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Zusammenfassung 

Lineare und langkettenverzweigte high density Polyethylene mit molaren Massen Mw 

von 1.7 bis 1 150 kg/mol sind mit Metallocen-Katalysatoren synthetisiert worden. Abhängig 

von den Polymerisationsparametern wurden Molekulargewichtsverteilungen zwischen 2 und 

12 erreicht. Die Detektion der Verzweigungen erfolgte durch zwei voneinander unabhängige 

Methoden, durch Schmelzrheologie und SEC-MALLS. Die aus den rheologischen Messungen 

erhaltenen Nullviskositäten η0 deckten einen breiten Bereich von 10-3 bis etwa 108 Pas ab. 

Oberhalb der kritischen Molmasse von Mc ≈ 2900 g/mol können die experimentellen 

Ergebnisse von linearen Polyethylenen durch die Beziehung η0~Mw
3.6 beschrieben werden, 

unabhängig von der Molekulargewichtverteilung. Es wurde beobachtet, dass die 

Viskositätsfunktion sehr stark von der Molekulargewichtverteilung und von dem 

Verzweigungsgrad beeinflusst wird. Die Molekulargewichtverteilung wird durch den 

Katalysatortyp und die Polymerisationsbedingungen beeinflusst. Eine Abhängigkeit des 

Schmelzpunktes und der Schmelzenthalpie von der Molmasse Mw wurde ebenfalls 

beobachtet. Neue Struktur-Eingeschaftsbeziehungen zwischen Katalysatorstruktur, 

Polymerisationsbedingungen und dem Verzweigungsgehalt von Polyethylenen konnten 

aufgestellt werden. 

Copolymere aus Ethen mit 1-Octen, 1-Dodecen, 1-Octadecen und 1-Hexacosen mit 

Verzweigungslängen von 6 bis 26 Kohlenstoffatomen wurden mit dem Katalysatorsystem 

[Ph2C(2,7-di-tertBuFlu)(Cp)]ZrCl2/MAO hergestellt. Dieser Katalysator zeigt eine sehr hohe 

und lang anhaltende Polymerisationsaktivität. Das Einbauverhalten gegenüber Comonomeren 

ist sehr gut und mit Wasserstoff lässt sich die Molmasse der Polymere regulieren. Für das 

Polyethylen wurden etwa 0.37 bzw. 0.30 Langkettenverzweigungen pro Molekül mittels 

NMR und SEC-MALLS bestimmt. Rheologische Größen, wie die Nullviskosität η0, erhöhen 

sich gegenüber denen von linearen Materialien mit gleichem Mw, wenn 

Langkettenverzweigungen vorhanden sind. Die Form der Viskositätsfunktion und der 

Gleichgewichtsnachgiebigkeit Je
0 zeigen eine Abhängigkeit von Comonomergehalt und –

länge im Polymer. Diese Beobachtungen konnten benutzt werden, um die verschiedenen 

Langkettenverzweigungsstrukturen zu erläutern. Die Proben mit dem höchsten 

Comonomergehalt verhielten sich wie lineare Polymere und die mit wenig Comonomergehalt 

wie langkettenverzweigte. Neben dem Comonomergehalt hat auch der Comonomertyp einen 

Einfluss auf die Langkettenverzweigungen und Materialeigenschaften. Die kristallinen 

Methylensequenzlängen und die lamellaren Schichtdicken der Copolymere wurden nach 
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Anwendung einer Technik zur fraktionierten Kristallisation in der DSC berechnet. Durch 

DMA Messungen konnten das Speichermodul als Indikator für Steifigkeit des Materials und 

das Verlustmodul zur Messung des Einflusses der Verzweigungen auf die α- und β-

Relaxationen des Materials bestimmt werden. Die Ergebnisse wurden mit den Messungen von 

Materialdichte und Zugfestigkeiten korreliert und dadurch der Einfluss von 

Comonomergehalt und –typ auf die Materialeigenschaften charakterisiert. Die Hexacosen-

Copolymere zeigten bemerkenswerte Materialeigenschaften, die sich deutlich von denen der 

bisher bekannten LLDPEs unterscheiden. Die Seitenketten kristallisieren in Form von 

Agglomeraten nicht nur parallel zur Hauptkette; diese Erkenntnisse ließen sich auch auf 

Ethen-Octadecen-Copolymere übertragen. 

Drei Serien von Ethen/Propen-Copolymeren wurden mit den Katalysatoren 1) rac-

[Me2Si(2-Me-4-(1-Naph)Ind)2]ZrCl2 / MAO, 2) [Me2Si(Ind)(Flu)]ZrCl2 / MAO und 3) einer 

1:5 Mischung aus 1 und 2, alle in einem großen Bereich von Comonomerfraktionen im 

Reaktor und Polymer, hergestellt. Die 13C NMR Spektren der single-site Serien wurden 

genutzt, um mit der Direct Peak Methode die Reaktionsraten der Katalysatoren nach Markov 

zweiter Ordnung zu bestimmen. Die Aktivitäten und Reaktionsraten der Katalysatoren 

wurden dann dazu verwendet, die dual-site Serie anhand der NMR Daten zu modellieren. Mit 

den Ergebnissen der Modellierung konnten anschließend die DSC und SEC Daten der dual-

site Serie interpretiert werden. 
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Summary 

Linear and long-chain branched high density polyethylenes with a molar mass Mw 

between 1 700 and 1 150 000 g/mol were synthesized using metallocene catalyst systems. 

Depending on the polymerization parameters the molar mass distribution reached values 

ranging from 2 to 12. The branch detection took place via two independent methods, melt 

rheology and SEC-MALLS. The resulting zero shear-rate viscosities covered a range from 

10-3 to around 108 Pas. Above a critical molar mass of Mc ≈ 2900 g/mol the experimental 

results for linear polyethylenes can be described by the relation η0~Mw
3.6 independently of the 

molar mass distribution. The viscosity function was found to be strongly influenced by the 

molar mass distribution and the degree of long-chain branching. The molar mass distribution 

was affected by the catalyst type and the polymerization conditions. A dependence of the 

melting point and the melting enthalpy on the molar mass was observed. New relationships 

between catalyst structure, polymerization conditions and the branching content of 

polyethylenes were established. 

Copolymers of ethene and 1-octene, 1-dodecene, 1-octadecene, and 1-hexacosene 

were carried out using [Ph2C(2,7-di-tertBuFlu)(Cp)]ZrCl2/MAO as catalyst to obtain short-

chain branched polyethylenes with branch length from 6 to 26 carbon atoms. This catalyst 

provides high activity and a very good comonomer and hydrogen response. For the 

homopolymer approximately 0.37 and 0.30 LCB/molecule were found by NMR and SEC-

MALLS respectively. Rheological quantities, such as the zero shear-rate viscosity, increased 

with LCB as compared to linear samples of the same Mw. The shape of the viscosity function 

and the linear steady-state elastic compliance Je
0 showed a dependence on comonomer content 

and length. These findings are used to elucidate the various long-chain branching 

architectures. The samples with highest comonomer content behaved like typical linear 

polymers in rheological experiments, while those with less comonomer were found to be 

long-chain branched. Besides the comonomer content, the type of comonomer has an 

influence on the branching structure and material properties. The crystalline methylene 

sequence lengths of the copolymers and lamellar thicknesses were calculated applying a DSC 

successive self-annealing separation technique. By DMA the storage modulus as an indicator 

of stiffness and loss modulus as a measure of the effect of branching on the α- and β-

relaxations were studied. The results were related to the measurements of the polymer’s 

density and tensile strength in order to determine the effect of longer side-chains on the 

material properties. The hexacosene copolymers have side-chains of 24 carbons and 
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remarkable material properties, different from conventional LLDPEs. The side-chains of these 

copolymers crystallize with each other and not only parallel to the backbone lamellar layer, 

even at low concentrations. A transfer of these results to 16 carbons side-chains in 

ethene/octadecene copolymers was also possible. 

Three series of ethene/propene copolymers were made using the catalysts 1) rac-

[Me2Si(2-Me-4-(1-Naph)Ind)2]ZrCl2 / MAO, 2) [Me2Si(Ind)(Flu)]ZrCl2 / MAO and 3) a 1:5 

mixture of 1 and 2, all with a broad range of (co)monomer mole fractions in the reactor and 

copolymers. The 13C NMR spectra of the single-site series are the input of the Direct Peak 

Method to determine the second order Markov reactivity ratios of the catalysts used. The 

activities and reactivity ratios of the catalysts in the single-site experiments are used to model 

the dual-site series based on 13C NMR data. The results of this modeling are used to 

interpretate the DSC and SEC data of the dual-site series. 
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1. Introduction 

1.1 History of polyolefin catalysis 

The first industrially practical polyethylene synthesis was discovered by Eric Fawcett 

and Reginald Gibson at ICI Chemicals in 1933. It was not until 1935 that another ICI chemist, 

Michael Perrin, developed the reproducible high-pressure synthesis for polyethylene, which 

became the basis for industrial LDPE (low density polyethylene) production beginning in 

1939. Ethene was polymerized under extremely high pressure (500 - 1200 atm) and high 

temperatures (200 – 400 °C) to a white waxy material. The reaction had been initiated by 

trace oxygen contamination in the apparatus (< 3 %).1 

Subsequent landmarks in polyethylene synthesis have centered on the development of 

several types of catalyst that promote ethylene polymerization at more mild temperatures and 

pressures. The first of these was a chromium trioxide based catalyst discovered in 1951 by 

Robert Banks and John Hogan at Phillips Petroleum, although it was patented later in 1958.2 

In 1953, Karl Ziegler developed a catalytic system based on titanium halides and 

organoaluminum compounds that worked at even milder conditions than the Phillips 

catalyst.3,4 The Phillips catalyst is less expensive and easier to work with, leading to both 

methods being used in industrial practice. By the end of the 1950s both, the Phillips and 

Ziegler type catalysts were being used for HDPE production.  

A third type of catalytic system, based on metallocenes, was discovered in 1976 in 

Germany by Walter Kaminsky and Hansjörg Sinn.5 The Ziegler and metallocene catalyst 

families have since proven to be very flexible at copolymerizing ethene with other olefins and 

have become the basis for the wide range of polyethylene resins available today, including 

VLDPE (very low density PE), LLDPE, and MDPE (medium density PE). 

Until recently, the metallocenes were the most active single-site catalysts for ethylene 

polymerization known - new catalysts are typically compared to zirconocene dichloride. 

  

1.2 Ziegler-Natta catalysis 

In 1953 Karl Ziegler developed the catalytic polymerization of ethylene.6 Gaseous 

ethene was polymerized quickly to high-molecular polymers at pressures of 100, 20 or 5 atm 
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and even at atmosphere pressure using simple producible catalysts. With this discovery,3,4,7 

based on fundamental investigations of the reaction between ethene and organometallic 

compounds, especially aluminum compounds, Ziegler has changed the world in a twofold 

way: He initiated many scientific studies in the field of catalysis using organometallic 

compounds and his discovery was of outstanding relevance for the industrial synthesis of 

polyolefins. The production of polyethylenes by polymerization of ethene under normal 

pressure or pressures up to 5 MPa and moderate high temperatures (up to 90 °C) using 

organometallic catalysts formed by mixing alkyl aluminum compounds and transition-metal 

chlorides, such as TiCl4 in a hydrocarbon diluent (diesel oil or petrol) was transferred into an 

industrial process within a few months.8 With these catalysts Natta and co-workers 

polymerized propylene to isotactic polypropylene. They discovered the principles of the 

regio- and stereospecific polymerization of 1-alkenes.9,10 The process to synthesize isotactic 

polypropylene was again transferred into a industrial process within a few years because a 

polymer with new properties was accessible.8 These catalysts can also be used for the 

copolymerization of ethene and propene to produce ethene–propene elastomers; again these 

were new polymers.11  

 

1.3 Metallocene catalysis 

1.3.1 Development of single-site catalysts 

Soon after Ziegler and Natta discovered heterogeneous olefin polymerization catalysts 

in the mid-1950s, efforts were directed toward devising homogeneous catalyst model systems 

that would prove more amenable to study. In 1957, Natta and Breslow reported that the 

metallocene Cp2TiCl2 could be activated for olefin polymerization by Et3Al or Et2AlCl.12-14 

These soluble catalysts polymerized ethene but were inactive for propene and exhibited much 

lower activities than the heterogeneous systems. Reichert and Meyer reached an enhancement 

in the polymerization activity upon addition of water to the Cp2TiEtCl/AlEtCl2 catalyst 

system.15 The situation changed dramatically in the early 1980s when Sinn and Kaminsky 

discovered partially hydrolyzed Me3Al, called methylaluminoxane (MAO). MAO was able to 

activate group IV metallocenes for the polymerization of both ethene and α-olefins.5,16 This 

discovery has stimulated a renaissance in single-site catalysis, with olefin polymerization 

clearly receiving the most attention.17 
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Efforts to polymerize propene were less satisfying, the product was found to be fully 

atactic, indicating complete lack of stereospecifity of the catalyst.18 Besides the availability of 

suitable organometallic cocatalysts, the development of stereoselective, metallocene-based 

catalysts required the development of chiral, stereorigid metallocenes, first developed by 

Brintzinger in 1982.19,20 Between 1984 and 1986, two key discoveries were made: the effect 

that different alkyl-substituted cyclopentadienyl ligands can induce on metallocene 

performances in olefin polymerization (the ligand effect)21,22 and the discovery that 

stereorigid, chiral metallocene catalysts can induce enantioselectivity in α-olefin insertion.23,24 

Since then, thanks to the combined efforts of industrial and academic research groups 

worldwide, an impressive increase of the knowledge of, and control over, the mechanistic 

details of olefin insertion, chain growth, and chain release processes at the molecular level has 

been made.25 

In the early 1990s supported metallocenes were introduced to enable gas phase 

polymerization. Also ethene/α-olefin copolymers with high comonomer content, cycloolefin 

copolymers and ethene/styrene copolymers became available.26 In 1990 J. C. Stevens at Dow 

Chemical discovered that titanium cyclopentadienyl amido compounds (constrained geometry 

catalysts, CGC) are very beneficial for the copolymerization of ethene and long-chain α-

olefins.27 

Today, next to the early transition metals such as Ti, Zr and Hf, the focus of interest is 

also on the potential of the late transition metals like Ni, Pd, Co and Fe. As the late transition 

metals are characteristically less oxophilic than the early metals, they are more tolerant 

towards polar groups. A nickel-based catalyst system, which produces, in the absence of 

comonomers, highly short-chain branched polyethylene was developed by M. Brookhard.28 

Efficient new systems were developed; in nickel or palladium systems the metal is typically 

sandwiched between two α-di-imine ligands, while iron and cobalt are triadentate complexed 

with imino and pyridyl ligands.29 

R. H. Grubbs developed another type of Ni-based catalyst.30,31 This neutral Ni-

catalyst, based on salicylaldimine ligands, is active in ethene polymerization without any co-

activator and originated from the Shell higher olefin process (SHOP). Shortly thereafter 

another active neutral P,O-chelated nickel catalysts for polymerization of ethene in emulsion 

was developed by R. Soula.32-34 
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Recently, work by T. Fujita at the Mitsui corporation has demonstrated that certain 

iminophenolate complexes of Group IV metals show comparable high activity than the 

metallocenes.35,36 

 

1.3.2 The role of the cocatalyst 

The key to extremely high activity of single-site catalysts in polymerization is the 

cocatalyst. MAO is the most used one in metallocene polymerization. It is well recognized 

that the activation with MAO consists of two steps: alkylation of the complex by MAO or 

TMA (trimethylaluminium) inherent in MAO, followed by cationization with MAO. The 

MAO anion acts as a weakly or noncoordinating anion and is complexing the molecule. 

Although MAO is used in industrial processes, a number of other activators have been 

developed lately. Some organic boron compounds, such as trisphenylmethyltetrakis- 

(pentafluorophenyl)borate [Ph3C]+ [B(C6F5)4]-, seem to especially fulfill a role as non-

coordinating, non-nucleophilic counter anion to the active cationic species. A review of 

cocatalyst for metal-catalyzed olefin polymerization is given by Chen and Marks.37 

To understand the nearly unlimited versatility of metallocene complexes, it is 

necessary to take a closer look at the catalyst precursor and its activation process with the 

cocatalyst (Figure 1-1). In most cases the catalyst precursor is a metallocene dichloride 

complex consisting of two aromatic five-membered ring systems, which can be tethered in 

addition by a bridging unit (ansa metallocene complexes). The introduction of substituents at 

certain positions of the two aromatic ligands and/or the bridge modifies not only the steric and 

electronic conditions in the molecule but also the symmetry of such a metallocene dichloride 

complex. Another variable parameter is the metal: M = e.g. Ti, Zr, Hf.38 

Neutral metallocene compound (L2MCl2) is inactive without an activator and requires 

a strong Lewis acid (i.e. methylaluminoxane) to form a cationic metal center, which is active 

in 1-olefin polymerization. 
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Figure 1-1: Activation of the metallocene complex Cp2ZrCl2 by MAO. 

 

1.3.3 Polymerization mechanism 

Understanding the mechanisms and kinetics involved in the polymerization process 

enables one to predict the structure of the polymer formed. Propagation and termination rates 

determine molar mass, molar mass distribution, and, in copolymerization, comonomer content 

and distribution. The catalyst initiation and deactivation processes have an influence on the 

kinetics, and the cocatalyst may have an effect on the extent of the prevailing 

mechanisms.38-40 

Propagation then proceeds by α-olefin coordination and insertion via a transition 

state.39,41,42 The exact route for the monomer insertion is not completely understood. Agostic 

interactions appear to have an important role in the chain growth process. Kinetic studies have 

shown that the polymerization rate does not always follow a simple first order relationship, 

but often depends on the monomer concentration, indicating complex reaction pathways. 

Different kinetic models have been proposed to describe this kind of polymerization 

behavior.39,43,XII 

The most common chain transfer mechanisms identified in metallocene catalyzed 

ethene polymerization and the corresponding end group types are presented in Figure 1-2. β-H 

elimination (chain transfer to the metal) and chain transfer to the monomer are generally 

believed to be the dominant chain transfer reactions in the olefin homopolymerization.16 They 

lead to the formation of vinyl (CH2=CH−R) or vinylidene (CH2=C(R’)−R) bond in ethene or 

α-olefin polymerization, respectively. Chain transfer to the aluminum (cocatalyst) is usually 

of minor importance in ethene polymerization. Chain transfer to the aluminum leads to the 
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formation of an Al−CH2−R compound. The aluminum-alkyl bond is highly reactive and the 

treatment with hydrochloric acid and ethanol − a standard laboratory washing procedure − 

results in a saturated end-group in the polymer. Chain transfer to an external chain transfer 

agent, for example hydrogen16, results in a saturated chain end. Hydrogen is far more reactive 

in metallocene-catalyzed polymerizations than in Ziegler-Natta polymerizations.44 
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Figure 1-2: Termination reactions of the ethene polymerizations: a) β-H elimination, b) chain 
transfer to the cocatalyst, c) hydrogen transfer to the monomer. 

 

 In the copolymerization of ethene and α-olefin, vinylidenes and trans-vinylenes 

(CH3−R’−CH=CH−R) account for a significant part of the end-groups. Both β-H elimination 

and chain transfer to the α-olefin after 1,2-insertion of the α-olefin results in the formation of 

a vinylidene bond. β-H elimination or chain transfer to the monomer after 2,1-insertion results 

in the formation of a trans-vinylene bond in the polymer chain.45 In α-olefin 
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(co)polymerizations a β-alkyl elimination analog to the β-H elimination may take place as 

termination reaction. 

Isomerization reactions play an important role in the formation of regio- and 

stereoerrors in propene polymerization and in chain termination. The isomerization reactions 

contribute not only to the formation of stereo errors but also to the chain transfer. The catalyst 

structure and monomer concentration have a major influence on the extent of the 

isomerization reaction leading to the formation of the stereo errors.39 In ethene 

polymerization, isomerization reactions have a less important role. 

 

1.4 Metallocene catalyzed polyethylenes 

1.4.1 Classification of polyethylenes 

Polyethylene is classified into several different categories based mostly on its 

mechanical properties. The mechanical properties of PE depend significantly on variables 

such as the extent and type of branching, the crystal structure, and the molar mass. 

UHMWPE (ultra high molecular weight polyethylene) is polyethylene with a molar 

mass of usually between 3 and 6 million grams per mol. The high molar mass results a very 

good packing of the chains into the crystal structure. This results in a very tough material. 

UHMWPE is made through metallocene catalysis polymerization. 

HDPE has only little amount of short-chain branching and thus stronger 

intermolecular forces and tensile strength. The lack of branching is ensured by an appropriate 

choice of catalyst (e.g. Ziegler-Natta or metallocene catalysts) and reaction conditions. 

LDPE has many more branches and branches on branches than HDPE, which means 

that the chains do pack into the crystal structure as well. It has therefore less strong 

intermolecular forces because the instantaneous-dipole induced-dipole attraction is weaker. 

This results in a lower tensile strength and increased ductility. LDPE is created by free radical 

polymerization. 

LLDPE is a substantially linear polymer, with significant numbers of short branches, 

commonly made by copolymerization of ethylene with longer-chain olefins. It is made with 

Ziegler-Natta or metallocene catalysts. 
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UHMWPE is used in high modulus fibers and in bulletproof vests. The most common 

household use of HDPE is in containers for milk, liquid laundry detergent, etc; the most 

common household use of LDPE is in plastic bags. LLDPE is used primarily in flexible 

tubing and films. Recently, much research activity has focused on long-chain branched 

polyethylene. This is essentially HDPE, but has a small amount of very long branches. These 

materials combine the strength of HDPE with the processability of LDPE. 

 

1.4.2 Material properties of metallocene polyethylene 

The synthesis and characterization of polyolefins, especially polyethylenes and 

ethene/α-olefin copolymers synthesized using metallocene catalysts, has gained great interest 

in recent years. This is due to several major advantages of these systems over those produced 

by Ziegler-Natta (Z-N) catalysis. With metallocene catalysis, the molar mass is adjustable 

over a broad rangeI and the polymers show a narrow molar mass distribution (MMD).8,26 Due 

to the stereo- and regiospecific nature of the catalysts, highly tactic and tailored 

copolymers25,39,46 may be produced. Metallocene catalysts also have a high affinity to 

incorporate α-olefins into growing chains, and are even able to produce short branches in 

homopolymerizations.47-49 Polymer chains containing a terminal vinyl group, created in-situ, 

can also act as macro-comonomers, leading to the formation of long-chain branched (LCB) 

polymers. In contrast, copolymerization of α-olefins with more than six carbon atoms by Z-N 

catalysts has proved to be difficult.  

Research in the area of nanocomposites is inspired by nature, which has ‘invented’ 

materials with exceptional properties by combination of a  hard, skeleton-like structure 

combined with a continuous flexible phase.50 Analogously, the addition of fillers to a polymer 

matrix opens up the route to materials with completely new properties.X 

 

1.4.3 Influence of the side-chains (copolymers) 

Ethene copolymers with higher α-olefins, such as 1-butene, 1-hexene and 1-octene, 

are industrially important materials. Compared to polymers made with Ziegler-Natta catalysts, 

metallocene catalyzed copolymers have several advantages, the LLDPEs have excellent 

physical properties like high strength, high clarity and good heat sealability.51 This is due to 

the narrow composition distribution and random distribution of comonomers. The amount of 
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the comonomer and the length of the side-chains influence the material properties. The 

presence of short-chain branches (SCB) disturbs the crystallization kinetics; still metallocene 

copolymers have narrower lamellar thickness distribution than Z-N copolymers.40 It is 

generally agreed that these side groups are concentrated in amorphous regions and, at most, 

only a small proportion of ethyl groups are located inside crystallites.52,53 Metallocene 

catalysts enable the production of a new family of materials, which are eliminating the 

differences between the commodity and engineering polymers and between thermoplastics 

and elastomers. These thermoplastics are increasingly elastic and the elastomers are 

increasingly thermoplastic. Consequently the mechanical and physical properties of 

polyethylene are drastically changed by copolymerization with small amounts of α-olefins. 

This change will depend not only on the number of comonomer-units, but also their 

distribution along the chain and the nature of the side branches arising from the α-olefin. 

Comonomer and side-chains effects in LLDPEs are discussed in chapter 3. 

Long-chain branches in polyethylene has several benefits relating to the polymer 

processability54-57 since they affect the melt viscosity, temperature dependence of viscosity, 

melt elasticity, shear thinning, and extension thickening and they are also improving the 

stability of elongation dominated processes by strain hardening. The use of single-site 

catalysts allows a novel structure combination for PE of LCB with narrow molar mass 

distribution. The formation of long-chain branched metallocene polyethylenes (mPE) was first 

reported in patent literature in the mid-nineties.27,58 The first scientific papers covering this 

topic were published a few years later.59-61 

 

1.4.4 Modifying high density polyethylenes 

Comparing conventional heterogeneous Ziegler-Natta to metallocene-based catalysis 

for the synthesis of polyolefins, it is surprising to see that the level of understanding of the 

catalytic species is almost opposite to the level of production. Even though the nature of the 

active species is rather incomprehensible in Ziegler-Natta catalysis, quantitatively, this way of 

synthesizing (co)polymers continues to dominate the market, mainly because of the lower 

production costs but also due to the favorable morphology and good processability of the 

materials. The polyolefins made by single-site catalysts only possess a relatively small part of 

the world market. Due to the narrow distribution of molar masses, which in case of most 

polyethylene types is unfavorable for the processing, modulations of the molecular 
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architectures have become necessary. This was reached via two main routes: introduction of 

long-chain branches in polyethylenes like LDPE and (in-situ) blending. Obviously, the target 

is to combine the best of both, the good processability and the good mechanical properties. 

 

1.4.4.1 Introducing long-chain branching 

The first single-site catalyst reported to produce LCB-polyethylene was a constrained 

geometry catalyst, which is a half-metallocene.27,58,62,63 In the first publications, it was only 

stated that the open structure of CGC enables LCB formation. Later it has been possible to 

use sterically more hindered dicyclopentadienyl catalysts for the production of LCB-

polyethylene. LCB has been produced with Cp2ZrMe2/B(C6F4)3
58 and Cp2ZrCl2/MAO64-66. In 

contrast, (Me5Cp)2ZrMe2/MAO - catalyst resulted in a linear polymer.44,58 In addition to these 

catalysts, Et[Ind]2ZrCl2/MAO and other ansa-metallocenes have also been reported to 

produce LCB polyethylene.61,67-69 Evidence for long-chain branching in mPE was published 

by Wood-Adams et al. using a combination of NMR, SEC and shear rheology.70 For the 

quantification of the small amount of LCB by NMR extremely long measurements up to 2 

million scans were needed. 

Most catalysts found to produce LCB are either half-metallocenes (constrained 

geometry catalysts)27,71 or ansa-metallocenes.64,67,68 The unbridged metallocene Cp2ZrMe2 

system, activated with either B(C6F4)3 or methylalumoxane (MAO), was also reported to 

produce long-chain branches.I,58,59,66,68 Long-chain branching in metallocene catalyzed 

polymerizations is believed to take place via a copolymerization route,  with the incorporation 

of a vinyl terminated polyethylene chain into a growing polymer chain.59,72,73 Investigation 

into the polymerization behavior of several metallocene catalysts revealed that the termination 

mechanisms were catalyst specific. Depending on the catalyst structure, the termination of 

chain growth occurred via either β-H-elimination, hydrogen transfer to the monomer, or by 

chain transfer to the cocatalyst. Further research indicated that catalysts with high vinyl 

selectivity and good copolymerization ability were the most prominent for producing 

polymers with modified rheological properties.64,III 

The formation of LCB depends on many different factors, including the presence of 

comonomers. If α,ω-dienes are incorporated, the additional terminal vinyl groups act as 

starting points for long-chain branching and thus result in a higher degree of LCB.74 Initial 

investigations indicated that α-olefin comonomers decrease the amount of LCB, as they tend 
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to terminate the growing chain.75 The resulting vinylidene group at the end of a macromer is 

believed to be sterically hindered from reintroduction into a growing chain by the short-chain 

branch residing at the 2-position. Additionally, vinyl terminated polymer chains are sterically 

hindered from incorporation as LCB due to the short-chain branches in the growing chain and 

macromonomer. Thus the degree of LCB tends to decrease with increasing comonomer 

content.  

Kokko et al.68 showed, that for the catalyst system rac-[Et(Ind)2]ZrCl2/MAO, that both 

the temperature dependence of the viscosity and the viscosity itself decreased when 

introducing up to 3.4 mol-% hexadecene, suggesting a decreasing amount of LCB. The data 

indicated that 3.4 mol-% comonomer was not sufficient for the complete suppression of LCB. 

The viscosity was distinctly above the zero shear-rate viscosity of a linear polymer of equal 

molar mass, the activation energy of 41 kJ/mol was also much higher than that expected for a 

truly linear HDPE system (28 kJ/mol).76 It was also shown that the presence of gaseous 

hydrogen during polymerization dramatically decreased the degree of long-chain branching 

using certain metallocene catalysts.64,68 Some aspects of the processing behavior can be 

assessed by measuring the viscosity function in shear and extension.77  

Long-chain branched polyethylenes are discussed in more details in chapter 2 and the 

influence of comonomer on LCB is described in chapter 3. 

 

1.4.4.2 Influencing the molar mass distribution 

An opportunity to modify the properties of HDPE is to produce blends. Apart from the 

MMD and comonomer distribution that a certain catalyst produces in polymerization in one 

reactor, two or more cascaded reactors with different polymerization conditions increase the 

possibilities to tailor polymer properties by in-situ blending of two or more structurally 

different polyethylenes. The bimodal process technique has been mostly used to improve 

processability and the mechanical properties of HDPE.78 Bimodal polyethylene consists of 

two or more polymer fractions which usually differ from each other with respect to molar 

mass and branching (comonomer) content, and in fact, such a grade leads to intermolecular 

heterogeneity.79-82 In a bimodal process, the catalyst is fed into the first reactor where the first 

polymer fraction is produced. After that the polymer fraction is transferred into the second 

reactor for production of the second polymer fraction. In some of the bimodal processes the 

reactor may also be operated in parallel mode. 
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Traditionally, bimodal polyethylene resins are produced with Ziegler-Natta type 

catalyst, but for specialty grades (e.g. bimodal LLDPE) the use of metallocene catalysts is 

slowly increasing.78 The application areas of bimodal polyethylene are the same as for 

corresponding monomodal resins. However, optimizations of product-property combinations, 

such as the stiffness-impact balance, can result in products with higher performance. For 

example, without polyethylenes of controlled bimodal MMD and comonomer incorporation, 

development of HDPE pipe materials with better environmental stress cracking resistance 

(ESCR) and higher pressure classification would not have been possible.78,80,82,83 

Multimodal polymers can also be obtained in-situ by tandem catalysis. This is claimed 

to be a very promising technique for the synthesis of new polyethylene, polypropylene and 

ethene/α-olefin copolymers. There are two possibilities to realize a dual catalytic 

system:47,84,85 

• Each catalyst in the mixture generates polymers with different molar masses 

and molar mas distribution (type 1); 

• One catalyst generates α-olefins in situ while a second catalyst copolymerizes 

the in situ generated α-olefins with the ethene in feed, the so called Concurrent 

Tandem Catalysis (type 2). 

A type 1 tandem catalysis is described in chapter 4. 

 

1.5 Polyolefins in the market 

Polyethylene is cheap, flexible, durable, and chemically resistant material.  Linear low 

density polyethylene (LLDPE) is used for making films and packaging materials, while high 

density polyethylene (HDPE) is used more often to make containers, plumbing, and 

automotive fittings. 

Polyethylene is today's highest volume commodity plastic and it is the most widely 

utilized thermoplastic polymer. In the next years its worldwide demand is forecast to grow 

enormous. Figure 1-3 shows the world plastics production in 2004, polyethylene taken 32 %. 

Low and high density polyethylene is the material for everyday items. 
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Figure 1-3: World Plastics Production, breakdown by types of plastic 2004 (tonnage in 
percent), Source: PlasticsEurope Deutschland, WG Statistics and Market Research. 

 

The demand on polyolefins is still growing. The raw material is cheap and easy 

available, and there are plenty of different applications for polyolefin based materials. With 

the growing demand, the material itself has become technically more sophisticated and more 

application specific. Utilization of latest findings in polymer science have led to new catalysts 

and process innovations, which have made the required improvements in material properties 

possible, and in many cases also resulted in better production economy. The production and 

consumption of polyolefins is the most growing of all plastics (Figure 1-4), especially LLDPE 

and polypropylene (PP), but also HDPE. 
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Figure 1-4: World Plastics Consumption 2004 – 2010, Source: PlasticsEurope Deutschland, 
WG Statistics and Market Research. 

 

Demand for metallocene and single-site polymers advance many percent per year. 

Increases will be attributable to the considerable processing and performance advantages 

these materials hold over other conventional thermoplastics and thermoplastic elastomers 

(TPE). Metallocene processes allow an unprecedented degree of customization during 

polymerization, facilitating the cost-effective production of polymers with enhanced 

performance qualities such as higher strength, improved clarity and better processability. 

Threats to further growth include the higher cost of metallocene polymers since they are being 

sold into very cost-sensitive markets. Consequently, catalyst costs must be constrained and 

production rates optimized.86 

Metallocene and single-site polymers are expected to account for about nine percent of 

the total market for polyolefin polymers in 2009 (from Global Information Inc.). Penetration 

rates will vary, with the highest anticipated for LLDPE and EPDM (ethene propene diene 

monomer) rubber. Film applications for LLDPE are particularly amenable to the performance 

and processing advantages offered by metallocenes (particularly their enhanced clarity and 
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puncture resistance). Penetration rates will remain considerably lower in high density 

polyethylene and polypropylene, though they will be growing at a faster pace. 

Recent developments in catalyst technology are revolutionizing the polyolefins 

industry. Specifically, INSITE single-site catalysts from Dow Chemical and EXXPOL 

metallocene catalysts from Exxon Mobil, along with a host of other production technology 

innovations (particularly gas-phase process technology from companies such as BP and 

Chevron Phillips, BORSTAR process by Borealis and the SPHERILENE technology from 

Basell) are giving resin producers significantly greater control over the manufacturing 

process, resulting in higher performance and custom engineered olefinic polymers.  
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2. Linear and long-chain branched polyethylenes 

2.1 Introduction 

Although metallocene catalysts have expanded the range of molar masses and molar 

mass distributions of polyethylenes during the last 20 years, comprehensive results regarding 

rheological properties of linear high density polyethylenes have not been published for the 

wide range of these molecular parameters attainable today.  

In this work polyethylenes with a defined linear or long-chain branched topography 

were synthesized in order to find more relationships between catalyst structure, 

polymerization conditions and branch incorporation. 

Three different basic methods are used for the detection of long-chain branching; 

Carbon-13 nuclear magnetic resonance (13C NMR) spectroscopy, size exclusion 

chromatography with coupled multi angle laser light scattering (SEC-MALLS), and 

rheological measurements. Melt rheological measurements are the most sensitive methods for 

detecting very low concentrations of LCB. The LCB density in single-site catalyzed 

polyethylenes is typically in the range of 0.01 – 0.2 branch points per 1000 main-chain 

carbons.67,69 In many cases, low LCB content is difficult to detect with 13C NMR 

spectroscopic methods, even though nowadays a differentiation between side-chains of longer 

than six carbons is possible.VIII However, a mixture of short-chain branches and long-chain 

branches (usually found in LLDPE) is even harder or impossible to characterize with respect 

to long-chain branches because of the similar signals of SCBs and LCBs. Here SEC-MALLS 

and melt rheological measurements are used for branch detection.  

Much attention has been paid during recent years to the influence of long-chain 

branches on rheological properties but in order to be able to assess their effectiveness exactly 

the influence of molar mass and molar mass distributions on rheological properties should be 

known. 

Especially the dependence of the zero shear-rate viscosity η0 on the molar mass Mw 

has gained growing interest years as it allows some insight into the branching structure of 

polymers.70,76,87,88 Long-chain branches have similar effects as some molar mass distributions 

in shear flow. With the correlation between the zero shear-rate viscosity η0 and the molar 

mass it is possible to separate between these two influence factors in most cases. However, in 
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some cases zero shear-rate viscosities of long-chain branched samples fit to the η0-Mw-

correlation as well, most of these cases are high molecular LDPEs. 

The dependence of the zero shear-rate viscosity η0 on the molar mass Mw of a linear 

polymer is described by the equations (2-1) – (2-3).89 

 
αη wMK ⋅= 10  for cw MM >        (2-1) 

 

wMK ⋅= 20η  for cw MM <        (2-2) 

 

ec MM ⋅≈ 2          (2-3) 

 α is reported to be between 3.4 and 3.6. K1 and K2 are parameters dependent on the 

polymer type and the temperature, Mc is a critical molar mass, which is approximately two 

times the entanglement molar mass Me. According to literature Mc is around 3800 g/mol for 

polyethylene.90,91 Technically relevant polymers usually have a weight-average molar mass 

Mw of more than 5xMc because the polymers with a lower Mw are very brittle. 

One prerequisite for using η0(Mw) for the analysis of long-chain branching is, that 

η0(Mw) is independent of the polydispersity of the polymer. Otherwise more complicated 

correlations would have to be used to compensate for the influence of the molar mass 

distribution. Wasserman and Graessley proposed such an extension of equation (2-1) by 

introducing an additional dependence of η0 on Mw/Mz.92 Such a relationship can only be 

established by using polyethylenes which do not contain any long-chain branches. 

Metallocene catalysts offer the possibility to polymerize such samples in a wide range of 

molecular parameters (see chapter 2.2). 

In this work (see chapter 2.3 and 2.4) various linear high density metallocene 

catalyzed polyethylenes are characterized with respect to their viscosity functions and their 

molar masses and polydispersities to find out how the well characterized molecular structure 

is reflected to the viscosity data. 

Polyethylene tends to cross-link with increasing time in the melt and cross-linking 

involves the formation of long-chain branches as a first step. Thus it is of great importance to 
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ensure the thermal stability of the samples. If cross-linking can be excluded, the deviation of 

the viscosity function from the linear function is very sensitive to detect LCB. 

From the processing point of view the viscosity function is important. The viscosity 

function can be determined by stressing or dynamic-mechanical-experiments, for more details 

about this see also publication II. The zero shear-rate viscosity η0 of LCB polymers does not 

only depend on the Mw but also on the molecular structure. Thus no simple equation such as 

(2-1) is valid for non-linear chains. As a general trend small amounts of LCB will lead to an 

increased η0 while large amounts of LCB (e.g. in LDPE) will decrease η0.76,93-95 

In order to separate between effects of the molar mass distribution and long-chain 

branching by shear rheology the molar mass distribution has to be measured by SEC because 

a broad molar mass distribution can account for the same rheological behavior. A MALLS 

detector attached to the SEC apparatus is able to measure the radius of gyration as a function 

of the molar mass <r²>0.5 (M) of the samples as an additional information besides the absolute 

molar mass. The presence of long chain branches in the polymer leads to a decrease of the 

radius of gyration <r2>0.5.96,97 By plotting the radius of gyration as a function of the molar 

mass <r2>0.5 (M) a decrease can be detected as the deviation from a linear curve representative 

for each class of polymers. 

A broad range of linear and long-chain branched polyethylenes were synthesized using 

metallocenes and constrained geometry catalyst. Some catalysts were taken which were 

studied before concerning long-chain branching. However, there is a lack of information 

available in literature how the catalyst structure and the polymerization conditions affect the 

formation of long-chain branches. By using also known systems definitely linear and long-

chain branched polyethylenes were obtained. New structure-property relationships using two 

independent detection methods were established and extended to new systems based on the 

results.  This is described in chapter 2.4 and I. 
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2.2 Polymerization behavior and polymer characteristics 

2.2.1 Materials 

A series of different polyethylenes were synthesized using reactor 1a and 1b. Six  

catalysts (CpMe5)2ZrCl2 (A), Cp2ZrCl2 (E), rac-[Et(Ind)2]ZrCl2 (B), 

[Me2Si(Me4Cp)(NtertBu)]TiCl2 (D), [Ph2C(2,7-di-tertBuFlu)(Cp)]ZrCl2 (F) and 

[Me2C(Cp)2]ZrCl2 (G) together with MAO as cocatalyst were used. The polymers were 

analyzed by DSC 1, SEC 1 and 2, rheology and melt-state NMR (NMR 3), see chapter 6 for 

details. The letter C is kept for naming commercial grades. 

 

 

Figure 2-1: Catalyst precursors: 
(CpMe5)2ZrCl2 (A), Cp2ZrCl2 (E), [Me2C(Cp)2]ZrCl2 (G), rac-[Et(Ind)2]ZrCl2 (B), 

[Me2Si(Me4Cp)(NtertBu)]TiCl2 (D), [Ph2C(2,7-di-tertBuFlu)(Cp)]ZrCl2 (F). 
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Some of the polymerizations were done under presence of hydrogen to control the 

molar mass of the polymer. Polymerization details are given in Table 2-1. 

  

Table 2-1: Polymerization conditions. 

# catalyst temp. c(ethene)a p(ethene)b n(H2) timec n(cat.) MAO toluene
  [°C] [mol/l] [bar] [mmol] [min] [µmol] [mg] [ml] 

A1 A 30 0.24 2.00  60 0.20 200 200 
A2 A 30 0.24 2.00  240 1.00 1000 2000 
A5 A 60 0.23 2.80  240 1.25 1000 2000 
A4 A 60 0.47 5.80  240 1.00 1000 2000 
A6 A 60 0.41 5.00 9.0 240 0.25 1000 2000 
A7 A 90 0.24 3.80  300 4.50 1000 2000 
A8 A 90 0.24 3.80 8.3 75 0.20 400 400 
A9 A 90 0.24 3.80 8.3 80 0.10 400 400 
A3 A 90 0.24 3.80 16.6 75 0.10 400 400 
E8 E 30 0.23 2.00  180 0.50 1000 2000 
E1 E 30 0.23 2.00 9.0 242 0.50 1000 2000 
E9 E 60 0.13 1.55  60 0.2 200 200 
E2 E 60 0.13 1.55 9.0 60 0.20 200 200 
E3 E 60 0.41 5.00  241 0.50 600 2000 
E4 E 60 0.41 5.00 9.0 215 0.50 1000 2000 
E5 E 90 0.06 1.00  45 0.25 200 200 
E6 E 90 0.13 2.00  60 0.50 200 200 
E7 E 90 0.13 2.00 8.3 60 0.20 200 200 
B1 B 60 0.08 1.00  240 0.50 1000 2000 
B2 B 60 0.25 3.00  158 0.25 1000 2000 
B4 B 60 0.41 5.00  90 0.50 1000 2000 
B5 B 60 0.41 5.00 9.0 241 0.25 1000 2000 
B6 B 75 0.07 1.00  240 0.50 1000 2000 
B7 B 75 0.22 3.00  218 0.25 1000 2000 
B8 B 75 0.37 5.00  154 0.25 1000 2000 
B9 B 90 0.19 3.00  190 0.25 1000 2000 
D3 D 60 0.41 5.00  240 3.00 1000 2000 
D4 D 60 0.41 5.00 9.0 241 1.00 1000 2000 
D5 D 90 0.24 3.80  225 1.00 1000 2000 
F1 F 60 0.24 2.95 9.0 243 0.48 1000 2000 
F2 F 60 0.41 5.00  250 0.32 1000 2000 
F3 F 60 0.41 5.00 9.0 243 0.16 1000 2000 
G1 G 90 0.05 0.79  93 2.50 800 1200 
G2 G 90 0.10 1.58  90 1.50 800 1200 

a ethene concentration in toluene 
b ethene pressure in the reactor 
c polymerization time 
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2.2.2 Polymerizations 

The polymerization activities and polymer characteristics are given in Table 2-2. 

Catalyst E and B have the highest polymerization activities of all investigated catalysts in this 

study. It is remarkable that the activity of catalyst A, D and F is enormously increased if 

hydrogen is used. Hydrogen affects the activity in different ways depending on the catalyst 

structure, for catalysts B and E lower activities are observed. 

When considering long-chain branch formation via the copolymerization route, the 

choice of the catalyst and polymerization conditions plays a great role. The importance of 

catalyst vinyl-group selectivity for formation of LCB is described by the group of Seppälä for 

catalysts E, B, and other.64,68,75 Another important factor is the polymerization reactor 

operating conditions. In a batch polymerization, the macromonomer concentration (here the 

polymer itself) increases and the monomer concentration decreases as the polymerization 

proceeds. The monomer concentration is constant in semi-batch polymerization. Only in the 

continuous stirred tank reactor system, both monomer and macromonomer concentrations are 

constant after the steady-state conditions are achieved. The shown polymerizations were 

performed as a semi-batch process. The influence of the polymerization time on the amount of 

branches in the polymer was observed and has to be investigated in more details (see chapter 

5). 
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Table 2-2: Polymerization activities and polymer characteristics. 

# Activitya Tm
b Tc

b ∆H Crystallinityc Mw MMD 
  [°C] [°C] [J/g] [%] [kg/mol]  

A1 27100 140 112 174 60 665 3.0 
A2 30900 140 112 137 45 923 3.8 
A5 17800 142 113 170 53 403 2.6 
A4 19900 142 112 176 60 564 4.3 
A6 129200 136 117 232 80 72 11.6 
A7 2800 135 114 217 74 179 4.0 
A8 56200 131 116 227 78 28 7.8 
A9 53100 131 115 228 78 19 6.5 
A3 47000 129 113 237 81 17 10 
E8 31300 138 112 152 52 565 2.2 
E1 37600 133 116 248 85 12.7 2.1 
E9 193000 138 113 173 59 221 2.1 
E2 194500 128 115 244 83 6.5 2.2 
E3 124900 140 109 181 62 297 2.1 
E4 45600 133 117 256 88 15 2.5 
E5 275100 135 117 208 71 52 2.0 
E6 171500 136 115 202 69 47 2.0 
E7 414200 126 112 246 84 4.7 2.5 
B1 130200 139 110 179 61 147 2.2 
B2 187900 141 109 217 74 93 1.9 
B4 134600 138 112 208 71 100 2.0 
B5 76000 135 114 202 69 67 2.1 
B6 279900 135 113 196 67 106 2.5 
B7 245000 138 111 171 58 76 1.8 
B8 268400 138 116 196 67 69 2.0 
B9 498300 135 114 226 78 66 1.8 
D3 7200 140 112 156 53 560 2.1 
D4 16400 136 114 199 68 74 2.0 
D5 43000 140 109 177 60 365 2.6 
F1 45400 140 111 172 59 102 2.0 
F2 22000 136 114 151 52 1150 4.0 
F3 46300 138 112 185 64 173 2.0 
G1 16300 113 101 205 70 1.7 2.8 
G2 25500 118 104 214 74 2.8 2.9 

a [kgpolymer/(molcat·h·mol/lethene)] 
b peak temperature 
c enthalpy of fusion of perfectly crystalline PE was taken to be 290 J/g98 

 

2.2.3 Molar masses 

For all polymers made by the catalysts E, B, D, F and G the expected MMD of about 2 

was found. Catalyst A was found not to be thermostable for a long time and at higher 

temperatures. Especially at 90°C in the reactor a broadening of the MMD was observed and if 
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hydrogen was present, a broadening in MMD occurred already at 60°C, too. The highest 

molar mass of this series’ polymers was produced by catalyst F at 60°C and 0.41 mol/l ethene 

concentration. The molar masses of a comparable series in dependence of catalyst structure 

and hydrogen presence are given in Figure 2-2. The reduction of the molar mass by the 

presence of hydrogen is very much catalyst specific; it is mainly depending on the favored 

termination reaction, the substitution pattern and the bridge (presence). 
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Figure 2-2: Molar masses of the polymers obtained at 60°C and 0.41 mol/l monomer 
concentration. 

 

2.2.4 Thermal behavior 

The melting temperature for HDPE is depending on the molar mass up to a certain 

point. The melting temperature is increasing with increasing molar mass up to Mw of about 

100 kg/mol. After reaching a Tm of 142°C no more increase is observed (Figure 2-3). This is 

in agreement with the constant 0
mT  = 141.5°C99, which is described to be the highest possible 

melting temperature for a polyethylene. 



32 2. Linear and long-chain branched polyethylenes 

 

1 10 100 1000
110

115

120

125

130

135

140

145

 

 cat. A
 cat. E
 cat. B
 cat. D
 cat. F
 cat. G

m
el

tin
g 

te
m

pe
ra

tu
re

 [°
C

]

molar mass Mw [kg/mol]

 

Figure 2-3: Melting temperatures of all of the investigated polyethylenes. 

 

The crystallization temperature of the materials is between 101 and 115 °C (see Table 

2-2), it is much less depending on the molar mass than the crystallinity. The melt enthalpy of 

the samples is decreasing with increasing molar mass. They are not depending on the type of 

catalyst used to produce them (Figure 2-4). A maximum of the enthalpy of melting is 

observed at a molar mass of about 10 000 g/mol. This can be understood by the fact that each 

linear chain has two end groups, which are acting as chain imperfections and thus 

crystallization hindrances just like short-chain branches in LLDPE. These end groups lower 

both crystallinity and melting point. Because the crystallinity was measured using a heating 

and cooling rate of 20 K/min, non-equilibrium conditions are present. As the melting and 

crystallization peaks of all samples are approximately the same, the crystallization time is also 

very similar for all samples. Due to the different viscosities of the samples (η0 varies in a 

range of about 9 decades for the linear samples and even more for the LCB-samples), the time 

needed for an equilibrium crystallization is also very different. For the samples with a very 

low molar mass the crystallization time is probably sufficient to reach a quasi-equilibrium 
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state. For the samples with the highest molar masses the chain movements are much more 

restrained and more time is required for the quasi-equilibrium state of crystallization. 
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Figure 2-4: Melting enthalpy dependence on the molar mass of the polymers. 

 

The DSC results show a strong dependence of the thermal behavior on the molar mass 

but not on the catalyst structure. It is therefore concluded, that none of the catalysts 

incorporates large numbers of short-chain branches by side reactions which would lower the 

melting temperature and enthalpy100 (compare chapter 3).  
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2.3 Determination of the linearity of high density polyethylenes 

2.3.1 Materials 

Besides some few commercially available linear polyethylenes (named with C) several 

samples were polymerized using metallocene catalysts in laboratory scale, as described in 

chapter 2.2. The strictly linear materials are described in this chapter. The linearity of the 

samples is checked by SEC-MALLS (SEC 2), which was used in addition to obtain the 

absolute values of Mw. The analytical methods are described in chapter 6.4 and II. 

 

2.3.2 Characterization by SEC-MALLS 

The SEC-MALLS measurements were carried out by Dr. Kaschta in Erlangen. The 

results of the molecular characterization are given in Table 2-3. For some samples deviations 

from the log Gaussian-shaped MMD was observed; for some materials a low or high molar 

mass-shoulder was found indicating a bimodal polymer.  

 

Table 2-3: Molecular data and zero shear-rate viscosities of the HDPE-samples. 

 Mw 
[kg/mol] 

MMD η0 
[Pas] (at 150°C) 

remarks 

W1 0.24 1.0 0.0025  
W2 0.44 1.1 0.0040  
G1 2.8 2.9 0.0375  
E7 4.7 2.5 0.089  
E2 6.5 2.1 0.19  
E1 11.5 1.8 3.5  
E4 14.8 2.5 10  
A9 19 6.5 17  
A8 28 7.8 152 bimodal 
C1 42 3.0 520 low molar mass shoulder 
E5 52 2.0 730  
C2 114 16.0 16 130 high and low molar mass shoulder 
C3 120 2.0 17 800  
A7 178 4.0 70 500 bimodal 
C4 224 3.0 113 200 high molar mass shoulder 
A5 403 2.6 1 570 000 high molar mass shoulder 
A1 665 3.5 4 233 000  
A4 564 4.3 6 732 310  
A2 923 3.8 26 100 000  
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The products W1 and 2 are waxes (W1 is heptadecane, W2 is a mixture of higher 

alkenes with a very narrow molar mass distribution (MMD<1.1)). Their molar mass was 

calculated from the chemical composition given by the manufacturers. 

Some of the molar mass distributions are represented in Figure 2-5. The large range of 

molar masses becomes clearly visible. The curves were normalized with respect to the 

maximum of the peak. 
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Figure 2-5: Elugrams of some resins measured with the IR-detector of SEC2. 

 

The molar mass distributions in Figure 2-5 are shown as elugrams as this plot provides 

the best visualization of the bimodal molar mass distributions or the high molecular tails. 

Besides the absolute value of Mw the MALLS detector measures the radius of gyration. The 

presence of long-chain branches leads to a decrease of the radius of gyration <r2>0.5. 

Figure 2-6 makes the linearity of some samples visible, any deviation towards higher 

molar masses are experimental artifacts. The first reason for that might be deviations towards 

<r2>0.5 = 20 nm (≈ 70 000 g/mol for HDPE), which are due to the physical detection limit of 
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the MALLS. Also tiny particles are washed out of the SEC-columns, (which is part of their 

ageing) which might cause deviations towards larger radii of gyration at small molar masses. 

At high molar masses these deviations might also be caused by extremely small 

concentrations, which lead to artificially increased radii of gyration. 
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Figure 2-6: <r2>0.5 (M) for several linear HDPEs. 

 

2.3.3 Characterization by rheology 

The rheological measurements were carried out by Stadler in Erlangen. As discussed 

in chapter 2.1, the linearity of polyethylenes can be determined from the η0-Mw correlation 

(Figure 2-7). A correlation with α = 3.6 and K1 = 9·10-15 according to equation (2-1) was 

found for all the samples above Mc. For the molar masses distinctly below Mc, α = 1 and K2 = 

9·10-6 describe the data points sufficiently well. The critical molar mass Mc which is 

determined from the intersection point between the straight lines with α=3.6 and α=1 of the 

η0(Mw)-plot is 2 900 g/mol. 
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Figure 2-7: Zero shear-rate viscosity versus molar mass Mw for linear PEs. 

 

Although some of the samples with an Mw of more than 10 000 g/mol show a high 

value of MMD and even a bimodal molar mass distribution (Table 2-3), no relevant deviation 

of those samples from the η0-Mw-relationship is observed; η0(Mw) is independent of the molar 

mass distribution for the samples investigated.  

Regarding the scatter of the measured data no systematic influence of the molecular 

structure can be found. Most materials (Mw>10 000 g/mol) are within an error margin of 

±10% (of Mw) related to η0=9·10-15·Mw
3.6. Towards lower molar masses (Mw<10 000 g/mol) 

the error increases slightly because the measurement of the molar mass Mw itself becomes 

more prone to errors and thus the deviations from the η0-Mw-line increase. 

When looking in particular at the samples C3 and C2, which are extremely different 

with respect to MMD (2 and 16), it becomes obvious, that the influence of the molar mass 

distribution can be regarded to be negligible. This result is of importance as a deviation of 



38 2. Linear and long-chain branched polyethylenes 

 

η0(Mw) from the relationship for linear polyethylenes gives a very sensitive hint to the 

existence of long-chain branches independent of the polydispersity (compare chapter 2.4). 

The Carreau-Yasuda equation was applied to the viscosity functions of the samples of 

various molar mass distributions. Besides the zero shear-rate viscosity separately obtained 

from creep experiments the other three parameters of this model were determined by a best 

fit, this is described in detail by Stadler.101,II 
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2.4 Structure – property relationships for long-chain branched 
polyethylenes 

2.4.1 Materials 

All materials described in chapter 2.2 were investigated on their branching content to 

yield relationships between their synthesis conditions and catalysts and long-chain branching. 

The SEC-MALLS measurements were carried out by Dr. Kaschta and the rheological 

measurements by Stadler in Erlangen. 

 

2.4.2 Branch detection by SEC-MALLS 

In Figure 2-8 the molar mass distributions of polymers made with the different 

catalysts but under the same experimental conditions are compared. It reveals that the 

different catalysts produce polymers, which differ in molar mass but have comparable molar 

mass distributions. The exception is polymer D3 with shows a high molar mass tailing. F2 has 

a slightly broadened molar mass distribution. 
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Figure 2-8: Molar mass distributions of polymers polymerized with different catalysts but 
under the same conditions (Tpoly=60°C, cethene= 0.41 mol/l, no hydrogen). 

 

The influence of the ethene concentration at a fixed polymerization temperature on the 

molar mass distribution and on the radius of gyration is shown in Figure 2-9 for catalyst B. 

An increase in ethene concentration yields in slightly decreasing molar masses but has, in 

accordance with the ongoing polymerization mechanism, no influence on the width of the 

molar mass distribution. From the radius of gyration as a function of absolute molar mass it is 

concluded that all polymers are long-chain branched because of the coil contraction, which is 

evident from the comparison with the radius of gyration of linear molecules. The polymers do 

not differ in their coil contraction and carry therefore long-chain branches of a similar 

topography. 
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Figure 2-9: Influence of ethene concentration on molar mass and radius of gyration for 
catalyst B at 75 °C polymerization temperature (linear ref. is sample A2). 

 

The effect of hydrogen on molar mass and the long-chain branching is shown in 

Figure 2-10 and Figure 2-11 for catalyst B and E, respectively. The influence on the molar 

mass varies with the different catalysts. While the decrease in molar mass is moderate for 

catalyst B it is very much pronounced for catalyst E. In this case, the molar mass distribution 

is shifted to about 20 times smaller molar masses resulting in a polymer, which is too brittle 

for applications. 
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Figure 2-10: Influence of hydrogen on molar mass distribution and radius of gyration for 
catalyst B (B4, B5, linear ref. is sample A2). 

 

Together with the change in molar mass a change in long-chain branching is observed. 

While for products produced with catalyst B without hydrogen, a long-chain branched 

structure could be clearly detected, LCB can hardly be found in the products of catalyst B 

polymerized with hydrogen (Figure 2-10), the same was observed for catalyst E (Figure 2-11). 

For the grade E4 the radius of gyration was so small due to the lower molar mass that it could 

only be detected for the high molar masses, because of the intensive showing of scatter. The 

mean value of the radius of gyration suggests that the polymer is linear. 
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Figure 2-11: Influence of hydrogen on molar mass distribution and radius of gyration for 
catalyst E (E3, E4). 

 

The molecular data concerning the branching is listed in Table 2-4 and Table 2-5. The 

degree of branching was evaluated from the radius of gyration. If a deviation from the linear 

standard is barely visible the degree of branching is set to - while a large deviation is 

designated with ++. 

 

2.4.3 Branch detection by melt rheology 

The mass average molar mass Mw determines the zero shear-rate viscosity η0. The 

shape of the viscosity function, however, is strongly influenced by the shape of the MMD. 

Because of the broad range of molar masses the viscosity functions have to be reduced to be 

molar mass independent. This can be achieved by the η0-Mw-correlation for linear PE. 

The normalized viscosity functions of several of these samples are described in detail 

by Stadler.101,I 
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A broad molar mass distribution (e.g. A7 and A5) leads to a broader transition zone 

between the shear thinning regime at high frequencies and the limiting zero shear-rate 

viscosity η0 at infinitely low frequencies. The frequency ω is linked to the shear rate g by the 

Cox-Merz-Rule which is valid for unfilled PE-melts. Samples with a narrow MMD (e.g. E5) 

show a narrow transition region.  

The dependence of the zero shear-rate viscosity η0 on the mass average molar mass 

Mw of these samples is discussed in chapter 2.3.3. The zero shear-rate viscosity η0 of the 

linear samples is listed in Table 2-4. No long-chain branches were detected for any of those 

samples by SEC-MALLS or rheology. All of these samples come to lie onto a correlation 

η0=9·10-15·Mw
3.6 for Mw>Mc (2 900 g/mol).  

 

Table 2-4: Rheological properties of the linear samples. 

# η0 degree of branching degree of branching 
 [Pas] from rheology from SEC-MALLS 
A1 4.2×106   none none 
A2 6.7×106   none none 
A5 1.6×106   none none 
A4 2.6×107   none none 
A6 -a -a none 
A7 70,500 none none 
A8 152 none none 
A9 3.2 none n.d.b 

A3 17 none n.d.b 
E1 3.5 none n.d.b 
E2 0.19 none n.d.b 
E4 10 none n.d.b 
E5 731 none n.d.b 
E7 0.089 none n.d.b 
G1 0.038 none none 
G2 0.045 none none 

a no rheological characterization possible due to be insufficient thermal stability 
b not detectable (molar mass too low to measure radius of gyration) 

 

Figure 2-12 shows the plot of the phase angle δ as a function of the complex modulus 

|G*|. This is a very effective way to detect long-chain branches and broader molar mass 

distributions. The master curve was determined from several linear HDPEs and LLDPEs with 

a fairly narrow molar mass distribution which is shown in the small figure in Figure 2-12. 

This master curve is used for the detection of long-chain branches and asymmetric molar 

mass distributions for further analysis. More details on their origin are given in I. The samples 
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E1, E5, and A4 (A4 has a polydispersity of 4.3, but the molar mass distribution is 

monomodal), as well as many other mPEs with a narrow MMD, can be approximately 

described with a master curve (broken line), while the samples A5 and A7 have a distinct 

asymmetric molar mass distribution. These samples show a deviation from the master curve 

even at small phase angles. In Table 2-4 all linear samples are listed. 
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Figure 2-12: δ(|G*|)-plot for some of the linear samples. 

 

The plot δ(|G*|) of some of the long-chain branched products is shown in Figure 2-13. 

All these samples were synthesized at 60°C and 0.41 mol/l ethene concentration, but different 

catalysts were used. A series with hydrogen presence and one sample without, for a 

comparison, were polymerized. The hydrogen reduces both, the molar mass and the degree of 

long-chain branching.  

The presence of long-chain branches is revealed by the additional minimum (or 

shoulder in case of small degrees of LCB) caused by the additional relaxation modes of the 

long-chain branches. Its position depends on the molecular topography.102 
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For the hydrogen molar mass regulated samples B5 and especially D4 the difference 

from δ(|G*|) of a linear resin is rather small. The SEC-MALLS data revealed no long-chain 

branches for those samples. Because of the small deviation from a strictly linear sample it is 

believed that the degree of LCB is very small, probably much below 1 LCB/molecule. The 

long-chain branched sample with hydrogen molar mass regulation F3 shows both, a much 

more distinctly long-chain branched viscosity function as well as a clear deviation from the 

linear standard in the SEC-MALLS. The data of this sample is described in chapter 3.3. For 

this sample a maximum of 0.37 LCB/molecule were found by NMR measurements. 

The sample E4 is behaving like a Newtonian liquid because of its low molar mass. 

Thus this sample is not shown in Figure 2-13. The zero shear-rate viscosity, however, lies on 

the η0-Mw-correlation established (see chapter 2.3) and indicates the linearity of this sample.  

When comparing the samples synthesized without H2, one will notice that they are 

deviating from the linear standard at much lower phase angles (≈35° compared to ≈65° for the 

samples with H2). This can be attributed to the much higher degree of long-chain branching. 

F2 is deviating from the linear PE standard at the lowest phase angle followed by E3 and B4. 

D3 deviates at slightly higher δ but shows the onset of a much more pronounced minimum 

than B3 and E3.  

The rheological data of the long-chain branched samples is listed in Table 2-5. The 

evaluation of the branching was performed based on the shape of the viscosity function, the 

increase of the zero shear-rate viscosity and the minimum in the phase angle δc. If all 

quantities were just slightly different from a linear polymer (δc>70°, η0/η0
lin <3) -- was added. 

The samples with the highest degree of branching were labeled ++. For none of them the zero 

shear-rate viscosity η0 could be reached and for some even δc was not found (e.g. F2 in Figure 

2-13).  
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Figure 2-13: Influence of hydrogen on the phase angle as a function of the complex modulus 
δ(|G*|) of LCB-PEs (all synthesized at 60°C and 0.41 mol/l ethene). 

 

Generally the branching detection by the two methods agrees fairly well despite their 

completely different technique. However, it is interesting to note that for some of the samples 

the degree of branching as detected by the two different methods differs distinctly. This can 

be attributed to the fact that the radius of gyration is mainly sensitive to the number of 

branching points,103 while the rheological behavior depends on the extra relaxation modes 

added by the long-chain branches.104 These relaxation modes depend on both the length and 

the number of long-chain branches. The length of the long-chain branches is corresponding 

with the polymers molar mass, the higher the molar mass the longer the branches are. 

Thus a low degree of branching detected by SEC-MALLS and a high one by rheology 

means that very long long-chain branches are present. 

For F2 it seems to be that it is highly branched according to the rheological 

measurements but almost linear according to SEC-MALLS. No gelled portion was detected 

for this resin by SEC-MALLS, because the injected mass was completely recovered in the 
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detectors. A slightly crosslinked gel fraction would have explained the behavior, too. The 

most likely explanation is that the polymer is extremely high in molar mass. Therefore very 

few but extremely long long-chain branches can account for the observed behavior in the 

rheological measurements hinting to a highly branched structure. On the other hand these few 

molecules would result in a very small deviation from the behavior of linear molecules in the 

SEC-MALLS measurements suggesting that the polymer is linear. 

 

Table 2-5: Rheological properties of the long-chain branched samples. 

# η0 η0/η0
lin ηmax ηmax/η0

lin δc a 
degree of 
branching 

degree of 
branching 

 [Pas]  [Pas]  [°] 
from rheology from SEC-

MALLS 
E3 - - 4.7×107   103 <39 (34)b + + 
E6 1210 1.9 - - (77) -- - 
B1 - - (≈108) ≈1800 14 ++ ++ 
B2 872,000 121 - - 35 + + 
B4 660,000 54 - - 37 + + 
B5 4,200 2.75 - - 68 -- none 
B6 - - (≈108) ≈200 26 ++ ++ 
B7 40,540 12 - - 51 + + 
B8 11,580 4.9 - - 65 - - 
B9 6,300 3.1 - - 69 - + 
D3 - - (9.0×107) ≈20 <36 (31)b + - 
D4 4,500 1.5 - - (81) -- none 
D5 - - (9.0×106) ≈12 <27 (18)b ++ + 
F1 30,900 3.4 - - 72 + + 
F2 - - 9.0×107 ≈0.59 <30 (16)b ++ - 
F3 445,000 6.9 - - 63 + + 

a values in brackets are at the limit of this method and thus should be regarded with care 
b no minimum reached in plot δ(|G*|), value in brackets: estimate of δc  

 

The increase of the zero shear-rate viscosity over a linear sample of equal Mw η0/η0
lin 

is also quite different for the samples with hydrogen molar mass regulation compared to those 

without (calculated according to η0
lin=K1·Mw

α with K1=9·10-15 and α=3.6 II). The error of 

η0/η0
lin is ± 20% because of the high exponent α of 3.6 and the error margin of Mw which is 

around ±5%. For the samples synthesized with H2 η0/η0
lin is close to 1. While η0/η0

lin is just 

above the error margin of the η0-Mw-correlation for D4 (η0/η0
lin = 1.46), B5 has a slightly 

higher value of 2.75. The value for η0/η0
lin of F3 is much higher with 6.9.  



 2. Linear and long-chain branched polyethylenes 49

 

The very high molar mass resins produced with catalyst D (D3), E (E3) and F (F2) 

show very high viscosities. For those samples it was not possible to reach the zero shear-rate 

viscosity because of the extremely long relaxation times. It was, however, possible to 

determine the zero shear-rate viscosity of B4 with 665,000 Pas which leads to a zero shear-

rate viscosity increase η0/η0
lin of 53. The maximum viscosities ηmax of D3, E3, and F2 were 

found to be around 108 Pas. The zero shear-rate viscosity of these samples is believed to be 

much higher than the maximum viscosity. Thus the increase of maximum viscosity ηmax 

observed for those samples is plotted as a function of η0
lin. The detection of the actual zero 

shear-rate viscosity of these samples would have taken at least several days if not months and 

is prevented by the insufficient thermal stability. 
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Figure 2-14: Zero shear-rate viscosity versus molar mass Mw for LCB-PEs. 

 

Figure 2-14 shows the zero shear-rate viscosity of some long-chain branched polymers 

in dependence on their molar mass. All these materials are above the line on which all the 

linear samples lie. The boxed values are polymerizations under presence of hydrogen. For 

some products it was, due to extreme long relaxation times, not possible, to determine η0. The 

measurement would take longer than the materials are thermostable. In those cases the 
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maximal measured zero shear-rate viscosity is given instead (Table 2-5, Figure 2-14), η0 is 

higher than ηmax, so an arrow in the figures indicates the direction of the assumed values. 
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Figure 2-15: Influence of hydrogen on the zero shear-rate viscosity increase η0/η0
lin of LCB-

PEs (all synthesized at 60°C and 0.41 mol/l ethene), arrows indicate that η0 is not reached. 

 

Besides the influence of the catalyst and hydrogen on the rheological properties of a 

polymer also the influence of monomer concentration (pressure) and polymerization 

temperature was tested.  

The influence of the polymerization pressure and temperature was tested with the 

catalyst B. Despite the similarities in the synthesis conditions (just the ethene concentration 

was varied), the viscosity functions are very much dissimilar. The differences between the 

different viscosity functions are rather small for the high frequencies, while the differences 

are increasing towards lower ω. The difference between B8 and B6 is a factor of 70.5 at 

ω=0.01 s-1 while the factor for B7 lies in between. The viscosity function is described in more 

detail in I. 
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Because the degree of branching is identical for these samples as detected by SEC-

MALLS, the molar mass Mw has to play an important role, too. On one hand a longer polymer 

chain has longer long-chain branches, which lengthens the relaxation times and on the other 

hand is the number of long-chain branches per 1 000 C constant, which means that samples 

with a higher molar mass carry more long-chain branches. Thus these differences are 

primarily attributed to the higher molar mass of B6 compared to B8. 

These differences can be found for a polymerization temperature of 60°C as well. The 

lower polymerization temperatures yield higher Mw and thus higher viscosities. Therefore, the 

relaxation times are longer. These differences are only clearly visible in very long creep tests.  

Figure 2-16 shows the increase of the zero shear-rate viscosity η0/η0
lin for the catalyst 

B-series. As a general trend η0/η0
lin decreases with increasing temperature. The second trend 

is the decrease of η0/η0
lin

 with increasing pressure i.e. increasing comonomer concentration. 

Interestingly, the ratio between the different polymerization pressures is about the same for a 

polymerization temperature of 60°C and 75°C, although it is not possible to reach the zero 

shear-rate viscosity for the series with a pressure of 1 bar.  

Even the maximum viscosity ηmax lies much more above the zero shear-rate viscosity 

of a linear polymer of equal molar mass η0
lin than the samples with a pressure of 3 bar. Thus, 

η0/η0
lin of the series with 1 bar has even higher values than the ηmax/η0

lin. That means there is 

a decrease in inserting long-chain branches during the polymerization with increasing reaction 

temperature and/or increasing reaction pressure. 
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Figure 2-16: Increase of the zero shear-rate viscosity η0/η0
lin for the series polymerized with 

catalyst B for different polymerization conditions. 

 

The dependence of the rheological properties on the polymerization conditions is 

presented for polymers made with catalyst B in Figure 2-17. The lower the polymerization 

temperature and pressure is, the larger is the deviation from the linear standard curve. For the 

samples with a low polymerization temperature and pressure a clear minimum is evident 

while the other samples have only a shoulder, which is barely observable for B9. 
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Figure 2-17: δ(|G*|)-plot for the series polymerized with catalyst B (the numbers in brackets 
indicate polymerization temperature and pressure). 

 

Another possibility of visualizing the differences between the different polymerization 

conditions as is to determine pc from the δ(|G*|) plot. According to the definition of Trinkle et 

al.102, the only difference is that |G*| is not normalized on GN
0, which is not necessary because 

only PEs, which all have the same GN
0, are under investigation, which all have the same GN

0. 

pc has a coordinate |G*|c [Pa] in x-direction and δc [°] in y-direction. δc is a measure of the 

branching topography102. It is determined by the two tangents laid into the inflection points on 

both sides of the minimum or shoulder. Figure 2-18 shows the dependence of δc on the 

polymerization temperature and pressure. The error bars are estimates of the error of 

determining δc, which is dependent on the shape of the δ(|G*|)-function and the statistical 

error of δ, which increases with decreasing δ. 
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Figure 2-18: δc(Tpoly) for the series polymerized with catalyst B (T=150°C). 

 

It is evident that the dependence of δc on the polymerization temperature decreases 

with increasing polymerization pressure. This leads to the conclusion that a lower 

polymerization temperature causes larger long-chain branched structures which increase the 

relaxation time. Therefore, the zero shear-rate viscosity can not be determined for those resins 

with frequency sweeps down to ω = 0.01 s-1, while this is possible for the resins synthesized 

at higher temperatures. 
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2.5 Conclusion 

A variety of linear and long-chain branched polymers covering a vast range of molar 

masses and molar mass distributions was synthesized using six different metallocene catalysts 

A-F. This study focuses on the formation of LCB comparing catalyst structures and 

polymerization conditions. 

The thermal behavior of the materials shows a strong dependence on the molar mass 

concerning the melting temperature and melt enthalpy. The crystallization temperature is 

nearly constant over the whole range of investigated polyethylenes. It is remarkable that there 

is no influence of the catalyst structure, although the polymer microstructures strongly depend 

on the polymerization conditions and the catalyst structure. 

The molecular characterization of the samples showed that the number of long-chain 

branches per molecule is increasing with molar mass for all branched samples. The number of 

LCB/1000C remained approximately constant. The degree of branching in these materials 

was found to differ over a range from no branches to highly branched. The catalyst structure 

and polymerization conditions are the contributors to these changes. Both methods, SEC-

MALLS and shear rheology give relative information about the branching of the chains. The 

number of long-chain branches in these polymers was found to be between 0.1 and 3 branches 

per 10 000 monomer units. 

The rheological characterization was carried out mainly with frequency sweeps. The 

zero shear-rate viscosity η0 was measured by creep tests if it was not possible to obtain it by 

frequency sweeps. 

The viscosity functions and the zero shear-rate viscosities η0 of a series of linear 

polyethylenes with different molar mass distributions were measured by creep experiments 

and correlated to the molar mass Mw measured by SEC-MALLS.  

The resulting lg(η0)-lg(Mw)-plot can be described by a linear function with a slope of 

3.6 for mass average molar mass greater than the critical molar mass, which was determined 

to be Mc ≈ 2900 g/mol. An unambiguous dependence of the zero shear-rate viscosity on the 

molar mass distribution was not observed. It is concluded that the η0-Mw-correlation is 

independent of the molar mass distribution within the experimental error. This finding is of 

particular importance as a deviation of η0 from η0(Mw) valid for linear polyethylenes can be 

used for a qualitative analysis of long-chain branching.  
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A clear dependence of the viscosity function on the MMD was found, especially on 

the weight average molar mass Mw for the linear products. The LCB-resins showed a much 

more diverse behavior. For the products polymerized with catalyst B a dependence of |η*|(ω) 

and δ (|G*|) on polymerization temperature and the monomer concentration was observed. 

Interestingly the dependence of δc (Tpoly) decreases with increasing pressure. 

The formation mechanism of the LCB has been described as a reincorporation of a 

vinyl unsaturated polymer-chain into a different growing polymer-chain. However, this 

reincorporation mechanism requires that the growing polymer-chain is terminated by β-

hydrogen abstraction and that the catalyst is able to reincorporate the large vinyl ended 

polymer chain. Hydrogen as chain termination agent also lowers the amount of long-chain 

branches besides its influence on the molar mass. 

Catalyst A forms exclusively linear polyethylenes while catalyst E under very certain 

conditions, especially without hydrogen (see materials E3, E6, E8, E9), is also able to produce 

LCB-PE.  At polymerization temperature of 90°C a certain monomer concentration is 

necessary to form a very low amount of LCBs, at 60°C the highest amount of branches was 

observed and at 30°C also some branches were detected. For catalyst G a similar behavior can 

be expected, when the monomer concentration is higher and the polymerization temperature is 

lower than that used here, LCB will most likely occur. Comparing the catalysts A and E the 

substitution pattern destines if LCB can be formed. We explain this with a more open aperture 

gap size of catalyst E and therefore we expect LCB to be formed by catalyst G in even larger 

numbers. In general the more open the active side is, the better higher α-olefins can be 

incorporated into the growing chain. With hydrogen no LCB was observed and an increase in 

polymerization temperature decreases the amount of LCB. 

Catalyst B and D produce only a few or no long-chain branches, when hydrogen is 

present. Under all other conditions the polymers are long-chain branched. Using catalyst B the 

LCB content is decreasing with increasing polymerization temperature (with catalyst E there 

is a maximum at 60°C), although here the degree of branching is higher at lower monomer 

concentrations. With catalyst D at 90°C even a higher amount of branches is detected than at 

60°C. Catalyst B shows much higher activities than catalyst D, therefore a higher reactivity 

ratio for ethene can be assumed and a lower branching degree will be reached. 

Catalyst F is producing LCBs in a remarkable amount although hydrogen is present. 

This catalyst is producing the highest degree of branching in this series in the presence of H2. 



 2. Linear and long-chain branched polyethylenes 57

 

Higher monomer concentration leads to more branches. The influence of hydrogen is less 

distinct than for the other catalyst systems. The chain termination mechanism via β-hydrogen 

elimination is believed to be so pronounced, that the vinyl content of the polymer is still high 

enough even with hydrogen present in the reactor.  

The results of this study underline the widely accepted mechanism for the formation of 

LCB via the copolymerization route. 

Generally, the results of SEC-MALLS and rheology concerning the branch detection 

are in good agreement. However, for sample F2 a totally contrary result was found. This 

might be due to very small amounts of chains with ultra long branches which affect the 

rheology very much, but their concentration is too low to be detected by SEC-MALLS. 

As final conclusion the following order of affinity to create long-chain branches in 

polyethylenes for the catalysts can be given: F, D, B, E, A. Catalyst G can not be classified in 

this series because the obtained molar masses were too low. The differences in electron 

density and aperture gap size among the active center depend on the ligand systems and 

strongly affect the comonomer incorporation behavior and the formation of LCB. Also by 

changing the polymerization the formation of LCB can be controlled. The influence of 

monomer concentration, polymerization temperature, and hydrogen is varying and very 

specific to the catalyst systems. 
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3. Short-chain branched polyethylenes 

3.1 Introduction 

LLDPEs with side-chains longer than 18 carbons have not been described in literature. 

Copolymers of ethene and 1-octene, 1-decene, 1-dodecene, 1-octadecene, and 1-hexacosene 

(α-olefin wax fraction with over 91 wt.-% of hexacosene and octacosene, see Appendix 8.2) 

were carried out using [Ph2C(2,7-di-tertBuFlu)(Cp)]ZrCl2/MAO as catalyst to obtain short-

chain branched polyethylenes with branch length from 6 to 26 carbon atoms. This catalyst 

provides high activity and a very good comonomer and hydrogen responseI,III (see chapter 2.2 

and 3.2), which was also observed before for ethene/propene copolymerizationsVII,IX,XI,105.  

The investigation of the influence of comonomer content and comonomer size on 

long-chain branching using melt-state NMR, SEC-MALLS and linear viscoelastic shear 

rheology is presented in chapter 3.3 and reference IV. The combination of these methods was 

found to be a very powerful method to characterize LCB in short-chain branched metallocene 

polyethylenes (LCB-mLLDPE), with its chemical composition, as well as solution and melt 

properties. Although the influences of comonomer and hydrogen on LCB have previously 

been separately investigated, their combined interaction has not been studied so far.  Melt-

state NMR was used to quantify the comonomer content in the copolymers and the degree of 

LCB in the homopolymer. Due to the lack of chemical shift resolution LCB was defined as 

branches of ≥ C4, as also found in literature70. Studies on the increase of the side-chain 

detection limits and other optimizations are done by solid-state and melt-state NMR by 

Pollard and Klimke.VIII, XIII 

The influence of length and amount of the side-chains on crystallization and 

mechanical properties of the materials is described in chapter 3.4 and reference VI.  The 

amount of comonomer in the copolymer within one series and the molar mass of the 

copolymer remain constant. 
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3.2  Comonomer influence on polymerizations and polymer 
characteristics 

3.2.1 Materials 

A series of ethene/α-olefin copolymers is synthesized using the metallocene 

[Ph2C(2,7-di-tertBuFlu)(Cp)]ZrCl2 (catalyst F, Figure 2-1) as catalyst precursor and 

methylalumoxane as cocatalyst. The lengths of the side-chains in the obtained LLDPEs are 6 

carbons (1-octene), 8 carbons (1-decene), 10 carbons (1-dodecene), 16 carbons (1-octadecene) 

and 24 carbons (1-hexacosene). All polymers were synthesized under similar conditions. In 

addition, a homopolymer F0 was made (it is the material F3 in chapter 2). All polymers were 

synthesized under similar conditions, for the copolymerizations a total monomer 

concentration of 0.5 mol/l was set. The polymerizations were carried out at 60°C reactor 

temperature and at the presence of 0.5 bar (9 mmol) hydrogen. More experimental details are 

described in chapter 6 and given in Table 3-1. For these series of polymerizations reactor 1b 

was used and the analytics were done on DSC 1, SEC 1 and NMR 1.  

 

Table 3-1: Experimental setup for the ethene/1-olefin copolymerizations and polymerization 

activities. 

polymer comonomer feed 
[mol-%] 

c(ethene) 
[mol/l] 

p(ethene) 
[bar] 

activity 
[kgpolymer/ 

(molZr·h·mol/lmonomer)] 
F0 - 0 0.410 5.00 45400 

F8A octene 10 0.450 5.52 90100 
F8B octene 15 0.425 5.21 127000 
F8C octene 20 0.400 4.90 100000 

F10A decene 10 0.450 5.52 74000 
F10B decene 15 0.425 5.21 77000 
F12A dodecene 10 0.450 5.52 38000 
F12B dodecene 15 0.425 5.21 90000 
F18A octadecene 5 0.475 5.82 90800 
F18D octadecene 10 0.450 5.52 123000 
F18B octadecene 15 0.425 5.21 109000 
F18C octadecene 20 0.400 4.90 107000 
F26A hexacosene 5 0.475 5.82 117000 
F26D hexacosene 10 0.450 5.52 168000 
F26B hexacosene 15 0.425 5.21 96000 
F26C hexacosene 20 0.400 4.90 52000 
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3.2.2 Results and discussion 

3.2.2.1 Activity 

In all experiments the activities were very high and reached 168 000 

kgpolymer/(molZr·h·mol/lmonomer). Surprisingly, the copolymerization with the waxy hexacosene 

gave the highest activity of all. For all copolymerizations an increase in the activity was 

observed up to a certain comonomer concentration in feed. It reaches a maximum that is much 

higher than the activity of the ethene homopolymerization and decreases, if more than about 

10 mol-% of comonomer was in the reactor feed. This comonomer effect was observed often 

in literature for many metallocene catalyzed ethene/α-olefin copolymerizations.17,106,107 

Seppälä et al. describe this as a participation of the comonomer on the activation of the active 

center.108,109 This leads to a decrease of the activation energy for the insertion of a monomer 

into the carbon – metal bond and thereby facilitate the chain grows and the chain transfer 

reactions. This phenomenon is very much catalyst and comonomer specific. For 

ethene/propene copolymerizations in solution it was furthermore found, that the comonomer 

effect is also lowered with higher ethene concentration in feed.110 

Figure 3-1 shows the activity in dependence of the polymerization time for runs F18A 

(5 mol-% comonomer in feed), F18C (10 mol-% comonomer in feed) and F18D (20 mol-% 

comonomer in feed). After 10 – 20 minutes, the maximum of the polymerization activity is 

reached, and then a slow decrease can be observed. The activity course is the same for all 

comparable copolymerization runs, depending on the feed ratio of the monomers. Even after a 

polymerization time of 4 hours, there is still a remarkable activity. 
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Figure 3-1: Ethene consumption during the polymerization runs for F18A, F18C and F18D 

 

3.2.2.2 Comonomer incorporation 

Using the catalyst F, the content of the α-olefin in the polymer was nearly a tenth of 

that in the starting feed for all different olefins. Even the hexacosene with 26 carbon atoms 

was inserted in a similar way (see Figure 3-2 and Table 3-2). This catalyst provides, as it was 

also shown in chapter 2.4 for LCB in HDPE, a high affinity to incorporate α-olefins of any 

length. In this series, the comonomer was distributed over the polymer chain in a statistical 

way. No comonomer – comonomer diades were found by NMR investigations for this 

incorporation rates. 

The comonomer content was calculated with equation (3-1), using I(*), the integration 

area of the branching carbon signal, and I(δ,δ+), the integration area of the main signal of the 

CH2-chain. The chemical shifts and denotation of the carbons are given in VIII and literature111 

(compare also Figure 3-8). 
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The average molar mass mc of the hexacosene was taken to be 378 g/mol. 

 

Table 3-2: Polymer characteristics of the copolymerization series determined by DSC 1, SEC 

1 and NMR 1. 

# nc
a 

[mol-%] 
wc

b 
[wt.-%] 

Tc 
[°C] 

Tm 
[°C] 

cristallinityc 
[%] 

Mw 
[kg/mol] 

MMD 

F0 0 0 111 140 60 146 2.48 
F8A 0.98 4.0 100 120 34 252 1.77 
F8B 1.47 5.6 96 116 38 204 1.99 
F8C 2.24 8.4 88 112 28 165 2.08 

F10A 0.87 4.2 102 120 45 183 2.14 
F10B 1.35 6.4 97 116 32 177 2.08 
F12A 0.53 3.1 101 120 34 191 1.99 
F12B 1.56 8.7 96 116 46 169 2.04 
F18A 0.32 2.8 108 128 45 211 2.24 
F18D 0.78 6.6 100 122 42 185 1.98 
F18B 1.19 9.8 98 117 38 194 1.97 
F18C 1.88 14.7 87 116 34 182 1.98 
F26A 0.22 2.9 106 129 47 216 1.97 
F26D 0.82 10.1 99 125 40 218 1.96 
F26B 1.19 14 98 116 33 184 2.19 
F26C 1.72 19.3 91 113 26 209 1.90 

a) mole fraction of comonomer in the polymer 
b) weight fraction of comonomer in the polymer 
c) enthalpy of fusion of a perfectly crystalline PE was taken to be 290 J/g98 

 

The comonomer weight fraction in a copolymer with 1 mol-% of hexacosene is about 

12 wt.-%, while it is in a copolymer with 1 mol-% of 1-octene only 4 wt.-% (compare Figure 

3-3). Although the incorporation rate is similar for different comonomers, the mechanical 

properties of the materials will be influenced by the much higher weight content of the longer 

α-olefins in the copolymers. This is discussed in more details in chapter 3.4. 

 



 3. Short-chain branched polyethylenes 63

 

0 5 10 15 20 25
0.0

0.5

1.0

1.5

2.0

2.5

0.0

0.5

1.0

1.5

2.0

2.5

 

 

          comonomer:
 1-octene
 1-decene
 1-dodecene
 1-octadecene
 1-hexacosene

co
m

on
om

er
 in

 p
ol

ym
er

 [m
ol

-%
]

comonomer in feed [mol-%]

 

Figure 3-2: Comonomer incorporations for all LLDPEs of this series, lines are added for 
guidance only. 
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Figure 3-3: Molar versus weight fraction of comonomer in the LLDPEs, lines are added for 
guidance only. 
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3.2.2.3 Molar masses 

The molar mass of the copolymer was controlled by the addition of hydrogen to be 

between 150 and 250 kg/mol, it is slightly dependent on the ethene concentration. As 

expected for metallocene catalysis, the polydispersity is narrow and about 2. The catalyst F 

shows a very good hydrogen response. As observed for polyethylenes (chapter 2), for 

ethene/α-olefin copolymers the molar masses can be reduced in dependence of the hydrogen 

concentration in feed. From Figure 3-4 can be seen that the molar masses are not depending 

on the type of comonomer used, just on the incorporation rate.  
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Figure 3-4: Molar mass Mw versus comonomer concentration in the polymer. 

 

3.2.2.4 Thermal behavior 

There is a strong dependence of the melting temperature on the molar ratio of the α-

olefin in the copolymer. The melting temperature decreases from 130 °C to 112 °C at a 

comonomer content of 2.3 mol-% for all copolymers. No effect of the side-chain length on 

both, the melting temperature and the crystallization temperature was found (Figure 3-5 and 
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Figure 3-6). The crystallization temperature is decreasing linearly with increasing comonomer 

content but independent of the comonomer type. 

For all of the ethene/hexacosene copolymers a second melting peak is observed whose 

intensity in the DSC curve is depending on the incorporation rate of the comonomer. The 

second melting peak occurs at 53 °C and can be assigned to the crystalline side-chains in the 

polymers; it is the same melting temperature the pure comonomer has (see Figure 3-16). Due 

to several washing and recrystallization procedures, remaining hexacosene in the materials 

can be excluded. The influence of the side-chains on the polymers is discussed in chapter 3.4. 
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Figure 3-5: Melting temperatures of the LLDPEs versus incorporation. 
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Figure 3-6: LLDPE’s crystallization temperatures versus comonomer molar content. 

 

In the case of random ethene copolymers, the melting point depression is not caused 

by molar mass variations but by MSL variation. Keating recrystallized the commercially 

available hydrocarbons and measured the subsequent melting point.112 The plot of ln(CH2 

molar fraction) against 1/T shows a linear relationship (equation (3-9)). From this curve the 

MSL of fractionated ethene copolymers can be assigned from the melting temperatures of the 

fractions, which is applied and explained in more detail in chapter 3.4.3.2.2. Figure 3-7 shows 

that the relationship is valid for all the LLDPEs made in this study. Here all melting 

temperatures of the polymers of chapter 3 are plotted against their CH2 molar fraction. The 

linear fit leads to the equation shown in Figure 3-7, which is very close to and thereby in 

accordance with the one by Keating. Small deviations on that equation were also found by 

others.113,114 

This underlines again that the melting temperature of LLDPEs is depending only on 

the CH2 molar fraction of the material and not on the type of comonomer after a certain molar 

mass is reached (compare Figure 2-3). 
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Figure 3-7: Relationship of comonomer incorporation and melting temperature. 

 



68 3. Short-chain branched polyethylenes 

 

3.3 Comonomer influence on long-chain branching 

3.3.1 Materials and molecular characterization 

To investigate the influence of the monomer length and amount on the long-chain 

branching in the polymer, the materials F0, F8A - F8C, F18A - F18C, F26A - F26C (see 

Table 3-1, chapter 3.2) are characterized in more detail by SEC-MALLS (SEC 2), melt 

rheology and melt-state NMR (NMR 3). The SEC-MALLS measurements were carried out by 

Dr. Kaschta and the rheological measurements by Stadler in Erlangen, the NMR 

measurements by Klimke in Mainz. The equipment is described in chapter 6 and reference 

IV. All products were found to be stable for at least 20 hours at 150°C,
 with some stable for 

more than 70 hours. 

 

3.3.2 Results and discussion 

3.3.2.1 Melt-state NMR 

An estimation of comonomer incorporation was achieved by integration of the signals 

of the quantitative proton-decoupled, 13C melt-state NMR (compare Figure 3-8). The ratio of 

integrals associated with a branch site to that of the bulk backbone CH2 sites (Abulk) allows 

direct access to the degree of incorporation. Although the actual CH branch site (*) is 

resolved at 38.3 ppm, the three sites adjacent to this (α) at 34.6 ppm are used for branch 

quantification due to their increased sensitivity. The comonomer incorporation, in units of 

mol-% (nc) and wt.-% (wc), was calculated from the relative area of the α peak at 34.6 ppm 

(Aα) to that of the bulk peak at 30 ppm (Abulk) using: 
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where nδ and n4 are the number of δ and 4 sites per branch and l is the total number of 

carbons in the comonomer. The integral Abulk does not solely represent the sites of the 

backbone. In addition to the backbone δ sites the branch δ sites (for branches of more than 7 

carbons in length), the 4 site (for branches of more than 6 carbons in length) and all γ sites 

were also encompassed into this integral. With the α, β  and * sites of the backbone also 

neglected Abulk needed to be corrected inorder to represent the true backbone. For the missing 

*, two α and two β sites per branch 5Abr was added to Abulk, while for the additional γ site 

from the branch 1Abr was subtracted. Additionally, where applicable, the number (n) of 

additional δ and 4 sites along the branch also had to be compensated for, thus (nδ +n4)Abr 

were substracted from Abulk. 

A number of assumptions are made when using the area of this peak as an internal 

standard representing the backbone. Due to the broad base of the peak at 30 ppm in the melt-

state, the integral range is limited by neighboring peaks at 32.2 and 37.2 ppm. This leads to an 

underestimation of Abulk and correspondingly to an overestimation of the branching. However, 

when considering the relative sizes of the areas in question (see Figure 3-8), the differences 

between the true and approximated values of Abulk are small, and propagate into only minor 

deviations in calculated comonomer incorporation.  

Considering these sources of error, the comonomer incorporations as determined by 

melt-state NMR are given to one decimal place. Repeating the branch quantification for a low 

(F26A) and high (F18C) incorporation sample twenty times gave a relative standard deviation 

in branch content of 2.0 and 2.9 %, respectively. Further analysis of these and other systems 

using NMR techniques is given by PollardVIII and KlimkeIV,XIII,115. 
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Figure 3-8: a) Typical melt-state 13C NMR spectrum and assignment of polyethylene 
containing branches of six carbons in length or longer. (F18C: 13.7 branches per 1000 

backbone carbons); b) Melt-state spectrum of the homopolymer showing 8 ethyl and 6 hexyl 
or longer branches per 100 000 CH2. (F0: 78 000 scans). 

 

For the homopolymer F0 the higher number of scans (78 000) allowed for the 

determination of lower branch contents. Due to the broad nature of the 'foot' of the bulk peak, 

all CH2 sites are incorporated into Abulk, including the α branch sites. Separate integration of 

the branch sites only (Abr) allows the branch content (Bbr) per CH2 to be calculated from the 

ratio Bbr=Abr/Abulk. It should be noted that for ethyl branches Abr=1/2Aα whereas for hexyl 

and longer branches Abr=1/3Aα.  

Under these conditions approximately 0.03 mol-% branching was still seen. Such 

branches may occur in metallocene catalyzed homopolymerizations via isomerisation 

reactions, although these are less important for polyethylenes than for polypropylenes. The 

degree of branching was found to be approximately evenly distributed between ethyl and 

hexyl or longer branches, corresponding to 0.8 and 0.6/10 000 CH2 respectively. Thus the 

average molecule of F0 had approximately 0.37 branches of 6 or more carbons. With no 

comonomer used, this number was taken as an upper limit of the possible amount of LCB 

present. It should be stated that the absolute number of LCB cannot be determined by melt-

state NMR as no chemical shift distinction is seen between branches of 6 carbons in length 
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and those of the entanglement molar mass. However, only branches greater than Me are 

considered long-chain branches relevant for processing. 

 

Table 3-3: Results of analytical and rheological characterizations of PE and copolymer 

samples. 

sample comonomer 
[CnH2n]  

nc a 

[mol-%]  
wc a  

[wt.-%] 
Mw

b 
[kg/mol]

Mn
b 

[kg/mol]
MM
Db 

η0
c  

[kPa s] 
Je

0     
[10-4 Pa-1]

F0 - 0.012 (<C2)  
/0.016 (>C2)d - 173 85 2.0 445 12 

F8A 8 1.1 4.3 240 112 2.1 1224 18e 
F8B 8 1.8 6.8 190 92 2.0 440 11 
F8C 8 2.7 10.0 152 76 2.0 51 2.2 
F18A 18 0.4 3.5 183 80 2.3 498 15 
F18B 18 1.5 12.1 167 84 1.9 164 6.4 e 
F18C 18 2.2 16.8 159 79 1.9 55 1.4 
F26A 26 0.5 6.1 185 89 2.1 450 11 
F26B 26 1.6 17.4 194 82 2.1 284 7.6 e 
F26C 26 2.3 23.4 175 78 2.1 87 1.6 
a) As determined by melt-state NMR 
b) Determined by SEC 2 
c) at 150°C 
d) Branches >C2 are taken to be the upper limit of the long-chain branch content (0.37 LCB/molecule) 
e) linear steady-state of elastic recovery compliance Je

0 not proven to be reached, see reference IV 

 

It is evident that only a fraction (10%) of the feed (see Table 3-1) is incorporated into 

the polymer (Table 3-3). Although the maximum comonomer content of F26C seems small 

the comonomer accounts for more than 23 wt.-% of the sample, due to hexacosene having 

approximately 13 times the molar mass of ethene. For the F8 and F18 copolymers the amount 

of comonomer plays a less decisive role concerning weight fraction (compare chapter 3.2 and 

Figure 3-3). 

 

3.3.2.2 SEC-MALLS 

The distributions of molar mass of the three polyethene-co-octenes F8A, F8B and F8C 

are shown in Figure 3-9. The molar mass distribution of all the polymers is of about 2, typical 

of metallocene catalysis. The products differ only in their molar masses, with none showing a 

high molar mass component. 
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Figure 3-9: Molar mass distribution of the polymers F8A, F8B and F8C. 

 

When the radius of gyration of F0 was compared to a known linear reference A2 (see 

chapter 2.3), evidence for LCB was found (Figure 3-10). The straight trend line for the linear 

sample in Figure 3-10 can be described by  

 
58.05.0 024.0² Mr ⋅=><         (3-5) 

This exponent is published by Tackx and Tacx, too.116 

The radius of gyration of F0 deviates from the linear reference for molar masses above 

400 kg/mol, tending towards smaller values, thus indicating a contraction of the coils in 

solution. Such a contraction is typical of long-chain branched molecules. 

Using the Zimm-Stockmayer theory117 the average number of three functional branch 

points per molecule was estimated. If these are assumed to be identical with the number of 

LCB for F0, a value of 0.3 LCB per molecule can be given, which is in good agreement with 

the upper limit of 0.37 LCB/molecule determined by NMR. 
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Figure 3-10: Radius of gyration as a function of absolute molar mass for a linear reference 
polymer (A2) and the homopolymer (F0). 

 

The influence of comonomer type and concentration on the long-chain branching was 

analyzed based on the comparison of the radii of gyration. From Figure 3-11 it can clearly be 

seen that the radius of gyration of all copolymers with the lowest comonomer contents 

deviates from the linear reference above molar masses of 400 kg/mol. Thus, it can be 

concluded that F8A, F18A and F26A possess long-chain branches. The deviation is smaller 

than that of the homopolymer F0 (Figure 3-10). It can be concluded that these samples are 

less branched than F0. As the amount of LCB determined for F0 was already small, the 

amount of LCB in the copolymers was expected to be even lower.  
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Figure 3-11: Radius of gyration as a function of molar mass for copolymers with lowest 
comonomer content. 

 

The deviation from the linear behavior at smaller molar masses is mainly due to the 

physical limitations of the MALLS. At low molar masses the MALLS has a detection limit of 

about 20 nm due to the wavelength of the laser used. 

Additionally, the decrease of the radius of gyration by short-chain branches also has to 

be taken into consideration, with significant effects often seen for comonomer contents larger 

than 20 wt.-%.118 However, with the comonomer contents smaller than this value for most 

copolymers studied, with the exception of F26C, these effects are thought to be small. One of 

the fundamental questions arising from the Zimm-Stockmayer-Theory is the minimum length 

of a side-chain to be counted as a long-chain branch, i.e. which is the minimum length of a 

side-chain leading to a decrease in the radius of gyration - even for small concentrations. Even 

the comonomer hexacosene does not decrease the radius of gyration (as found for the linear 

sample F26C). 
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For the octene based copolymers the deviation from linear behavior became less 

pronounced with increasing comonomer content, with no deviation seen for F8C (Figure 

3-12). A similar behavior was found for the longer α-olefins copolymers. 
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Figure 3-12: Radius of gyration as function of molar mass for the octene copolymers. 

 

From the SEC-MALLS measurements it was concluded that the catalyst F produced 

LCB, even when α-olefins of greater then 8 carbons in length were used as comonomers. The 

incorporation of LCB was only found for copolymers containing low comonomer content. 

With a maximum LCB content of only 0.61 LCB/10 000 CH2 determined for F0, the question 

arise whether the amount of LCB in the samples with a high comonomer content is below the 

detection threshold of the SEC-MALLS or whether long-chain branches are not generated at 

all. To gain deeper insight into the existence of LCB in the polymers, rheological 

measurements were performed, as they are very sensitive with respect to very small amounts 

of LCB. 
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3.3.2.3 Rheological characterization 

Long-chain branching influences a number of linear and non-linear rheological 

properties. These include the viscosity function, and the dependence of the zero shear-rate 

viscosity on the absolute molar mass. The dependence of the phase angle on the complex 

modulus is significantly influenced by presence of LCB. Long-chain branched systems also 

show increased linear steady-state elastic compliances Je
0. Most of these rheological 

properties are dependent on both LCB and molar mass distribution. An exception is the 

function η0(Mw), which only shows a weak influence of the molar mass distribution and may 

be assumed to be independent of the molar mass distribution (compare chapter 2.3). All of 

these rheological properties were used to investigate the presence of LCB in the polymers, 

with the MMD effect safely ignored due to their similar polydispersity (Table 3-3).  

The dependences η0(Mw) and δ(|G*|) are described here, the others are described by 

Stadler in literatureIV,101. 

 

3.3.2.3.1 Zero shear-rate viscosity η0 

For the zero shear-rate viscosity η0, as described in chapter 2.3, it has been shown on 

linear PE that equation (2-1) is independent of the polydispersity, within experimental error, 

for MMD between 2-16 (relevant for all systems here presented) and Mw between 0.4-923 

kg/mol. At 150°C the material constants were found to be K1 = 9·10-15 and α = 3.6 for η0 in 

Pa·s and Mw in g/mol. Substantial deviation from this simple relationship occurs with the 

presence of LCB. For long-chain branches mLLDPE and mHDPE the zero shear-rate 

viscosity was typically found to be greater than η0
lin, calculated using equation (2-1) for a 

linear sample of the same molar mass.76 

The zero shear-rate viscosity was measured for all samples by means of creep 

experiments and the correlation of η0 and Mw is shown in Figure 3-13.  The zero shear-rate 

viscosities of the samples F0, F8A, F18A, F8B, and F18B are distinctly above the η0-Mw-line 

established for linear polyethylenes. For F8A the ratio η0/η0
lin is also indicated.  
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Figure 3-13: Zero shear-rate viscosity η0 as a function of molar mass Mw for the 
homopolymer and octene/octadecene copolymers. 

 

The ratio η0/η0
lin provides a more intuitive representation of the influence of the LCB 

on the samples, due to their different molar masses, than zero shear-rate viscosity η0 alone. 

The ratio η0/η0
lin clearly shows the influence of LCB as a function of the comonomer content 

and feed (Figure 3-14). 

Generally, η0/η0
lin was found to decrease with increasing feed and comonomer content 

as well, approaching the ratio of 1 for purely linear systems. The highest increase of the zero 

shear-rate viscosity was observed for F0 with η0/η0
lin ≈ 6.9. The copolymers with the lowest 

comonomer content (F8A, F18A and F26A) show an increase of η0 between 6.3-5.5. The 

copolymers with medium comonomer contents exhibit values of 4.8 and 3.0 for F8B and 

F18B/F26B, respectively.  
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Figure 3-14: Ratio of zero shear-rate viscosity η0/η0
lin as a function of comonomer feed (a) 

and content (b), respectively. The approximate experimental error of η0/η0
lin is about ± 20% 

(shown for octene series) assuming ±5% error in Mw. 
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It is evident that each comonomer has a different influence on η0/η0
lin

 as a function of 

feed and content. In general the incorporation of LCB into the growing chain can be 

influenced either by the comonomer feed concentration or by the already incorporated 

comonomer. In the first case the influence is mainly due to diffusion and kinetic effects. It can 

formally be considered a terpolymerization reaction; ethene, the comonomer and the LCB-

forming macromer are acting as competing reactants. For all copolymerizations an increase of 

the polymerization activity was observed up to a certain comonomer concentration in the feed 

(compare chapter 3.2). The activity reached a maximum much higher than that of the ethene 

homopolymerization and decreased when more than about 10 mol-% of comonomer was in 

the reactor feed. This comonomer effect was observed often in literature for many 

metallocene catalyzed ethene/α-olefin copolymerizations.17,106,107 Seppälä et al. ascribe this to 

a participation of the comonomer on the activation of the active center.108,109 This leads to a 

decrease of the activation energy for the insertion of a monomer into the carbon – metal bond 

and thereby facilitate the chain grows and the chain transfer reactions. This phenomenon is 

very catalyst and comonomer specific. For ethene/propene copolymerizations in solution it 

was furthermore found, that the comonomer effect is also lowered with higher ethene 

concentration in feed.110 Figure 2-14a shows for the comomoner feed a decreasing effect on 

the LCB incorporation with increasing comonomer concentration. Looking at the influence of 

the reaction mixture there is a less pronounced difference between the comonomer types used, 

most important is their amount in solution. In contrast to that the various comonomers act 

very differently after insertion into the polymer chain, with the steric hindrance of the 

polymer side-chains strongly determining LCB formation (Figure 3-14b). For example, 

although F26C and F8B have approximately the same comonomer content (1.9 mol-%), each 

sample exhibited significantly different viscosity ratios of approximately 5 and 1, 

respectively, the latter lying on the η0(Mw) trend line for linear PE (Figure 3-13). The 

octadecene (F18) and hexacosene (F26) copolymers did not show a large difference in η0/η0
lin 

as a function of the comonomer content nc. When comparing octadecene and hexacosene 

copolymers, the comonomer length is not found to play an important role in LCB 

incorporation. However, comparing octene and octadecene (or hexacosene) polymers, the 

LCB incorporation is obviously different. Thus the additional 10 carbons of octadecene have 

a distinct effect on η0/η0
lin while the additional 8 carbons between octadecene and hexacosene 

do not strongly influence this quantity. 
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As all high comonomer content samples (F8C, F18C and F26C) are found to lie at 

η0/η0
lin ≈ 1, it can be concluded that these samples are predominantly linear. This finding is in 

good agreement with the SEC-MALLS experiments. The effect between the different 

samples, however, is much clearer than by SEC-MALLS as the effects are much larger than 

the small deviations of the radius of gyration of the branched samples from the linear 

standard. 

 

3.3.2.3.2 |G*|-δ-plot 

The phase angle δ as a function of the absolute value of the complex modulus |G*| is 

another versatile tool for getting insight into the molecular structure, having the advantage 

that no normalization with respect to the molar mass is needed. 

However, characterization of LCB by the |G*|-δ-plot is only possible if the shape of 

the molar mass distribution is known. Bimodal or very broad molar mass distributions show a 

behavior similar to that of LCB. For all the materials having a polydispersity of around 2 

these limitations do not apply. For linear systems the dependence of the phase angle δ with 

|G*| is found to sharply increase at small phase angles, and approach a plateau upon reaching 

the limiting phase angle of 90°. 

A typical linear behavior was seen for F26C (Figure 3-15), with the strongest 

indication of LCB observed for F0. The lower comonomer content hexacosene copolymers, 

F26A and F26B, also show slight deviations from the linear reference and F26C, suggesting 

LCB contents between those found in F26C and F0. It can thus be concluded that F0 had the 

highest degree of LCB followed by F26A and F26B, while F26C showed no indication of 

LCB. Similar trends with comonomer content were found for the octene and octadecene 

copolymers. 
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Figure 3-15: δ(|G*|) plot for the samples of the hexacosene series, linear reference76, and the 
homopolymer F0. 
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3.4 Comonomer influence on crystallization and mechanical 
properties 

3.4.1 Chain heterogeneity analysis 

Thermal fractionation techniques offer quick and practical ways to evaluate chain 

heterogeneities in semicrystalline thermoplastic materials by employing carefully designed 

thermal cycles in a DSC. These techniques are particularly useful to study the degree and 

distribution of short-chain branches produced by the copolymerization of ethene with α-

olefins. Thermal fractionation provides an alternative to experimentally more time consuming 

and complicated fractionation techniques that involve preparative or analytical fractionation 

in solution. In a recent review by Müller and Arnal113, a particular emphasis is made on the 

two techniques most commonly applied in the literature: step crystallization from the melt 

(SC) and successive self-nucleation and annealing (SSA). The numerous applications that 

have been recently developed are also reviewed.113 

Segregation studies by stepwise annealing using DSC have been applied on different 

types of Ziegler-Natta114,119-122 and metallocene catalyzed ethene copolymers114,121-124. The 

results show that differences in the ethylene sequence distributions can be seen when the 

polymers are annealed in steps at successively lower temperatures. The multiple endothermic 

peaks observed in the melting curves after this treatment correspond to a fraction of 

segregated molecules which crystallized at a certain temperature. 

Dynamic mechanical analysis (DMA) is a very useful tool to characterize relaxations 

in both amorphous and semicrystalline copolymers. The influence of the structure and 

morphology on the dynamic mechanical behavior of polyethylenes has been discussed in a 

number of publications. 123-129 An understanding of the principles involved is of value in 

predicting the response of these polymers in various product applications. In general, linear 

and branched polyethylenes exhibit up to three transitions, labeled α, β and γ in order of 

decreasing temperature. The mechanism of these relaxation processes have been discussed in 

terms of the crystalline and amorphous phases present130 and in many cases of a third 

interfacial phase131-134 that is of intermediate character and may have some structural 

order.135,136 
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3.4.2 Materials and analytics 

The polymerizations of these series were all done under very similar conditions and 

the copolymers obtained differ only in the length and number of the side-chains. Two series 

of copolymers were synthesized, containing ca. 1.5 mol-% and ca. 3 mol-% of comonomer, 

respectively. In addition a reference polyethylene was made to compare the properties of 

copolymers to the pure PE. The influence of the side-chains in amount and length on the 

material properties of the LLDPE is investigated. The experimental details are given in Table 

3-4. The polymerizations were carried out in reactor 3 and the analytics were done on DSC 2, 

NMR 2, and SEC 3. DMA and tensile measurements were performed and in addition the 

material’s densities were determined. Details on the experimental procedure and used 

equipment are described in chapter 6. 

 

Table 3-4: Experimental details. The copolymers are denoted with a running number and the 

carbon length of the comonomer. 

 # comonomer feeda yield activityb conv.c 
   [mol-%] [g]  [%] 
reference 1PE none 0 21.9 55 000 0 
series 1 2C8 1-octene 15 21.2 15 000 10.1 
 3C12 1-dodecene 15 20.7 20 000 8.8 
 4C18 1-octadecene 15 22.9 26 000 8.8 
 5C26 1-hexacosene 15 20.8 21 000 7.1 
series 2 6C8 1-octene 30 18.5 37 000 8.8 
 7C12 1-dodecene 30 15.7 33 000 7.3 
 8C18 1-octadecene 30 25.1 37 000 9.8 
 9C26 1-hexacosene 30 23.0 23 000 7.7 
a) comonomer content in feed 
b) [kgpolymer·(molZr·h·mol/lmonomer)-1] 
c) conversion of the comonomer 

 

All polymerizations were catalyzed by the catalyst precursor [Ph2C(2,7-di-
tertBuFlu)(Cp)]ZrCl2 (F, Figure 2-1) and methylalumoxane (MAO) as cocatalyst. 

 



84 3. Short-chain branched polyethylenes 

 

3.4.3 Results and discussion 

3.4.3.1 Polymer densities 

The density of the pure polyethylene is the highest and it is decreasing with increasing 

comonomer content, as expected for LLDPEs. If 1-hexacosene is used as comonomer, the 

density is behaving contrarily and is higher for both copolymers than for the other LLDPEs. 

An influence of the side-chains on the density is obvious, crystallization can be assumed and 

will be underlined in the following. The influence of the molar masses, given in Table 3-5, on 

our investigations is negligible within a certain area and checked by another series of 

polymers with higher masses. The here observed trends for ethene/octene, ethene/dodecene 

and ethene/octadecene copolymers are the same than Yoon et al.128 determined from 

metallocene catalyzed LLDPEs like ethene/hexene, ethene/dodecene and ethene/octadecene 

copolymers. In DSC thermograms the melting peak shifted to a lower temperature zone with 

decreasing copolymer density without a significant loss in peak sharpness. The density of 

LLDPE was a decreasing function of mole fraction of α-olefin, and the decrease was more 

pronounced as the molar mass of the incorporated α-olefin increased. 

 

Table 3-5: Polymer characteristics of reference PE and series 1 and 2. 

 # incorporationa Mw MMD Tm
b Tc

c cryst.d density 
  [mol-%] [wt.-%] [kg/mol]  [°C] [°C] [%] [kg/m3]
reference 1PE 0 0 368 2.13 139.0 115.6 65.6 939.7 
series 1 2C8 1.57 6.00 321 2.19 115.2 100.6 41.3 912.8 
 3C12 1.44 8.09 316 2.05 116.5 100.2 40.5 910.9 
 4C18 1.32 10.79 328 2.08 116.5 102.9 41.3 915.5 
 5C26 1.21 14.21 352 2.22 118.7 99.7 42.9 917.4 
series 2 6C8 3.25 11.83 269 2.02 103.3 85.4 31.3 902.0 
 7C12 3.46 17.73 280 1.94 103.3 86.1 31.1 903.6 
 8C18 3.00 21.82 276 1.98 104.1 86.9 30.0 905.7 
 9C26 2.71 27.35 335 2.00 103.3 85.9 40.2 921.6 
a) comonomer content in polymer 
b) melting peak temperature 
c) cystallization peak temperature 
d) enthalpy of fusion of perfectly crystalline PE was taken to be 290 J/g137 
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3.4.3.2 Microstructure of the copolymers 

3.4.3.2.1 NMR study 

The comonomer content was calculated with equation (3-6), the branching carbon 

signal, I(*), and all the resolved secondary carbon signals of the polymer backbone are used. 

It was corrected by substraction of the side-chain carbons, ncom.-7, which are included in the 

integration area of the main signal of the CH2-chain, I(δ,δ+). In our measurements, we were 

able to resolve five backbone carbons and five side-chain carbons. The chemical shifts and 

nomenclature are taken in accordance with PollardVIII from Randall.111 

 

%]-[mol     2.01000
(*)])7(),([)()()(

(*)
⋅⋅

⋅−−+++
=

+ IcIIII
In

n
c δδγβα

      (3-6) 

 

where I(α) is the integrated peak area of carbon α etc. and cn is the number of carbons 

of the comonomer. 

The molar fraction of the incorporated comonomer into the polymer chain is rather 

similar for all polymers within one series. Although the difference in the weight fraction 

(calculated by equation (3-2)) between the various comonomers is very pronounced; both are 

given in Table 3-5. The longer comonomers have a much higher contribution on the 

polymer’s weight. 

 

3.4.3.2.2 DSC analysis 

All the copolymers show rather similar melting behavior (see Table 3-5); the melting 

and crystallization temperatures are almost the same. For the ethene / 1-hexacocene 

copolymers (5C26, 9C26) a 2nd melting peak at Tm = 53 °C appeared, which is very 

pronounced in case of higher comonomer content. In Figure 3-16 melting curves of these two 

polymers and the melting curve of 1-hexacosene are shown, the 2nd melting peak of the 

copolymers is originated by the comonomer 1-hexacosene. The pure 1-hexacosene shows two 

melting peaks, one at 37.3 °C and one at 52.6 °C. The zoomed area in Figure 3-16 makes 

visible that also for the polymer containing a low amount of 1-hexacosene a 2nd melting peak 

occurs. In order to be sure that no impurities like not incorporated comonomer caused this, the 
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polymer was recrystallized several times, and the intensity of the 2nd peak did not change. The 

side-chains crystallize mainly between themselves. The intensity of the side-chain melting 

peaks is depending on the molar fraction of comonomer. From that we believe that the side-

chains are crystallizing in kinds of agglomerates and not separated parallel to the polymer 

main-chain. 

Walter et al. found for ethene/eicosene copolymers similar melting behavior.138 The 

melting temperature decreased with increasing incorporation of 1-eicosene (0-50 mol-%) and 

side-chain crystallization occurred at 1-eicosene content over 39 mol-%. With 1-hexacosene 

very much less comonomer is necessary to see this effect. 

In general the crystallinity of a LLDPE is decreasing with higher comonomer content 

and this is also the case with the copolymers of these series containing octene, dodecene and 

octadecene. Interestingly, the 1-hexacosene copolymers again are different and the 

crystallinity is increased for polymer 9C26. 
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Figure 3-16: Melting curves of virgin 5C26, 9C26 and 1-hexacosene. 
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The thermal fractionation technique SSA was applied on all the samples to get 

information on the comonomer distribution. The most important parameters in using the SSA 

method are the first Ts temperature to be used, the temperature interval between Ts 

temperatures, the permanence time at Ts and the heating rates during the thermal conditioning 

steps.139 A spacing of 3 °C instead of 6 °C had probably given a slightly better separation and 

more peaks, but increases in the measuring time were enormous. An increase in holding time 

does not promote higher number of signals, but more perfect crystals are expected at higher 

time consumption.122,140 The melting curves obtained after the SSA treatment of the LLDPEs 

are plotted in Figure 3-17. As for the untreated samples the melting peaks of series 1 are again 

higher than those of series 2. The shapes of the curves are similar within each series, but the 

two copolymers 8C18 and 9C26 exhibit an additional smaller peak in the high temperature 

region. These peaks are most probably species corresponding to the fractions with the thickest 

lamellae within the distribution produced by the SSA treatment. Although, as described 

further on, it is found that the average lamellar thickness of 9C26 is lower than for others.  

Theoretical equations are employed to quantitatively compare particular results with 

theory for the crystallization and melting of random copolymers. These theoretical equations 

are derived from an equilibrium theory. Therefore, predictions derived from the equations 

represent a limit typically not approached by real random copolymers. 

To get quantitative information out of the SSA measurements the curves have to be 

analyzed by peak picking, calculating a relative index (DI141) for each peak and / or 

integrating each peak. We substracted from every DSC thermogram a baseline (from x=40 to 

x=130 °C), calculated the peak areas and divided them by the highest peak to get a relative 

value for comparison and further calculations. 
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Figure 3-17: Melting curves of LLDPEs after SSA treatment. 

 

The lamellar thickness, Lc, of the crystals can be estimated using the Gibbs-Thomson 

equation (3-7) from a melting temperature Tm. This equation is useful as a rough guide for 

estimating Lc. The returned values of Lc are too small for any temperature Tm(Lc), other than 

the final melting temperature of crystals, f
mT , formed in the isothermal crystallization.142 Also 

the Flory equation (3-8) is only applicable to equilibrium melting of copolymers, which 

requires infinitely thick crystals of composition Xe to observe the copolymer melting 

temperature c
mT . Because the very thick copolymer crystals do not exist, c

mT  is unobservable. 

This is in contradistinction to the equilibrium melting temperature 0
mT  for homopolymers 

(Xe=1); that temperature may be approached from homopolymers, for which essentially 

infinitely thick crystals do exist.142,143 
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In (3-7) σe = 0.09 J/m2 is the basal surface free energy, ∆Hu = 2.96·108 J/m3 is the 

volumetric heat of fusion, 0
mT  = 418.7 K is the equilibrium melting temperature of PE, R = 

8.314 Pa·m3·K-1·mol-1, and c
mT  of a copolymer with Xe is obtained from the following 

equation: 
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The ethylene sequence length (ESL) can be calculated from each lamellar thickness, if 

it is assumed that an ethylene unit is 0.254 nm long.142 Flory’s theory of melting can also be 

used for calculating the number of consecutive carbons in the crystalline area and from that 

the lamellar thickness. A comparison of the different calculations is given by Zhang et al.144 

Alternatively, and used in this study, ESL or methylene sequence length (MSL) for each 

fraction can be obtained with Keating’s method (compare to the chapter 3.2.2.4).112 In the 

case of random ethylene copolymers, the melting point depression is not caused by molar 

mass variations but by MSL variation. They recrystallized the commercially available 

hydrocarbons with the same program and measured the subsequent melting point. The plot of 

ln(CH2 molar fraction) against 1/T shows a linear relationship (equation (3-9)), and from this 

curve, the MSL of fractionated ethene copolymers can be assigned from the melting 

temperatures of the fractions. 

 

mTionmolarfractCH /5.135331.0)ln( 2 +−=−      (3-9) 

 

The statistical terms arithmetic mean nL , weighted mean wL  and the broadness index 

were also introduced by Keating et al.112 to describe the polydispersity of MSL in ethene 

copolymers. 
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      (3-10) 

 

where ni is the normalized peak area, and Li is the MSL, ESL or lamellar thickness for 

each fraction. 

From the ethylene molar fraction the methylene sequence length and degree of 

branching can be easily calculated using equation (3-11) and (3-12)145 or, with the data from 

NMR measurements, it can be used vice versa. 

 

X
XMSL

−
⋅

=
1
2          (3-11) 

 

where MSL is the methylene sequence length (number of carbons) and X is the CH2 

molar fraction. 

 

1
1000

++
=

iMSL
C          (3-12) 

 

where C is SCB/1000TC and i is number carbons in side-chain (e.g. octene: i = 6). 

To differ between the different branching calculations it is named SCB/1000C as 

short-chain branches per 1000 backbone carbons, and SCB/1000TC as short-chain branches 

per 1000 carbons of the polymer in total. The calculated C is the number of branches per 1000 

carbons in total of the polymer (SCB/1000TC), the branching per 1000 carbons backbone 

(SCB/1000C), like it was calculated from NMR data (equation (3-6)), can be obtained using 

equation (3-12) and i = 0. 
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The lamellar thickness of each fraction of each LLDPE was calculated by equation (3-

7) and the number average of theses values (equation (3-10)) are given in Table 3-6. The 

molar fractions of the comonomer, the methylene sequence length and the degree of 

branching are calculated from NMR and DSC data and are also given in Table 3-6. From the 

NMR data the branching per 1000 carbons in total can be achieved by equation (3-13). 
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      (3-13) 

 

Table 3-6: Branching information by NMR and DSC-SSA. 

 # NMR DSC 
  nc 

[mol-
%] 

SCB/ 
1000TCa 

SCB/ 
1000Cb

MSLc nc 
[mol-
%]d 

SCB/ 
1000TCe

SCB/ 
1000Cf 

MSLg Lc
h

 

series  2C8 1.57 7.6 7.9 120 1.78 12.5 11.5 86 7.01
1 3C12 1.44 6.7 7.2 128 1.66 11.3 10.8 92 7.30
 4C18 1.32 6.0 6.6 134 1.66 10.2 10.8 92 7.36
 5C26 1.21 5.3 6.1 140 1.47 9.8 10.9 91 7.25
series  6C8 3.25 15.2 16.2 55 2.85 17.6 18.2 54 5.06
2 7C12 3.46 14.8 17.3 47 2.85 16.6 18.5 53 5.01
 8C18 3.00 12.3 15.0 50 2.78 15.3 18.2 54 5.09
 9C26 2.71 10.2 13.6 49 2.85 14.1 19.2 51 4.83
a) Number average SCB per 1000 carbons in total, equation (3-13) 
b) number average SCB per 1000 backbone carbons, SCB/1000C = equation (3-6) / 0.2 
c) number average MSL from NMR using equation (3-11) and (3-10) 
d) equation (3-9) from virgin melting curve peak, comonomer molar fraction = 1 - CH2 molar fraction 
e) number average SCB per 1000 carbons in total, equation (3-9), (3-11), (3-12), (3-10) 
f) number average SCB per 1000 backbone carbons, equation (3-9), (3-11), (3-12), (3-10); i=0 
g) number average MSL from DSC using equation (3-9), (3-11) and (3-10) 
h) number average lamellar thickness, equation (3-7) and (3-10), [nm] 

 

Differential scanning calorimetry is a powerful and fast tool to determine comonomer 

content in LLDPEs, if the right calibration is available. Comparing the two different methods 

there are only slight differences in the calculated molar fraction of comonomer. If an 

integration of the DSC curves is used in calculation, a correction becomes necessary. The 

calculated values for the branching and for the methylene sequence length, presented in Table 

3-6, differ from the NMR data, particular for series 1 with low comonomer incorporation. The 

DSC heat flow depends on the amount of material melted at a certain temperature. The 

specific heat capacity also depends on temperature, and this represents another problem that 

should be taken into account. The peak area at lower temperatures is less intensive than at 
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higher temperature and therefore the number average values are, depending on the 

calculations, too high SCB/1000TC or SCB/1000C and too low MSL. A way to correct this 

was described recently in a review article by Müller et al.113 Here we forego to do these 

corrections because the relative differences within and between these two series would not 

change and this is the main focus of our work. 

The average lamellar thicknesses of the LLDPEs are thicker if the copolymers are 

containing less comonomer. For material 9C26 a lower average lamellar thickness was 

calculated than for the other materials in series 2. Here comes into account that the side-

chains show also a melting peak at lower temperature. This increased the peak area in the 

SSA curves with lower lamellar thicknesses and thereby lowers the average value. 

Figure 3-18 shows the relationships of short-chain branching and MSL to lamellar 

thickness. The comonomer chain length has for both series no influence on the MSL; the 

MSL is just influenced by the lamellar thickness and vice versa. On the other hand the degree 

of branching is strongly influenced by the comonomer type. Longer side-chains lead to lower 

branching per 1000 carbons in total and thereby influence different the lamellar thickness. 

This is most pronounced for high branching (low lamellar thickness) and higher comonomer 

incorporation. 
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Figure 3-18: Relationships of short-chain branching (SCB/1000TC) and methylene sequence 
length (MSL) to lamellar thickness for the ethylene copolymers (determined by DSC); a) 

series 1, b) series 2. 
 

3.4.3.2.3 Mechanical properties 

3.4.3.2.3.1 Dynamic mechanical analysis 

The results of the mechanical tests on both LLDPE series and the homopolymer, PE, 

are summarized in Table 3-7. The storage modulus of the copolymers of series 1 is generally 
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higher than for corresponding copolymers of series 2. As expected, lower density leads to 

lower moduli values. The higher the comonomer content is in the copolymers, the more 

amorphous (less stiff) the material is in the case of the octene, dodecene and octadecene 

copolymers.  In each series octene and dodecene copolymers have rather similar properties. 

Poly(ethene-co-octadecene) at high enough comonomer incorporation shows a deviating 

behavior in the temperature range from -30 to +30 °C (series 2). The hexacosene copolymers, 

however, exhibit in both series a very different behavior compared to the other copolymers. 

Especially in the range from -30 to +60 °C the hexacosene copolymers are much stiffer. This 

is due to the crystalline side-chains (C24H49), which toughen the material. When the 

crystalline side-chain agglomerations are starting to melt (at about 20 °C) the storage modulus 

curves are coming closer to the others again. At a temperature of about 60 °C all side-chains 

are molten and the material behaves like the other copolymers (see Figure 3-19). 

 

Table 3-7: Material properties of DMA and tensile tests. 

  DMA stress-strain behavior 
 # stor. 

mod.a 
Tg

b Young’s 
modulus 

yield 
stress 

tensile 
strain at 

yield 

break 
stress 

break strain 

  [MPa] [°C] [MPa] [MPa] [%] [MPa] [%] 
ref. 1PE 494 n.d.c 318 ± 2 20.3 ± 0.1 23 36 ± 2 1023 ± 44 
series 2C8 108 -32.0 86 ± 3 n.d. n.d. 24 ± 3 819 ± 74 
1 3C12 115 -35.2 89 ± 2 n.d. n.d. 24 ± 2 828 ± 49 
 4C18 83 -28.3 97 ± 2 n.d. n.d. 30 ± 3 1025 ± 145 
 5C26 177 -15.5 132 ± 4 10.4 ± 0.2 26 26 ± 3 725 ± 58 
series 6C8 46 -37.7 30 ± 2 n.d. n.d. n.d. n.d. 
2 7C12 43 -37.5 31 ± 1 n.d. n.d. n.d. n.d. 
 8C18 65 -25.5 47 ± 2 n.d. n.d. n.d. n.d. 
 9C26 152 -27.2 152 ± 3 11.8 ± 0.2 20 26 ± 1 674 ± 27 
a) storage modulus at 25 °C 
b) maximum, taken from loss modulus curve 
c) not detected 

 

In series 2, the octadecene copolymer 8C18 shows within a certain area (from -30 to 

+45 °C) also a deviation from the shorter chained LLDPEs. The greater stiffness is in this 

case also most probably a result from crystalline side-chains and thereby the material is less 

amorphous and stiffer at these temperatures. 
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Figure 3-19: Storage modulus curves of the LLDPE a) series 1 and b) series 2 and the 
reference PE. 
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The glass transition temperatures (Tg), determined from the peak maximum of the loss 

modulus curves are given in Table 3-7. The Tgs of polyethene-co-octene and polyethene-co-

dodecene are in both series rather similar, but for the octadecene copolymers they are much 

higher. In series 2 the β-transition regions are much more pronounced due to their higher 

comonomer content. The fact that the 1-octadecene copolymer 8C18 (series 2) has a higher 

transition temperature than copolymer 4C18 (series 1) has been explained by a possible lateral 

crystallization of the relatively long branches of 1-octadiene.126 The Tg of the hexacosene-

copolymer 5C26 (series 1) is rather high, -15.5 οC, and the transition rather weak, this is in 

accordance with its higher crystallinity and density values compared to the other copolymers 

of this series. At a higher hexacosene incorporation (series 2), Tg decreased to a temperature 

close to the Tg of the corresponding ethene/octadecene copolymer 8C18. As in the storage 

modulus, we notice temperature dependence of the loss modulus (see Figure 3-20). When all 

crystalline side-chains are molten the copolymer 9C26 behaves like the other copolymers. 

Again, after these conclusions, the same trend comes clear for the ethene/octadecene 

copolymer 8C18. Obviously the side-chains are long enough and concentrated enough to 

affect the material properties different from conventional LLDPEs. 
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Figure 3-20: Loss modulus curves of the LLDPE a) series 1 and b) series 2 and the reference 
PE. 
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Clas et al.129 observed also by DMA a deviating behavior between homogeneous 

ethene/butene, ethene/octene and ethene/octadecene copolymers, synthesized with vanadium 

catalysts: The intensity of the β-transition increases with comonomer content in 1-butene and 

1-octene copolymers and also with the amount of interfacial material present. In ethene/1-

octadecene copolymers this intensity is comparatively low, even though there is about 20% 

interfacial material present. In another more recent study by Starck et al.124 on metallocene 

catalyzed ethene - α-olefin copolymers it was shown that for 1-octadecene copolymers the 

intensity of the β-transition in the loss modulus curves did not increase with increasing 

branching in contrast to the situation for 1-octene and 1-tetradecene copolymers. The DMA 

measurements confirmed the decrease in crystallinity at increasing comonomer incorporation; 

the deviations from the stiffness curve of conventional HDPE were greatest for the 

copolymers containing larger amounts of 1-tetradecene or 1-octadecene as comonomer. There 

were deviations from these trends observed for some 1-octadecene copolymers and this was 

assumed to be due to crystallization of C16H33 branches.124 

In this study the loss tangent (tan δ) plots (see Figure 3-21) of the copolymers showed 

that the α-transitions for the polymers of series 1 appear at higher temperatures than for those 

of series 2. This is in accordance with studies by Benavente et al.126 on ethene/1-octadecene 

copolymers, which showed that the temperature of the α-transition decreases with the 

increase in comonomer content due to the reduction in crystal size. The α-transition of the 

homopolymer, 1PE, did not display a clear maximum, which is a consequence of larger size 

crystals present in this polymer. Figure 3-21 shows a very pronounced α-transition region for 

the hexacosene copolymer 9C26, which is in accordance with its high crystallinity. The near 

total absence of a β-transition peak of 9C26 and 5C26, respectively, is a further indication of 

the presence of crystallizing side-chains in the ethylene-hexacosene copolymers. 

In previous work146 on ethene/octadecene copolymers the use of Cross Polarization 

Magic Angle Spinning (CPMAS) 13C NMR, Raman spectroscopy and x-ray diffraction 

indicated that side branches of 1-octadecene participates in the crystalline structure. However, 

Benavente et al.126 claim that it is not quite clear if the side branches of 1-octadecene really 

can participate in the crystalline structure of these copolymers of low comonomer contents, 

although such possibility exists for copolymers of very high comonomer content. Anyway, 

according to our studies the long C24H49 branches of the ethene/hexacosene copolymers 

crystallize more easily than the shorter C16H33 branches of the ethene/octadecene copolymers. 
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Figure 3-21: Loss tangent curve of the LLDPE a) series 1 and b) series 2 and the reference 

PE. 
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3.4.3.2.3.2  Tensile tests 

The Young’s modulus and yield points of all polymers are listed in Table 3-7. The 

Young’s modulus is the highest for pure PE and it is decreasing with increasing comonomer 

content meaning increasing elasticity. Many of these copolymers do not have a yield point, 

they show an elastic behavior. The two octadecene copolymers 4C18 and 8C18 are slightly 

stiffer than the corresponding octene and dodecene copolymers in both series. The hexacosene 

copolymers behave completely different: They show yield points, which is more pronounced 

for the one with higher number of side-chains. That means that the material’s stiffness is 

increasing with increasing comonomer content, which is the complete opposite of the so far 

known for LLDPEs. Among all copolymers, 9C26 is the stiffest material, although it has 

about 3 mol-% of comonomer incorporated. This is due to more crystalline areas in the 

polymer. In Figure 3-22 the stress-strain experiments of the LLDPEs and the reference 

polyethylene are plotted. Break stress and break strain are also presented in Table 3-7. The 

same trends as described earlier become visible here. The LLDPEs with higher olefin 

concentrations are so elastic that the test bars did not break unless a deformation of the whole 

specimen took place. The material 9C26 is not that elastic, it breaks at lower stress than the 

corresponding 5C26. The standard deviation of these break points is rather high, although at 

least five different samples were measured. This is due to the forming technique of the 

specimens. In this study the test bars are compression molded and not extruded and injection 

molded. There are slight differences in structure and form of the specimens of each polymer 

sample. They are not affecting the Young’s modulus or yield points but cause a higher 

variation of data at higher strains. 
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Figure 3-22: Tensile testing curves of the LLDPE series 1 and 2 and the reference PE. 
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3.5 Conclusion 

The catalyst F provides a very good comonomer and hydrogen response and has high 

activities for ethene homo- and copolymerizations. It is possible to incorporate any α-olefin 

into the growing chain up to high degrees. The catalyst is also thermostabile and active over a 

long reaction period. 

In this study new ethene copolymers were synthesized. The influence of the 

comonomer on the polymerization activity is strong. At about 10 mol-% comonomer in feed a 

maximum of activity can be reached. The molar masses and the thermal behavior of the 

materials is influenced by the amount of comonomer in feed and polymer but not by the type 

of comonomer. There are no or only very slight differences between 8 carbons (1-octene) and 

26 carbons (1-hexacosene). The copolymers of ethene and hexacosene are new materials and 

not synthesized before. 

For the homopolymer, a maximum degree of long-chain branching of 0.37 and 0.30 

LCB/molecule was determined by melt-state NMR and SEC-MALLS, respectively. Good 

agreement is seen considering the small contents quantified, both being at the lower limit of 

detection for the techniques, and the simplifying assumptions of the Zimm-Stockmayer-

theory. For the copolymers, smaller LCB contents were found with SEC-MALLS. The 

resolution of this classical method is not high enough for a clear discrimination of the 

influence of the various comonomers on the LCB-content. Therefore, rheology was used to 

further distinguish between the LCB-content as some rheological quantities have been proven 

to react very sensitively on the existence of long-chain branches. Lower degrees of LCB were 

detected in the copolymers than were found in the homopolymer. Higher comonomer content 

and comonomers of greater length were also found to result in lower degrees of LCB in 

qualitative agreement with the SEC-MALLS measurements. Due to the high sensitivity of 

rheological methods with respect to LCB a clearer discrimination could be gained from the 

results. 

The results of the SEC-MALLS and more pronounced the rheological characterization 

indicate for this series of copolymers that the catalyst F produces linear and long-chain 

branched samples depending on the comonomer content. The ethene homopolymer showed 

the highest long-chain branch content. Any addition of comonomer decreased the degree of 

long-chain branching. For the samples with the highest comonomer content no long-chain 

branches were detected, neither by SEC-MALLS nor by rheology. This effect depends on 



 3. Short-chain branched polyethylenes 103

 

both the molar mass (length) and the content of the comonomer. The LCB-content decreases 

with growing number of incorporated comonomers per chain and with their increase in length. 

For the samples with the lowest comonomer content only a very small difference to the 

homopolymer was found. Similar results are reported by Kokko et al.68 and Walter et al.138, 

but in these articles only one comonomer was used. The dependency of the long-chain branch 

incorporation (and thus of the rheological properties) on the comonomer feed was also 

investigated for different catalyst systems by the groups of Mülhaupt138 and Seppälä64,68,74,75. 

The long-chain branch incorporation ceases at much higher comonomer contents than shown 

in this study. These differences can be related to the use of hydrogen for molar mass control 

and the different catalyst system in this study. 

While a clear difference in LCB content was observed between the polymers 

copolymerized with octene and octadecene, the difference between those with hexacosene and 

octadecene is small. These findings can be understood when looking at the chemical 

mechanism of the long-chain branch incorporation. A short-chain branch of longer length 

provides more steric hindrance concerning the incorporation of a vinyl-terminated 

macromonomer into the growing chain than that of a smaller length. The effectiveness of 

octadecene and hexacosene seem to be above a steric threshold, where the hindrance is so 

strong that macromers are not attached to the backbone anymore. These conclusions could 

only be attained by using hexacosene as comonomer, which has not been investigated in 

literature before for the metallocene catalyzed synthesis of polyethylenes. 

The hexacosene copolymers have side-chains of 24 carbons and they show remarkable 

material properties, very different from conventional LLDPEs. The side-chains of the 

hexacosene copolymers crystallize with each other and not only parallel to the backbone 

lamellar layer. This can be seen as an extra melting peak in the DSC melting endotherm, 

whose intensity is depending on the hexacosene concentration in the polymer. Even at low 

amounts of comonomer a shoulder in the melting curve is visible. These crystallizing side-

chains increase strongly the materials stiffness, density and change completely the mechanical 

properties compared to the other LLDPEs. When the material is heated up to a temperature, 

where the side-chains are molten, the material behaves like the ethene/octene, 

ethene/dodecene or ethene/octadecene copolymers. Due to these comparisons it was also 

possible to explain the behavior of ethene/octadecene copolymers with higher comonomer 

incorporations. Some of the tendencies, which are very pronounced in case of 24 carbons 

side-chains, appear already at 16 carbons side-chains to a lower extent. 
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4. Single-site and dual-site ethene/propene 
copolymerizations 

4.1 Introduction and materials 

A promising way to understand and by that to tailor the microstructure and molar mass 

distribution of polyolefins is the use of mixed metallocene systems, since mixtures of well-

defined single-site catalysts are good model systems. Over the last years, the number of 

publications on binary, dual-site or mixed catalysts for the production of polyethylene147-158, 

polypropylene159-161 and ethene/α-olefin copolymers83,147-151,162-165 has therefore grown 

tremendously. To create a better understanding of dual-site catalysis with the help of single-

site results, three series of ethylene-propylene copolymers were produced using the catalyst 

precursors 1) rac-[Me2Si(2-Me-4-(1-Naph)Ind)2]ZrCl2, 2) [Me2Si(Ind)(Flu)]ZrCl2 and 3) a 1:5 

mixture of 1 and 2, all with a broad range of (co)monomer mole fractions in the reactor and 

copolymers (Figure 4-1).V Catalyst 1 produces rather random ethylene-propylene 

copolymers166 with a high affinity to incorporate propene whereas alternating copolymers 

with low amounts of propene are synthesized by catalyst 2167. The activities of the single-site 

series are used to calculate the contributions of the two catalysts in the dual-site experiments 

and 13C NMR data is used for the modeling of the propene incorporation in the copolymers 

and the reactivity ratios of the three catalyst systems. Based on this modeling, the results of 

DSC and SEC measurements are interpretated. The direct peak method used here for 

modeling the copolymerizations is described by Karssenberg168,XI and a comparisson of 

different statistical models and their application on copolymerizations is also discussed by 

him.XII The experimental details of these copolymerization series are desribed in chapter 6, 

reator 2 was used and the analytics were measured on DSC 1, SEC 1 and NMR 1. The total 

monomer concentration and propene feed in the reactor are listed in Table 4-1. 
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Figure 4-1: Catalyst precursors, 1: rac-[Me2Si(2-Me-4-(1-Naph)Ind)2]ZrCl2 
2: [Me2Si(Ind)(Flu)]ZrCl2. 

 

Some of the published studies on ethene/α-olefin copolymers also investigate the 

possible interactions between two metallocenes, focusing on ligand exchange162 as well as on 

chain transfer from site to site in solution162-164 or on supported systems165. In this study 

though, ligand exchange is excluded because of the use of bridged metallocenes. Also the 

phenomenon of chain transfer is debarred, as the catalyst concentrations were kept very low to 

minimize the probability to incorporate a vinyl-terminated polymer-chain. For this reason we 

assume that each chain is build up by only one unchanging site. As will be shown, the molar 

mass distributions of the copolymers do not indicate otherwise.  

The catalyst, the polymerization conditions, and the polymerization reactor operating 

condition are all significant for the comonomer incorporation. In a batch polymerization the 

concentrations of the (co)monomer decrease as the polymerization proceeds, but not to the 

same extent. In a semi-batch polymerization only the monomer concentration is constant. In 

the Continuous Stirred Tank Reactor (CSTR) system monomer and comonomer 

concentrations are both constant after the steady-state conditions are achieved. Here the semi-

batch process was used as only ethene was fed during the reaction, therefore the 

polymerization time has an influence on the comonomer concentration and incorporation. The 

propene conversion was kept very low in order to achieve intermolecular homogeneous 

fractions for each polymer. 
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4.2 Results and discussion 

4.2.1 Activities and contributions  

The activities of all three series and the contribution of catalyst 2 to the bimodal 

polymers are listed in Table 4-1 and shown in Figure 4-2. For all copolymerizations catalyst 1 

gives higher activities with a maximum for pure polyethylene of about 800 tpolymer·molZr
-1·h-

1·molmonomer
-1·l. Catalyst 2 is much less active for copolymerizations with high ethylene 

content, but for polypropylene and copolymers with high propylene content the activities are 

rather close to the ones of catalyst 1. Most of the activities of the dual-site series are in 

between the ones of the single-site experiments. 

The contribution of catalyst 2 to the dual-site experiments is calculated from the 

single-site activities and the catalyst molar ratio of 1:5. Due to the non-parallel course of the 

activities of the two catalysts, the contribution of catalyst 2 is not only dependent on the 

catalysts molar ratio but also on the mole fraction of propene in feed. In the reactor feed range 

0-60 mol-% the activity of catalyst 2 is more than 5 times lower then the activity of catalyst 1 

and therefore the contribution of catalyst 2 to the dual-site experiments is smaller than 50%, 

vice versa in the reactor feed range 70-100 mol-%. 
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Table 4-1: Total monomer concentrations, propene reactor feed, activities of the catalysts and 

contribution of catalyst 2 to the dual-site polymers. 

 catalyst 1 catalyst 2 dual-site seriesa)  
ctot

b) C3 feedc) activityd) C3 feedc) activityd) C3 feedc) activityd) contrib.e) 
0.6 0 800 0 19 0 155 0.11 
0.6 11 700 11 18 11 160 0.12 
0.8 21 550 21 20 21 98 0.16 
0.8 31 400 31 22 31 76 0.22 
1.0 45 210 39 22 41 55 0.35 
1.0 50 200 50 20 50 18 0.34 
1.0 60 130 60 17 60 37 0.41 
1.0 70 80 70 20 70 27 0.57 
1.0 80 60 80 25 80 29 0.68 
1.0 90 40 90 20 90 18 0.72 
1.0 95 30 95 16 95 2 0.73 
2.0 98 25 98 13 98 3 0.73 
2.0 99 16 99 8 99 3 0.72 
2.0 100 11 100 4 100 2 0.65 

a) 1:5 mixture of catalyst 1 and 2 
b) Total monomer concentration [mol·l-1] 
c) Propene feed in the reactor [mol-%] 
d) [tpolymer·molZr

-1·h-1·molmonomer
-1·l] 

e) Contribution of catalyst 2 to the bimodal polymers = 5 · activitycat.2
 / (activitycat.1 + 5·activitycat.2) 
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Figure 4-2: Catalyst activities and the contribution of catalyst 2 to the bimodal polymers, 
contribution line is added for guidance to the eye. 
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4.2.2 Modeling of NMR data and comonomer incorporation 

The Direct Peak Method (DPM)168 enables the modeling of comonomer incorporation 

and reactivity ratios of single-site catalysts based on the 13C NMR data of series of 

homogeneous ethylene-1-alkene copolymers. This DPM has been successfully applied to 

series of metallocene-catalyzed ethylene-propylene copolymers beforeXI,XII and is also used 

here to model the single-site experiments. As will be shown, the reactivity ratios of the single-

site catalysts can be used to describe the propene incorporation of the copolymers in the dual-

site series. 

Table 4-2 presents reactor feed and propene incorporation for the two single-site series 

and the second order Markov reactivity ratios of the two catalysts. As mentioned before, the 

experimental feed was calculated from the (co)monomer pressures and the experimental 

propylene incorporation from the 13C NMR data using the Randall method111. The 

experimental feed and the 13C NMR spectra have been used as input of the DPM for the 

second order Markov modeling of the reactor feed, the propene incorporation and the 

reactivity ratios. The use of second order Markov is justified, since first order Markov 

statistics do not satisfy the 99.5% reliability condition.XII For each of the two single-site 

series, the total number of equations fitted in the model is equal to 108, (8+1)·12, namely 8 

NMR regions and 1 feed for all 12 copolymers. The number of variables is 28: per copolymer 

1 reactor feed and 1 scaling factor plus 4 reactivity ratios. The total number of degrees of 

freedom is 108-28=80. With χ2 values of 40.3 and 47.8 for catalyst 1 and 2 respectively, all 

results reflect a reliability > 99.8%. 

The experimental and modeled results presented in Table 4-2 are depicted in Figure 

4-3. At high propene concentrations in the reactor, the difference between the two catalysts is 

very pronounced: catalyst 1 easily incorporates comonomer units while for catalyst 2 it is 

hardly possible to insert more than about 50 mol-% of propene even at ethene/propene ratios 

in the feed of [P] = 99 mol-%. In a growing chain, the addition of new monomer and 

comonomer units is mainly determined by the reactivity ratios of the active site(s) of the 

catalyst. The reactivity ratios are calculated by rhij = khii / khij with h, i, j element of {E, P} 

and k the reaction rate constants and are described in detail in reference 168. The square root of 

the product of the 4 reactivity ratios represents the classical ‘rE·rP’ value which reveals the 

character of the catalyst.168 Here the values 2.02 and 0.03 demonstrate that catalyst 1 produces 

rather random and catalyst 2 alternating copolymers. 
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Table 4-2: Experimental and modeled propene feed and propene incorporation of the single-

site series and reactivity ratios of the two catalysts. 

catalyst 1 catalyst 2 
feed C3/(C2+C3)a) C3 incorporationb) feed C3/(C2+C3)a) C3 incorporationb) 

exp model exp model exp model exp model 
0 0.0 0.0 0.0 0 0.0 0.0 0.0 
11 10.7 0.4 2.1 11 9.3 1.2 1.4 
21 17.8 3.6 4.0 21 22.2 3.9 3.8 
31 24.9 5.2 6.2 31 30.9 5.9 5.9 
45 44.0 15.7 15.1 39 40.8 9.3 8.7 
50 53.8 23.2 22.3 50 55.3 14.8 14.4 
60 65.5 34.9 34.7 60 61.3 17.7 17.5 
70 74.2 46.8 48.1 70 67.1 21.0 21.0 
80 85.1 68.6 69.5 80 77.8 28.8 29.1 
90 91.1 81.3 82.5 90 87.9 38.6 39.2 
95 95.5 90.0 91.6 95 94.5 46.8 47.4 
98 97.9 95.0 96.4 98 96.5 49.7 50.4 
99 98.8 95.7 98.3 99 96.3 50.0 50.8 
100 100.0 100.0 100.0 100 100.0 100.0 100.0 

catalyst 1 catalyst 2 
rEEP 5.46 (± 6.2%) rEEP 7.23 (± 4.7%) 
rEPE 0.37 (± 5.4%) rEPE 0.006 (± 10.0%) 
rPEP 3.43 (± 6.1%) rPEP 3.29 (± 5.5%) 
rPPE 0.59 (± 4.2%) rPPE 0.007 (± 51.4%) 

‘rE·rP’c) 2.02 (± 11.2 %) ‘rE·rP’c) 0.03 (± 37.2 %) 
# equations 108 # equations 108 
# variables 28 # variables 28 

# d.o.f. 80 # d.o.f. 80 
χ2 40.3 χ2 47.8 

reliability 99.99 % reliability 99.84 % 
a) Mole fraction propene in reactor feed [mol-%] 
b) Mole fraction propylene in copolymer [mol-%] 
c) See text and ref. 168; d.o.f. = degrees of freedom 
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Figure 4-3: Experimental and modeled propene incorporation of the single-site series. 

 

In the DPM for single-site copolymers, the reactivity ratios and reactor feeds 

determine the 13C NMR spectra via propagation probabilities and diad fractions, and the 

theoretical spectra are multiplied by scaling factors to enable the comparison with 

experimental ones (see Figure 4-4a). The modeling of dual-site experiments now is rather 

straightforward since the copolymerization reaction at two sites is a combination of two 

single-site reactions. In the dual-site reactions described here, two catalysts operate 

independently and simultaneously, creating exactly the same copolymers as in single-site 

experiments. Therefore, the DPM, developed for the modeling of single-site catalysts, only 

needs minor changes to be able to also model dual-site catalysts. In the DPM for dual-site 

copolymers (Figure 4-4b), two 13C NMR spectra are calculated based on two different sets of 

reactivity ratios, and these spectra both contribute to the overall spectrum.  
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Figure 4-4: Schematics of the second order Markov Direct Peak Method for the modeling of 
(a) single-site and (b) dual-site copolymers. 

 

An overview of the experimental and modeled reactor feed and propene incorporation 

of the dual-site experiments is shown in Table 4-3. Analogously to the single-site 

experiments, the experimental feed is calculated from the gas pressures, the experimental 

propene incorporation from the 13C NMR data (Randall method). The modeled data in Table 

4-3 are the results of the DPM for the modeling of dual-site copolymers using the 

contributions of the two catalysts (see Table 4-1) and the second order Markov reactivity 

ratios (see Table 4-2). The overall propylene content is calculated from the overall 13C NMR 

spectrum, the propylene content splitted per catalyst is originating from the 13C NMR spectra 

before applying the contributions. Note that for the catalyst 2 the modeled propylene contents 

at 98 and 99 mol-% propene exceed the experimental limitation of 50 mol-%. 

The experimental and modeled results of the dual-site series presented in Table 4-3 are 

plotted in Figure 4-5 together with the second order Markov lines of the single-site series. 

This plot clearly shows the effect of the contribution to the dual-site results. For low propene 

feeds in the reactor, the contribution of catalyst 2 is low and therefore most of the copolymer 

chains are produced by catalyst 1, but with increasing propene feed the propylene contents of 

the dual-site copolymers move away from the second order Markov line of catalyst 1 towards 

the one of catalyst 2. 
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Table 4-3: Experimental and modeled propene feed and propene incorporation of the dual-

site series. 

feed C3/(C2+C3)a) C3 incorporationb) 
model model model 

per catalyst 
exp model exp 

overall 
cat. 1 cat. 2 

0 0.0 0.0 0.0 0.0 0.0 
11 9.0 0.7 1.8 1.8 1.3 
21 18.6 3.0 4.1 4.3 3.1 
31 29.6 7.3 7.5 8.0 5.5 
41 39.9 11.6 11.5 12.7 8.4 
50 48.1 14.9 15.4 17.8 11.3 
60 61.9 24.8 24.5 30.4 17.8 
70 73.4 33.8 34.9 46.6 25.5 
80 83.7 46.0 46.7 66.5 34.7 
90 89.6 52.5 53.7 83.0 38.8 
95 95.5 65.3 62.6 94.8 50.5 
98 98.4 72.5 69.7 97.2 56.8 
99 99.4 79.9 77.6 99.0 67.6 
100 100.0 100.0 100.0 100.0 100.0 

a) Mole fraction propene in reactor feed [mol-%] 
b) Mole fraction propylene in copolymer [mol-%] 
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Figure 4-5: Experimental and modeled propene incorporation of the dual-site series. Outer 
lines represent the theoretical single-site behaviour of catalysts 1 and 2. 
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As an additional step, the reactivity ratios of the two metallocenes can also be 

estimated from the dual-site results. Therefore the modeling can be repeated without making 

use of the reactivity ratios found by the DPM for the single-site series. In this case, the 

reactivity ratios of the two catalysts are set as variables and determined via χ2 minimalization 

of the overall theoretical and experimental 13C NMR spectra of the series of copolymers. The 

activities of the two catalysts in the single-site experiments and the molar ratio 1:5 are still 

used to calculate the contributions (see Table 4-1). Compared to the modeling of the single-

site series, the number of equations remains the same (108), the number of variables increases 

to 32 (8 reactivity ratios instead of 4). The results are listed in Table 4-4 in addition to the 

values found by the modeling of the single-site series. 

Even though the reactivity ratios found by the modeling of the dual-site series are not 

as precise as the ones modeled by the single-site series (see Table 4-4), clearly these results 

are a good estimate and show great resemblance. The trends that rEEP > rPEP and rEPE < rPPE 
XII,48 are also found. These results prove that, in the case the catalysts act independently, 

overall 13C NMR spectra of dual-site copolymers can be split up in contributions of the two 

catalysts used.  

 

Table 4-4: Reactivity ratios of the catalysts 1 and 2 obtained from the single-site and dual-site 

series. 

catalyst 1 catalyst 2  single-sitea) dual-site single-sitea) dual-site 
rEEP 5.46 (± 6.2%) 5.71 7.23 (± 4.7%) 8.83 
rEPE 0.37 (± 5.4%) 0.25 0.006 (± 10.0%) 0.005 
rPEP 3.43 (± 6.1%) 2.57 3.29 (± 5.5%) 4.67 
rPPE 0.59 (± 4.2%) 0.86 0.007 (± 51.4%) 0.05 

‘rE·rP’ 2.02 (± 11.2 %) 1.78 0.03 (± 37.2 %) 0.10 
# equations 108 108 108 108 
# variables 28 32 28 32 

# d.o.f. 80 76 80 76 
χ2 40.3 63.5 47.8 63.5 

reliability 99.99 % 84.63 % 99.84 % 84.63 % 
a) See Table 2 

 

4.2.3 Melting temperatures and molar masses 

Table 4-5 shows an overview of the melting peak temperatures of the polymers of the 

two single-site series. The melting temperatures of the single-site made copolymers with low 
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propylene content are almost independent of the catalyst type. From recent Monte Carlo 

simulation169 on crystallization and melting of copolymers with different distributions of the 

comonomer units in the chain it was expected that the influence of increasing propylene 

content would be slightly higher for catalyst 2 than for catalyst 1. The latter is producing more 

random copolymers, so longer ethylene sequences also exist for higher propene incorporation. 

With catalyst 2 alternating sequences in the copolymers are synthesized, so longer ethylene 

sequences disappear faster with increasing comonomer content. In combination with the 

decreasing molar masses of catalyst 2 made fractions, a slightly smaller influence of 

increasing propylene content on catalyst 1 compared to catalyst 2 was expected, but this is not 

observed indisputably. 

 

Table 4-5: Melting points and weight average molar masses of the single-site made 

copolymers. Polydispersity of all polymers is close to 2. 

catalyst 1 catalyst 2 
C3 incorp.a) Tm [°C] Mw [kg·mol-1] C3 incorp.a) Tm [°C] Mw [kg·mol-1] 

0.0 131.4 345 0.0 138.3 341 
2.1 110.1 218 1.4 129.9 228 
4.0 114.6 219 3.8 112.8 125 
6.2 107.1 290 5.9 102.5 98 
15.1 59.7 162 8.7 89.6 68 
22.3 44.7 144 14.4 65.4 49 
34.7 -- 130 17.5 41.3 43 
48.1 -- 130 21.0 20.1 37 
69.5 -- 135 29.1 -- 30 
82.5 83.1 185 39.2 -- 25 
91.6 117.2 281 47.4 -- 23 
96.4 139.6 469 50.4 -- 23 
98.3 142.7 563 50.8 -- 23 
100.0 152.5 888 100.0 -- 43 

a) Modeled mole fraction propylene in copolymer [mol-%] 

 

For copolymers produced at high propene reactor feeds, the influence of catalyst type 

on the melting behavior is much more pronounced. If the propylene mole fraction is more 

than 80 mol-%, catalyst 1 is producing partly crystalline copolymers, catalyst 2 only 

incorporates propene up to 50 mol-% and reflects no propylene crystallinity. These results are 

in line with products previously made by these catalysts.166,167 While catalyst 1 is producing 

highly isotactic polypropylene with a melting point over 150°C, catalyst 2 made 

polypropylene is rather atactic (hemiisotactic tendence). Therefore no melting point is 

observed for this polymer. 
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Table 4-6: Melting points and weight average molar masses of the dual-site made 

copolymers. 

C3 incorporationa) Tm [°C] Mw [kg·mol-1] 
overall catalyst 1 catalyst 2 peak 1 peak 2 mass 1 mass 2 

0.0 0.0 0.0 137.9 -- 331 -- 
1.8 1.8 1.3 130.3 -- 338 -- 
4.1 4.3 3.1 115.5 -- 292 -- 
7.5 8.0 5.5 95.3 -- 250 -- 
11.5 12.7 8.4 52.7 88.0 137 -- 
15.4 17.8 11.3 80.4 -- 82 -- 
24.5 30.4 17.8 62.5 -- 78 -- 
34.9 46.6 25.5 -- -- 71 -- 
46.7 66.5 34.7 -- -- 83 -- 
53.7 83.0 38.8 105.6 -- 27 230 
62.6 94.8 50.5 133.5 -- 22 471 
69.7 97.2 56.8 145.0 -- 24 592 
77.6 99.0 67.6 150.0 -- 25 649 
100.0 100.0 100.0 152.7 -- 41 910 

a) Modeled mole fraction propylene in copolymer [mol-%] 

 

The data of the dual-site series is summarized in Table 4-6, while Figure 4-6 shows the 

melting points of all three series versus the propylene content in the polymers. A comparison 

of the single-site series and the dual-site series allows an assignment of some data to catalyst 

1 or 2. The observed melting peaks of the first four polymers of the dual-site series can 

originate either from catalyst 1 or catalyst 2, the differences in this area are too small to 

indisputably assign these peaks to one of the catalysts. Therefore in Figure 4-6 these points 

are plotted versus the overall propylene content. On the basis of the modeled propene 

incorporations, the double melting peak at 88.0°C and 52.7°C can be assigned to catalyst 2 

and catalyst 1 respectively. The melting temperatures of 62.5°C and 80.4°C can only be 

originating from catalyst 2, at this propylene contents the polymers made by catalyst 1 have 

already lower or no melting points. Copolymers with high propylene content and crystallinity 

are not produced by catalyst 2, so the last four melting peaks in this series can only be 

originating from catalyst 1. 
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Figure 4-6: Melting temperatures versus modeled propene incorporation of the dual-site 
series. 

 

As shown in Table 4-5, the molar masses of the polymers synthesized with catalyst 1 

are much higher than the ones made by catalyst 2. All molar mass distributions are at about 2 

as expected for single-site experiments. Catalyst 1 shows a minimum in the molar masses. 

The masses are high for polyethylene and copolymers with low propylene content, and high 

for polypropylene and copolymers with high propylene content. In between the molar masses 

are lower, this was also observed in previous studies.166 Catalyst 2 shows a decrease of the 

molar masses with increasing comonomer content. The highest mass was reached for 

polyethylene and the lowest for copolymers with higher propylene content. A general trend in 

these series is that the polymers made by catalyst 1 have higher molar masses than those made 

by catalyst 2. 

The SEC results of the dual-site series are given in Table 4-6. A separation of the 

molar masses of the samples with an overall propylene content of less than 50 mol-% was not 

possible. Due to the mixture of a high molar mass fraction made by catalyst 1 and a lower 

molar mass fraction made by catalyst 2 the non separated average molar masses are in 

between those of the single-site experiments. The results are plotted in Figure 4-7. The five 

samples with the highest overall comonomer content can be separated, and this leads to two 



 4. Single-site and dual-site ethene/propene copolymerizations 117

 

weight average molar masses Mw. The shorter chains are originating from catalyst 2, the 

longer chains from catalyst 1. For these samples the MMD of each fraction was close to 2 and 

no peak shoulders were observed. Especially the bimodal polypropylene shows two molar 

masses that are very close to those of the single-site experiments, in case of catalyst 2 almost 

the same. 

For the last two bimodal copolymers in this series the modeling predicts a propylene 

incorporation of more that 50 mol-% for catalyst 2 (see paragraph 4.2.2) which conflicts with 

the single-site experiments of this catalyst. Although in this case the modeled propylene 

content is too high, the measured molar masses are attributed to the proper fraction. 
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Figure 4-7: Weight average molar masses versus modeled propene incorporation of dual-site 
series. 
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4.3 Conclusion 

The second order Markov reactivity ratios of the metallocene catalysts have been 

successfully modeled using the Direct Peak Method X,168 resulting in rEEP = 5.46 (± 6.2%), 

rEPE = 0.37 (± 5.4%), rPEP = 3.43 (± 6.1%) and rPPE = 0.59 (± 4.2%) for rac-[Me2Si(2-Me-4-(1-

Naph)Ind)2]ZrCl2 / MAO (catalyst 1) and rEEP = 7.23 (± 4.7%), rEPE = 0.006 (± 10.0%), rPEP = 

3.29 (± 5.5%) and rPPE = 0.007 (± 51.4%) for [Me2Si(Ind)(Flu)]ZrCl2 / MAO (catalyst 2). The 

use of second order Markov statistics is justified since first order Markov statistics do not 

satisfy the condition of a 99.5% reliability of the modeling.XII The (product of the) reactivity 

ratios show that in ethene/propene copolymerizations catalyst 1 produces rather random 

copolymers with a high affinity to incorporate propene whereas catalyst 2 synthesizes 

alternating copolymers with low amounts of propylene; these observations are in line with 

previous work on these catalysts166,167 which shows good reproducibility of the results. 

Comparing the activities of the two metallocene catalysts used, for all 

copolymerizations catalyst 1 gives higher values with a maximum for pure polyethylene of 

about 800 tpolymer·molZr
-1·h-1·molmonomer

-1·l. Catalyst 2 is much less active for 

copolymerizations with high ethylene content, but for polypropylene and copolymers with 

high propylene content the activities of the two catalysts are comparable.  

The activities of the single-site experiments in combination with the 1:5 catalyst’s 

molar ratio for the dual-site copolymerizations can be used to calculate the contributions of 

the two active sites to the bimodal polymers. These contributions together with the second 

order Markov reactivities of the single-site series enable the modeling of the dual-site 

experiments based on the fitting of the 13C NMR spectra. As a result, the overall propylene 

contents of the bimodal polymers can be splitted up into the contents of the two polymer 

fractions belonging to the two catalysts. 

Based on these two propylene contents of the bimodal polymers the results of DSC 

and SEC can be interpretated in a much better way. Melting temperatures of ethylene-type 

and propylene-type of crystallinity as well as molar masses have been attributed to one of the 

two catalysts.  

Finally, the second order Markov reactivity ratios of the two catalysts can also be 

calculated by modeling of the 13C NMR spectra of the dual-site experiments by only making 

use of the contributions. Even though the results of this modeling are not as accurate as the 
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reactivity ratios obtained from applying the DPM to single-site series, the rough 

characteristics of the two catalysts are detected and the ratios are well estimated. 
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5. Outlook 

A variation of the polymerization conditions of the samples B6 and B7 (compare to 

the chapter 2.4) leads to a strong dependence of the rheological properties from the 

polymerization time. While the molar mass Mw is increasing only slightly (ca. 15 %) with 

polymerization time, the LCB content is strongly increasing. This becomes clear locking at 

the phase angle δ as a function of the complex modulus |G*|, see Figure 5-1. At short 

polymerization times of about 1 hour less LCBs are formed than at polymerization times of 

about 4 hour. This trend can be underlined with further investigations on time dependent 

long-chain branching. A spezial interest thereby is also the influence of the catalyst type. 
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Figure 5-1: Change of rheological properties with polymerization time. 
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In addition to chapter 3.3 the dependency of LCB from the comonomer length can be 

expanded by the synthesis and characterization of ethene/1-decene and ethene/1-dodecene 

copolymers. Copolymers with 10 and 15 mol-% 1-decene and 1-dodecene respectively were 

allready produced (F10A, F10B and F12A, F12B) and the results are promissing. Figure 5-2 

and Figure 5-3 show that the critical comonomer length to influence the LCB content in 

polyethylene is between 1-dodecene (F12A, F12B) and 1-octene (F8A, F8B, F8C). At least 

two more copolymers of 1-decene and 1-dodecene would help to complete these 

investigations. It is also of interest to expand this study to shorter comonomer copolymers like 

ethene/1-hexene or ethene/1-butene copolymers. 
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Figure 5-2:δc against comonomer content for LLDPEs (compare chapter 3.3.2.3). 

 



122 5. Outlook 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

1

2

3

4

5

6

7

F12B

F12A

F8A

F8B

F8C

F18A

F18B

F18C

F26A

F26B

F26C

F0

 octene
 dodecene
 octadecene
 hexacosene
 no comonomer

 

 

η 0/η
0lin

comonomer content [mol-%]

 

Figure 5-3: Reduced zero shear-rate viscosity for several LLDPE samples. 
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6. Experimental 

6.1 General 

All air or moisture sensitive procedures were performed under nitrogen or argon using 

Schlenk techniques. 

 

6.2 Chemicals 

Methylalumoxane (10 wt.-% solution in toluene, Crompton) was used as delivered for 

polymerizations in reactor 3. For the polymerizations made in reactor 1a, 1b and 2 the 

solution was filtered, the toluene and trimethylaliminium were removed in vacuo and MAO 

was stored as a solid. Fresh prepared solutions in dry toluene were used for polymerizations. 

Ethene, propene and toluene were purified by passing through columns with copper 

catalyst (BASF R3-11) and 4Å molecular sieves. 

1-Octene, 1-decene, 1-dodecene and 1-octadecene were degased and stored under 

nitrogen and molecular sieve 4Å. 

Hydrogen was used without further purification. 

The comonomer 1-hexacosene is a commercial available α-olefin wax fraction 

(mainly C26 to C28 olefins, Chevron Phillips Chemical Company LP, USA, see appendix). A 

defined amount was fed into the reactor and the system was evacuated and flushed with inert 

gas several times prior use. 

The metallocene complexes (CpMe5)2ZrCl2, Cp2ZrCl2, rac-[Et(Ind)2]ZrCl2 and 

[Me2C(Cp)2]ZrCl2 were synthesized in our group according to general literature procedures. 

The metallocene [Ph2C(2,7-di-tertBuFlu)(Cp)]ZrCl2 was also synthesized in our group105 based 

on previous work by Ewen and Razavi170,171. The complexes rac-[Me2Si(2-Me-4-(1-

Naph)Ind)2]ZrCl2 and [Me2Si(Me4Cp)(NtertBu)]TiCl2 were purchased from Boulder Scientific 

Inc., USA and [Me2Si(Ind)(Flu)]ZrCl2 from MCAT GmbH, Germany. The catalyst precursors 

were stored under inert gas atmosphere and freshly prepared solutions in dry toluene were 

used for polymerizations. 
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6.3 Polymerizations 

All polymerizations were carried out in toluene in Büchi reactor systems equipped 

with a magnetical stirrer. For the standard experiment, the reactor was evacuated at 90 °C for 

at least 1 h, flushed several times with inert gas and, after cooling, charged subsequently with 

toluene, MAO and in some cases a defined amount of comonomer. The gaseous monomer 

concentrations were calculated using literature data.172 The polymerizations were started by 

injection of the catalyst precursor in toluene solution to the ethene saturated toluene / MAO 

solution. The polymerization reaction was stopped by addition of 1 ml ethanol. 

 

6.3.1 Reactor 1a and 1b 

Reactor 1a was a 1l Büchi glass reactor and reactor 1b a 3l Büchi glass reactor. The 

reactor was charged with toluene, MAO and comonomer. After that, the desired amount of 

ethene was fed. The pressure of ethene was kept constant with Brooks Mass Flow Controller. 

Some polymerizations were done under presence of hydrogen to reduce the molar mass of the 

polymer. In these cases the hydrogen pressure was fed and saturated for 5 min. before ethene 

was fed into the reactor. 

 

6.3.2 Reactor 2 

These polymerizations in reactor 2 were carried out in 400 ml toluene at 30°C in a 1 l 

Büchi glass reactor, a press flow controller and a Büchi data system bds 488 was used to 

record the monomer flows. The propene and ethene pressure for every run were set and the 

pressure was kept constant during the polymerization by feeding ethene (semi-batch process). 

The polymerizations were started by injection of the metallocene complex or complex 

mixture in toluene to the propene and ethene saturated toluene / MAO (400 mg) solution. The 

catalyst precursor amount for the single-site series was 5·10-8 mol for catalyst 1) rac-

[Me2Si(2-Me-4-(1-Naph)Ind)2]ZrCl2, and 5·10-7 mol for catalyst 2) [Me2Si(Ind)(Flu)]ZrCl2. 

For the dual-site series a mixture of catalyst 1) and 2) was used with a molar ratio of 1:5 and a 

total catalyst amount of 1.5·10-7 mol per polymerization. The ratio of the activities of catalysts 

1 and 2 for ethene reactor feeds around 50 mol-% is 5:1, so to obtain balanced bimodal 

copolymers the ratio 1:5 was applied. After a short polymerization period (propene 

conversion < 5 %) the reaction was stopped. 
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6.3.3 Reactor 3 

This reactor 3 is located in the University of Technology (HUT), Helsinki. It is a 3 l 

Büchi steal reactor equipped with a press flow controller. 2000 ml toluene, 1000 mg MAO 

and in some cases a defined amount of comonomer were used. After reaching 60°C 

polymerization temperature, 13.4 mmol of hydrogen and ethene were added, such that the 

total monomer concentration was 0.37 mol/l. Polymerization was started by addition of 8·10-7 

mol toluenic metallocene solution. During the reaction, the total pressure was kept constant by 

supplying ethene and the ethene flow was recorded constantly. The polymerization was 

quenched after approximately 20 g of polymer was produced.  

 

6.3.4 Post polymerization procedure 

The polymer solution was stirred over night in an ethanol / HCl / water solution, 

filtered, washed with plenty of ethanol followed by evaporation of the solvents and drying of 

the polymer in vacuo at 60 °C over night. The ethene/hexacosene copolymers were in 

addition two times dissolved in warm toluene and filtered afterwards at room temperature and 

washed with ethanol before drying in order to wash out residues of comonomer. 

 

6.4 Analytics 

6.4.1 Differential scanning calorimetry 

6.4.1.1 DSC 1 

The thermal behavior of the polymers was measured using a Mettler-Toledo DSC 

821e, in the temperature range from -100 to 200°C with a heating rate of 20 K·min-1. The 

calibration of temperature and melt enthalpy was done with n-heptane (Tm = -90.6 °C, 138.6 

J·g-1), quicksilver (Tm = -38.8 °C, 11.5 J·g-1), gallium (Tm = 29.8 °C, 80.2 J·g-1), indium (Tm = 

156.6 °C, 28.5 J·g-1) and zink (Tm = 419.5 °C, 107.5 J·g-1). To determine the melting 

temperatures the second heating run was used. 
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6.4.1.2 DSC 2 

Differential scanning calorimetry curves were recorded on a Perkin Elmer DSC-7 

instrument, located in HUT, calibrated with indium (Tm = 156.6 °C, 28.45 J·g-1). A heating 

and cooling rate of 10 K/min for all experiments and steps was used. 5-6 mg of polymer was 

taken for measurements. For the melting and crystallization curves of the thermal untreated 

samples the results of the second thermal cycle are presented exclusively. The successive self-

annealing measurements were done according to the principles of Müller and Fillon.173,174 To 

destroy any thermal history the samples were first heated up to 160 °C and cooled down to 30 

°C again and hold there for 1 min. Subsequently, a heating was performed up to a selected 

self-annealing temperature donated as Ts, where the sample was isothermally kept for 5 min 

before cooling it again down to 30 °C. At the end of the first cooling the polymer has been 

self-nucleated. Then the sample was heated again to the next Ts, which is 6 °C lower than the 

previous Ts. This means that the unmelted crystals at this lower Ts will anneal during the 5 

min at this temperature, some of the melted species will isothermally crystallize (after being 

self-nucleated by the unmelted crystals), while the rest of the molten crystallizable chains (or 

chain segments) will only crystallize during the subsequent cooling from Ts. The procedure is 

then repeated with Ts again being lowered at 6 °C intervals with respect to the previous step. 

The chosen Ts range was from 140 to 56 °C for PE, from 122 to 44 °C for series 1 and from 

110 to 44 °C for series 2, for both ethene/hexacosene copolymers the last step was Ts = 38 °C. 

Finally, the melting behavior was recorded by a normal melting run when the thermal 

conditioning was over. When comparing a series of similar samples, a constant initial Ts for 

all samples of the series was used. The advantage of this method is that all samples will have 

the same thermal history and the comparison of the final curves can be more meaningful from 

that point of view. 

 

6.4.2 Size exclusion chromatography 

6.4.2.1 SEC 1 

Size exclusion chromatography was carried out with a Waters GPCV 2000 Alliance 

system equipped with a refractive index detector, viscosimetric detector and a set of three 

columns, Styragel type (HT6, HT5, HT3). 1,2,4-Trichlorobenzene was used as solvent. The 

analyses were performed at 140°C and 1.0 ml·min-1 flow rate. The system was calibrated with 

narrow molar mass distribution polystyrene standards and their Mark-Houwink constants  
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using the universal method.175-177 The sample concentration was 1 mg·ml-1 and 2,6-di-tertbutyl-

4-methylphenol was used as thermostabilizer (1 g·l-1). 

LLDPEs: The masses were calculated using the universal method and both detectors. 

Ethene/propene copolymers: The molar masses were calculated using the refractive 

index signal and literature constants for polyethylene (K = 0.0406 ml·g-1, a = 0.725) and 

corrected for propylene content using the method by Scholte et al.178 

 

6.4.2.2 SEC 2 (SEC-MALLS) 

These measurements were performed at University of Erlangen, research group of 

Prof. Münstedt. The molecular characterization was carried out on a Waters 150C, equipped 

with a refractive index (RI) detector and an additional infra-red (IR) detector (PolyChar, IR4) 

at 140°C for column and sample compartment using 1,2,4-trichlorobenzene (TCB) as solvent. 

The high temperature SEC was coupled with a multi-angle light scattering apparatus (Wyatt, 

DAWN EOS), which was also operated at 140°C. The samples (2 g/l) were dissolved in TCB 

at 160°C for three hours prior to the analysis. Irganox 1035 (Ciba SC) was added to the 

solution in a concentration of 1 g/l avoid degradation during analysis. The flow rate was 

chosen to be 0.5 ml/min in order to prevent mechanical degradation of the polymer on the 

columns. 300 µl of the solution was injected onto a set of 4 SEC-columns (3 Shodex columns 

UT 806, 1 Shodex UT807). Calibration of the SEC was performed with narrow MMD 

polystyrene Standards from Polymer Laboratories ranging in of molar mass from 1 kg/mol to 

11 000 kg/mol. The Mark Houwink constants for the universal calibrations were K=1.21·10-4 

ml/g and a=0.707 for PS179 and K=4.06·10-4 ml/g and a= 0.725 for PE.178 For more details see 

reference I, II and IV. 

 

6.4.2.3 SEC 3 

Size exclusion chromatography was carried out on a Waters GPCV 2000 Alliance 

system, located in HUT, equipped with a refractive index detector, viscosimetric detector and 

a set of four columns, Styragel type: HT2, HT3, HT4 and HT6. 1,2,4-Trichlorobenzene was 

used as solvent and 2,6-Di-tertbutyl-4-methylphenol as thermostabilizer. The analysis was 

performed at 140 °C and 1.0 mL/min. The columns were calibrated with narrow molar mass 
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distribution polystyrene standards. The masses were calculated using the universal method 

and both detectors.175-177  

 

6.4.3 Nuclear magnetic resonance spectroscopy 

6.4.3.1 NMR 1 

13C NMR spectra were measured with a Bruker Ultrashield 400 spectrometer at 100.62 

MHz. The samples were prepared by the dissolution of the polymers (10 mass-%) in a mixture 

of 1,2,4-trichlorobenzene and 1,1,2,2-tetrachloro-1,2-dideuteroethane and were measured at 

100°C and referenced against C2D2Cl4. 

LLDPEs: The samples were measured at a pulse angle of 30°, delay time of 10 s, 4096 

scans using the Inversed Gated Decoupling. 

Ethene/propene copolymers: The samples were measured at a pulse angle of 30°, 

delay time of 5 s, 1024 scans, using the waltz16 decoupling method. The experimental 

propylene content in the copolymers was determined using the Randall method.111 

 

6.4.3.2 NMR 2 

13C NMR spectra were measured with a Varian Gemini 2000 300 MHz spectrometer, 

located in HUT. Polymer samples were measured at 75 MHz at 100 °C from 300 mg of 

polymer in 2.5 ml of 1,2,4-Trichlorobenzene and 0.5 ml of benzene-d6. 3000 scans were 

measured using the waltz-16 decoupling method, 6 s delay time and 45° pulse angle. 

  

6.4.3.3 NMR 3 (solid-state NMR) 

These NMR measurements were performed at Max-Planck Institute for Polymer 

Research in Mainz in the research group of Prof. Wilhelm. Melt-state NMR spectroscopy was 

carried out on a Bruker Advance 500 dedicated solid-state NMR spectrometer operating at a 

proton and carbon Larmor frequency of 500.13 and 125.75 MHz respectively. All 

measurements were undertaken using a commercial Bruker, 13C-1H optimized, high 

temperature, 7 mm magic-angle spinning (MAS) probehead using zirconia rotors and rotor 

caps. Nitrogen gas was used for all pneumatics to limit thermal oxidation. All measurements 
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were conducted at ωr/2π = 3 kHz spinning speed at 150°C sample temperature, whilst 

compensating for thermal MAS effects. 

Single pulse excitation spectra were acquired using 10 µs 13C π/2 excitation pulses and 

π pulse-train heteronuclear dipolar decoupling. For the copolymers, depending on degree of 

incorporation, between 16–424 scans were needed to achieve the desired signal-to-noise-ratio 

of the alpha peak at 34.6 ppm (SNRα=50) using a 2 s recycle delay and 16 dummy scans. 

Overall measuring time of all copolymer samples was about 45 min. Short measurement times 

were primarily achieved due to investigation in the bulk state, combined with the use of a 

short recycle delay.VIII For the homopolymer (F0) 78 000 scans were acquired under the same 

conditions, and resulted in a SNRα ≈ 5 after 48 h. For details see references IV, VIII and 

XIII. 

 

6.4.4 Melt rheology 

Rheological measurements were performed at University of Erlangen, research group 

of Prof. Münstedt. For these measurements different rheometers were used. Most of them 

were carried out with a Malvern/Bohlin CVOR “Gemini”, a constant stress rheometer, using a 

25 mm parallel plate geometry or a 25 mm / 2.5° cone/plate geometry. An ARES from 

Rheometric Scientific/TA Instruments and a Malvern/Bohlin CSM were also used (25 and 50 

mm parallel plate, 50 mm/2.5° cone/plate). All experiments were performed under nitrogen 

atmosphere and the samples were thermostabilized. For details see reference I, II and IV. 

 

6.4.5 Press 

A Fontune table press TP 400, located in HUT, at 200 °C and a special mould was 

used for compression moulding of the DMA specimens and plates with the dimensions 2 x 80 

x 80 mm3. From these plates the tensile test specimens according to ISO 527-2:1993 (type 

5A) were made using a stamping press. The polymers were thermostabilized by mixing in 0.4 

wt.-% of Irganox 1010 FF and 0.2 wt.-% of Irgafos 168 (both CIBA products) before melting. 
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6.4.6 Dynamic mechanical analysis 

Dynamic mechanic measurements were performed with a Perkin Elmer DMA-7, 

located in HUT. The experiments were carried out using the three-point-bending geometry. 

All specimens were scanned at a frequency of 1 Hz over a temperature range of -100 to 90 °C 

at a rate of 4 K/min under helium flow. The rectangular specimen dimensions were 2 x 4 x 17 

mm3 (by special mould using the Fontune table press). Every sample was measured at least 

tree times with tree different specimens and the average curves were taken for interpretation. 

 

6.4.7 Universal testing machine 

Tensile tests were performed on a Instron 4204 universal testing machine, located at 

HUT, equipped with a force transducer of max. 1 kN. The crosshead speed was 20 mm/min at 

constant 50% humidity and 23 °C. The yield stress and the Young’s modulus were calculated 

according to ISO 527-1:1993(E). 

 

6.4.8 Density measurements 

For the density measurements the DMA specimens were taken and a Sartorius balance 

type LA230S equipped with the density determination kit YDK01 was used, located in HUT. 

The Archimedean principle is applied for determining the specific gravity of a solid, ethanol 

is used as liquid. Every sample was measured at least tree times with tree different specimens 

and the mean values are presented here. 
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8. Appendix 

8.1 Abbreviations and symbols 
13C NMR carbon13 nuclear magnetic resonance 
CGC constrained geometry catalyst 
cn number of carbons in the comonomer chain 
CP MAS cross polarization magic angle spinning 
CSTR continuous stirred tank reactor 
DI DSC relative index 
DMA dynamic mechanical analysis 
DPM direct peak method 
DSC differential scanning calorimetry 
ESL ethylene sequence length 
EPDM ethene propene dien monomer (rubber) 
|G*| complex modulus 
HDPE high density polyethylene 
HUT Helsinki University of Technology 
Je

0 linear steady-state elastic compliance 
mPE metallocene catalyzed polyethylene 
Lc crystalline lamellar thickness 
LCB long-chain branching 
LDPE low density polyethylene 
LLDPE linear low density polyethylene 
MAO methylaluminoxane 
mc molar mass of the comonomer 
Mc critical molar mass 
MDPE medium density polyethylene 
Me entanglement molar mass 
MLS molar mass determined by light scattering 
MMD molar mass distribution = Mw/Mn = polydispersity 
Mn number average molar mass 
MSL methylene sequence length 
Mw weight average molar mass 
nc molar fraction of the comonomer content in the polymer 
SC step crystallization from the melt 
SCB short-chain branching 
SEC-MALLS size exclusion chromatography – multi angle laser light scattering 
SNR signal to noise ratio 
SSA successive self-nucleation and annealing  
Tc crystallization peak temperature 
TCB 1,2,4-trichlorobenzene 
Tg glass transition temperature 
Tm melting peak temperature 
Tm

0 equilibrium melting temperature 
TMA trimethylaluminium 
Tm

f final melting temperature 
Tm

c copolymer melting temperature 
TPE thermoplastic elastomer 
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tpoly polymerization time 
Tpoly polymerization temperature 
Ts step temperature in SSA method 
UHMWPE ultra high molecular weight polyethylene 
VLDPE very low density polyethylene 
wc weight fraction of the comonomer content in the polymer 
X CH2 molar fraction 
Xe copolymer composition 
Z-N Ziegler-Natta (catalysis) 
  
δ phase angle 
∆H enthalpy of fusion 
∆Hu volumetric heat of fusion 
η0 zero shear-rate viscosity 
η0

lin zero shear-rate viscosity of a linear polymer 
σe basal surface free energy 
 

 

 (CpMe5)2ZrCl2  Di-[η5-(penta-methyl)cyclopentadienyl] 
zirconiumdichloride 

Cp2ZrCl2 Zirconocene, Di-(η5-cyclopentadienyl) 
zirconiumdichloride 

rac-[Et(Ind)2]ZrCl2 rac-[Ethylen-di-(1-η5-indenyl)] 
zirconiumdichloride 

[Me2C(Cp)2]ZrCl2 [Isopropyliden-bis-(η5-cyclopentadienyl)] 
zirconiumdichloride 

[Ph2C(2,7-di-tertBuFlu)(Cp)]ZrCl2 [Diphenylmethylen(2,7-bis(1,1-di-methylethyl)- 
9-η5-fluorenyl)(η5-cyclopentadienyl)] 
zirconiumdichloride 

[Me2Si(Ind)(Flu)]ZrCl2 [Dimethylsilyl(1-η5-indenyl)(9-η5-fluorenyl)] 
zirconiumdichloride 

[Me2Si(Me4Cp)(NtertBu)]TiCl2 [Dimethylsilylen-(tertbutylamido)-(2,3,4,5-
tetramethyl-1-η5-cyclopentadienyl)] 
titaniumdichloride 

rac-[Me2Si(2-Me-4-(1-Naph)Ind)2]ZrCl2 rac-[Dimethylsilylbis(2-methyl-4-(1-naphtyl)-1-
η5-indenyl)] zirconiumdichloride 
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8.2 1-Hexacosene comonomer specifications 

This wax is used as comonomer for polymerizations and within this thesis it is named 

as 1-hexacosene. It is a fraction for differenent α-olefins. The product name from Chevron 

Phillips Chemical Company LP is “Alpha Olefin 26-28”, obtained from distillation. The 

following information is taken from the product data sheet, for more information see: 

http://www.cpchem.com.  

 

CHARACTERISTIC METHOD SPECIFICATION 
Carbon Number, wt. % C24, max. GLC 3.0 

Carbon Number, wt. % C26, min.-max. GLC 50-62 

Carbon Number, wt. % C28, min.-max. GLC 30-42 

Carbon Number, wt. % C30, max. GLC 6.0 

Color, Saybolt, min. ASTM D 156 +30 

Appearance ASTM D 4176 Bright & Clear 
 

ADDITIONAL INFORMATION METHOD TYPICAL VALUE 

n-Alpha Olefin, wt. % NMR 83 

Vinylidene, wt. %  NMR 15 

cis- and trans-2-Olefin, wt. % NMR 2 

Paraffin, wt. % Calculated 0.3 

API Gravity, 15.6°C/15.6°C (60°F/60°F) ASTM D 287 40.4 

Specific Gravity (Solid), 15.6°C/15.6°C (60°F/60°F) ASTM D 287 0.822 

Specific Gravity (Liquid), 71°C/15.6°C (160°F/60°F) SM 350-4 * 

Density, lb./gal., 15.6°C (60°F)  6.48 

Congealing Point, °C (°F) ASTM D 938 * 

Drop Melt Point, °C (°F) ASTM D 127 56.7 (134) 

Flash Point, PM, °C (°F) ASTM D 93 227 

Viscosity, 99°C (210°F) 
    - Kinematic, cSt 
    - Saybolt, SUS 

 
ASTM D 445 
ASTM D 2161 

 
* 
* 

Penetration, 0.10 mm, 25°C (77°F) ASTM D 1321 63 

Distillation, °C (°F) 
    IBP 
    5% 
    95% 
    EP 

ASTM D 1160/5mm  
* 
* 
* 
* 

* = Data incomplete to-date
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8.3 Safety instructions 

chemical substance symbol risks safety 
acetone Xi, F 11-36-66-67 (2-)9-16-26 
argon A - - 
catalyst BASF R3-11 A - - 
1-decene A - - 
2,6-Ditertbutyl-4-methyl-phenol Xn 20/21/22-38 36/37 
1-dodecene A - - 
ethanol F 11 2-7-16 
ethene F+ 12 2-9-16-33 
1-hexacosene A - - 
hydrochloric acid (36 wt.-%) C 35-37 7/9-26-44 
hydrogen F+ 12 2-9-16-33 
methylalumoxan F, C 14/15-17-35 16-23-30-36-43 
1-octadecene A - - 
1-octene F 11 - 
iso-propanol F, Xi 11-36-67 7-16-24/25-26 
propene F+ 12 2-9-16-33 
1,1,2,2-tetrachloro-1,2-
dideuteroethane 

T 26/27 2-38-45 

1,2,3-trichlorobenzene Xn, N 22-38-50/53 2-23-37/39-60-61 
toluene F, Xn 11-20 16-25-29-33 
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