b

3.2.6 Solid state structure

A single-crystal X-ray structure investigation was performed on complex V12 (Fig. 3.14)
which crystallizes in the monoclinic space group P21/n. Suitable crystals were obtained by
diffusion of pentane in a dichlormethane solution of V12. The front view of complex V12
(Fig. 3.14 A) reveals that the position of the ethylene bridge at C22 and of the methyl groups
at C18 and C16 of the indenyl moiety lead to a front orientation of the substitution.
The CpFlu-Hf-CpInd angle (δ:128.51°, Table 3.1) is in between those of the complexes 6a [30]
(δ: 128.6) and 8a [31] (δ: 128.04°) . In contrast, γ-angles smaller than 180° (γFlu = 171.51°,
γInd =178.6°) differ from results previously reported for other bridged indenyl and fluorenyl

complexes for which typically values smaller than 180° were observed [42]. A genuine
explanation of this effect cannot be given, yet. However, the resulting decreased accessibility
of the zirconium center is obviously one reason for the lower activities of catalyst 12 in
comparison with 11.
The overall set of parameters - bond lengths and bond angles - can be related to the
accessibility of the hafnium center. The Hf-fluorenyl centroid bond of 12 (2.59 Å) is distinctly
longer than the distance between Hf(IV) and the indenyl centroid (2.50 Å) leading to a nonsymmetric positioning of the Hf(IV)-center between the two Cp planes.
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Figure 3.14 X-ray crystal structure of complex V12: (A) front view, (B) side view
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Figure 3.15 Schematic illustration of relevant bond angles
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A βInd (Fig. 3.15)value of 87.14° (Table 3.2) points toward a nearly ideal η5-coordination of
the indenyl ring to Hf(IV). This is different for the fluorenyl fragment. The value of βFlu close
to 80° (80.42°) and the corresponding Hf-C distances (ranging from 2.405 to 2.707 Å) clearly
indicate a reduced hapticity of the fluorenyl fragment toward η3 coordination. Therein,
complex 12 exhibits a structural characteristic that was also observed for unbridged and
bridged bisfluorenyl zirconium complexes.
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Table 3.1 Summary of Crystal Data and Structure Refinement Parameters for 12

Chemical formula

C27H24Cl2Hf

Fw

597.85

cryst color and form

yellow plate

cryst syst

monoclinic

space group

P21/n

a(Å)

12.1940(12)

b(Å)

15. 2188(11)

c(Å)

12.2284(13)

α (deg)

90.0

β(deg)

102.066

γ(deg)

90.0

V(Å3)

2219.2(4)

Z

4

DC (Mg/m3)

1.789
-1

Abs coeff µ (mm )

4.953

F(000)

1168

cryst size (mm)

0.34×0.28×0.24

scan mode

2θ/ω

θmax (deg)

25.92

index ranges

0 ≤ h ≤ 11
-17 ≤ k ≤ 17
-10 ≤ l ≤ 10

a

no. of unique/all reflns

4284/4284

no. of params

272

goodness-of-fit on S(F2)a

1.038

final R indices [I>2σ(I)]b

R1 = 0.0340, wR2 = 0.0807

R indices (all data)b

R1 = 0.0429, wR2 = 0.0841

Largest differential peak and hole (e/Å3)

2.299 and –2.915

S = [Σ[w(Fo2- Fc2)2 ]/ (n -p)]1/2, where n is the number of reflections and p is the number of

refined parameters. b R(F) = Σ⏐⏐Fo⏐ - ⏐Fc⏐⏐/Σ⏐Fo⏐; wR(F2) = [Σ(w(Fo2 -Fc2)2/Σ wFo4]1/2.
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Table 3.2 Relevant Geometrical Parameters for 12
βFlu

80.42(5)

βInd

87.14(5)

γFlu

171.51(5)

γInd

178.6(5)

φ

62.93(5)

δ

128.51(5)

Cl-Hf-Cl

97.14(4)

Hf-Cl(1)

2.3909(12)

Hf-Cl(2)

2.4027(12)
Flu a

av. Hf-centroid(Cp ) 2.582(6)
av. Hf-centroid(CpInd)a 2.508(4)
Hf1-C4 (CpFlu)

2.707(5)

Hf1-C5 (CpFlu)

2.533(5)

Hf1-C7 (CpFlu)

2.688(5)

Flu

Hf1-C8 (Cp )

2.560(5)

Hf1-C9 (CpFlu)

2.405(5)

Hf1-C14 (CpInd)

2.537(4)

Hf1-C19 (CpInd)

2.584(5)

Hf1-C20 (CpInd)

2.484(5)

Hf1-C21 (CpInd)

2.477(4)

Ind

Hf1-C22 (Cp )

2.458(4)
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3.3 Experimental section
3.3.1 General Procedure

All reactions were performed under dry argon atmosphere using standard Schlenk techniques.
Hydrocarbon and ether solvents were dried by distillation from LiAlH4, and methylene
chloride was distilled from CaH2. M-xylene, methacrylic acid chloride, n-BuLi, AlCl3,
NaBH4, HfCl4 were used as received from Merck and Aldrich. [(C6H5)3C+][(C6F5)4B-] was
donated by Boulder Scientific, 1-(9-fluorenyl)-2-bromoethane was prepared according to
literature [43]. Triisobutylaluminium was purchased from Witco, and toluene for the
polymerization reactions was from Merck.

3.3.2 X-ray Crystallography

Data of 12 were collected with a STOE-IPDS diffractometer using a graphite-monochromated
Mo Kα radiation. The structures were solved by heavy-atom methods (SHELXS-86) [44] and
refined by full-matrix least squares against F2 (SHEXLS-97) [45]. Hydrogen atoms were
included in the refinement, in calculated positions using a riding model. For complex 12, all
other non-hydrogen atoms were refined with anisotropic displacement parameters.

3.3.3 Preparation of the indenes

Preparation of the benzo-crown ether-indene-1:
19-Methyl-2,3,5,6,8,9,11,12,14,15-decahydro-18H-indeno[5,6-b]-[1,4,7,10,13,16] hexaoxa
cyclooctadecin (III 9)

Monobenzo-18-crown-6 (15g, 48 mmol) together with methacryloyl chloride (4.05 ml, 48
mmol) and polyphosphoric acid (PPA) are stirred overnight at 80°C. The dark-red, viscous
reaction mixture was hydrolyzed and extracted with methylene chloride. The organic phase
was then washed with an aqueous solution of K2CO3 and dried over Na2SO4. The remaining
orange oil after solvent evaporation crystallized overnight at 4°C. After washing with pentane
II 9 is obtained as a light brown solid (10g, 26.4 mmol, 55%).

8g (21 mmol) of III 9 was dissolved in 100 ml THF and added to a suspension of NaBH4
(0.93g, 25 mmol) in 100 ml of THF. The reaction mixture was stirred at room temperature
overnight and then hydrolyzed. After extracting with methylene chloride and separating the
organic phase, the product was neutralized with an aqueous solution of K2CO3 and dried over
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Na2SO4. Next, the viscous product was crystallized at 4°C to obtain the diastereomeric
alcohols as a light brown powder (5.6g, 14.7 mmol, 70%).
5g (13.05 mmol) of diastereomeric alcohols were diluted in 200 ml toluene and 0.7g (3.6
mmol) of p-toluene sulfonic acid was added. The solution was heated under reflux at 110°C
for 2 h. Then the reaction mixture was neutralized by washing with aqueous K2CO3 and dried
over Na2SO4. After evaporation of the solvent and washing with diethyl ether the benzo-18crown-6 indene-1 III 9 was obtained as colorless solid (4 g, 11.1 mmol, 85%).
II 9: 1H NMR (400 MHz, C2D2Cl4) δ 1.32 (d, 3H, CH3), 2.65, (m, 2H, CH2 indanone ring),

3.25 (m, 1H CH indanone ring), 3.70 (s, 4H, CH2 crown ether), 3.75, 3.80 (2m, 8H, CH2
crown ether), 3.93, 3.95, 4.15, 4.20 (4t, 8H, CH2 crown ether), 6.85, 7.17 (2s, 2H aromatic);
MS (GC-MS) m/z = 380 (M+, 100%); (C20H28O7)n (380)n: Calcd. C 63.16, H 7.37; Found C
63.09, H 7.35
II 9 (alcohol): 1H NMR (400 MHz, C2D2Cl4) δ 1.20 (d, 3H, CH3), 1.80-1.85 (m, 1H, OH

group); 2.27, 2.37 (2m, 2H, CH2 indanol ring), 3.10 (m, 1H, CH indanol ring), 4.60 (d, 1H,
CH indanol ring), 3.55 (s, 4H, CH2 crown ether), 3.70, 3.75, 3.92, 4.12 (4m, 16H, CH2
crownether), 6.80, 6.95 (2s, 2H aromatic); MS (GC-MS) m/z = 382 (M+, 100%); (C20H30O7)n
(382)n: Calcd. C 62.82, H 7.86; Found C 62.80; H 7.81.
III 10: 1H NMR (400 MHz, C2D2Cl4) δ 2.10 (d, 3H, CH3), 3.20 (s, 2H, CH2 indene ring), 3.55

(s, 4H, CH2 crown ether), 3.70, 3.75, 3.92, 4.12 (4m, 16H, CH2 crownether), 6.39 (s, 1H, CH
olefinic), 6.85, 6.95 (2s, 2H aromatic); MS (GC-MS) m/z = 364 (M+, 100%); (C20H30O7)n
(364)n Calcd. C 69.93, H 7.69; Found C 66.17, H 7.97.
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Preparation of the trypticene-indene-1:
6-methylhexacyclo[9.6.6.02,10.04,8.012,17.018,23]tricosa-2(10),3,5,8,12,14,16,18,20,22-decaen
(III 10)

Triptycene I 9 (10g, 39.3 mmol) was added slowly at -78°C to a stirred solution of 3.8 ml of
methacrylic acid chloride (39.3 ml) and 9 g of AlCl3 (79 mmol) in 150 ml of methylene
chloride. After 5 hours of stirring at -10°C the solution was allowed to warm up to room
temperature overnight. The solution was carefully hydrolyzed at 0°C, and the organic phase
was separated, washed with an aqueous solution of K2CO3 and dried over Na2SO4. After the
removal of the solvent and chromatographic purification the ketone II 10 was obtained as a
yellow solid (6.45g, 20.0 mmol, 51%).
4.25g (13.5 mmol) of II 10 was diluted in 50 ml of terahydrofuran (THF) and added to a
suspension of 1.53g (40.5 mmol) of NaBH4 in 100 ml of THF. The reaction mixture was
stirred at room temperature overnight and carefully hydrolyzed with ice and aqueous HCl.
After extracting with methylene chloride and separating the organic phase, the product was
neutralized with an aqueous solution of K2CO3 and dried over Na2SO4. Evaporation of the
solvent and washing with pentane afforded the diastereomeric alcohols as a crystalline light
yellow solid (4.1g, 12.5 mmol, 80%).
The diastereomeric alcohols (2.8g, 8.7 mmol) were dissolved in 100 ml of toluene and 0.17 g
(0.87 mmol) of p-toluene sulfonic acid was added. The solution was heated under reflux at
110°C for 1.5 h. Then the reaction mixture was neutralized by washing with aqueous K2CO3
and dried over Na2SO4. After evaporation of the solvent and washing with pentane the
triptycene-indene-1 III 10 was obtained as a yellow-brown solid (12.2g, 81 mmol, 58%).
II 10: 1H NMR (400 MHz, C2D2Cl4) δ 1.23 (d, 3H, CH3), 2.61, (m, 2H, CH2 indanone ring),

3.25 (m, 1H CH indanone ring), 5.5 (m, 2H, triptycene), 7.06-7.43 (2m, 9H aromatic), 7.68
(m, 1H aromatic); MS (GC-MS) m/z = 322 (M+, 100%); (C24H18O)n (322)n: Calcd. C 89.44, H
5.59; Found C 89.35, H 5.45
II 10 (alcohol): 1H NMR (400 MHz, C2D2Cl4) δ 1.20 (d, 3H, CH3), 1.65, 1.80 (2m, 1H, OH

group); 2.27, 2.57 (2m, 2H, CH2 indanol ring), 2.80-3.50 (4m, 1H, CH indanol ring), 4.60,
4.87 (2m, 1H, CH indanol ring), 5.30-5.60 (m, 2H triptycene), 6.80-7.40 (m, 10H aromatic);
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MS (GC-MS) m/z = 324 (M+, 100%); (C24H20O)n (324)n: Calcd. C 88.89, H 6.17; Found C
88.67; H 6.05.
III 10: 1H NMR (400 MHz, C2D2Cl4) δ 2.10 (d, 3H, CH3), 3.19 (m, 2H, CH2 indene ring),

5.35-5.50 (m, 2H, triptycene), 6.39 (s, 1H, CH olefinic), 7.06 –7.40 (m, 10H aromatic); MS
(GC-MS) m/z = 306 (M+, 100%); (C24H18)n (306)n Calcd. C 94.13, H 5.88; Found C 93.85, H
5.96.

Preparation of 2,5,7-trimethyl-indene-1 (III 11).

M-xylene I 11(12) (61.7 ml, 500 mmol) was added slowly at -78°C to a stirred solution of
48.8 ml of methacrylic acid chloride (502 mmol) and 134.5 g of AlCl3 1.0 mol) in 800 ml of
methylene chloride and allowed to cool down to room temperature overnight. The solution
was carefully hydrolyzed at 0°C, and the organic phase was separated, washed with an
aqueous solution of K2CO3 and dried over Na2SO4. After the removal of the solvent and
distillation at 80°C, the 2,5,7-trimethyl-indenyl-1-ketone II 11(12) was obtained as a yellow
liquid (39g, 225.0 mmol, 45%).
A 36.7g (212.5 mmol) portion of II 11(12) was diluted in 200 ml of ethanol and added to a
suspension of 9.25g of NaBH4 in 200 ml of ethanol. The reaction mixture was stirred
overnight and carefully hydrolyzed with ice and aqueous HCl. After extracting with
methylene chloride and separating the organic phase, the product was neutralized with an
aqueous solution of K2CO3 and dried over Na2SO4. Evaporation of the solvent and washing
with pentane afforded the diastomeric alcohols as a crystalline solid (30g, 170 mmol, 80%).
The diastereomeric alcohols (25g, 142 mmol) were dissolved in 200 ml of toluene and 1.0 g
of p-toluen sulfonic acid was added. The solution was heated under reflux using a water
separation funnel until no further water was produced. The reaction mixture was neutralized
by washing with aqueous KOH and dried over Na2SO4. After purification of the raw product
by mixing with silicagel and heating under reflux for 5 minutes, the 2,5,7-trimethyl-indene-1
III 11(12) was obtained as a yellow liquid (12.2g, 81 mmol, 58%).
II 11(12): 1H NMR (CDCl3) δ 1.22 (d, 3H, CH32), 2.29, 2.52 (2s, 6H, 2 CH35,7), 2.54 (m,

2H1), 3.19 (m, H3), 6.81, 6.95 (2s, 2H4,6); MS (GC-MS) m/z = 174 (M+); (C12H14O)n (174)n:
Calcd. C 82.75, H 8.05; Found C 82.30, H 8.02.
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II 11(12) (alcohol): 1H NMR (CDCl3) δ 1.12, 1.22 (2d, 3H, CH32), 1.18, 1.51 (2d, 1H, OH

group); 2.29, 2.38 (2s, 6H, 2 CH35,7), 2.34, 2.66 (2m, 2H1), 4.76, 4.94 (2m, H3), 6.82, 6.85
(2s, 2H4,6); MS (GC-MS) m/z = 175 (M+); (C12H16O)n (176)n: Calcd. C 81.81, H 9.09; Found
C 79.98; H 9.05.
III 11(12): 1H NMR (CDCl3) δ 2.18 (s, 3H, CH32), 2.37, 2.39 (2s, 6H, CH35,7), 3.29 (s, 2H1),

6.57 (s, H3), 6.89, 7.06 (2s, 2H4,6); MS (GC-MS) m/z = 158 (M+); (C12H14)n (158)n Calcd. C
91.13, H 8.86; Found C 89.24, H 8.46.

3.3.4 Preparation of 1-(9-Fluorenyl)-2-bromethane (14)

A 29.9g (180 mmol) sample of fluorene was diluted in 600 ml of Et2O and cooled to -78°C.
After addition of 1.6 M n-BuLi in n-hexane (118.8 ml, 190 mmol) the reaction mixture was
stirred for 45 minutes at room temperature. Subsequently, 1,2-dibromethane (169 g, 900
mmol) was added to the resulting lithium salt at –78°C. The reaction mixture was stirred
overnight at room temperature and then washed with water in order to remove LiBr. After
separation, the organic phase was dried over Na2SO4. Evaporation of the solvent and washing
with pentane afforded the 1-(9-fluorenyl)-2-bromethane 14 as a crystalline yellow solid (40g,
146.5 mmol, 81.5 %).
14: 1H NMR (CDCl3) δ 2.51, 3.29 (2m, 4H, 2 CH2 ethane), 4.15 (t, 1H, CH fluorene ring),

7.29-7.74 (4m, 8H, aromatic fluorene); MS (GC-MS) m/z = 273 (M+); (C15H13Br)n (273)n
Calcd. C 66.17, H 4.41. Found C 66.68, H 4.85.

3.3.5 Preparation of the bridged ligands
Preparation of the 1-(9-Fluorenyl)-2-(6-methylhexacyclo[9.6.6.02,10.04,8.012,17.018,23]
tricosa-2(10),3,5,8,12,14,16,18,20,22-decaen-7-yl)ethane (IV 10)

To 2g (9.8 mmol) of 2-(9-fluorenyl) ethanol in 100 ml methylene chloride, 1.4 ml of
triethylamine was added. 1.7 ml of (CF3SO2)2O (9.8 mmol) in 30 ml CH2Cl2 was slowly
dropped and then stirred at 0°C for 1h. After washing with icewater, the reaction mixture was
dried over Na2SO4. The solvent was evaporated and the resulting triflate dissolved in 50 ml
THF. Separately, the Li-salt of III 10 was obtained by reaction of III 9 (3g, 9.8 mmol) and
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1.6M BuLi in hexane (6.1 ml, 9.8 mmol) in diethyl ether at -78°C. The remaining product,
after evaporation of the solvent in vacuum, was dissolved in 100 ml THF. Next, the triflate
solution was slowly added to the Li-salt at -78°C and then stirred overnight at room
temperature. After washing with NH4Cl solution and water, the organic phase was separated
and dried over Na2SO4. The solvent was evaporated. The purification by chromatography
over silicagel and CH2Cl2 and then washing with pentane allowed the ligand IV 10 as a
colorless crystalline solid to be obtained (3.86g, 7.8 mmol, 79.6%).
IV 10: 1H NMR (400 MHz, CDCl3) δ 1.81 (s, 3H, CH3), 2.06 (m, 2H, CH2 bridge), 2.25 (m,

2H, CH2 bridge), 3.0 (s, 2H, CH2 indene), 4.07(t, 1H, CH 9-H-fluorene), 5.38, 5.40 (2s, 2H
triptycene), 6.70-7.70 (m, 18H, aromatic indene and fluorene); MS (GC-MS) m/z = 498 (M+,
100%); (C39H30)n (498)n Calcd. C 93.98, H 6.02. Found C 93.90, H 5.95.

Preparation of 1-(9-Fluorenyl)-2-(2,5,7 trimethyl-1H-inden-1)ethane (IV 11) and 1-(9Fluorenyl)-2-(2,4,6 trimethyl-1H-inden-1)ethane (IV 12)

To 6.4g (40 mmol) of trimethylindene dissolved in 200 ml of dry Et2O, 25.2 ml of 1.6 M nBuLi solution in hexane were added through a dropping funnel at –78°C. A yellow
voluminous solid precipitated. Stirring was continued for 30 minutes at room temperature and
then the lithium salt was dissolved in solution adding 20 ml of tetrahydrofuran (THF). To this
solution 11g of 1-(9-fluorenyl)-2-bromethane (40 mmol) dissolved in 60 ml of dry Et2O was
added at once. The yellow solution turned to red color, indicating complete reaction. After
stirring overnight, LiBr which had precipated as a white solid was filtered off. The resulting
solution was washed several times with water followed by the separation of the organic phase
which was dried over Na2SO4. Evaporation of the solvent yielded a mixture of two structure
isomers (IV 11, IV 12) in 1:3 ratio as a crystalline material (7.7g, 22 mmol, 55%). The isomer
IV 11 could be isolated from this mixture by crystallization in toluene/hexane=1/2 as a white

solid at 4°C. After filtration and separation of IV 11, IV 12 was precipitated from the
remaining solution as a slightly yellow solid at 4°C.
IV 11: 1H NMR (CDCl3) δ 1.23-1.28 (m, 1H, CH2 bridge), 1.39-1.45 (m, 1H, CH2 bridge),

1.58-1.60 (m, 2H, CH2 bridge), 1.77, 1.96, 2.35 (3s, 9H, 3 CH32,5,7), 3.10 (t, H1), 3.83 (t, 1H,
CH 9-H-fluorene), 6.33 (s, 1H3), 6.62, 6.81 (2s, 2H4,6), 7.24-7.75 (m, 8H, aromatic fluorene);
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MS (GC-MS) m/z = 350 (M+); (C27H26)n (350)n Calcd. C, 92.57; H, 7.42. Found: C, 92.46;
H, 7.54.
IV 12: 1H NMR (CDCl3) δ 1.38-1.59 (m, 1H, CH2 bridge), 1.52-1.59 (m, 2H, CH2 bridge),

1.66-1.75 (m, 1H, CH2 bridge), 1.83, 2.27 (2s, 9H, 3 CH32,4,6), 3.06 (t, H1), 3.85 ( t, 1H, CH 9H-fluorene), 6.42 (s, H3), 6.69, 6.78 (2s, 2H5,7), 7.28-7.75 (m, 8H, aromatic fluorene); MS

(GC-MS) m/z = 350 (M+); (C27H26)n (350)n Calcd. C 92.57, H 7.42, Found C 91.96, H 7.47.

3.3.6 Preparation of the bridged complexes
Preparation of the 1-(9-Fluorenyl)-2-(2,5,7 trimethyl-1H-inden-1)ethane hafnium
dichloride (V 11) and 1-(9-Fluorenyl)-2-(2,4,6 trimethyl-1H-inden-1)ethane hafnium
dichloride (V 12).

A 1.6g sample of IV 11 (4.5 mmol) was diluted in 100 ml of toluene/dioxane=10/1 and
cooled down to -78°C. After addition of 1.6 M n-BuLi in n-Hexane (5.7 ml, 9 mmol) the
reaction mixture was stirred for 2 h at room temperature. After the subsequent addition of
solid HfCl4 (1.5g, 4.5 mmol) to the resulting lithium salt at -78°C an orange suspension was
formed. The mixture was stirred overnight, filtered off and the remaining solid was extracted
several times with toluene. After crystallization from toluene, 11 could be obtained in pure
form as an orange solid (1.12g, 1.96 mmol, 43%). Following the procedure described for 11,
the hafnium complex 12 was obtained as an orange solid (1.21g, 2.1 mmol, 45%).
11: 1H NMR (CDCl3) δ 1.23, 2.26, 2.99 (3s, 9H, 3 CH32,5,7), 4.03-4.08 (m, 2H, CH2 bridge),

4.19-4.26 (m, 1H, CH2 bridge), 4.34-4.43 (m, 1H, CH2 bridge), 6.07 (s, H3), 6.55, 6.90 (2s,
2H4,6), 7.29-7.95 (m, 8H, aromatic fluorene).
12: 1H NMR (CDCl3) δ 2.17, 2.33, 2.37 (3s, 9H, 3 CH32,4,6), 3.85-3.92 (m, 1H, CH2 bridge),

4.08-4.21 (m, 2H, CH2 bridge), 4.57-4.66 (m, 1H, CH2 bridge), 5.94 (s, H3), 6.65 (1s, H7),
6.97-7.01 (m, H5), 7.25-7.90 (m, 8H, aromatic fluorene).
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3.3.7 Preparation of the unbridged complexes
Preparation of bis[19-Methyl-2,3,5,6,8,9,11,12,14,15-decahydro-indeno[5,6-b]–
[1,4,7,10,13,16] hexaoxacyclooctadecin-η5-yl] hafnium chloride (9b)

0.44g (1.2 mmol) of III 9 was dissolved in 50 ml of toluene/dioxane=10/1 and allowed to
cool down to -78°C. 0.75 ml of BuLi solution 1.6M in hexane (1.2 mmol) was added and the
reaction mixture was stirred at room temperature for 2h. After the subsequent addition of solid
HfCl4 (0.2g, 0.6 mmol) to the resulting lithium salt at –78°C an orange suspension was
formed. The mixture was stirred overnight, filtered off and after solvent evaporation the
remaining solid was extracted several times with CH2Cl2. Removal of the solvent under
vacuum allowed the complex 9b to be obtained as an orange, crystalline solid (0.4g, 0.54
mmol, 45%).
9b: 1H NMR (CDCl3) δ 2.37 (s, 6H, CH3), 5.8 (s, 4H, CH cyclopentyl), 3.70 (s, 8H, CH2

crown ether), 3.73, 3.80, 3.95, 4.20 (4m, 32H, CH2, crown ether), 6.75, 7.10 (2s, 4H
aromatic).
Due to the fast decomposition of the complex, analyses like elemental analyses and mass
spectra could not be performed.
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4 PROPYLENE POLYMERIZATION EXPERIMENTS

4.1 Polymerization mechanism
Due to their geometry, the “dual-side” complexes show different stereoselectivities for
monomer coordination and insertion. It was shown that the stereoerror formation of the 5substituted asymmetric catalysts originates predominantly from the kinetic competition
between chain back-skip and monomer coordination at the aspecific side of the catalyst [35].
This mechanism was established as a consequence of the dependence of the polymer
stereoregularity on monomer concentration and polymerization temperature (Fig. 4.1).

Figure 4.1 Proposed mechanism for the formation of isotactic polypropylenes with isolated

stereoerrors obtained with Flu-Ind C1 - symmetric catalysts
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The two coordination sites (Fig. 4.1, I and IV) of the asymmetric catalysts show different
stereoselectivities for monomer coordination and insertion. The insertion of the polymer chain
to the monomer, coordinated at the isoselective site (I→II), followed by a consecutive chain
back-skip (at higher temperatures) to the free site (II→III) leads to isotactic [mmmm]
sequences. At low monomer concentrations the back-skip of the polymer chain to the less
hindered site is faster than the formation of the high-energy alkene coordinated intermediate
(IV). As a result, isotactic sequences are formed at low C3 concentrations and elevated
temperatures. At increased C3 concentrations, when the probability of monomer coordination
at the aspecific site (IV) is enhanced, single stereoerrors [mrrm] are introduced in the polymer
chain. The same chain back-skip mechanism applies for the 5,6-disubstituted catalyst 6a.
An entirely different polymerization behavior was observed for 6,7-disubstituted asymmetric
complexes 8a [43]. Although asymmetric in structure, this catalyst followed the trend
observed for C2 - symmetric metallocenes [5]. Most probably, the thiophene substitution in
position 7 controls the gap aperture between the fluorenyl and indenyl ligands by repulsing
steric interactions at the complex backside [43]. This leads, in 8a, to increased
stereoselectivities (compared to 6a) [35] and is responsible for a “C2 - symmetric-like”
polymerization mechanism, characterized by increasing isotacticities when the polymerization
temperature is reduced (Fig. 4.2).
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Figure 4.2 Plot of the polypropylenes stereoregularity versus polymerization temperature

(catalyst 6a: chain “back-skip” mechanism, catalyst 8a: “C2 - symmetric like” mechanism)
The newly designed catalyst 11 bears substitutions in positions 5 and 7 of the indenyl moiety.
The methyl group in position 5 resembles the front substitution existent in 5,6-substituted
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complex 6a. On the other hand, the methyl group in position 7 plays a similar role as the back
thiophene substitution of 6,7-substituted complex 8a and, therefore, could adopt a similar
behavior in propylene polymerization. As a consequence, both mechanisms, chain-back skip
and enantiomorphic site control, can occur. A study of the mechanism of catalyst 11 in
propylene polymerization could elucidate the correlation between the substitution patterns of
the ligand framework and the polymerization mechanism.
Therefore, the catalyst 11/borate (after “in situ” activation) was tested in propylene
polymerization experiments. Both polymerization temperature and monomer concentration
were varied in order to indicate the characteristics of the polymerization mechanism [40]
(Table 4.1).
Table 4.1 Polymerization data of 8a/borate and 11/borate in toluene solution

and liquid monomer
Entry Cat.a

Tp

[C3]

[°C]

[mol/l]

Activityb

[mmmm]c

Mw

[%]

[g/mol]

Mw/Mn

1

11

20

4.2

126

70

860000

2.4

2

11

30

2.1

80

76

200000

2.8

3

11

30

2.9

138

74

350000

2.4

4

11

30

3.9

166

72

380000

2.9

5

11

40

2.4

151

78

130000

2.5

6

11

50

1.9

214

82

50000

2.6

7

11

10

C3H6 (l)

39

63

960000

3.3

8

11

40

C3H6 (l)

321

72

300000

3.2

9

8a

30

1.6

3

86

148000

1.8

10

8a

30

3.0

11

85

180000

2.1

11

8a

30

5.1

43.8

82

200000

1.9

12

8a

50

1.6

14.8

78

22000

1.9

a

1µmol; b 103 kg of PP (mol cat x h)-1 ;

c

rounded values.

The variation of the polymer tacticity with the polymerization temperature suggests the
existence of two different polymerization mechanisms for the 6,7-substituted complex 8a and
the 5,7-substituted complex 11. The experimental data of 11 (Table 4.1, Entries 1-2, 5-6)
show an almost linear increase of the stereoselectivity (from 70 to 82 %, Fig. 4.3) at higher
polymerization temperatures. This results most probably from the steric interaction induced
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by the 5,7-dimethyl substitution. Especially the methyl group in 5-position, which resembles
the “front”-CH2-group of the 5,6-cyclopentyl ring in 6a, should support back-skip of the
growing polymer chain before a new monomer inserts on the aspecific side of the catalyst
[30] and should hence be responsible for a stereochemically controlled mechanism which is
characteristic to all of our asymmetric 5,6-substituted, high-performance polymerization
catalysts. The CH3-substituent in 7-position on the indenyl ring plays a similar role as the
thiophene fragment in the same position of catalyst 8a, leading to increased stereoselectivities
(relative to 6a). Besides, the behavior specific to C2 - symmetric catalysts is not detected here.

88

[mmmm], %

84

80

76

72

68
20

30

40

50

60

Tp, °C

Figure 4.3 Plot of the polypropylenes stereoregularity versus polymerization temperature

(catalyst 11: chain “back-skip” mechanism)
As expected for the chain back-skip mechanism, the stereoregularity of the polypropylenes
produced with 11 decreased from [mmmm] = 76% (2.1 mol C3/l) to 72% (3.9 mol C3/l) at
increased propylene concentration. This variation supports the fact that, at higher pressure, the
monomer coordination at the sterically less crowded side is faster than the chain back-skip
which leads to the formation of isolated stereoerrors (Table 4.2).
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Table 4.2 Pentads distribution (%) of polypropylenes obtained with 11/borate [40]

Entry

Cat.

[mmmm]

[mmmr]

[mmrr]

[mmrm]+

[rrrr]

[rrrm]

[mrrm]

[rmrr]
1

11

69.6

13.0

12.0

n.o.

n.o.

n.o.

5.3

3

11

73.8

11.4

10.8

n.o

n.o

n.o

4.0

5

11

78.2

10.1

9.0

n.o

n.o

n.o

2.6

6

11

81.6

8.6

9.6

n.o

n.o

n.o

4.4

The formation of single isolated stereoerrors is furthermore supported by the fact, that the
[mrmr] pentad is absent in the polymer samples. The same pentad is also not allowed in
hemiisotactic polypropylene, due to the occurrence of consecutive selective and nonselective
insertions. However, none of our polymer products fits the pentad distribution required for
hemiisotactic polypropylene [46, 47]. They can best be characterized as isotactic with variable
amounts of stereoerrors that fuse to longer stereoerror sequences as isotacticity declines.

4.2 Activity and molecular weight
Compared to the previously studied complexes 6a and 8a, the new catalyst 11/borate shows
much higher activity (Table 4.1, Entry 1-8). Increasing the polymerization temperature
affords the highest productivity at Tp = 50°C in toluene solution (up to 214 x 103 kg of PP
-1
(mol Hf x h) ). In liquid monomer, the activity of catalyst 11 reaches values even up to 321 x
-1

103 kg of PP (mol Hf x h) . Obviously, the sulphur function (8a) does not deactivate the
catalytically active species via an intramolecular mechanism, but might take part in
intermolecular coordination processes that influence chain growth. This assumption could
explain the difference between the activities (up to 14 times higher) achieved with each of the
catalysts mentioned above.
Higher molecular weights of the polypropylenes at lower polymerization temperatures is the
trend encountered so far for asymmetric metallocene catalysts [35, 43, 5]. Following the same
trend, ultrahigh molecular weight plastomeric polypropylenes (Mw = 8.6 x 105 g/mol) are
obtained with 11 at low polymerization temperatures (Tp = 20°C). The experiments in liquid
propylene resulted in even higher molecular weights (up to 9.6 x 105 g/mol). One explanation
could be that, the backward oriented 5,7-dialkyl substitution effectively suppresses the chain
end epimerization process [48] (source of stereoerrors in C2 - symmetric catalysts) and hinders
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at the same time a subsequent chain termination reaction, leading to higher molecular weight
products.

4.3 Polymerization studies with catalyst 12
Under similar conditions, as in case of 11 (toluene solution and liquid propylene), the catalyst
12/borate was tested in propylene polymerization experiments after preactivation with TIBA

(Table 4.3).
Table 4.3 Polymerization data of 12/borate in toluene solution and liquid monomer [40]

Entry Cat.a

Tp °C

[C3] mol/l

Activityb

[mmmm]c

Mw g/mol

Mw/Mn

[%]
1

12

20

4.2

50.0

60

360000

2.9

2

12

30

2.9

45.0

60

160000

2.6

3

12

40

2.4

25.0

60

70000

2.4

4

12

10

C3H3(l)

1.5

48

600000

2.6

5

12

20

C3H3(l)

21.5

47

500000

3.8

6

12

30

C3H3(l)

6.4

46

300000

3.7

7

12

40

C3H3(l)

0.1

58

300000

3.0

a

1 µmol; b 103 kg of PP (mol of Hf x h)-1; c rounded values.

According to the data from Table 4.3, the catalytic properties of 12 are inferior to those of 11.
The behavior of 12 in olefin polymerization experiments is similar to that of asymmetric
catalysts with a forward orientation of the 4-substituted indene unit [43]. The effect of the
substitution position is remarkable, whereas the 5,7- substituted hafnocene 11 shows higher
3
-1
activities (up to 321 x 10 kg of PP (mol of Hf x h) ) with increasing temperatures (at 40°C),

substantially lower or almost no activities were found for the 4,6- substituted hafnocene 12 at
the same temperature. The tacticities of the polypropylenes above 60% [mmmm] highlight the
tendency of the backward-oriented substitution (8a and 11) in producing plastomeric
materials.
During experiments in liquid propylene, no similarity is observed between the two isomeric
catalysts. 12/borate does not possesses the catalytic performance as previously mentioned for
11, but nevertheless leads to polypropylenes with sufficient amount of isotactic sequences and

relatively high molecular weight for the design of plastomeric polypropylenes.
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4.4 Experimental Section
4.4.1 Polymerization reactions in toluene solution

These experiments were performed in a 500 ml Büchi autoclave at constant pressure and
temperature. The autoclave was charged with 250 ml of toluene and with the desired amount
of preactivated catalyst solution (Al/Hf = 200). Subsequently, the polymerization temperature
was adjusted, the reactor was charged with propylene up to the desired partial pressure, and
the cocatalyst solution (trityl tetrakis pentafluorotetraphenyl borate) was injected into the
autoclave via a pressure buret. The monomer consumption was measured using a calibrated
gas flow meter (Bronkhorst F-111C-HA-33P), and the pressure was kept constant during the
entire polymerization period (Bronkhorst pressure controller P-602C-EA-33P). Pressure,
temperature and consumption of propylene were monitored and recorded. The polymerization
reactions were quenched with MeOH, and the polymer products were precipitated by pouring
the toluene solution into excess of MeOH. The product was filtered off,

washed with

methanol and dried in vacuum at 60°C overnight.

4.4.2 Polymerization reactions in liquid propylene

These experiments were performed in a 500 ml Büchi autoclave at constant temperature.
Propylene was condensed at -10°C up to the desired volume in the autoclave. Subsequently, at
the desired polymerization temperature, the catalyst and cocatalyst solutions were injected
into the autoclave via a pressure buret. The polymerization reactions were quenched with
MeOH, and the polymer product was dissolved in toluene and then precipitated by pouring it
into an excess of MeOH. The product was filtered off, washed with methanol, and dried in
vacuum at 60°C overnight.

4.4.3 Polymer analysis
13

C NMR spectra were recorded on a Bruker AMX 500 spectrometer (C2D2Cl4, 90°C) and

analysed by the known methods. Molecular weights and molecular weight distributions were
determined by gel permeation chromatography (Waters, alliance GPC 2000, 145°C in 1,2,4trichlorobenzene) universal to polystyrene and relative to polypropylene standards.
Differential scanning calorimetry (DSC) was perfomed on samples weighing 5-10 mg using a
Perkin

Elmer

DSC-7.

Heating

and

cooling

rates

were

10°C/min.
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5 PROPYLENE/ETHYLENE COPOLYMERIZATION REACTIONS

5.1 Background and motivation
One basic requirement for the practical applications of polypropylene materials is a high
molecular weight combined with a low glass transition temperature to ensure satisfying
tensile and creep properties below and above room temperature. Zirconium(IV)-based
catalysts bearing 2-methyl substituted indenyl fragments show a significant molecular weight
decrease in copolymerization experiments of 1-olefins with the ethylene monomer, due to a
facile chain transfer reaction to the etylene monomer [49]. This limits the above mentioned
application of the copolymerization (to reduce the glass transition temperature), because the
mechanical properties of the copolymer products are substantially worse, relative to the high
molecular weight homopolypropylene thermoplastic elastomers (TPE). The isostructural
compounds without 2-methyl substitution, do not show this effect but lead to the expected
increase of molecular weight by raising [C2]. One explanation is based on the different
termination mechanisms of both complex types [49].

+

A:

+

Polymer

C p 2Z r
CH 3

H

H

B:

+

CH 3

+

Polymer

C p 2Z r

Polymer

+

Cp2Zr

Cp 2Zr

Polymer

+

CH 3
H

CH 3
H

Figure 5.1 Possible chain transfer reactions in case of ansa-asymmetric zirconocene

(A: “transfer-to-metal”; B: “transfer-to-monomer”)
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2-Methyl substituted zirconocenes give high molecular weight homopolypropylenes, because

they terminate via “ß-hydride transfer-to-monomer” (Fig. 5.1, B), which is suppressed by the
2-methyl group [48]. Catalysts missing this specific substitution terminate via facile ß-hydride

transfer to Zr(IV) (A) and give, therefore, generally lower molecular weight. Previous
copolymerization experiments, however, showed that 2-methyl substitution suppresses
transfer-to-propylene monomer, but occurs obviously to the sterically less demanding
ethylene monomer[49]. This explains the difference in the copolymerization behavior and
might be one of the first experimental hints that, the transfer-to-monomer process is active.
Therefore, the major challenge here is the design of catalysts that suppress both transfer to
ethylene and to propylene monomers leading to high molecular weight homo- and copolymer
products.
It was recently shown [40 43 50] that the exchange of Zr(IV) by Hf(IV) in asymmetric “dualside” metallocene catalysts allows to produce ultrahigh molecular weight homopolypropylene
elastomers (UHMwPP, Mw ≈ 5.000.000 g/mol) with exceptionally high activity and a
continuously controllable isotacticity (1st Hf-effect, Fig 5.2; 6) [8]. The S-containing
“heterocene” 8 and structure 11 produce plastomers of high to ultrahigh molecular weight in
case of Hf(IV), showing tacticities of 60% ≤ [mmmm] ≤ 90 % and a Tg around 0°C. One
simple route to lower Tg values consists in the copolymerization of 1-olefins, like propylene,
with ethylene [51, 52]. Thus, the catalyst 11 was applied for copolymerization reactions,
under controlled conditions, to generate propylene based copolymers with C2-contents up to
about 10 mol-%.

M Cl

MCl
2

2

M C l2

S
6

8

11

elastic

plastic

plastic

[mmmm]:

< 60 %

60-90 %

60-80 %

Tm [°C]:

110

130-150

110-120

Ultrahigh Molecular Weight [g/mol]:
M: Zr:
Hf

200.000

270.000

3.200.000

1.750.000

960.000

Figure 5.2 Zirconium and hafnium ansa-metallocene catalysts 6a, 8a, 11
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5.2 Copolymerization results
All experiments have been performed with the copolymerization system (see Experimental
section 5.3), so that the ratio ethylene/propylene was continuously monitored. This ensured
the homogeneity of the system and the possibility of producing copolymers under comparable
condition.
Table 5.1 Copolymerization data with 11/borate in toluene solution

Entry Mon

a

1

P/Ea

SF
P
Yield C2 Activity
Mw
[%] [bar] [g] [%] [kg/mol [g/mol]
Hf x h]
9.0
5
4.05 0.58 12150 150000

2

P/E

4.5

5

3.0

0.57

12000

100000

Mw/ Tg
Tm
Mn [°C] [°C]

[mmmm]
[%]

4.27 -2.2 107.1

72

6.84 -1.9 105.9

75

P-propylene; E-ethylene; T=30°C; [cat] = 1µmol; Al/Hf = 500/1

An evaluation of the copolymerization data (Table 5.1) shows that 11 succesfully catalysed
the copolymerization of ethylene with propylene. Narrow polydispersities indicate
homogeneous copolymer microstructures. High values of the molecular weights point to
materials with valuable mechanical properties which enable them for industrial applications.
Two more major topics have been accomplished: increased molecular weight at higher
ethylene contents in gas phase and lower glass transition temperatures of copolymers.
Unlike the copolymers of Zr-catalyst 6, the ethylene-propylene copolymers of 11/borate show
clearly raising molecular weights with increasing the ethylene content in the feed up to 9%
(100000 g/mol ≤ M w ≤ 150000 g/mol; Table 5.1, Entries 1-2). It was already demonstrated
with 6 that Hf-catalyst incorporates propylene (rp = 0.74) faster than the corresponding Zrcatalyst (rp = 0.43). Thus, the probability of chain transfer to ethylene (supposed to be
responsible for molecular weight decrease) is lowered in comparison with Zr-catalyst. It
would have been expected that, even with lower speed than in case of Zr catalyst, the chain
transfer to ethylene monomer causes a decline of the copolymer molecular weight at higher
[C2] in case of Hf-catalyst, too. Surprisingly, the molecular weight of the resulting
copolymers remained constant (catalyst 6) or was even increased at higher ethylene
concentration in the feed (catalyst 11, Table 5.1). This is an indication of a better stability
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of the Hf-C bond in comparison with Zr-C bond, which results in less possible “chain transfer
to ethylene” reactions and, hence, longer polymer chains (“2nd Hf-effect” 1) [53].
The exchange of the polymerization solvent from toluene solution to liquid propylene leads to
copolymers of much higher molecular weight (Mw = 830.000 g/mol; Table 5.2). The same
remarkable fact is observed here, too. Although the resulting copolymer consists of 66%
ethylene incorporated (due to the high ethylene pressure, pC2 = 30 bar), the molecular weight
is still very high. This proves that, both chain transfers to ethylene and to propylene as well,
are strongly suppressed. Furthermore, the glass transition temperature is deeply lowered
indicating a high incorporation of the ethylene units along the copolymer chains.

Table 5.2 Copolymerization data with 11/borate in liquid propylene

Entry

Al/Hf

Cat
[µmol]

1

0.5

T

Yield

Mw

[°C]

[g]

[g/mol]

10

5.18

830000

200/1

Mw/Mn [mmmm]
2.81

Tm

Tg

[%]

[°C]

[°C]

66.4

81.73 -17.13

The stress strain curves of the Hf-11 propylene homo- and copolymers show different
deformation characteristics (Table 5.3 and Fig. 5.3) due to an increase of the amorphous
phase introduced by the ethylene units in copolymer.

Table 5.3 Mechanical parameters of the polypropylene [50]

and ethylene-propylene copolymer obtained with Hf-11
Properties

Polypropylene EthylenePropylene
Copolymer

Mw, g/mol

300.000

830.000

E Modulus, [MPa]

113

2

Max. strain, λ

7.3

12.0

Breaking stress [MPa] 27.9

1

4.5

Experimental and theoretical investigations to gain a fundamental understanding of the effect are underway
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Young modulus of the copolymer is significantly decreased and the maximal elongation
reaches twelve times the original strength. These characteristics point to very flexible
materials as also indicated by low yield and breaking stresses (Fig. 5.3).

Figure 5.3 Stress-strain curves of the Hf-11 homo and copolymers

Beside C3/C2-copolymers available with conventional ZN-catalysts, the new metallocenes,
e.g. those depicted in Tables 5.1 and 5.2, allow to generate homogeneous copolymer
architectures with high activity and high molecular weight and - for the first time - with a
continuously controllable tacticity and thermal behavior. Copolymerization experiments in
liquid propylene generated elastic, ultrahigh molecular weight copolymers of low Tg.
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5.3 Experimental section
5.3.1 Copolymerization reactions under controlled conditions

E: thermostate

B : C 3 - m a s t e r /C 2 - s la v e
pressure control
G S: C 3

A: GP C3

G S: C 2

A: GP C2

G: HPLC-pump
catalyst reservoir

D:
reactor

F: micro-GC
gas composition
C: IR-spectrometer
solution compos.

reactor: 1L Büchi, steel, 60 bar
GS: gas supply
GP: gas purification

H: real time monitoring
data acquisition / handlind
IR, GC, pump control

A: Gas purification;

B: Master/slave control;

C: IR-spectrometer, incl. High

pressure cell; D: 1L Büchi reactor (< 60 bar); E: Julabo-thermostate, designed for
exothermic polymerization reaction;

F: Micro-GC, nL-column;

G:

HPLC-Pump,

catalyst reservoir; H: computer control for data acquisition, handling, IR, GC, pump
control
The master/slave control was calibrated by preformed gas mixtures and adds C2 depending on
C3-consumption. The relative amounts are computer controlled and can be definded by a slave
factor. Fast micro-GC measurements give data on C3/C2 gas phase composition in 45 second
intervals. IR spectroscopy (high pressure cell) was used to determine [C3]/[C2] concentrations
in solution (real, non-linear phase diagram) depending on temperature, pressure and monomer
ratio. Calibration of the slower solution measurements on the GC-results allows to determine
both gas- and solution composition by the fast gas phase analysis and give reliable data on
C3/C2-concentrations already in the first minutes of the copolymerization experiment.
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5.3.2 Copolymer analysis
13

C NMR spectra were recorded on a Bruker AMX 500 spectrometer (C2D2Cl4, 90°C) and

analysed by the known methods. Molecular weights and molecular weight distributions were
determined by gel permeation chromatography (Waters, alliance GPC 2000, 145°C in 1,2,4trichlorobenzene) universal to polystyrene and relative to polypropylene standards.
Differential scanning calorimetry (DSC) was perfomed on samples weighing 5-10 mg using a
Perkin Elmer DSC-7. Heating and cooling rates were 10°C/min. Stress-strain measurements
were recorded on Zwick 1445 apparatus with a stress of 10 mm/min. All samples were
prepared under identical conditions pressing the molten polymer at 170°C for 20 min,
followed by cooling to room temperature.
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6 HOMOPOLYPROPYLENES

6.1 Solid state properties
Two prevailing polymer classes could be pointed out based on the macroscopic properties:
i) Thermoplastic polymers are linear or branched polymers, which can be reversibly melted or
solidified because the polymer chains of these polymers are not cross-linked. The polymer
chains can slide by each other. Thus, they are irreversible deformed under mechanical stress.
ii) Elastomers consist of long main chains, which form wide-meshed, physically or
chemically cross-linked polymer networks. Due to their relatively low cross-linking density
and their flexible segments elastomers display rubber elastic behavior [54]. These polymers
can be reversibly deformed, but reprocessing via softening or melting is imposible because
chemical cross-linking is an irreversible process, which takes place on heating, leading to a
thermo set structure.
Elastomeric polymers are described like materials that can be molded and remolded again and
again [54, 55, 56, 57, 58]. These polymers feature elastomeric behavior by the formation of
reversible cross-links. Reversible cross-links use non-covalent or secondary interactions
between the polymer chains to bind them together in a physical cross-linked network. Such
cross-links can easily be opened at increasing temperature. Therefore, transitions between the
elastomeric and the melt state can be initiated by temperature variation. Since these polymers
posses the physical properties similar to vulcanized rubber and the processing characteristics
of thermoplastics, they are called thermoplastic elastomers (TPE) [54].
6.1.1 Morphology of polypropylene

Conventional TPEs consist of block copolymers with defined ABA building-units. This block
structure is responsible for their phase-separated morphology, where one segment of the
polymer chain forms the soft phase responsible for the elastomeric behavior and the other
stiffer segments form the hard phase. This hard phase becomes fluid at higher temperatures
and generates a physical cross-linked network at room temperature.
Low isotactic polypropylenes contain only one type of monomer, but, due to variation in their
stereoregular arrangement, a heterogeneous chain microstructure can be obtained. The chains
consist of alternating domains of stereo-irregular, non-crystallizable sequences and more
regular isotactic sequences, which are able to crystallize (A, Fig. 6.1). The stereoregular,
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isotactic sequences of different polymer chains can co-crystallize. These crystalline domains
dispersed in the amorphous matrix were supposed to provide the physical cross-links for the
amorphous segments of the chain (B, Fig. 6.1). Thus, low isotactic polypropylenes reveal a
phase-separated morphology and exhibit elastomeric behavior. Thus, these polypropylenes are
called thermoplastic elastic polypropylenes (TPE-PP).

Figure 6.1 In thermoplastic-elastic polypropylenes the network is formed by crystallization

of stereoregular chain segments

6.1.2 Crystalline structure

The crystalline aggregates formed by isotactic chain sequences are claimed to be necessary
for the elastic behavior of TPE-PP. It is therefore of particular interest to understand how
polypropylenes crystallize. Stereoregular, highly isotactic polypropylene chains form a 31helix (Fig. 6.2). Due to stereoerrors, present in the chains, these helices can crystallize via
chain folding in a lamellar morphology. Bensason et al. [59] studied the morphology of
polyethylene-based TPE. They revealed that polyethylenes with densities below 0.89 g⋅cm-3
form a granular morphology where individual granules have diameter of about 5 to 10 nm
[60]. They proposed that those are made of bundled crystals or fringed micelles [61].
Possibly, low isotactic polypropylenes will also crystallize via the parallel alignment of
helical chain segments in a granular structure forming fringed micelles (Fig. 6.2). When the
crystallinity, respectively the isotacticity, increase stacked lamellae are formed such as in
polyethylene.
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Figure 6.2 Crystallization of isotactic polypropylene chains lead to lamellae and fringed

micelles
Zhu et al. [62] showed that polypropylene crystallization is induced only if their isotactic
block length exceeds a critical value niso,crit. Based on the Doi-Edwards theory for isotropic-tonematic transition of liquid crystals [63, 64, 65] and the proposal of Imai [66, 67] that the
parallel order of polymer segments induce a spinodal composition type microphase separation
prior to crystallization, they calculated the persistence length L of the helical sequences
necessary for crystallization. If the persistence length L is smaller than the critical value, the
system is stable. Alternatively, the system becomes instable and the parallel alignment of
helices starts to increase, when the helical sequences are larger than the critical value. The
critical value for increasing order can be calculated by following equation [67, 68, 69]

L=

4.19M 0
bl 0 ρ N A

(6.1)

where b is the diameter of the polymer segment, ρ is the density, NA is the Avogadro’s
number, M0 and l0 are the molecular weight and the length of the monomer, respectivelly. For
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an isotactic polypropylene melt M0, b, l0 and ρ are considered to be 42 gmol-1, 0.665 nm,
0.217 nm and 0,85 gcm-3, respectivelly. With these parameters, the critical length L was found
to be 2.38 nm [62]. This suggests, that when the helical sequence length exceeds 2.38 nm, the
level of parallel ordering of helix structures starts to grow and crystallization occurs. Since the
crystalline isotactic polypropylene has a 31-helix conformation and the c-axis of the repeating
unit is 0.665 nm, this value corresponds to 11 monomer units in isotactic sequence (niso,crit =
11). This calculation implies low isotactic polypropylenes do not crystallize before their
isotactic segment length niso is above 11 isotactic repeating units.

6.1.3 Crystalline modifications

Isotactic polypropylene can crystallize in different modifications, such as α, β, γ and smectic
[70]. Most commonly modifications are the α- and the γ-form. In the α-modification helices
are packed in a monoclinic unit cell. This unit cell type is the preferred crystalline form of
isotactic polypropylenes synthesized by conventional Ziegler-Natta catalysts. Nevertheless,
high molecular weight isotactic polypropylenes prepared by metallocene catalysts can also
crystallize in the less densely packed γ-form [71, 72, 73]. The γ-modification represents a
unique packing arrangement [72, 74, 75, 76, 77], where the orthorhombic unit cell is
composed of bilayers of two parallel helices. The direction of the chain axis in adjacent
bilayers is tilted at an angle of 81° to each other [74] (Fig. 6.3).
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Figure 6.3 Crystallization of polypropylene in α- and in γ-modification
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To discriminate between the different modifications wide-angle X-ray scattering (WAXS)
experiments can be used. Whereas the α-modification reveals a WAXS peak at θ = 9.3°, in
case of the γ-modification this peaks is missing and a WAXS peak at θ = 10 ° can be found
(Fig. 6.3). In case of a mixed crystal both peaks are present. Here, the fractions of the
corresponding α- and γ-modification can be estimated by fitting the individual peaks using a
Lorentzian function. On microscopic scale also the discrimination due to morphological
differences is possible. For the α-modification various lamellar modifications are known such
as edge-on lamellae, lamellar stacks or spherulites [78](Fig. 6.3). In contrast to this, in the γmodification only branched lamellae can be observed [71, 79, 80]. In case that both crystalline
modifications are present at the same time, the crystallization in the α-modification in a
lamellar shape occurs first. Lamellae in γ-modification can co-crystallize at the surface of
these lamellae leading to a crosshatched structure. To discriminate whether the branched
lamellae are formed by the α- or the γ-modification the angle measured between primary
lamellae and their branches can be used [81, 82].

6.2 Impact of the isotactic blocks length on material properties
6.2.1 Background and motivation

So far, studies have been reported [79, 83, 84, 85] that indicated the factors inducing the
crystallization in α- and γ-modifications: i) the amount and size of isotactic sequences, ii) the
molecular weight of the polymer and iii) the crystallization conditions. The relative stability
of α- and γ-forms of the isotactic polypropylene (iPP) is related to the concentration of defects
and, consequently, to the average length of the isotactic segments between two successive
errors. Even small amounts of stereo- and regiodefects (mainly 2,1 and 3,1 insertions) and
constitutional defects (comonomeric units) as well reduce the length of the isotactic sequences
thus favoring the formation of the γ-form [86, 87]. Long isotactic segments generally
crystallize in α-form.
Alamo et al. [88] discovered a linear correlation between the content of the γ-modification and
the average isotactic block length niso. Additionally, Fischer et al. [89] show for higher
isotactic polypropylenes that polymers, having an isotactic block length below 40 monomer
units, crystallize in γ-modification exclusively. These findings imply that low isotactic
polypropylene will crystallize preferentially in γ-modification because of a lower isotactic
block length. Nevertheless, the two modifications, the α- [90] as well as the γ- [91, 87] and
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also mixed α/γ- modifications [92, 93, 94] have been found in isotactic polypropylene. This
indicates that, beside the length of the isotactic block length, a connection exists also between
the amounts of γ-iPP and the frequency of stereochemical inversions present in the polymer
[95, 96].
As previously described, a series of highly isotactic polypropylenes (60% ≤ [mmmm] ≤
80%]) [40] have derived from C1 - symmetric metallocene catalyst 11 (Fig. 6.4). Due to a
chain back-skip mechanism, various polymer microstructures with statistical incorporation of
the stereoerrors resulted. From the point of view of the mechanical behavior, plastomeric
properties were assigned to these polypropylenes whose content of rr defects reached values
up to 4%-5%. De Rosa et al.[97] reported that samples of iPP having similar content of rr
defects show typical behavior of stiff plastic materials with a high elastic modulus. This
difference in the mechanical characteristics is a reflection of the fact that the nature of the
catalyst influences the polymer microstructures in a peculiar manner. The crystallization
mode is highly sensitive to the type, content and distribution of the defects generated by a
catalyst framework and thus the mechanical properties of polymers differ even for structures
with similar overall tacticity. It is likely that the distribution of the isotactic block lengths is
the predominant factor affecting the polymer crystallinity and thus the resulting physical
properties of the material. Therefore, it is of particular interest to perform a detailed study of
the role of the isotactic block length in the crystallization process and its impact on the
resulting viscoelastic properties of the polymers. Both, the isotacticity and a certain type of
stereodefects are taken into consideration in order to calculate this parameter so that more
precise correlation between the polymer architecture and material properties could be found.
In this chapter we focus on the influence of the distribution of isotactic block lengths on the
crystalline structure and on the thermal and viscoelastic behavior of several polypropylenes
obtained with catalyst 11 (Fig. 6.4) after in situ activation with trityl tetrakis
pentafluorotetraphenyl borate ([(C6H5)3C+][(C6F5)4B-]). Polymer samples obtained under
different polymerization conditions, like liquid propylene (LP) and toluene solution (TS) are
investigated. Furthermore, for several polypropylenes with various tacticities (20%-98%
[mmmm]), produced with previously reported catalysts, the lengths of the isotactic blocks are
calculated. Next, this knowledge is used in order to correlate the niso with the [mmmm]
pentads content of the polymers and their mechanical behavior.
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HfCl2

Figure 6.4 2,5,7-Trimethyl-indenyl hafnocene dichloride (11)

6.2.2 Isotactic block lengths from NMR

An estimation of the isotactic blocks containing four or more monomer units could be made
using the distribution of pentads. In order to calculate the average isotactic block length niso

between two isolated stereoirregular insertions, Collette et al. [98] proposed the following
equation:

niso = 4 +

2[mmmm]
[rmmm]

(6.2)

where [mmmm] = percentage of isotactic pentads and [rmmm] = percentage of pentads
containing one syndiotactic stereoerror. The amounts of [mmmm] and [rmmm] fractions
(Table 5.1) of the polymers produced with catalyst 11 are estimated from 13C-NMR.
Linear correlations were also established between [mmmm] pentad content and melting point
of the PP, with a random distribution of the stereoerrors, [95, 99] using the following
equations:
1
1
⎛ R ⎞
− 0 = −⎜
⎟ ln p
Tm Tm
⎝ ∆H ⎠

(6.3)

Tm (°C ) = 1.51[mmmm] + 11.4

(6.4)
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Table 6.1 Isotactic block lengths, melting temperatures and molecular weights of the

polymers prepared with catalysts 11
Entry

Sample

[mmmm] [mmmr]

[mrrm]

niso

Tm
(K)

Mw
(g/mol)

1

TS1

69.6

13

5.3

14.7

389.7

850.000

2

TS2

73.8

11.4

4.0

16.9

396.0

350.000

3

TS3

78.2

10.1

2.6

19.5

402.6

130.000

4

TS4

81.6

8.6

0.2

23.0

407.7

60.000

5

TS5

72.0

12.2

3.1

15.8

393.2

380.000

6

TS6

76.0

10.4

2.6

18.6

399.3

200.000

7

TS7

81.0

8.6

0.2

22.8

406.9

160.000

8

LP1

72.0

12.6

4.6

15.2

393.3

650.000

9

LP2

73.0

11.5

3.7

15.7

394.8

330.000

10

LP3

74.0

13.2

<1

16.4

396.3

300.000

For all samples, the average length of the isotactic blocks becomes higher at increased
polymer tacticity (Fig. 6.5) and exceeds the critical value (niso,crit = 11 monomer units) at
which polypropylene crystallization occurs [100]. Consequently, increased melting points
correspond to longer isotactic segments.

Figure 6.5 Isotactic block lengths determined from the pentad distribution (TP samples)
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Previously, we have shown that the mechanical properties of low to high isotactic
polypropylenes (30% ≤ [mmmm] ≤ 80%) are controlled by the amount of the isolated
stereoerrors indicated by rr triads (Fig. 6.6). Similar results were reported by De Rosa et al.
[97] for highly isotactic polypropylenes (98 % [mmmm]).

m

r

r

m

m

m

r

r

m

m

Figure 6.6 Statistical distribution of rr errors

Different crystallization behavior is induced by different concentrations of the rr triad. This
indicates that the length of the isotactic blocks, responsible for the size and thickness of the
crystalline domains, is directly affected by this type of the defect. The data from Table 6.1
support the above mentioned facts indicating that higher contents of rr defects lead to shorter
isotactic blocks (Fig. 6.5). The rr-errors are statistically distributed along the polymer chains
and thus, a non-uniform distribution of the isotactic block lengths could be assigned for these
polymer architectures.

Figure 6.7 Length of isotactic blocks, niso, versus molecular weight.
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Shorter isotactic segments are favored at increasing polymer molecular weights (Fig. 6.7).
According to data from Table 6.1 (Entries 1, 2, 8, 9), longer polymer chains consist of an
increasing amount of stereodefects and consequently of shorter isotactic blocks.

6.2.3 Isotactic block lengths from DSC

It is generally accepted that various melting transitions indicate the formation of more than
one distinct crystallite size due to a non-equal distribution of isotactic block lengths. This
distribution might limit the number of lamellae of a given thickness that can be formed
Assuming that the lamellae consist of isotactic sequences mainly, the melting temperature Tm
is controlled by the average segment length niso [89]. Thus, the detected melting temperature
can be used to estimate the isotactic block length niso [101, 102].
The lamellar thickness l can be quantified using a kinetic relationship given by Wunderlich
103

, which takes into account that DSC yields non-equilibrium melting data (6.5),

l=

2σ eTM0 M
kT
+ M
0
0
ρ c ∆H f Tm − TM b0σ s

(

)

(6.5)

where l = average lamellar thickness in nm; σe = specific fold surface free energy = 100
mJ/m2;TM0 = equilibrium melting temperature = 460.7 K; M = molecular weight of repeating
unit = 42 G/mol; ρc = isotactic crystal density = 0.94 g/cm3; ∆Hf0 = molar heat of fusion =
8,79 kJ/mol; TM = observed melting temperature (maximum temperature within the melting
transition); k = Boltzmann´s constant = 1.38 x10-23 J/k, b0 = single layer thickness = helix
diameter = 0.65 nm; and σs = specific side surface free energy. The melting temperature,
molar heat of fusion, crystal density, and σe were suggested as given in [103]. The value σs
was arbitrarily taken to be the same as for polyethylene [98].
Since crystalline isotactic polypropylene has a 31 helix conformation and the c-axis of the
repeat unit is 0.665 nm long the isotactic block length niso,DSC corresponds to the lamellar
thickness l by (6.6)

nisoDSC =

l
×3
b0

(6.6)

71

Chapter 6

Homopolypropylenes

The melting enthalpies (∆H) measured by DSC are used to estimate the percent crystallinity
of the polymers with the following relation:

X DSC =

∆H tot
× 100%
∆H f ,iPP

(6.7)

where ∆Hf,iPP is the equilibrium heat of fusion for isotactic polypropylene (209 J/mol).
In several issues [83, 104] it was shown that in iPP samples from metallocene catalysts the
defects of stereoregularity, like isolated rr triads and region 2,1 mesodefects, are included in
the crystalline regions. Therefore, we expect that for the same polymer samples the lengths of
the isotactic blocks, calculated from lamella thickness, should be longer than niso calculated
from NMR pentads.
Percent of crystallinity, lamella thickness and block lengths estimated from the melting
temperatures of different isotactic polypropylenes are given in Table 6.2.

Table 6.2 Estimated crystallinity, lengths of isotactic blocks (niso1, niso2) and lamellae

thicknesses (l1, l2) based on melting transitions (Tm1, Tm2)
Entry

Sample

XDSC

∆Htot

Tm1

Tm2

l1

l2

niso1

niso2

%

J/g

K

K

nm

nm

mon

mon

1

TS1

25

53

359

375

4.7

5.5

22

25

2

TS2

33

72

360

384

4.7

6.1

22

28

3

TS3

35

72

357

390

4.5

6.6

21

30

4

TS4

34

71

361

391

4.7

6.8

22

31

5

TS5

30

63

352

384

4.3

6.1

20

28

6

TS6

33

70

357

385

4.5

6.2

21

29

7

TS7

32

67

355

385

4.4

6.2

20

29

8

LP1

24

49

361

371

4.7

5.2

22

24

9

LP2

32

67

361

384

4.7

6.1

22

28

10

LP3

35

73

356

387

4.5

6.3

21

29
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Two main melting transitions with maxima at Tm1 and Tm2 (Fig. 6.6) are obtained in DSC
profiles of the polypropylene samples subjected to investigation. They indicate two
populations of crystalline lamellae with different thickness. For all samples the first melting
transition exhibits maxima at Tm1 in a narrow range between 350K and 365 K (Table 6.2).
These samples were obtained under different polymerization conditions (temperature,
monomer concentration, polymerization medium), thus it can be noticed just a minor
influence of these polymerization parameters on the thickness of the lamella. With increased
tacticity, the peak of Tm1 (a shoulder of a broad transition in TS1, [mmmm] = 69.6%) is
distinguished clearly in TS4 ([mmmm]=81.6%) from Tm2 where two different peaks were
recorded for both melting transitions. This temperature can be correlated to the melting of
lamellae consisting of chain sequences with a block length niso1 of about 20-22 consecutive
isotactic monomers. The second melting temperature Tm2, observed for thicker lamellae
consisting of longer isotactic sequences (niso2 = 24-32 monomers), varies within a range of
370K to 390 K (Fig. 6.8).
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Figure 6.8 DSC profiles of the polymer samples obtained in toluene solution experiments.

Unlike niso1, niso2 increases roughly proportional to [mmmm] amount (Fig. 6.5) affecting the
melting transitions which are shifted toward higher temperatures (Tm2 of TS1-TS4, Fig. 6.8).
This increase of the isotactic block length is according to the proposed chain back-skip
mechanism [35].
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Figure 6.9 Isotactic block lengths from melting transitions versus tacticity

It is worth mentioning that additional melting transitions (Tm1a and Tm2a) are recorded for all
the samples, well defined especially for the lowest isotactic ones (TS1 and TS5). Their
presence was expected since a statistical incorporation of stereo errors is typical for the chain
“back-skip” mechanism of the used catalyst. It seems that the sample TS1 is the only one
containing a considerable amount of short isotactic blocks (niso1a = 16 monomer units)2 as
indicated by the melting transition Tm1a positioned at 324 K. Although its tacticity is only 2%
higher than the one of TS1, TS5 consists of additional long blocks (niso2a > 40 monomers).
The intensity of Tm2a (415 K) is comparable with Tm1a of TS1.
Similar DSC curves were recorded for LP samples (Fig. 6.10). Polymers with lower tacticity
are characterized by enhanced variation with regard to the size of the isotactic blocks. Beside
the two main maxima Tm1 and Tm2, additional melting transitions (Tm1a and Tm2a) appear in
case of LP1 indicating the presence of lamellae which contain short (niso1a = 16 monomers)
and long (niso2a = 44-48 monomers) isotactic blocks. As previously shown for experiments in
toluene solution, tacticities above 72% are required in order to clearly distinguish between the
two main melting peaks Tm1 and Tm2, which means at least 6 monomer units difference
between two consecutive lengths of the isotactic segments (niso1 and niso2, Table 6.2). The
separation of the two peaks is due to the shifting of Tm2 to higher temperatures as niso2
increases with the polymer tacticity.

2

Lamella thicknesses (l1a, l2a) and isotactic block lengths (niso 1a, niso2a) corresponding to Tm1a and Tm2a are
estimated using the same equations as used in Table 6.2.
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Figure 6.10 DSC profiles of the polymer samples obtained in liquid propylene

experiments (LP)
The above mentioned facts give strong evidence, as also reported in literature [95], that the
average segment length niso controls the melting temperature of polypropylene (Fig. 6.11)
which, in this case, can be varied between 90°C and 120°C.
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Figure 6.11 Control of polymers melting points by size of isotactic blocks

The lamella thickness of 4-6 nm (Table 6.2) is in good agreement with the degree of
crystallinity (approximately 30 %) calculated from the melting enthalpy of 72 J/mol.

6.2.4 niso and polymer crystalline structure

The WAXS profiles of all samples (Fig 6.12 and 6.13) are similar, being characterized by the
presence of two sharp diffraction peaks at 2θ ≈ 14° and 17°. The sharp peak at 2θ ≈ 14° is
common to α- and γ-forms of iPP and corresponds to the (110)α reflection of the α-form or
the (111)γ reflection of the γ-form. The second sharp maximum at 2θ ≈ 17° includes the
(040)α and (008)γ reflections of α- and γ-form, respectively. The main difference is the
position of the third strong diffraction peak, which occurs at 2θ = 18.6° ((130)α reflection) in
the α-form [105] and at 2θ = 20.1° ((117)γ reflection) in the γ-form [106, 107].
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Figure 6.12 WAXS profiles of the iPP samples obtained in liquid propylene.

The presence of the diffraction peak at 2θ = 18.6° and the slight reflection at 2θ = 20.1° in the
X-ray diffraction patterns of the LP3 sample (Fig. 6.12) indicate that this sample is basically
in the α form. The samples LP2 and LP1 are instead crystallized in a mixture of crystals of
the two forms. Both reflections of the α- and γ-modifications are present in the X-ray
diffraction profile. Since all samples were prepared by crystallization from the melt, then the
development of γ-form can not be attributed only to the crystallization method3. It seems that
the chain microstructure is the determining factor in the crystalline modification type.
The relative intensity of the (117)γ reflection of the γ-form at 2θ = 20.1°, compared with the
one of the α-form at 2θ = 18.6° ((130)α reflection), is considerably increased with the
concentration of the rr isolated triads. This was expected since the shorter the length of the
isotactic blocks, the higher the amount of γ-form, as previously reported in the literature [89].

3

The development of the crystalline forms was reproducible for a series of samples identically prepared.
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Figure 6.13 X-ray powder diffraction profiles of the iPPs

obtained in liquid propylene (LP samples)
Propylene polymerizations in toluene solution do not bring any changes in the crystallization
mode. Instead they favor the α-modification once niso reaches a certain value. As shown in
Table 6.1 (Entries 1-7), higher tacticities are accompanied by longer isotactic sequences and
smaller amounts of rr triads. In the corresponding X-ray diffraction profiles (Fig. 6.13), for
mainly all samples the position of the third peak is at 2θ = 18.6° and is assigned to α-form.
Since only the profile of the sample TS1, having the shortest isotactic block (niso=14.7
monomers), possesses a relative sharp peak at 2θ = 20.1° ((117)γ reflection) and a slight
reflection of α-form one can assume that isotactic blocks consisting of less than 16 monomer
units (as estimated from NMR) are able to crystallize in a mixture of crystals of the both
forms. In this latter sample the intensity of the (008)γ reflection (2θ = 17.02°), is also
increased in comparison with the other samples, where α-form is dominant. As shown in DSC
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profiles (Fig. 6.8), this sample consists of additional short isotactic blocks niso1a (not depicted
for the other samples), which enhance the probability of γ-modification. Consequently, the
lowest melting endotherm Tm1a could be associated with the γ-phase. Furthermore, the low
melting enthalpy of TS1 (∆H = 53 J/mol, Table 6.2) fits well to the thinner lamellae
consisting of 16 monomers ordered in isotactic sequences. All other samples, having niso
longer than 16 propylenes, crystallize in α-form exclusively. They possess higher melting
enthalpies (above 63 J/mol), too. It can be assumed that their melting transitions Tm1 and Tm2
correspond to α-phase, which is in agreement with literature data [79], according to which,
the melting point of the α modification is higher than the melting point of the γ modification.
In highly stereo-regular samples the double melting is associated with the melting of the
daughter- and the mother lamellae, respectively [108]. This morphological feature of α
phase, known as cross-hatching or lamellar branching, is recognized by the initial lamella
(mother-lamella) showing branches (daughter lamellae) that are attached to the motherlamellae with an angle of ≈ 80° or ≈100°.
As previously demonstrated [83 86 104 109], γ-form may be obtained even by crystallization
at atmospheric pressure from samples of low molecular weight. Here, in the high molecular
weight samples crystallized from the melt, γ-phase is developed predominantly in polymers
with higher molecular weight (Fig. 6.12, 6.13). Samples LP1 (Mw = 650.000 g/mol) and LP2
(Mw = 300.000 g/mol) display comparable amounts of γ-crystalline modification. This is also
the case for samples prepared in toluene solution, TS1 (Mw = 850.000 g/mol) being the only
one that crystallizes mainly in γ-form. Once the molecular weight is lowered, the polymers
crystallize in α-form (TS2-TS7) and further variations of the molecular weight (Mw ≤
350000g/mol) do not lead to any change in the crystallinity degree. The X-ray diffraction
profiles show no difference with regard to the intensity or to the position of the reflections
(Fig. 6.13).
The fact that γ-phase is generated more easily in samples with high molecular weight could be
explained based on the specific structure of the crystal phases. Previously we showed (Fig.
6.7) that high molecular samples contain bigger amounts of defects, also reflected in smaller
length of the niso2 blocks. The defected chains possess a high mobility compared to the more
isotactic chains. As the γ-phase exists as a non-parallel chain structure, one can easily imagine
that mobility and flexibility of the polymer chains play an important role in the formation of
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such a structure. Brückner et al. [110] analyzed the change of the helical hand within one
chain (helix inversion) in polypropylene. In isotactic polypropylene the energy barrier for the
helix inversion is more plausible than in other materials. Single stereoerrors, as present in
metallocene-derived isotactic polypropylenes, interrupt the helix independent of whether this
leads to an inversion of the handedness or not [111]. After such an interruption, the helix does
not necessarily continue in the same direction. As it is evident that less stereo-regular iPP
promotes the formation of the γ-phase, stereodefects might enhance the formation of the very
special folds needed to form the γ-phase.

6.2.5 niso and viscoelastic properties

It is well known, that the dynamic mechanical thermoanalysis is a very useful method for the
investigation of mechanical properties, relaxation processes, and the associated molecular
motions and internal changes in polymeric materials [112, 113, 114].Figure 6.14 exemplifies
the temperature dependence of tensile storage modulus E' conducted at 10 Hz. The behavior
of this parameter versus temperature for all four investigated samples was similar in nature.
The storage modulus initially remained almost constant at lower temperatures. As the
temperature increased, the storage modulus exhibited a sharp drop in the temperature region
between –20°C and 0°C. The behavior of the polymers in this region is best described as
leathery. It is known that, for elastomers a constant modulus plateau would follow at higher
temperatures and the polymer behaves like a rubber [115]. Instead, for all samples here a
slight and continuous decrease of the storage modulus is observed.4 A small difference
between the DMA profiles corresponding to samples of different molecular weights could be
noticed. In the temperature range used for investigation, samples like LP2 and LP3 (Mw < 350
000 g/mol) exhibit a continuous drop towards smaller moduli (E' ≤ 108 MPa) at T = 40°C50°C. At the same temperature, the two samples (TS1 and LP1) of high molecular weight (Mw
= 650 000 – 850 000 g/mol) possess higher storage moduli. This is in a good agreement with
the DSC profiles (Fig. 6.8 and 6.10) that indicate the presence of short

4

One possible interpretation could be that each sample possesses a crystalline phase that acts as a crosslink
restricting the mobility of the amorphous phase. Therefore the modulus drop in Fig. 6.14 apparently corresponds
to the onset of segmental mobility in the crosslinked polymer network. A further decline of the modulus at
higher temperatures indicates that the crosslinked network is unstable allowing the enhancement of the polymer
flexibility.
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isotactic segments which melt at temperatures Tm1a around 50°C and which can differentiate
the viscoelastic behaviour of the corresponding polymer samples (Fig.6.14).5

Figure 6.14 Temperature dependence of the storage modulus E ۥfor polymer samples

obtained with catalyst 11
Relating the viscoelastic behavior in terms of the storage modulus to the size of the isotactic
blocks, one can assume that a number of monomer units in a range between 14 and 23 is
perfectly suited to the plastomeric behaviour [40] of the corresponding polymers. A number
of 11 monomer units in the isotactic blocks was assumed to be needed in order to induce the
crystallization process. Increasing the number of propylenes leads to an enhancement of the
material strength. It seems that below 23 propylene units the tensile strain is not much
lowered so that in combination with higher strength will lead to a material with improved
toughness. Furthermore, the high storage moduli depicted in DMA spectrum (Fig. 6.14) at
room temperature are consistent with plastic characteristics.
As shown in Figure 6.15, a single tanδ peak was observed for each polymer sample under
investigation. On the basis of the storage moduli results in Fig. 6.14, the tanδ peak
corresponds to the Tg, that is the α-relaxation of the polymers. The height and area of the tanδ

5

In order to get a better understanding of the influence of Mw and niso on the vascoelastic behavior of
plastomeric materials a more detailed DMA measurements applied to plastomeric PPs are under investigation
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peak is related to the crosslinking density [116], impact resistance and toughness [117] of a
material. A large area under tanδ curve indicates a great degree of molecular mobility, which
translates in better damping properties.

Figure 6.15 Temperature dependence of the loss factor tanδ for polymer samples

obtained with catalyst 11
In general, the Tg depends on the frequency or time scale for the measurements. Therefore,
the values from the dynamic mechanical analyses are not identical to those from the DSC
measurements. Even though the difference between the extreme sizes of the isotactic
sequences (in case of polymer samples here investigated) does not exceed 4 monomer units,
the tan δ takes various values for different isotactic block lengths. Consequently, the alpha
relaxation (Tg) in these samples appears to be sensitive to the polymer crystallinity. The
higher the crystallinity the more restriction is imposed upon the amorphous phase. As a result,
it enhances the glass transition temperature and diminishes the area under tanδ peak. This
dependence is clearly illustrated with the samples prepared in liquid propylene (LP). The loss
factor peak of TS1 is shifted to even higher temperature than LP1, containing the longest
isotactic blocks, possible due to a much higher molecular weight (Mw = 850.000g/mol). The
tanδ intensity also diminishes (Fig. 6.15). Nevertheless, the presence of the short isotactic
blocks niso1a in both samples, TS1 and LP1, lead to peculiar features of tanδ profiles at
temperatures around 40-50°C in comparison with samples of lower molecular weights (LP2
and LP3).
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6.3 Material properties. Stress-strain behavior
Previously reported ansa-asymmetric catalysts indicated that isotactic polypropylene samples
show different crystalline structures and polymorphic behavior depending on molecular
weight, stereoregularity, and types and distribution of defects. Consequently, the mechanical
behavior is strongly influenced by the chain microstructure [97, 118, 119]. In turn, the
molecular weight and the crystallinity of the polypropylenes depend upon the type of
substituents on the cyclopentadienyl ring [120].
As mentioned above (Section 6.2.2), for variable isotactic polypropylene elastomers (30% ≤
[mmmm] ≤ 60%) the mechanical properties clearly depend on the amount of the isolated
stereoerrors indicated by rr triads ([mmmr]:[mmrr]:[mrrm] = 2:2:1, Fig. 6.6) [8, 121].
Interesting property profiles from elastic to thermoplastic were achieved (Fig. 6.16).
Recently it has been shown [97] that the same effect controls the mechanical properties of
highly isotactic polypropylenes (up to 97.5% [mmmm]) prepared with C1-symmetric ansa indenyl dithienocyclopentadienyl-based zirconocenes. It was concluded that different
concentrations of the rr triad induce a different crystallization behavior and, consequently,
afford material properties ranging from stiff to flexible plastomers.
As previously shown in Chapter 3 (Fig.3.2) polymers with continuously variable isotacticities
above 60% have been obtained with a series of ansa-asymmetric catalysts (6-8, Fig. 3.1). The
mechanical behavior of the polymers produced with the catalysts discussed above has been
tested. The stress-strain curves of polypropylenes with increasing amount of [mmmm] are
compared in Figure 6.17, the corresponding mechanical parameters are summarized in Table
6.3. Unlike stiff, highly isotactic polypropylenes (iPP) with melting point of about 160°C, all
of the materials which were tested combine flexibility with strength high enough to display
mechanical behavior close to tough thermoplastic materials. According to literature data [97]
the polymers produced with 11 ([mmmm] = 78 %, [rr]=3.1 %) and 8a (([mmmm] = 72 %,
[rr]=3.0%) (Table 6.3) should behave both as stiff plastic materials.
Our previous studies have revealed that polypropylenes obtained with 8a display plastomeric
properties [31]. Compared to the highly isotactic sample (iPP), the polymer obtained with 8a
exhibits 30% reduced stress at the yield point and during yielding and also stronger increase
in stress before breaking. This behavior was expected since random distributed regio- and
stereodefects present in polymer lower the crystallinity
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Figure 6.16 Stress-strain curves6 of polymers prepared with 6a, 8a and 11

Similar to 8a, 11 leads to high molecular weight polymers. Therefore it can be expected that
their mechanical properties also correspond to the plastomeric range. Due to higher molecular
weights (Table 6.3), the crystallization is reduced. Thus, lower yield strength may be
suggested and the polymer may be more flexible.
The polymers resulted after propylene polymerizations with 8a ([mmmm] = 78%) and 11
([mmmm] = 72%) exhibit comparable values of breaking stress σN = 25-30 MPa and maximal
elongations of about seven to nine times the original length (Fig. 6.16). Nevertheless, they
show different deformation characteristics, 8a pointing to more thermoplastic materials as
indicated by higher yield strength and stress, up to 3 times the values recorded for materials
obtained with 11. Since the molecular weight of the sample prepared with 11 is higher, the
amount of crystalline structures is reduced. This leads to less pronounced yield point and
yielding zone but a strong increase in stress before failure, which is typical for plastomeric
material. This strain-hardening might be a hint to a larger ability of stress induced
crystallization in case of materials obtained with 11. Thus, even more flexible plastomers with
lower melting transitions than their analogues with 8a are obtained.

6

λ = (Lf – Li )/Li
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Table 6.3 Mechanical parameters of the resulting polymers [8, 31, 40]
MW
[103
g/mol]

TM
[°C]

Young´s
modulus
[MPa]

Yield
strength
[MPa]

Yield
stress
[MPa]

Max.
strain
[λ]

Breaking
stress
[MPa]

11.0

214

161

1350

34.4

28.8

8.1

36.1

3.1

15

380

121

113

6.7

16.0

7.3

27.9

77.6

3.0
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Although displaying similar initial strengths as samples prepared with 11, the relative isotactic
materials ([mmmm]= 51.7%) produced with 6a do not achieve the same maximum stress as
the materials produced with 11. The curve is now more similar to the one from an elastomeric
material. Once the tacticity declines up to [mmmm]=37%, the elastic behavior significantly
improves as shown by the almost doubled maximal elongations of these polymers7.
The possibility of introducing stereoerrors in an isotactic polypropylene chain by adjusting the
polymerization conditions opened the opportunity to fine-tune the material properties of
polymers obtained with asymmetric catalysts from crystalline plastomers to thermoplastic
elastomers. An even more precise method of achieving a continuous change of mechanical
properties by introducing controllable stereoerror sequences is to vary the catalyst
architecture. The new and different material properties obtained with asymmetric catalysts,
having various substitutions of indenyl ligand (Fig. 6.16), sustain the above mentioned facts.
Thus a controlled tailoring of the whole range of the polymer properties from highly elastic
with high maximal elongations to crystalline thermoplastic is possible with C1-symmetric
ansa-metallocenes by selecting the adequate combination of catalyst architecture and
polymerization conditions.

7

For a detailed description of the mechanical behavior of the polymers obtained with 6a see ref. [8,35,102].
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6.4 niso of low to high isotactic polymers prepared by C1 and C2 catalysts
Polypropylenes with well-tailored architectures are produced with single-center metallocene
catalysts [5, 8]. Consequently, materials with a large variety of properties, from elastic to
thermoplastic, are available. Basic correlations were established between the chain microstructures and thermal and mechanical material properties. It would be of great interest to
correlate the whole range of tacticities, from low to high, with the corresponding estimated
isotactic block lengths. Since metallocene catalysts differ in their polymerization mechanism,
the amount of various types of defects in chain microstructures is not the same even for
similar tacticities. Thus, an exact correlation of the mechanical properties to the amount of
stereoerrors, existing in polymers produced with various types of catalysts, can not be
precisely established. Instead, the number of propylene units, existing into an isotactic
segment, is a reflection of both tacticity and content of a certain type of errors. Next, using
this knowledge, the general behavior of the polypropylene materials could be predicted more
precisely from the size of isotactic segments. Among the most isospecific metallocenes, four
classes are relevant for the present investigation because the resulting polymers display
tacticities which cover a broad range from low to very high (20% ≤ [mmmm] ≤ 98%).
Previously, we reported ansa C1 - symmetric catalysts 6a (Fig. 6.18) being able to produce
variable isotactic polypropylene elastomers, 25% ≤ [mmmm] ≤ 60% (Table 6.4), with Mw up
to 2.3 x 105 g/mol [121]. Using

13

C NMR, isotactic segments up to 13 monomers were

calculated. Within the accuracy of the method, DSC indicated up to 28 monomers contained
into these sequences.
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Figure 6.18 Structure of the C1 - and C2 - symmetric catalysts

relevant for this study [97, 121, 122]
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Catalyst 11, instead, leads to polymers of even higher tacticities (70% ≤ [mmmm] ≤ 82%) and
molecular weights (up to 8.5 x 105 g/mol), exhibiting plastomeric properties.[40] According
to data from Table 6.4 (Entries 1 and 2), longer isotactic blocks are formed as estimated by
NMR and DSC analyses. The mechanical properties of the polypropylenes obtained with
catalysts 6a and 11 depend on the amount of the isolated stereoerrors indicated by rr defects.
C1 - symmetric ansa-zirconocenes 18 (Fig. 6.18), characterized by the (substituted indenyl)dimethylsilyl-[bis(2-methylthieno)cyclopentadienyl] ligand framework [98], were reported to
produce fully regioregular polypropylenes with relative high molecular weights and largely
variable degree of isotacticity (50% ≤ [mmmm] ≤ 98%) depending on the pattern of indene
substitution. Lengths up to even 200 monomers are achieved for the isotactic blocks (Table
6.4).
Very high isotactic polypropenes (90% ≤ [mmmm] ≤ 98%) with high molecular weights and
melting points (Tm = 160°C) were produced with catalysts of general structures like 19 and 20
[122] (Fig. 6.18). Whereas the NMR analysis allows an estimation of niso = 245 monomers
(Table 6.4), sizes corresponding to narrower ranges are found using the DSC analysis.
Table 6.4 Tacticities and estimated lengths of the isotactic blocks for low to high isotactic

polymers prepared with C1 and C2-symmetric catalysts.
[mmmm]

niso (NMR)

niso (DSC)

%

monomers

monomers

11

70-82

14-23

24-31

6a

25-60

7-13

20-28

18

50-98

8-200

20-85

19/20

90-98

69-245

40-81

Catalyst

Plotting niso versus percent of [mmmm] pentads reveals a perfect fit of each of the calculated
sizes to a continuously increasing niso curve with the polymer isotacticity (Fig. 6.19 A, B).
Comparable average isotactic segment sizes are obtained for similar [mmmm] contents
independent on the catalyst type or symmetry. Both NMR and DSC methods lead to reliable
results that show the same difference between the lengths of the isotactic blocks of polymers
produced by various catalysts, but at a smaller scale for DSC. Although differ in symmetry,
the catalysts 18-20 produce isotactic blocks with nearly the same size for polymers with
comparable tacticities.
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A

B
Figure 6.19 Correlation between isotactic block lengths from NMR (A) and DSC (B) and

tacticity of polymers produced with C1 and C2-symmetric catalysts
Lengths up to 200 propylene units, existing in polymers produced with catalyst 18, explain
the typical stiff plastic behavior of the corresponding polymers. Instead, polypropylenes with
similar content of rr defects but produced with catalyst 11, display more flexibility due to
much shorter isotactic blocks (up to 23 monomers),. Relating the polymer microstructure and
properties to a parameter, like isotactic block length, allows to avoid any inconsistency in the
mechanical behavior, previously explained in terms of stereodefects.
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The combination of structural, thermal and dynamic mechanical studies of a series of
polypropylenes, produced via ansa-asymmetric hafnocene 11, has provided much insight into
their crystalline structures, melting transitions and viscoelastic behavior. Depending on the
polymerization medium and length of the isotactic blocks, the polymer samples crystallize in
α-form or in a mixture of α- and γ-forms. The crystallization in γ-form is favored by shorter
isotactic blocks and higher amounts of rr defects. Polymerization experiments in toluene
solution led to polymers which crystallize exclusively in α-modification once the isotactic
enchainment exceeds 15 monomer units. Two main melting temperatures are characteristic
for all samples indicating different lamella thickness generated by isotactic sequences of
various sizes. γ-phase is associated with lower melting temperature. The dynamic mechanical
properties were affected by both, the length of the isotactic enchainment and molecular
weight as well. The position and intensity of α-relaxation peaks are influenced by the size of
the isotactic sequences. Glass transition temperatures well below room temperature support
the plastomeric characteristics of the polypropylenes. The estimation of the isotactic blocks
lengths proved to be a useful tool in order to explain the mechanical behavior of polymers
with variable tacticities and amounts of stereoerrors. Moreover, this method clearly indicates
that relative high isotacticity (up to 82 % [mmmm]) combined with ultrahigh molecular
weight (up to 850000 g/mol) are desired properties in order to generate new, excellent
plastomeric polypropylenes.
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6.5 Experimental section
6.5.1 General procedure

The synthesis of the C1 - symmetric catalyst, [1-(9-η5-fluorenyl)-2-(2,4,6-trimethyl indenyl)
ethane] hafnium dichloride (11) and propylene polymerization procedures were previously
reported [Fehler! Textmarke nicht definiert.].

6.5.2 Molecular weights (Mw) and molecular weight distributions

They were determined by gel permeation chromatography (Waters, Alliance GPC 2000,
145°C in 1,2,4-trichlorobenzene) universal to polystyrene and relative to polypropylene
standards.

6.5.3 Nuclear magnetic resonance (NMR) spectra

The NMR spectra were used to calculate the [mmmm] concentration and the pentad
distribution. For this purpose 15 mg of each sample were dissolved in toluene (500 µl) in a 5
mm tube.

13

C NMR spectra were recorded on a Bruker AMX 500 spectrometer operating at

353 K and analysed by known methods.[123]

6.5.4 Film preparation

For further investigations (DSC, WAXS) melt pressed films were used. For this purpose the
polymer placed in between two glass plates covered with PTFE foil is heated under constant low
pressure (2kN) to 150 °C. When the temperature is reached and the sample is molten the pressure is
increased up to 5 kN. After 30 min, the pressure is increasesd up to 20 kN. After another 30 min the
sample is cooled down to room temperature with a cooling rate of 1.5 °C/min.

6.5.5 Differential scanning calorimetry

All experiments were performed on a Perkin-Elmer 2 differential scanning calorimeter where
indium is used as a calibration standard. Small pieces of the melt pressed films have been
punched with a standard paper puncher. Disk-like samples of 5 – 10 mg are weighed and
sealed into Perkin-Elmer aluminum DSC pans. The thermal treatment of the samples has been
carried out in the DSC instrument under a N2 atmosphere. Curves are taken during heating
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from 200 – 420 K with a rate of 10 K/min. Melting transitions TM (maximum of the peaks of
endothermic curve) and the heat of fusion (∆H) are estimated from 1st DSC run. The accuracy
of the estimated melting temperature is about ± 0.25 K. The heat of fusion is determined with
an uncertainty of about ± 0.5 Jg-1.

6.5.6 Wide angle X-ray diffraction (WAXS)

X-ray diffraction pattern of the polymer films were recorded in a Guinier-Lennier camera
(PW 1830/40, Industrial & Electroaccoustic Systems) using a CuKa radiation source with α =
1.54 Å. Measurements are performed at room temperature in 90° sample orientation. The
reflection intensity has been estimated visually using standard intensity scales.

6.5.7 Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis of the specimens was conducted on a Rheometrics Dynamic
Analyzer (RSA III, Rheometrics Scientific). The temperature dependence of oscillatory
tensile moduli, E' and E'', and their ratio, E''/ E' (tan δ), was measured from 21K to 453 K at a
heating rate of 16 K/min. The frequency used was 10 Hz. Measurements were carried out
under nitrogen atmosphere in order to avoid thermo-oxidative degradation.

92

Chapter 7

Summary

7 SUMMARY
Besides C2 - symmetric catalysts, particular attention has been paid to the need to provide also
asymmetric catalysts able to produce polypropylenes with variable isotacticities, so that the
resulting materials can behave as elastomers or plastomers.
The existence of two sites with different selectivities in the ligand framework of the
asymmetric catalysts proved to be a useful tool for varying the stereoregularities of the
resulting polymers. In order to dictate the sterical demand at each of the active sites, the
nature and the position of the substitutions on the indenyl moiety have been varied.
Asymmetric 5,6-cycloalkyl-substituted metallocene 6b (Fig. 7.1) proved to be highly active in
producing ultrahigh molecular weight homopolypropylene elastomers with low [mmmm]
pentad concentrations (15 < [mmmm] < 40). The heteroatom containing catalyst 8a (Fig. 7.1)
bearing a 6,7-substituted indenyl fragment was able to produce flexible polypropylene
plastomers with isotacticities in the range from 65% to 85% and again ultrahigh molecular
weights.
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Figure 7.1 5,6- and 6,7- disubstituted metallocenes (6b and 8a)

The intention of this work was to further promote these “dual-side” structures so that a precise
control of the olefin coordination to either site allows to design interesting polymer
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microstructures from linear or cyclo olefines. However, especially the area of plastomeric,
less stiff polypropylene homo- and copolymers was never investigated in detail, so that
further improvement of the catalyst activity correlated with an easy synthetic approach was
desirable. The novel designed structures were expected to lead to ultrahigh molecular weight
plastomeric polypropylene homopolymers and ethylene/propylene copolymers, properties not
yet achieved with any of the asymmetric catalysts known so far.
All 2-substituted indene precursors were prepared by a three-step procedure, describing a
facile route to 2-methylindenes in up to 90% overall yield (Scheme 1). Starting from
methacrylic acid chloride (MAC) and readily available substituted benzene derivatives (I), the
corresponding ketones (II) were obtained in one-pot reaction by Friedel-Craft acylation and
subsequent Nazarov cyclization. These reactions show a remarkable regioselectivity, almost
exclusively the linear derivatives are formed. Reduction of the ketones with LiAlH4 followed
by the elimination of water afforded the substituted indenes (III) as crystalline solids.
Published procedures were followed for the synthesis of the ethylene- and dimethylsilanebridged asymmetric fluorenyl-indenyl complexes (V).
Scheme 1 General procedure for the synthesis of the C1 - symmetric catalysts
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Two new asymmetric hafnocene dichloride complexes, each bearing a 2,5,7- or 2,4,6trimethyl substituted indenyl moiety (11, 12 Fig. 7.2) were successfully tested for the homoand copolymerization reactions of propylene/ethylene in toluene solution and in liquid
monomer after borate activation.
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Figure 7.2 2,5,7-trimethyl-indenyl (11) and 2,4,6-trimethyl-indenyl (12)

hafnocene dichlorides
Monomer and temperature dependencies of these metallocenes were investigated in order to
elucidate the mechanistic aspects.
Catalyst 11 showed a linear increase of the stereoselectivity at higher polymerization
temperatures. This resulted most probably from the steric interaction induced by the 5,7dimethyl substitution. Especially the methyl group in 5-position should support back-skip of
the growing polymer chain before a new monomer inserts on the aspecific side of the catalyst
and should hence be responsible for the stereochemical control.
The CH3-substituent in 7-position of the indenyl ring possibly controls, the gap aperture
between the bulky fluorenyl and indenyl ligands by repulsing steric interactions at the
complex backside. However, the behavior specific to C2 - symmetric catalysts, also
characteristic to 8a, is not detected here.
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Figure 7.3 Plot of the polypropylenes stereoregularity versus polymerization

temperature (catalysts 11: chain “back-skip” mechanism,
catalyst 8a: “C2 - symmetric like” mechanism)
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As expected for the chain back-skip mechanism, the stereoregularity of the polypropylenes
produced with 11/borate decreased at increasing propylene concentration. This variation
supports the hypothesis that, at higher pressure, the monomer coordination at the sterically
less crowded side is faster than the chain back-skip which leads to the formation of isolated
stereoerrors.
Ultrahigh molecular weight plastomeric polypropenes (Mw = 8.6 x 105 g/mol) were obtained
with 11/borate at low polymerization temperature (Tp = 20°C). One possible explanation was
that the backward oriented 5,7-dialkyl substitution effectively suppressed the chain end
epimerization process (source of stereoerrors in C2 - symmetric catalysts) and hindered at the
same time a subsequent chain termination reaction, leading to higher molecular weight
products. In addition, high values of molecular weights are also favored by the hindrance of
the chain transfer to monomer provoked by the substitution of the indenyl ligand framework
of ansa-metallocenes in the position 2.
The tacticity values illustrated that, although following a similar mechanism as 5,6substitution, the combination of 5- and 7- substitutions led to different polymer
microstructures containing longer crystallizable isotactic sequences. These microstructures are
assigned to plastomeric material properties (Fig. 7.4).

Figure 7.4 Typical stress-strain curves of different types of polypropylenes

The length of the isotactic segments is - at increased [mmmm] pentad concentrations - long
enough to afford a high degree of crystallinity so that these materials display the behavior of
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tough thermoplasts with relatively high melting temperatures. This behavior, specific for
highly isotactic polypropylenes, is demonstrated by the higher initial strength in the stressstrain curves (Fig. 7.4).
A decline in tacticity is responsible for the significant improvement of the elastic properties of
the materials displaying less rigidity and more flexibility. As a consequence, for these
materials lower yield points and higher maximal elongations are recorded. Materials
displaying this behavior correspond to the plastomeric range of polymer properties. Unlike
thermoplasts with well-defined spherulites, the crystalline phase of plastomers consists of
branched lamellae. This is the case of the polymeric products obtained with catalysts 8a and
11 as a consequence of the steric effects induced by their specific backward orientation of the

substitution on the indenyl moiety.
Only “string-like” structures are formed in materials with decreased tacticity ([mmmm] <
40%). High molecular weights combined with lower tacticity lead to elastomers. Their stressstrain curves clearly indicate a strong decline of material stiffness in comparison with the
above mentioned plastomeric and thermoplastic products.
Despite the fact that C3/C2 - copolymers are available also with conventional ZN-catalysts, the
new metallocene 11 allows to generate homogeneous copolymer architectures with high
activity and high molecular weight and - for the first time - with a continuously controllable
tacticity and thermal behavior. Copolymerization experiments in liquid propylene generated
elastic ultrahigh molecular weight copolymers of low Tg (Fig. 7.5).

Figure 7.5 Stress-strain curves of the Hf-11 homo- and copolymers
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The above mentioned facts indicate that introducing stereoerrors in an isotactic polypropylene
by adjusting ligand framework and polymerization conditions enables a continuous change of
mechanical properties from elastic to thermoplastic. Thus, the novel catalysts, investigated
here, open access to a new range of polymeric materials possessing the toughness of a rubber
and the easy processing of thermoplastics. These ultrahigh molecular weight polypropylene
plastomers are able to successfully bridge the gap between rubber and plastic inspiring new
design possibilities and performance capabilities.
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ZUSAMMENFASSUNG
Neben C2-symmetrischen Katalysatoren wurde speziell auch den asymmetrischen
Katalysatoren Beachtung geschenkt, die die Fähigkeit besitzen, Polypropylen mit variierbaren
Isotaktizitäten herzustellen, so dass das resultierende Material sowohl als Elastomer wie auch
als Plastomer vorliegen kann.
Die Tatsache, dass durch das Ligandendesign in asymmetrischen Katalysatoren zwei
Koordinationsstellen unterschiedlicher Selektivität vorliegen, erwies sich als nützliches
Hilfsmittel, die Stereoregularität des erhaltenen Polymers zu variieren. Um den sterischen
Anspruch der jeweiligen freien Koordinationsstelle anzupassen, wurde die Art und Position
der Substituenten des Indenylteiles variiert.
Das asymmetrische 5,6-substituierte Metallocen 6b (Abbildung 7.1) erwies sich als hoch
aktiver Katalysator in der Synthese von elastischem ultrahochmolekularem Homo-Polypropylen mit niedrigem [mmmm] Pentaden Anteil (15 < [mmmm] < 40). Der Katalysator mit
Heteroatomanteil 8a (Abbildung 7.1) und 6,7-substituiertem Indenyl-Fragment war in der
Lage, ultrahochmolekulare flexible Polypropylen-Plastomere mit Isotaktizitäten zwischen
65% und 85% zu produzieren.
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Abbildung 7.1 5,6- und 6,7-substituierte Metallocene (6b, 8a)
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Das Ziel dieser Arbeit war es, diese “Dual-Side” Strukturen so auszubauen, dass eine
kontrollierte Olefin-Koordination das Design interessanter Polymermikrostrukturen aus
linearen und zyklischen Olefinen erlaubt. Jedoch war insbesondere das Gebiet der plastischen,
weniger festen PP-Homopolymere und PP-Copolymere noch nicht im Detail untersucht; eine
weitere Verbesserung der Katalysatoraktivität verbunden mit einer möglichst einfachen
Synthese war deshalb erwünscht. Vom Design dieser neuen Strukturen wurde erwartet, dass
ultrahochmolekulare plastische PP-Homopolymere und PE/PP-Copolymere zugänglich
werden, Eigenschaften, die bis jetzt mit keinen bekannten asymmetrischen Katalysatoren
erreicht werden konnten.
Alle 2-substituierten Inden-Zwischenprodukte wurden in einer dreistufigen Synthese
hergestellt, die einen einfachen Weg für 2-Methylinden mit bis zu 90% Ausbeute darstellen
(Schema 1). Ausgehend von MAC und einfach erhältlichen substituierten Benzolderivaten (I)
wurden die entsprechenden Ketone (II) in einer Ein-Topf-Reaktion durch Friedel-CraftsAcylierung und anschließender Nazarov-Zyklisierung erhalten. Diese Reaktionen zeigen
erstaunliche Regioselektivität, so dass fast ausschließlich die linearen Derivate gebildet
werden. Die Reduktion der Ketone mit LiAlH4, mit anschließender Eliminierung von H2O
ergab die substituierten Indene (III) als kristalline Feststoffe. Für die Synthese der ethylenund dimethylsilyl-verbrückten asymmetrischen Fluorenyl-Indenyl-Komplexe (V) wurde die
literaturbekannte Vorgehensweise verwendet.
Schema 1 Allgemeines Verfahren zur Synthese der C1 - symmetrischen Katalysatoren
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Zwei neue asymmetrische Hafnocendichlorid-Komplexe, die jeweils 2,5,7- oder 2,4,6trimethyl-substituierte Indenylreste tragen (Abbildung 7.2), wurden erfolgreich in Homo- und
Copolymerisationsreaktionen getestet, einerseits mit Propylen und Ethen in Toluol,
andererseits in flüssigem Monomer, wobei in beiden Fällen Borat-Aktivierung zur
Anwendung kam.
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Abbildung 7.2 2,5,7-Trimethyl-Indenyl (11) und 2,4,6-Trimethyl-Indenyl (12)

Hafnocendichloride
Die Abhängigkeit dieser Metallocene von der Art des Monomers sowie der Temperatur wurde
unter mechanistischen Gesichtspunkten untersucht.
Katalysator 11 zeigte einen linearen Anstieg der Stereoregularität bei höheren Polymerisationstemperaturen. Dies resultiert höchst wahrscheinlich aus den sterischen Ansprüchen
durch die 5,7-Dimethyl Substitution. Besonders die Methylgruppe in 5-Position sollte dafür
sorgen, dass ein „back-skip“ der wachsenden Polymerkette stattfindet, bevor sich ein neues
Monomer auf der unspezifischen Seite des Katalysators anlagern kann. Deshalb sollte sie für
die Kontrolle der Stereochemie verantwortlich sein.
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Abbildung 7.3 PP-Stereoregularität über Polymerisationstemperatur (Katalysator 11:

„back-skip“-Kettenmechanismus, Katalysator 8a: „C2 - symmetrischer“
Mechanismus)
Der Methylsubstituent in 7-Position des Indenylrings kontrolliert höchstwahrscheinlich die
Breite der Lücke zwischen dem sterisch anspruchsvollen Fluorenyl- und dem Indenyl-Ligand
durch abstoßende sterische Wechselwirkungen an der Rückseite des Katalysators. Ebenso
wurde das typische Verhalten C2 - symmetrischer Katalysatoren (wie zum Beispiel 8a) hier
nicht beobachtet.
Wie für den „back-skip”-Kettenmechanismus erwartet, nimmt die Stereoregularität der
Polypropylene, die mit 11/Borat hergestellt wurden, mit steigender Propylenkonzentration ab.
Durch diese Variation wird die Hypothese unterstützt, dass bei höheren Drücken die
Monomerkoordination an der sterisch weniger gehinderten Seite schneller erfolgt als der
Ketten-„back-skip", was zur Bildung isolierter Stereofehler führt.
Ultrahochmolekulares plastomeres Polypropylen (Mw = 8.6x105 g/mol) entstand mit 11/Borat
bei niedriger Temperatur (Tp = 20°C). Eine mögliche Erklärung wäre, dass die nach hinten
orientierte 5,7-Dialkyl-Substituenten effektiv die Epimerisation des Kettenendes (Ursache der
Stereofehler bei C2 - symmetrischen Katalysatoren) unterbinden und gleichzeitig eine anschließende Kettenabbruchreaktion verhindern, was zu höheren Molekulargewichten führt.
Höhere Molekulargewichte werden darüber hinaus auch bevorzugt durch die Verhinderung
der Kettenübertragung auf das Monomer, die von der Substitution der Indenyl-Liganden der
ansa-Metallocene in 2-Position herrührt.
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Die Taktizitätswerte veranschaulichen, dass die Kombination von 5- und 7-Substitution,
obwohl sie nach einem ähnlichen Mechanismus wie die 5,6-Substitution abläuft, zu einer
Abweichung in den Polymer-Mikrostrukturen führt, die nun längere kristallisierbare
isotaktische Sequenzen enthalten. Polymere mit diesen Mikrostrukturen zeigen plastomere
Materialeigenschaften (Abbildung 7.4)

Abbildung 7.4 Typische Spannungs-Dehnungs-Kurven verschiedener Arten von

Polypropylen
Die Länge der isotaktischen Segmente ist - bei erhöhtem [mmmm] Pentaden Anteil - lang
genug, um einen hohen Grad an Kristallinität zu ermöglichen, so dass diese Materialien das
Verhalten fester Thermoplaste mit relativ hohen Schmelzpunkten aufweisen. Dieses
Verhalten, welches spezifisch ist für hoch isotaktisches Polypropylen, wird durch die höhere
Fließgrenze in der Spannungs-Dehnungs-Kurve veranschaulicht.
Mit abnehmender Taktizität zeigt sich eine signifikante Verbesserung der elastischen
Eigenschaften des Materials, welches flexibler und weniger steif ist. Für diese Materialien
findet man demzufolge eine geringere Fließgrenze und eine höhere Bruchdehnung.
Materialien mit diesen Eigenschaften gehören zum Bereich der Polymere mit plastomeren
Eigenschaften. Die kristalline Phase der Plastomere besteht aus verzweigten Lamellen. Genau
das ist bei den Polymeren der Fall die mit den Katalysatoren 8a und 11 erhalten wurden und
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zwar durch die sterischen Effekte der speziellen Orientierung der Substituenten am
Indenylring. In Materialien mit niedriger Taktizität ([mmmm] < 40%) findet man rein lineare
Strukturen. Hohe Molekulargewichte in Kombination mit niedriger Taktizität führen zu
Elastomeren. Ihre Spannungs-Dehnungs-Kurven zeigen einen deutlichen Abfall der
Materialsteifigkeit im Vergleich zu den oben erwähnten Plastomeren und Thermoplasten.
Es ist wohlbekannt, dass durch ZN-Katalysatoren C3/C2 - Copolymere zugänglich sind, und
Metallocene darüber hinaus die Herstellung homogener Architekturen von Copolymeren mit
hoher Aktivität und hohem Molekulargewicht erlauben. Das neue Metallocen 11 ermöglicht
jedoch zum ersten Mal eine kontinuierliche Kontrollierbarkeit sowohl der Taktizität als auch
der thermischen Eigenschaften. Durch Experimente in flüssigem Propylen entstanden
elastische Copolymere mit ultrahohem Molekulargewicht und niedriger Glastemperatur Tg
(Abbildung 7.5).

Abbildung 7.5 Spannungs-Dehnungs-Kurven des Hf-11 Homo- und Copolymers

Die eben erwähnten Ergebnisse deuten daraufhin, dass durch die gezielte Einführung von
Stereofehlern in isotaktischem Polypropylen durch Anpassung der Ligandensubstitution und
der

Polymerisationsbedingungen

ein

kontinuierlicher

Übergang

der

mechanischen

Eigenschaften erreicht werden kann, von elastisch bis thermoplastisch. Die in der
vorliegenden Arbeit untersuchten neuen Katalysatoren eröffnen dadurch den Zugang zu neuen
hochwertigen Materialien mit Eigenschaften von Polypropylen-Plastomeren mit ultrahohem
Molekulargewicht, welche das Potential haben sollten, etablierte kommerzielle Produkte
erfolgreich abzulösen.
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