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1. Introduction  

 

Picturing necessary changes for a sustainable future, two main aspects usually come into our 

mind: First, we think of a “green” energy supply completely deriving from renewable 

resources, and second, we consider a severe reduction of the overall energy consumption by 

the development of new, smart, and more efficient processes. While the ongoing, and mostly 

still upcoming, changes from finite fossils to renewable resources mean a huge effort for 

society, economy and politics, the development of more efficient processes has already 

constituted a routine task for every researcher and process developer for decades. The pursuit 

of higher efficiency has always been an economically driven phenomenon, which does not 

just hold for the chemical industry, but for the whole industrial sector itself. Regarding the 

chemical industry, the symbol of sustainable and efficient processes is catalysis. Catalysis 

reduces energy costs, catalysis determines the “right” reaction path to the desired product, 

catalysis even facilitates reactions, which otherwise would have never worked in the first 

place.  

The first description of catalysis was reported by Berzelius in the year 1835. The definition of 

a catalytic process as we still define it in the 21st century, was given by Wilhelm Ostwald:1  

"Ein Katalysator ist jeder Stoff, der, ohne im Endprodukt einer chemischen Reaktion zu 

erscheinen, ihre Geschwindigkeit verändert."  

(Wilhelm Ostwald, 1901) 

Nowadays, the essential characteristics that define a so called catalyst constitute key 

knowledge for every new generation of chemists: A catalyst increases the rate of a chemical 

reaction regarding both directions, it does not change the equilibrium position and it is 

regenerated at the end of each catalytic conversion. There is no doubt, that the way of live as 

we know it today, would not exist without the opportunities enabled by catalysis. In this 

context, the Haber-Bosch process is certainly to be considered the most crucial, since a world 

with more than seven billion people would have never existed without it. But the production 

of plastics also necessitates the help of catalysis. The vast development of synthetic polymer 

production over the last century, which is often described as the “age of plastics”, was 

essentially facilitated by catalysis. And the polymer class that certainly benefited the most 

from the application of catalytic processes in the production of plastics are polyolefins. 

Visualized in Figure 1, the three polymer types which nowadays comprise the largest 

production volumes are all based on an olefin feedstock.  
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Figure 1. European demand of plastic materials divided by different polymer classes.2 

Less than seven decades after the genesis of metal-catalyzed olefin polymerization in 1955,3 

this catalytic process has grown into an economic sector with tremendous industrial relevance 

and an uncountable number of applications, which we all take for granted in our everyday 

lives. Due to the extraordinary efficiency of this catalytic process - that even eclipses the one 

of enzymes4 - polyolefins are very well available and moreover, the diverse properties of 

these polymer materials can be tailored to each desired field of application (Figure 2), thereby 

provoking a massive industrial demand of olefin-based polymers. In this context, 

polypropylene is certainly the most versatile polyolefin material comprising thermoplastic, 

plastomeric, elastic or even viscoelastic properties. The integration of a prochiral monomer 

into the polymerization process with an accurate control over the established stereocenters is 

herein considered crucial to tailor the desired mechanical properties of the final product.5-6 

Consequently, polypropylene can generally be found in simple applications like packaging or 

cladding but also in more challenging ones like construction, automotive or electronic 

devices.7  
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Figure 2. Markets of plastic by segment and polymer type in 2013.7 

Although the coordinative polymerization catalysis has obviously passed the industrial 

threshold decades ago, and tailored structures of various polyolefin materials are nowadays 

accessible, the potential of this catalytic process and of the respective polymer materials are 

far from having been completely exhausted. The detailed elucidation of mechanisms and 

processes herein represents a major task for the development of a more profound 

understanding, which is indispensable for prospective improvements and the realization of 

new strategies for a more sustainable future. 
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2. Polypropylene Catalysis 

 

2.1 Historic Milestones in the Coordinative Polymerization of Propylene – Where 

does the journey lead to? 

 

The groundbreaking discovery of Karl Ziegler in 1955, when he polymerized ethylene with a 

mixture of TiCl4 and AlEt3, represents the genesis of a unique story of success regarding the 

tremendous field of coordinative polymerization catalysis (Figure 3).3 This catalyst mixture, 

which facilitated the synthesis of high density polyethylene at low monomer pressure and 

polymerization temperature, was applied by Guilio Natta for the first synthesis of 

polypropylene just one year later.8 Down to the present day, the application of TiCl4 in 

combination with aluminum alkyls, immobilized on a chiral MgCl2 surface, depicts the state 

of the art heterogeneous multi-site catalyst system for the efficient and large-scale production 

of isotactic polypropylene.9 

 

Figure 3. Timeline of some essential developments in the coordinative polymerization of propylene. 

Natta and Breslow applied the first homogenous, metallocene based polymerization catalyst 

in 1957. The catalytically active species was herein build up by the combination of a plain 

titanocene (Cp2TiCl2) with aluminum alkyls.10-11 While the initial catalyst mixture revealed 

generally low catalytic activities, the discovery of methylaluminoxane as an alternative 

activation reagent substantially changed the role of metallocene catalysis in the 

polymerization of olefins. In this context, the controlled partial hydrolysis of 

trimethylaluminum by Kaminsky and Sinn in 1980 provoked a substantial increase of the 

catalytic activity, if applied as cocatalyst in combination with metallocene complexes.12 With 

the introduction of varying symmetries in the complex framework, an essential impact on the 
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polymer microstructure was achieved. First approaches were realized by Brintzinger et al. in 

1982 synthesizing ansa-titanocene derivatives with bridged tetrahydroindenyl ligands.13 The 

application of these ansa-bisindenyl metallocene structures in combination with MAO finally 

enabled the controlled synthesis of isotactic polypropylene using a C2-symmetric metallocene 

framework. The replacement of titanium by zirconium herein further accelerated the catalytic 

activity.14-15 The fundamental relation between the stereoselective polymerization behavior 

and the symmetry of the applied metallocene structure was disclosed by John Ewen in 1984.16 

Consequently, beside the directed synthesis of isotactic and atactic polypropylene, 

syndiotactic polymers became likewise feasible.17 Starting in the late 1980s, a countless 

number of new metallocenes with plenty substitutional variations facilitated the catalysis of 

polypropylene comprising almost any degree of stereoregularity. Notable highlights are the 

application of unbridged zirconocenes in the polymerization of propylene possessing an 

oscillating stereocontrol mechanism and the synthesis of ethylene bridged fluorenyl-indenyl 

(EBFI) ansa-metallocenes revealing a variable stereoselectivity in the polymerization of 

propylene.18-20 Beside the application of a classic metallocene motive, the implementation of 

half-sandwich complexes like the constrained geometry systems for the homogenous co-

polymerization of α-olefins developed quite successfully, even in terms of industrial 

utilization.21-22 Regarding recent advances applying a highly substituted, rigid, C2-symmetric 

ansa-bisindenyl metallocene framework by Rieger et al., the synthesis of almost perfect, high 

molecular weight, isotactic polypropylene became accessible, comprising the highest 

observed melting transitions for iPP (>170 °C, ex reactor) to this day.23-24  

Keeping all these achievements over the last six decades in mind, the following question 

necessarily rises at some point: Regarding such a vastly investigated, and sometimes even 

considered mature research area, where is still room for further improvement and prospective 

development? Therefore, I would like to highlight just a few significant perspectives: First of 

all, a more profound knowledge about various processes simultaneously taking place in the 

complex polymerization setup is still indispensable for further smart catalyst and process 

development. And although various degrees of different stereoregularities are nowadays 

accessible, an appropriate combination of the desired stereoregularity together with the 

desired molecular weight for optimized polymer properties still represents a major challenge 

especially under industrially relevant conditions. Thinking of tailored stereoregularities, the 

production of elastic polypropylene certainly displays one of the huge advantages using 

homogenous metallocene complexes compared to heterogeneous Ziegler-Natta (ZN) systems. 

However, these propylene-based thermoplastic elastomers still possess an insufficient 
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temperature stability due to the generally low melting transitions. Switching the focus toward 

a catalytic perspective, the last six decades (Figure 3) have exhibited a quite balanced 

distribution of different group IV metal centers regarding different fields of specialized 

applications. While titanium has proven its capability in the area of heterogeneous ZN-

catalysis, zirconium is usually applied in highly active metallocene/MAO catalysts and 

hafnium is generally the metal center of choice, if high molecular weights are indispensable in 

the final polymer product. In this context, the fundamental intrinsic differences of each metal 

center, which provoke certain peculiarities in the polymerization of olefins, necessitate an 

individual choice for each particular application. However, the actual origin for these 

differences in the catalytic conversion of olefins still represents a “black box” to this day. 

Although significant differences in the strength of the M−C bond are proposed, a conclusive 

scientific proof for the observable catalytic differences of varied group IV metal centers is 

still missing. Inspired by all the fundamental questions, the present work will shed light on 

some of these essential but still unresolved issues in the field of homogenous coordinative 

polymerization catalysis.  

 

2.2 General Aspects of Metallocenes 

 

Metallocenes, suitable for the coordinative polymerization of olefins, are generally build up 

by two cyclopentadienyl anions (η5-coordinated), two halogen substituents (σ-coordinated) 

and a group IV metal center (M+IV) in a pseudo-tetrahedral coordination sphere. While the 

cyclopentadienyl anions are attached to the metal center during the whole polymerization 

process, the halogen substituents are replaced by an alkyl group and a free coordination site. 

Common examples for cyclopentadienyl substituents are plain cyclopentadienyls, methylated 

ones and indenyl or fluorenyl derivatives.5 In order to introduce a stereogenic information into 

the metallocene complexes, both cyclopentadienyl substituents are often linked by different 

sort of bridges therein generating ansa-metallocene structures. Classic building blocks are 

−(CH2)2−, −C(CH3)2−, or –Si(CH3)2−.25 Figure 4 illustrates a schematic representation of 

important geometric parameters in an ansa-metallocene framework. One of the most common 

parameters to evaluate the structural properties of ansa-metallocenes is the so called bite 

angle, which classifies the bridged structures according to their more or less opened character. 

In close relation is the coordination gap aperture (cga), describing the angle of the 

metallocene structure that touches the inner van der Waal surface of the surrounding ligand 
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framework. Therefore, the latter is a more accurate indication of the actual spatial situation of 

the coordination sphere.26-27 In addition, the parameter D is sometimes used indicating the 

exposure of the metal center to the surrounded chemical environment.28  

 

Figure 4. Important structural and geometric parameters of a schematic ansa-metallocene. 

Precatalytic metallocene structures for the purpose of olefin polymerization catalysts are 

usually classified by their symmetry differentiating between C1-, C2-, CS- and C2v-symmetric 

complexes. In this connection, a close correlation between complex symmetry and a 

stereoselective polymerization catalysis was distinguished, if a prochiral monomer like 

propylene is polymerized.16 For C2- and CS-symmetric metallocenes both coordination sites 

are isotropic and therefore described as single-site catalysts. If both coordination sites are 

anisotropic, like for the quite prominent class of C1-symmetric ethylene bridged fluorenyl-

indenyl (EBFI) metallocenes, a dual-site nature is ascribed. Synthesis of group IV 

metallocenes is generally conducted by salt metathesis of the lithiated ligand structure with 

metal halogen salt derivatives. In contrast to the synthesis of C1-, CS- or C2v-symmetric 

complexes, for the synthesis of C2-symmetric group IV metallocenes, the general formation, 

and usually also the separation of racemic and meso-structures needs to be considered. After 

salt metathesis, the synthesized metallocene is generally of a bis-halogenated fashion and 

referred as precatalytic. By the application of a cocatalyst, the precatalytic species is 

transferred into a catalytically active one. 
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2.3 Precatalyst Activation 

 

Nowadays, there exist two main strategies to transform the precatalytic complex species into a 

catalytically active catalyst. Both imply the substitution of halogen by alkyl substituents and 

the application of a lewis acidic component to generate free coordination sites at the metal 

center. The first established, and also industrially more relevant activation method is the 

application of methylaluminoxane (MAO) as cocatalyst in the coordinative polymerization of 

olefins.  

2.3.1 Methylaluminoxane 

 

MAO is a controlled hydrolysis product of trimethylaluminum (TMA) with the general 

structure [-Al(Me)O-]. An oligomeric shape is expected, appearing as linear, branched and 

cage like structures.29-31 Especially commercial MAO contains substantial amounts of free 

TMA, which exists in an equilibrium with the oligomeric part. However, the free TMA can be 

removed chemically by the addition of sterically demanding phenols as scavenging agents.32 

The general activation mechanism with MAO as cocatalyst is depicted in Scheme 1.  

 

Scheme 1. Activation pathway of a precatalytic metallocene with MAO (M: Ti, Zr, Hf). 

In the activation process MAO combines two essential functionalities: On one hand, methyl-

aluminoxane act as an alkylation reagent, but on the other hand, it also provides a latent lewis 

acidic component, which is indispensable for the generation of free coordination sites.31 Due 

to the variable structure and the possibility of various reaction pathways, the different, 

coordinated MAO-anions and the respective activity of each catalyst cannot be considered 

totally equal.33-34 Furthermore, a variety of modified MAO solutions is nowadays available, 

making a clear comparison of different MAO-activated catalysts even more difficult.31 To 

obtain an optimized polymerization performance, MAO is generally applied in large excess 

(1:1 000 – 10 000) relative to the complex component.5 In this case, MAO also acts as 

scavenging agent during the polymerization process. Whereas the application of MAO in 

combination with zirconocenes usually leads to highly active metallocene catalysts, the 
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application of this cocatalyst in combination with hafnocenes is considered far more 

problematic. Free TMA was attributed a crucial role in this regard, since the predominant 

formation of “dormant” metallocene-TMA adducts is suggest by DFT calculations if hafnium 

complexes are applied (see also Chapter 2.8.2).32, 35 

2.3.2 Borane and Borate Reagents 

 

While the activation with MAO combines both functionalities of alkylation and lewis acidity 

in just one reagent, the activation with boranes or borates is usually a two-step procedure. In 

the first step, the precatalytic bis-halogenated metallocene needs to be alkylated with lithium 

alkyls or grignard reagents. Even more common is the in situ alkylation with an excess of 

aluminum alkyl. In the second step, free coordination sites are generated by the addition of 

different boranes or borates (Scheme 2).36-38  

 

Scheme 2. Metallocene activation with a borane B(C6F5)3 or borate salt [Ph3C][ B(C6F5)4] (M: Ti, Zr, Hf). 

By the formation of monoalkylated, cationic complexes, an alkyl substituent is transferred to 

the plain borane or to the trityl cation. For the first example, under conditions generally 

referred as catalytically active, the cationic complex is coordinated moderately by the 

alkyl−borane adduct, while for the second example, the borate anion is only slackly attached 

to the correspondent, positive charged metal center resulting in significantly higher 

polymerization activities. Since the activation with the trityl borate salt leads to the formation 

of a stable side product, the whole process is considered to proceed quantitatively. On the 

contrary, the activation process with the plain borane occurs in a dynamic equilibrium of 

catalytically active and inactive species.37, 39-40 Between 1.0 to 5.0 eq. of borane or borate are 

generally applied with respect to the metallocene complex. However, this activation 

procedure necessitates the use of additional scavenger (usually aluminum alkyls). These 

circumstances can also impact the respective catalytic performances by possible side reactions 

between cocatalyst and the scavenging agent resulting in the formation of multinuclear 

complexes.41  
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2.4 Chain Propagation 

 

One of the first proposed mechanisms for the coordinative polymerization of olefins was 

presented by Cossée and Arlman in the early 1960s.42-45 This mechanism already included the 

three essential steps which are still considered crucial today: First of all, monomer 

coordination at the metal center takes place. Subsequently, the π-intermediate is converted 

into a four-membered cyclic transition state. Finally, via migratory insertion, the monomer 

unit is incorporated into the polymer chain again regenerating a free coordination site.  

 

Scheme 3. Chain propagation described by the Green-Rooney mechanism and complemented by basic 

kinetic considerations (M: Ti, Zr, Hf; P: polymeryl; anion is omitted for clarity). 

By the additional consideration of stabilizing agostic interaction the modified Green-Rooney 

mechanism was developed, which still represents the most accepted chain propagation 

mechanism (Scheme 3).46-47 DFT-calculations on the chain propagation mechanism generally 

ascribe the rate determining step to the 4-center transition state. Stabilization via agostic 

interactions is also verified. However, beside α- and γ-agostic interactions, also β-agostic 

stabilization is proposed.48-51 Nevertheless, a total generalization of particular energy barriers 

is hardly feasible, since additional impact of the ligand structure, the anion-binding capacity 

or solvent effects severely complicate the situation.52  
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2.5 Regioselectivity in the Migratory Insertion Pathway 

 

Regarding the regioselectivity of metallocene catalysts in the polymerization of propylene, the 

1,2-insertion pathway (primary insertion) is generally favored, although the dependency on 

the respective ligand structure (electronic and steric effects) and the applied polymerization 

conditions should not be underestimated.5, 49 Consequently, a 2,1-insertion (secondary 

insertion) is usually considered as misinsertion or regioirregular insertion, going along with an 

opposite enantiofacial selectivity (Chapter 2.6) compared to the regioregular insertion 

pathway (Scheme 4).53  

 

Scheme 4. Regio-insertion products in the coordinative polymerization of propylene with metallocene 

catalysts (M: Ti, Zr, Hf; P: polymeryl; anion is omitted for clarity). 

If a regioirregular insertion occurs, the rate constant of the subsequent insertion step is 

significantly lowered thereby promoting chain release and epimerization reactions.54 

Dependent on the stereoselectivity of the subsequent insertion step 2,1-threo or 2,1-erythro 

regiodefects are observed.55 In addition, epimerization provokes the formation of a 

3,1-isomerization product, which is favored at low monomer concentrations (unimolecular 

process) and at higher polymerization temperatures (accelerates the elimination/rotation-

pathway).56-57 Since all insertion products caused by the secondary insertion pathway disrupt 

the otherwise ordered polymer structure, a distinct impact on the respective melting 

transitions must be considered.24  
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2.6 Stereoselectivity in the Migratory Insertion Pathway 

 

In the polymerization of propylene, a prochiral monomer unit is inserted into the polymer 

chain at every migratory insertion step. Consequently, a new stereogenic center is built up for 

every incorporated monomer unit. In this context, a precise control over the stereoregularities 

is key for a tailored synthesis of the desired polymer properties. The stereoregularity of 

polypropylene is generally characterized by its tacticity, which describes the relative 

stereoconfiguration of neighboring methyl residues within a polymer chain. If two neighbored 

stereogenic centers comprise the same stereoinformation, a meso-dyad is present, otherwise, it 

is listed as racemic dyad. If we extend the scope to the neighboring stereocenter on the other 

site of the polymer chain we talk about triads. Considering several consecutive dyads, we can 

distinguish between pentades, heptades or even nonades. Since the neighboring stereocenters 

around a methyl group (or methine or methylene group) cause an unequal chemical 

environment, a varying shift in the 13C {1H} NMR spectrum is observed. If we consider the 

two neighboring stereocenters of one particular methyl group within the polymer chain, 

pentads are resolved in the 13C {1H} NMR spectrum (Figure 5). The degree of isotacticity is 

herein determined by the mole fraction of the isotactic pentad (mmmm) to the sum of all steric 

pentads.58-59 

 

Figure 5. Exemplary pentad assignment of polypropylene (21 % mmmm) in the 13C {1H} NMR (300 MHz) 

spectrum (C6D5Br, 140 °C). All chemical shifts are internally referenced to the methyl signal of the 

isotactic pentad (mmmm) at 21.85 ppm. 
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MCl 2 MCl 2 MCl 2 MCl 2 MCl 2 C 

Facilitated by Ewen’s symmetry rules, different stereoregularities in polypropylene can be 

linked to the symmetry of the applied metallocene catalyst.16 These correlations still serve as a 

rule of thumb for the synthesis of atactic, isotactic or syndiotactic polypropylene (Table 1). 

Table 1. Selected examples for the correlation of complex symmetry and the respective tacticity in the 

polypropylene microstructure. 

 

 

 

 

 

 

 

 

 

 

C1 C2 (rac) Cs (meso) C2v Cs 

hemiisotactic isotactic atactic syndiotactic 

 

To understand the mechanism which lays the foundation for Ewen’s symmetry rules, a 

detailed investigation of the preferred monomer coordination together with the preferred 

conformation of the growing polymer chain is necessary. Since propylene is a prochiral 

monomer, it can coordinate with two different enantiofaces (re-face or si-face according to the 

Cahn-Ingold-Prelog nomenclature). According to the enantiofacial selectivity of the catalyst 

the tacticity of the polymer is determined. In general, every metallocene catalyst has two main 

mechanisms, which determine the enantiofacial selectivity. While the chain end control 

mechanism is independent of the applied complex structure, the mechanism of 

enantiomorphic site control determines the stereoregularities according to the present 

symmetry in the ligand framework. 

 

2.6.1 Chain End Control and Enantiomorphic Site Control 

 

In the case of the chain end control mechanism, the configuration of the last inserted 

monomer defines the enantiofacial selectivity for the subsequent propylene unit. In this 

context, the preferred conformation of the growing polymer is essentially determined by the 

configuration of the last inserted monomer. Regarding this process, the complex framework 

does not trigger a specific conformation dependent on the present complex symmetry. 

Furthermore, the methyl group of the new, incoming monomer preferably coordinates anti to 

the growing polymer chain. According to this mechanism, isotactic polypropylene is 
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generated using achiral complexes (e.g. Cp2MCl2) at temperatures distinctly lower than 0 °C. 

Isotactic polypropylene produced with a chain end control mechanism usually comprises a 1:1 

ratio of the mmrm and mmmr pentad in the 13C {1H} NMR spectrum.5, 60 

If a metallocene catalyst is applied which introduces a chiral chemical environment, an 

enantiomorphic site control mechanism occurs. In principle, this mechanism proceeds analog 

to the chain end control mechanism. However, the preferred conformation of the growing 

polymer chain is no longer determined by the configuration of the last inserted monomer, but 

by the chiral environment of the complex structure. Monomer coordination still prefers an 

anti-orientation to the growing polymer chain and is not directly influenced by the 

surrounding ligand structure. This statement was verified by the examination of the first 

monomer insertion step applying alkyl residues of varying steric demand, which mimic the 

growing polymer chain. The results underlined the crucial interaction of the growing polymer 

chain with the chiral environment triggering a selective anti-coordination of the incoming 

monomer. At the same time, a negligible direct interaction of the coordinating monomer with 

the surrounded ligand structure was observed.61-64 Regarding the enantiomorphic site control 

mechanism, stereoerror formation can basically proceed via two different pathways: If a 

propylene unit coordinates anti to the metal center at a state of disfavored polymer chain 

orientation the formation of a stereoerror occurs.53 At a state of preferable chain orientation to 

the less crowded site, but with a syn-selective monomer coordination with respect to the 

growing polymer chain an analog result is suggested.48, 63 In the case of a stereoselective 

misinsertion, there is no direct impact on the enantiofacial discrimination of the subsequent 

incorporated monomer unit. Consequently, for polypropylenes produced with an 

enantiomorphic site control mechanism, a 1:1 ratio of the mmrr and mrrm pentad is generally 

detectable in the 13C {1H} NMR spectrum.60  

 

2.6.2 Chain End Epimerization 

 

The cascade reaction of chain end epimerization represents a post-insertion mechanism 

leading to randomization of the last stereocenter in a growing polymer chain. Epimerization 

especially occurs at high polymerization temperatures and low monomer concentrations and 

has a particular impact in the catalysis of highly stereoregular polypropylenes. The 

epimerization process was first proposed by Busico et al. describing a cascade reaction of 

β-hydride elimination and several consecutive rotation and reinsertion steps (Scheme 5). The 
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enantiofacial switching, which is a molecular process of insertion, rotation and elimination, is 

considered more likely than a complete dissociation and recoordination with the other 

enantioface of the π-coordinated polymer chain.65-68 Beside the depicted epimerization 

pathway, an epimerization via a metallocene allyl dihydrogen intermediate was also suggested 

in literature.69 However, the results of additional studies with deuterium labeled propylene 

supported the initial pathway depicted in Scheme 5.70  

 

Scheme 5. The chain end epimerization mechanism proposed by Busico et al. as a cascade process of 

elimination, rotation and reinsertion steps (M: Ti, Zr, Hf; P: polymeryl; anion is omitted for clarity). 

 

2.6.3 Chain Migration 

 

 

Scheme 6. Ground states before propylene coordination at the inward and outward site using dual-site 

EBFI-type metallocenes (M: Ti, Zr, Hf; P: polymeryl; anion is omitted for clarity). 

If the chemical environment of both coordination sites are considered unequal, these 

metallocene complexes are usually referred as dual-site systems. For these systems, switching 

of the polymeryl chain from the sterically crowded (inward site) to the less crowded site 
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(outward site) occurs in the absence of a coordinating monomer unit (Scheme 6). This switch 

is also known as chain back skip mechanism or unimolecular site epimerization.19, 71-72 Beside 

the absence of π-coordinating monomer, the binding strength of the counterion is crucial for 

the rate of this unimolecular site epimerization. Accordingly, weakly coordinating outer 

sphere ion pairs accelerate chain migration from the inward to the outward site.35, 52, 73 In 

accordance with this proposed mechanism, a strong dependency of the stereoregularities of 

the produced polypropylenes on the applied monomer concentration is observed. 

Consequently, higher stereoselectivities are usually obtained if lower monomer concentrations 

are adjusted.19, 72, 74-76  

 

2.6.4 Which mechanism determines the final tacticity? 

 

 

Figure 6. Mechanisms potentially impacting the stereoselective behavior of non- or isospecific ansa-

metallocenes in the polymerization of propylene. 

Chapter 2.6 has disclosed several mechanisms all impacting the final stereoregularities of the 

produced polypropylenes using ansa-metallocene complexes (Figure 6). In this connection, 

the mechanism of chain end and enantiomorphic site control are basically valid regarding 

every metallocene catalyst. Both mechanisms loose selectivity, if higher polymerization 
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temperatures are applied. The post-insertion chain end epimerization mechanism also takes 

place regarding any metallocene based polymerization catalysis. The random epimerization 

process is particularly pronounced in the case of highly stereoregulative polymerization 

catalysis, and is favored at high polymerization temperatures and low monomer 

concentrations. On the contrary, unimolecular site epimerization enhances isotacticities at 

high temperatures and low propylene concentrations if dual-site metallocenes are applied. 

Additionally, in the case of bipartide bridges using EBI or EBFI-metallocenes, a severe 

impact of different chelate ring conformations on the stereoselectivity has been 

reported.71, 76-77 In summary, we need to conclude, that the interpretation of the stereoselective 

performance of new as well as known catalysts under different polymerization conditions 

always represents a major challenge. Over the past decades, examples has been found, in 

which the origination of the observed stereoselectivities has been, at first glance, assigned to 

the wrong mechanism.68 Therefore, thorough investigation of different polymerization 

conditions is necessary to elucidate the key factors that determine the stereoselectivity of a 

particular catalyst system. As concluding remark, it may be worth mentioning that not all 

impact factors depicted in Figure 6 are valid for all types of ansa-metallocenes, but should at 

least be kept in mind regarding a well-grounded interpretation. 

 

2.7 Chain Release 

 

Facilitated by a fundamental metalorganic side reaction, one active catalyst species can, at 

least theoretically, produce an infinite amount of polymer chains, thus essentially contributing 

to the unique efficiency in the coordinative polymerization catalysis of olefins. Caused by an 

elimination process, a produced polymer chain is set free from the catalytically active 

metallocene keeping its catalytic capability intact for the production a new polymer sequence. 

Although a substantial amount of polymer chains can be produced by one single catalyst unit, 

this process also prevents a potential living character in the coordinative polymerization of 

olefins using metallocene catalysts. In addition, the chain release reactions limit the average 

molecular weight of the produced polyolefin, since the rate ratio of chain propagation and 

chain release defines the resulting chain length.53 Furthermore, a molar mass distribution 

(Đ = Mw/Mn) between 1.5 to 2.0 is usually obtained.26  
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2.7.1 β-Hydride Transfer 

 

The most common chain release mechanism is based on a β-hydride elimination pathway 

transferring the hydride either to the metal center or to a coordinated monomer unit 

(Scheme 7).78 If a transfer to the metal center occurs, the β-hydride elimination process 

proceeds via a β-agostic ground state and the π-bound polymer chain is released by an 

associative or dissociative displacement. Whereas a dissociative displacement is considered 

unlikely from an energetic point of view and may only occur at high polymerization 

temperatures, an associative displacement displays the generally more favored pathway.79 In 

addition, reinsertion of the π-bound polymer chain after a β-hydride elimination process 

always needs to be considered representing an essential sub-process in the chain-end 

epimerization pathway.67, 79 However, a bimolecular hydride transfer to the monomer is 

suggested by several DFT-calculations to be energetically favored toward the unimolecular 

transfer to the metal center.78 In this context, transition states including a hydride metal 

interaction (Scheme 7) and transition states without any interaction of the β-hydride with the 

metal center are proposed.79-81 Since the elimination process of hydride transfer to the metal 

center is unimolecular and the hydride transfer to a coordinated monomer unit is a 

bimolecular mechanism (just as the propagation mechanism), the dependency of the average 

molecular weight on the monomer concentration can elucidate the actual proceeding type of 

chain release mechanism. Apart from that, the tendency toward chain release is particularly 

high, if a 2,1-regioirregular insertion occurred. In this case, the energy barrier for the next 

insertion step is significantly higher, thus promoting the chain transfer processes.79 After a 

secondary insertion, β-hydride transfer to the monomer can take place in three different ways 

(Scheme 7). If a β-methylene hydride is transferred, cis- or trans-2-butenyl end groups are 

detectable, dependent on the stereoregularity of the last inserted monomer unit. For the 

hydride transfer from the methyl-group, 3-butenyl chain ends can be monitored.82  
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Scheme 7. β-hydride elimination pathways and products after 1,2- and 2,1-regioinsertion in the 

polymerization of propylene (M: Ti, Zr, Hf; P: polymeryl; anion is omitted for clarity).  
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2.7.2 β-Methyl Transfer 

 

For the occurrence of chain release via a β-methyl elimination pathway, a primary insertion of 

the last inserted monomer unit is required (Scheme 8). Analogous to the β-hydride elimination 

process, transfer to the metal center or a monomer unit seems likely.83 However, DFT 

calculations ruled out a bimolecular mechanism including a direct methyl transfer to the 

coordinated monomer, since the energy barriers are considerably higher. Nevertheless, 

experimental data do not contradict with a displacement that occurs in an associative or 

dissociative fashion.5, 54, 84-85  

 

Scheme 8. Unimolecular β-methyl elimination pathway in the polymerization of propylene (M: Ti, Zr, Hf; 

P: polymeryl; anion is omitted for clarity). 

In general, the β-hydrogen should be favored toward the β-methyl transfer due to the notable 

activation energy differences between C−H and C−C bond cleavage.86 However, a 

particularly high selectivity toward β-methyl elimination is observed if sterically demanding 

ligand structures or hafnium as central metal (see 2.8.2) are applied. While steric repulsion of 

the polymeryl and methyl group with the ligand framework is assumed for a unimolecular 

process of β-hydride elimination, less steric repulsion is provoked in the correspondent 

β-methyl elimination process (Figure 8).87-89 In addition, γ-agostic interactions are reported 

accompanying the β-methyl elimination process, which, in principle, comprises the reverse 

reaction pathway of chain propagation.90 

 

Figure 7. Transition state of unimoleuclar β-hydride and β-methyl elimination in the polymerization of 

propylene (M: Ti, Zr, Hf; P: polymeryl; E: bridge; anion is omitted for clarity). 
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2.7.3 Further Chain Transfer Reactions 

 

Beside the chain transfer via an elimination pathway also a chain transfer to an aluminum 

center can occur. In this context, the steric encumbrance of the alkyl substituents attached to 

the aluminum center and the amount of aluminum reagent in the reaction mixture are crucial. 

Therefore, chain transfer to aluminum must be consider for the application of MAO with large 

excess, especially if it comprises significant amounts of TMA. After hydrolyzing the 

produced aluminum polymer chain adducts, saturated chain ends are obtained. In this case, a 

significant decrease of the overall molecular weights is usually observed. If an alternative 

alkylation reagent like the sterically more demanding triisobutylaluminium (TIBA) is applied, 

transfer to aluminum is distinctly reduced.5, 91  

In order to decrease, or adjust the respective molecular weights in a coordinative 

polymerization setup at a definite temperature and monomer concentration, molecular 

hydrogen is added to the monomer feed and is able to set free saturated polymer chains. 

Hydrogen herein represents a common additive in the industrial production of polyolefins.5  

 

2.7.4 Detection and Assignment of Chain Transfer Reactions 

 

The most common analytic tool to determine the type of chain release reactions being present 

in a particular polymerization setup is the investigation of the olefinic end group composition 

via 1H NMR spectroscopy of the produced polypropylenes. Especially for the application of 

metallocenes, activated with sterically demanding aluminum alkyls (TIBA) and borate salts, 

olefinic end group analysis comprises a comprehensive picture of all relevant chain transfer 

pathways. Figure 8 provides the assignment of typical olefinic endgroups to the corresponding 

signals in the 1H NMR spectrum in the case of regioregular polypropylene. Vinylidene end 

groups (Figure 8, orange) and allylic chain ends (Figure 8, green) are detected, caused by 

β-hydride and β-methyl elimination. In addition, the signals of two different internal 

endgroups are present, deriving from allylic C−H bond activation (Figure 8, blue) and 

epimerized vinylidene chain ends (Figure 8, red). While the former end group (blue) does not 

indicate an actual chain transfer, the latter (red) is the result of a cascade reaction comprising 

several elimination, rotation and reinsertion steps, before the polymer chain is released.69, 87, 92 
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Figure 8. Exemplary olefinic end group assignment of regioselective polypropylene via 1H NMR 

spectroscopy (C6D5Br, 140 °C).  

 

2.8 The Crucial Role of the Group IV Metal Center 

 

With regard to the tremendous research on novel coordinative polymerization catalysts over 

the last seven decades, the vast majority of these catalysts includes the application of different 

group IV metal centers. While titanium is the most abundant element, being present in the 

earth’s crust in greater quantities than carbon, nitrogen, or chlorine, zirconium is more than 

30-fold less common, and hafnium can only be obtained as a byproduct in the refinement of 

zirconium.93 Considering the location of the group IV metals in the periodic table of elements, 

the nuclear characteristics of titanium and zirconium seem quite expectable. In this context, 

the relation of zirconium and hafnium appears particularly interesting. Due to the phenomena 

of lanthanide contraction, the higher homolog Hf possesses a slightly smaller ion radius than 

Zr under isoelectronic conditions (Shannon (effective ionic radii, CN: IV): Hf+IV: 0.58 Å, 

Zr+IV: 0.59 Å, Ti+IV: 0.42 Å).94-95 However, after the initial discoveries of Ziegler and Natta3, 8 

the focus was placed on titanocene complexes. First reports on the application of the higher 

homologs (Zr, Hf) appeared in the 1980s.12, 14, 96 Since then, each group IV metal has proven 

its catalytic capability regarding different areas of specialized applications. Accordingly, the 

following sections will highlight major differences applying titanium, zirconium and hafnium 

in the homogeneous polymerization of olefins.  
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2.8.1 Titanium 

 

Although the single-site catalysis using metallocene complexes in combination with a co-

catalyst originated from the utilization of titanium, the replacement by higher homologs led to 

the almost complete disappearance of titanocenes in the polymerization of olefins over the last 

three decades.5, 10-11 Only a few examples have been presented in literature where titanocene 

complexes can compete with isostructural hafnocene and zirconocene analogs in terms of 

catalytic activity, which is why titanium-based systems are predominantly stated to be far less 

productive or almost inactive.97-100 It is generally accepted, that the low productivities derive 

from side reactions that deactivate the active titanocene catalyst via reduction of the Ti+IV 

center. This deactivation process is reported to be especially accelerated in the presence of 

higher monomer concentrations and elevated temperatures.38, 100-103 A fundamental 

investigation on activation and deactivation pathways in 2005 by Bryliakov et al. illustrated 

the unsuitability of C2-symmetric ansa-titanocene complexes in the polymerization of olefins 

and may be retrospectively considered as death sentence for titanium-based metallocene 

catalysts in olefin polymerization catalysis. Detailed investigation via UV/VIS, 1H NMR and 

EPR spectroscopy underlined the fast transformation of catalytically active Ti+IV- to a 

catalytically inactive Ti+III-species under conditions typically applied in the polymerization of 

olefins.101 In contrast to these observations, the application of titanium in homogenous 

post/non-metallocene systems, such as constrained geometry complexes (CGC), for the 

production of polyolefins developed quite successfully over the last two and a half decades.22 

In addition, titanium has already proven its capability in heterogeneous Ziegler-Natta systems 

for the industrial production of high density polyethylene (HDPE) and especially isotactic 

polypropylene.9 However, the stabilization of the Ti+IV centers under classic polymerization 

conditions must be considered decisive for the future application of titanium based 

metallocene catalysts in the polymerization of olefins.104  

 

2.8.2 Zirconium vs. Hafnium 

 

In general, the chemical properties of zirconium and hafnium are expected to be very similar, 

because the atom and ion radii and the electronegativities are almost identical.93 In this 

connection, the so called lanthanide contraction is responsible that the radius of the higher 

homolog is reduced by weakened shielding of the 4f orbitals causing enhanced contraction of 
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the corresponding valence orbitals. In addition, relativistic effects condense the inner s- and p-

orbitals and lead to a radial expansion of the 5d orbitals. Thus, the lanthanide contraction and 

the relativistic effects both determine the final size and shape of the hafnium atom.105 But in 

contrast to these assumptions, when zirconium and hafnium are applied in metallocenes for 

the coordinative polymerization of propylene, severe differences are observed. 

In the 1980s, MAO as co-catalyst facilitated the transformation of bis-halogenated 

metallocenes into catalytically active complexes comprising dramatically higher catalytic 

activities. Especially the combination of zirconocenes and MAO boosted the productivities, 

whereas analogously activated hafnocenes were usually found to be far less active.17, 106-108 At 

first glance, this was attributed to a stronger σ-M−C bond, provoking a larger energy barrier 

during chain propagation, and therefore slowing down the catalytic reaction.105, 109 In addition, 

experimental investigation of the M−C bond enthalpies via titration calorimetry using 

isostructural Cp*2MMe2 complexes indeed supported a stronger bond in the case of hafnium 

(Hf−C: 306 kJ/mol, Zr−C: 284 kJ/mol, Ti−C: 281 kJ/mol).110-112 However, further studies on 

the activation process of hafnocenes with MAO disclosed a more decisive role of TMA. By 

the formation of a stable dinuclear methyl-bridged resting state formerly active hafnocene 

catalyst became inactive in the presence of TMA.35 Comparing these binuclear complexes of 

zirconium and hafnium, the latter was calculated to be 3 kcal/mol more stable.32 If the 

traditional MAO activation was replaced by the two-step activation mechanism with 

TIBA/[Ph3C][ B(C6F5)4], comparable catalytic activities of hafnocenes and zirconocenes were 

observed.20, 23, 92 Consequently, it is not an intrinsic property of hafnium which causes lower 

catalytic activities but an inefficient activation strategy, if cationic hafnocene structures are 

exposed to free TMA.20, 32  

The differences between zirconocene and hafnocene catalysts become particularly important 

with respect to the molecular weights of the polypropylenes. Higher molar masses for the 

polymers of the hafnocene compared to the zirconocene analog were herein observed for 

several classes of metallocene catalysts regarding a C1-, C2- and Cs-symmetric ansa-metallo-

cene framework.20, 23, 105 Based on these observations, the capability of hafnium to produce 

significantly higher molecular weights became known as the “hafnium-effect”. The stronger 

M−C bond using hafnium catalysts is herein considered crucial for more than three 

decades.20, 49, 105, 109 Since the rate ratio of propagation and chain release determines the 

average chain length of the produced polypropylene, differences regarding the chain release 

mechanisms need to be considered. In this context, comparative quantum chemical studies 
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revealed significantly higher activation energies for the β-hydride transfer of hafnocene 

compared to zirconocene complexes.49 Additional theoretical investigations also suggest a 

bimolecular β-hydride elimination pathway proceeding on a coordinated monomer unit 

without direct hafnium−hydride interaction.81 However, investigation of the olefinic end 

group composition of polypropylenes produced with isostructural zirconocene and hafnocene 

complexes revealed a significantly higher selectivity toward allylic chain ends deriving from 

β-methyl elimination, if hafnocenes were applied in the polymerization setup.92 

In general, differences between zirconocene and hafnocene catalysts are less established 

regarding their stereo- and regioselective polymerization behavior. Beside the limited amount 

of publications addressing isostructural hafnocene as well as zirconocene complexes under 

identical conditions, especially the accuracy of ancient NMR data hinders reliable 

comparative conclusions. However, theoretical investigations using a plain Cp2MCl2 

metallocene suggest an improved regioselectivity if hafnium as metal center is applied.49 In 

addition, recent contributions of Rieger et al. indicate predominantly higher regio- and 

stereoselectivities going along with higher melting transitions for the hafnocene species of an 

ultra-rigid C2-symmetric ansa-metallocene framework.23-24, 113  
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3. Aim of this Work 

 

Over the last four decades, a plethora of different metallocene complexes have been 

synthesized and evaluated in the polymerization of olefins in order to tune and develop the 

corresponding polymer characteristics. Doubtless, numerous advances have been made, 

although catalyst design and development has, at least in many occasions, been based on a 

simple trial and error principle. However, for a precise development of the next generation of 

polymerization catalysts, a detailed understanding of all relevant reaction pathways 

simultaneously taking place in the highly complex polymerization setup is indispensable, as is 

a profound knowledge of accurate structure-property relationships between the molecular 

shape of the catalyst and the final polymer product.  

 

Scheme 9. Application of 2,4,7-substituted bisindenyl hafnocene complexes with varied 4-aryl substituents 

for the highly isoselective polymerization of propylene.23-24 

Heterogeneous, state of the art ZN-catalysts, which still account for the vast majority of 

industrially produced iPP, synthesize polypropylenes with a broad molecular weight 

distribution, isotacticities between 90 % to 98 % isotactic pentad (mmmm) and melting 

transitions at about 160 °C.9 In contrast, with the development of ultra-rigid, C2-symmetric, 

bisindenyl ansa-metallocenes by the group of Rieger et al. in 2012, ultra-high molecular 

weight polypropylenes of narrow polydispersity and tacticities up to 99.9 % mmmm became 

feasible (Scheme 9, R = tBu).23, 113 Due to the almost perfect stereo- and regiocontrol 

mechanism, high-melting, isotactic polypropylene was generated comprising the highest 

melting transitions of isotactic polypropylene to date.23-24 Inspired by the extraordinarily 

precise catalytic performance of this particular complex structure, the essential structural 
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components which contribute to these exceptional polymer properties are elucidated as part of 

this thesis. Therefore, the synthesis and catalytic evaluation of hafnium-based metallocenes, 

which possess 4-aryl substituents of varied steric demand, were targeted (Scheme 9).  

With the application of hafnium in the catalytic conversion of propene, a new dimension of 

high molecular weight polypropylenes became accessible. This not just holds for the 

application of C2-symmetric 2,4,7-substituted bisindenyl hafnocene complexes (Scheme 9), 

but also for other C1- and Cs-symmetric hafnocene derivatives.20, 23, 105 Although the intrinsic 

potential of hafnium to catalyze significantly higher molecular weights merely displays a 

general observation that still lacks a fundamental scientific explanation, utilization of this 

“hafnium-effect” today represents a well-established method of boosting the respective 

molecular weights in polyolefin catalysis. However, the catalytic performance of different 

group IV metallocenes differs not only with respect to the molecular weights of the produced 

polymers, the metal center also determines the catalytic activity and several other 

characteristics in the final polymer product (Chapter 2.8). For several decades, metallocenes 

of different group IV metals have been applied in the polymerization of propylene, and each 

metal center has proven its capability regarding different specialized fields of application, but 

the actual origin which is accountable for all the observable differences is unknown to this 

day. Nevertheless, a fundamental impact of different M−C bond characteristics is usually 

considered, since the σ-M−C binding unit is involved in the vast majority of catalytically 

relevant sub-processes.105, 112 Therefore, the synthesis and examination of isostructural, 

alkylated group IV metallocenes, which constitute the state of the art catalysts for stereo- and 

regiodefect free iPP (Scheme 9), constitutes the central project of this thesis. Accordingly, the 

synthesis route to the C2-symmetric, rigid hafnocene complexes needed to be adapted in order 

to synthesize the isostructural titanium and zirconium analogs. In addition, alkylation 

strategies needed to be developed to convert the halogenated complexes into alkylated ones 

for further profound analysis of the M−C σ-bond. Beside the catalytic evaluation, the kinetic 

examination of the M−C bond characteristics by a monitored conversion of this binding unit 

represents an essential aspect of this work. Furthermore, the fundamental electronic properties 

of the M−C σ-bond should, for the first time, be disclosed experimentally via high resolution 

single-crystal X-ray diffraction analysis (SC XRD) of the alkylated, isostructural titanocene, 

zirconocene and hafnocene complexes. Thereby, the verification of different M−C bond 

strengths was targeted. Facilitated by the multidimensional approach of this study, the 

elucidation of fundamental electronic and chemical differences of isostructural group IV 

metallocenes should, in the end, reform the fundamental understanding of basic group IV 
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metallocene chemistry, and the catalytic peculiarities of each group IV metal center in the 

polymerization of olefins.  

In contrast to zirconium and hafnium, the application of titanium in metallocene-based 

polyolefin catalysis generally leads to the formation of unstable catalysts (Chapter 2.8.1).101 

However, the complex structures presented above (Scheme 9) have proven their capability in 

the successful prevention of undesired processes such as chain release or epimerization 

reactions. Inspired by the precise catalytic performance of this exceptional complex 

framework, the application of titanium in combination with these structural motives is 

evaluated in more detail. Therefore, various activation methods were examined and 

polymerization conditions were screened in order to evaluate the suitability of titanium in a 

modern and precise state of the art metallocene framework for the coordinative 

polymerization of propylene.  

With the development of extraordinarily precise iPP-catalysts, based on an ultra-rigid C2-

symmetric ansa-metallocene structure, boundaries were pushed significantly regarding the 

formation of high-melting, high molecular weight, perfectly stereo- and regioselective 

polypropylene. However, the advantage of metallocene catalysis is not just the higher 

precision in the polymerization process, but also the extreme flexibility of the stereocontrol 

mechanism in the catalytic conversion of propylene. One of the most prominent examples for 

the formation of elastic polypropylene, a polymer class which is not accessible by classic 

heterogeneous ZN-catalysts, is the application of C1-symmetric, ethylene-bridged fluorenyl-

indenyl ansa-metallocenes for the production of polypropylenes with 10 % to 80 % isotactic 

pentad (Scheme 10).19, 75, 114  

 

Scheme 10. Application of C1-symmetric ethylene-bridged fluorenyl-indenyl (EBFI) ansa-metallocenes for 

the polymerization of propylene with variable stereoselectivity. 
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Especially the formation of high molecular weight, elastic polypropylene using hafnium-

based EBFI-type ansa-metallocene complexes led to a new class of elastic polypropylene 

materials with excellent mechanical properties.20 But apart from the outstanding elastic 

characteristics, these polymers always exhibited insufficient temperature stability due to low 

melting transitions.19, 115 Therefore, a detailed examination of the intricate interplay of various 

mechanisms which collectively define the stereoregularity of the produced polypropylenes 

using EBFI-catalysts became an additional project of this thesis. In this context, a comparative 

in-depth analysis of the catalytic behavior of several new, as well as literature-known, EBFI-

type metallocenes in the polymerization of propylene was targeted. Accordingly, the impact 

of essential setup parameters such as the polymerization temperature and the monomer 

concentration should be investigated. The detailed examination should gain a more profound 

understanding of the key aspects that trigger the formation of elastic polypropylene. In the 

end, this approach should contribute to a more directed synthesis of new and defined 

polypropylene microstructures, with particular focus on elastic polypropylenes comprising 

high-melting characteristics. In addition, alternative strategies which facilitate the formation 

of new microstructures in polyolefin materials for potential application as thermoplastic 

elastomers (TPE) should be developed and evaluated as a part of this thesis.  
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4. Striving for Perfection: High Molecular Weight, High-Melting iPP 

 

Title:  “Ultrarigid Indenyl-based Hafnocene Complexes for the Highly Isoselective 

Polymerization of Propene: Tunable Polymerization Performance Adopting 

Various Sterically Demanding 4-Aryl Substituents” 

Status: Full Paper, Published online December 17th, 2016 

Journal: Organometallics, 2017, Volume 36, 399 – 408 

Publisher: American Chemical Society 

DOI:  10.1021/acs.organomet.6b00814 

Authors: Martin R. Machat, Dominik Lanzinger, Alexander Pöthig, Bernhard Rieger a 

 

Content: In 2012, our research group published a paper on the state of the art homogenous 

metallocene catalyst for ultra-high molecular weight polypropylene with almost perfect 

stereo- and regioregularity.23 This strictly isotactic polymer, possessing the highest known 

melting transition for untreated iPP (ex reactor), is not just the result of striving for perfection, 

but also provides the potential to gain novel insight into further intelligent catalyst 

development. The focus of this study was directed towards the crucial substitution pattern 

being decisive for the rigid complex framework and the outstanding precision in the 

polymerization catalysis. Therefore, two new hafnocene complexes were synthesized, fully 

characterized, including single crystal X-ray diffraction analysis, and applied in a broad range 

of polymerization conditions, to compare them with the above mentioned benchmark system. 

This contribution not only addresses the unique polymer properties, but also provides 

unadulterated insight into the catalytic performance, with special focus on activity as a pure 

function of rate of chain growth. The key to perfect iPP catalysis is herein attributed to the 

successful prevention of chain release and chain end epimerization reactions in combination 

with an extremely accurate enantiomorphic site control mechanism.  

 

 

 

 

 

a M. Machat planned and executed all experiments and wrote the manuscript. D. Lanzinger developed the 

synthesis of some organic precursors and contributed with fruitful mental input. A. Pöthig conducted all 

SC XRD-measurements and managed the processing of the respective data. All work was performed under the 

supervision of B. Rieger.   
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5. Titanocenes in Olefin Polymerization: Sustainable Catalyst System or an 

Extinct Species? 

 

Title:  “Titanocenes in Olefin Polymerization: Sustainable Catalyst System or an 

Extinct Species?” 

Status: Full Paper, Published online March 28th, 2017 

Journal: Organometallics, 2017, Volume 36, 1408 – 1418 

Publisher: American Chemical Society 

DOI:  10.1021/acs.organomet.7b00112 

Authors: Martin R. Machat, Christian Jandl, Bernhard Rieger b 

 

Content: While the application of titanium in the conversion of olefins turned out to be an 

unconfined success regarding classic heterogeneous Ziegler-Natta and post/non-metallocene 

catalysis, pure metallocene catalysts are almost exclusively dominated by the higher 

homologs. The poor stability of the catalytically active titanium derivatives displays an 

insurmountable hurdle to this day. This study focuses on the utilization of recent advances in 

ligand design and complex activation to build up a stable class of catalytically active 

titanocene systems. Therefore, two novel titanocene complexes were synthesized, fully 

characterized and examined in the coordinative polymerization of propylene in a broad range 

of polymerization conditions using various activation strategies. Combination of the most 

capable complex framework with the most effective activation mechanism represents, to the 

best of our knowledge, the most stable and productive titanium based metallocene catalyst for 

the polymerization of propylene to date. A precise catalysis, leading to almost stereo- and 

regiodefect free isotactic polypropylene with melting transitions exceeding 170 °C 

(ex reactor) underlines the remarkable potential of these titanium based metallocene catalysts. 

 

 

 

 

 

b M. Machat planned and executed all experiments and wrote the manuscript. C. Jandl conducted all SC XRD-

measurements and managed the processing of the respective data. All work was performed under the supervision 

of B. Rieger.   
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6. Behind the Scenes of Group IV Metallocene Catalysis: Examination of 

the Metal−Carbon Bond 

 

Title:  “Behind the Scenes of Group IV Metallocene Catalysis: Examination of the 

Metal−Carbon Bond” 

Status: Full Paper, ready for submission 

Journal: Journal of American Chemical Society 

Publisher: American Chemical Society 

DOI:  - 

Authors: Martin R. Machat, Andreas Fischer, Dominik Schmitz, Marcel Vöst, Markus     

Drees, Christian Jandl, Alexander Pöthig, Nicola P. M. Casati, Wolfgang 

Scherer, and Bernhard Rieger c 

Content: Over the last decades, each of the group IV metals (Ti, Zr, Hf) has proven its 

capability in the polymerization of olefins regarding different fields of specialized application. 

While titanium still dominates the industrial production of polypropylene using heterogeneous 

ZN-catalysts, zirconocenes, especially in combination with MAO, are generally stated to be 

the most active metallocene catalysts, and the application of hafnium can lead to extremely 

high molecular weights which are not accessible with the other homologs. In this context, the 

M−C σ-bond is considered decisive in numerous catalytic sub-processes, thereby determining 

the final polymer properties. Accordingly, the present contribution provides detailed analysis 

of the M−C (methyl) bond of three alkylated, isostructural group IV metallocenes. Therefore, 

this crucial unit in the coordinative polymerization catalysis was examined experimentally for 

the first time concerning its electronic properties via high resolution single crystal X-ray 

diffraction analysis and SC XRD under high pressure. In addition, the kinetic behavior of 

M−C σ-bond conversion was analyzed with all three group IV metals disclosing an essential 

impact of different enthalpic and entropic contributions to the respective activation barrier. 

The combined results suggest a covalent Ti−C bond comprising a high enthalpic contribution 

to the activation barrier, a highly ionic Hf−C bond which is also dominated by a high 

enthalpic impact and a moderately covalent Zr−C bond that reveals a significantly higher 

entropic contribution to the activation barrier. Inspired by this new perspective, we 

exemplarily correlated our findings to the catalytic abilities of all three isostructural 

metallocenes in order to provide a new and comprehensive perspective on the peculiarities of 

theses metals in the vast field of group IV metallocene catalysis. As a result, deviations 

between zirconium- and hafnium-based catalysts concerning the catalytic activity and the 

stereoregularities became clearly explainable, as well as the “hafnium-effect” in the 

production of extraordinarily high molecular weight polypropylenes. 

 

c M. Machat planned and executed all synthetic, polymerization and kinetic experiments and wrote most parts of 

the manuscript. A. Fischer calculated and processed all computational data concerning the electron density 

distributions. A. Fischer, C. Jandl and A. Pöthig conducted all SC XRD-measurements and managed the 

processing of the data. D. Schmitz and M. Vöst performed all high pressure SC XRD-measurements and 

managed the processing of the data. M. Drees conducted all DFT-calculations concerning the transition states of 

the kinetic measurements. W. Scherer wrote the passages about the electron density examination. All work was 

performed under the supervision of W. Scherer and B. Rieger.  
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7. High-Melting, Elastic Polypropylene 

 

Title:  “High-Melting, Elastic Polypropylene: A One-Pot, One-Catalyst Strategy 

toward Propylene-Based Thermoplastic Elastomers” 

Status: Full Paper, Published online February 2nd, 2018 

Journal: Macromolecules, 2018, Volume 51, 914 – 929 

Publisher: American Chemical Society 

DOI:  10.1021/acs.macromol.7b02679 

Authors: Martin R. Machat, Dominik Lanzinger, Markus Drees, Philipp J. Altmann, 

Eberhardt Herdtweck, and Bernhard Rieger d 

 

Content: The focus of this comparative study is directed toward the production of high-

temperature stable (Tm ~ 140 °C) elastic polyproyplenes in a simple one-pot, one-catalyst 

approach. By the formation of tailored aPP−iPP block structures embedded in a matrix of high 

molecular weight atactic polypropylenes, a propylene based thermoplastic elastomer with 

exceptional mechanical characteristics was generated. These findings were facilitated by the 

elucidation of different stereocontrol mechanisms, which collectively impact the final 

tacticities, using EBFI-type metallocenes: Beside the enantiofacial discrimination of the dual-

site system, the impact of possible chain migration, chain end epimerization and the 

interconversion between different chelate ring conformers was investigated in-depth. In this 

context, the occurrence of two different five-membered chelate ring conformers, catalyzing 

mainly isotactic (Π-forward) or atactic (Υ-backward) sequences, is considered to be the 

genesis of this variable stereocontrol mechanism. By accurately adjusting the interplay of 

chain propagation, chain release, and interconversion between the isoselective and 

nonselective conformation during the polymerization process the formation of high-melting 
ePP was facilitated. 

 

 

 

 

 

 

b M. Machat planned and executed most of the experiments, developed the concept toward the formation of high-

melting elastic polypropylenes and wrote the manuscript. D. Lanzinger developed the synthesis of some 

complexes, evaluated some catalysts and the respective polymer properties and contributed with fruitful mental 

input. P. J. Altmann and E. Herdtweck conducted all SC XRD-measurements and managed the processing of the 

respective data. M. Drees performed all DFT-calculations concerning the free energy differences and barrier 

heights of the chelate ring conformers. All work was performed under the supervision of B. Rieger.  
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8. Excursus: New Microstructures in Olefin-Based Polymers 

 

8.1 Ethylene − Propylene Copolymerization Using State of the Art iPP-Catalysts 

 

From an industrial point of view, ethylene and propylene homopolymers represent the two 

most important polymer classes today. However, even the copolymerization of both monomer 

units facilitates the formation of several commercial products. Beside the synthesis of 

amorphous ethylene/propylene copolymers using vanadium based catalysts, the application of 

heterogeneous ZN-catalysts and numerous metallocenes has been established over the last 

decades.116-118 Recent investigation on the copolymerization of ethylene and propylene using 

a C2-symmetric dimethylsilyl-bridged 2-methyl-4-phenyl bisindenyl ansa-zirconocene system 

(Spaleck-type)119 revealed a random distribution of both comonomers similar to the applied 

feed composition.118 While randomly distributed ethylene/propylene copolymers comprise 

elastomeric properties, with the incorporation of just small amounts of ethylene into a PP-

network the impact strength can be improved significantly compared to plain 

polypropylene.120 In the present study, the influence of small ethylene contents in the 

monomer feed was investigated using highly regio- and stereospecific C2-symmetric ansa-

metallocenes (Scheme 11). By the simultaneous formation of highly crystalline iPP-sequences 

and amorphous regions comprising randomly distributed ethylene units the production of 

olefin-based thermoplastic elastomers was targeted. 

 

Scheme 11. Copolymerization of ethylene with excess of propylene using highly regio- and stereoselective 

C2-symmetric metallocenes. 
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Table 2. Conditions and results for the copolymerization of ethylene and propylene with complexes I−II in 

toluene.a 

entry catalyst C2/C3-mixtureb Mn
c Ðd Tm

e Tm*
f P g 

1 IHf      0/1 970 1.5 163 170 15000 

2 IHf 0.02/1 310 1.7 159 166 12000 

3 IHf 0.04/1 230 2.0 148 156 13000 

4 IHf 0.06/1 160 1.8 141 147 13000 

5 IHf 0.08/1 180 1.9 138 141 10000 

6 IHf 0.10/1 130 2.3 128 129 13000 

7 IHf 0.20/1 210 2.2 109 111 10000 

8 IZr      0/1 510 1.9 164  29000 

9 IZr 0.04/1 330 2.1 145 151 16000 

10 IZr 0.10/1 270 1.9 122 128 16000 

11 II      0/1 2600 1.3 170  13000 

12 II 0.04/1 650 3.0  147 154 18000 

13 II 0.10/1 1100 1.6 126 132 20000 
atp: 30 min, Tp: 30 °C ± 5 °C, [monomer]: 1.65 M, Vtoluene: 300 mL, scavanger (TIBA): 2.2 mmol, Activated with 

TIBA (200 eq., 60 °C, 1h) / [Ph3C][ B(C6F5)4] (5.0 eq.). bMixture of propylene and ethylene in the feed. cIn 

kg mol-1. dÐ: Mw/Mn. eTm in °C. fAnnealed sample (10 °C below Tm for 1 h) [°C]. gP in kgPP·[molM·(mol/L)·h]-1. 

Three different catalysts (IHf, IZr and II) were investigated at identical polymerization 

temperature (30 °C) and olefin concentration (1.65 M) and varied composition of the 

monomer feed (Table 2). While an increasing ethylene concentration in the monomer feed led 

to a slight decrease of the productivity of IHf, the productivity of the zirconium analog 

decreased more distinctly and the one of the sterically more demanding hafnocene (II) 

increased. For all three complexes, the average molecular weights dropped if ethylene was 

added to the monomer feed, which was in line with the results of first-generation ZN-catalysts 

under similar conditions.120 In contrast to heterogeneous ZN-catalysts, narrow polydispersities 

were observed in all cases. However, with the incorporation of increasing ethylene content 

into the copolymer, the melting transitions decreased significantly. Furthermore, an analog 

trend was observed when the melting transitions of tempered copolymers were investigated. If 

an ideal TPE-network would have been generated, phase separation would have excluded 

amorphous, ethylene enriched sequences from the crystalline regions and the melting 

transition would have remained relatively constant. Consequently, the incorporation of 

ethylene interrupted the, otherwise perfect, isotactic polypropylene sequences thereby 

impacting the size and quality of macroscopic crystalline spherulites which in total lowered 

the observable melting transitions. To analyze the actual microstructure of the produced 

polyolefins, sequence distributions were investigated via 13C {1H} NMR spectroscopy 

(Figure 9). 
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Figure 9. Sequence determination of ethylene/propylene copolymers via 13C {1H} NMR spectroscopy (the 

spectrum of entry 5 displays a representative example for all copoylmers of Table 2 (except entry 7).121-122 

For all copolymers produced at an ethylene/propylene composition between 0.02/1 to 0.10/1 

with catalysts IHf, IZr and II, the predominant formation of isotactic polypropylene sequences 

was found via 13C {1H} NMR spectroscopy. In addition, isolated ethylene units within an iPP 

matrix were detected, followed by a subsequent stereo-unselective propylene insertion 

(rmmm-pentad). However, neither alternating ethylene/propylene sequences, nor consecutive 

ethylene units were present in the produced ethylene/propylene copolymers until the 

ethylene/propylene composition in the feed was raised to 0.20/1 (Table 2, entry 7). The 

random distribution of ethylene units within the iPP-sequences indicates a similar 

monomer/comonomer selectivity of all three complexes (IHf, IZr and II) and is in line with the 

results of the related Spaleck-type complex structure.118 However, the random distribution of 

ethylene hinders a proper separation of amorphous and crystalline domains, which is 

indispensable for high-melting TPE-characteristics. Nevertheless, the impact of varying 

ethylene/propylene feed composition on the mechanical properties of all produced polyolefins 

using different metallocene complexes was additional matter of investigation (Figure 10 and 

Figure 11).  
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Figure 10. Stress-strain hysteresis curve of compression molded (200 °C, 50 bar, 1 h) polyolefin specimen 

(dog bone shape, 50.0 mm long, 4.0 mm wide) produced with complex IHf at different ethylene/propylene 

feed compositions. 

 

Figure 11. Stress-strain hysteresis curve of compression molded (200 °C, 50 bar, 1 h) polyolefin specimen 

(dog bone shape, 50.0 mm long, 4.0 mm wide) produced with complex IHf , IZr and II at three different 

ethylene/propylene feed compositions. 
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Table 3. Mechanical parameters of produced polyolefins specimen determined on a ZwickRoell machine 

with testXPert II software.a 

entry catalyst C2/C3-mixtureb Ec σplateau
d λplateau

e σrupture
f λrupture

g 

1 IHf      0/1 1630 37.7 6.4 53.4 600 

2 IHf 0.02/1 1530 36.1 7.2 33.3 440 

3 IHf 0.04/1 1200 34.9 8.9 32.9 640 

4 IHf 0.06/1 1160 32.8 9.9 35.7 650 

5 IHf 0.08/1 1060 31.3 10.6 43.3 820 

6 IHf 0.10/1 800 27.9 12.5 29.6 600 

7 IHf 0.20/1 360 15.7 19.0 30.7 820 

8 IZr      0/1 1400 36.8 6.7 32.4 220 

9 IZr 0.04/1 1250 33.3 8.8 44.6 800 

10 IZr 0.10/1 690 23.3 13.8 34.1 700 

11 II      0/1 1520 36.7 6.4 46.7 430 

12 II 0.04/1 1280 32.6 6.6 27.0 170 

13 II 0.10/1 710 24.6 13.7 22.7 450 
aCompression molded polyolefin specimen (dog bone shape, 50.0 mm long, 4.0 mm wide), measured with a 

strain rate of 4.0 mm/min. bMixture of propylene and ethylene in the feed. cYoung’s modulus [MPa]. dYield 

strength [MPa]. eStrain before reduction in area [%]. fStress at rupture [MPa]. gStrain at rupture [%]. 

Table 3 provides all relevant mechanical parameters given by the stress-strain hysteresis 

curves of Figure 10 and Figure 11. Irrespective of the applied metallocene catalyst, the young 

modulus and the yield strength decrease with increasing ethylene content in the monomer feed 

whereas the maximum strain before irreversible deformation increases. However, despite 

these differences, all produced polyolefins still provide a classical thermoplastic stress-strain 

behavior with a pronounced yield point, necking and strain-induced crystallization. Regarding 

the respective stress and strain values at rupture, the obtained results were less consistent. 

Unavoidable differences in the specimen fabrication including potential polymer degradation 

certainly limit the reproducibility of reliable data at rupture.  

By comparison of the mechanical properties of the produced ethylene/propylene copolymers 

with plain polypropylenes of varying stereoregularity, the impact of isolated ethylene units 

within a iPP network is compared to the impact of isolated stereoerros within a predominantly 

isotactic polypropylene matrix. With the application of C1-symmetric EBFI-type 

metallocenes, the formation of elastic and thermoplastic polypropylenes is feasible due to a 

flexible stereoselective polymerization behavior (see Chapter 7). Therefore, Figure 12 

provides the mechanical examination of polypropylenes with varying stereoregularity and 

average chain length.115 
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Figure 12. Stress-strain hysteresis curve of compression molded polypropylene specimen produced with 

C1-symmetric EBFI-type catalysts.115 

While the stress-strain behavior of moderately isotactic polypropylene (85 % mmmm) is of 

clearly thermoplastic nature (Figure 12: left side, on top), the one of isotactic enriched 

polypropylene (54 % mmmm, Figure 12: right side, on top) exhibits a significantly lower yield 

strength and a less pronounced yield point, which vanishes in the case of predominantly 

amorphous polypropylene samples (Figure 12: left and right side, underneath). By comparison 

of these findings with the ones of our produced copolymers, polyolefins of larger propylene 

and rather small ethylene content reveal quite analog mechanical properties compared to 

isotactic polypropylenes comprising isolated stereoerrors (Figure 12: left side, on top). In this 

context, the random incorporation of “the other” comonomer (ethylene) just as the random 

formation of an isolated stereoerror interrupts the otherwise isotactic polypropylene sequence 

and certainly impacts the type and amount of crystallinity of the respective polyolefin 

morphology. Accordingly, the presented approach facilitates the formation of perfect, high-

melting iPP just as thermoplastic materials with a higher impact strength and increased 

flexibility. The simple addition of ethylene to the propylene feed herein conveniently replaces 

a costly catalyst exchange for the production of plain polypropylene comprising similar 

characteristics. 
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8.2 aPP − iPP Copolymers via Chain Shuttling  

 

In 2006, a research group of the Dow Chemical Company established a new and convenient 

strategy toward the formation of defined polyolefin block structures.123 By the directed 

application of a chain shuttling agent (CSA), polymer chains were transferred between two 

catalysts comprising different selectivities. The initial approach, which even passed the 

threshold toward industrial application, based on a copolymerization of ethylene and 1-octene 

using two living coordinative polymerization catalysts of high and low comonomer selectivity 

that facilitated the formation of amorphous and crystalline domains. With the addition of 

ZnEt2 (CSA), growing polymeryl chains were transferred to the zinc center, and transferred 

back from the zinc center to an active catalyst species. As a result, polyolefin blocks of 

different monomer selectivity were generated and covalently linked to each other.123-127 Since 

the initial discovery, this principle was extended toward several catalyst mixtures comprising 

different comonomer- or stereoselectivities.128-131  

 

Scheme 12. Illustrated chain shuttling setup and conditions using a rigid, C2-symmetric ansa-metallocene 

complex and a C1-symmetric EBFI-type ansa-metallocene complex. 
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Accordingly, this chapter provides the evaluation of our state of the art C2-symmetric, rigid 

ansa-metallocenes (C2-M) in a chain shuttling polymerization setup (Scheme 12). In this 

connection, high-melting, highly stereo- and regioregular iPP-sequences should be linked to 

an amorphous PP-network. For a first, fundamental evaluation C1-symmetric EBFI-type 

metallocenes (C1-M) were applied as second catalyst system for the synthesis of atactic 

polypropylene sequences. For ideal chain-shuttling conditions, living-type polymerization 

catalysts are generally applied. Since both catalysts do not provide a catalytic conversion of 

propylene in a living manner, pseudo-living conditions are imitated using low polymerization 

temperatures.132 However, elevated temperatures in turn enhance the rate of chain transfer. In 

the process of chain shuttling, polymer chains need to be transferred from the group IV metal 

center to the zinc reagent and back from the zinc reagent to a group IV metal center. 

Consequently, the role of the group IV metal center and the respective M−C σ-bond 

properties are considered crucial. Therefore, the application of isostructural C2-symmetric 

group IV metallocenes (C2-Ti, C2-Zr and C2-Hf) was screened in combination with 

isostructural C1-symmetric group IV metallocenes (C1-Zr and C1-Hf) and ZnEt2 as a chain 

shuttling agent. Details on the screening conditions are provided in Scheme 12. Chapter 6 

(C2-M) and Chapter 7 (C1-M) provide further information on the catalytic behavior of all 

applied catalysts in the homopolymerization of propylene.  

Beside the combination of different group IV metal centers, the polymerization temperature 

(0 °C, 30 °C) and the amount of CSA ([ZnEt2]:[C2-M] = 100, 200 eq.) was varied. However, 

after precipitation and drying of all produced polymers any applied combination provided the 

formation of macroscopic iPP/ aPP blends. Soxhlet extraction of all blends with methanol, 

n-pentane, n-hexane and n-heptane (each solvent 24 h) led to a pentane soluble fraction 

(~50−70 wt.%) and a insoluble fraction (~30−50 wt.%).  

Comparison of the molecular weights of the produced polypropylenes in the presence and 

absence of ZnEt2 revealed a significant drop of the average chain length if a chain transfer 

agent was applied (Figure 13). Accordingly, an interaction of the chain transfer agent was 

observed with all applied C1- and C2-symmetric complexes (C1-M and C2-M). The most 

significant impact of the CSA on the molecular weights was generally observed for the 

hafnocene complexes (C1-Hf and C2-Hf), whereas the lowest impact was observed with the 

titanocene catalyst (C2-Ti). In addition, an accelerated decrease of the molecular weights was 

in most cases monitored at lower polymerization temperatures and increased CSA 

concentration.  
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Figure 13. Molecular weights of the polypropylenes produced under the presence of a chain transfer 

reagent. The pentane soluble fraction is compared to the plain catalytic behavior of C1-M and the residue 

to the catalytic behavior of C2-M. The quotient of the molecular weights under the presence/absence of the 

chain transfer agent is additionally given. 

Since the residual polymer properties (e. g. tacticities, polydispersities) of the pentane soluble 

fraction were identical to those of the homopolymer of (C1-M) the focus was directed toward 

the residues of the Soxhlet extraction in order to evaluate the general suitability of C2-M in a 

chain shuttling setup. In this connection, iPP−aPP block structures are rather expected in the 

residue than in the extract due to physical crosslinking of the iPP-segments. Therefore, 

additional polymer analysis mainly focused on differences between the residues of the 

Soxhlet extraction and the homopolymers produced with the respective C2-M catalysts.  

 

Figure 14. Tacticities of the pentane-extracted residues determined via 13C {1H} NMR spectroscopy 

(300 MHz, 140 °C, C6D5Br). The results of each particular catalyst in a standard propylene 

polymerization setup are indicated by horizontal lines. 
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If chain shuttling occurred in the present polymerization setup, iPP−aPP block structures in the 

residue would lead to a significant decrease of the, otherwise perfect, overall isotacticity. 

Therefore, Figure 14 provides the determined tacticities of the residues, which all deviate 

significantly from the expected tacticities of C2-M. Especially at higher polymerization 

temperatures and CSA concentrations, the tendency toward decreased isotacticities is higher, 

which indicates the presence of iPP−aPP block structures embedded in a matrix of isotactic 

polypropylene. However, tacticities > 80 % clearly underline the predominant occurrence of 

plain iPP in the residue.  

If a significant amount of atactic sequences is covalently linked to the crystalline residue, a 

decrease of the melting enthalpy, regarding the melting transition at ~160−165 °C, is 

considered. Accordingly, Figure 15 provides the determined melting enthalpies of the 

pentane-extracted polymer samples with additional visualization of the expected region for 

the homopolymerization results by just using C2-M. While higher polymerization 

temperatures led to lower melting enthalpies, the amount of CSA had no defined impact in 

this regard. In addition, lower melting enthalpies were observed with the application of 

zirconium as well as hafnium, whereas the results with C2-Ti suggested no significant 

occurrence of chain shuttling if a titanocene complex was involved.  

 

Figure 15. Melting enthalpies of the melting transition between 160 to 165 °C of the pentane-extracted 

polymer samples. 
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Since a severe impact of ZnEt2 on the molecular weights of the produced polymers was 

observed, the transfer of polymer chains from the metallocene catalyst to the chain transfer 

agent is evident. However, if the chain transfer agent acts as a real chain shuttling agent, the 

transfer of polymer chains from the zinc-species back to a metallocene catalyst must occur as 

well. Due to the assumed appearance of some isolated iPP−aPP block structures embedded in 

an iPP-matrix more distributed polydispersities are expected compared to the results of C2-M 

(Figure 16).  

 

Figure 16. Polydispersities of the pentane-extracted polymer samples. 

According to Figure 16, especially the application of zirconium or hafnium in combination 

with higher polymerization temperatures and CSA concentrations increases the molecular 

weight distributions of the pentante-extracted residues. In this connection, there is again no 

indication for chain shuttling if a titanocene complex is applied. However, increased 

polydisperisities just indicate that different type of polymers are present. Accordingly, based 

on the above presented findings three different types of polypropylenes can be expected in the 

residue. If no chain transfer to the zinc reagent occurs, plain isotactic polypropylenes with 

molecular weights determined by standard chain release reactions analog to a 

homopolymerization with C2-M should be observed. If a chain transfer occurs, chain 

propagation has been interrupted at some point and the polymer chain rests on a transfer 

agent. If no further chain transfer back to a catalyst takes place, the polymeryl-CSA adduct is 

hydrolyzed in the precipitation step and rather short iPP-chains are generated. Only if the 
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isotactic polymer chain gets transferred from the CSA to a C1-M-catalyst the formation of 

iPP−aPP block structures occurs. Although improved results, in most cases, are observed with 

the application of zirconium- and hafnium-based catalysts at higher polymerization 

temperatures and increased CSA concentrations, the general formation of atactic and isotactic 

homopolymers is far too high in the presented chain shuttling setup for a satisfying result. 

Also the application of even higher CSA concentrations (400 eq.) and a more polar solvent 

(chlorobenzene instead of toluene) did not lead to any significant improvement. Therefore, the 

general problem is attributed to the low solubility of the produced iPP-sequences under the 

applied polymerization conditions. Due to the high accuracy of the stereo- and regiocontrol 

mechanism, the isotactic polypropylene already precipitates at a very early state in the 

polymerization setup and is no longer available for any chain shuttling process. In addition, 

the sterically crowded complex framework of C2-M hinders a transfer of polymer sequences 

from the CSA to the isoselective complex. To improve the solubility of iPP-sequences and the 

transfer rate of the polymer chains the polymerization temperature needs to be increased. But 

since such a change of the polymerization conditions would cause a severe decrease of the 

molecular weights in line with a significant increase of the productivities, the necessary living 

character would be lost completely. Hence, it is concluded that the suitability of our 

extraordinarily precise C2-symmetric metallocene complexes (C2-M) in a chain shuttling 

polymerization setup is rather limited.  
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9. Summary and Outlook 

 

In 2012, the Rieger group developed the catalytic benchmark system (Scheme 13, IIIHf) for 

the synthesis of regio- and stereodefect free, ultra-high molecular weight isotactic 

polypropylene.23-24 Driven by its extraordinarily precise catalytic performance, the essential 

structural key factors were elucidated as part of this thesis. Therefore, further strategies for the 

synthesis of 2,4,7-substituted bisindenyl ansa-metallocene complexes comprising a varied 

steric demand of the 4-aryl substituent were developed. Beside the literature-known synthesis 

route to IIIHf (Pathway A) the synthesis of IIHf (Pathway A) and IHf (Pathway B) were 

established. Accordingly, Figure 17 provides the impact of varying 4-aryl substituents on the 

coordination gap aperture of the respective metallocenes.  

 

Scheme 13. Synthetic strategies toward 2,4,7-substituted metallocene complexes with varied 4-aryl 

substituents. 

Detailed structural evaluation of IHf − IIIHf disclosed the presence of opposing intramolecular 

forces within the entire ansa-metallocene framework, which leads to a generally high 

structural rigidity using sterically demanding 4-aryl substituents. Further catalytic 

examination of complexes IHf − IIIHf revealed a more sufficient temperature stability of the 

metallocene catalyst in combination with an accelerated prevention of chain release and 
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epimerization reactions if a higher steric demand of the 4-aryl substituent was provided. 

Consequently, the increasing rigidity in the complex framework is considered crucial for an 

optimized polymerization behavior. Facilitated by the profound analysis of these structure-

property relationships, we believe that the developed substitution pattern, which provokes the 

presented rigidity concept and enables the formation of almost perfect iPP, will contribute to a 

more directed development of the next generation of polypropylene catalysts.  

 

Figure 17. Space filling representation of IHf − IIIHf illustrating the effect of different 4-aryl substituents 

on the coordination gap aperture. 

 

Inspired by the exceptional catalytic precision of this complex framework, the scope was 

expanded toward the application of isostructural titanocenes in the polymerization of 

propylene. Since titanium based metallocene catalysts are generally known to undergo fast 

catalyst deactivation, usually by reduction of the Ti+IV metal center,101 the present ligand 

structure promises an improved catalyst stability by the prevention of undesired deactivation 

reactions. Screening of the ligand substitution pattern (Scheme 13), different activation 

strategies and varying polymerization conditions did indeed disclose optimized conditions for 

the catalytic production of narrow molecular weight distributed, high-melting (Tm > 170 °C) 

isotactic polypropylene. Transformation of the bischlorinated complex IIITi to the 

bismethylated derivative, prior to the activation with [Ph3C][B(C6F5)4], herein represents the 

most suitable activation strategy that led to the most stable and active titanocene catalyst for 

the polymerization of propylene known to this date. Although the catalytic performance of 

this state of the art titanocene catalyst is still significantly exceeded by the zirconium and 

hafnium analogs, the application of titanium in metallocene catalysis should not be 

completely disregarded in future catalyst development. In contrast to the higher homologs, 

titanium is still one of the most abundant elements on this planet, is cheap and well available 
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and it has already proven its capability in the polymerization of olefins using heterogeneous 

ZN-catalysts.  

For a comparative picture of isostructural group IV metallocene catalysts (II), the zirconocene 

analog (IIZr) was synthesized and evaluated catalytically in an identical manner to IIHf and 

IITi (Figure 18). Moreover, the essential structural and chemical differences of varying group 

IV metal centers became a central objective of this thesis. In this context, the M−C σ-bond is 

considered decisive regarding several catalytic sub-processes which altogether determine the 

catalytic activity and the final polymer properties. Therefore, a synthetic strategy toward 

isostructural group IV metallocenes (II) with a bismethylated substitution pattern was 

developed.  

 

Figure 18. Multidisciplinary approach disclosing the role of the group IV metal center in the catalytic 

conversion of olefins. 

For a fundamental analysis of the M−C σ-bond characteristics, the electronic properties of this 

crucial moiety were elucidated experimentally via high resolution single-crystal X-ray 

diffraction analysis and additional theoretical processing (Figure 18). While the Ti−C bond 

revealed substantial covalent character, the Hf−C bond exhibited a dominating ionic nature. In 
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addition, further single-crystal X-ray diffraction analysis under high pressure uncovered a 

Zr−C bond with significantly more distinct covalent properties than the Hf−C bond. 

Furthermore, the chemical M−C σ-bond characteristics were investigated by kinetic 

examination of M−C bond conversion (Figure 18). The covalent Ti−C and ionic Hf–C bond 

both comprise a large enthalpic contribution to the activation barrier; whereas the enthalpic 

impact for M−C σ-bond conversion of the Zr moiety is significantly lower. However, for the 

conversion of the Zr−C bond the entropic contribution to the activation barrier is explicitly 

higher. Correlation of these findings with the catalytic abilities of the isostructural group IV 

metallocenes (II) for the first time facilitated a concrete connection between experimentally 

and theoretically determined fundamental electronic and kinetic differences and the 

corresponding catalytic performance. The capability of hafnium-based catalysts to produce 

significantly higher molecular weight PP herein became clearly explainable by the presented 

new insights, as did the temperature dependency of the catalytic activity and of the 

stereoregularities when applying different group IV metal centers in the polymerization of 

propene. 

We believe that our pioneering study on fundamental electronic and chemical differences of 

these group IV metallocenes in combination with their state of the art catalytic behavior has 

the potential to revolutionize the prospective use of the group IV metals in the polymerization 

of olefins. The choice to apply the “right” metal center has usually been driven by 

assumptions, experiences and, in most instances, a simple trial and error principle. Facilitated 

by our new perspective, differences regarding the application of the group IV metals in 

isostructural metallocene complexes are more concretely ascribed and more conveniently 

interpretable regarding each particular field of application. Our presented findings even 

elucidate the severe chemical differences between zirconium and hafnium, a unique pair in 

the periodic table of elements that due to the lanthanide contraction possesses almost identical 

geometric parameters. However, further systematic studies should be performed which 

address the application of further ligand structures in order to completely segregate the impact 

of the group IV metal center from the influence of the surrounding framework. Nevertheless, 

in times where a more systematic and directed development in research attracts accretive 

attention, the presented novel insights on group IV metallocene chemistry will certainly 

enable a better differentiation and more precise application of these metals in the huge field of 

polyolefin catalysis. In addition, the strategy established in this pioneering study must also be 

considered highly relevant regarding other pairs and groups of metals in the periodic table of 

elements which are involved in other fundamental catalytic processes.  
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Further projects of this thesis shifted the focus from metallocene development and its 

particular characteristics to the respective polymers and their properties. In this connection, 

the formation of polyolefin block structures is an intensively investigated but also highly 

challenging task, since monomer/comonomer incorporation and stereoselective 

polymerization behavior are both generally statistical processes. Nevertheless, certain 

strategies exist, like chain-shuttling,123 an oscillating stereocontrol mechanism,18 or the 

application of a living/“quasi-living”-type coordinative polymerization mechanism,133 in order 

to produce defined olefin-based block copolymers. Inspired by these strategies, this thesis 

provides an alternative route for the formation of tailored aPP−iPP block structures, thereby 

generating a new polymer class of high-melting, elastic polypropylenes.  

Hafnium-based EBFI-type metallocene complexes have proven their exceptional capability 

regarding the production of high molecular weight, elastic polypropylene.20 But despite the 

outstanding mechanical characteristics, the restricted temperature stability of these polymers 

presents, to this day, an unresolved issue. In line with these findings, the amalgamation of 

elasticity with high-melting characteristics in relation to the catalysis of pure propylene-based 

thermoplastic elastomers must still be considered imperfect.19, 115  

Therefore, the intricate interplay of all mechanisms which impact the final stereoregularity 

using EBFI-type metallocenes was elucidated. Beside the enantiofacial discrimination of the 

dual-site system, the impact of possible chain migration, chain end epimerization and 

especially the interconversion between different chelate ring conformers was investigated in-

depth. Accordingly, several novel as well as literature-known EBFI-type metallocenes of 

varying 2,5,6-indenyl substitution patterns were examined in the polymerization of propene in 

order to identify a decisive impact of both chelate ring conformations on the final tacticities 

(Scheme 14). It could be shown that one conformer is energetically favored and interconverts 

with the disfavored chelate ring conformer in a dynamic equilibrium. In this context, detailed 

adjustment of all polymerization parameters in order to optimize the interconversion kinetics 

in correlation with the chain propagation and termination rate finally facilitated the formation 

of defined aPP−iPP block structures embedded in a matrix of aPP. The result was a physically 

crosslinked, high molecular weight, high-melting (Tm ~ 140 C°), propylene-based 

thermoplastic elastomer with an excellent reversible deformation behavior, produced in a 

simple one-pot, one-catalyst synthesis. 
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Scheme 14. Molecular representation of the isoselective Π-forward and nonselective Υ-backward chelate 

ring conformer of EBFI-type metallocene complexes. Both conformations undergo dynamic 

interconversion according to the particular free energy differences and the barrier heights.  

The application of a hafnium-based EBFI-type metallocene for the directed synthesis of high-

melting, elastic polypropylenes certainly represents an outstanding example of the simple 

formation of block structures via a one-pot, one-catalyst approach. In addition, the evaluated 

mechanical characteristics disclose the production of a thermoplastic elastomer with excellent 

recovery rates due to a high proportion of reversible deformation. However, the necessity of 

low polymerization temperatures during the production process constitutes the main drawback 

concerning its industrial application. In this context, additional investigation of the most 

suitable reaction conditions in combination with other EBFI-type metallocenes may facilitate 

the production of a high-melting, propylene-based, thermoplastic elastomer under industrially 

relevant conditions applying this simple one-pot, one-catalyst strategy.  
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10. Zusammenfassung und Ausblick 

 

Der von Rieger et al. im Jahre 2012 entwickelte Metallocen-Komplex (Schema 15, IIIHf) 

entspricht bis heute dem Maß aller Dinge, was die Synthese von ultra-hochmolekularem, 

isotaktischem Polypropylen angeht.23-24 Von dieser nahezu perfekten Katalyse getragen, 

sollen in der vorliegenden Arbeit die entscheidenden, strukturellen Schlüsselfaktoren ermittelt 

werden. In diesem Zuge wurden alternative Strategien zur Synthese von 2,4,7-substituierten 

bis-Indenyl ansa-Metallocen-Komplexen entwickelt, welche einen unterschiedlichen 

sterischen Anspruch des 4-Aryl-Substituenten aufweisen. Neben der bereits literaturbekannten 

Syntheseroute für IIIHf (Route A) wurden die Synthesen von IIHf (Route A) und von IHf 

(Route B) entwickelt. In diesem Zusammenhang bietet Abbildung 19 eine aufschlussreiche 

Darstellung des sterischen Einflusses der 4-Aryl-Substituenten auf den Koordinationswinkel 

(cga).  

 

Schema 15. Synthesewege zu 2,4,7-substituierten Metallocen-Komplexen mit variierendem 4-Aryl-

Substituent am Indenyl. 

Durch die detaillierte strukturelle Analyse der Komplexe IHf – IIIHf wurde ein Gegenspiel 

unterschiedlicher intramolekularer Kräfte im gesamten Metallocen-Gerüst aufgedeckt, 

welches die generelle Rigidität dieser Komplexe verursacht. Eine zusätzliche Untersuchung 
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des Polymerisationsverhaltens aller drei Hafnocen-Komplexe zeigte eine gesteigerte 

Temperaturstabilität des Metallocen-Katalysators, sowie eine Verringerung von Ketten-

freisetzungs- und Kettenendepimerisierungsreaktionen im Falle eines größeren sterischen 

Anspruchs des 4-Aryl-Substituenten. In diesem Zusammenhang wird die zunehmende 

Rigidität im Metallocen-Gerüst durch den vergrößerten sterischen Anspruch des 4-Aryl-

Substituenten als entscheidend angesehen. Im Hinblick auf die durchgeführte Studie sind wir 

der Überzeugung, dass unsere detaillierte Analyse der Struktur-Wirkungsbeziehungen nicht 

nur das optimale katalytische System für die Herstellung von fast perfektem isotaktischem 

Polypropylen herausgearbeitet hat, sondern wesentlich zur Entwicklung der zukünftigen 

Generationen von homogenen Polypropylen-Katalysatoren beitragen kann.  

 

Abbildung 19. Space filling Abbildung von IHf – IIIHf zur Verdeutlichung des Einflusses des 4-Aryl 

Substituenten auf den Öffnungswinkel (cga) der ansa-Metallocene. 

 

Inspiriert durch das quasi perfekte katalytische Verhalten dieses Metallocen-Gerüstes, wurde 

im Zuge der vorliegenden Arbeit die Palette der verwendeten Zentralmetalle um das Titan 

erweitert. Da Titanocene in der Polymerisation von Olefinen zur schnellen Deaktivierung des 

katalytisch aktiven Komplexes neigen,101 verspricht das entwickelte Ligandsystem 

(Schema 15) eine verbesserte Katalysatorstabilität durch die Verhinderung unerwünschter 

Nebenreaktionen. Durch das Testen unterschiedlicher Ligand-Substitutionen, verschiedener 

Aktivierungsstrategien und unterschiedlicher Polymerisationsbedingungen konnten in der Tat 

optimierte Bedingungen für die katalytische Umsetzung von Propen mit Titan-basierten 

Metallocenen gefunden werden. Hierbei wurden hochschmelzende (Tm > 170 °C), 

isotaktische Polypropylene mit enger Polydispersität generiert. In diesem Zusammenhang 

wurde das bismethylierte Derivat („L2TiMe2“) von IIITi („L2TiCl2“) in Kombination mit 

[Ph3C][B(C6F5)4] als, bis heute, stabilster und katalytisch aktivster Titanocen-basierter 

Katalysator für die Umsetzung von Propen ermittelt. Obwohl die katalytische 
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Leistungsfähigkeit immer noch von den isostrukturellen Zirkon- und Hafniumkomplexen 

übertroffen wird, sollten Titanocene in der Polymerisation von Olefinen auch in Zukunft nicht 

komplett außer Acht gelassen werden. Im Gegensatz zu den beiden höheren Homologen weist 

das Element Titan eine der größten Häufigkeiten auf unserem Planten auf, ist entsprechend 

gut verfügbar und günstig und hat zudem seine Fähigkeiten in der heterogenen Polymerisation 

von Olefinen mit ZN-Systemen bereits sehr erfolgreich unter Beweis gestellt.  

 

Abbildung 20. Visualisierung des multidisziplinären Ansatzes zur Aufklärung der Rolle der Gruppe IV 

Metalle in der katalytischen Umsetzung von Olefinen. 

Für ein vergleichendes Bild isostruktureller Gruppe IV Metallocene wurde neben den 

Komplexen IIHf und IITi das Zirkon-Analog IIZr synthetisiert und unter identischen 

Bedingungen katalytisch evaluiert. Zusätzlich zu dem katalytischen Verhalten rückten die 

essentiellen strukturellen und chemischen Unterschiede bei der Verwendung von Gruppe IV 

Metallen zunehmend in den Fokus dieser Arbeit (Abbildung 20). In diesem Zusammenhang 

wird der M−C σ-Bindung eine entscheidende Rolle zugesprochen, da sie in zahlreichen 

katalytischen Subprozessen beteiligt ist, welche in ihrer Gesamtheit sowohl die katalytische 

Aktivität, als auch die resultierenden Polymereigenschaften festlegen. Entsprechend wurden 
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synthetische Strategien entwickelt, welche die Herstellung von isostrukturellen (II) bismethy-

lierten Gruppe IV Metallocenen ermöglicht. Für eine fundamentale Analyse der M−C 

σ-Bindung wurden die elektronischen Eigenschaften dieser essentiellen Einheit erstmalig 

experimentell mittels hochaufgelöster Einkristall-Röntgenstrukturanalyse und weiter-

führenden theoretischen Berechnungen aufgeklärt (Abbildung 20). Während die Ti−C 

Bindung einen wesentlichen kovalenten Charakter aufweist, ist die Hf−C Bindung von starker 

ionischer Natur. Zusätzliche Einkristall-Röntgenstrukturanalyse unter hohem Druck 

offenbarte eine Zr−C Bindung mit signifikant höheren kovalenten Charakter als die Hf−C 

Bindung. Abgesehen davon wurde zusätzlich das elementare chemische Verhalten der M−C 

σ-Bindung untersucht, indem die Umsetzung dieser Einheit kinetisch analysiert wurde. In 

diesem Zusammenhang zeigten die kovalentere Ti−C und die stark ionische Hf−C Bindung 

einen ausgeprägten enthalpischen Beitrag zur Aktivierungsenergie, wohingegen der 

enthalpische Beitrag für die Umsetzung der Zr−C Bindung deutlich geringer ausfiel. 

Allerdings war für die Umsetzung der Zr−C Bindung der entropische Beitrag zur 

Aktivierungsbarriere wesentlich höher. Eine Korrelation dieser Ergebnisse mit dem 

katalytischen Verhalten aller drei isostruktureller Komplexe (II) der Gruppe IV ließ erstmalig 

Rückschlusse von experimentell beobachteten, elektronischen und chemischen Unterschieden 

in den M−C σ-Bindungen auf das resultierende katalytische Verhalten zu. Entsprechend 

können hierbei die außergewöhnlich hohen Molekulargewichte in Kombination mit dem 

„Hafnium-Effekt“ anschaulich erläutert werden, genauso wie wesentliche Unterschiede in der 

Temperaturabhängigkeit der katalytischen Aktivität und der Stereoregularitäten bei der 

Verwendung der verschiedenen Gruppe IV Zentralmetalle in der Polymerisation von Propen.  

In unseren Augen birgt die durchgeführte Pionierstudie über die grundlegenden 

elektronischen und chemischen Eigenschaften der M−C Bindung isostruktureller 

Metallocene, in Kombination mit dem katalytischen Verhalten, durchaus das Potential, die 

Rolle der Gruppe IV Metalle in der Polymerisation von Olefinen zu revolutionieren. Die 

klassische Suche nach dem „richtigen“ Metallzentrum, welche in der Regel von 

Vermutungen, von praktischen Erfahrungen und oftmals von einfachem, systematischem 

Ausprobieren geprägt gewesen ist, wird hierbei um neue, wesentliche Erkenntnisse bereichert. 

Unsere Ergebnisse eröffnen hierbei eine neue Perspektive, welche eine vereinfachte 

Interpretation in Bezug auf das am besten geeignete Zentralmetall für jeden spezifischen 

Anwendungsbereich ermöglicht. Die dargestellten Untersuchungen lösen sogar die 

entscheidenden chemischen Unterschiede von Zirkon und Hafnium auf, einem einmaligen 

Pärchen im Periodensystem der Elemente, welches, aufgrund der Lanthanoidenkontraktion, 
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quasi identische geometrische Parameter aufweist. Allerdings soll nicht unerwähnt bleiben, 

dass nur mit der Durchführung weiterer, systematischer Studien, welche sich mit 

isostrukturellen Verbindungen der Gruppe IV in Kombination mit anderen Ligandstrukturen 

beschäftigen, der explizite Einfluss der Gruppe IV Metalle in seiner absoluten Form 

zweifelsfrei sichergestellt werden kann. Nichtsdestotrotz werden die neuen Einblicke in die 

Chemie der Gruppe IV Metalle, in Zeiten einer zunehmenden Systematisierung und 

Strukturierung von zukünftigen Entwicklungsfeldern, eine präzisere Anwendung dieser 

Metalle auf dem gewaltigen Feld der Polyolefinkatalyse ermöglichen. Zusätzlich kann das 

entwickelte Prinzip dieser Pionierstudie, mit Blick auf andere Elementgruppierungen mit 

einem gemeinsamen katalytischen Hintergrund, als Vorlage dienen, um einen neuen und 

fundierteren Einblick in die jeweilige Materie zu erlangen.  

In weiterführenden Projekten dieser Arbeit wechselte der Fokus von der fundamentalen 

Chemie der Metallocene zu den synthetisierbaren Polymeren und ihren Eigenschaften. Im 

Bereich der Polyolefine stellt die Herstellung von definierten Blockstrukturen ein 

außerordentlich interessantes Forschungsfeld dar, welches allerdings auch große 

Herausforderungen mit sich bringt. Durch das statistische Verhalten beim Einbau von 

Monomer/Comonomer in einer Copolymerisationsreaktion von unterschiedlichen Olefinen, 

sowie bei der statistischen Verteilung von Stereofehlern im Bereich der generellen 

Stereoselektivität, ist die Ausbildung von Blockstrukturen generell nicht begünstigt. 

Nichtsdestotrotz existieren einzelne Strategien wie das chain-shuttling,123 ein Mechanismus 

mit oszillierender Stereokontrolle,18 oder die Anwendung eines lebenden/“quasi-lebenden“ 

koordinativen Polymerisationsmechanismus,133 um die Herstellung von definierten 

Polyolefin-Blockstrukturen zu ermöglichen. Inspiriert durch diese unterschiedlichen 

Strategien wurde im Zuge der vorliegenden Arbeit eine alternative Route für die Herstellung 

von maßgeschneiderten aPP−iPP Blockstrukturen entwickelt, welche eine neue Klasse von 

hochschmelzenden, elastischen Polypropylenen darstellt.  

Hafnium-basierte EBFI-Metallocene haben bereits in vorangegangenen Studien ihre 

außergewöhnlichen Fähigkeiten in der Produktion von hochmolekularem, elastischem 

Polypropylen unter Beweis gestellt.20 Allerdings stellt bis heute die eingeschränkte 

Temperaturstabilität dieser Polymere, trotz der hervorzuhebenden mechanischen 

Eigenschaften, ein ungelöstes Problem dar.19, 115 Dieses Problem steht sinnbildlich für den 

bisher unvollendeten Ansatz, in der katalytischen Herstellung von Propen-basierten 

Elastomeren ein elastisches Verhalten mit hochschmelzenden Eigenschaften zu kombinieren. 
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Schema 16. Molekulare Abbildung der isoselektiven Π-forward und unselektiven Υ-backward 

Ringkonformation von EBFI-Metallocenen. Beide Konformationen gehen in Abhängigkeit der 

energetischen Grundzustände und der Energiebarriere in einem dynamischen Gleichgewicht ineinander 

über.  

Um dieser Problematik auf den Grund zu gehen, soll das komplexe Zusammenspiel der 

zahlreichen Mechanismen, welche alle in ihrer Gesamtheit die resultierende Stereoregularität 

der EBFI-Metallocene bestimmen, aufgelöst werden. Neben den unterschiedlichen 

enantiofacialen Selektivitäten des dual-site Systems wurden der Einfluss einer möglichen 

Kettenmigration, einer Kettenendepimerisierung und insbesondere der Einfluss der zwei 

Konformationsisomere auf die Taktizität im Detail untersucht. Entsprechend wurde im Zuge 

dieser Arbeit das Polymerisationsverhalten von zahlreichen neuen und literaturbekannten 

EBFI-Metallocenen mit variierendem 2,5,6-Indenyl Substitutionsmuster ausführlich analysiert 

und ein wesentlicher Einfluss beider Ringkonformationen auf die finalen Stereoregularitäten 

identifiziert (Schema 16). Bei allen Komplexen ist stets eines der beiden Konformere 

energetisch bevorzugt und liegt mit der weniger bevorzugten Konformation in einem 

dynamischen Gleichgewicht vor. Durch die genaue Anpassung von allen Polymerisations-

parametern war es gelungen, den Konformationswechsel, in Bezug auf die Kettenwachstums- 

und Abbruchgeschwindigkeit, so zu optimieren, dass aPP−iPP Blockstrukturen hergestellt 

werden konnten, die in einer Matrix von ataktischem Polypropylen vorliegen. Das Resultat ist 

ein physikalisch vernetztes, hochmolekulares und hochschmelzendes (Tm ~ 140 °C) 

thermoplastisches Elastomer, welches ein exzellentes reversibles Verformungsverhalten 

aufweist und in einer simplen einstufigen Synthese hergestellt wird.  

Die Verwendung von EBFI-Metallocenen für die gezielte Herstellung von 

hochschmelzenden, elastischen Polypropylenen stellt in ihrem einfachen Setup, bestehend aus 

nur einem angewendeten Katalysator in einer einzigen Reaktion, sicherlich ein 
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hervorzuhebendes Beispiel für die Herstellung von Blockstrukturen dar. Außerdem haben 

mechanische Untersuchungen der entsprechenden Polymereigenschaften die Herstellung eines 

thermoplastischen Elastomers hervorgehoben, welches ein exzellentes reversibles 

Verformungsverhalten aufweist. Allerdings stellt die Notwendigkeit, bei relativ niedrigen 

Polymerisationstemperaturen zu arbeiten, bis dato den größten Nachteil für eine potentielle 

industrielle Anwendung dar. In diesem Zusammenhang versprechen zusätzliche 

Untersuchungen, die eine weitere Optimierung der Polymerisationsbedingungen in 

Kombination mit anderen EBFI-Metallocen-Komplexen adressieren, einen verbesserten 

Syntheseweg von hochschmelzenden, Propylen-basierten, thermoplastischen Elastomeren 

unter industriell relevanten Bedingungen.   
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12.2 Supporting Information − Chapter 5: Titanocenes in Olefin Polymerization: 

Sustainable Catalyst System or an Extinct Species? 
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12.3 Supporting Information − Chapter 6: Behind the Scenes of Group IV 

Metallocene Catalysis: Examination of the Metal−Carbon Bond 
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12.4 Supporting Information − Chapter 7: High-Melting, Elastic Polypropylene 
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12.5 Experimental Information −  Chapter 8: Excursus: New Microstructures in 

Olefin-Based Polymers 

 

General. All reactions and handling with air- and moisture-sensitive compounds were 

performed under an argon atmosphere using standard Schlenk or glovebox techniques. All 

chemicals, unless otherwise stated, were purchased from Aldrich, Acros, or VWR and used as 

received. Dry toluene and pentane were purified with an MBraun MB-SPS-800 solvent 

purification system. Chlorobenzene was dried over molecular sieve (4 Å). Propylene (99.5% 

by Westfalen AG) was purified by passing it through two columns filled with BASF catalyst 

(R3-11) and molecular sieves 3–4 Å.  

NMR (1H and 13C {1H}) measurements were recorded on a Bruker AV400 or AV500C 

spectrometer at ambient temperature. Chemical shifts δ were reported in ppm relative to 

tetramethylsilane and calibrated to the residual 1H or 13C signal of the deuterated solvent. The 

NMR spectra of the polymers were measured with an ARX-300 spectrometer at 140 °C with 

50–60 mg/mL in bromobenzene-d5. 

Gel permeation chromatography was performed with a PL-GPC 220 instrument equipped 

with 2 × Olexis 300 × 7.5 mm columns and triple detection using a differential refractive 

index detector, a PL-BV 400 HT viscometer, and light scattering (Precision Detectors Model 

2040; 15°, 90°). Measurements were performed at 160 °C using 1,2,4-trichlorobenzene (TCB; 

30 mg BHT/L) with a constant flow rate of 1 mL/min and a calibration set with narrow MWD 

polystyrene (PS) and polyethylene (PE) standards. Samples were prepared by dissolving 0.9–

1.1 mg polymer in 1.0 mL stabilized TCB for 10–15 min at 160 °C immediately before each 

measurement. 

Differential scanning calorimetry was conducted on a DSC Q2000 instrument. Between 

3 and 8 mg of the polymer was sealed into a DSC aluminum pan and heated from 20 °C to 

200 °C at a rate of 10 °C/min. After holding the temperature for 2 min, the sample was cooled 

down to −50 °C at a rate of 10 °C/min and heated up again in the same manner. The reported 

values are those determined during the second heating cycle. For tempering experiments, the 

polymer samples were kept at a constant temperature at 10 °C below the melting point for 

60 min. The temperature was reduced at a rate of 1 °C/min for an additional 30 min and then 

cooled down to –50 °C at a rate of 10 °C/min. The polymer was heated up to 200 °C at a rate 

of 10 °C/min (analyzed exo-down curves) and cooled again to –50 °C at a rate of 10 °C/min. 
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Stress–strain measurements were performed on a ZwickRoell machine with a strain rate of 

4 mm/min and analyzed with testXpert II software. Specimen (dog bone shape, 50 mm long, 

4 mm wide (smallest distance)) were cut out of a compression molded polymer film produced 

at 150 °C, 150 bar for one hour. 

Synthesis. For complex synthesis see Chapter 4 − 7.  

Polymerization (ethylene/propylene copolymers). All polymerization reactions at 30 °C 

were performed in a 1.1 L Büchi steel autoclave equipped with a paddle agitator, temperature 

sensor, and a heating/cooling jacket attached to a cryo-/thermostat unit (Thermo Scientific 

HAAKE DynaMax). The Ar pressure for all manipulations was set to 1.3 bar. Prior to 

polymerization the autoclave was equipped with 300 mL of dry toluene and 2.0 mL of 1.1 M 

TIBA solution in toluene and heated up to 90 °C. After maintaining the temperature for 

15 min the scrubbing solution was released. For the polymerization, the autoclave was 

charged with 280 mL of dry toluene and 2.0 mL of 1.1 M TIBA solution in toluene. The 

metallocene complex (1.0 eq.) was dissolved in 10 mL toluene and preactivated with 200 eq. 

of TIBA at 60 °C for 1 h. After the desired temperature (30 °C) was adjusted, the alkylated 

metallocene solution was transferred into the autoclave and was pressurized (4.0 bar) with the 

ethylene/propylene mixture (the monomer feed was premixed by a master (propylene) – 

slave (ethylene) system). When the system was equilibrated and stable, the polymerization 

was started by adding 5.0 eq. of [Ph3C][B(C6F5)4] dissolved in 10 mL of toluene to the 

autoclave using a pressure burette (ppol +1.0 bar). The olefin consumption was monitored 

using a gas flow meter (Bronkhorst F-111C-HA-33P). Temperature, pressure, time, and total 

olefin consumption were recorded as well. The polymerization reaction was quenched with 

2.0 mL of methanol and the reaction mixture was poured into 1.0 L of acidified methanol. The 

precipitated polymer was removed from the autoclave and all the combined polymer was 

washed and dried at 70 °C in vacuo overnight.  

Polymerization (chain shuttling). All polymerization reactions at 0 or 30 °C were performed 

in a 1.1 L Büchi steel autoclave equipped with a paddle agitator, temperature sensor, and a 

heating/cooling jacket attached to a cryo-/thermostat unit (Thermo Scientific HAAKE 

DynaMax). The Ar pressure for all manipulations was set to 1.3 bar. Prior to polymerization 

the autoclave was equipped with 300 mL of dry toluene and 2.0 mL of 1.1 M TIBA solution in 

toluene and heated up to 90 °C. After maintaining the temperature for 15 min the scrubbing 

solution was released. For the polymerization, the autoclave was charged with 260 mL of dry 

toluene and 2.0 mL of 1.1 M TIBA solution in toluene. Both metallocene complexes (the 
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amounts of the complexes are adjusted according to a productivity ratio in the 

homopolymerization of (P(C1−M):P(C2−M) = 2:1) were dissolved separately in 10 mL 

toluene and preactivated with 200 eq. (referring to the amount of each complex) of TIBA at 

60 °C for 1 h (For C2−Ti the in situ alkylation was eliminated by using a bismethylated 

precursor). After the desired temperature was adjusted, both alkylated metallocene solutions 

and the chain transfer agent (ZnEt2, 100 or 200 eq. referring to C2−M) were transferred into 

the autoclave and the setup was pressurized with propylene. When the system was 

equilibrated and stable, the polymerization was started by adding 5.0 eq. (referring to the 

amount of each complex) of [Ph3C][B(C6F5)4] dissolved in 20 mL of toluene to the autoclave 

using a pressure burette (ppol +1.0 bar). The propylene consumption was monitored using a 

gas flow meter (Bronkhorst F-111C-HA-33P). Temperature, pressure, time, and total 

propylene consumption were recorded as well. The polymerization reaction was quenched 

with 2.0 mL of methanol and the reaction mixture was poured into 1.0 L of acidified 

methanol. The precipitated polymer was removed from the autoclave and all the combined 

polymer was washed and dried at 70 °C in vacuo overnight. The obtained aPP/iPP polymer 

blend was separated by Soxhlet extraction with methanol, n-pentane, n-hexane and n-heptane 

(each solvent for 24 h).  
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12.6 Licences for Copyrighted Content 
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Chapter 7 – Manuscript Title: High-Melting, Elastic Polypropylene: A One-Pot, One-
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