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Abstract

Since the discovery of commodity plastics in the 20th century, these polymers have been

continuously improved in terms of macromolecular characteristics, thus opening up new ap-

plications and fields of use. Ultrahigh molecular weight polypropylene (UHMW-PP) is probably

the most promising (commodity) polymer for future implementation as a high-performance

material. Herein, the synthesis and subsequent processing of UHMW-PP is described. For

many decades, the synthesis of UHMW-PP by metallocene catalysis revealed two main prob-

lems: the constrained productivity of the catalysts applied (1) and reduced molecular weight

of the polymers produced (2). Both problems are avoided by replacing the commonly methy-

laluminoxane (MAO) activation of metallocene dichloride (pre-)catalysts by in situ activation

using triisobutylaluminum (TIBA) and [Ph3C][B(C6F5)4]. This activation is already established

for isotactic PP (iPP), but not yet for syndiotactic PP (sPP) – thus, the synthesis of UHMW-

sPP in combination with a high catalyst’s productivity was enclosed within this thesis. Simple

polymer processing such as compression molding is feasible for all thermoplastics – however,

advanced methods such as extrusion for fiber spinning are considered nearly impossible for

UHMW polymers because the molecular weight tremendously increases the polymer’s melt

viscosity. Despite the poor omens, processing of UHMW-PP in terms of fiber spinning or addi-

tive manufacturing (AM) was investigated. Both techniques yielded final parts of great interest,

both in the academic and industrial research. For the implementation of these polymers in var-

ious areas, the polymer production has to be highly economic. Unfortunately, catalysts for the

synthesis of iPP accumulate wasteful Cs-symmetric meso metallocenes, which are known for

producing atactic PP (aPP) and thus need to be separated. Therefore, the polymerization of

propylene utilizing a Cs-symmetric meso hafnocene was investigated to expand the scope of

synthesized catalysts, reveal unknown potential and thus improve the sustainability of the cat-

alyst synthesis. Using the in situ activation, an isomerization was induced by aluminum-alkyls,

leading to perfectly isotactic PP applying both, meso hafnocene and an isomeric rac/meso

mixture.
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Zusammenfassung

Seit der Entdeckung der Standardkunststoffe im 20. Jahrhundert wurden diese Polymere

hinsichtlich ihrer makromolekularen Eigenschaften stetig verbessert und somit neue Anwen-

dungen und Anwendungsgebiete erschlossen. Ultrahochmolekulares Polypropylen (UHMW-

PP) ist das wohl vielversprechendste (Standard-)Polymer für den zukünftigen Einsatz als

Hochleistungspolymer. In dieser Arbeit wird die Synthese und Verarbeitung von UHMW-PP

beschrieben. Die Synthese von UHMW-PP durch Metallocenkatalyse offenbarte jahrzehnte-

lang zwei Hauptprobleme: die verminderte Produktivität der verwendeten Katalysatoren (1)

und das geringe Molekulargewicht der erzeugten Polymere (2). Beide Probleme werden ver-

mieden, indem die übliche Methylaluminoxan (MAO) Aktivierung der verwendeten Metallocen-

dichlorid (Vor-)Katalysatoren durch die in situ Aktivierung mit Triisobutylaluminium (TIBA) und

[Ph3C][B(C6F5)4] ersetzt wird. Diese Aktivierung ist für isotaktisches PP (iPP) bereits etabliert,

jedoch noch nicht für syndiotaktisches PP (sPP) – daher war die Synthese von UHMW-sPP

in Kombination mit einer hohen Produktivität des Katalysators ein zentrales Thema dieser

Arbeit. Eine einfache Polymerverarbeitung, wie das Formpressen, ist für alle Thermoplaste

möglich – fortgeschrittene Methoden, wie etwa die Extrusion für Faserspinnen, werden je-

doch für UHMW-Polymere als nahezu unmöglich betrachtet, da das Molekulargewicht die

Schmelzviskosität des Polymers enorm erhöht. Trotz der schlechten Vorzeichen wurde die Ve-

rarbeitung von UHMW-PP in Form von Faserspinnen oder Additive Fertigung (AM) untersucht.

Beide Techniken führten zu Produkten, die sowohl in der akademischen als auch in der indus-

triellen Forschung von großem Interesse sind. Für den Einsatz dieser Polymere in verschiede-

nen Bereichen muss die Polymerproduktion jedoch sehr wirtschaftlich sein. Leider fallen bei

Katalysatoren, die für die Synthese von iPP geeignet sind, unwirtschaftliche Cs-symmetrische

meso Metallocene an, die für die Herstellung von ataktischem PP (aPP) bekannt sind und

daher abgetrennt werden müssen. Daher wurde die Polymerisation von Propylen unter Ver-

wendung eines Cs-symmetrischen meso Metallocens untersucht, um das Anwendungsgebiet

der synthetisierten Katalysatoren zu erweitern, unbekanntes Potenzial aufzudecken und somit

die Nachhaltigkeit der Katalysatorsynthese zu verbessern. Mit der in situ-Aktivierung wurde

eine Isomerisierung durch Aluminiumalkylen induziert, was zu perfekt isotaktischem PP führte,

wenn sowohl meso-Hafnocen als auch eine isomere rac/meso-Mischung verwendet wurde.
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1 INTRODUCTION

1 Introduction

The term polymer was decisively coined by Hermann Staudinger in his work Über Polymeri-

sation in 1920, when he claimed that polymers consist of many covalently bonded monomeric

units. [1] However, the industrial large scale production of commodity polymers only became

viable with the establishment of the coordinative polymerization of olefins by Ziegler and Natta

in the 1950s. [2,3] 70 years after the industrialization of commodity plastics, the daily life of

mankind has tremendously changed since that. Nowadays, polymers can be found in every

sector of our life, e.g. as packaging materials, in the construction sector, in medical applica-

tions, in automobiles or in consumer products, such as a cutting board in our kitchen.

100 years after the initial manifesto of Staudinger, the polymer industry has been deeply re-

searched and has come so far that for every specific application or problem a suitable polymer

can be tailored. However, regarding the next century of polymer chemistry, three main as-

pects need to be covered according to the advisory board of Macromolecular Chemistry and

Physics: new properties and applications (1), new synthesis methods (2), and sustainability

(3). The majority of the advisory board clarified that ”the development and discovery of poly-

mers with new properties and applications will be one of the most important topics of the

future”. [4]

Nowadays, polyolefins are still the majority of mass-customized and used polymers globally

(Figure 1). Within the last 70 years, their industrial production was improved to increase the

productivity and thus profitability. Besides this, the final plastic has been consistently developed

further, enabling to expand their application. Considering the three main aspects to be tack-

led in the next century of polymer research, the main goal for commodity plastics, particularly

polyolefins, seems to be obvious: improve the properties and application of the well-known

and deeply investigated polymers, even perhaps to be used as high performance polymers

with surprisingly effective and outstanding properties.

Polyethylene (PE), number one world’s produced polymer, [5,6] has already undergone this

evolution: high density polyethylene (HD-PE) and low density polyethylene (LD-PE) with a

low to medium high molecular weight is applied e.g. as packaging materials, films, toys or

pipes, whereas ultrahigh molecular weight polyethylene (UHMW-PE) exhibits due to its ul-

trahigh molecular weight (Mw > 1000 kg/mol) enhanced mechanical properties compared to

1



1 INTRODUCTION

HD-PE, enabling application as joint replacements or strong fibers in bulletproof fabrics. [7–9]

Contrary to PE, polypropylene (PP) has not undergone this renaissance so far. However, due

to its methyl moiety in the polymeric chain, the (degree of) tacticity and thus the macromolecu-

lar characteristics can be varied. In recent years of academic research, catalysts were consis-

tently improved for gaining ultimate molecular weight, degree of tacticity and melting transition.

However, the produced polymers are due to their molecular architecture by far more difficult to

process than their ’industrial’ analogues. Therefore, various synthesis and processing meth-

ods enclosed within this thesis aim to receive initial insights into improving PP as a feedstock

material for new and unanticipated applications.

 

 
 
fig. S1. Global primary plastics production (in million metric tons) according to industrial 

use sector from 1950 to 2015. 

 
 

 
 
fig. S2. Global primary plastics production (in million metric tons) according to polymer 

type from 1950 to 2015. 
Figure 1: Global plastics production (in million metric tons) according to polymer type from 1950 to

2015. From R. Geyer, J. R. Jambeck, K. L. Law, Sci. Adv. 2017, 3, e1700782. Reprinted from Ref [5].

Copyright © the authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-

NC 4.0 License.
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2 POLYPROPYLENE – THEORETICAL BACKGROUND

2 Polypropylene – Theoretical Background

2.1 History of Polypropylene Production

The pioneering milestone in the history of coordinative polymerization of olefins was achieved

by Karl Ziegler in 1953 – when he discovered that aluminum-compounds combined with

transition-metal halides, such as TiCl4, can polymerize ethylene to polyethylene and worked

even at an ambient pressure. [2,10] One year later, Giulio Natta used this technique to polymer-

ize propylene to polypropylene using a catalyst-mixture of TiCl4/AlR3 (R = alkyl, Cl). [3,11] This

resulted in a sticky polymeric substance, that could be separated by a fractionated solvent-

extraction, yielding four different polymers. One of them, insoluble in acetone, ether and boil-

ing heptane, exhibited a melting transition higher than 160 ◦C. By using infrared (IR) and X-ray

analysis, isotactic polypropylene (iPP) bearing a 3/1 helix was revealed to be this crystalline

polymer. [12] Up to the present day, the heterogeneous Ti based multi-site catalysis remains

state of the art polymerization technique of propylene in terms of an industrial large-scale pro-

duction yielding iPP. [13]

Lucas Stieglitz (TUM) | 1st PhD Seminar Talk | WACKER-Chair of Macromolecular Chemistry

History of Coordinative Polymerization

1950s

Ti

1980s

Ti/Zr

1994

Zr

1988

Zr / Hf

SpaleckEwen
Brintzinger
Ewen

Kaminsky

Ziegler
Natta

1957

Ti

Natta
Breslow

1999

Zr

2002

Hf

Rieger

2012

Hf

Rieger

2021

Zr

Voskoboynikov

MCl2 MCl2

Figure 2: Timeline of selected substantial catalysts in the history of coordinative polymerization of

propylene.

Fundamental research led to the first discovery of a homogeneous single-site metallocene

catalyst by Natta and Breslow in 1957. [14,15] However, the polymerization of ethylene with the

metallocene Cp2TiCl2 combined with the co-catalyst AlR3 (R = alkyl, Cl) resulted in a small

3



2 POLYPROPYLENE – THEORETICAL BACKGROUND

yield of the obtained polymer, whereas other olefines showed no polymerization at all. As the

catalytic activity of this species was by far reduced compared to the heterogeneous Ziegler-

Natta based catalysts, the metallocene catalysis of olefins did not receive much attention in

the following two decades. The big breakthrough in the homogeneous polymerization was

achieved by Sinn and Kaminsky in 1980, when they used methylaluminoxane (MAO) as the ac-

tivating agent. [16] MAO, obtained by a controlled partial hydrolysis of trimethylaluminum (TMA)

and consisting of [Al(Me)–O]n oligomers (n = 5 – 25) [17], drastically increased the catalytic ac-

tivity of the metallocene catalysts.

Unfortunately, so far these homogeneous catalysts were able to produce atactic polypropy-

lene (aPP) lacking the stereoregularity polypropylene produced by heterogeneous Ziegler-

Natta catalysts exhibited. In the 1980s, a plethora of ansa-metallocenes was isolated in or-

der to tailor the properties of the resulting polypropylene. The first stereoregular PP was ob-

tained by Brintzinger in 1982 by applying a racemic (rac) ethylene bridged tetrahydroindenyl

titanocene yielding iPP. [18] Changing the central metal atom of the indenyl and tetrahydroin-

denyl ligand system towards Zr increased the catalystic activity even further. [19,20]. However,

when the corresponding meso instead of the rac analogue was applied in the polymeriza-

tion of propylene, aPP was obtained. In 1984, Ewen disclosed the fundamental relationship

between the symmetry of the applied ansa-metallocene and the received polypropylene and

established the model of a stereochemical enantiomorphic-site control. [21]

In the following years, structural motifs in the ligand design, such as the bridging unit or intro-

duced substituents, were varied in order to tailor the polypropylene’s macromolecular proper-

ties. Spaleck introduced a dimethylsilyl (–SiMe2–) bridge connecting both indeyl moieties for

the isospecific polymerization of propylene – resulting in an increased catalytic activity, molec-

ular weight and degree of isotacticity. [22,23] Furthermore, he proved various substituents, es-

pecially in 2’ and 4’ indene position, to boost the catalytic activity and the polymer’s molecular

weight. [23] Spaleck’s work was representative and pioneering for the isoselective polymeriza-

tion of propylene and therefore, related 2’ 4’ substituted pre-catalysts were later often termed

Spaleck-type catalysts. [24–26]

Besides iPP, syndiotactic polypropylene (sPP) became accessible through the synthesis of

fluorenyl cyclopentadienyl Cs-symmetric ansa-metallocenes by Ewen in 1988. [27] Zr as the

central metal atom showed a higher catalytic activity and degree of syndiotacticity of the ob-

4



2 POLYPROPYLENE – THEORETICAL BACKGROUND

tained polymer, whereas Hf yielded polymers with an increased molecular weight, however,

a reduced activity and syndiotacticity. [27] This behavior is known as the hafnium effect and

will be covered in more detail in 2.5. Regarding the fluorenyl cyclopentadienyl moiety, various

structural motifs, such as the bridging motif [28–35] or the bulkiness of the fluorene moiety [36–38]

were varied to enhance the catalytic activity, degree of syndiotacticity and polymer’s molecular

weight.

The combination of atactic and isotactic PP in a hemi-isotactic block structure yields an elas-

tomeric thermoplastic polypropylene. This was achieved by Coates utilizing oscillating non-

bridged 2’Ph-indene metallocenes [39,40] and by Rieger with the aid of dual-side ethylene

bridged fluorenyl-indenyl (EBFI) ansa-metallocenes (M = Zr, Hf). [41,42]

In the last two decades, the main goal of research was to further optimize the macromolecular

characteristics of polypropylene. In 2011, Kol et al. isolated salalen titanium complexes, ca-

pable of producing iPP with an isotacticity of 99.6% and a melting transition of 169.9 ◦C. [43].

One year later, Rieger et al. reported a highly substituted ultrarigid bis-indenyl metallocene,

enabling the synthesis of perfectly isotactic polypropylene, with a molecular weight of up to

5800 kg/mol and a melting transition of up to 171 ◦C. [44] Up to the present day, this catalyst

remains a benchmark system yielding iPP with unsurpassed macromolecular characteristics.

Unfortunately, this zirconocene and especially the corresponding hafnocence showed poor

performance at elevated temperatures in terms of macromolecular characteristics – replacing

the tert-butyl group by a hydrogen or methyl group even diminished this performance. [44,45]

Voskoboynikov et al. investigated even more constrained zirconocenes achieving superior

high-temperature performance. [24–26,46–49] Indeed, a triptycyl-based ligand with ’absolute rigid-

ity‘ yielded highly isotactic PP with almost no detectable stereoerrors, even if the polymeriza-

tion was run at industrially relevant high temperatures (up to 150 ◦C). [26]

Considering the last seven decades of elaborative work to consistently improve the polymers

of our academic and daily life, one major aspect seems to be untouched: contrary to the effort-

less and established processing of (industrial) medium high molecular weight polypropylene

– is a conventional processing of ultrahigh molecular weight polypropylene (UHMW-PP) via

e.g. melt-extrusion feasible and is it even possible to disclose parallels to UHMW-PE? In the-

ory, UHMW-iPP should exhibit improved mechanical properties compared to UHMW-PE. This

thesis aims to gain initial insights regarding this issue.
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2 POLYPROPYLENE – THEORETICAL BACKGROUND

2.2 Structure – Performance Relation of ansa-metallocenes

In general, group-IV metallocene pre-catalysts consist of two cyclopentadienyl (Cp) moieties

(η5-coordinated) and two halogen substituents (σ-coordinated) attached to a group-IV (M4+

= Ti, Zr, Hf) central metal atom in a pseudo-tetrahedral coordination. However, metallocenes

are not limited to two specific Cp ligands, rather substituted Cp moieties, an indene or a flu-

orene derived structure are feasible. [50] During the polymerization process, both Cp-ligands

remain attached to the central metal atom center, whereas the halogen substituents need to

be replaced by one alkyl moiety and a free coordination site to initiate the coordinative poly-

merization of olefins (see chapter 2.3). In order to introduce a stereogenic information towards

the metallocene, both Cp ligands are connected by a bridge, such as –SiMe2–, –CH2–CH2– or

C(CH3)2. [34] The bridging motif plays a crucial role in the performance of an ansa-metallocene

in the coordinative polymerization, as it determines the Cp–M–Cp angle and thereby the coor-

dination of an olefin. [34]

MCl2
MeMe
MCl2MCl2 Me2Si MCl2MCl2

MeMe
MCl2

C1 C1 C2 (rac) Cs (meso) C2v Cs

hemiisotactic blockisotactic isotactic atactic syndiotactic

Figure 3: Selected examples for the correlation of metallocene symmetry and the obtained tacticity in

the polypropylene microstructure.

As already described by Ewen’s symmetry rules, the implementation of a stereogenic informa-

tion in the metallocene pre-catalyst enables the adjustment of the polymer’s microstructure.

Herein, C1, C2, C2v- and Cs-symmetric metallocenes are distinguishable and these corre-

lations are an auxiliary tool to estimate the correlation between complex symmetry and mi-

crostructure (Figure 3). [21] For C2- and Cs-symmetric metallocenes, both coordination sites

are isotropic and such are therefore termed single-site catalysts. Contrary to this, the C1-

symmetric EBFI metallocenes facilitate two different anisotropic coordination sites and are

thus considered multi-site catalysts. [50]

6



2 POLYPROPYLENE – THEORETICAL BACKGROUND

The desired group-IV ansa-metallocenes are usually obtained by a reaction of the dilithiated

ligand moiety with MCl4 (M = Ti, Zr, Hf). Contrary to C1- and Cs-symmetric species, the syn-

thesis of C2-symmetric metallocenes for the isospecific polymerization of propylene requires

one additional step: the separation of the desired rac from the undesired meso analogue. [21]

This synthetic step is mainly accomplished via a recrystallization and therefore drastically de-

creases the total amount of pure pre-catalyst. However, these bis-halogenated pre-catalysts

are unable to polymerize olefins, as they lack a free coordination site. Therefore, they need to

be transferred into the catalytically active, cationic species with the aid of a co-catalyst.

2.3 Metallocene Activation

Ever since the discovery of metallocene dichlorides for the polymerization of propylene, two

main strategies have been established to transform the pre-catalyst into the catalytic ac-

tive, cationic species with the aid of a co-cocatalyst – the activation using MAO and the bo-

rane/borate activation.

2.3.1 MAO Activation

MAO with the general formula [Al(Me)–O]n (n = 5 – 25) is prepared through partial hydrolysis

of TMA and is up to the present day the most common activation reagent – used preferen-

tially in the academic and industrial environment. [17] Despite extensive research, the exact

structure of MAO is still unknown – MAO probably consists of linear, branched and cage-like

oligomeric structures. [51–55] In course of the activation mechanism, MAO acts both as the

alkylating and initiating reagent (Scheme 1). [17] However, the activation mechanism of MAO

is simplified and includes a mono- or dialkylation of the metallocene dichloride – subsequently

followed by the initiation due to its Lewis acidity forming the cationic species. The catalytic

activity is significantly influenced by the generated counter-anion – a stronger coordination

of the anion impedes the catalyst’s activity. Since the form of MAO is highly variable and the

activation mechanism is always different, the variety of catalysts using MAO as an activat-

ing reagent must be considered separately. In addition, a plethora of commercial substances

for a better solubility is available, e.g. an n-octyl modification – therefore, an accurate deter-

mination of the MAO counter anions and their role in the polymerization process is almost

7
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impossible. [17,52,56–58]

MCl2

MAO

Cl-
M

Cl

Me

M
AO

Cl-

M
AO

M
Me

M
Me

Me

MAO

MAO-Cl

M
Me

MAO-Me

active species

active species

Scheme 1: Initiation mechanism of a C2-symmetric ansa-metallocene (M = Ti, Zr, Hf) using MAO,

generating the catalytically active, cationic species. [17,52]

However, as the activation method remains an equilibrium state, excess of MAO has to be ap-

plied for an increased amount of the catalytic active species (Al/M ≈ 1000 – 10000). Hereby,

MAO acts not only as the alkylating and initiating agent, forming the cationic species – but

additionally also protects the cationic species from degradation by moisture and air as a scav-

enger agent. [17,50] Due to the manufacturing process, especially commercial MAO contains

a non-negligible content of remaining TMA. The activation of zirconocenes with remaining

TMA in the MAO solution is not affected and generally provides a high catalytic activity – un-

fortunately, for Hf as the central metal atom, this activation is problematic and the activity is

tremendously diminished. [17,27,36,57,58] This will be covered in more detail in 2.5.

2.3.2 Borane and Borate Activation

Contrary to the MAO activation – where both functional motifs of an alkylation and initiation

reagent are combined in one co-catalyst – the borane and borate activation usually are a two-

step mechanisms. In the first step, the metallocene dichloridie has to be converted into the

corresponding dialkyl species via a transmetalation using Grignard or organolithium reagents.

Usually, the dimethyl metallocene is prepared by reacting L2MCl2 with MeMgBr or MeLi in

no to small excess (2.0 – 5.0 eq.). The catalytic active cationic species is then formed in the

second step, applying the borane B(C6F5)3 or the borate [CPh3][B(C6F4)4] (TrBCF). However,

8
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the borane activation with [alk–B(C6F5)3] – as a moderately coordinating counter anion re-

duces the catalytic activity. Contrary to this, TrBCF yields a non-coordinating counter anion –

[B(C6F5)4] – . Therefore, the cationic species is in a rather ’naked’ conformation and the cat-

alytic activity is enhanced. Moreover, stable PhC–R is formed and contrary to borane initiation,

which remains in an equilibrium state, borate activation mechanism is considered quantita-

tively (Scheme 2). Usually, 1.0 – 5.0 eq. of borane or borate are applied for this activation

method. [17,52,56,58–62]

M
R

R

M
R

B(C6F5)4

M
R

R—B(C6F5)3

active species

active species

R = alk

[Ph
3C][B(C

6F
5 )4 ]

- Ph
3C—

R

B(C6
F5

)3

borane

borate

Scheme 2: Borane (B(C6F5)3) and borate ([CPh3][B(C6F5)4]) initiation mechanism of a C2-symmetric

ansa-metallocene (M = Ti, Zr, Hf), generating the catalytically active, cationic species. [17,52,56,58–60]

Due to the high sensitivity of the generated species to moisture and air, the application of

scavengers like aluminum alkyls is mandatory. Worth mentioning in this context is the possible

interaction between the used co-catalyst and the scavenger reagent, potentially forming multi-

nuclear intermediate states. [58] Rieger et al. developed an elegant method, to directly con-

vert the metallocene dichloride into the dialkyl species by using 200 eq. of triisobutylaluminum

(TIBA) with no elaborative isolation of L2MR2 (R = alk, M = Ti, Zr, Hf ). [63] This in situ activation

is not yet fully elucidated, but a mechanism with the formation of a M–H intermediate is as-

sumed. [58] The cationic species is thus formed by the addition of TrBCF, and TIBA acts as the

scavenger reagent to protect the alkylated and cationic species from degradation. TIBA with its

high steric demand does not form any dinuclear L2M–alk2–AlR2 intermediate states [58] (see

9
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chapter 2.5) which is particularly advantageous for hafnium as the central metal atom. The in

situ activation is nowadays widely applied by academic researchers for the activation of met-

allocene dichlorides, [44,45,64–66] whereas TrBCF can be substituted by N,N-dimethylanilinium

tetrakis(pentafluorophenyl)borate ([HNMe2Ph][B(C6F5)4]). [26,67,68]

2.4 Polymerization Mechanism

2.4.1 Chain Propagation

As early as the 1960s, scientists investigated the chain propagation mechanism of the co-

ordinative polymerization of olefins. In 1960, Cossee proposed the first mechanism for het-

erogeneous Ziegler-Natta catalysts [69,70] and extended his postulation in 1964 together with

Arlman. [71] They assumed, that three crucial steps are necessary for the polymer’s chain

growth: First, the monomer/olefin has to coordinate to the free coordination site of the cationic

central metal. Subsequently, this π-intermediate is converted to a four-membered transition

state in the π intermediate. Finally, the monomer unit is incorporated into the polymer chain

via migratory insertion, and a free coordination site at the metal atom is generated yet again.

M
H

Pol
H

M
H

Pol
H

M H

Pol
H

M H

Pol
H

M

Pol

H

H

ground state
α-agostic interaction

propylene
coordination

four - centered
transition state

(rds)

proyplene inserted
γ-agoistic interaction

ground state
α-agostic interaction

E

Scheme 3: Energetic consideration of the chain propagation described by the modified Green-

Rooney mechanism considering agostic interactions with an exemplary ansa-bis(indenyl) metallocene

catalyst. (M = Ti, Zr, Hf; Pol: polymer chain; counter-anion is omitted for clarity). [50,72–76]

However, the chain propagation mechanism of Cossee and Arlman lacked the consideration
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of stabilizing agostic interactions. Nowadays, the modified Green-Rooney mechanism (see

Scheme 3) is the most widely accepted one, as it implements such α- and γ-agostic inter-

actions. As already assumed by Cossee and Arlman, DFT calculations revealed the four-

membered cyclic transition state to be the rate determining step (rds) and additionally con-

firmed α- and γ-stabilizing agostic interactions, whereas the evidence of β-agostic interactions

is still uncertain. [50,72–79]

2.4.2 Regioregularity in the Migratory Insertion

M

Pol

M

Pol

M

Pol

M H
Pol

M H
Pol

M

Pol

3,1 isomerization rotation

β-H 

elimination

2,1 insertion

undesired

1,2 insertion

desired

reinsertion

1,2 in
sertio

n

2,1 threo
2,1 erythro

Scheme 4: Regioselective insertion mechanism and the resulting products with an exemplary ansa-

bis(indenyl) metallocene catalyst. (M = Ti, Zr, Hf; Pol: polymer chain; counter-anion is omitted for clar-

ity). [50,80–83]

As propylene is a prochiral olefin, the regioselectivity of the migratory insertion pathway plays

a predominant role for the final polymer’s microstructure and thus its thermal and mechanical

properties. [84] The primary 1,2 insertion mechanism is highly desired, whereas the secondary
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2,1 insertion rather undesired. A 2,1 misinsertion usually leads to an opposite enantiofacial

selectivity compared to the regular primary 1,2 inserion (Scheme 4). [50,80,83] A 2,1 regioer-

ror not only yields – depending on the primary insertion of a new propylene unit – either a

2,1 threo or 2,1 erythro regiodefect, it additionally also lowers the rate constant tremendously.

Consequently, the probability of a chain release is increased – leading to an epimerization

mechanism first through rotation and subsequent reinsertion of the coordinated polymer chain.

This epimerization process is particularly dependent on the polymerization conditions, such as

temperature and pressure, as well as the electronic and steric nature of the calayst’s ligand

moiety. [50,80–82] However, as misinsertions cause defects in the polymer’s microstructure and

therefore constrain the mechanical and thermal behavior, [85] the catalyst design as well as

suitable polymerization conditions are important tools to tailor the properties of the obtained

polypropylene. These misinsertions can be detected by using high-resolution 13C NMR spec-

troscopy (Figure 4). [84]

experimental triad distribution and the enantiomorphic
model triad test (E ) 2[rr]/[mr], E ) 1 for perfect site
control) are reported in Table 1.

The mmmm content was obtained modeling the ex-
perimental pentad distribution with the enantiomorphic
site model. The experimental pentad distribution used
as the starting point for the modeling is obtained from
the pentad methyl region excluding the contribution of
propylene units being not part of mmmm and mmrr
pentads of head-to-tail PPPPP propylene sequences
(carbons 2a, 2, and 11 in Figure 2). In particular, the
mmmm + mmmr area was obtained from the integral
of the region between 22 and 21.40 ppm subtracting
twice the area of methylene 9 (the peak of 9 is at
42.14 ppm), and the mmrr pentad was obtained from
the area at 21.01 ppm subtracting the contribution of
9. The so-obtained experimental pentad distribution, for

the regioirregular samples iPP1-iPP5, is reported in
Table 2.

The content of 2,1 errors (Table 1) was obtained as
[2,1E] ) 100 × (area of 9/ΣCH2 area).

As the enantiomorphic model triad test was found
close to 1 for all samples (Table 1), the experimental
pentad distribution was satisfactorily fitted with the
simple enantiomorphic site model. The calculated pen-
tad distribution, the least-squares values, and the total
concentration of defects, ε ) [mrrm] + [2,1E], are
collected in Table 3.

Samples iPP1-iPP5 are characterized by different
molecular masses, variable in the range 68 000-
600 000, and similar concentration of rr triad defects
(0.1-0.2%) and regiodefects (0.8-0.9% of 2,1 erythro
units). The sample iPP6, prepared with the catalyst
1/MAO, is instead characterized by only rr defects

Figure 2. Methyl region of the 13C NMR spectrum of the sample iPP2, showing the peaks related to 2,1 erythro regiodefects and
signals corresponding to pentad stereosequences. Peaks marked with an asterisk are the 13C-13C satellites of the most intense
mmmm resonance.

Table 2. Experimental Concentration of Pentads Stereosequences (%) of the Regiodefective i-PP Samples

sample
mmmx

(%)
rmmr

(%)
mmrr

(%)
xmrx
(%)

rmrm
(%)

rrrr
(%)

rrrm
(%)

mrrm
(%)

iPP1 99.57 0.00 0.28 0.00 0.00 0.00 0.00 0.14
iPP2 99.45 0.00 0.38 0.00 0.00 0.00 0.00 0.17
iPP3 99.31 0.00 0.45 0.00 0.00 0.00 0.00 0.24
iPP5 99.41 0.00 0.40 0.00 0.00 0.00 0.00 0.19

Table 3. Concentration of 2,1-Erythro Regioerrors (2,1E), Calculated Concentration of Pentads Stereosequences (%),
Least-Squares Values for the Enantiomorphic Site Model (LS), and Total Concentration of Defects (E) of the Analyzed

i-PP Samples

sample
2,1E
(%)

mmmm
(%)

mmmr
(%)

rmmr
(%)

mmrr
(%)

xmrx
(%)

rmrm
(%)

rrrr
(%)

rrrm
(%)

mrrm
(%) LS

εa

(%)

iPP1 0.88 99.291 0.283 0.000 0.283 0.001 0.000 0.000 0.000 0.141 2.512 × 10-10 1.02
iPP2 0.86 99.077 0.368 0.000 0.368 0.001 0.001 0.000 0.001 0.184 6.100 × 10-8 1.04
iPP3 0.82 98.857 0.455 0.001 0.455 0.002 0.001 0.001 0.001 0.228 3.384 × 10-8 1.05
iPP5 0.81 99.013 0.393 0.000 0.393 0.002 0.001 0.000 0.001 0.197 1.067 × 10-8 1.01
iPP6 0 97.55 0.97 0.00 0.97 0.01 0.00 0.00 0.00 0.49 8.57 × 10-1 0.49
a ε ) [mrrm] + [2,1E].

9146 De Rosa et al. Macromolecules, Vol. 38, No. 22, 2005

Figure 4: Excerpt of the methyl region of a 13C {1H} NMR spectrum of iPP, showing 2,1 erythro de-

fects and pentad signals. Reprinted with permission from Ref. [84]. Copyright © 2005 by the American

Chemical Society.
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2.4.3 Stereoregularity in the Migratory Insertion

Besides regiodefects (see chapter 2.4.2), stereoregularity and stereoerrors are a key factor for

the thermal and mechanical properties of polypropylene. Propylene as a prochiral monomer

generates a new stereogenic center inside the polymer chain with every migratory insertion.

These newly formed stereogenic centers are a key factor for the polymer’s properties. The

tacticity of polypropylene is usually described by the the relative stereoregular configuration of

two alternated neighboring methyl groups inside the polymer chain. In this context, two neigh-

bored methyl groups with the same stereoinformation (R/R, S/S) are called a meso (m) dyad,

whereas two different stereoinformations (R/S, S/R) are termed rac (r) dyad. [86] If this concept

is extended for several considered methyl groups, triads, pentades, heptades and even non-

ades are distinguishable. [86–89] If each dyad of the polymer chain has a meso configuration,

the polymer is called isotactic – contrary to this, consistent racemic dyads lead to syndiotactic

polymers.

m    m     m    m r    m     m    rr      r       r     r

r      r     m    m m    r     m    m r      r      m     r

r     m      r     m r      r      r     m m    r      r     m
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Figure 5: Pentad distribution and assignment of polypropylene, exemplary with a 13C{1H} NMR

(300 MHz, 140 ◦C, C6D5Br) spectrum of iPP-enriched aPP (22% [mmmm]). Pentads were referenced

to the [mmmm] pentad (21.85 ppm). [86]

Atactic polymers exhibit a random distribution of the dyads. The neighboring stereogenic cen-
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ters of the methyl groups significantly change the chemical environment affecting a shift of the

signals in the 13C {1H} NMR spectrum. Usually, pentads are well resolved in the high tem-

perature (HT) NMR spectrum and with an increased resolution of the used NMR spectrometer

even nonades can be assigned. The degree of tacticity and the total count of stereoerrors is

thus calculated by the molar amount of the [mmmm] (for isotactic PP) or [rrrr] (for syndiotac-

tic PP) pentad divided by the sum of all pentads (Figure 5). [44,45] However, due to the low

solubility, the NMR is usually measured in bromobenzene or tetrachloroethylene at elevated

temperatures (120 – 140 ◦C). [50,82,87–91]

As already enclosed in 2.2, catalyst design plays a crucial role in the synthesis of stereo-

regular polypropylene. Due to the prochirality of propylene, two possible coordination modes

are feasible according to the Cahn-Ingold-Prelog nomenclature: si-face or re-face. [50,88] Af-

ter the activation of metallocenes (2.3), two coordination sites for olefins are accessible. Cs-

symmetric bridged bis-indenyl meso catalysts have two diastereotopic coordination sites –

neither site leads to a preferential orientation of the polymer chain and thus, si and re face of

the monomeric propylene is equally likely. Contrary to this, C2-symmetric bridged bis-indenyl

rac catalysts with two homotropic (equivalent) coordination sites exhibit a directed orientation

of the polymer chain away from the aryl moiety of the indene ligand system, causing a pre-

ferred si or re face insertion (depending on R/R or S/S indenyl enantiomer). [91]

For the stereoregularity of the PP chain, two main mechanism are responsible: the chain-end

control and the enantiomorphic site control. The chain-end control claims that the last inserted

monomer unit affects an coordination of the subsequent propylene molecule in an anti fashion

to the growing polymer chain. [92,93] As the energy difference between the insertion of si and

re face is small (about 2 kcal/mol), the chain-end control leads to a low enantioselectivity at

temperatures higher than 0 ◦C. [50,92,94]

The enantiomorphic site model still considers an anti coordination of the monomer to the

growing polymer chain in a same fashion as the chain-end-control, whereas the final con-

formation is independent on the lastly inserted monomer, but rather depends on the chiral

environment of the catalyst’s ligand system. The first propylene insertion mechanism into sev-

eral cationic M–alkyl species proved the mandatory interaction between the polymer chain

and the catalyst’s chiral environment for an anti-selective insertion. [91,95–99] The most ener-

getically favorable transition state occurs when the polymer chain is directed into the outer
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sector of the ligand framework of the catalyst. The monomer thus coordinates anti to minimize

the steric repulsion with the β-C–atom bearing the methyl group and the growing polymer

chain. [91] Therefore, for enantiomorphic site controlled catalysts, two main mechanism for a

stereoerror formation are feasible: first, if the propylene monomer is coordinated anti, while

the growing polymer chain is in a unfavorable orientation. [50,75,83,99] Additionally, stereoerrors

are formed for a syn coordination of the monomer to the polymer chain in a favored orientation

(Figure 6). [50,75,96,98]

M Pol M Pol M

Pol

favored 

chain orientation

disfavored 

chain orientationstereoerror

anti coordination anti coordinationsyn coordination

Figure 6: Syn and anti coordination of propylene to an exemplary ansa-bis(indenyl) metallocene

catalyst, clarifying the enantiomorphic model site control. [50,91] (M = Ti, Zr, Hf; Pol: polymer chain;

counter-anion is omitted for clarity)

However, by reference to the stereoerrors, the underlying mechanism for the stereoregular-

ity can be identified. For chain-end controlled catalysts, an error propagation is observed,

whereas enantiomorphic site controlled catalysts enable an error correction, leading to a 1:1

ratio of the [mmrr] and [mrrm] pentade. [91]

2.4.4 Chain Release

Metallocenes feature the benefit to be able to produce more than just one polymer chain by

one active catalyst species. This is due to the fact that chain release reactions yield catalyti-

cally active cationic species with different alkly chains, both for 1,2- and 2,1-insertions (2.4.2).

Herein, chain release reactions for the primary 1,2 insertion are considered. [50]

β-H Elimination The most common chain release reactions terminating the chain propaga-

tion in the coordinative polymerization is the β-H elimination, either to the metal (Scheme 5,
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A) or the monomer (Scheme 5, B ). Both chain release reactions form a vinylidene end-group

of the polymer chain. [45,50] The transfer to the metal occurs via the α-agostic transition state,

forming a π-bond polymer chain with a vinylidene end-group. The polymer chain is thus re-

leased either by an associative or a dissociative mechanism, whereas the dissociative mech-

anism is less pronounced and occurs mainly at elevated temperatures. [100,101]

Cp2M

Hβ
Pol

β-H transfer

to metal

Cp2M H

Pol

dissociativ
e

Cp2M

H

associative
Cp2M

H

Pol

HβCp2M

Pol

β-H transfer

to mοnomer

A

B

Cp2M

vinylidene

Pol

vinylidene

Scheme 5: Pathway of β-H elimination to metal (A) or monomer (B) after 1,2-regioinsertion in the

polymerization of propylene (M = Ti, Zr, Hf; Pol: polymer chain; anion is omitted for clarity).

Likewise, a rotation and subsequent reinsertion of the polymer chain is feasible, leading to

a chain-end epimerization. [102–104] However, using density functional theory (DFT) analysis

the bimolecular pathway B was calculated to have a lower activation energy barrier compared

to A. [100] So far, the intermediate state with or without involved agostic interactions is still

uncertain. [101,105] Besides the vinylidene end-group produced by the chain release after a

1,2 insertion, 3-butenyl, cis- or trans-2-butenyl chain end-groups can be obtained for a 2,1

insertion. [45]

β-Me Elimination The β-Me elimination requires a primary 1,2 insertion prior to the chain

release and forms an isobutyl cationic substituted complex and allyl polymer end-groups

(Scheme 6). Theoretically, a transfer to metal as well as a transfer to monomer is feasible.
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However, DFT measurements and experimental data revealed the unimolecular pathway sim-

ilar to Scheme 5 to selectively emerge. [50,106–109] Mainly, β-Me elimination reactions are less

provoked compared to β-H eliminations due to an increased activation energy barrier of a C–C

compared to a C–H bond. [110] For Hf as the central metal atom or steric demanding ligand

moieties, the probability of β-Me eliminations is enhanced (see chapter 2.5). [77,111]

Cp2M

Me
Pol

H

β-Me transfer

Cp2M

Me

Pol

Cp2M

allyl

Scheme 6: Pathway of β-Me elimination and allyl terminated polymer chain after 1,2-regioinsertion in

the polymerization of propylene (M = Ti, Zr, Hf; Pol: polymer chain; anion is omitted for clarity). [50]

Chain Transfer Reactions Additionally, a transmetalation with aluminum compounds is an

important chain release pathway. Contrary to latter, the transmetalation forms saturated poly-

mer end-groups. The chain transfer to aluminum is mainly considered for sterically less de-

manding aluminum compounds. Especially for a large proportion of unmodified MAO with

residual TMA, this transmetalation is a big issue that consequently diminishes the polymer’s

molecular weight. This will be covered in more detail in 2.5. However, for sterically demand-

ing aluminum compounds, such as TIBA, the probability of a transfer to aluminum is re-

duced. [50,56,58,112–114]

Besides aluminum, molecular hydrogen is a feasible chain transfer reagent that is widely ap-

plied in the industry for a precise control over the polymer’s molecular weight. Moreover, it

increases the productivity of the used catalyst, as chain transfers of stable resting states low-

ering the propagation rate of the catalyst are enhanced. [50,115,116]

Most recently, the concept of chain shuttling was investigated. Herein, the growing polymer

chain is transferred onto another catalytic center, such as Mg or Zn. This enables the synthe-

sis of copolymeric structures. With this chain transfer reactions and the combination of syndio-

and isospecific catalysts, a sPP – iPP block-copolymeric structure is be feasible. [117]
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2.5 Hafnium vs. Zirconium – Differences in Polymerization Performance

As indicated in 2.3 and 2.4, the group-IV central metal atom is one key factor determining the

performance of metallocenes in the coordinative polymerization of olefins. Besides the produc-

tivity, the stereoregularity and regioregularity are significantly influenced by the applied metal

atom. Back in the 1950s, when Ziegler and Natta utilized the heterogeneous polymerization of

olefins, they incorporated Ti as the catalytically active metal center. [2,3] While the first metal-

locene catalyst contained a Ti moiety, [14,15] research of homogeneous catalysts was directed

towards Zr (and Hf) as the central metal atom in the 1980s. [18,19,27]

Titanium is the tenth most common element in the world – even more abundant than nitrogen,

carbon, chlorine or phosphorus. Zirconium is by far less common and hafnium only acces-

sible as a by-product (1 – 5%) in the refinement of zirconium. [118,119] However, due to the

lanthanoid-contraction, the heavier homolog Hf enables a smaller ionic radius compared to

Zr under isoelectronic conditions
(
Ti+4: 0.42 Å, Zr+4: 0.59 Å, Hf+4: 0.58 Å

)
. [120,121] As Ti as

the central metal atom shows a decreased performance compared to Zr and Hf for the met-

allocene based polymerization [64] and is thus nowadays mainly applied in the heterogeneous

polymerization, the performance of titanocenes is not considered herein.

Comparing hafnium and zirconium, hafnocenes were regarded less active for a long period of

time. [27,36] In the early 1980s, MAO was the activation agent of choice. However, hafnocenes

showed a by far diminished activity compared to its isostructural zirconocene analogue us-

ing MAO
(
0.2 kgpoly/gHf and 120 kgpoly/gZr for MCl2[Me2C(η5–Flu)(η5–Cp)]

)
. [27,35] Initially,

this was attributed mainly to the stronger σ-Hf–C bond in comparison to the σ-Zr–C bond,

leading to a higher energy barrier decelerating the chain propagation. Indeed, via titration

calorimetry, the σ-Hf–C bond was determined to be about 22 kJ/mol stronger for an isostruc-

tural Cp∗2MMe2 complex system (Hf–C, 306± 7 kJ/mol; Zr–C, 284± 2 kJ/mol). [122,123] How-

ever, the low activity of hafnocenes is not an intrinsic issue of these catalysts, it rather is

affected by the employed activation method. Due to their manufacturing process, commercial

MAO solutions always contains residual TMA. In several studies, TMA was attributed to play

a crucial role in the depression of the activity of hafnocenes, as it forms a dinuclear cationic

methyl-bridged complex [L2M(µ–Me)2AlMe2]+ with both metal centers. [56–58] For hafnium as

the central metal atom, DFT calculations revealed a higher stability of this bridged hetero-

bimetallic aluminum complex by 3.0 kcal/mol in comparison to the corresponding zirconium
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complex. [57] Therefore, the dinuclear complex [L2Hf(µ–Me)2AlMe2]+ resembles a stable rest-

ing state in the polymerization of propylene diminishing the catalyst’s activity, whereas the ac-

tivity of zirconocenes is not as affected by TMA. [56–58] However, free TMA can be scavenged

by using sterically demanding phenolic moieties increasing the activity of the corresponding

catalyst. [57] With this disadvantage in mind, several two-step activations (2.3.2) were estab-

lished. Specific hafnocenes even enabled a higher or at least comparable activities as their

corresponding zirconocene analogues using the in situ activation with TIBA/TrBCF. Therefore,

the reduced activity of hafnocenes is not an intrinsic property of the catalysts themselves,

moreover it is implied by the slow and thus ineffective activation method. [42,44,63,111,124]

Besides the activity, the central metal atom is decisive for the polymer’s molecular weight,

as hafnocenes produce polymers with a significantly higher molecular weight. This was al-

ready observed by Ewen for Cs-symmetric metallocenes [27] and confirmed for further catalyst

symmetries. [30,42,44] This hafnium-effect is assumed to be caused by the increased stability

of the σ-Hf–C bond compared to the σ-Zr–C bond. [42] In addition to chain propagation, the

chain release is determining the polymer’s molecular weight. As various chain release reac-

tions are feasible (see chapter 2.4.4), the major mechanism for each central metal atom has

to be considered. Indeed, for hafnocenes an increased amount of β-Me eliminations, visi-

ble via end-group analysis, was observed compared to isostructural zirconocenes. [77,111,125]

For polymerizations at industrially relevant elevated temperatures, hafnocenes showed a de-

teriorated performance. [44,45] Most recently, Voskoboynikov et al. investigated the root of the

hafnium-effect and the inhibited performance at higher temperatures. They concluded, that the

electrophilicity of the catalyst being a function of the surrounding ligand moiety and the central

metal atom is responsible for the catalyst’s performance. A higher electrophilicity thus leads

to more stable olefin complexes, a lower energy barrier for β-H eliminations and β-Me elimi-

nations and a higher energy barrier for a release of allyl- or vinyl-terminated polymer chains.

Hafnocenes showed an increased probability of β-H elimination than zirconoces, but the chain

release from the Hf–H (vinylidene-polymer) was less pronounced. [126]

Regarding stereoselectivity and regioselectivity, results in the literature are ambiguous and

less studied so far due to the lack of precise analytics in previous publications and addition-

ally, no comprehensive study of isostructural hafnocenes and zirconocenes was conducted so

far. A computational study comparing Cp2MCl2 suggested a higher regioselectivity for Hf. [77]
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However, for Cs-symmetric metallocenes, an increased syndiotacticity was obtained for Zr

as the central metal atom compared to Hf. [27,36] Contrary to this, Rieger and co-workers ob-

served a higher regio- and stereoregularity using ultrarigid C2-symmetric metallocenes leading

to elevated melting transitions of the received iPPs for Hf as the central metal atom. [44,85,124]

Besides the catalyst, the regioregularity and stereoregularity is tremendously affected by the

co-catalyst, as the counter-anion can either disturb or assist the coordination of a newly in-

coming monomeric unit. [127]

2.6 Polypropylene Morphology

Tacticity
Moleclar weight
Polydispersity
Composition
Chain-defect distribution

Thermal history
Compounding
Nucleation/additives
Chain destruction
Crosslinking

Crystallinity
Orientation

Melting behavior
Crystallization kinectics

Molecular structure Processing

Morphology

Mechanical
Stability
Chemical resistance
Flow characteristics
Temperature use range

Final properties

Figure 7: Relationship between polymer’s molecular structure, processing and morphology for the

final end-use properties. [128]

As enclosed in 2.4.3, stereoregular polypropylene exhibits the presence of a certain tacticity.

For highly orientated structures of consecutive methyl groups, a semi-crystalline polymer is

obtained and the degree of tacticity is responsible for the crystallinity. [128] For metallocene

catalysis, different tacticities (isotactic, syndiotactic, hemiisotactic, atactic) are feasible and the

degree of tacticity can either be adjusted by changing the ligand moiety or the polymerization
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parameters, such as temperature or pressure. [27,44,65] However, the polymer’s morphology

is a crucial bridge between the polymer structure, processing and end-use properties. Be-

sides the tacticity, key molecular factors influencing the morphology and processability are the

molecular weight, polydispersity, chain defect architecture and composition, such as blends or

co-polymers. [128] In order to highlight the impact of a polymer’s morphology especially onto

the mechanical and thermal behavior, isotactic and syndiotactic polypropylene’s polymorphism

is briefly summarized in the following section. As atactic polypropylene has a maximum crys-

tallinity of 15–20% [129] and is thus of less interest, it is hereby not considered.

2.6.1 Isotactic Polypropylene

For isotactic polypropylene with all methyl groups aligned in the same direction, a 3/1 helical

arrangement is the energetically favored conformation with the lowest intramolecular interac-

tion. The helical structure in the crystalline state can either be rotated left- or right-handed

about the central axis (Figure 8). Four crystalline constitutions are reported for iPP: the α, β,
POLYMORPHISM IN ISOTACTIC POLYPROPYLENE 365 

1 I 
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i 4 44 
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4 

FIG. 2. The right- (R) and left-handed (L) three-fold minimum energy conformations 
of iPP. For each conformation the orientation (up or down) with respect to the 
reference axis is given. The heights of the methyl groups (in sixths of the c axis) are 
indicated. The two central chains are sketched according to the way in which they face 

each other through a glide plane in the crystal of the ~t-form. 

b = 20.96(15), c = 6.50(5)A,/~ = 99.3°(1.0), which contains four three-fold 
helical chains. Due to the systematic absences of  reflections with h + k = 
2n + 1, a centred crystal lattice was assumed and, among the possible space 
groups, both Cc and C2/c were considered. According to their analysis, three- 
fold helices of  left-handed and right-handed chirality are packed in the unit cell 
as shown in Fig. 3. 

The only difference concerns the presence (C2/c) or not (Cc) of  a 50% 
statistical substitution at each site of  isomorphous anticlined macromolecules as 
shown in Fig. 4 (a and b). In the case of  the C2/c space group the authors, on 
the basis ofisosterism considerations, positioned the chains along the c direction 
so that the methyl carbon atoms of  anticlined chains were coincident. In other 
words, the crystallographic two-fold axes, parallel to b (at z = 1/4 and z = 3/4), 
were made to intersect the methyl side groups. C2/c symmetry gave a better 
agreement between the observed and calculated structure factors, but the differ- 
ence relative to Cc symmetry was small and the authors suggested the possibility 
that the structure might correspond locally to the Cc space group giving rise to 
small domains, anticlined to each other, of  isoclined macromolecules. 

A short while later Mencik TM observed some reflections with h + k = 2n + 1 
in the X-ray spectra of  certain ~-iPP samples. Accordingly, he proposed space 

Figure 8: Chains of iPP in 3/1 helical conformation, left- (L) and right-handed (R) up and down.

Reprinted with permission from Ref. [130] Copyright © 1991 by Elsevier.
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γ and the mesomorphic (smectic) phase. [131–133] The α-phase which was already analyzed

by Natta and Corradini in 1960 has an overall monoclinic cell with the parameters a = 6.65 Å,

b = 20.96 Å, c = 6.50 Å and β = 99.8 °. [131,134,135] Furthermore, the α-phase is the most

stable and dominant form of iPP and obtained via melt-crystallization and in drawn fibers.

However, the α-crystalline modification is usually disordered in orientated fibers. [130,136,137]

Particularly unique in polymer crystallography is the observation of lamellae branching in the

monoclinic α-phase of iPP for a broad range of crystallization temperatures (90 ◦C > T >

160 ◦C). [131,138,139]

The β-phase of iPP has been known for many years, whereas the crystallographic details of

this modification are still uncertain. It is accepted that the β-phase enables a lower degree

of order in the crystalline state compared to the α-phase. [137] However, a hexagonal or trig-

onal structure is assumed – due to the transformation of the mechanically unstable β-phase

into the α-phase by stretching, no orientated fibers can be obtained in order to clarify the

exact structure. [130,131,133,139–141] By crystallization of a strained or sheared melt or with a

temperature gradient, this modification can be obtained in a mixture with the α-modification.

Furthermore, nucleating reagents, such as γ-quinacridone or di-sodium orthophthalate, assist

the formation of the β-modification. [137] Compared to the α-phase, the β-phase has a lower

melting transition (Tm,α ≈ 165 – 170 ◦C; Tm,β ≈ 155 ◦C) and converts into the α-phase at

elevated temperatures. [133] However, the β-phase reveals a higher toughness and ductility in

comparison to the α-phase. [142,143]

The γ-modification of iPP is more frequently observed for metallocene catalyzed iPP. It has

an orthorhombic unit cell with the parameters a = 8.54 Å, b = 9.93 Å and c = 42.41 Å and a

non-parallelism of the chain axes. [131,137] Ziegler-Natta produced iPP is only converted from

the melt into the γ-form for high molecular weights under high pressure (about 500 MPa) or

for low molecular weights at atmospheric pressure. [131,133,137,144–146] In contrast to this, for

metallocene-based iPP, the γ-form crystallizes from the melt at atmospheric pressure for high

molecular weight. However, a mixture of the α-form and γ-form is obtained, but the amount

of the γ-form increases with stereo- and regiodefects (see chapter 2.4) inside the polymer

chain. [133,137,147–151] The γ-form exhibits a lower melting transition and is additionally also

transformed into the α-form upon heating or annealing process. [133]

The mesomorphic (smectic) phase of iPP is formed from the melt at ambient temperatures and
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usually obtained by a rapid cooling of the molten state, e.g. in water. [133,137] This metastable

modification with a melting transition between 65 – 120 ◦C is converted into the α-form by an

annealing process at elevated temperatures, which is completed at temperatures between 140

– 150 ◦C. [133,137,152–155] The different phases of iPP can be differentiated by X-ray diffrac-

tion (XRD) due to their specific reflexes (Figure 9). [137]

Finally, the mesomorphic form of iPP shows only broad signals centered at d ! 5.9
and 4.2 Å [45–50]. These differences are due to differences in the packing mode of
the 3/1 helices.

The different packing scheme of the iPP helical chains which characterizes the
various crystalline forms, per se, generates completely different physical properties
(melting point, modulus, impact resistance, transparency, etc. [3, 5, 11, 15]).
However, the physical properties of iPP are also influenced by the presence of
structural disorder inside the crystals [11–14].

Fig. 2.4 X-ray powder
diffraction profiles (Ni filtered
CuKa radiation) of a, c and b
forms and of mesophase of
iPP

46 F. Auriemma et al.

Finally, the mesomorphic form of iPP shows only broad signals centered at d ! 5.9
and 4.2 Å [45–50]. These differences are due to differences in the packing mode of
the 3/1 helices.

The different packing scheme of the iPP helical chains which characterizes the
various crystalline forms, per se, generates completely different physical properties
(melting point, modulus, impact resistance, transparency, etc. [3, 5, 11, 15]).
However, the physical properties of iPP are also influenced by the presence of
structural disorder inside the crystals [11–14].

Fig. 2.4 X-ray powder
diffraction profiles (Ni filtered
CuKa radiation) of a, c and b
forms and of mesophase of
iPP

46 F. Auriemma et al.

Figure 9: X-ray powder diffraction profiles (Ni filtered CuKα radiation) of the α, β, γ and mesomor-

phic (smectic) modification of iPP. Reprinted with permission from Ref. [137]. Copyright © 2019 by

Springer.

2.6.2 Syndiotactic Polypropylene

Early work regarding the crystal structure of sPP was accomplished based on a heteroge-

neously prepared, regioirregular (2,1 insertion) polypropylene with a low syndioregularity and

molecular weight. Two crystalline modifications, a s(2/1)2 helix and trans-planar zig-zag modi-

fication, were claimed. [133,137,156–159] The helical form, as it was observed by Natta and Cor-

radini in 1960, is nowadays referred as the Form II. However, increased stereo- and regularity

accessible through metallocene catalysis revealed an even more complex polymorphism of

sPP than assumed. So far, four different polymorphic crystalline and two disordered mesomor-

phic modifications of sPP have been found. [137] Herein, only the four polymorphic crystalline

modifications, Form I – IV (Figure 10) are discussed.
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CONFORMATIONAL ENERGY CALCULATIONS  63

Figure 1.53. Chains of sPP in s(2/1)2 helical conformation 
(A), trans-planar conformation (B), and T6G2T2G2 helical con-
formation (C) that crystallize in forms I and II (A) (46,47,49,64), 
form III (B) (48,49,65), and form IV (C) (139) of sPP, 
respectively.

Figure 1.54. Chains of sPS in trans-planar conformation (A) 
and s(2/1)2 helical conformation (B) that crystallize in α- and 
β-forms (A) (129–134) and in γ- and δ- forms (B) (129,136–
138) of sPS, respectively.

energy due to repulsive interactions between bulky side 
groups. In Figure 1.52 it is immediately apparent the 
good agreement between the conformations experi-
mentally found by X-ray diffraction from the values of 
h and t of the different polymorphic forms of these 
polymers (indicated by triangles in Figure 1.52), and 
minimum energy conformations obtained only on the 
basis of models of isolated chains. In particular, accord-
ing to these calculations and the relative deepness of the 
energy minima present in the trans-planar and helical 
(TTGG) regions of the map, it was found that for sPS, 
the two crystalline forms with chains in the trans-planar 
conformation (α- and β-forms) are the most stable ones 
(129), while the crystalline form of sPP with chains in 
the trans-planar conformation is metastable (48,49,65), 
and no crystalline forms with chains in trans-planar 
conformation have been observed for sPB (91) and 
sP4MP (92).

The energy maps of sPB and sP4MP in Figure 1.52C 
and D show that the energy minimum in the region of 

the helical conformations (≈TTGG) is split into two 
minima of nearly equal energy, as occurs in the maps of 
the corresponding isotactic polymers (Fig. 1.46 and Fig. 
1.47). The regions of the maps in Figure 1.52C and D of 
the helical conformation are reported in Figure 1.55 in 
enlarged scales of θ1 and θ2. The first energy minimum 
correspond to the twofold (TTGG)n helical conforma-
tion s(2/1)2, characterized by staggered values for 
the torsion angles θ1 ≈ 180° and θ2 ≈ 60°. The second 
minimum corresponds to helical (T′T′G′G′)n conforma-
tions with s(M/N)2 symmetry with M/N ≠ 2, character-
ized by values of torsion angles θ1 = T′ = 180° + δ, 
θ2 = G′ = 60° + δ that deviate from the staggered values 
typical of the s(2/1) helix (Fig. 1.55). For sPB, this energy 
minimum is close to the 5/3 helical conformation (Fig. 
1.55A), whereas for sP4MP, it is close to the 12/7 helix 

Figure 10: Polymer chains of sPP in helical s(2/1)2 (Form I and II, A), trans-planar (Form III, B) and

T6G2T2G2 helical (Form IV, C) conformation. Reprinted with permission from Ref. [160]. Copyright ©

2014 by Wiley.

The most stable modification of sPP is Form I, as identified by Lotz and Lovinger, and is

obtained employing most crystallization conditions, including melt and solution crystalliza-

tion. [137,161,162]. This antichiral packaged s(2/1)2 helical conformation (Figure 10,A) with the

sequence (TTGG)n is described by an orthorhombic unit cell with the parameters a = 14.5 Å,

b = 11.2 Å and c = 7.4 Å. [137,163] Refinements of Form I, though, suggest a monoclinic unit

cell with a = 14.3 Å, b = 11.2 Å, c = 7.5 Å and γ = 90.3 °. [163,164] Form I is not only present for

single crystals in ultrathin films, but also for thick films, materials directly from synthesis and

for orientated thin films. [137] Isochiral helical Form II, which was considered the most stable

crystal structure for more than three decades, is rather a metastable modification, also with

a s(2/1)2 helical conformation and an orthorhombic unit cell with the parameters a = 14.5 Å,

b = 5.6 Å and c = 7.4 Å. [137] This modification is present in orientated fibers and obtained by

removing the tension of stretched stereoregular sPP fibers in the trans-planar Form III modifi-
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cation or stretching low regio- and stereoregular Ziegler-Natta based sPP. Besides this, Form

II mixed with Form I can be obtained by an annealing process of orientated stretched Form III

fibers at temperatures between 90 and 120 ◦C, depending on the degree of syndiotacticity and

melting transition. [137,165] Despite their similar diffraction profile, both crystal structures, Form

I and Form II, can be differentiated via XRD by their characteristic 020 (Form I, 2θ = 15.9 °)

and 110 (Form II, 2θ = 16.9 °) reflections. [137]

Semicrystalline Polymers
DOI: 10.1002/ange.200605021

Polymorphic Superelasticity in Semicrystalline Polymers**
Finizia Auriemma,* Claudio De Rosa, Simona Esposito, and Geoffrey R. Mitchell

Semicrystalline polymers may show elastic properties
although they exhibit high crystallinity and high mechanical
strength.[1] Syndiotactic polypropylene (sPP) is a superb
example of this category of materials.[2] It is a low-cost, stiff,
thermoplastic elastomer in which the elasticity is associated
with a reversible and instantaneous crystal–crystal phase
transition.[2] It has been argued, but never directly demon-
strated, that this transformation is of first order and that
elasticity in sPP is not merely entropic, as in conventional
elastomers, but also partly a result of the enthalpy change
associated with the stress-induced crystal–crystal phase tran-
sition.[2]

The reversible stress-induced crystal–crystal phase tran-
sition that occurs in sPP is illustrated in Figure 1. During
elongation, when a given crystal experiences a stress higher
than a critical value, a phase transition occurs from the stable
form II, with chains in a twofold helical conformation[3]

(Figure 1a), into the metastable form III, with chains in a
trans-planar conformation[4] (Figure 1b). This transformation
is accompanied by a 38% increase in the size of the crystals
along the chain-axis direction. When the tensile stress is
released and a given crystal experiences a stress below a
critical value, the trans-planar form III becomes unstable and
transforms instantaneously into the more stable helical
form II. Correspondingly, the crystals shrink by 38% along
the chain-axis direction.[2]

Herein, we present definitive evidence that the stress-
induced phase transition between forms II and III in sPP
fibers provides an enthalpic contribution to the elasticity, and
suggest a method for the measurement of the phase-transition
enthalpy. With this aim, X-ray fiber diffraction patterns of
uniaxially oriented films of sPP were measured in situ, while
the samples were cyclically stretched and relaxed at a
controlled rate and at various temperatures, using the high
X-ray flux available at the beamline 16.1 of the Synchrotron

Radiation Source in Daresbury (UK). The stress–strain
curves were recorded simultaneously.

Examples of X-ray fiber diffraction patterns, recorded
during stretching and relaxing of sPP fibers at 273, 298, and
313 K, are shown in Figure 2. The corresponding diffraction
profiles read along the equatorial layer line are reported in
the Supporting Information. The stress–strain curves
recorded simultaneously during consecutive cycles of stretch-
ing and relaxing at various temperatures are shown in
Figure 3a.

In the unstrained state (e= 0) the samples are basically in
the helical form II regardless of temperature. With increasing
deformation, the intensities of reflections of helical form II
gradually decrease, whereas the intensities of reflections of
trans-planar form III gradually increase (Figure 2b,e,h and
the Supporting Information). The degree of crystallinity
remains constant (! 50%) during deformation and over the
chosen temperature range, which indicates that crystals of
form II gradually transform into form III with increasing
deformation. At the maximum deformation achieved during
stretching at the various temperatures (Figure 2c,f,i and the
Supporting Information) the sample is mostly in the trans-
planar form III.

The X-ray fiber diffraction patterns recorded during
sample relaxation are practically coincident with those
recorded at the same strain during stretching (Figure 2 and

Figure 1. Packing models of limit-ordered forms II (a) and III (b) of
sPP in projections parallel (top) and perpendicular to the chain axes
(bottom). Form II is characterized by chains in a helical conformation
packed in the orthorhombic unit cell with axes ah=14.5, bh=5.6, and
ch=7.4 ! and space group C2221.

[3] In form III, the chains are in a
trans-planar conformation and packed in the orthorhombic unit cell
with axes at=5.2, bt=11.2, and ct=5.1 ! and space group P21cn.

[4]

Upon stretching, the form II crystals increase in size by 38%
(= (2 ct"ch)/ch) along the chain-axis direction; upon release of the
tension the form III crystals shrink by 38% along the chain-axis
direction.
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Figure 11: Packing models of helical s(2/1)2 form II (a) and trans-planar zig-zag formIII (b) of sPP in

projections parallel (top) and perpendicular to the chain axes (bottom). [166] Reprinted with permission

from Ref. [166]. Copyright © 2007 by Wiley.

Contrary to the helical modifications of Form I and Form II, Form III is characterized by a trans-

planar zig-zag configuration with a (TTTT)n sequence (Figure 10B) and an orthorhombic unit

cell with the parameters a = 5.2 Å, b = 11.2 Å and c = 5.1 Å. [167] This configuration is present

for highly stereoregular metallocene based sPP being stretched at room temperature and high

deformations. Equally, Form III is obtained if a Form I sPP material is stretched. However, re-

leasing the tension of Form III was proven to yield Form II – even if the polymer was in the

Form I modification prior stretching (Figure 11). [137,163,165,167–170] De Rosa and coworkers

proved, that this polymorphic crystal–crystal phase transition is responsible for the high elas-

ticity of sPP. [166,169,170] Form IV with a T6G2T2G2 sequence (Figure 10C) was observed by
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Chatani by the exposure of stretched trans-planar Form III sPP to organic solvents, such as

benzene, at temperatures below 50 ◦C. The helical conformation of Form IV is packed in a

triclinic unit cell with the parameters a = 5.7 Å, b = 7.6 Å, c = 11.6 Å, α = 73.1 ° β = 88.8 ° and

γ = 112.0 °. Form IV is exclusively found in orientated fibers and transformed into the two-fold

helical conformations at temperatures above 50 ◦C. [137,163,171]

2.7 Processing of Polymers

For commodity polymers, such as PE, PP, polystyrene (PS) or polyethylene terephthalate

(PET), various processing methods have been established over the last 70 years of polymer

industrialization. Packaging materials for consumer goods in our everyday live are mainly pro-

duced via injection molding, compression molding, blow molding, calendering, deep drawing

or thermoforming. [172] However, high performance polymers with outstanding tailored proper-

ties for specific applications require special methods for unleashing the ultimate potential of

these polymers.

Polymerfibers are widely applied e.g. reinforced in concrete structures to increase the ten-

sion stabilization and elasticity of the concrete [173–175] or as non-woven fabrics for medi-

cal masks [176,177]. These fibers are usually produced by melt or electrospinning, yielding a

thin and defined fiber. [178–180] Contrary to commercially available commodity polymer fibers,

UHMW-PE fibers are used as a high performance material. However, due to the polymer’s high

melt viscosity, melt spinning of UHMW-PE is hardly feasible – therefore, gel-spinning is applied

in the industrial production of high-performance UHMW-PE fibers. [7–9,181–184] Nevertheless,

this process requires large amounts of organic solvents to dilute the polymer – hampering

the sustainability of this process. Kakiage and co-workers established a combination of melt

spinning and melt drawing of UHMW-PE, circumventing this issue. Therefor, the polymer was

first melt extruded and afterwards, the as-spun fibers were melt drawn at a certain tempera-

ture. [185,186]

In addition to the processing methods described so far, additive manufacturing (AM) is a com-

parably new field of research. AM describes a variety of technologies that all have the same

advantage: they build layer by layer directly from 3D computer-aided design (CAD) models

and therefore do not require any tools. This process can either be applied to metals [187–189]

26



2 POLYPROPYLENE – THEORETICAL BACKGROUND

or polymers, such as polyamide-12, [190] polysulfones (PSUs), [191,192] poly(ether ether ke-

tone)s (PEEKs) [192–194] or polyimides (PIs) [192,195].

However, among the variety of AM processes, the laser-based powder bed fusion of poly-

mers (PBF-LB/P) has the greatest potential. In the first step, the powder is distributed in the

build chamber with a roller or blade – the chamber is preheated under inert gas to a temper-

ature between crystallization and melting transition, thus the polymer coexists in the melted

and powdery state. [196,197] The powder is then exposed to a laser according to the sliced

3D CAD model, drawing a specific pattern onto the surface and fusing the particles to form a

homogeneous melt. After exposure, the powder bed is lowered and a new layer of polymer is

distributed on top of the previous one. [198–200] The three steps powder coating (1), laser fusion

(2) and platform lowering (3) are repeated until the final part is manufactured. However, these

process steps require high demands on the material – not comparable with classical manufac-

turing processes, such as injection or compression molding. Two main relations are important

for a polymer to be used in the PBF-LB/P: (1) the polymer/process interaction for a success-

ful production (printability triad) and (2) the process/final part properties interaction (printed

parts triad). [201] Notwithstanding, this manufacturing technique is a very special process, not

supportable for a high throughput of produced parts – contrary to injection molding. However,

considering special requirements such as a complex part of any device, this procedure offers

great chances, as the 3D CAD model can easily be modified and optimized.
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3 Aim of this Thesis

In the last 70 years of research on the coordinative polymerization of propylene, a plethora of

catalysts was established and such have been improved consistently, either regarding their cat-

alytic performance or synthesis route. Nowadays, nearly every parameter of polypropylene can

be adjusted as desired by implementing central aspects of metallocene catalysis. Isotactic or

syndiotactic PP can be obtained by applying Cs- or C2-symmetric metallocenes, respectively,

and the macromolecular characteristics of the polymers tailored with an appropriate catalyst

combined with suitable polymerization conditions and used co-catalyst. However, considering

the latest advances in the extensively investigated field of coordinative polymerization, three

main aspects seem to be untouched and are thus addressed in this thesis (Figure 12):

1) Boosting the catalytic performance of Cs-symmetric hafnocenes

2) Processing of UHMW-iPP for prototype production

3) Improving the yield of C2(rac)-symmetric hafnocenes

Al

Al

Al

Al

Al

Al

Al
Al

Al

E HfCl2

Me2C, Me2Si
Ph2C, Ph2Si

E =

O

O
Si HfCl2

tBu tBu

tBu
tBu

rac

TIBA/[Ph3C][B(C6F5)4] TIBA/[Ph3C][B(C6F5)4]

isotactic polypropylenesyndiotactic polypropylene

Coordinative polymerization
of propylene

Ø Improving catalytic potential
Ø Structure/performance relation

Ø Processing of UHMW-iPP
Ø Improving catalyst’s yield

Al

Al

Figure 12: Aspects in the metallocene mediated coordinative polymerization of propylene to be cov-

ered in course of this thesis.
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3.1 Boosting the Catalytic Performance of Cs-symmetric Hafnocenes

Since the first isolation of sPP by Ewen in 1988 [27], a plethora of catalyst systems have

been developed. Fundamental motifs in the catalyst design of group-IV metallocenes, such

as the bridging motif or a modification of fluorene, were varied to tailor the properties of

sPP. [28,31,35,36] However, so far mainly Cs-symmetric zirconocenes were investigated, as

the corresponding hafnocenes showed a constrained catalytic activity with the co-catalyst

MAO. [27,36–38] As already enclosed in 2.3 and 2.5, this is not caused by an intrinsic property

of these hafnocenes themselves, it is rather induced by the MAO activation method forming

the cationic resting state [L2Hf(µ–Me)2AlMe2]+. [56–58] Therefore, an increase of the catalytic

activity by changing the activation method is targeted: using the in situ activation using TrBCF

and TIBA established by our group, overcoming the issues of the MAO activation. This varia-

tion should tremendously increase the catalytic activity and polymer’s molecular weight due to

the diminished chain transfer to Al (2.4.4).

The academic and industrial advantage of sPP compared to iPP comes into account con-

sidering the polymer’s morphology: as enclosed in 2.6, besides a s(2/1)2 helix, sPP forms

also a trans-planar zig-zag configuration. [131–133,137,156–159] Latter is comparable to the zig-

zag chains of polyethylene [202] and thus, sPP is considered to exhibit a better processabil-

ity for fiber spinning than iPP – especially for an ultrahigh molecular weight. Shifting a poly-

mer’s molecular weight to an ultrahigh regime is linked with an outstanding increase of the

mechanical properties. For example, compared to high-density polyethylene, UHMW-PE has

improved mechanical properties that even allow for its use as bulletproof vests or joint re-

placements. [7–9] This example highlights the great interest of UHMW polymers. However, the

processing of UHMW polymers via the conventional melt extrusion becomes nearly impossi-

ble. [203,204] Despite that, UHMW-PE was proven to be processable, either via melt-extrusion

or by gel-extrusion. [181,185,186,205–207] Considering the improved properties of PP compared

to PE [208] in combination with an anticipated better processability of UHMW-sPP than UHMW-

iPP, UHMW-sPP seems to be a very promising material for our daily life. Therefore, for a broad

adaption of this polymer, a high catalytic activity of the used catalyst is mandatory and is

therefore one central point to be covered in this thesis.
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3.2 Processing of UHMW-iPP

In 2012, Rieger et al. established a catalyst system that remains a benchmark system in propy-

lene polymerization up to the present day. Using this catalyst, iPP with unsurpassed macro-

molecular characteristics is obtained: perfectly isotactic PP with the so far highest molecular

weight of up to 5800 kg/mol and a melting transition ex reactor up to 171 ◦C. [44,124,209]

As enclosed in 3.1, UHMW polymers exhibit greatly enhanced mechanical properties, lead-

ing to e.g. widely applied UHMW-PE fibers. UHMW polymers possess the ability of ultimate

performance without the need of additional fillers – improving the recyclability with no interfer-

ing additives. For UHMW-PE, numerous studies proved the melt-processability, whereas other

UHMW polymers received less attention due to the high melt viscosity and the thereby affected

perspective of nearby impossible processability via common melt extrusion. [185,186,203,204]

Notwithstanding, UHMW-iPP has serious advantages compared to UHMW-PE bearing a high

potential for final part production: a nearly 25 ◦C higher melting temperature, a lower density,

a higher impact resistance and tensile strength. [204] Theoretically, UHMW-iPP fibers could

therefore outperform UHMW-PE Dyneema fibers, e.g. in terms of strength and weight of bul-

letproof vests.

Fiber spinning is generally accomplished by various kinds of extrusion processes. However,

the major drawback in melt-extrusion of UHMW polymers is their high melt viscosity, which

correlates with the polymer’s molecular weight with η0 ∝ M 3.4
w . [210] This nonlinear behavior

of the zero shear viscosity is caused by an increase of the entanglements per chain. Upon

melting, these topological constraints, which are present in the amorphous phase of semi-

crystalline polymers, distribute homogeneously. [204,211] Besides this, there is also the proba-

bility of further entanglement formation in the molten state. [212] This consequently enhances

the melt-viscosity and thus hampers the processability of this polymer.

With such potential of UHMW-iPP, processing of this unique polymer is targeted. First, by

classic melt-extrusion for fiber spinning to investigate the mechanical properties of UHMW-

iPP fibers. In addition to that, an alternative method is strived for: selective laser sintering of

polymers, diminishing the disadvantage of the molten state and the thereby negative aspects

induced by the high melt-viscosity.
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3.3 Improving the Yield of C2(rac)-symmetric Hafnocenes

Catalysts for the isospecific polymerization of propylene reveal one major disadvantage, both

industrial and academic researchers have to deal with: the tedious rac/meso separation of

both isomers, as the meso isomer was proven to yield atactic PP rather than the desired iso-

tactic analogue (2.4.3). [21]

In the last decades, several approaches were established for a synthesis of pure rac isomers.

Ivchenko and co-workers applied a transmetalation of ethylene bridged (bis)-indenyl ligands

yielding disilylated or distannylated ligands with 100% anti configuration after a convenient

separation, which gave 98% rac zirconocene after reaction with ZrCl4. [213] Jordan and co-

workers investigated the application of Zr(NMe2)4
[214] and chiral diamide [215] precursors for

the diastereoselective synthesis of rac-isomers. Besides this, meso-to-rac isomerization pro-

tocols, e.g. using ultraviolet (UV)-light, were reported. [18,216] In 2007, Jordan et al. published

the anion-promoted meso-to-rac isomerization, applying chloride salts in refluxing THF. [217]

This isomerization is widely applied by Voskoboynikov et. al and was also proven to be trans-

ferable to Rieger’s ultrarigid benchmark catalyst. [25,126] However, these protocols often lead

to equilibria of rac/meso mixtures and are non-transferable to several catalyst systems.

With this tedious synthesis route and the so far wasteful meso-analogue in mind, the polymer-

ization using pure meso-complexes and isomeric mixtures of rac- and meso-metallocenes is

aimed for. This however should theoretically yield aPP or an aPP/iPP blend, respectively.
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4.3 Content

Using the most common activating reagent, methylaluminoxane, hafnocene-dichlorides suf-

fer from two major drawbacks in the synthesis of UHMW-PP: Inhibited catalytic activity and

reduced molecular weight of the produced PP (see chapter 2.5). Therefore, our group es-

tablished the in situ activation of C1- and C2-symmetric metallocene-dichlorides to overcome

these drawbacks. Contrary to iPP, this convenient activation method has not yet been estab-

lished for the synthesis of UHMW-sPP by Cs-symmetric metallocene-dichlorides.

In this manuscript, five Cs-symmetric ansa-metallocene dichlorides with different bridging mo-

tifs were synthesized to investigate structure-performance correlations in the coordinative poly-

merization of propylene after in situ activation with TIBA/TrBCF. Single crystals of complex III

were isolated and with the aid of literature known data, the influence of various bridging motifs

on structural parameters, such as bite- and dihedral angle or D-value, and the thereby affected

performance in the polymerization of propylene after in situ activation was emphasized. The

performance of the hafnocenes Ib, II, III and IV when in situ activated was compared with

the classical MAO activation and benefits of the in situ activation in terms of productivity and

molecular weights for hafnocene-dichlorides were highlighted. This study illustrates the im-

pact of the bridging motif onto the geometry and structural parameters of the catalyst and the

thereby associated polymerization performance.

All hafnocenes generated UHMW-sPP with a molecular weight up to 2500 kg/mol and a high

syndiotacticity (up to 73%) using TIBA/TrBCF. Silicon-bridged hafnocenes showed a con-

strained stereoregularity and activity (4-fold to 20-fold, respectively), whereas the molecular

weight was enhanced. In contrast to the in situ activation, MAO diminished the productivity

and molecular weight (max. 530 kg/mol), whereas the degree of syndiotacticity was slightly

enhanced (up to 80%). With this series of polymerizations, we proved the high potential of the

in situ activation and the transferability of this activation method onto Cs-symmetric catalyst

systems (M = Zr, Hf). However, one major disadvantage appeared in course of this activation:

The obtained polymers after in situ activation did not exhibit melting transitions, which was

feasible with MAO activation – probably due to the ultrahigh molecular weight and moderate

degree of syndiotacticity combined with the innately low crystallization of sPP.
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ABSTRACT: Fluorenyl cyclopentadienyl Cs-symmetric ansa-met-
allocene (M = Zr, Hf) complexes I−IV featuring different bridging
motifs (C and Si) were synthesized and subsequently examined in
the syndiospecific coordinative polymerization of propylene. All
complexes were activated in situ with triisobutylaluminum (TIBA)
and [Ph3C][B(C6F5)4] (TrBCF) in order to highlight the benefits
of this in situ activation, resulting in a significantly higher molecular
weight and a significantly increased productivity in comparison to
methylaluminoxane (MAO). The isopropylidene-bridged zircono-
cene Ia (ZrCl2[Me2C(η

5-Flu)(η5-Cp)]) exhibited a high produc-
tivity (80000 kgPP (molcat h)

−1) and stereoregularity ([rrrr] up to
93%) with a moderate molecular weight of polypropylene (PP),
whereas the polymerization with the corresponding hafnocene Ib (HfCl2[Me2C(η

5-Flu)(η5-Cp)]) resulted in a lower productivity
and stereoregularity but yielded ultrahigh molecular weight polypropylene (Mw = 1100 kg mol−1). The backbone in II
(HfCl2[Ph2C(η

5-Flu)(η5-Cp)]) was associated with a higher productivity and molecular weight, while the syndiotacticity was not
affected. In contrast, SC-XRD revealed a reduced dihedral angle and D value for Si-bridged hafnocenes III (HfCl2[Me2Si(η

5-Flu)(η5-
Cp)]) and IV (HfCl2[Ph2Si(η

5-Flu)(η5-Cp)]), resulting in a more constrained geometry of the catalyst. This led to an increased
molecular weight, while the productivity as well as the syndiotacticity decreased due to these structural parameters. Activation of Ib
and II−IV with n-octyl-modified methylaluminoxane (MMAO) resulted in a lower molecular weight of the polymer, because the
transfer of the growing polymer chain onto the Al center was enhanced. Nevertheless, the stereoregularity of MMAO-activated
catalysts was slightly increased, probably due to a coordination of the ill-defined MMAO anion during the polymerization. DSC
analysis exposed for syndiotactic polypropylene (sPP) produced by the highly active zirconocene Ia a defined melting transition (Tm
up to 145.2 °C), whereas TIBA/TrBCF-activated hafnocenes Ib and II−IV gave polymers with no observable Tm value.

■ INTRODUCTION

The shift of the polymers’ molecular weight to the ultrahigh
regime is linked with enhanced properties, such as a further
optimization of the polymer’s mechanical behavior. For
example, ultrahigh molecular weight polyethylene
(UHMWPE) has greatly enhanced mechanical properties in
comparison to high-density polyethylene, and the outstanding
Young’s modulus and tensile strength (>90 and >3 GPa,
respectively) even enable its application in bulletproof
fabrics.1−4 In addition, polypropylene (PP) has further
polymer advantages in comparison to PE: e.g., a higher service
temperature. Furthermore, the availability of stereocenters
allows the synthesis of stereocontrolled polymers, whereby
highly isotactic polypropylene (iPP) builds a 3/1 helix by
virtue of the repulsive interaction of the methyl groups,5

whereas syndiotactic polypropylene (sPP) forms a trans-planar
zigzag configuration in addition to a s(2/1)2 helix.6,7 For the
purpose of processing of UHMWPP in a fashion similar to that
of UHMWPE, e.g., gel extrusion for fiber spinning, UHMW-

sPP is considered to be far better suited than the isotactic
alternative, because the zigzag configuration is similar to the
microstructure of the processable UHMWPE.8 In general, the
macromolecular characteristics of the resulting polypropylene,
such as its molecular weight and melting transition, can be
adjusted by a change in fundamental motifs in catalyst design:
e.g., the ligand or the central group IV metal atom of ansa-
metallocene dichlorides.9−19 In the literature, for the synthesis
of ultrahigh molecular weight polypropylene, hafnium is
recommended instead of zirconium as the central metal
atom, because the corresponding Hf homologues yielded up to
a 10-fold higher molecular weight of polypropylene.20,21
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Nevertheless, prior to the polymerization of olefins,
metallocene dichlorides require activation by an alkylating
and initiating agent in order to form the catalytically active
cationic species. The most common reagent for this,
methylaluminoxane (MAO), has been deeply investigated for
various ansa-metallocenes. However, whereas MAO-activated
zirconocenes polymerized propylene with high activity, the
corresponding hafnocenes showed comparatively low activities
on activation with MAO.12,14,15,21 This reduced activity is
assumed to be induced by residual trimethylaluminum (TMA)
in the MAO solution, because the dinuclear cationic methyl-
bridged complex [L2M(μ-Me)2AlMe2]

+ is formed.20,22,23 For
hafnium as the central metal atom, DFT calculations revealed a
higher stability of this bridged heterobimetallic aluminum
complex by 3.0 kcal mol−1 in comparison to the corresponding
zirconium complex.20 Therefore, [L2Hf(μ-Me)2AlMe2]

+ re-
sembles a stable resting state in the polymerization of
propylene with hafnocenes, whereas the productivity of
zirconocenes is not as affected by TMA. Since the low activity
is not an intrinsic problem of the hafnocene itself and is more
induced by the slow and thus inefficient activation method, our
group established the in situ activation of metallocene
dichlorides in 2003 by using triisobutylaluminum (TIBA)
combined with the Lewis acid [Ph3C][B(C6F5)4]
(TrBCF).24−26 The first step of this method includes
preactivation through double alkylation of the metallocene
dichloride with TIBA at 60 °C for 1 h, and the subsequent
polymerization is initiated by the addition of the trityl salt to
form the catalytically active cationic species. Additionally,
TIBA not only acts as an alkylation reagent but also stabilizes
the alkylated and cationic species as an oxygen or water
scavenger.25 Not forming the dinuclear stable resting state
using TIBA, the in situ activation of hafnocenes resulted in

productivities as high or even higher than those of the
corresponding zirconocenes.26

The aim of this research was to enhance both the molecular
weight of the received sPP and the productivity of several Cs-
symmetric ansa-metallocene catalysts by using in situ
activation, including TrBCF/TIBA instead of MMAO. The
classic fluorenyl cyclopentadienyl system for sPP (Ia,b and II),
as already described by Ewen and Razavi,15,21 was additionally
extended by isostructural Si-bridged catalysts (III and IV).

■ RESULTS AND DISCUSSION

Syntheses. A variety of fluorenyl cyclopentadienyl bridged
group IV metallocenes I−IV with different Si and C bridging
motifs were synthesized. Various synthesis strategies were
applied, depending on the bridging atom. The ligand structure
of the C-bridged catalysts I and II was isolated in a three-step
synthesis (Scheme 1). In the first step, the corresponding
fulvene was formed in a Knoevenagel-type reaction of the
corresponding ketone.27,28 Therefore, fluorene 1 was lithiated,
the corresponding fulvene was added, and after aqueous
workup 2 and its thermodynamically more stable configuration
2′ were formed. The ansa-metallocenes I and II were obtained
after double deprotonation of 2 with nBuLi and the addition of
MCl4 (M = Zr, Hf).12,15,21,29

The silane-bridged catalysts III and IV were synthesized,
with R2SiCl2 as the starting material (Scheme 2). A crucial step
in this synthesis was the very slow addition of Flu-Li to a
diethyl ether solution of the corresponding dichlorosilane with
vigorous stirring and a high dilution in order to avoid a double
substitution at the Si center. For the reaction with Me2SiCl2,
Flu-Li was generated in situ by using excess MeLi and utilized
without further purification, since possible side products in the
reaction are volatile, as the precursor Me2SiCl2 itself. Ph2SiCl2

Scheme 1. Synthesis Route of Catalysts I and II

Scheme 2. Synthesis Route of Catalysts III and IV

Table 1. Characteristic Angles and Distances of the Solid-State Structures I−IVa

catalyst bite anglea γ (deg) dihedral anglea β (deg) Flu−M−Cp α (deg) M−Cpcentroid (Å) M−Flucentroid (Å) Da (Å)

Ia 99.42 72.27 118.61 2.168 2.238 1.124
Ib 100.75 70.53 119.38 2.160 2.236 1.110
II 99.59 72.77 118.27 2.150 2.242 1.126
III 93.65 63.01 128.46 2.163 2.278 0.965
IV 96.28 62.03 129.81 2.163 2.302 0.946

aDetermined from model systems known in the literature. See Figure S56.30,31
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has a comparably high boiling point; therefore, an exact
stoichiometric amount of Flu-Li was required. While the
solvent THF led to a large proportion of the double-fluorene-
substituted silane ligand, diethyl ether gave a perfect balance
between reactivity and selectivity. After the solvent and all
volatile compounds were removed, LiCp was added to the
THF solution of 3, and 4 was obtained after an aqueous
workup. The corresponding ligand 4 was double-lithiated by
tBuLi, and the ansa-hafnocenes III and IV were isolated after
the addition of HfCl4.
Single crystals for X-ray diffraction analysis were isolated for

III by diffusing pentane into a saturated solution of the
complex in toluene at 4 °C. The crystal structures of complex
Ia (CCDC 1190113),29 Ib (CCDC 1168308),29 II (CCDC
1232978),15 and IV (CCDC 152546)18 have already been
reported in the literature. The characteristic bond lengths and
angles of all complexes were determined (see Figure S56) and
are represented in Table 1. Changing the central metal atom of
Zr in Ia to Hf in Ib resulted in a slightly increased bite angle
and Flucentroid−M−Cpcentroid angle, whereas the dihedral angle
and D value were diminished. By a comparison of the C- and
Si-bridged hafnocenes Ib and III, a smaller dihedral angle, D
value, and Flucentroid−Cpcentroid distance for a Si atom in the
bridging motif was highlighted, whereas the Flucentroid−Hf−
Cpcentroid angle was slightly enhanced. The same tendency was
observed for II and IV. Therefore, C-bridged complexes
presented a greater reaction surface of the metal center due to
less obstruction by the ligand in comparison to Si-bridged
complexes. A slightly higher M−Flucentroid bond length in
comparison to the M−Cpcentroid bond length was measured for
all complexes; thus, the central metal atom was not precisely
centered between the two η5-bonded ligands.
Nevertheless, the SC-XRD space-filling representations of all

complexes illustrated that changing the atom of the bridging
motif had no great effect on the steric demand of the backbone
toward the metal center (Figure 1), while it slightly changed

the overall geometry of the ligand (Figure 1 and Figure S56).
Therefore, differences in catalytic activity and performance
were mainly driven by the dihedral angle (the “openness” of
the ligand system) and D value (the “exposedness” of the metal
center) of the catalyst.
Productivity. All four catalysts I−IV were tested with

respect to their catalytic performance in the polymerization of
propylene (Table 2). The isopropylidene-bridged zirconocene
Ia and hafnocene Ib were investigated in more detail with
regard to the influence of the polymerization temperature Tp
on the catalytic behavior in order to gain a deeper insight into

the capabilities of the in situ activation. Complexes II−IV were
used for polymerization at 0 and 30 °C on activatation with
TIBA/TrBCF so as to cover up the peak performance of these
complexes, because a lower temperature leads to a higher
molecular weight and stereoregularity of the resulting
polymer.25,32 Additionally, these complexes were activated
with 2000 equiv of MMAO and polymerized with propylene at
30 °C in order to compare the in situ and the MMAO results.
Below 30 °C, the activity of MMAO-activated hafnocenes is
too low and was thus neglected.12

Table 2 clarifies the discrepancy resulting from different
group IV metal centers, as Ia has a much higher productivity in
comparison to the corresponding hafnocene Ib. For example,
at lower temperatures in particular Ia shows a 32 times higher
productivity for a polymerization temperature of 0 °C (entry 1,
Table 2) in comparison to Ib (entry 6, Table 2). This
discrepancy is assumed to be caused by the stronger σ-Hf−C
bond in comparison to the σ-Zr−C bond in terms of energy
barrier during the chain propagation that slows down bond
formation processes in the polymerization. The σ-Hf−C bond
was determined to be about 22 kJ mol−1 stronger in a model
isostructural Cp*2MMe2 complex systems (Hf−C, 306 ± 7 kJ
mol−1; Zr−C, 284 ± 2 kJ mol−1) via titration calorimetry.33

Surprisingly and inexplicably, the high productivity of
zirconocene Ia decreased at higher polymerization temper-
atures (entries 1−5, Table 2). As this behavior using Ia cannot
be explained and was not observed with other activating
agents,12,15,21,29 the productivity of Ia was determined several
times to authenticate these results. However, further
investigations are required in order to better understand the
effect of the alkylating reagent TIBA and the initiating
compound TrBCF on the polymerization. In contrast to Ia,
hafnocene Ib showed, as expected, an increased productivity at
a higher polymerization temperature when activated in situ
(Figure 2). The maximum productivity is probably between 40
and 60 °C, and the productivity decreases with a further
increase in temperature, presumably due to the deactivation of
the catalytically active species.
Complexes II−IV showed the same tendency as Ib by

increasing their productivity in the polymerization of
propylene at higher polymerization temperatures (Figure 3).
Catalyst II hadespecially at 0 °C (entry 13, Table 2)
enhanced productivity over Ib. In comparison to the study by
Razavi et al. in 2009, the in situ activation, including the
preactivation with TIBA at 60 °C for 1 h, resulted in a much
higher productivity with catalyst II.20 The activation of
catalysts Ib and II with MMAO revealed the expected loss
of activity due to residual TMA in the MMAO solution
(entries 9, 15, 18, and 21 in Table 2). In contrast, the silane-
bridged catalysts III and IV showed different results with
TIBA/TrBCF. Whereas the C-bridged catalysts Ib and II were
highly active on activation in situ, the Si-bridged hafnocenes III
and IV were less active by far (4-fold and 20-fold loss of
activity, respectively) at polymerization temperatures of 0 and
30 °C. The higher reaction space and exposedness for C-
bridged hafnocenes, indicated by the higher bite angle and D
value, probably leads to an easier activation and an enhanced
coordination of propylene during the polymerization, so that
the productivity of C-bridged hafnocenes Ib and II is boosted
in comparison to III and IV. In addition, side reactions during
the activation with TIBA/TrBCF of III and IV could occur.
This hypothesis was corroborated, since the consistent bright
yellow color got weaker over time immediately after TIBA

Figure 1. Space-filling representations of SC-XRD data of Ib and II−
IV illustrating the change in the overall geometry of the catalyst by
introducing various bridging motifs.
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addition to the catalyst solution. Furthermore, after the
solution was heated to 60 °C, an entirely colorless solution
was obtained after a few minutes instead of the pale yellow
solution for TIBA-activated C-bridged hafnocenes. Both
observations remain in crucial contrast to reported results for
dimethylsilane-bridged SBI-type C2-symmetric catalysts.34,35

Nevertheless, catalyst III activated with MMAO also showed
the expected deficit in productivity, whereas the productivity of
IV slightly increased.
Molecular Weight. The zirconocene Ia produced PP with

a molecular weight nearly 10 times lower than that for the
corresponding hafnocene Ib. This was induced by a stronger σ-

Hf−C bond, as it slowed down bond-breaking processes
during the polymerization, thus resulting in fewer termination
reactions and, therefore, a higher molecular weight for the
received polypropylene.16,24 Increasing the polymerization
temperature increased the probability of a bond-breaking
mechanism, resulting in a reduced molecular weight of the
obtained polymer. This behavior was clearly observed not only
with Ia,Ib (Figure 4) but also with II−IV (Figure 5).
All four hafnocenes Ib and II−IV were able to produce

UHMW-sPP up to 2500 kg mol−1 (entry 19, Table 2),
especially on polymerization at lower temperatures (Figure 5).
When the polymerization temperature was increased, a typical

Table 2. Conditions and Results for the Polymerization of Propylene with Complexes I−IVa

entry catalyst nb activationc Tp
d tp

e [rrrr]f Mw
g Đh Pi

1 Ia 1.16 TIBA/TrBCF 0j 7.5 93 140 1.6 80000
2 Ia 1.16 TIBA/TrBCF 10k 10 88 130 1.6 45000
3 Ia 1.16 TIBA/TrBCF 20 20 86 93 1.5 23000
4 Ia 1.16 TIBA/TrBCF 40 20 75 57 1.4 3300
5 Ia 1.16 TIBA/TrBCF 60 20 56 36 3.1 2300
6 Ib 1.92 TIBA/TrBCF 0 30 73 1100 1.9 2500
7 Ib 1.15 TIBA/TrBCF 20 20 nd 920 2.1 6500
8 Ib 1.15 TIBA/TrBCF 30 10 67 740 1.6 11100
9 Ib 2.27 MMAO 30 30 80 360 1.4 230
10 Ib 1.44 TIBA/TrBCF 40 15 nd 450 2.0 14600
11 Ib 1.92 TIBA/TrBCF 60 10 nd 370 1.7 16400
12 Ib 1.92 TIBA/TrBCF 80 20 nd 140 2.4 3400
13 II 1.55 TIBA/TrBCF 0 15 72 2100 1.4 7400
14 II 1.55 TIBA/TrBCF 30 10 64 1400 1.3 13000
15 II 1.88 MMAO 30 30 79 530 1.3 460
16 III 1.87 TIBA/TrBCF 0 15 52 1900 1.8 530
17 III 1.87 TIBA/TrBCF 30 10 38 1800 1.5 3100
18 III 2.69 MMAO 30 30 43 430 1.2 600
19 IV 4.12 TIBA/TrBCF 0 45 35 2500 1.9 350
20 IV 4.18 TIBA/TrBCF 30 45 24 1500 1.6 650
21 IV 3.77 MMAO 30 30 38 530 1.2 1400

aConditions: Vtoluene = 120 mL; p = pAr + ppropylene = 6 bar; pAr = 1.3 bar. nd = not determined. bIn mmol. cTIBA/TrBCF: initiator
[Ph3C][B(C6F5)4] 5.0 equiv, activator (TIBA) 200 equiv, scavenger (TIBA) 0.55 mmol; scavenger/activator MMAO 2000 equiv. dIn °C ±2 °C.
ePolymerization time in min. fIn percent, determined via 13C NMR spectroscopy assuming the enantiomorphic site model. gIn kg mol−1,
determined absolutely via SEC-GPC in 1,2,4-trichlorobenzene at 160 °C with dn/dc = 0.097 mL g−1. hĐ = Mw/Mn.

iIn kgPP (molcat h)
−1. j±8 °C. k

±5 °C.

Figure 2. Productivity of in situ activated Ia,b in the polymerization of
propylene at various temperatures. Error bars are depicted for possible
deviations during the preparation process.

Figure 3. Productivity of different activated complexes Ib and II−IV
in the polymerization of propylene at various polymerization
temperatures.
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decrease in the molecular weight through a higher probability
of bond-breaking termination reactions was observed. As
surprisingly highlighted by entries 16 and 17, III was not as
strongly affected by the temperature in terms of molecular
weight as were Ib, II, and IV. On comparison of the different
bridged hafnocenes, an increased molecular weight of
polypropylene was associated with a Si bridging moiety. The
difference in their catalytic performance might be attributed to
the higher constrained geometry of the Si-bridged hafnocenes
by both the decreased bite and dihedral angles and the D value.
The reduced reaction space could then lead to a decrease in β-
H and β-Me elimination, as the polymer chain ends H and Me
remain in a less favored configuration for any elimination.
Electronic effects caused by the lower electronegativity of Si
could have played a further role in the effect on the molecular
weight of sPP due to pushing electron density into the ligand
system and stabilizing the σ-Hf−C bond. This theory could be
verified via a calorimetric titration of Si- and C-bridged
isostructural L2MMe2 complexes for the determination of the
corresponding σ-Hf−C bond energy, in a fashion similar to
that for Cp*2MMe2.

20

The discrepancy between the in situ activation and the
MMAO activation was anticipated. All four complexes Ib and
II−IV were profoundly influenced by MMAO, since the
molecular weight decreased strongly when these complexes
were activated with MMAO (entries 9, 15, 18, and 21, Table
2). Therefore, all of the complexes produced polypropylene
with a molar mass of between 400 and 600 kg mol−1 instead of
polymers featuring an ultrahigh molecular manner. The
literature primarily attributes this phenomenon to an increased
transfer of the growing polymer chain toward the Al center of
MMAO and residual TMA.25,32 When MMAO was replaced by
a sterically more demanding alkylating agent such as TIBA, the
rate of an Al transfer of the polymer chain was reduced to a
minimum, thus resulting in a higher molecular weight.22,36

Stereoregularity. The zirconocene Ia produced highly
syndiotactic PP. With regard to the polymerization at lower
temperatures in particular, the overall performance of Ia in
terms of syndioselectivity was outstanding ([rrrr] up to 93%,
entry 1, Table 2). The nearly perfect stereoregularity control
by the zirconocene Ia (NMR spectrum; cf. Figure S27) was
highlighted by merely small quantities of misinsertions, such as
back-skip processes ([rrrm], 20.2 ppm). The increase in
temperature resulted in a greater degree of misinsertions; thus,
the syndiotacticity decreased (Figures S28−S31). This
behavior was consistent not only with an increased back-skip
mechanism at an increasing temperature37 but also through a
general loss of stereocontrol. A difference in stereocontrol was
observed when the central metal atom in Ia was changed to Hf.
Even at lower temperatures, Ib was not capable of producing
highly syndiotactic polypropylene ([rrrr] up to 73%, entry 6,
Table 2). Both the degree of back-skip mechanism and the
general misinsertions increased, thus leading to enhanced
[rmmr]- and [mmrr]-pentades (Figure 6). This metal-linked
discrepancy was previously observed by Ewen in 198821 and
verified for other catalyst systems.12,15,29

Nevertheless, Ib exhibited the same temperature-induced
decrease of stereoregularity as Ia. Like the isopropylidene-
bridged catalysts Ia,b, the hafnocenes II−IV showed a similar
tendency; both exhibited less stereoregularity at an increased
temperature (Figure 7). Catalysts Ib and II verified that the
steric demand of the bridging motif with a C atom had no
greater effect on the stereoregularity in the polymerization of
propylene. The change of the bridging atom from C toward Si
fundamentally affected the syndiotacticity. While the silane-
bridged III produced PP with a syndiotacticity 29% lower than
that of the analogous C-bridged complex Ib (entry 17, Table
2), the diphenylsilane-bridged IV produced almost atactic
polypropylene with [rrrr] = 24% (entry 20, Table 2).
Nevertheless, given the smaller dihedral angle and D value of
Si-bridged hafnocenes III and IV, accompanied by a more
constrained geometry of the Si-bridged catalysts and the slower
coordination of propylene to the complex, a rather controlled
mechanism in terms of syndiotacticity was expected. Previous
reports by Palackal and Chien observed a much lower
stereoregularity for silicon-bridged zirconocenes ZrCl2[R2Si-
(η5-Flu)(η5-Cp)] (R = Me, Ph) in comparison to the
corresponding C-bridged catalysts.17,19 To better understand
this behavior, Chien et al. calculated the lack of stereo-
selectivity by means of molecular mechanics. The authors
concluded that “The absence of syndioselectivity is attributable
to the fact that its enantiofacial selection for the re olefin is
always preferred over the si face.”17 The lack of reaction space
for Si-bridged hafnocenes probably leads to a false

Figure 4. Molecular weight of PP after in situ activation of Ia,b in the
polymerization of propylene at various temperatures.

Figure 5. Molecular weight of PP after activation of hafnocenes Ib
and II−IV at various polymerization temperatures.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.1c00397
Organometallics 2021, 40, 4055−4065

4059

4 BOOSTING THE CATALYTIC PERFORMANCE OF CS-SYMMETRIC HAFNOCENES

38



enantiofacial selection between the re and si faces of the olefin,
as was assumed by Chien et al. Nevertheless, in the
polymerization of propylene, both ZrCl2[Me2Si(η

5-Flu)(η5-
Cp)] and ZrCl2[Ph2Si(η

5-Flu)(η5-Cp)] showed a similar
stereoregularity,19 which could not be confirmed for the
corresponding hafnocenes III and IV.
Surprisingly, the MMAO activation formed a much higher

syndiotacticity (80% vs 67% for Ib, respectively) with Ib and
II−IV in comparison to the in situ activated hafnocenes
(Figure 7). In particular, the degree of back-skip mechanism
forming [rrrm] was reduced by up to 5% in addition to the
[mmrr]-pentades (Figures S36 and S37). A previous study by
Razavi et al. in 200920 also recognized a higher [rrrr] for
MAO-activated metallocenes. Presumably, this could be

attributed to a stronger coordination of the ill-defined
MMAO anions toward the Hf catalyst during the polymer-
ization.20,36,38 In comparison to MMAO anions, [B(C6F5)4]

−

is a noncoordinating counteranion; thus, the complex is in a
rather exposed conformation.22 Accordingly, the stereo-
selectivity in the polymerization with TIBA/TrBCF was driven
more by the pure catalyst−polymer−monomer interaction and
less by any coordination effects of the counteranion.

Melting Transitions. In general, the thermal melting
behavior is mainly affected by the degree of tacticity. For
polypropylene with short chain lengths, the average molecular
weight of the polymer has more influence on the melting
transition point of the polymer.39 The corresponding melting
transitions of zirconocene Ia produced sPP are shown (Figure
8). Melting transitions above 140 °C were observed for
polymerization temperatures up to 20 °C and decreased with
lower syndiotacticities (entries 1−5, Table 2) and molecular
weights (Figure 4) caused by increased polymerization
temperatures. For all Ia produced sPP two melting transitions
were observed, probably due to two predominant crystallite
structures (Figures S44−S48).
Hafnocenes Ib and II−IV produced elastic polypropylenes

with no observable melting transitions on activation with
TIBA/TrBCF. sPP formsin comparison to iPPmore
complex crystallites that reduce the rate of crystallization.40

As a result, the ultrahigh molecular weight of sPP with a
moderate degree of syndiotacticity combined with its innately
low crystallization led to a noncrystalline elastic polymer that
therefore had no melting transition. When the activation
method was changed to MMAO, the polymer had a slightly
increased syndiotactictiy and a lower molecular weight. For Ib
(100.5 °C, entry 9, Table 2) and II (98.5 °C, entry 15, Table
2) this combination resulted in a crystalline polymer (Figures
S50 and S51) with a defined melting transition. Nevertheless,

Figure 6. Pentades of Ib-produced sPP (entry 6, Table 2).

Figure 7. Degree of syndiotacticity of the PP produced by Ib and II−
IV depending on the activation and polymerization temperature.
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Si-bridged hafnocenes III and IV were both too unselective in
terms of stereoregularity; thus, a crystalline polymer was not
isolated for either activation method.

■ CONCLUSION
In summary, we successfully transferred the in situ activation
using TIBA/TrBCF to various Cs-symmetric ansa-metallocene
dichlorides. We highlighted the benefits of the in situ activation
via comparison with the commonly used MMAO, which
resulted in both a higher molecular weight of the polymer and
increased catalyst productivity on activation in situ. For this
purpose, we isolated the various Cs-symmetric ansa-metal-
locene catalysts I−IV, which were capable of producing sPP
with a 93% degree of syndiotacticity and a molecular weight of
up to 2500 kg mol−1. At 80000 kgPP (molcat h)

−1, Ia exhibited
extremely high productivity and produced a 93% syndiotactic
PP with a melting transition of 145.2 °C. Using TIBA/TrBCF,
the polymerization performance with hafnocene Ib yielded sPP
with an ultrahigh molecular weight of 1100 kg mol−1 and a
decent degree of syndiotactictiy of 73%. II provided enhanced
productivity and, with 2100 kg mol−1, nearly double the
molecular weight, whereas the stereoregularity remained nearly
constant. Furthermore, we are reporting the first coordinative
polymerization of propylene by using the Si-bridged
hafnocenes III and IV. The characteristic angles and distances
of III in the solid state were compared by X-ray diffraction
using the crystal structures of Ia,b, II, and IV known from the
literature. The deviation in catalyst design illustrated the great
effect of small changes: e.g., slightly enhanced or reduced
dihedral and bite angles and distances inside the catalyst
system. The more highly constrained Si-bridged hafnocenes III
and IV were much less active than the corresponding C-
bridged complex (4-fold and 20-fold, respectively) and
exhibited weak syndioselectivity, especially on polymerization
at elevated temperatures. Nevertheless, an SEC analysis of the
resulting polymers showed ultrahigh molecular weights of up
to 1900 and 2500 kg mol−1. The MMAO activation of the
hafnocene catalysts I−IV produced a maximum molecular
weight of 530 kg mol−1 and diminished productivity by almost
50 times, thus highlighting the advantages of the in situ
activation. Nevertheless, the MMAO activation showed a
slightly enhanced stereoregularity, probably due to the

coordination of the ill-defined MMAO anion. However, C-
bridged hafnocenes Ib and II produced PP with a defined
melting transition on activation with MMAO. In contrast, Ib-
and II−IV-mediated sPP had no defined melting transition on
activation in situ.
Compendiously, the in situ activation offers a wide range of

chances in the polymerization of Cs-symmetric catalysts,
especially in combination with highly active C-bridged
hafnocenes, in order to produce UHMW-sPP. In the future,
it remains to be determined whether the lack of a melting
transition can be avoided by enhancing the stereoregularity of
the resulting polymer: for instance, by increasing the bulkiness
of the fluorene moiety.

■ EXPERIMENTAL SECTION
General Considerations. All reactions with air- and moisture-

sensitive substances were performed under an argon atmosphere using
standard Schlenk techniques or in a glovebox. Prior to use, all
glassware was heat-dried under vacuum. Unless stated otherwise, all
chemicals were purchased from Sigma-Aldrich, ABCR, Acros, or VWR
and used without further purification. Toluene, THF, pentane,
dichloromethane, and diethyl ether were dried using a MBraun SPS-
800 solvent purification system and stored over 4 Å molecular sieves.
Acetone and methanol were refluxed over CaH2 and distilled under
reduced vacuum. Propylene (99.5% by Westfahlen AG) was purified
by passage through two columns filled with BASF catalyst (R3-11)
and 3−4 Å molecular sieves.

NMR spectra were recorded on Bruker AV-400HD and AVIII-500
Cryo spectrometers at 25 °C. 1H and 13C NMR spectroscopic
chemical shifts δ are reported in ppm relative to tetramethylsilane and
calibrated to the residual 1H or 13C signal of the solvent. Unless stated
otherwise, the coupling constants J are average values and refer to
couplings between two protons. The deuterated solvents (CDCl3 and
bromobenzene-d5) were obtained from Sigma-Aldrich or Deutero.
Polymer spectra were measured with an ARX-300 spectrometer at
140 °C in bromobenzene-d5 with 40−60 mg mL−1 and 1024 scans for
zirconocene-produced PP and 10−20 mg mL−1 and at least 10k scans
for hafnocene-produced PP. The degree of syndiotacticity was
determined via the integration of the corresponding [rrrr]-pentade
(20.3 ppm)32 against the region of 19.5−22.0 ppm.

Gel permeation chromatography (GPC) was performed with a PL-
GPC 220 instrument equipped with 2x Olexis 300 mm × 7.5 mm
columns and triple detection via a differential refractive index
detector, a PL-BV 400 HT viscometer, and light scattering (Prescision
Detectors Model 2040, 15 and 90°). Measurements were performed
at 160 °C using HPLC-grade 1,2,4-trichlorobenzene (TCB; 100 mg
L−1 BHT) from Sigma-Aldrich with a constant flow rate of 1 mL/min
and a calibration set with narrow-MWD polyethylene (PE) and
polystyrene (PS) standards. Samples were prepared by dissolving
0.5−0.7 mg of the polymer in 1.0 mL of stabilized TCB for 1 h at 140
°C immediately before each measurement. The molecular mass was
determined absolutely against PS standards by using dn/dc = 0.097
mL g−1.41

Differential scanning calorimetry (DSC) analysis was conducted on
a DSC Q2000 instrument. The polymer (2−7 mg) was sealed into a
DSC aluminum pan and heated from −50 to 200 °C at 10 °C/min.
After the temperature was held for 2 min, the sample was cooled to
−50 °C at 10 °C/min and heated again in the same manner. The
reported values are those determined in the second heating cycle.

Spectra from a gas chromatograph coupled with a mass
spectrometer (GC-MS) were measured on an Agilent GC 7890B
instrument with an MS 5977A single-quadrupole mass detector and a
7693A automatic liquid sampler for 150 samples with a G4513A
autoinjector. Column: HP-5MSUI, length 30 m, inside diameter 0.25
mm, film 0.25 μm. Samples were dissolved in chloroform (HPLC
grade) at a maximum concentration of 1 mg mL−1.

Liquid injection field desorption ionization mass spectrometry
(LIFDI-MS) was carried out directly from an inert-atmosphere

Figure 8. Melting transition and degree of syndiotacticity of
polypropylene samples produced at various polymerization temper-
atures with Ia (see Table 2 for details).
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glovebox with a Thermo Fisher Scientific Exactive Plus Orbitrap
instrument equipped with an ion source from Linden CMS.42

Syntheses. Flu-CMe2-Cp (2a). The synthesis of Flu-CMe2-Cp
took place by a modified literature procedure.21 In a 250 mL Schlenk
flask 3.00 g (17.9 mmol, 1.00 equiv) fluorene 1 was dissolved in 50
mL of dry THF. At 0 °C 11.2 mL (17.9 mmol, 1.00 equiv) of MeLi,
1.60 M in Et2O, was added and the mixture stirred for an additional 3
h at room temperature. At −78 °C, 2.28 g (21.4 mmol, 1.20 equiv) of
dimethylfulvene was added to the deep red solution and the mixture
stirred overnight at room temperature. The reaction was quenched by
the addition of 30 mL of water, and the mixture was extracted three
times with Et2O (30 mL). The combined organic phase was washed
with brine (20 mL) and dried over MgSO4, and the solvent was
evaporated. The crude product was recrystallized in MeOH, leading
to 6.91 g (85%) of yellowish needles (2a). 1H NMR (400 MHz,
CDCl3, 298 K, ppm): δ 7.71 (d, 3J = 7.5 Hz, 2H, Haryl), 7.32 (tt, 3J =
7.3, 1.8 Hz, 2H, Haryl), 7.20−7.08 (m, 4H, Haryl), 6.96−6.42 (m, 2H,
Hcp), 6.15−5.89 (m, 1H, Hcp), 4.16−4.14 (s, 1H, Flu-H), 3.18−3.06
(m, 2H, Hcp), 1.08−1.06 (s, 6H, CH3). Two stereoisomers (2a and
2a′), 3:2 ratio, iPr bridge bonded to Cp vinyl carbon atoms. The
NMR spectroscopic data match previously reported data.21

Flu-CPh2-Cp (2b). The synthesis of Flu-CPh2-Cp took place by a
modified literature procedure.15 In a 250 mL Schlenk flask 1.50 g
(9.02 mmol, 1.00 equiv) of fluorene 1 was dissolved in 50 mL of dry
THF. At 0 °C 3.97 mL (9.93 mmol, 1.10 equiv) of nBuLi, 2.50 M in
hexanes, was added, and the solution was stirred for an additional 4 h
at room temperature. At 0 °C, 2.08 g (9.02 mmol, 1.00 equiv) of
diphenylfulvene was added to the deep green solution and the mixture
stirred for 7 days at room temperature. The reaction was quenched by
the addition of 30 mL of water, and the mixture was extracted three
times with Et2O (30 mL). The combined organic phase was washed
with a saturated aqueous NH4Cl solution (20 mL) and brine (20 mL)
and dried over MgSO4, and the solvent was evaporated. The crude
product was recrystallized in Et2O, giving 2.61 g (73%) of yellowish
needles (2b). 1H NMR (400 MHz, CDCl3, 298 K, ppm): δ 7.54−6.61
(m, 18H, Haryl), 6.58−6.10 (m, 3H, Hcp), 5.55−5.50 (s, 1H, Flu-H),
3.01−2.89 (s, 2H, Hcp). Two stereoisomers (2b and 2b′), 3:1 ratio,
CPh2 bridge bonded to Cp vinyl carbon atoms. The NMR
spectroscopic data match previously reported data.15

Flu-SiMe2Cl (3a). The synthesis of FluSiMe2Cl took place by a
modified literature procedure.17 In a 100 mL Schlenk flask 3.00 g
(18.1 mmol, 1.00 equiv) fluorene 1 was diluted in 40 mL of dry Et2O.
At 0 °C 16.9 mL (27.1 mmol, 1.50 equiv) MeLi, 1.60 M in Et2O, was
added, and the solution was stirred for an additional 4 h at room
temperature. At −78 °C, the red solution was transferred to a solution
of 15.2 mL (126 mmol, 7.00 equiv) of dimethyldichlorosilane in 100
mL of dry Et2O for 1.5 h. The solution was heated to room
temperature and stirred overnight, and all the volatile reactants were
removed in vacuo. The yellow crude product (3a) was not further
purified, and NMR spectroscopy confirmed the formation and purity
of the desired product. 1H NMR (400 MHz, CDCl3, 298 K, ppm): δ
7.87 (d, 3J = 7.5 Hz, 2H, Haryl), 7.67 (d, 3J = 7.6 Hz, 2H, Haryl), 7.40
(t, 3J = 7.4 Hz, 2H, Haryl), 7.34 (t,

3J = 7.5 Hz, 2H, Haryl), 4.10 (s, 1H,
Flu-H), 0.17 (s, 6H, Si−CH3).

13C NMR (100 MHz, CDCl3, 298 K,
ppm): δ 143.02, 141.03, 126.61, 126.36, 124.90, 120.23, 43.65, −0.15.
29Si NMR (80 MHz, CDCl3, 298 K, ppm): δ 27.78. The NMR
spectroscopic data match previously reported data.17

Flu-SiMe2-Cp (4a). The synthesis of Flu-SiMe2-Cp took place by a
modified literature procedure.17 In a 100 mL Schlenk flask, 4.67 g
(18.1 mmol, 1.00 equiv) of FluSiMe2Cl (3a) and 1.36 g (19.0 mmol,
1.05 equiv) of LiCp were dissolved in 60 mL of dry THF and the
mixture was stirred overnight at room temperature. THF was
removed under reduced pressure, and the resulting solid was
quenched with water and extracted three times with dichloromethane
(40 mL). The combined organic phase was washed with brine (20
mL) and dried over MgSO4, and the solvent was evaporated in vacuo.
A 4.71 g (91%) amount of the product (4a) was obtained as an
orange oil after silica filtration with cyclohexane. 1H NMR (400 MHz,
CDCl3, 298 K, ppm): δ 7.90 (dt, 3J = 7.7, 1.0 Hz, Haryl), 7.84−7.78
(m, 1H, Haryl), 7.58−7.55 (m, Haryl), 7.42−7.28 (m, Haryl), 7.27−7.21

(m, Haryl), 6.70−6.48 (m, Hcp), 6.17 (br. s), 4.00−3.97 (s, Flu-H),
3.22 (br. s, Hcp), 3.05 (s, Hcp), 2.78−2.75 (m, Hcp), 0.10 (s, Si-CH3),
0.02 (s, Si-CH3), −0.20 (s, Si-CH3). Mixture of several isomers. MS
(GC-MS): m/z 288.1. The purity was determined to be ≥95% via
GC-MS (see Figure S54). The NMR spectroscopic data match
previously reported data.17

Flu-SiPh2Cl (3b). The synthesis of Flu-SiPh2Cl took place by a
modified literature procedure.18 In a 250 mL Schlenk flask, 1.83 mL
(2.21 g, 8.71 mmol, 1.00 equiv) of diphenyldichlorosilane was diluted
in 100 mL of dry Et2O. Over 1.5 h, a solution of 1.50 g (8.71 mmol,
1.00 equiv) of Flu-Li in 30 mL of dry Et2O was added and the mixture
stirred overnight. The solvent and all volatile reactants were removed
in vacuo. The yellow crude product (3b) was not further purified, and
NMR spectroscopy confirmed the formation and purity of the desired
product. 1H NMR (400 MHz, CDCl3, 298 K, ppm): δ 7.75 (d, 3J =
7.6 Hz, 2H, Haryl), 7.44−7.38 (m, 2H, Haryl), 7.37−7.24 (m, 12H,
Haryl), 7.20−7.12 (m, 2H, Haryl), 4.57 (s, 1H, Flu-H). 13C NMR (100
MHz, CDCl3, 298 K, ppm): δ 142.36, 141.43, 134.91, 131.34, 130.89,
128.03, 126.43, 126.42, 125.37, 120.05, 41.68. 29Si NMR (80 MHz,
CDCl3, 298 K, ppm): δ 5.35. The NMR spectroscopic data match
previously reported data.18

Flu-SiPh2-Cp (4b). The synthesis of Flu-SiPh2Cl took place by a
modified literature procedure.18 In a 250 mL Schlenk flask, 3.34 g
(8.71 mmol, 1.00 equiv) of FluSiPh2Cl (3b) and 660 mg (9.16 mmol,
1.05 equiv) of LiCp were dissolved in 80 mL of dry THF, and the
mixture was stirred overnight at room temperature. THF was
removed under reduced pressure and the resulting solid quenched
with water and extracted three times with dichloromethane (50 mL).
The combined organic phase was washed with brine (20 mL) and
dried over MgSO4, and the solvent was evaporated in vacuo. After
recrystallization from Et2O 1.29 g (36%) of the product (4b) was
isolated as orange-yellow crystals. 1H NMR (400 MHz, CDCl3, 298
K, ppm): δ 7.65 (d, 3J = 7.6 Hz, 2H, Haryl), 7.37−7.10 (m, 18H, Haryl),
6.56−6.38 (m, 4H, Hcp), 4.59 (s, 1H, Flu-H), 4.01 (s, 1H, Cp-H). MS
(GC-MS): m/z = 412.2. The NMR spectroscopic data match
previously reported data.18

ZrCl2[Me2C(η
5-Flu)(η5-Cp)] (Ia). The synthesis took place by a

modified literature procedure.21 In a 250 mL Schlenk flask, 1.00 g
(3.67 mmol, 1.00 equiv) of Flu-CMe2-Cp (2a) was diluted in 25 mL
of dry Et2O. At 0 °C 3.52 mL (8.81 mmol, 2.40 equiv) of nBuLi, 2.50
M in hexanes, was added and the solution stirred for 4 h at room
temperature. The solvent was removed in vacuo, and the dilithiated
compound was washed twice with 10 mL of dry pentane. The solid
was dissolved at −78 °C in 30 mL of dry CH2Cl2, and 855 mg (3.67
mmol, 1.00 equiv) of ZrCl4 was added. After 1 h, the cooling bath was
removed and the red slurry stirred overnight at room temperature.
The mixture was filtered and the precipitate extracted with 30 mL of
dry CH2Cl2. The combined organic phase was concentrated under
reduced pressure. Crystallization at −32 °C gave 639 mg (40%) of the
product (Ia) as a deep red crystalline solid. 1H NMR (400 MHz,
CDCl3, 298 K, ppm): δ 8.14 (dt, 3J = 8.4, 1.1 Hz, 2H, Haryl), 7.85 (dt,
3J = 8.8, 0.9 Hz, 2H, Haryl), 7.59−7.52 (m, 2H, Haryl), 7.30−7.23 (m,
2H, Haryl), 6.33 (t, 3J = 2.7 Hz, 2H, Hcp), 5.77 (t, 3J = 2.7 Hz, 2H,
Hcp), 2.40 (s, 6H, CH3).

13C NMR (100 MHz, CDCl3, 298 K, ppm):
δ 129.30, 125.29, 125.07, 123.56, 122.92, 119.45, 115.19, 102.39,
79.99, 40.85, 28.95. The NMR spectroscopic data match previously
reported data.14

HfCl2[Me2C(η
5-Flu)(η5-Cp)] (Ib). The synthesis took place by a

modified literature procedure.21 In a 250 mL Schlenk flask, 1.00 g
(3.67 mmol, 1.00 equiv) of Flu-CMe2-Cp (2a) was diluted in 25 mL
of dry THF. At 0 °C 3.52 mL (8.81 mmol, 2.40 equiv) of nBuLi, 2.50
M in hexanes, was added and the solution stirred for 4 h at room
temperature. The solvent was removed in vacuo, and the dilithiated
compound washed twice with 10 mL of dry pentane. The solid was
dissolved at −78 °C in 40 mL of dry CH2Cl2, and 1.18 g (3.67 mmol,
1.00 equiv) of HfCl4 was added. After 1 h, the cooling bath was
removed and the brown slurry stirred for 4 h at room temperature.
The mixture was filtered and the precipitate extracted with 40 mL of
dry CH2Cl2. The combined organic phases were concentrated under
reduced pressure. Crystallization at −32 °C gave 364 mg (18%) of the
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product (Ib) as a yellow crystalline solid. 1H NMR (400 MHz,
CDCl3, 298 K, ppm): δ 8.10 (dt, 3J = 8.5, 1.1 Hz, 2H, Haryl), 7.88 (dt,
3J = 8.9, 0.9 Hz, 2H, Haryl), 7.56−7.50 (m, 2H, Haryl), 7.29−7.20 (m,
2H, Haryl), 6.27 (t, 3J = 2.7 Hz, 2H, Hcp), 5.72 (t, 3J = 2.7 Hz, 2H,
Hcp), 2.39 (s, 6H, CH3).

13C NMR (100 MHz, CDCl3, 298 K, ppm):
δ 129.10, 124.97, 124.82, 123.28, 121.95, 121.79, 118.41, 117.73,
99.81, 80.06, 40.91, 29.17. The NMR spectroscopic data match
previously reported data.21

HfCl2[Ph2C(η
5-Flu)(η5-Cp)] (II). The synthesis took place by a

modified literature procedure.12 In a 250 mL Schlenk flask, 500 mg
(1.26 mmol, 1.00 equiv) of Flu-CPh2-Cp (2b) was diluted in 50 mL
of dry Et2O. At 0 °C, 1.16 mL (2.90 mmol, 2.30 equiv) of nBuLi, 2.50
M in hexanes, was added and the solution stirred for 6 h at room
temperature. The solvent was removed in vacuo and the dilithiated
compound washed with 10 mL of dry pentane. The solid was
dissolved at −78 °C in 50 mL of dry CH2Cl2, and 404 mg (1.26
mmol, 1.00 equiv) of HfCl4 was added. After 1 h, the cooling bath was
removed and the brown slurry stirred overnight at room temperature.
The mixture was filtered and the precipitate extracted with 30 mL of
dry CH2Cl2. The combined organic phases were concentrated under
reduced pressure. Crystallization at −32 °C gave orange crystals. The
solid was suspended twice in 20 mL of dry pentane, and the solvent
was immediately separated under high vacuum to remove complexed
dichloromethane. A 376 mg (46%) amount of the product (II) was
obtained as a yellow crystalline solid. 1H NMR (400 MHz, CDCl3,
298 K, ppm): δ 8.18 (dt, 3J = 8.4, 1.1 Hz, 2H, Haryl), 7.94 (dt,

3J = 7.9,
1.6 Hz, 2H, Haryl), 7.87 (dt,

3J = 7.7, 1.8 Hz, 2H, Haryl), 7.60−7.52 (m,
2H, Haryl), 7.44 (td, 3J = 7.5, 1.9 Hz, 2H, Haryl), 7.34 (td, 3J = 7.5, 1.7
Hz, 2H, Haryl), 7.30 (tt, 3J = 7.3, 1.3 Hz), 7.04−6.96 (m, 2H, Haryl),
6.46 (dt, 3J = 8.9, 1.0 Hz, 2H, Hcp), 6.33 (t, 3J = 2.7 Hz, 2H, Hcp),
5.76 (t, 3J = 2.7 Hz, 2H, Hcp).

13C NMR (100 MHz, CDCl3, 298 K,
ppm): δ 145.06, 129.41, 129.29, 129.15, 128.29, 127.44, 126.76,
125.30, 124.83, 123.84, 123.78, 120.49, 117.80, 113.96, 101.55, 79.38,
58.47. The NMR spectroscopic data match previously reported
data.12

HfCl2[Me2Si(η
5-Flu)(η5-Cp)] (III). The synthesis took place by a

modified literature procedure for the corresponding Zr complex.17 In
a 250 mL Schlenk flask, 500 mg (1.73 mmol, 1.00 equiv) of Flu-
SiMe2-Cp (4a) was diluted in 40 mL of dry Et2O. At 0 °C, 2.38 mL
(3.81 mmol, 2.20 equiv) of tBuLi, 1.60 M in pentane, was added and
the solution stirred for 4 h at room temperature. The solvent was
removed in vacuo and the dilithiated compound washed with 10 mL
of dry pentane. The solid was dissolved in 50 mL of dry toluene, 555
mg (1.73 mmol, 1.00 equiv) of HfCl4 added, and the orange-brown
slurry stirred overnight at room temperature. The mixture was filtered
and the precipitate extracted with 30 mL of dry toluene. The
combined organic phase was concentrated under reduced pressure.
Crystallization at −32 °C gave 80.5 mg (9%) of the product (III) as a
yellow crystalline solid. 1H NMR (400 MHz, CDCl3, 298 K, ppm): δ
8.10 (dt, 3J = 8.4, 1.1 Hz, 2H, Haryl), 7.66−7.55 (m, 4H, Haryl), 7.32−
7.22 (m, 2H, Haryl), 6.56 (t,

3J = 2.4 Hz, 2H, Hcp), 5.74 (t,
3J = 2.4 Hz,

2H, Hcp), 1.15 (s, 6H, Si-CH3).
13C NMR (125 MHz, CDCl3, 298 K,

ppm): δ 128.86, 128.26, 127.45, 126.47, 125.10, 124.04, 123.86,
108.68, 106.50, 66.02, −0.67. 29Si NMR (100 MHz, CDCl3, 298 K,
ppm): δ −13.43. Anal. Calcd for C20H18Cl2HfSi: C, 44.83; H, 3.39.
Found: C, 46.22; H, 3.56. The larger deviation was caused by
persistent toluene and pentane in the solid state. Freeze-drying
resulted in a coordination of benzene to the complex in the solid state.
LIFDI-MS: m/z calcd 535.9998, measd 535.9996 (see Figures S58
and S59).
HfCl2[Ph2Si(η

5-Flu)(η5-Cp)] (IV). The synthesis took place by a
modified literature procedure.18 In a 250 mL Schlenk flask, 596 mg
(1.44 mmol, 1.00 equiv) of Flu-SiPh2-Cp (4b) was diluted in 50 mL
of dry Et2O. At 0 °C, 2.08 mL (3.32 mmol, 2.30 equiv) of tBuLi, 1.60
M in pentane, was added and the solution stirred for 4 h at room
temperature. The solvent was removed in vacuo and the dilithiated
compound washed with 10 mL of dry pentane. The solid was
dissolved in 40 mL of dry toluene, 463 mg (1.44 mmol, 1.00 equiv) of
HfCl4 added, and the slurry stirred overnight at room temperature.
The mixture was filtered and the precipitate extracted with 20 mL of

dry toluene. The combined organic phases were concentrated under
reduced pressure. Crystallization at −32 °C gave 267 mg (27%) of the
product (IV) as a yellow crystalline solid. 1H NMR (400 MHz,
CDCl3, 298 K, ppm): δ 8.22−8.06 (m, 6H, Haryl), 7.64−7.53 (m, 8H,
Haryl), 7.07−6.98 (m, 2H, Haryl), 6.87 (dd, 3J = 8.6, 1.2 Hz, 2H Haryl),
6.67 (t, 3J = 2.4 Hz, 2H, Hcp), 5.93 (t, 3J = 2.4 Hz, 2H, Hcp).

13C
NMR (125 MHz, CDCl3, 298 K, ppm): δ 134.66, 131.82, 131.22,
129.18, 128.78, 128.66, 127.20, 126.89, 124.92, 124.72, 124.37,
110.01, 102.56, 62.99. The NMR spectroscopic data match previously
reported data.18

Polymerization. All polymerization reactions were performed in a
250 mL double-walled Büchi steel autoclave equipped with a KPG-
stirrer (Heidolph, 1000 rpm), a temperature sensor, and a heating/
cooling jacket attached to a cryo-/thermostat unit (Julabo F-25-ME).
Ar pressure for all manipulations was set at 1.3 bar. Prior to
polymerization, the autoclave was provided with 100 mL of dry
toluene and 2.0 mL of 1.1 M TIBA in toluene and heated to 90 °C.
After the temperature was maintained for 30 min, the scrubbing
solution was released.

In Situ Activation. For the polymerization, the autoclave was
charged with 100 mL of dry toluene and 0.5 mL of 1.1 M TIBA in
toluene. The metallocene complex (1.0 equiv) was dissolved in 10 mL
of dry toluene and preactivated with 200 equiv of TIBA at 60 °C for 1
h. After the desired temperature was adjusted, the metallocene
solution was transferred into the autoclave and pressurized with
propylene. When the system was equilibrated and stable in terms of
temperature and pressure, the polymerization was initiated by placing
5.0 equiv of [Ph3C][B(C6F5)4] dissolved in 10 mL of dry toluene in
the autoclave via a pressure buret (ppoly + 0.5 bar).

MAO Activation. For the polymerization, the autoclave was
charged with 110 mL of dry toluene and 2000 equiv of a MMAO-
12 solution in toluene (7 wt % Al in toluene, linear formula
[(CH3)0.95(n-C8H17)0.05AlO]n) was added. After the desired temper-
ature was adjusted, the autoclave was pressurized with propylene.
When the system was equilibrated and stable in terms of temperature
and pressure, the polymerization was initiated by adding the
metallocene complex (1.0 equiv) dissolved in 10 mL of dry toluene.
The polymerization was quenched with 2.0 mL of methanol, and the
reaction mixture was poured into 600 mL of HCl-acidified methanol.
The precipitated polymer was removed from the autoclave, and the
combined polymer was washed thoroughly, first with methanol and
then with acetone. The resulting polymer was suspended in acetone
and treated with Irganox as a stabilizing agent in order to prevent
rapid destruction of the polymer. After 20 min, the supernatant
solution was decanted off and the resulting polymer was dried
overnight at 70 °C.
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5.3 Content

In recent years, catalysts for the isoselective polymerization of propylene were modified and

improved, leading to overall superior macromolecular characteristics [44] or an improved perfor-

mance at elevated polymerization temperatures [26]. The synthesis of racemic indenyl-based

metallocenes lacks two major disadvantages every research group in this field previously had

to deal with: the tedious rac/meso separation and the associated low yield of pure rac metal-

locene as meso complexes are known to yield atactic polypropylene upon MAO activation [21].

Being curious about the performance of our previously reported benchmark catalyst’s [44] meso

analogue, we used catalyst meso-I in the polymerization of propylene combined with the in situ

activation employing TIBA/TrBCF. Surprisingly, we obtained perfectly isotactic PP instead of at-

actic PP – both, with pure meso-I, as well as with rac/meso mixtures. Contrary to this, when

activated with MAO, meso-I yielded a physically and chemically separable iPP/aPP blend. We

investigated the cause of this phenomenon and proved via several NMR experiments that

aluminum-alkyl compounds isomerize the meso compound to its rac analogue. We proved the

steric bulk arising in course of the alkylation using TIBA to not trigger the isomerization, as

we isolated meso-IMe via an alkylation of meso-I using MeMgBr with no traces of the racemic

isomer — both in solution and single crystals. Furthermore, we established an easy and con-

venient protocol to selectively isomerize the meso compound to its rac analogue in situ. This

protocol was also applicable to rac/meso mixtures and other hafnocenes and if employed, the

total yield of iPP per used ligand in the catalyst synthesis was increased by more than 400%;

comparable macromolecular characteristics as for iPP produced by pure rac hafnocenes were

obtained.
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Polymerization

Perfectly Isotactic Polypropylene upon In Situ Activation of
Ultrarigid meso Hafnocenes

Lucas Stieglitz+, Tim M. Lenz+, Andreas Saurwein, and Bernhard Rieger*

Abstract: For more than 40 years, the synthesis of C2-
symmetric indenyl-based racemic metallocenes for the
isoselective polymerization of propylene relied on a
tedious separation of the produced rac and meso
isomers. Status quo, latter are considered wasteful as
they produce atactic polypropylene (aPP) rather than
isotactic polypropylene (iPP) if activated with meth-
ylaluminoxane (MAO). Unexpectedly, the in situ activa-
tion of meso hafnocene I yielded perfectly isotactic
polypropylene. We verified an isomerization of the meso
compound to the corresponding racemic one upon
triisobutylaluminum (TIBA) addition via nuclear mag-
netic resonance (NMR) spectroscopy and established an
easy and convenient polymerization protocol, enabling
productivities comparable to pure rac-I if applied to
pure meso-I or a mixture of both isomers. With this
established isomerization protocol, the potential yield of
iPP was enhanced by more than 400%. This protocol
was also shown to be applicable to other meso
hafnocenes and some initial mechanistic insights were
received.

The discovery by Brintzinger and Kaminsky in 1985
producing narrow molecular weight distributed isotactic
polypropylene (iPP) by employing racemic ansa-zircono-
cenes heralded a new chapter in the stereospecific polymer-
ization of propylene besides its heterogeneous
polymerization.[1] With the aid of Spaleck’s pioneering
preliminary work,[2] our group obtained the so far highest
molecular weight and melting transition ex reactor of iPP by
applying ultrarigid ansa-hafnocenes.[3] As these hafnocenes
showed a poor performance at elevated temperatures,
Voskoboynikov et al. investigated zirconocene-based cata-

lysts achieving superior high-temperature performance.[4]

Nevertheless, all ansa-metallocenes lack the same issue: the
crucial and tedious separation of rac and meso isomers. This
generally requires several recrystallizations,[3b] whereas for
some metallocene dichlorides no suitable separation con-
ditions have been found yet.[5] Besides this tedious and
elaborative separation, a lot of valueless meso catalyst
accumulates as a side-product and remains unused in the
polymerization procedures. In literature, various meso-to-
rac isomerization protocols, e.g. by applying ultraviolet
(UV) light,[6] were reported to circumvent this issue—
nevertheless, these protocols often led to equilibrium states
or are not suitable for some catalyst systems. In 2007, Jordan
et al. reported the anion-promoted meso-to-rac isomeriza-
tion by applying chloride salts, such as LiCl, in refluxing
tetrahydrofuran (THF).[7] This procedure has widely been
examined and enforced by Voskoboynikov and co-workers
for several metallocenes.[5,8] Even though the anion-pro-
moted meso-to-rac isomerization can improve the yield of
rac catalysts, the additional synthetic step (e.g. refluxing and
removal of LiCl) and the consumed time represent serious
disadvantages.

For any reason, meso metallocenes have not received
much attention and were rather considered undesired side-
products than serious pre-catalysts in the polymerization of
propylene. According to Ewen’s symmetry rules, meso
catalysts are presumed to yield atactic polypropylene (aPP),
as the catalyst system has no preferred direction regarding
the enatiomorphic-site-model.[9] In fact, Ewen obtained an
iPP/aPP blend (2 :1 ratio) when polymerizing rac/meso Et-
(Ind)2� TiCl2 with methylaluminoxane (MAO).[9a]

Being curious about the performance of the meso isomer
of our group’s benchmark catalyst rac-I,[4] we isolated the
hafnocene meso-I (Scheme 1) and investigated its polymer-
ization of propylene upon in situ activation.[10]

Instead of aPP, the polymerization employing meso-I at
30 °C yielded perfectly isotactic polypropylene if the in situ
activation with triisobutylaluminum (TIBA) and subsequent
initiation with [Ph3C][B(C6F5)4] (TrBCF) was employed.
Nevertheless, the productivity and molecular weight de-
creased for pure meso-I compared to the polymerization
using pure rac-I—the polymer revealed a slight degree of
bimodality (see Table 1, entries 1–4). For the polymerization
using a rac/meso mixture, literature values were achieved
with no bimodality and no reduced molecular weight.

Voskoboynikov and co-workers applied the anion-
promoted meso-to-rac isomerization to meso-I to obtain rac-
I with a yield of 95%.[8] Due to the observation that meso-I
yielded perfectly isotactic polypropylene ([mmmm] >99%)
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under our polymerization conditions, we assumed that an
aluminum-alkyl-induced isomerization of meso-I to rac-I—
similar to the associative chloride-anion-induced one—
occurs during the activation process. This was verified via
nuclear magnetic resonance (NMR) analysis.

The 29Si NMR of meso-I upon reaction with 20.0 equiv
TIBA indicated an isomerization and subsequent alkylation
of meso-I to rac-Ialk. Herein, between several non-identifi-
able species, the same signal as for the activation product of
rac-I with 200 equiv TIBA was observed (Figure S4).
However, 200 equiv TIBA led to decomposition of meso-I
and no clean NMR analysis could be conducted (Figure S5).
This degradation could even be observed visually (see
Figure S2), was monitored via UV/Vis analysis (Figure S1)
and is probably responsible for the slight bimodality of the
polymers. To investigate the isomerization in more detail,
we used 1H NMR analysis, initially with only 1.00 equiv
TIBA to avoid signal suppression. At 60 °C, the reaction
progress was rather slow, therefore, we increased the
temperature to 100 °C. The isomerization was monitored via
the 5H-indene and 4-methoxy moiety for which an increase
of the rac-signals and a decrease of the corresponding meso
signals (Figure 1 and S6) was observed.

Additional signals besides rac-signals were formed after
15 h at 100 °C, most of them can be assigned to non-
identifiable degradation products. However, one signal (δ=

� 1.15 ppm, 1H NMR) can be assigned to the alkylated rac-
Ialk Hf-iBu species as it is also observable for the reaction of
rac-I with 1.00 equiv TIBA under the same conditions

(Figure S7). In the absence of TIBA, the 1H NMR spectrum
of meso-I heated to 100 °C for 15 h exhibited signals that
may correspond to rac-I. However, the predominant species
was still meso-I, accompanied by non-identifiable side-
products, highlighting the importance of TIBA for an
efficient isomerization. At 60 °C using 10.0 equiv TIBA, an
isomerization of meso-I was also observed (Figure S8). As
expected, the intensity of the signals corresponding to
alkylated rac-Ialk (δ= � 1.15 ppm) was increased compared to
the reaction with only 1.00 equiv TIBA. However, the
signals corresponding to side-products were amplified, as
well. We therefore concluded that the isomerization of
meso-I would concur with its degradation and that higher
TIBA concentrations would promote the degradation.
Furthermore, the isomerization and subsequent activation
using 200 equiv TIBA was monitored via 29Si NMR (Fig-
ure S9). We observed that both, meso-I and rac-I yielded the
same activation product if meso-I was isomerized (1.00 equiv
TIBA, 100 °C, 16 h) prior to its activation. With the isomer-
ization using 1.00 equiv TIBA at 100 °C being more
effective, we established a simple protocol for polymer-
izations using meso-I to yield iPP with enhanced productiv-
ity. Initially, meso-I was isomerized at 100 °C overnight—the
isomerization was confirmed via NMR spectroscopy—and
subsequently, the established in situ activation involving the
pre-activation with 200 equiv TIBA was executed.[10b] This
procedure yielded perfectly isotactic PP with molecular

Scheme 1. Synthesis of rac-I and meso-I.

Table 1: Conditions and results for the polymerization of propylene with hafnocene I.[a]

entry catalyst n[b] activation[c] [mmmm][d] Mw
[e] Tm

[f ] Ð[g] P[h]

1 meso-I 1.65 TIBA/TrBCF >99 900 165.9 2.5 500
2 rac-I 1.65 TIBA/TrBCF >99 1600 165.1 1.6 6000
3 rac-I/meso-I (1/4) 3.30 TIBA/TrBCF >99 1800 165.6 1.4 400
4[i] meso-I[j] 1.65 TIBA/TrBCF >99 700 165.0 2.4 7000
5 rac-I/meso-I (1/4) [j] 1.65 TIBA/TrBCF >99 1300 165.0 1.6 5000
6 meso-I 3.30 MMAO 23[k] 500 163.4[k] 1.8 130

[a] tp=30 min; Tp=30 °C; Vtoluene=120 mL; p=pAr+ppropylene=4 bar, pAr=1.5 bar. [b] in μmol. [c] TIBA/TrBCF: initiator [Ph3C][B(C6F5)4]=5.0 equiv,
activator (TIBA)=200 equiv, scavenger (TIBA)=0.55 mmol; modified MAO (MMAO): scavenger=activator (MMAO)=2000 equiv. [d] In %,
determined via 13C NMR spectroscopy assuming the enantiomorphic site model. [e] In kgmol� 1, determined absolutely via SEC-GPC in 1,2,4-
trichlorobenzene at 160 °C with dn/dc=0.097 mLg� 1. [f ] in °C. [g] Đ=Mw/Mn. [h] In kgPP [molcat h]

� 1. [i] Tp �15 °C. [j] Pre-isomerized with 1.00 equiv
TIBA at 100 °C for 15 h. [k] aPP/iPP blend.

Figure 1. Excerpts of the 1H NMR spectra of the isomerization of meso-I
to rac-I upon addition of 1.00 equiv triisobutylaluminum (TIBA) at
100 °C.
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weights, molecular weight distributions and productivities
comparable to pure rac-I for a meso/rac mixture while the
high activity and thus temperature increase for pure meso-I
led to a broadened molecular weight distribution (see
Table 1, entries 4 and 5).

Furthermore, we investigated the polymerization of
propylene with meso-I employing MAO. The polymer
obtained was a blend of iPP and aPP, chemically and
physically separable (Figure S29). Unfortunately, no proper
1H NMR study could be performed, as no defined catalyst
species were distinguishable. We concluded that the short
contact time of MAO and meso-I in the autoclave led to an
incomplete isomerization of meso-I while a partial direct
activation also occurred—the isomerized species yielded iPP
and the directly activated one aPP. As commercial MAO
always contains non-hydrolyzed trimethylaluminum
(TMA),[11] the isomerization of meso-I with pure TMA at
100 °C was investigated (Figure 2).

The 1H NMR spectra confirm the isomerization of meso-
I upon addition of TMA, occurring even faster than with
TIBA—probably due to the lower steric hindrance of TMA.
In addition to rac-I, several side-products were formed if the
reaction was conducted in pure toluene. However, if THF
was added to the reaction mixture, neither alkylation nor
degradation products were observable—only meso-I or rac-I
signals. We assume that THF attenuates the reactivity of
TMA, probably due to its coordinating character (Fig-
ure S10).

Nevertheless, it was still uncertain whether the isomer-
ization is initiated by the Lewis acidity (e.g. ability to
coordinate to the hafnocene) of aluminum-alkyls or upon
alkylation and thus the increase of steric hindrance of the
newly formed diisobutyl-moiety. Therefore, we converted

meso-I with Grignard reagents according to literature known
procedures.[12] While the addition of MeMgBr to meso-I
yielded pure meso-IMe, the reaction of meso-I or rac-I with
iBuMgBr did not yield the desired meso-IiBu or rac-IiBu, even
if performed under various reaction conditions.

Compared to meso-I, single crystal X-ray diffraction
(SC-XRD) revealed for meso-IMe an increased C� Si� C
angle, Hf� Cpcentroid bond-length and D-value due to the
enhanced bulkiness by the methyl groups, leading to a
reduced bite angle (Table 2, Figure 3). Furthermore, meso-I
and meso-IMe feature two configurations of the 4(3,5tBu)-
aryl substituents, probably due to the steric repulsion of the
indenyl substituents. This explains the lack of a perfect
symmetry of meso isomers, leading to a variation in
Hf� Cpcentroid and the dihedral angle, that was also observed
for the respective meso zirconocene in a previous study.[3a]

Nevertheless, the isolation of meso-IMe illustrates that the
steric repulsion arising from the activation is not responsible
for the isomerization and that Grignard reagents lack the
ability to isomerize meso-I.

The polymerization using rac/meso mixtures employing
the in situ activation with TIBA/TrBCF enables a fast and
convenient screening for the performance of ultrarigid
hafnocenes, as no tedious separation is required and
comparable molecular weights as for pure rac isomers are
obtained. Furthermore, by using the established isomer-
ization protocol, the potential yield of iPP per utilized ligand
for the catalyst-synthesis is enhanced by a multiple (more
than 400% for I).

Up to now we cannot conclude whether the isomer-
ization is caused by effects of the substituents inside the
catalyst framework—especially the methoxy moiety—influ-
encing the coordination of aluminum-alkyls. Nevertheless,
the 4(3,5R)-aryl substituents were proven to not play a
crucial role, as an isomeric rac/meso mixture (1/3) of a 4-Ph-
indene hafnocene[3b] yielded perfectly isotactic PP as well. So
far, we were not yet able to isolate the pure meso isomer but

Figure 2. Excerpts of the 1H NMR spectra of the isomerization of meso-I
to rac-I upon addition of 1.00 equiv trimethylaluminum (TMA) at
100 °C.

Table 2: Selected bond lengths and characteristic angles in the solid-
state according to Rath and Coville.[13]

bite angle [deg]dihedral angle [deg]Hf-Cpcentroid [Å]D [Å]

rac-I 57.8 42.63 2.218 0.926
meso-I 57.1 31.6/44.0 42.230�0.0030.927�0.009
meso-IMe56.6 32.3/44.4 2.239�0.0020.961�0.004

Figure 3. ORTEP style representation of meso-I and meso-IMe with
ellipsoids drawn at 50% probability level. Hydrogen atoms omitted for
clarity.
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no signals corresponding to the respective meso isomer were
visible in the 1H NMR spectrum after the mixture was
isomerized according to our protocol. Additionally, the
catalyst’s productivity in propylene polymerization was
enhanced for the isomerized mixture compared to the non-
isomerized one.

In summary, we proved the isomerization of meso-I to
rac-I with aluminum-alkyl species, yielding perfectly isotac-
tic polypropylene with macromolecular characteristics
equivalent to that of pure rac-I if activated in situ.
Furthermore, the established isomerization protocol prior to
in situ activation led to a productivity of pure meso-I
comparable to pure rac-I, also adaptable for isomeric
mixtures. Finally, via the synthesis of meso-IMe we excluded
the steric hindrance in the course of the activation to initiate
the isomerization, as pure meso-IMe was isolated without any
trace of isomerization, both in solution and as single crystals.
To further prove our hypothesized associative mechanism,
additional catalyst systems with differing ligand frameworks
and central metal atoms have to be examined and density
functional theory (DFT) calculations have to be performed
in the future.
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6 Processing of UHMW-iPP for Prototype Production
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Figure 15: Graphical abstract (TOC) of the manuscript titled ”Fiber Spinning of Ultrahigh Molecular
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6.3 Content

The shift of the polymers’ molecular weight to the ultrahigh regime is linked with enhanced

properties, such as optimized mechanical behavior of the polymer. For example, UHMW-PE

has greatly improved mechanical properties in comparison to HD-PE, and the Young’s modu-

lus and tensile strength (>90 and >3GPa, respectively) even enable its application in bullet-

proof fabrics. Compared to PE, iPP has some major advantages: an almost 25 ◦C higher melt-

ing transition, a higher tensile strength and impact resistance as well as a lower mass density.

However, due to the high melt viscosity, processing of UHMW polymers is very challenging and

is regarded to be nearly impossible via the classical route (melt extrusion). Considering the ad-

vantages of iPP, UHMW-iPP is currently receiving more research focus. In a recent study [204]

the viscosity of iPP/UHMW-iPP blends was reduced with the aid of oxalamide-based nucleat-

ing agents.

In 2012, Rieger et al. isolated perfectly isotactic PP with the so far highest molecular weight

of up to 5800 kg/mol and melting transition ex reactor at 171 ◦C – this iPP remains until today

as the benchmark iPP in terms of macromolecular characteristics. [44] With the advantages of

iPP compared to PE in mind, we set ourselves the goal to process this UHMW polymer via

common melt extrusion – despite the difficult circumstances. Therefore, we performed melt

spinning of various iPP samples by using a modified extrusion set- up. We confirmed that

no chain breakage occurs during the spinning process and investigated the crystallinity and

phase crystallization via DSC and WAXS analysis. We proved that UHMW-iPP fibers enable

a high tensile strength that was even increased after an annealing process (up to 400 MPa).

However, UHMW-iPP exhibited a short melt spinning time window due to its increasing melt

viscosity – after that, no more spinning was possible, only melt drawing. Unfortunately, after a

specific time UHMW-iPP even led to agglutination of the compounder – hampering extrusion

at all. Probably, the number of entanglements and consequently the polymer’s melt viscosity

were increased by the melting process, and thus the UHMW polymer was no longer extrud-

able. By mixing a lower molecular weight iPP fraction to the feedstock, extrusion rupture and

agglutination of the compounder was avoided and a composite fiber with enhanced mechani-

cal properties was obtained.
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Fiber Spinning of Ultrahigh Molecular Weight Isotactic
Polypropylene: Melt Spinning and Melt Drawing
Lucas Stieglitz,[a] Christina Geiger,[b] Paula F. Großmann,[a] Moritz Kränzlein,[a]

Katia Rodewald,[a] Peter Müller-Buschbaum,[b, c] and Bernhard Rieger*[a]

Herein, this work reports fiber spinning of tailored isotactic
polypropylene (iPP) by melt spinning and melt drawing,
yielding an adjustable diameter of 40–400 μm. The crystallinity
of all obtained fibers with a molecular weight between 330–
1400 kg/mol is increased by thermal annealing and investigated
via differential scanning calorimetry (DSC) as well as wide angle
X-ray scattering (WAXS). The potential of ultrahigh molecular
weight iPP (UHMW-iPP) fibers compared to fibers manufactured

from industrially available iPP becomes evident when the
mechanical performance is compared: fibers spun from UHMW-
iPP (1400 kg/mol) enable a tensile strength of up to 400 MPa,
whereas commercially available fibers (330 kg/mol) show a
tensile strength of approximately 50 MPa. However, UHMW-iPP
exhibits a short timeframe, in which extrusion is possible,
thereafter extrusion rupture occurs, probably induced by an
increased melt viscosity.

Introduction

Tailoring isotactic polypropylene (iPP) was first made possible
by Brintzinger and Kaminsky with their discovery of the
isospecific ansa-metallocene catalyzed polymerization of
propylene in 1985.[1] In the following years, macromolecular
characteristics, such as molecular weight, degree of isotacticity
and melting transition were adjusted by a variation of the basic
group (IV) metallocenes’ scaffold.[2] By using the ultrarigid
hafnocene dichloride II (Figure S45), Rieger et al. isolated in
2012 perfectly isotactic PP with the so far highest molecular
weight of up to 5800 kg/mol and melting transition ex reactor
at 171 °C – this iPP remains until today as the benchmark iPP in
terms of macromolecular characteristics.[2a] Recently, an im-
proved polymerization procedure was established to tremen-
dously increase this polymer’s yield per utilized ligand system
by avoiding the tedious rac/meso separation.[3]

Compared to polyethylene (PE), iPP has some serious
advantages: an almost 25 °C higher melting transition, a higher
tensile strength and impact resistance as well as a lower mass
density.[4] Therefore, ultrahigh molecular weight iPP (UHMW-
iPP) fibers potentially could outperform UHMW-PE Dyneema
fibers. However, the processing of UHMW polymer fibers via the
classic melt extrusion route is considered very challenging and
even a few claim it to be nearly impossible.[4] This is mainly
attributed to the high melt viscosity, which correlates with the
polymer’s molecular weight with η0 ∝ Mw

3.4.[5] To circumvent
this, a few attention was directed onto the gel-spinning process
for UHMW-iPP fiber production.[6] However, extrusion for fiber
spinning has not yet been reported for UHMW-iPP, probably
caused by the inherent high melt viscosity impeding this
process. Despite these difficult conditions, we isolated UHMW-
iPP fibers of different molecular weights via melt extrusion and
subsequently compared their mechanical properties to fibers of
medium high molecular weight PP, both commercially available
or received by homogeneous polymerization.

Results and Discussion

The list of iPP samples used for fiber spinning via melt extrusion
in this study, ranging from medium high molecular weight to
UHMW, is shown in Table 1. iPP-1 was commercially available
from Ineos, iPP-2 to iPP-5 were synthesized via single-site
catalysis, using two literature known catalysts (Figure S45) –

[a] L. Stieglitz, P. F. Großmann, M. Kränzlein, K. Rodewald, Prof. B. Rieger
Wacker-Lehrstuhl für Makromolekulare Chemie
Catalysis Research Center
TUM School of Natural Sciences
Technische Universität München
Lichtenbergstraße 4, 85748 Garching bei München (Germany)
E-mail: rieger@tum.de

[b] C. Geiger, Prof. P. Müller-Buschbaum
TUM School of Natural Sciences
Department of Physics
Technische Universität München
James-Franck-Straße 1, 85748 Garching (Germany)

[c] Prof. P. Müller-Buschbaum
Heinz Maier-Leibnitz Zentrum (MLZ)
Technische Universität München
Lichtenbergstraße 1, 85748 Garching (Germany)
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cplu.202300045
© 2023 The Authors. ChemPlusChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

Table 1. Tailored iPP for fiber spinning.

Mw [kg/mol] Đ (�) Tm [°C] [mmmm][%]

iPP-1 330 6.6 162.8 95
iPP-2 380 2.4 157.7 94
iPP-3 860 1.8 165.6 >99
iPP-4 1200 1.8 165.4 >99
iPP-5 1400 1.8 165.5 >99
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iPP-2 was obtained by using I, and II was used for iPP-3 to iPP-
5 combined with suitable polymerization conditions.[2c,7]

While iPP-2 was received as a polymer powder, iPP-3–iPP-5
were received as a fibrous material after synthesis. Therefore,
these polymers were milled with an ultra-centrifugal mill to
reduce the grain size. Chain destruction induced by oxidative
stress during processing was avoided by applying an improved
milling procedure (Figure S6–S10).

For subsequent fiber spinning, we combined a micro-
compounder and a KPG-stirrer equipped with a manufactured
spinning cone (Figure S24 and S25) – with this set-up (Figure 1,
left), the spinning speed as well as the nozzle-cone distance
could be adjusted to modify the fiber’s diameter and ensure a
solid phase. In preliminary experiments using a 0.50 mm
spinning nozzle, it was shown that the commercial iPP-1 has a
good spinnability. The fiber’s thickness could be adjusted
arbitrarily up to 40 μm with no need for any stabilizing agent.
In contrast to iPP-1, 1 wt% Irganox 1010 as stabilizing agent for
UHMW-iPP could not prevent chain destruction and led to
broadening of the polydispersity. Increasing the amount of
Irganox to 3 wt% resulted in no spinnability and a checked-off
extrudate. We therefore increased the nozzle’s diameter to
2.00 mm – this resulted in a proper extrusion of the UHMW
polymer. Screening for the appropriate amount of stabilizing
agent revealed that the optimum amount is between 3 and
7 wt% (Figure S12). We decided to utilize the upper limit to
avoid any chain destruction in the spinning or annealing
process. To compare the mechanical properties of iPP-1–iPP-5,
we used the same extrusion conditions and aimed for a fiber
thickness of 200–400 μm, as, contrary to iPP-1, thin UHMW-iPP
fibers were challenging to receive with our used set-up.

While spinning fine and thin fibers (40–120 μm) for iPP-1
and iPP-2 was comparably easy, an increase of the fiber’s
diameter turned out to be challenging when using the 0.50 mm
fiber spinning nozzle. Therefore, we manufactured a 1.00 mm
fiber spinning nozzle (Figure S23) combining the advantages of
0.50 mm fiber spinning and 2.00 mm extrusion nozzle: a smaller
diameter as well as a longer nozzle distance for an improved

homogeneity of the polymer melt. Still, this manufactured
1.00 mm nozzle was not useful for iPP-3–iPP-5, as the high melt
viscosity of the polymers caused inhomogeneities and partially
extrusion rupture, leading to no proper fiber spinning (Fig-
ure S30 and S41). After changing to the 2.00 mm extrusion
nozzle, the extrusion of iPP-3–iPP-5 was smooth (Figure S31,
S34 and S38), melt spinning with only a few inhomogeneities
(Figure S35 and S37) was accessible and UHMW fibers with a
diameter of about 300 μm were received.

After a few minutes in the compounder, the UHMW
polymer’s melt viscosity increased drastically, and extrusion
ruptures occurred – yielding 2–4 cm long extrudates not
suitable for melt spinning. However, with these molten
extrudates, melt drawing instead of melt spinning was possible.
This technique of post-extrusion drawing of as-spun fibers is
applied e.g. by Kakiage et al. for fiber spinning of UHMW-PE
fibers.[8] For this purpose, the molten extrudate with a diameter
of 2.00 mm was stretched on both sides to a length of 20–
30 cm with a stretching rate of 20 cm/sec. This consequently
yielded a consistent fiber with a reduced diameter of 400 μm
(Figure S33). After approximately ten minutes of the polymer
inside the compounder, the UHMW polymer’s melt agglutinated
the compounder, and no extrusion was possible anymore
(Figure 1, right). Adding new polymer or increasing the
extrusion temperature up to 220 °C did not sufficiently reduce
the agglutination. The removed polymer revealed no variation
in the molecular weight, and after milling, the polymer
remained non extrudable. Probably, the number of entangle-
ments and consequently the polymer‘s melt viscosity were
increased by the melting process and the arising shear forces,
and therefore, the UHMW polymer was no longer extrudable.

DSC measurements of e.g. iPP-5 support this hypothesis, as
it was observed that the first melting transition and crystallinity
(167.4 °C, 55.4% crystallinity) is increased compared to the
second transition (165.5 °C, 44.3% crystallinity) – nevertheless,
further investigations comparing the nascent, melt-crystallized
and agglutinated polymer need to be conducted.

A mixture of 70 wt% iPP-4 and 30 wt% iPP-1 gave a smooth
extrusion using the manufactured 1.00 mm fiber spinning
nozzle with no observation of an increased melt viscosity or
extrusion rupture. This yielded a composite fiber with a
diameter of about 200 μm. Probably, combining two iPPs – one
with a high and one with a low melt viscosity – is a promising
method to avoid agglutination of the compounder.

Figure 2 illustrates the optical differences between the
UHMW iPP-4 and medium high molecular weight iPP-1 fiber.
Commercial iPP-1 bearing a reduced melt viscosity and
crystallinity enabled a very smooth and even fiber surface,
whereas our UHMW-iPP with its ultrahigh molecular weight and
increased crystallinity led to a high surface roughness induced
by fibrillation. This high surface roughness is well known for
UHMW-PE fibers, especially for high draw ratios.[11] Surprisingly,
annealing of the polymer fibers melted the fiber surface for all
investigated fibers (Figure 2). Underneath that melted surface,
the fibrillated structure was preserved for UHMW fibers (Fig-
ure 2, b).Figure 1. Set-up for fiber spinning (left) and agglutinated compounder

(right) after spinning of UHMW-iPP.
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The mechanical properties of polymers, especially the
tensile strength, highly depend on the crystallinity.[12] Besides
increasing the isotacticity, annealing of the polymer is a
commonly used technique to enhance the degree of crystal-
linity. In previous studies it was shown, that a higher annealing
temperature leads to an increased crystallinity.[13] Furthermore,
annealing prevents crazes and avoids coalescence, conse-
quently improving the mechanical behavior.[13b] In preliminary
experiments, an increased annealing temperature of 150 °C for
67 h turned out to be suited better for UHMW-iPP fibers
compared to a temperature of 140 °C for 20 h (Figure S21 and
S22). Actually, an even higher annealing temperature would be
desirable, but due to an inaccurate temperature control this led
to a partial melting of the polymer fibers. For iPP-1 and iPP-2
we reduced the annealing temperature to 143 °C, as 150 °C
melted the polymer fibers.

The crystallization behavior of iPP-5 during different stages
of the fiber manufacturing process was analyzed by WAXS
measurements (Figure 3). The crystalline fraction of the raw

polymer sample consisted purely of the α-phase, which meets
the expectation – it is reported that iPP from solution
crystallization yields mostly the α-phase.[9] As expected for the
raw polymer after precipitation synthesis without any further
processing, there is no preferential orientation of the crystals, as
seen from the uniform scattering intensity along the Debye-
Scherrer rings. The extrudate still exhibited predominantly the
α-phase for the crystalline fraction, but the formation of β-
phase crystallites was detected as well. A weak preferential
orientation of crystallites was observed. The sample exhibited a
strong homoepitaxy[10] of the α-phase, identifiable by an intense
(110)d reflex, originating from the daughter crystals, that were
seen to orient roughly perpendicularly to the stretching
direction, while the mother crystals orient roughly parallel to
the stretching direction. In the spun fibers, the α-phase clearly
predominated the crystalline fraction, but a small fraction of β-
phase crystallites was still present (see Figure S44f). The
crystallites in the spun fiber exhibited a strong preferential
orientation. The sample, as already seen in the extrudate,

Figure 2. SEM images of a) melt drawn and b) annealed melt drawn iPP-4 fiber compared to c) spun and d) annealed spun iPP-1 fiber.

Figure 3. Transmission-mode WAXS data from UHMW iPP-5 at different stages of the fiber fabrication process. a) raw polymer (obtained as fine mesh), b)
extrudate, c) spun fiber, d) annealed fiber (fiber axis marked by arrow). Characteristic reflections belonging to the α-phase[9] of crystalline iPP predominantly
found in all samples are marked with their corresponding Miller indices (exceptions are: (110)d marking the reflections of the daughter crystals resulting from
iPP homoepitaxy[10] – all other indicated reflections belong to the mother crystals – and (300)β, marking the most intense reflection of the β-phase, seen most
clearly in b) (extrudate)). A clear increase in preferential orientation of crystallites is seen from a) to d). Typical hk0 (equator) lines, hk1, and hk2 arcs, on which
reflections sit, are marked for the spun and annealed fiber patterns in c) and d). Further information on WAXS measurements and data analysis is available in
the Supporting Information.
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showed a homoepitaxy of the α-phase, resulting in the (110)d
daughter reflex appearing under the azimuthal angles 80° and
100° relative to the hk0 equator with the (110) mother reflex, as
found in literature.[10] The separation of the daughter reflex is a
result of the strong preferential orientation of all α-phase
crystallites. A very similar scattering pattern was found in the
annealed fiber as for the spun fiber. The main differences found
were the depletion of the β-phase, which was no longer
detectable, and the reduced intensity of the amorphous halo,
as well as the increased sharpness (decreasing full width at half
maximum (FWHM)) of the unique reflections of the α-phase.

We verified via GPC measurements (Figure 4, a), that neither
the spinning process nor the annealing process led to bond
breakage of the polymer fibers by an oxidative stress.
Furthermore, we observed an increased melting transition
temperature and crystallinity, especially after the annealing
process, via DSC analysis (Figure 4, b), which is in agreement
with the WAXS results. The degree of crystallinity was
determined by using the melt enthalpy for polypropylene ΔHlit,
100%=207 J/g.[11] Table 2 illustrates the influence of the

crystallite orientation induced by fiber spinning and increased
lamellae thickness by the annealing process.

Examining their mechanical behavior via stress strain
measurements, the extraordinary potential of UHMW-iPP fibers
compared to fibers manufactured from industrially available iPP
is highlighted (Figure 5). All UHMW-iPP fibers, due to their
higher molecular weight and lower polydispersity, exhibited a
higher tensile strength and a shortened elongation at break
compared to the Ziegler-Natta based iPP-1.[14] The increase in
crystallinity (Table 2) induced by the annealing process boosted
the tensile strength of all polymer fibers iPP-1–iPP-5 (e.g. iPP-5
spun and annealed fiber, Figure 5) and a tensile strength of up
to 400 MPa was received for UHMW-iPP fibers. The melt
drawing process of iPP-4 however yielded a decreased tensile
strength compared to the melt spinning process – probably
due to inhomogeneities in the molten extrudate. The composite
fiber of 70 wt% iPP-4 and 30 wt% iPP-1 surprisingly showed a
low tensile strength combined with a low elongation at break –
despite the high amount of UHMW-iPP in the feedstock
material. Presumably, the two different polymers were not
evenly distributed in the composite polymer fiber, leading to
defects and an overall deteriorated mechanical behavior.
During the annealing process, defects in the composite
structure are reduced and the crystalline fraction increased (see
Figure S44), thus improving the stress strain behavior. Blending
UHMW-iPP with an iPP bearing a lower melt viscosity not only
avoids agglutination of the compounder, but also is a promising
method to obtain strong iPP fibers. Clearly, this presented
technique yields lower tensile strengths and an increased fiber’s
diameter compared to previous reported UHMW-iPP fibers
accessed by gel-spinning[6a,c,d] – however, this study highlights,
that extrusion of UHMW-iPP is feasible and thus may pave the
way for an improved spinning technique of UHMW-iPP.

Conclusion

In summary, we performed melt spinning and melt drawing of
various iPP samples, including the first reported extrusion
processing of UHMW-iPP. We investigated the crystallinity and
phase crystallization via DSC and WAXS analysis and confirmed
no chain breakage occurring during the spinning process. We
proved that UHMW-iPP fibers enable a high tensile strength
that was even increased after an annealing process (up to
400 MPa). However, UHMW-iPP exhibited a short melt spinning
time window due to its increasing melt viscosity – after that, no
spinning was possible at all. Nevertheless, by mixing a lower
molecular weight iPP fraction to the feedstock, extrusion
rupture and agglutination of the compounder was avoided and
a composite fiber with enhanced mechanical properties was
obtained. As these findings are very promising, further studies
need to be conducted to better understand the root cause of
the agglutination and increased melt viscosity and also to
improve the mechanical properties of the obtained fibers.

Figure 4. GPC (a) and DSC (b) analysis of iPP-4.

Table 2. Calculated Crystallinity via DSC analysis.

iPP-1 iPP-2 iPP-3 iPP-4 iPP-5

raw 44.6% 41.4% 44.1% 43.9% 44.3%
spun fiber 47.0% 43.2% 45.6% 48.1% 46.8%
annealed fiber 50.1% 46.0% 53.0% 52.2% 53.5%

Figure 5. Stress strain mechanical behavior of spun and annealed fibers.
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Experimental Section
Polymer 13C NMR spectra were measured with an ARX-300
spectrometer at 140 °C in bromobenzene-d5 with 40–60 mg/mL and
14k scans with 5 mm OD tubes. Acquisition conditions were: 30°
flip angle; 1.82 sec acquisition time, 2 sec relaxation delay. Broad-
band proton decoupling was achieved with a WALTZ16 sequence.
The degree of isotacticity was determined via the integration of the
corresponding [mmmm]-pentade (21.85 ppm)[15] against the region
of 19.5–22.5 ppm.

Gel permeation chromatography (GPC) was performed with a PL-
GPC 220 instrument equipped with 2x Olexis 300 mm ×7.5 mm
columns and triple detection via a differential refractive index
detector, a PL-BV 400 HT viscometer, and light scattering (Precision
Detectors Model 2040, 15 and 90°). Measurements were performed
at 160 °C using HPLC-grade 1,2,4-trichlorobenzene (TCB; 100 mg/L
BHT) from Sigma-Aldrich with a constant flow rate of 1 mL/min and
a calibration set with narrow-MWD polyethylene (PE) and polystyr-
ene (PS) standards. Samples were prepared by dissolving 0.5–
0.7 mg of the polymer in 1.0 mL of stabilized TCB for 1 h at 140 °C
immediately before each measurement. The molecular weight was
determined absolutely against PS standards by using dn/dc=
0.097 mL/g.[16]

Differential scanning calorimetry (DSC) analysis was conducted on a
DSC Q2000 instrument from TA Instruments. The polymer (4–5 mg)
was sealed into a non-hermetic aluminum pan and heated from 50
to 200 °C at 10 °C/min. After the temperature was held for 2 min,
the sample was cooled to 50 °C at 10 °C/min and heated again in
the same manner. The reported values for raw polymers are those
determined in the second heating cycle, for fibers those deter-
mined in the first heating cycle.

Optical light microscopy was carried out using a PantheraTEC-BD
from Motic equipped with a MicroCam II camera from Bresser. The
software MicroCamLabII was used for processing.

The surface of the fibers was determined by the images taken by
JEOL JSM-7500F field-emission scanning electron microscope
coupled with EDX INCA System (software) with 50 mm2 X-MAX
detector from Oxford Instruments.

As iPP-3–iPP-5 were received as a fibrous material, these polymers
had to be milled for an extrusion processing. The coarsely crushed
polymer was frozen in liquid nitrogen and subsequently milled
chunkwise by using a Retsch ultra centrifugal mill ZM 200 (12-tooth
rotor, sieve size 2.00 mm, trapezoid holes) at 1000 rpm.

Extrusion for fiber spinning was conducted using a Micro-
Compounder from DACA Instruments. The temperature was set at
195 °C and 7% wt. of the stabilizing agent Irganox 1010 added to
the polymer prior the extrusion. 2–2.5 g of the stabilized polymer
were added to the compounder and after an appropriate mixing
time (for iPP-1 and iPP-2 three minutes, for iPP-3–iPP-5 15 seconds)
the extrusion was initiated. The molten extrudate was rolled onto
the manufactured spinning cone’s rod (Figure S24 and S25) – when
the fiber’s diameter was smooth, the spinning was conducted on
the spinning cone. With the attached Heidolph KPG-stirrer, the
distance between nozzle and cone and spinning speed was
adjusted according to the desired fiber characteristics and
polymer’s melt viscosity. An increased KPG stirring speed gave a
thinner polymer fiber, but the distance between nozzle and cone
had to be increased to ensure an entire solidification of the fiber.
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7 Processing of sPP for Prototype Production
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7.3 Content

Additive manufacturing, especially PBF-LB/P, is gaining great interest in the field of polymer

processing, as it enables a precise control over the final part and does not require any ad-

ditional tools. Up to the present day, the benchmark, commercially available, polymer with a

market share of roughly 90% is polyamide 12. Nevertheless, applications of commodity plas-

tics, such as PP, are rarely to find in the literature. In this study we concentrated on sPP, since

it has, compared to isotactic polypropylene, various advantages, such as a higher degree of

entanglements and lower crystallite structures, causing a lower melting transition and a lower

crystallization rate. With our deep knowledge in polyolefin chemistry, we are able to tune the

macromolecular characteristics of the received polypropylene by a homogeneous polymeriza-

tion of propylene with metallocene catalysts. In a previous study, we proved the potential of

Cs-symmetric metallocenes to isolate designable sPP, yielding a molecular weight between

36 – 2500 kg/mol and a syndiotacticity of up to 95%. [218] In this manuscript, we used a highly

active literature known zirconocene dichloride catalyst
(
ZrCl2[Me2C(η5–Flu)(η5–Cp)]

)
in con-

junction with appropriate polymerization settings to yield highly syndiotactic polypropylene with

a moderately high molecular weight. The polymer precipitated during the polymerization in a

suitable particle size for the PBF and thus, the ability to obtain particles directly from synthesis

without additional processing is one of the most promising features of this polymer.

Through multiple material process investigations, the key material properties for the process

were determined, and the obtained material was analyzed in terms of melting and crystal-

lization behavior. The findings showed that the thermal properties for the PBF process (e.g.

process window) are better than existing systems. Furthermore, hot stage microscopy and

viscosity studies demonstrated a sufficient coalescence under process conditions without any

applied pressure. After processing experiments on an industrial machine, the production of

multilayer components showed that the processability is given, and the assumption based on

the material analyses was confirmed.
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ABSTRACT: Current research on laser-based powder bed fusion
of polymers (PBF-LB/P) is heavily focused on the relationship
between the process and component properties of existing
commercially available powder materials, thus constraining the
scope of application. An innovative approach is presented in this
study, which first emphasizes the synthesis of a tailored
polypropylene for PBF-LB/P, and subsequently the performance
of the synthesized polymer in the process. Syndiotactic
polypropylene (sPP) was chosen because of its advantageous properties, such as low crystallinity and crystallization kinetics
compared to isotactic polypropylene. Therefore, a well-known, highly active zirconocene dichloride catalyst was used with
appropriate polymerization settings to yield moderately high-molecular-weight sPP with high syndiotacticity. As the obtained
product already precipitated directly from the synthesis in particle form, no further intermediate process step to the feedstock
material for PBF-LB/P was required. The obtained polymer was analyzed in terms of molecular weight, polydispersity, and
syndiotacticity. Furthermore, key properties of the PBF-LB/P process, such as thermal properties, melt viscosity, and powder flow
behavior, were investigated. The initial PBF-LB/P processability was assessed by building single layers in a parameter study using an
EOS P 396 machine. Based on these findings, a multilayer component was manufactured demonstrating the processability of the
material system.
KEYWORDS: polypropylene, laser-based powder bed fusion of polymers, additive manufacturing, crystallization, melting transition

■ INTRODUCTION
Additive manufacturing (AM) is a collective term for a vast
number of technologies that all share the same benefit: they
build layer by layer directly from three-dimensional computer-
aided design (3D CAD) models, and therefore do not require
any shape-specific tools.1 A fundamental difference between
AM and conventional methods, such as injection molding or
extrusion, is the independence of the number of units, and the
degree of complexity with regard to cost-effectiveness.2 Laser-
based powder bed fusion of polymers (PBF-LB/P) is one of
the most frequently used AM processes for the production of
functional components thanks to its good mechanical proper-
ties.1 In the first step of the process, the powder is spread with
a roller or blade inside the building chamber. The chamber is
preheated to a temperature close to the melting temperature of
the semicrystalline polymer while being under an inert gas. The
idealized theory of quasi-isothermal laser sintering signifies that
the polymer melt and powder coexist during the building
process.3

According to the Hoffmann−Lauritzen theory, the validity
of the simplified quasi-isothermal model is limited to a specific
time range.4 This is because at temperatures below the
equilibrium melting temperature (Tm

0 ), a transition from a
liquid state to a solid state (crystallization) occurs.5 Amado et

al.’s6 simulations of polyamide 12 (PA2200) explored the
impact of temperature on material recoating. The results
indicate that at a building temperature of 172 °C, a relative
crystallization conversion of approximately 30% is achieved
within 5 min during the building phase. Drummer et al.7

confirmed the simulation results of Amado et al. experimen-
tally using an in-house developed drop test for polyamide 12
(PA2200). The experiments showed that crystallization and
thereby solidification of the material was already detected
within the uppermost layers. Nevertheless, slow crystallization
is beneficial for the process to take place.8 Semicrystalline
polymers allow these processes to take place for a certain
timeframe and have a hysteresis between the melting and
crystallization temperature. Once the powder reaches the
building temperature, it is exposed by a focused laser via a
galvanometer confocal scanning system. Due to the additional
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energy from the laser, the particles fuse together generating a
homogeneous melt based on a sliced three-dimensional (3D)
computer-aided design model. The coalescence is driven by
surface tension and is counteracted by the viscosity of the
melt.9 The surrounding powder particles act as the supporting
structure for the molten components in the building chamber.
After exposure, the powder bed is lowered according to the
adjusted layer thickness, typically set between 80 and 150 μm,
and a new layer of powder is applied.10 The steps of powder
coating, energy input, and lowering the build platform are
repeated until part completion. These process steps result in
demanding requirements for the material that are not
comparable to other manufacturing processes such as injection
molding.11 For the polymer in the PBF-LB/P process, two
relationships are important: the interaction between the
polymer and the process (process-suitable or not), and the
interaction between the process and the final component
properties.11 The properties of the polymer are often classified
into intrinsic and extrinsic powder properties.11,12

The intrinsic thermal and rheological properties among
polymers significantly differ, whereas, e.g., the surface tension
for unmodified polymers does not vary over magnitudes such
as the zero-shear viscosity.13 The thermal properties of the
polymer are derived from the thermal process window�also
known as the sintering window�which is typically charac-
terized using dynamic differential scanning calorimetry (DSC)
measurements and is defined as the temperature difference
between the onset temperatures of melting and crystalliza-
tion�and isothermal crystallization behavior. The thermal
properties and the melt rheology of the polymer are what
determine the melting and coalescence behavior of the molten
polymer; this is important for producing dense parts with good
inter and intralayer adhesion. Additional important thermal
properties include, for example, thermal (linear expansion/
contraction coefficient) and crystalline (phase transformation)
shrinkage as well as heat capacity and thermal conduction.14,15

Moreover, the intrinsic powder characteristics include their
optical properties. The molecules are stimulated through CH2
wagging for the CO2 laser used.

Although intrinsic properties show a shift in optical
properties at different degrees of crystallinity,16 extrinsic
properties such as shape, size, and thus the bulk density of
the powder are accountable for the optical differences between
polymers. Furthermore, powder properties are critical for
creating a homogenous powder bed after powder application,
which is essential for a homogeneous melt pool with low part
porosity and subsequent acceptable mechanical qualities.17

The PBF-LB/P process in AM has benefits such as high
modulus of elasticity and tensile strength, similar to injection
molding.18 However, its material options are limited to only a
few polymers due to the conditions mentioned above.12

Polyamides hold a dominant position in this regard; as a result,
the fundamental hurdles for the PBF-LB/P process in terms of
certifying new materials have remained relatively unchanged
over the last two decades.10,19,20 Nevertheless, further studies

have been published that have attempted to investigate new
materials such as poly(butylene terephthalate) (PBT),21

poly(phenylene sulfide) (PPS),22 poly(ether ether ketone)
(PEEK),23 and others. However, this has made little difference
to the dominant position of polyamides. Isotactic polypropy-
lene (iPP), like polyethylene (PE), is a common commodity
polymer because of its low cost, mechanical characteristics, and
chemical resistance.24 Because PP is often accessible as a
homopolymer, several researchers have investigated homopol-
ymers or composites of PP from injection molding for the use
of PBF-LB/P, which is only processed to a limited extent with
poor component quality.25 This is explained as injection-
molded polymers are not suitable for this unique PBF-LB/P
method because they are not acclimated to the kinetics, low
shear rates, and thermal treatment of this process. In addition,
most PBF-LB/P research focuses on the impact that process
factors have on the mechanical performance of commercially
available PBF-LB/P polymers, particularly polyamides.11

This work takes an alternative approach to the problem,
aiming to synthesize a material that has all of the necessary
qualities for the process. Syndiotactic PP (sPP) is almost
exclusively of scientific interest since the melting temperature
and crystallinity caused by a lower crystal thickness are low in
comparison with isotactic polypropylene for polymers with the
same stereoregularity and molecular weight.26,27 However,
both properties are advantageous for the process, and
additionally, the crystallization rate is lower.28 Studies from
the fused filament fabrication show that warpage can be
reduced by lowering the degree of crystallization by blending
amorphous PP.29 A further anticipated advantage of sPP on
mechanical properties results from the increased entangle-
ments of the amorphous phases, whereby better toughness,
ductility, and elasticity are expected.30,31 The presence of
complex polymorphism in sPP must be noted. Extensive
studies have documented the presence of four distinct
structures, which can arise due to a combination of
temperature history and mechanical stress.32 It has been
demonstrated through research that crystallization perfection is
the primary determinant at the relevant temperature ranges.33

There are several PP systems on the market, but compared to
PA12, they have the disadvantage that requires an additional
processing step to transform them into a powder form that can
be used as a starting material.

sPP is produced employing Cs-symmetric single-site metal-
locene dichlorides in both academic and industrial settings.34

Since Ewen’s first isolation of sPP in 1988 with fluorenyl-
cyclopentadienyl bridged metallocene dichlorides, fundamental
motifs of this catalyst system were modified in the last three
decades with various structural parameters, such as the
bridging motif,35 the bridging atom,36 or a modification of
fluorene,37 to tune the properties of the resulting sPP�leading
to different molecular weights and melting temperatures of the
polymer.38

In this study, the synthesis and the PBF/LB-P processability
were investigated. The desired sPP was synthesized with the

Scheme 1. Synthesis Route of Catalyst I and sPP
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aid of a literature-known isopropylidene-bridged zirconocene
dichloride I (ZrCl2[Me2C(η5-Flu)(η5-Cp)]) at 0 °C, and a
pressure of 6 bar of propylene, which exhibited a high
productivity (up to 50,000 kgPP·(molcat·h)−1), a high stereo-
regularity ([rrrr] of 95%), and a moderate molecular weight of
the sPP. Furthermore, the resulting powder was analyzed by
the powder size and flowability, thermal behavior and
crystallization kinetics, and rheological melt behavior and
coalescence. The suitable PBF/LB-P process parameters were
determined through single-layer experiments and were used to
manufacture a multilayer component.

■ RESULTS AND DISCUSSION
Polymer Synthesis and Characterization. Zirconocene

I was previously proven to feature several advantages, if
suitable polymerization conditions were applied: high
productivity, a wide processing window with a peak melting
temperature Tm of 145.2 °C, and a suitable particle size with
no need for further processing.39 However, these properties
were only obtained for a medium-high molecular weight of 140
kg·mol−1�nevertheless, the molecular weight may be
beneficial for the anticipated enhanced mechanical properties
by entanglement formation.39 Zirconocene I was isolated in a
two-step synthesis starting with fluorene as the basic moiety of

the catalyst system (see Scheme 1). However, prior to
polymerization, zirconocene I required activation to form the
catalytic active cationic species. As seen in the literature,
methylaluminoxane (MAO) is the most commonly used
activation agent.40 Rieger’s group established the in situ
activation, which has for hafnocenes and also for zirconocenes,
two major advantages compared to the classic MAO activation:
a higher molecular weight of the received polymer and
increased productivity of the catalysts. Consequently, better
macromolecular characteristics and a higher yield of the
polymer with the same amount of catalyst are accessible, being
advantageous in any industrial process.41 This activation first
includes a preactivation using triisobutylaluminum (TIBA) as
an alkylating reagent at 60 °C for one hour. TIBA not only acts
as an alkylating agent but also additionally protects the highly
sensitive cationic species as a scavenger from oxygen or water,
as both destroy the catalyst irreparably. The catalytically active
cationic species is formed by adding [Ph3C][B(C6F5)4]
(TrBCF) to the preactivated complex.

In a total of three polymerizations with identical polymer-
ization conditions, almost 100 g of sPP was isolated and mixed
together. HT-GPC measurements (160 °C, 1,2,4-trichloro-
benzene as solvent) of the combined sPP revealed a molecular
weight Mw of 125 kg·mol−1 and a narrow polydispersity (Đ =
1.8, see Figure 1). Nevertheless, the molecular weight differs
slightly from literature-known data, possibly caused by a
different polymerization setup and autoclave system.

As expected, zirconocene I with its Cs-symmetric scaffold
yielded highly syndiotactic polypropylene. The produced sPP
showed a small degree of misinsertions ([rrrr] = 95%, see
Figure S2) mainly caused by back-skip processes ([rrrm], 20.2
ppm).
Powder Shape and Particle Size Distribution. A

significant benefit of the produced sPP stems from the high
activity of the catalyst, leading to a high yield per amount of
the catalyst. On the other hand, the polymer is precipitated in a
suitable particle size and conformation for the PBF/LB-P
directly from the synthesis (Figures 2 and S1 and S2).
Characteristic SEM images of the sPP particles from the
synthesis without further processing like grinding are shown in
Figure 2. The particles exhibit an elongated shape. An even
higher magnification of 2000 revealed agglomerates of smaller
particles. The particle size distributions of the manufactured
sPP powders are depicted as the numeric weighted cumulative
sum distribution Q0(x) and the numeric density distribution
weighted numeric q0(x) in Figure 3. The particle size

Figure 1. Logarithmic molecular weight distribution obtained by HT-
GPC. Extrapolated molecular weight after absolute determination of
sPP (Mw = 125 kg·mol−1, Đ = 1.8, see Table 1 for details) using dn/dc
= 0.097 mL·g−1.

Figure 2. SEM images of homogeneously synthesized syndiotactic polypropylene with magnification (a) 500 and (b) 2000.
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distributions illustrate that the samples exhibit broad
distributions with a high numeric share with the finest particle
being 10 μm or smaller. The D50 is 126 μm. According to
existing research, the optimal range for D50 particle size is
between 40 and 90 μm.10 However, the processing of the layer
thickness of up to 120 μm was observed to be feasible.
Scanning electron microscopy (SEM) images of the powder
exhibit the clustering of small particles. As a result, refinement
of the synthesis procedure holds the potential for achieving
smaller D50 values in the future. Improved polymerization
conditions, such as variable agitator to avoid clustering effects
or optimized stirring speed, may set the desired particle size.21

In addition, further sieving of the particles could achieve the
desired fraction.
Powder Characteristics. The compression depth de-

scribed by Hesse et al.42 is a well-repeatable characteristic value
determining the static powder properties statically.

In a preliminary test, the powder flowability of the pure
material without a flow aid was investigated. By adding 0.1 wt
% to each of the pyrogenic alumina and silica by dry coating,
the compression depth was significantly improved. The known
additives in PBF/LB-P act as distance-increasing agents to
lessen the adhesions between the particles. In addition, the py
rogenic alumina serves to prevent electromagnetic charge,
which causes insufficient powder application.

In Figure 4, the normal force that builds up during uniaxial
loading in the powder bed is shown for the pure sPP and the
sPP with flow additives. The relative change in height is given
by the depth of the indenter pushing at a constant compression
rate of 1 μm·s−1 into a powder bed that has been loosely
consolidated with a normal force of 0.2 N. The change in
height for the unadded sPP yielded slightly increased normal
forces, whereas higher forces are necessary for sPP with
additives for the same height changes. This happens because
the powder combined with flow additives has a larger powder
bulk density than the pure powder; therefore, more normal
force is necessary to reach the same change. The values
reached here are comparable to the reused PA12 powder (to
achieve a height change of 100 μm, a force of ≈1.5 N is
required for the dry blended sPP, while the reused PA12 has
≈1.6 N after three cycles).42 In addition, the optical properties
also changed by the higher powder density and by the
properties of the additives. Since the incorporation of additives
influences the flow behavior of powders resulting in a higher

powder bed packing density, a decrease in optical penetration
depth due to multiple reflections is possible.43 At the same
time, the presence of the additives acting as scattering centers
also contributes to a reduction in the optical penetration
depth.44

Thermal Analysis. The thermal behavior of a polymer is a
key determinant for the process parameters and the process
suitability overall. The dynamic thermogram (which describes
the first heating and cooling cycle) and isothermal crystal-
lization periods of the sPP powder are depicted in Figure 5.
For a heating and cooling rate of 10 K·min−1, respectively, the
dynamic measurement revealed a melting peak at 146.7 °C,
and a crystallization of roughly 100 °C. During the layered
component generation, the quasi-isothermal process must be
present between the melting and crystallization temperatures,
and throughout this temperature range, the exposed melt and
surrounding solid powder coexist. To enable a sufficient
process window, the polymer’s crystallization temperature
must be significantly lower than its melting temperature, which
is the specific difference between the onset temperatures of
crystallization and melting. Polymers with a wide process
window are preferred, as they are less susceptible to
temperature variation in the process, and exhibit increased
process robustness.45 The thermal process windows, ΔTs, were
calculated by the difference of the melting and crystallization
onset temperatures, Tm,on and Tc.on, and were found to be 25 K
for the powder. Thus, a hysteresis is achieved that is
significantly greater than existing systems on the market
(Figure 5 right). While commercially available PA12 exhibits a
slightly larger window at 27.2 K, successful PBF/LB-P
processing is reported with process windows as small as 2.2
K for random copolymers.46 Additionally, the degree of
crystallinity was calculated with a crystalline sPP phase of ΔHf
= 199.6 J·g−1.47 The degree of crystallinity is approximately
37% based on a total melting enthalpy of 73.4 J·g−1.
Crystallization half-times, t1/2, of up to more than 40 min
were seen in the isothermal measurements carried out at
temperatures within the “process window” (Figure 5 a). The
crystallization half-times for sPP show a significant enhance-
ment, especially in direct comparison to PP1101. Here,
observations for the same melt undercooling (in relation to
Tm) indicate that PP1101 undergoes crystallization prior to

Figure 3. Numeric weighted sum distribution of the homogeneously
synthesized powder (left) and numeric density distribution (right).

Figure 4. Rise of normal force during a constant compression rate of
sPP and dry-coated sPP.
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achieving the designated holding temperature, whereas sPP
displays a significantly slower crystallization progress for the
same melt undercooling. The exhibiting crystallization progress
(as measured by t peak) for sPP as 56.2 vs 3.1 min for PP101 is
determined (Figure S4).

Figure 6 illustrates a series of second melt thermograms (10
K·min−1) for the sPP samples after different dynamic cooling
rates were performed, and their associated crystallization from
the melt was determined. The characteristic double peak for
the second heating (141.3 and 148.3 °C with a dynamic
heating rate of 10 K·min−1), which shifts depending on earlier
cooling rates, is noteworthy when compared to the first heating
(Figure 5). The first peak increases initially due to a reduction
in the rate of cooling that occurs beforehand, while the second
peak decreases and vanishes at a cooling rate of 1 K·min−1,
leaving only one peak at the temperature of 146.7 °C. This is
traced back to the melting of the crystallized crystallites formed
during the heating scan.33 Since less stable primary crystals

form at higher cooling rates, the subsequent heating resulted in
an increased formation of the second peak. Simultaneously, the
melting temperature of the first peak shifts to higher
temperatures.

Upon inspection, it was determined that there is just one
melting peak following isothermal crystallization (Figure 6).
The graphs also depict a perfect crystal process, where the
melting peak shifts from 147.9 to 151.6 °C for isothermal
temperatures of 116 and 128 °C, respectively.48 Since the
process has very weak cooling rates and is classified as quasi-
isothermal, it is important to consider slow cooling rates and
isothermal measurements.49 Therefore, the component pro-
duced in the process exhibits crystallization at these temper-
atures. Concurrently, with increasing isothermal holding
temperatures, the melting onset shifts to higher temperatures.

A direct transfer of the results of these measurements to an
enlargement of the process window is not possible, as the
measurements involve crystallization from the melt. To

Figure 5. (a) Plot of dynamic DSC measurements and their corresponding melting and crystallization heat flow (left axis). Crystallization half-
times for isothermal measurements (right axis). (b) Comparison of the process window between sPP and commercial powder PP1101 with a
heating and cooling rate of 10 K·min−1.

Figure 6. Melting endotherms of sPP recorded (a) at a heating rate of 10 K·min−1 after dynamic cooling at indicated rates of 1−20 K·min−1 and
(b) after isothermal crystallization for shown temperatures.
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simulate elevated temperature conditions or to investigate the
potential for annealing the powder, measurements were
conducted at a temperature of 128 °C for a duration of 2 h
(see Figure S6). However, the results determined that the
onset and Tm are almost identical. A significant difference is
found in the width of the melting range, where a clearly sharp
transition is seen for the annealed sPP compared to the first
heating.
Melt Rheology. Alongside the thermal properties, the flow

behavior of the melt is a vitally significant intrinsic property.
The coalescence process and the development of a uniform
melt pool of the powder particles after exposure is described by
the Pokluda model, where the decisive factor for polymers is
the viscosity η.50 The rheological behavior of the powder for
different temperatures is shown in Figure 7. The process-

relevant area is the plateau for low angular frequencies, as the
process takes place under atmospheric pressure. The complex
viscosity η* is used to characterize the flow behavior, as simple
polymers are known to obey the Cox-Merz rule. The zero-
shear viscosity according to the Carreau model for Tm, Tm+10K,
and Tm+20K are 19,142, 13,099, and 9196 Pa·s, respectively. In
direct comparison to the unrefreshed PA12 powders described
in studies, the zero-shear viscosities appear high.51 However,
the Dadbakhsh et al.52 study found that aged and mixed
PA2200 powder (with an increased viscosity) result in lower
mechanical values but still produced uniform layers with the
adopted exposing strategy. Furthermore Verbelen et al.13

showed that the commercial PA12 Orgasol (no postcondensat-
ing) at Tm+20K roughly has 8000 Pa·s. In general, components

with higher viscosities than virgin PA12 powder can be
processed with PBF-LB/P.

The sPP viscosity values are between the commercial PP
values for comparable process-relevant temperatures (zero-
shear viscosity of 237 Pa·s for iPP and 14,813 Pa·s for coPP at
Tm+25K).22 Therefore, it is expected that the viscosity is a range
where dense parts with low porosities are fabricated. For sPP,
the seemingly high viscosity for such a molecular weight
compared to iPP is characteristic of that molecular structure.53

Hot-Stage Microscopy. In Figure 8, the melting as well as
the coalescence behavior of the particles is qualitatively shown
using hot-stage measurements with a heating rate of 10 K·
min−1 up to 180 °C. During the heating process, the melting of
the particles is detectable at a temperature of ∼147 °C, in
agreement with the thermal measurements. To alleviate the
well-known thermal time lag in hot-stage microscopy, the same
procedure is performed at a heating rate of 1 K·min−1, and the
results confirm the findings for the measurements conducted at
10 K·min−1 (Figure S8).54 After coalescence completion, a
homogeneous melt pool was built at a temperature of 160 °C.
Apart from the bright field, the investigation was carried out in
polarized light where no birefringence indicative of a solid
phase was detected in the melt (Figure S9).
PBF/LB-P Processing. The synthesized polypropylene was

processed with an industrial EOS P396 machine system. To
allow the processing of a small amount of powder, a modified
building chamber with a size of 20 mm × 100 mm was used for
processing a multilayer part of 180 mm × 10 mm × 1.5 mm.
Before processing, single-layer experiments were conducted to
determine the processing parameters.

Based on the DSC measurements and the evaluation of the
powder bed after application, the building chamber temper-
ature for the material was set to 128 °C due to the powder bed
surface quality and caking. When considering a powder as the
feedstock material, flowability at room temperature does not
guarantee good spreadability as the temperature is evaluated.
Nevertheless, these measurements are useful at room temper-
ature since they are considered a criterion for exclusion at this
point. The thickness was examined during single-layer
processing to determine the influence of the various process
parameters. At low energy densities, the energy was not
sufficient to produce stable layers that remained unbroken
during removal. As the laser power rose after passing the
threshold of 0.01 J·mm−2, the single-layer thickness also grew.
As a result, the highest thickness was achieved with the highest
energy density. The single-layer samples were characterized
using optical microscopy to determine the component’s
qualities more precisely. The single layer printed with an
energy density of 0.02 J·mm−2 is depicted in Figure 9a. The
increased single-layer thickness is well known and derives from
a deeper heat penetration into the powder bed and melting of

Figure 7. Viscosity as a function of angular velocity in oscillation,
measured from low to high angular rates at different temperatures.

Figure 8. Powder particle coalescence detected by hot-stage microscopy with a constant heating rate of 10 K·min−1.
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beneath particles. The component displays good densification
and is free of unmelted particles within the layer.

Based on these findings, a multilayer component was
manufactured, and a reliable statement on the processability
of the material was understood. A rectangle sized 80 mm × 10
mm × 1.5 mm was fabricated for this purpose. During and
after exposure, no curling on the sample was observed.
Additionally, no burns or decompensation were visible on any
produced part. This is shown in Figures 9b and S10. To
exclude further faults that could arise through the process with
repeated application and exposure, the component was again
visually assessed. The component displayed good densification
with typical porosity and was free of unmelted particles (Figure
9c). The presence of porosity is a common characteristic of the
process. Even with the utilization of optimized material
(PA12) and optimized process parameters, porosities of up
to 5% are typically present.55 Additionally, the largest pores
can reach sizes of hundreds of microns.56 The spherical shape
of the pore can be interpreted as too high a thermal load.57

Alternatively, the elongated pore shape may indicate
incomplete coalescence or insufficient powder application.
Despite these observations, the results from the cross-section
analysis were considered promising as the process optimization
was not fully implemented for this material, and the powder
flowability and size did not match those of commercially
available systems.

■ CONCLUSIONS
A process chain to produce micron-sized sPP polymer particles
was successfully applied to produce an innovative feedstock
material for PBF-LB/P. By vertically integrating the polymer
chemistry and material characterization and processing, an sPP
tailor made to the process requirements was created. The
polymer was first synthesized using a highly active literature-
known zirconocene catalyst I combined with suitable polymer-
ization conditions, resulting in syndiotactic polypropylene with
the desired macromolecular characteristics. The polymer was
analyzed by GPC and NMR to reveal a molecular weight of
125 kg·mol−1, a narrow polydispersity of Đ = 1.8, and a
syndiotacticity of 95%, leading to a melting transition of 146.7
°C. The polymer precipitated directly from the synthesis in a
suitable shape for the PBF-LB/P. The ability to obtain particles
directly from synthesis without additional processing is one of
the most promising features of this method. Dry-coating could
increase the flowability of these particles, and in terms of the
process window, crystallization enthalpy, and crystallization

kinetics, the material’s thermal properties are better than
existing commercial polypropylene systems on the market
(Figures 6b and S4).45 Investigations into viscosity and hot-
stage microscopy demonstrated that particle coalescence is
process-suitable. The initial process parameter studies on
single layers, and particularly the multilayer part performance
herein, showed highly promising results. The creation of
smaller particles by improved polymerization conditions,
specimens for mechanical testing, and a comprehensive
processing investigation will all be addressed in the future.
Thus, the range of materials is expanded for the process in the
long term, and at the same time, a further production step, as is
currently necessary for PP to achieve particle form, is saved.

■ EXPERIMENTAL SECTION
General. Catalyst I was isolated following a known literature

procedure.19 Toluene was dried using an MBraun SPS-800 solvent
purification system and stored over 4 Å molecular sieves. Propylene
(99.5% by Westfalen AG) was purified by passage through two
columns filled with BASF catalyst (R3-11) and 3−4 Å molecular
sieves.

Bromobenzene-d5 was obtained from Sigma-Aldrich. Polymer
spectra were measured with an ARX-300 spectrometer at 140 °C in
bromobenzene-d5 with 60 mg·mL−1 and 6k scans. The degree of
tacticity was determined via the integration of the corresponding
[rrrr]-pentade (20.3 ppm, for sPP)31 against the region of 19.5−22.0
ppm.

Gel permeation chromatography (GPC) was performed with a PL-
GPC 220 instrument equipped with 2x Olexis 300 mm × 7.5 mm
columns and triple detection via a differential refractive index
detector, PL-BV 400 HT viscometer, and light scattering (Precision
Detector model 2040, 15 and 90°). Measurements were performed at
160 °C using HPLC-grade 1,2,4-trichlorobenzene (TCB; 100 mg·L−1

BHT) from Sigma-Aldrich with a constant flow rate of 1 mL·min−1

and a calibration set with narrow MWD polyethylene (PE) and
polystyrene (PS) standards for detector calibration. Samples were
prepared by dissolving 0.5−0.7 mg of polymer in 1.0 mL of stabilized
TCB for 1 h at 140 °C immediately before each measurement. The
molecular mass was determined absolutely by using dn/dc = 0.097
mL·g−1.32

Polymerization. All polymerization reactions were performed in a
1.1 L double-wall Büchi steel autoclave equipped with a paddle
agitator (800 rpm), an external temperature sensor, and a heating/
cooling jacket attached to a cryo-/thermostat (Thermo Scientific
HAAKE DynaMax). Ar (argon) pressure for all manipulations was set
at 1.3 bar. Prior to polymerization, the autoclave was charged with
300 mL of dry toluene and 2.0 mL of 1.1 M TIBA in toluene and
heated up to 90 °C. After maintaining the temperature for at least 30
min, the scrubbing solution was released. For the polymerization, the

Figure 9. Processing results: (a) single layer for an energy density of 0.02 J·mm−2 visualized via transmitted polarized light microscopy (cut in z
plane); (b) top view of the multilayer component; and (c) cross-section of the multilayer component cut in the z plane.
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autoclave was charged with 300 mL of dry toluene and 2 mL of 1.1 M
TIBA in toluene. The metallocene complex (1.0 equiv) was dissolved
in 10 mL of dry toluene and preactivated with 200 eq. of TIBA at 60
°C for 1 h. After the desired temperature was adjusted, the
metallocene solution was transferred into the autoclave and
pressurized with propylene. When the system was equilibrated and
stable in terms of temperature and pressure, the polymerization was
initiated by adding 5.0 equiv of [Ph3C][B(C6F5)4] (TrBCF) dissolved
in 10 mL of dry toluene to the autoclave via a pressure burette (ppoly +
0.5 bar). The polymerization was quenched with 2.0 mL of methanol,
and the reaction mixture was poured into 600 mL of HCl (2 mL)
acidified methanol. The precipitated polymer was removed from the
autoclave, and all combined polymer was washed thoroughly, first
with methanol and then with acetone. The resulting polymer was
suspended in acetone and treated with Irganox 1010 as a stabilizing
agent to prevent rapid destruction of the polymer. After 20 min, the
supernatant solution was decanted off, and the resulting polymer was
dried overnight at 70 °C.

For the comparison of thermal properties, the commercially
available polypropylene from EOS, PP1101 was used.
Material Investigations. The powders were observed by SEM to

characterize the particle shape. The SEM images of the gold-sputtered
powders were recorded using an Ultra Plus, Carl Zeiss, at a
magnification of 500 and 2000 and an acceleration voltage of 5 kV.

Powder flowability investigations were performed on a Discovery
HR-2 rheometer (TA Instruments). The setup consists of an upper 25
mm plate parallel to a container with an inner diameter of 27 mm.
The powder was sieved loose and unpacked into the container. To
establish a defined baseline, which results in better comparability, a
normal force of 0.2 N was applied to the bulk powder. Afterward, the
upper parallel plate was moved with a constant compression rate of 1
μm·s−1 into the powder bed, and the normal force was observed. The
experiments were conducted at room temperature (22 °C).

The particle size distribution of the powder was measured using a
Morphologi G3, Malvern. A quantity of 20,000 particles was used for
the measurement. The particles are dispersed dry and measured
optically.

Differential scanning calorimetry (DSC) analysis was conducted on
a Discovery DSC 2500 (TA Instruments). The polymer (2−5 mg)
was sealed into a DSC aluminum pan and heated from −20 to 180 °C
at 10 K·min−1. After holding the temperature for 5 min, the sample
was cooled down to 0 °C at 10, 5, and 1 K·min−1, and heated up again
in the same manner. The reported values for the process window were
determined in the first heating cycle, while the impact of different
cooling rates was determined in the second heating cycle. The melting
enthalpy was determined by integrating the endothermic peak at the
initial heating rate of 10 K·min−1.

For the isothermal measurements, the same heating procedure was
used, and afterward, the samples were cooled down with a cooling
rate of 60 K·min−1 to the isothermal holding temperatures. The
crystallization progress was analyzed via the crystallization half-time,
which is the time after 50% of the crystallization was completed. To
evaluate the crystal properties in dependence of the holding
temperature, the samples were heated up with a heating rate of 10
K·min−1. Annealing experiments were evaluated with a heating rate of
10 K·min−1 after holding at a temperature of 128 °C for a duration of
2 h.

To understand the viscosity and the coalescence of the powders
during the process, the zero-shear viscosity was determined by means
of frequency sweeps in oscillation mode using the Carreau model at
three different temperatures (Tm, Tm+10K, and Tm+20K). The measure-
ments were carried out on a rational rheometer (HAAKE Mars 60)
equipped with a 25 mm diameter and a deformation of 0.1%. For
quick and good thermal settings, the rheometer is equipped with a
heated upper plate. All measurements were conducted in the linear
viscoelastic range determined by amplitude sweeps.

Hot microscopic observations for the sintering of polymer particles
were performed using a Linkam FTIR600 heating and freezing
microscope stages controlled with central processor Linksys 32
software. A glass plate was used as the substrate for the sintering

particles. The samples were heated with a constant heating rate of 10
and 1 K·min−1. For melting and coalescence investigations, the
brightfield setting is used. Measurements for full melting of the
particles were conducted with polarized light.

Parameter studies by means of single layers and the multilayer part
were conducted on a P 396 (EOS) powder bed fusion machine. The
system is equipped with a CO2 laser (wavelength 10.6 μm) with a
laser power of 70 Watts. The machine has a blade for powder
application. For single-layer experiments, the powder was spread
manually in crucibles and then exposed by 20 mm × 20 mm quarters
with different process parameters. Manual spreading was conducted
following the standard for “Standard Shear Test Method for Bulk
Solids (ASTM D6773−02).” Additionally, the powder was sieved
loose and unpacked into the container to ensure comparability. The
laser power was changed, while the hatch distance, scan speed, and
building temperature of 128 °C were kept constant. For all
experiments, the hatch distance and scan speed were held constant
at 0.2 mm and 2000 mm·s−1, while the laser power was changed (1, 2,
4, 8, 12, 16 W); therefore, an energy density range starting at 0.0025−
0.04 J·mm−2 was covered. The single-layer thickness was measured
with a dial gauge dependent on the applied surface energy density.
After defining the accurate process parameter, a self-constructed
powder bed inlet with 100 mm × 20 mm was used to manufacture a
rectangle with 80 mm × 10 mm × 1.5 mm due to the powder
limitations. Here, the Meander hatching exposure strategy was used.

parameters
laser power in W 1, 2, 4, 8, 12, 16
hatch distance in mm 0.2
scan speed in mm s−1 2000
layer thickness in mm 0.12
building bed temperature in °C 128

Further microscopic investigations of the single layers, as well as
the component, were conducted with thin cuts under polarized light
using the Axiocam 305 (Zeiss). The specimen was embedded in cold-
curing epoxy resin and then cut to 10 μm thickness with a Polycut E.
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8 SUMMARY AND OUTLOOK

8 Summary and Outlook

In course of this thesis, metallocene catalysis was applied for the synthesis of designable PP

and subsequently, the isolated polymers were characterized and processed for prototype pro-

duction, including the first processing of UHMW-iPP via classical melt extrusion. Considering

the variety of literature known catalyst moieties leading to different stereoregularities and thus

featuring outstanding macromolecular properties, the synthesis of tailored (UHMW-)iPP and

(UHMW-)sPP was strived for.

The research area of sPP was initialized by Ewen in 1988 by using a Cs-symmetric metal-

locene. In the following years, the polymer’s macromolecular characterisitcs were varied by

changing fundamental catalyst motifs. However, despite a few catalysts accomplishing the

formation of UHMW-sPP, the productivity of the applied catalysts was inhibited by the acti-

vation method, leading to a non-profitable and non-sustainable polymerization. By replacing

the MAO activation – which is particularly known for hafnocenes to constrain their activity –

by the in situ activation using TIBA/TrBCF, the productivity as well as the polymer’s molecular

weight was tremendously increased. Furthermore, by a set of hafnocenes bearing a different

bridging motif, structure-performance relations were manifested. Unfortunately, the obtained

UHMW-sPP polymers lacked the nature of a melting transition – probably caused by the inher-

ent slow nucleation of sPP combined with the ultrahigh molecular weight and the comparable

low degree of syndiotacticity (max. [rrrr] of 73%). [218] Consequently, this UHMW-sPP poly-

mer can not be processed by classical routes, such as melt spinning for fiber production. In

order to circumvent this issue, an increased syndiotacticity has to be be aimed for in future

studies. Modifications towards a substituted 2,7-tBu-fluorenyl or octamethyloctahydrodiben-

zofluorenyl hafnocene was shown to enhance the syndiotacticity and yielded sPP featuring

an observable melting transition, but the productivity was constrained due to the chosen MAO

activation. [36–38] Therefore, increasing the steric bulkiness of the used hafnocene in combina-

tion with in situ activation is the most promising approach for the isolation of UHMW-sPP with

a melting transition and high productivity of the catalyst.

Besides Cs-symmetric hafnocenes, the most prominent isopropylidene-bridged zirconocene(
ZrCl2[Me2C(η5–Flu)(η5–Cp)]

)
was activated in situ as well. This resulted in a medium high

molecular, highly syndiotactic PP featuring a very high productivity of the zirconocene (up to
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12 g sPP by applying 1.2µmol of the corresponding catalyst). [218] The polymer precipitated

during the polymerization as agglomerations of small particles – perfectly suited for PBF-LB/P

without requiring additional processing. Therefore, after upscaling of the polymerization pro-

cess, 100 g of the desired sPP were isolated, characterized, and investigated in the PBF-LB/P.

Prior processing, the key material properties for the process were determined, and the ob-

tained material was analyzed in terms of melting and crystallization behavior. The findings

highlighted that the thermal properties for the PBF process (e.g. process window) are better

than existing PP systems. Furthermore, hot stage microscopy and viscosity studies demon-

strated a sufficient coalescence under process conditions without any applied pressure. After

processing experiments on an industrial machine, the production of multilayer components

showed that the processability is given, and the assumption based on the material analyses

was confirmed. [219] With the great chances of this material given, combined with the high pro-

ductivity of the catalyst leading to a highly profitable polymer production, future research has

to focus on the final part production and the optimization thereof.

In addition to sPP, the main focus in polymer synthesis and processing in this thesis has been

on iPP – probably one of the best studied areas of propylene polymerization. Commodity

iPP for packaging material is produced widely by heterogeneous Ziegler-Natta polymeriza-

tion. However, in this thesis metallocene catalysis for tailoring properties was used. As already

enclosed in 2.2, the biggest disadvantage of homogeneous propylene catalysis is the separa-

tion of the corresponding rac and meso C2-symmetric analogue – tremendously hampering

the profitability of the polymer production and thus increasing the average prize per kg of

produced polymer. Therefore, the polymerization of Rieger’s C2-symmetric rac hafnocenes

benchmark catalyst’s [44] Cs-symmetric meso analogue accumulating as side product in the

synthesis was investigated. Theoretically, according to Ewen’s symmetry rules [21] this should

have yielded UHMW-aPP. Instead of this, using the in situ activation protocol purely isotactic

PP was obtained, both for the pure meso isomer as well as for rac/meso isomeric mixtures.

After several NMR experiments, the root cause of this phenomenon was ascertained: an iso-

merization using aluminumalkyls (both for TMA and TIBA) that was not simply affected by the

induced sterical bulkiness of the activated Hfalk-species introduced by the activation. However,

using the (classical) MAO activation, a chemically and physically separable aPP/iPP blend was
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received – probably, due to a parallel activation (initiated by MAO) and isomerization (caused

by residual TMA in the solution). Nevertheless, with the isomerization using aluminumalkyls at

hand, a simple and convenient isomerization protocol to selectively isomerize the meso com-

pound to its corresponding rac analogue in situ was established. If employed, the total yield of

iPP is increased by far more than 400% per used ligand – being of great interest in terms of

profitability and sustainability. This protocol was shown to be also applicable to rac/meso mix-

tures and other hafnocenes, yielding comparable macromolecular characteristics as for iPP

produced by pure rac hafnocenes. [220] With this study, the isoselective metallocene-mediated

polymerization of propylene may be revolutionized: if this isomerization is applicable to the C2-

symmetric catalysts used in the industry, the average prize per kg of iPP could be decreased

by a multiple. Future research has to check the main cause of this phenomenon and which

structural motifs inside the catalyst moiety are responsible for this: for example, a metallocene

structure not bearing the methoxy group or lacking the 4’ aryl modification has to be examined

as well as zirconones, to check and better understand the isomerization process and maybe

transfer it onto other metallocene catalyst generations (Figure 17).

meso

RR

MeO

RR

MeO
Si HfCl2

Isomerization confirmed

meso

E MCl2

meso

RR

RR

Si MCl2

meso

RR

MeO

RR

MeO
Si ZrCl2

Which motifs trigger the isomerization?

Exemplary moieties 

Figure 17: Selected examples for identifying the fundamental motif as the root cause of the meso-to-

rac isomerization.

In addition to the synthesis of UHMW-iPP, the major goal of this thesis was processing for

final part and prototype production. Obviously, a simple and convenient processing, such as
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compression moulding, is feasible, as the demands of the process on the polymer used are

comparatively low. Therefore, extrusion for fiber spinning was aimed for, as UHMW-iPP fibers

should benefit two main advantages compared to UHMW-PE (Dyneema) fibers: a higher im-

pact resistance and a lower density; [204] consequently resulting in lighter and stronger fibers

than commercially available. However, processing of UHMW polymers via classical (melt) ex-

trusion is hardly feasible due to their ultrahigh molecular weight resulting in a high melt vis-

cosity. However, despite these bad omens, melt extrusion for fiber spinning of UHMW-iPP

was achieved. [221] Unfortunately, the melt viscosity increased with an incremental time in the

compounder, probably caused by the formation of new entanglements in the molten state.

In addition to melt spinning, melt drawing was proven to be an effective and promising way

for fiber production, extending the time window of feasible fiber production. Nevertheless, the

compounder was agglutinated after a specific time and thus no extrusion possible at all. This

highlights the complexity of UHMW polymers in an extrusion process and the imperative ne-

cessity of a deeper understanding of polymer processing in combination with polymer physics.

Notwithstanding, the first isolation of UHMW-iPP fibers was achieved within this thesis. [221]

The isolated fibers enabled – especially after an annealing process – very promising me-

chanical properties that surely can be improved by an advanced fiber spinning set-up. Future

research has to cover two main issues to fulfill the industrialization and implementation of this

unique polymer into mass fiber spinning: circumventing the agglutination of compounder (1)

and establishing new processing methods comparable to UHMW-PE fibers (2), such as elec-

trospinning or gel-extrusion. Probably, blending with flow aids is also a promising method; a

composite fiber structure with medium high molecular weight iPP acting as a lubricant resulted

neither in agglutination of the compounder nor extrusion ruptures. Besides fiber spinning, AM

for final part production with complex structures is a very promising method for processing of

this high-performance polymer. The general processability was proven in preliminary tests and

must now be implemented into the final part prototype production.

This thesis has described the synthesis of tailored ultrahigh molecular weight polypropylene

and subsequent processing of this high performance polymer. The initial hypothesis that clas-

sical melt processing for greatly mechanical properties is not feasible due to the high melt

viscosity was disproved – heralding a new chapter in the polypropylene area.

74



9 References

9 References

[1] Staudinger, Ber Dtsch Chem Ges 1920, 53, 1073–1085.

[2] K. Ziegler, E. Holzkamp, H. Brei, H. Martin, Angew. Chem. 1955, 67, 541 – 547.

[3] G. Natta, Angew. Chem. 1956, 68, 393–403.

[4] A. S. Abd-El-Aziz, M. Antonietti, C. Barner-Kowollik, W. H. Binder, A. Böker, C. Boyer,
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[13] H.-G. Elias, Makromoleküle, Band 3: Industrielle Polymere und Synthesen, Bd. 3, John

Wiley & Sons, 2009.

[14] D. S. Breslow, N. R. Newburg, J. Am. Chem. Soc. 1957, 79, 5072–5073.

[15] G. Natta, P. Pino, G. Mazzanti, U. Giannini, J. Am. Chem. Soc. 1957, 79, 2975–2976.

[16] H. Sinn, W. Kaminsky, H.-J. Vollmer, R. Woldt, Angew. Chem. Int. Ed. 1980, 19, 390–

392.

75



9 References

[17] E. Y.-X. Chen, T. J. Marks, Chem. Rev. 2000, 100, 1391–1434.

[18] F. R. W. P. Wild, L. Zsolnai, G. Huttner, H. H. Brintzinger, J. Organomet. Chem. 1982,

232, 233–247.

[19] F. R. W. P. Wild, M. Wasiucionek, G. Huttner, H. H. Brintzinger, J. Organomet. Chem.

1985, 288, 63–67.

[20] W. Kaminsky, K. Külper, H. H. Brintzinger, F. R. W. P. Wild, Ang. Chem. Int. Ed. 1985,

24, 507–508.

[21] J. A. Ewen, J. Am. Chem. Soc. 1984, 106, 6355–6364.

[22] W. Spaleck, M. Antberg, J. Rohrmann, A. Winter, B. Bachmann, P. Kiprof, J. Behm, W. A.

Herrmann, Angew. Chem. Int. Ed. 1992, 31, 1347–1350.

[23] W. Spaleck, F. Kueber, A. Winter, J. Rohrmann, B. Bachmann, M. Antberg, V. Dolle, E. F.

Paulus, Organometallics 1994, 13, 954–963.

[24] C. Ehm, A. Vittoria, G. P. Goryunov, V. V. Izmer, D. S. Kononovich, O. V. Samsonov,

P. H. M. Budzelaar, A. Z. Voskoboynikov, V. Busico, D. V. Uborsky, R. Cipullo, Dalton

Trans. 2020, 49, 10162–10172.

[25] P. S. Kulyabin, V. V. Izmer, G. P. Goryunov, M. I. Sharikov, D. S. Kononovich, D. V.

Uborsky, J. A. M. Canich, A. Z. Voskoboynikov, Dalton Trans. 2021, 50, 6170–6180.

[26] P. S. Kulyabin, G. P. Goryunov, M. I. Sharikov, V. V. Izmer, A. Vittoria, P. H. M. Budzelaar,

V. Busico, A. Z. Voskoboynikov, C. Ehm, R. Cipullo, D. V. Uborsky, J. Am. Chem. Soc.

2021, 143, 7641–7647.

[27] J. A. Ewen, R. L. Jones, A. Razavi, J. D. Ferrara, J. Am. Chem. Soc. 1988, 110, 6255–

6256.

[28] A. Razavi, J. L. Atwood, J. Organomet. Chem. 1993, 459, 117–123.

[29] M. H. Lee, J.-W. Park, C. S. Hong, S. I. Woo, Y. Do, J. Organomet. Chem. 1998, 561,

37–47.

76



9 References

[30] A. Razavi, L. Peters, L. Nafpliotis, J. Mol. Cat. A Chem. 1997, 115, 129–154.

[31] Y.-X. Chen, M. D. Rausch, J. C. W. Chien, J. Organomet. Chem. 1995, 497, 1–9.

[32] K. Patsidis, H. G. Alt, W. Milius, S. J. Palackal, J. Organomet. Chem. 1996, 509, 63–71.

[33] V. V. Izmer, A. Y. Agarkov, V. M. Nosova, L. G. Kuz’mina, J. A. K. Howard, I. P. Beletskaya,

A. Z. Voskoboynikov, Dalton Trans. 2001, 1131–1136.

[34] B. Wang, Coord. Chem. Rev. 2006, 250, 242–258.

[35] A. Razavi, Polyolefins: 50 years after Ziegler and Natta II 2013, 43–116.

[36] S. A. Miller, J. E. Bercaw, Organometallics 2004, 23, 1777–1789.

[37] A. Hopf, W. Kaminsky, Catal. Commun. 2002, 3, 459–464.

[38] W. Kaminsky, A. Hopf, C. Piel, J. Organomet. Chem. 2003, 684, 200–205.

[39] G. W. Coates, R. M. Waymouth, Science 1995, 267, 217–219.

[40] M. D. Bruce, G. W. Coates, E. Hauptman, R. M. Waymouth, J. W. Ziller, J. Am. Chem.

Soc. 1997, 119, 11174–11182.

[41] U. Dietrich, M. Hackmann, B. Rieger, M. Klinga, M. Leskelä, J. Am. Chem. Soc. 1999,
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 S2 

Syntheses  

Cyclopentadienyllithium (LiCp). The synthesis of LiCp took place in a modified literature 

known procedure.1 In a 500 mL 2-necked Schlenk flask 100 mL of dry pentane and 12.1 mL 

(9.50 g, 144 mmol, 1.00 eq.) of freshly cracked dicyclopentadiene was submitted. At -78 °C 

69.0 mL (172 mmol, 1.20 eq.) of nBuLi, 2.50 M in hexanes, was added dropwise to the solution. 

The mixture was heated up to room temperature and stirred overnight. The resulting white solid 

was filtrated using a Schlenk-frit, washed twice with dry pentane (20 mL) and dried exhaustively 

under vacuum. The product was obtained as a white powder in a quantitative yield. 1H-NMR 

(400 MHz, CDCl3, 298 K, ppm): δ 5.70 (s, 1H). The NMR spectroscopic data match previous 

reported data.2 

Fluorenyllithium (Flu-Li). The synthesis of Flu-Li took place in a modified literature known 

procedure.3 In a 250 mL Schlenk flask 10.0 g (60.2 mmol, 1.00 eq.) fluorene 1 was dissolved in 

100 mL of dry Et2O. At 0 °C 31.2 mL (78.2 mmol, 1.30 eq.) of nBuLi, 2.50 M in hexanes, was 

added and stirred for additional 4h at room temperature. The remaining solution was removed 

via filtration, the bright yellow solid was washed twice with 10 mL of dry pentane and dried 

under vacuum. 9.84 g (95%) of Flu-Li was obtained as a yellow powder. The product forms an 

adduct with Et2O (4 Flu-Li  3 Et2O).  1H-NMR (400 MHz, CDCl3, 298 K, ppm): δ 7.87 (d, J = 

7.7 Hz, 2H), 7.26 (d, J = 8.1 Hz, 2H), 6.76 (ddd, J = 8.0, 6.5, 1.2 Hz, 2H), 6.38 (ddd, J = 7.1, 6.5, 

1.2 Hz, 2H), 5.87 (s, 1H). The NMR spectroscopic data match previous reported data.3 

Dimethylfulvene. The synthesis of dimethylfulvene took place in a modified literature known 

procedure.4 In a 250 mL Schlenk flask 35.9 mL (415 mmol, 2.01 eq.) of freshly cracked 

cyclopentadiene and 15.3 mL (207 mmol, 1.00 eq.) of dry acetone were dissolved in 50 mL of 

dry methanol. At 0 °C 20.4 mL (248 mmol, 1.20 eq.) of pyrrolidine was added, the yellow 

solution stirred for 2h at room temperature and 14.2 mL (248 mmol, 1.20 eq.) of acetic acid was 

added and stirred for additional 2h. The solution was poured into 100 mL of water and extracted 

three times with Et2O (50 mL). The combined organic phase was washed with an aqueous 

solution of 1 M NaOH (20 mL) and brine (20 mL), dried over MgSO4 and the solvent evaporated 

in vacuo. Fractionated distillation of the crude product gave 16.1 g (84%) of the product as an 

orange-red oil. 1H-NMR (400 MHz, CDCl3, 298 K, ppm): δ 6.55 – 6.48 (m, 4H, HCp), 2.21 (s, 

6H, CH3). The NMR spectroscopic data match previous reported data.4 

Diphenylfulvene. The synthesis of diphenylfulvene took place in a modified literature known 

procedure.5 In a 250 mL Schlenk flask 1.53 g (21.8 mmol, 2.10 eq.) of LiCp was dissolved in 

50 mL of dry THF, 1.82 g (10.0 mmol, 1.00 eq.) benzophenone added and refluxed for 2h. 

1.24 mL (15.0 mmol, 1.50 eq.) pyrrolidine was added and refluxed for an additional hour. The 

reaction was quenched by the addition of 50 mL water and extracted three times with Et2O 

(30 mL). The combined organic phase was subsequently washed with an aqueous solution of 

1 M HCl (25 mL) and brine (25 mL), dried over MgSO4 and the solvent evaporated in vacuo. 

Column chromatography (pentane, Rf = 0.24, KMnO4) gave 1.92 g (84%) of the product as dark-

red crystals. 1H-NMR (400 MHz, CDCl3, 298 K, ppm): δ 7.43 – 7.30 (m, 10H, Haryl), 6.63 – 6.57 

(m, 2H, Hcp), 6.34 – 6.28 (m, 2H, Hcp). 
13C-NMR (100 MHz, CDCl3, 298 K, ppm): δ 152.14, 

143.99, 141.42, 132.44, 132.25, 128.84, 127.85, 124.51. The NMR spectroscopic data match 

previous reported data.5 
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1H, 13C and 29Si spectra 

 

Figure S1: 1H NMR (400 MHz) spectrum of LiCp in THF-d8. 

 

Figure S2: 1H NMR (400 MHz) spectrum of Flu-Li in THF-d8. 
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Figure S3: 1H NMR (400 MHz) spectrum of dimethylfulvene in CDCl3. 

 

Figure S4: 1H NMR (400 MHz) spectrum of diphenylfulvene in CDCl3. 
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Figure S5: 13 C {1H} NMR (100 MHz) spectrum of diphenylfulvene in CDCl3. 

 

Figure S6: 1H NMR (400 MHz) spectrum of Flu-SiMe2Cl 3a in CDCl3. 
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Figure S7: 13 C {1H} NMR (100 MHz) spectrum of Flu-SiMe2Cl 3a in CDCl3. 

 
 

Figure S8: 29Si NMR (80 MHz) spectrum of Flu-SiMe2Cl 3a in CDCl3. 
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Figure S9: 1H NMR (400 MHz) spectrum of Flu-SiPh2Cl 3b in CDCl3. 

 

 

Figure S10: 13 C {1H} NMR (100 MHz) spectrum of Flu-SiPh2Cl 3b in CDCl3. 
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Figure S11: 29Si NMR (80 MHz) spectrum of Flu-SiPh2Cl 3b in CDCl3. 

 

Figure S12: 1H NMR (400 MHz) spectrum of Flu-SiMe2Cp 4a in CDCl3. Normalized to 20 

protons.  
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Figure S13: 1H NMR (400 MHz) spectrum of Flu-SiPh2Cp 4b in CDCl3.  

 

Figure S14: 1H NMR (400 MHz) spectrum of Flu-CMe2Cp 2a in CDCl3.  
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Figure S15: 1H NMR (400 MHz) spectrum of Flu-CPh2Cp 2b in CDCl3.  

 

Figure S16: 1H NMR (400 MHz) spectrum of Ia in CDCl3.  
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Figure S17: 13C {1H} NMR (100 MHz) spectrum of Ia in CDCl3.  

 

Figure S18: 1H NMR (400 MHz) spectrum of Ib in CDCl3.  
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Figure S19: 13C {1H} NMR (100 MHz) spectrum of Ib in CDCl3.  

 

Figure S20: 1H NMR (400 MHz) spectrum of II in CDCl3.  
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Figure S21: 13C {1H} NMR (100 MHz) spectrum of II in CDCl3.  

 

Figure S22: 1H NMR (400 MHz) spectrum of III in CDCl3.  
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Figure S23: 13C {1H} NMR (125 MHz) spectrum of III in CDCl3.  

 

Figure S24: 29Si NMR (100 MHz) spectrum of III in CDCl3.  
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Figure S25: 1H NMR (400 MHz) spectrum of IV in CDCl3.  

 

Figure S26: 13C {1H} NMR (125 MHz) spectrum of IV in CDCl3.  
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Polymer spectra 

All 13C {1H} NMR spectra were measured in C6D5Br at 140 °C. The tacticity distribution was 

quantified via integration of the methyl region between 22.0 – 19.5 ppm. The content of 

syndiotactic [rrrr] pentad is reported as a mole fraction (in percent) with respect to the sum of all 

pentads.  

 

Figure S27: Pentad distribution of entry 1 in the 13C {1H} NMR spectrum.  
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Figure S28: Pentad distribution of entry 2 in the 13C {1H} NMR spectrum.  

 

Figure S29: Pentad distribution of entry 3 in the 13C {1H} NMR spectrum.  
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Figure S30: Pentad distribution of entry 4 in the 13C {1H} NMR spectrum.  

 

Figure S31: Pentad distribution of entry 5 in the 13C {1H} NMR spectrum.  
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Figure S32: Pentad distribution of entry 6 in the 13C {1H} NMR spectrum. 

 

Figure S33: Pentad distribution of entry 8 in the 13C {1H} NMR spectrum.  
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Figure S34: Pentad distribution of entry 9 in the 13C {1H} NMR spectrum.  

 

Figure S35: Pentad distribution of entry 13 in the 13C {1H} NMR spectrum.  
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Figure S36: Pentad distribution of entry 14 in the 13C {1H} NMR spectrum.  

 

Figure S37: Pentad distribution of entry 15 in the 13C {1H} NMR spectrum.  
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Figure S38: Pentad distribution of entry 16 in the 13C {1H} NMR spectrum.  

 

Figure S39: Pentad distribution of entry 17 in the 13C {1H} NMR spectrum.  
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Figure S40: Pentad distribution of entry 18 in the 13C {1H} NMR spectrum.  

 

Figure S41: Pentad distribution of entry 19 in the 13C {1H} NMR spectrum.  
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Figure S42: Pentad distribution of entry 20 in the 13C {1H} NMR spectrum.  

 

Figure S43: Pentad distribution of entry 21 in the 13C {1H} NMR spectrum.  
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DSC analysis 

 

Figure S44: DSC analysis of entry 1.  

 

Figure S45: DSC analysis of entry 2.  
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Figure S46: DSC analysis of entry 3.  

 

Figure S47: DSC analysis of entry 4.  
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Figure S48: DSC analysis of entry 5.  

 

Figure S49: DSC analysis of entry 6. Exemplary for elastic, non-crystalline sPP.  
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Figure S50: DSC analysis of entry 9.  

 

Figure S51: DSC analysis of entry 15.  
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Figure S52: DSC analysis of entry 18.  

 

Figure S53: DSC analysis of entry 21.  
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GC-MS elugrams 

 

Figure S54: GC-MS elugram of Flu-SiMe2-Cp 4a with assignment of impurities.  

 

Figure S55: GC-MS elugram of Flu-SiPh2-Cp 4b. 
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Single crystal XRD (SC-XRD) data 

The crystal structures of complexes Ia (CCDC: 1190113)6, Ib (CCDC: 1168308)6, II (CCDC: 

1232978)7 and IV (CCDC: 152546)8 are literature known and were received by the Cambridge 

Crystallographic Data Centre (CCDC). Single crystals of complex III were obtained by slow 

diffusion of pentane into a toluene solution of III at 4 °C over the course of 10 days and were 

measured following the details given below. Characteristic distances and angles of all complexes 

were determined (see Figure S54) and are represented in Table 1 in the manuscript. The 

corresponding D-value was calculated by solving the nonlinear system of equations.  

 

Figure S56: Schematic representation of the influence of the bridging atom on selected 

geometrical parameters of bridged fluorenyl-cyclopentadienyl metallocenes (top) with the 

bridging atom (Si, C), M = central metal (Zr, Hf), γ = bite angle (around the bridging atom), 

β = dihedral angle (between planes constructed through Cp, Flu), α = Flu-M-Cp (angle around 

the central metal), D = distance central metal to Cp-Flu centroid axis. Space filling representation 

(bottom) of Si and C bridged complexes Ib (right) and III (left).  
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Figure S57: Molecular structure and numbering scheme of complex III: Displacement ellipsoids 

are drawn at the 50% probability level, backbone methyl groups are displayed in wireframe style 

for clarity. Hydrogen atoms are omitted for clarity. 

 

General procedure 

The X-ray data were collected on an X-ray single crystal diffractometer equipped with a CMOS 

detector (Bruker Photon-100), an IMS microsource with MoKα radiation (λ=0.71073Å) and a 

Helios mirror optic by using the APEX III software package.7 The crystal was fixed on top of a 

microsampler using perfluorinated ether, transferred to the diffractometer and measured under a 

stream of cold nitrogen. A matrix scan was used to determine the initial lattice parameters. 

Reflections were corrected for Lorentz and polarization effects, scan speed, and background 

using SAINT.8 Absorption corrections, including odd and even ordered spherical harmonics 

were performed using SADABS.8 Space group assignments were based upon systematic 

absences, E statistics, and successful refinement of the structures. Structures were solved by 

SHELXT9 (intrinsic phasing) with the aid of successive difference Fourier maps, and were 

refined against all data using with SHELXL201810 in conjunction with SHELXLE.11 Methyl 

hydrogen atoms were refined as part of rigid rotating groups, with a C–H distance of 0.98 Å and 

Uiso(H)= 1.5·Ueq(C). Other H atoms were placed in calculated positions and refined using a 

riding model, with methylene and aromatic C–H distances of 0.99 and 0.95Å, respectively, and 

Uiso(H)= 1.2·Ueq(C). Non-hydrogen atoms were refined with anisotropic displacement 

parameters. Full-matrix least-squares refinements were carried out by minimizing Δw(Fo2-Fc2)2 

with the SHELXL10 weighting scheme. Neutral atom scattering factors for all atoms and 

anomalous dispersion corrections for the non-hydrogen atoms were taken from International 

Tables for Crystallography.12 Images of the crystal structures were generated with 

10 APPENDIX

121



 S33 

MERCURY.13 Crystallographic data are also deposited at the Cambridge Crystallographic Data 

Centre (CCDC 2059775) and are available free of charge via www.ccdc.cam.ac.uk/structures/. 

 

 
Table S1: Crystallographic data for complex III (CCDC 2059775). 

Diffractometer operator Christian Jandl  

scanspeed 4.5s per frame  

dx 40 mm  

3214 frames measured in 18 data sets  

phi-scans with delta_phi = 0.5  

omega-scans with delta_omega = 0.5  

shutterless mode 

Crystal data 

C20H18Cl2HfSi 

 

Mr = 535.84 Dx = 1.985 Mg m−3 

Monoclinic, P21/c Melting point: ? K 

Hall symbol: -P 2ybc Mo Kα radiation, λ = 0.71073 Å 

a = 10.5378 (5) Å Cell parameters from 9607 reflections 

b = 9.2677 (5) Å θ = 2.5–26.7° 

c = 18.6760 (9) Å µ = 6.18 mm−1 

β = 100.515 (2)° T = 123 K 

V = 1793.29 (16) Å3 Fragment, orange 

Z = 4 0.20 × 0.12 × 0.06 mm 

F(000) = 1032 
 

 

Data collection 

Bruker Photon CMOS  

diffractometer 
3665 independent reflections 

Radiation source: IMS microsource 3447 reflections with I > 2σ(I) 

Helios optic monochromator Rint = 0.048 

Detector resolution: 16 pixels mm-1 θmax = 26.4°, θmin = 2.0° 

phi– and ω–rotation scans  h = −13 13 

Absorption correction: multi-scan  

SADABS 2016/2, Bruker, 2016 
k = −11 11 
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Tmin = 0.612, Tmax = 0.745 l = −23 23 

94151 measured reflections 
 

 

Refinement 

Refinement on F2 
Secondary atom site location: difference 

Fourier map 

Least-squares matrix: full 
Hydrogen site location: inferred from 

neighbouring sites 

R[F2 > 2σ(F2)] = 0.012 H-atom parameters constrained  

wR(F2) = 0.027 
W = 1/[Σ2(FO2) + (0.0068P)2 + 2.1875P] 

WHERE P = (FO2 + 2FC2)/3 

S = 1.08 (Δ/σ)max = 0.001 

3665 reflections Δρmax = 0.36 e Å−3 

219 parameters Δρmin = −0.42 e Å−3 

0 restraints Extinction correction: none 

? constraints Extinction coefficient: ? 

Primary atom site location: iterative 
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LIFDI-MS Spectra 

 

Figure S58: Full range LIFDI mass spectrum of III. 

 

Figure S59: Zoomed in LIFDI mass spectrum of III. 
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 2 

General 

All manipulations with air and moisture sensitive compounds were carried out either under 
argon using standard Schlenk techniques or in an argon (4.6) filled glove box from 
MBraun. If not otherwise mentioned, all chemicals are commercially available, purchased 
from Aldrich, Acros, ABCR or VWR, and used without further purification. All deuterated 
solvents for NMR measurements were obtained from Sigma-Aldrich. Dry solvents were 
obtained from a MBraun MB-SPS-800 solvent purification system or dried over Al2O3 and 
stored over molecular sieve 3 Å. 
 
NMR measurements have been performed on a Bruker AVHD500, Bruker AV500-C, 
Bruker AVHD400 or Bruker ARX-300. Chemical shifts were referenced to signals from 
C6D6 (7.16 ppm: 1H and 128.1 ppm: 13C), toluene-d8 (2.09 ppm: 1H and 20.4 ppm: 13C) 
and internally added tetramethylsilane (0.00 ppm: 29Si). Polymer 13C NMR spectra were 
measured with an ARX-300 spectrometer at 140 °C in bromobenzene-d5 with 40−60 mg 
mL−1 and 14k scans with 5 mm OD tubes. Acquisition conditions were: 30° flip angle; 1.82 
sec acquisition time, 2 sec relaxation delay. Broad-band proton decoupling was achieved 
with a WALTZ16 sequence. The degree of isotacticity was determined via the integration 
of the corresponding [mmmm]-pentade (21.85 ppm)1 against the region of 19.5−22.0 
ppm. 
 
Gel permeation chromatography (GPC) was performed with a PL- GPC 220 instrument 
equipped with 2x Olexis 300 mm × 7.5 mm columns and triple detection via a differential 
refractive index detector, a PL-BV 400 HT viscometer, and light scattering (Prescision 
Detectors Model 2040, 15 and 90°). Measurements were performed at 160 °C using 
HPLC-grade 1,2,4-trichlorobenzene (TCB; 100 mg L−1 BHT) from Sigma-Aldrich with a 
constant flow rate of 1 mL/min and a calibration set with narrow-MWD polyethylene (PE) 
and polystyrene (PS) standards. Samples were prepared by dissolving 0.5−0.7 mg of the 
polymer in 1.0 mL of stabilized TCB for 1 h at 140 °C immediately before each 
measurement. The molecular mass was determined absolutely against PS standards by 
using dn/dc = 0.097 mL g−1.2 
 
Differential scanning calorimetry (DSC) analysis was conducted on a DSC Q2000 
instrument. The polymer (4−5 mg) was sealed into a DSC aluminum pan and heated from 
50 to 200 °C at 10 °C/min. After the temperature was held for 2 min, the sample was 
cooled to 50 °C at 10 °C/min and heated again in the same manner. The reported values 
are those determined in the second heating cycle. 
 
Liquid injection field desorption ionization mass spectrometry (LIFDI-MS) was carried out 
directly from an inert-atmosphere glovebox with a Thermo Fisher Scientific Exactive Plus 
Orbitrap instrument equipped with an ion source from Linden CMS.3 
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 3 

Syntheses  

meso-dimethylsilanediylbis[(4-(3’-5’-di-tert-butylphenyl)-7-methoxy-2-
methylindenyl)]hafnium dichloride meso-I  
 

 
 

meso-I was synthesized according to a modified literature procedure.4,5 Bis[4-(3,5-di-tert-
butylphenyl)-7-methoxy-2-methylindenyl)dimethyl silane 1 (500 mg, 0.66 mmol, 1.00 eq.) 
was dissolved in dry toluene (40 mL). At 0 °C, tBuLi (1.70 M, 0.82 mL, 1.39 mmol, 2.10 
eq.) in hexane was added dropwise and the mixture was stirred at 0 °C for 30 minutes. 
The mixture was warmed to room temperature and stirred for three hours. At ‒78 °C, the 
yellow suspension was transferred via cannula to a suspension of HfCl4 (213 mg, 0.66 
mmol, 1.00 eq.) in dry toluene (20 mL). The orange suspension was warmed to room 
temperature while stirring over a course of 20 hours. In a glovebox, the suspension was 
filtered through a syringe filter and the solvent was evaporated. The orange solid was 
dissolved in toluene (5 mL) and pentane (2.5 mL). Over the course of 16 hours at ‒32 °C, 
an orange precipitate formed. Removal of the overlaying solution and drying under 
vacuum yielded the pure meso isomer meso-dimethylsilanediylbis[(4-(3’-5’-di-
tertbutylphenyl)-7-methoxy-2-methylindenyl)]hafnium dichloride I  (86.3 mg, 86:2 μmol, 
13%) as an orange crystalline solid. Single crystals suitable for X-ray diffraction analysis 
were obtained by diffusing pentane into a saturated solution of the complex in toluene at 
4 °C. 
 
1H NMR (400 MHz, 298 K, C6D6) δ (ppm) = 7.93 (d, 3J = 1.8 Hz, 4H, H-2’), 7.63 (t, 3J = 
1.8 Hz, 2H, H-4’), 7.23 (d, 3J = 7.7 Hz, 2H, H-5), 7.02 (s, 2H, H-2), 5.91 (d, 3J = 7.8 Hz, 
2H, H-6), 3.33 (s, 6H, OCH3), 2.32 (s, 6H, CH3), 1.48 (s, 36H, CMe3), 1.27 (s, 3H, SiCH3), 
0.92 (s, 3H, SiCH3). 
 
13C {1H} NMR (101 MHz, 298 K, C6D6) δ (ppm) = 156.2, 150.9, 139.7, 135.3, 134.9, 130.9, 
123.9, 123.6, 120.7, 120.0, 102.5, 85.5, 54.5, 35.0, 31.6, 18.9, 5.9, 5.3. 
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 4 

 
29Si NMR (99 MHz, 298 K, toluene-d8) δ (ppm) = ‒11.1. 
 
LIFDI-MS: m/z calcd 1000.3675, measd 1000.3634. 
 
meso-dimethylsilanediylbis[(4-(3’-5’-di-tert-butylphenyl)-7-methoxy-2-
methylindenyl)] dimethylhafnium meso-IMe 

 

 
 

meso-dimethylsilanediylbis[(4-(3’-5’-di-tert-butylphenyl)-7-methoxy-2-
methylindenyl)]hafnium dichloride I (20.0 mg, 20.0 μmol, 1.00 eq.) was dissolved in dry 
benzene (10 mL) and a solution of MeMgBr (3.00 M, 0.67 mL, 200 μmol, 10.0 eq.) in Et2O 
was added. The reaction mixture was stirred at 50 °C for 18 hours. The solvent was 
evaporated and the orange solid was dissolved in C6D6 and syringe-filtered to yield meso-
dimethylsilanediylbis[(4-(3’-5’-di-tertbutylphenyl)-7-methoxy-2-methylindenyl)]dimethyl 
hafnium meso-IMe in a quantitative yield. Single crystals suitable for X-ray diffraction 
analysis were obtained by diffusing pentane into a saturated solution of the complex in 
benzene at 6 °C. 
 
1H NMR (400 MHz, 298 K, C6D6) δ(ppm) = 7.79 (d, 3J = 1.9 Hz, 4H, H-2’), 7.61 (t, 3J = 1.8 
Hz, 2H, H-4’), 7.26 (d, 3J = 7.7 Hz, 2H, H-5), 7.09 (s, 2H, H-2), 5.96 (d, 3J = 7.8 Hz, 2H, 
H-6), 3.35 (s, 6H, OCH3), 2.19 (s, 6H, CH3), 1.43 (s, 36H, CMe3), 1.26 (s, 3H, SiCH3), 
0.91 (s, 3H, SiCH3), 0.54 (s, 3H, HfCH3), ‒1.54 (s, 3H, HfCH3). 
 
13C {1H} NMR (101 MHz, 298 K, C6D6) δ (ppm) = 157.2, 151.1, 141.0, 135.0, 131.7, 131.2, 
126.0, 123.9, 121.3, 121.0, 117.6, 101.8, 81.4, 54.7, 46.3, 37.7, 35.3, 31.9, 18.8, 6.5, 6.0. 
 
29Si NMR (99 MHz, 298 K, toluene-d8) δ (ppm) = ‒12.6. 
 
LIFDI-MS: m/z calcd 960.4767, measd 960.4739. 
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NMR Experiments 

Conversion of meso-I with TIBA at 100 °C 

 

meso-I (3.00 mg, 3.00 μmol, 1.00 eq.) was dissolved in dry toluene-d8 (0.4 mL, J. Young 
NMR tube). Subsequently, a solution of TIBA (11.0 mM, 0.27 mL, 3.00 μmol, 1.00 eq.) in 
toluene-d8 was added and the reaction mixture was heated to 100 °C. After 15, 30, 60, 
90, 120, 300 and 900 minutes at 100 °C, 1H NMR spectra of the reaction mixture were 
recorded. 

 

Conversion of rac-I with TIBA at 100 °C 

 

rac-I (3.00 mg, 3.00 μmol, 1.00 eq.) was dissolved in dry toluene-d8 (0.4 mL, J. Young 
NMR tube). Subsequently, a solution of TIBA (11.0 mM, 0.27 mL, 3.00 μmol, 1.00 eq.) in 
toluene-d8 was added and the reaction mixture was heated to 100 °C for 15 hours. 
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Conversion of meso-I with TIBA at 60 °C 

 

meso-I (3.00 mg, 3.00 μmol, 1.00 eq.) was dissolved in dry toluene-d8 (0.4 mL, J. Young 
NMR tube). Subsequently, a solution of TIBA (0.11 M, 0.27 mL, 30.0 μmol, 10.0 eq.) in 
toluene-d8 was added and the reaction mixture was heated to 60 °C for 15 hours. 

 

Conversion of rac-I with TIBA at 60 °C 

 

rac-I (3.00 mg, 3.00 μmol, 1.00 eq.) was dissolved in dry toluene-d8 (0.4 mL, J. Young 
NMR tube). Subsequently, a solution of TIBA (0.11 M, 0.27 mL, 30.0 μmol, 10.0 eq.) in 
toluene-d8 was added and the reaction mixture was heated to 60 °C for 15 hours. 
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Conversion of meso-I with TMA at 100 °C 

 

meso-I (3.00 mg, 3.00 μmol, 1.00 eq.) was dissolved in dry toluene-d8 (0.4 mL, J. Young 
NMR tube). Subsequently, a solution of TMA (20.0 mM, 0.15 mL, 3.00 μmol, 1.00 eq.) in 
toluene-d8 was added and the reaction mixture was heated to 100 °C. After 0.5, 1 and 24 
hours at 100 °C, 1H NMR spectra of the reaction mixture were recorded. 

 

 

Conversion of rac-I with TMA at 100 °C 

 

rac-I (3.00 mg, 3.00 μmol, 1.00 eq.) was dissolved in dry toluene-d8 (0.4 mL, J. Young 
NMR tube). Subsequently, a solution of TMA (20.0 mM, 0.15 mL, 3.00 μmol, 1.00 eq.) in 
toluene-d8 was added and the reaction mixture was heated to 100 °C. After 0.5, 1 and 24 
hours at 100 °C, 1H NMR spectra of the reaction mixture were recorded. 
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Conversion of meso-I with TMA and THF-d8 at 100 °C 

 

meso-I (3.00 mg, 3.00 μmol, 1.00 eq.) was dissolved in dry toluene-d8 (0.4 mL, J. Young 
NMR tube) and THF-d8 (50 μL). Subsequently, a solution of TMA (20.0 mM, 0.15 mL, 
3.00 μmol, 1.00 eq.) in toluene-d8 was added and the reaction mixture was heated to 100 
°C for 15 hours. The solvent was evaporated and the reaction mixture was dissolved in 
toluene-d8, again. 1H NMR revealed the presence of only meso-I (63%) and rac-I (37%) 
without any other species (Fig. S7). 
 
 
 
 
Isomerization and subsequent activation of meso-I 
 

 
 

 
meso-I (1.65 mg, 1.65 μmol, 1.00 eq.) was dissolved in dry toluene-d8 (0.4 mL, J. Young 
NMR tube). Subsequently, a solution of TIBA (11.0 mM, 0.15 mL, 1.65 μmol, 1.00 eq.) in 
toluene-d8 was added and the reaction mixture was heated to 100 °C for 16 hours. Further 
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TIBA (1.10 M, 0.30 mL, 0.33 mmol, 200 eq.) in toluene was added and the reaction 
mixture was heated to 60 °C for one hour. 
 
Activation of rac-I 
 

 
rac-I (1.65 mg, 1.65 μmol, 1.00 eq.) was dissolved in dry toluene-d8 (0.4 mL, J. Young 
NMR tube). Subsequently, a solution of TIBA (1.10 M, 0.30 mL, 0.33 mmol, 200 eq.) in 
toluene was added and the reaction mixture was heated to 60 °C for one hour. 
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Polymerization 

All polymerization reactions were performed in a 250 mL double-walled Büchi steel 
autoclave equipped with a KPG-stirrer (Heidolph, 1000 rpm), a temperature sensor, and 
a heating/cooling jacket attached to a cryo-/thermostat unit (Julabo F-25-ME). Ar pressure 
for all manipulations was set at 1.5 bar. Prior to polymerization, the autoclave was 
provided with 100 mL of dry toluene and 2 mL of 1.10 M TIBA in toluene and heated to 
95 °C. After the temperature was maintained for 30 minutes, the scrubbing solution was 
released. 
 
In situ Activation 
 
For the polymerization, unless stated otherwise, the autoclave was charged with 100 mL 
of dry toluene and 0.5 mL of 1.10 M TIBA in toluene. The metallocene complex (1.00 eq.) 
was dissolved in 10 mL of dry toluene and preactivated with 200 eq. of TIBA at 60 °C for 
one hour. After the desired temperature was adjusted, the metallocene solution was 
transferred into the autoclave and pressurized with propylene. When the system was 
equilibrated and stable in terms of temperature and pressure, the polymerization was 
initiated by placing 5.00 eq. of [Ph3C][B(C6F5)4] dissolved in 10 mL of dry toluene in the 
autoclave via a pressure burette (pPoly + 0.5 bar). 
 
MAO Activation 
 
For the polymerization, the autoclave was charged with 110 mL of dry toluene and 2000 
eq. of a MMAO-12 solution in toluene (7 wt% Al in toluene [(CH3)0.95‒(n-C8H17)0.05‒AlO]n) 
was added. After the desired temperature was adjusted, the autoclave was pressurized 
with propylene. When the system was equilibrated and stable in terms of temperature 
and pressure, the polymerization was initiated by adding the metallocene complex (1.00 
eq.) dissolved in 10 mL of dry toluene. 
 
The polymerization was quenched with 2 mL of methanol, and the reaction mixture was 
poured into 600 mL of HCl-acidified methanol. The precipitated polymer was removed 
from the autoclave, and the combined polymer was washed thoroughly, first with 
methanol and then with acetone. The resulting polymer was suspended in acetone and 
treated with Irganox 1010 as a stabilizing agent in order to prevent rapid destruction of 
the polymer. After 20 minutes, the supernatant solution was decanted off and the resulting 
polymer was dried overnight at 70 °C. 
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UV-Vis spectrum 

When activating meso-I in situ in toluene, a gradually loss of its distinct yellow color with 
increased activation time at 60 °C with 200 eq. TIBA was observed (see Figure S2). This 
degradation can be monitored via UV/Vis and is a hint, that meso-I is degraded when 
exposed to excess TIBA, as rac-I maintained its yellow color under the same conditions.  

 

Figure S1. Stacked UV-Vis spectra of meso-I and its products upon conversion with 200 eq. TIBA 
at 60 °C (UV-Vis spectra were recorded at room temperature). 

 

Figure S2. 1.65 mg of meso-I immediately after the addition of 200 eq. TIBA in 10 mL toluene 
(left) compared to after the in situ activation with 200 eq. TIBA in 10 mL toluene after 60 minutes 
at 60 °C (right). 
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Figure S3. 1.65 mg of isomerized (1.00 eq. TIBA, 100 °C, 16h) meso-I immediately after the 
addition of 200 eq. TIBA in 10 mL toluene (left) compared to after the in situ activation with 200 
eq. TIBA in 10 mL toluene after 60 minutes at 60 °C (right). Compared to Figure S2 no loss of 
color as an indication for a degradation was observed.  
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NMR-Spectra 

 

Figure S4. Excerpts of the 29Si-inept NMR spectra in the range of δ = ‒6.6 ppm - ‒13.0 ppm of 
meso-I and its products upon conversion with 20.0 eq. TIBA at 60 °C after 60 minutes, as well as 
the activation product of rac-I with 200 eq. TIBA at 60 °C after 60 minutes (NMR-spectra were 
recorded at room temperature). 

 

 

 

Figure S5. 29Si-inept NMR of the decomposition products of meso-I with 200 eq. TIBA at 60 °C 
after 60 minutes (NMR-spectra were recorded at room temperature). 
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Figure S6. Excerpts of the 1H NMR spectra in the range of δ = 6.30 ppm - 5.75 ppm of meso-I 
and its products upon conversion with 1.00 eq. TIBA at 100 °C (NMR-spectra were recorded at 
room temperature). The protons of meso-I corresponding to this signal are highlighted in red. For 
comparison, the 1H NMR spectrum of rac-I in the respective range is also shown. 

 

Figure S7. Excerpts of the 1H NMR spectra in the range of δ = −0.90 ppm - −1.50 ppm of the 
products of the conversion of meso-I and rac-I with 1.00eq. TIBA at 100 °C (NMR- spectra were 
recorded at room temperature). The protons of the alkylated species rac-Ialk corresponding to this 
signal are highlighted in red. 
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Figure S8. Excerpts of the 1H NMR spectra in the range of δ = 6.30 ppm - 5.75 ppm of meso-I 
and its products upon conversion with 10.0 eq. TIBA at 60 °C (NMR-spectra were recorded at 
room temperature). The protons of meso-I corresponding to this signal are highlighted in red. For 
comparison, the 1H NMR spectra of rac-I and its products upon conversion with 10.0 eq. TIBA at 
60 °C in the respective range are also shown. 
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Figure S9. Excerpts of the 29Si NMR spectra in the range of δ = −6.5 ppm - −15.0 ppm of the 
isomerization- and subsequent activation-products of meso-I. For comparison, the excerpts of 
spectra corresponding to pure rac-I and its activation products are also shown. The signals were 
internally referenced to tetramethylsilane (δ = 0.0 ppm).  

 

10 APPENDIX

141



 17 

 

Figure S10. 1H NMR spectrum of the conversion of meso-I with 1.00 eq. TMA and THF-d8. 
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Figure S11. 1H NMR spectrum of meso-I. 
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Figure S12. 13C NMR spectrum of meso-I. 
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Figure S13. 29Si- NMR spectrum of meso-I. 
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Figure S14. 1H NMR spectrum of meso-IMe. 
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Figure S15. 13C NMR spectrum of meso-IMe. 
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Figure S16. 29Si NMR spectrum of meso-IMe. 
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Polymer-Spectra 

 

Figure S17. Full 13C NMR spectrum of entry 1 (Table 1). 
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Figure S18. Excerpt of the 13C NMR spectrum of entry 1 (Table 1). 
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Figure S19. Full 13C NMR spectrum of entry 2 (Table 1). 
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Figure S20. Excerpt of the 13C NMR spectrum of entry 2 (Table 1). 
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Figure S21. Full 13C NMR spectrum of entry 3 (Table 1). 

 

 

Figure S22. Chemical structure of the stabilizing agent Irganox 1010 visible in the 13C NMR 
spectra of entry 3 and 4. 
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Figure S23. Excerpt of the 13C NMR spectrum of entry 3 (Table 1). 

 

10 APPENDIX

154



 30 

 

Figure S24. Full 13C NMR spectrum of entry 4 (Table 1). 
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Figure S25. Excerpt of the 13C NMR spectrum of entry 4 (Table 1). 
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Figure S26. Full 13C NMR spectrum of entry 5 (Table 1). 
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Figure S27. Excerpt of the 13C NMR spectrum of entry 5 (Table 1). 
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Figure S28. Full 13C NMR spectrum of entry 6 (Table 1). 
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Figure S29. Excerpt of the 13C NMR spectrum of entry 6 (Table 1). 
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Figure S30. Stacked (full) 13C NMR spectra of entries 1-6 (Table 1). 
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Figure S31. Stacked (excerpts) 13C NMR spectra of entries 1-6 (Table 1). 
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Figure S32. Full 13C NMR spectrum of polypropylene produced by an isomeric mixture (rac/meso 
1/3) of dimethylsilanediylbis(4-phenyl-7-methoxy-2-methylindenyl)- hafnium dichloride. 
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Figure S33. Excerpt of the 13C NMR spectrum of polypropylene produced by an isomeric mixture 
(rac/meso 1/3) of dimethylsilanediylbis(4-phenyl-7-methoxy-2-methylindenyl)- hafnium dichloride. 
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Figure S34. Full 13C NMR spectrum of polypropylene produced by an isomeric mixture (rac/meso 
1/3) of dimethylsilanediylbis(4-phenyl-7-methoxy-2-methylindenyl)- hafnium dichloride after the 
isomerization protocol was applied. 
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Figure S35. Excerpt of the 13C NMR spectrum of polypropylene produced by an isomeric mixture 
(rac/meso 1/3) of dimethylsilanediylbis(4-phenyl-7-methoxy-2-methylindenyl)- hafnium dichloride 
after the isomerization protocol was applied. 
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Single-crystal X-ray diffraction 

The X-ray data were collected on a single crystal X-ray diffractometer equipped with a 
CMOS detector (Bruker Photon-100), a TXS rotating anode with MoKα radiation 
(λ = 0.71073 Å) and a Helios mirror optic using the APEX4 software package.6 The crystal 
was fixed on top of a kapton micro sampler coated with perfluorinated ether, transferred 
to the diffractometer and measured under a stream of cold nitrogen. A matrix scan was 
used to determine the initial lattice parameters. Reflections were corrected for Lorentz 
and polarization effects, scan speed, and background using SAINT.7 Absorption 
corrections, including odd and even ordered spherical harmonics were performed using 
SADABS.8 Space group assignments were based upon systematic absences, E statistics, 
and successful refinement of the structure. The structures were solved using SHELXT 
with the aid of successive difference Fourier maps and were refined against all data using 
SHELXL in conjunction with SHELXLE.9-11 Hydrogen atoms (except on heteroatoms) 
were calculated in ideal positions as follows: Methyl hydrogen atoms were refined as part 
of rigid rotating groups, with a C–H distance of 0.98 Å and Uiso(H) = 1.5•Ueq(C). Other H 
atoms were placed in calculated positions and refined using a riding model with 
methylene, aromatic and other C–H distances of 0.99 Å, 0.95 Å and 1.00 Å, respectively, 
and Uiso(H) = 1.2•Ueq(C). Non-hydrogen atoms were refined with anisotropic displacement 
parameters. Full-matrix least-squares refinements were carried out by minimizing Σw(Fo

2-
Fc

2)2 with the SHELXL weighting scheme.11 Neutral atom scattering factors for all atoms 
and anomalous dispersion corrections for the non-hydrogen atoms were taken from 
International Tables for Crystallography.12 A split layer refinement was used to treat 
disordered groups and additional ISOR and DELU restraints were employed to stabilize 
the refinement of the layers. Images of the crystal structures were generated with 
MERCURY.13 
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SC-XRD structure of meso-I (CCDC 2179591) 
 

 
 
Diffractometer operator Andreas Saurwein  
scanspeed 10 s per frame  
dx 50 mm  
3599 frames measured in 14 data sets  
phi-scans with delta_phi = 0.5  
omega-scans with delta_omega = 0.5  
shutterless mode 
  

Crystal data  

C52H66Cl2HfO2Si·C5H12 

 

Mr = 1072.67 Dx = 1.349 Mg m−3 

Monoclinic, P21/n Melting point: ? K 

Hall symbol: -P 2yn Mo Kα radiation, λ = 0.71073 Å 

a = 14.361 (7) Å Cell parameters from 9652 reflections 

b = 13.421 (6) Å θ = 2.3–27.8° 

c = 27.475 (14) Å µ = 2.14 mm−1 

β = 94.04 (2)° T = 100 K 

V = 5282 (4) Å3 Fragment, yellow 
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Z = 4 0.35 × 0.09 × 0.07 mm 

F(000) = 2224  

 

Data collection 

Bruker D8 Venture  
diffractometer 

10620 independent reflections 

Radiation source: IMS microsource 9171 reflections with I > 2σ(I) 

Helios optic monochromator Rint = 0.081 

Detector resolution: 7.5 pixels mm-1 θmax = 26.2°, θmin = 2.1° 

phi– and ω–rotation scans h = −17 17 

Absorption correction: multi-scan  
SADABS 2016/2, Bruker, 2016 

k = −16 16 

Tmin = 0.663, Tmax = 0.746 l = −34 34 

264400 measured reflections  

 

Refinement 

Refinement on F2 
Secondary atom site location: difference 
Fourier map 

Least-squares matrix: full 
Hydrogen site location: inferred from 
neighbouring sites 

R[F2 > 2σ(F2)] = 0.022 H-atom parameters constrained 

wR(F2) = 0.050 
W = 1/[Σ2(FO2) + (0.0215P)2 + 4.5473P] 
WHERE P = (FO2 + 2FC2)/3  

S = 1.06 (Δ/σ)max = 0.004 

10620 reflections Δρmax = 0.48 e Å−3 

619 parameters Δρmin = −0.70 e Å−3 

36 restraints Extinction correction: none 

- constraints Extinction coefficient: - 

Primary atom site location: iterative  
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SC-XRD structure of meso-IMe (CCDC 2179592) 
 

 
 
 
 

 

Diffractometer operator Andreas Saurwein  
scanspeed 5 s per frame  
dx 55 mm  
2952 frames measured in 7 data sets  
phi-scans with delta_phi = 0.5  
omega-scans with delta_omega = 0.5  
shutterless mode 
  

Crystal data 

C54H72HfO2Si·C5H12 

 

Mr = 1031.84 Dx = 1.294 Mg m−3 

Monoclinic, P21/n Melting point: ? K 

Hall symbol: -P 2yn Mo Kα radiation, λ = 0.71073 Å 

a = 14.4047 (10) Å Cell parameters from 9640 reflections 

b = 13.3802 (8) Å θ = 2.8–28.3° 

c = 27.5423 (19) Å µ = 2.03 mm−1 
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β = 94.079 (2)° T = 150 K 

V = 5295.0 (6) Å3 Fragment, yellow 

Z = 4 0.32 × 0.17 × 0.11 mm 

F(000) = 2160  

 

Data collection 

Bruker D8 Venture  
diffractometer 

10804 independent reflections 

Radiation source: TXS rotating anode 10381 reflections with I > 2σ(I) 

Helios optic monochromator Rint = 0.032 

Detector resolution: 16 pixels mm-1 θmax = 26.4°, θmin = 2.2° 

phi– and ω–rotation scans h = −18 18 

Absorption correction: multi-scan  
SADABS 2016/2, Bruker, 2016 

k = −16 16 

Tmin = 0.636, Tmax = 0.746 l = −34 34 

155969 measured reflections  

 

Refinement 

Refinement on F2 
Secondary atom site location: difference 
Fourier map 

Least-squares matrix: full 
Hydrogen site location: inferred from 
neighbouring sites 

R[F2 > 2σ(F2)] = 0.016 H-atom parameters constrained 

wR(F2) = 0.040 
W = 1/[Σ2(FO2) + (0.0114P)2 + 4.9103P] 
WHERE P = (FO2 + 2FC2)/3  

S = 1.08 (Δ/σ)max = 0.008 

10804 reflections Δρmax = 0.60 e Å−3 

621 parameters Δρmin = −0.56 e Å−3 

1072 restraints Extinction correction: none 

- constraints Extinction coefficient: - 

Primary atom site location: iterative  
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DSC Analysis 

 

Figure S36. DSC analysis of entry 1, Table 1.  

 

Figure S37. DSC analysis of entry 2, Table 1.  
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Figure S38. DSC analysis of entry 3, Table 1.  

 

Figure S39. DSC analysis of entry 4, Table 1.  
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Figure S40. DSC analysis of entry 5, Table 1.  

 

Figure S41. DSC analysis of entry 6, Table 1.  
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 S2 

Polymer NMR Spectra 

Figure S1: 13C NMR spectrum of iPP-1. 

Figure S2: 13C NMR spectrum of iPP-2. 
 

15.015.516.016.517.017.518.018.519.019.520.020.521.021.522.022.523.023.5

δ / ppm

SIL_iPP_Ineos_gekauft.2.fid

C13CPD C6D6 {C:\Bruker\TopSpin3.2} akrieger 12

100.0094.87

15.015.516.016.517.017.518.018.519.019.520.020.521.021.522.022.523.023.5

δ / ppm

SIL_Hf_C2_4(3,5Me)_7OMe_020.5.fid

PROTON Bromobenzene {C:\Bruker\TopSpin3.2} akrieger 4

100.0094.21
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 S3 

 
Figure S3: 13C NMR spectrum of iPP-3. 

 
Figure S4: 13C NMR spectrum of iPP-4. 

 
Figure S5: 13C NMR spectrum of iPP-5. 

14.014.515.015.516.016.517.017.518.018.519.019.520.020.521.021.522.022.523.023.5

δ / ppm

SIL_Hf_C2_4(3,5tBu)_7OMe_014+15.3.fid

100.0099.20

14.014.515.015.516.016.517.017.518.018.519.019.520.020.521.021.522.022.523.023.5

δ / ppm

SIL_Hf_C2_4(3,5tBu)7OMe_005_ultrazentNEU.3.fid

C13CPD Bromobenzene {C:\Bruker\TopSpin3.2} akrieger 2

100.0099.49

15.015.516.016.517.017.518.018.519.019.520.020.521.021.522.022.523.023.5

δ / ppm

SIL_Hf_C2_4(3,5tBu)_7OMe_020.3.fid

C13CPD Bromobenzene {C:\Bruker\TopSpin3.2} nmrsu 1

100.0099.53
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Polymer GPC Characterization 

 

Figure S6: Molecular weight distribution of iPP-1 (raw polymer, fiber and annealed fiber). 

 

Figure S7: Molecular weight distribution of iPP-2 (raw polymer, fiber and annealed fiber). 

 

Figure S8: Molecular weight distribution of iPP-3 (raw polymer, fiber and annealed fiber). 
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Figure S9: Molecular weight distribution of iPP-4 (raw polymer, fiber and annealed fiber). 

 

Figure S10: Molecular weight distribution of iPP-5 (raw polymer, fiber and annealed fiber). 

 

Figure S11: Molecular weight distribution of composite fiber (raw polymers iPP-1 and 
iPP-4, composite fiber and annealed composite fiber). 
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Figure S12: Elugram and molecular weight of a preliminary experiment using 1000 kg/mol 
iPP: screening for the required amount of stabilizing agent. 

 

Figure S13: Elugram and molecular weight of a preliminary experiment using 1000 kg/mol 
iPP: Annealing/tempering at 140 °C for 20 h under Argon atmosphere.  

 

Figure S14: Elugram and molecular weight of a preliminary experiment using 1000 kg/mol 
iPP: Annealing/tempering at 150 °C for 67 h under Argon atmosphere.  
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DSC Analysis  

 

Figure S15: DSC analysis of iPP-1 (raw polymer, fiber and annealed fiber). 

 

Figure S16: DSC analysis of iPP-2 (raw polymer, fiber and annealed fiber). 

 

Figure S17: DSC analysis of iPP-3 (raw polymer, fiber and annealed fiber). 
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Figure S18: DSC analysis of iPP-4 (raw polymer, fiber and annealed fiber). 

 

Figure S19: DSC analysis of iPP-5 (raw polymer, fiber and annealed fiber). 

 

Figure S20: DSC analysis of composite fiber (raw polymers iPP-1 and iPP-4, composite 
fiber and annealed composite fiber). 
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Figure S21: DSC analysis of a preliminary experiment using 1000 kg/mol iPP and 3 % wt. 
Irganox 1010: Annealing at 140 °C for 20 h and 150 °C for 67 h under Argon atmosphere.  

 
Figure S22: DSC analysis of a preliminary experiment using 1000 kg/mol iPP and 10 % 
wt. Irganox 1010: Annealing at 140 °C for 20 h and 150 °C for 67 h under Argon 
atmosphere. 
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Technical Drawings  

 

Figure S23: Technical drawing of 1 mm manufactured spinning nozzle.  

 

Figure S24: Technical drawing of Fiber spinning cone 1. 

 

Figure S25: Technical drawing of Fiber spinning cone 2.  
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Optical light microscopy images 

 
Figure S26: Thin fiber of iPP-1. Conditions: 1500 rpm extrusion speed, 350 rpm KPG 
stirrer spinning speed, 140 cm distance nozzle – cone, 1 mm manufactured spinning 
nozzle.  
 

 
Figure S27: Thick fiber of iPP-1. Conditions: 800 rpm extrusion speed, 100 rpm KPG 
stirrer spinning speed, 55 cm distance nozzle – cone, 1 mm manufactured spinning 
nozzle.  
 

 
Figure S28: Thin fiber of iPP-2. Conditions: 1400 rpm extrusion speed, 150 rpm KPG 
stirrer spinning speed, 30 cm distance nozzle – cone, 1 mm manufactured spinning 
nozzle.  
 

 
Figure S29: Spun iPP-2 fiber. Conditions: 1400 rpm extrusion speed, 100 rpm KPG 
stirrer spinning speed, 20 cm distance nozzle – cone, 1 mm manufactured spinning 
nozzle.  
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Figure S30: Inhomogeneous spun iPP-3 fiber. Conditions: 1400 rpm extrusion speed, 
70 rpm KPG stirrer spinning speed, 20 cm distance nozzle – cone, 1 mm manufactured 
spinning nozzle.  
 

 
Figure S31: Spun iPP-3 fiber. Conditions: 1400 rpm extrusion speed, 78 rpm KPG 
stirrer spinning speed, 33 cm distance nozzle – cone, 2 mm extrusion nozzle.  
 

 
Figure S32: Spun iPP-3 fiber. Conditions: 1400 rpm extrusion speed, 117 rpm KPG 
stirrer spinning speed, 37 cm distance nozzle – cone, 2 mm extrusion nozzle.  
 

 
Figure S33: Drawn iPP-4 fiber.  
 

 
Figure S34: Spun iPP-4 fiber. Conditions: 1500 rpm extrusion speed, 55 rpm KPG 
stirrer spinning speed, 18 cm distance nozzle – cone, 2 mm extrusion nozzle.  
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Figure S35: Spun iPP-4 fiber. Conditions: 1500 rpm extrusion speed, 55 rpm KPG 
stirrer spinning speed, 18 cm distance nozzle – cone, 2 mm extrusion nozzle.  
 

 
Figure S36: Spun iPP-4 fiber. Conditions: 1500 rpm extrusion speed, 120 rpm KPG 
stirrer spinning speed, 28 cm distance nozzle – cone, 2 mm extrusion nozzle.  
 

 
Figure S37: Spun iPP-5 fiber. Conditions: 1500 rpm extrusion speed, 60 rpm KPG 
stirrer spinning speed, 25 cm distance nozzle – cone, 2 mm extrusion nozzle.  
 

 
Figure S38: Spun iPP-5 fiber. Conditions: 1500 rpm extrusion speed, 60 rpm KPG 
stirrer spinning speed, 25 cm distance nozzle – cone, 2 mm extrusion nozzle.  
 

 
Figure S39: Spun iPP-5 fiber. Conditions: 1500 rpm extrusion speed, 55 rpm KPG 
stirrer spinning speed, 23 cm distance nozzle – cone, 2 mm extrusion nozzle.  
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Figure S40: Spun iPP-5 fiber. Conditions: 1500 rpm extrusion speed, 55 rpm KPG 
stirrer spinning speed, 20 cm distance nozzle – cone, 1 mm manufactured spinning 
nozzle.  
 

 
Figure S41: Spun iPP-5 fiber. Conditions: 1500 rpm extrusion speed, 55 rpm KPG 
stirrer spinning speed, 20 cm distance nozzle – cone, 1 mm manufactured spinning 
nozzle.  
 

 
Figure S42: Spun composite fiber. Conditions: 1500 rpm extrusion speed, 78 rpm KPG 
stirrer spinning speed, 23 cm distance nozzle – cone, 1 mm manufactured spinning 
nozzle.  
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WAXS 

Transmission mode wide-angle X-ray scattering (WAXS) data were collected using a 
Ganesha instrument (SAXSLAB) equipped with a Pilatus 300k (Dectris) area detector 
operating at an energy of 8.04 keV (1.54 Å), corresponding to the Cu-Kalpha radiation of 
the X-ray source (Xenocs GeniX3D). The samples were mounted at a sample-detector 
distance (SDD) of roughly 90.5 mm. The exact SDD was calculated for each sample 
individually, taking sample thicknesses into account. The samples were fixed in place by 
a sample holder from both ends, which in case of the fiber samples (extrudate, spun fiber, 
tempered fiber) ensured a perpendicular orientation of the macroscopic fiber direction to 
the incident beam (incident angle 0°). ‘Fiber axis’, as marked with arrows on the WAXS 
images, denotes the orientation of the fiber within this plane. Before recording the data, 
the flight tube was evacuated (5.02 × 10-3 mbar), to minimize contributions from air 
scattering. Fibers were aligned in the beam by scanning across the fiber by variation of 
the sample height and tracking the intensity of the WAXS signal. 
WAXS data were recorded at two spots, spaced 1 mm apart along the samples, to ensure 
reliability of the results, as shown in Figure S43 (annotated images in the main text 
correspond to a), c), e) and g)). The differences between the measurements were found 
to be very small, indicating a high level of homogeneity within the samples. Image 
processing (summation, conversion to q-space, cuts along q) was done with the Matlab-
based software GIXSGUI.1 Phase identification and analysis of preferential orientation 
effects were done by analyzing cuts along q in the equatorial, meridional and direct beam 
(db) (111) directions (α-phase), as shown in Figure S44. For phase identification, 
reflections with the highest intensity were compared to the five most intense reflections 
of the α-, the two most intense reflections of the β-, and five most intense reflections of 
the γ-phase, as first referenced in (2). Each phase gives a scattering pattern including 
uniquely placed reflections (α: (130), β: (301), γ: (117)). All samples were found to be 
semicrystalline: an amorphous halo with sample-dependent intensity is seen in the q-
range from 0.8 Å-1 to 1.75 Å-1.  
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Figure S43: WAXS data corresponding to measurement spots spaced 1 mm from another 
to ensure the reliability of the results. The data sets correspond to UHMW iPP-5 samples 
at different stages of the fiber manufacturing process. a), b) Raw polymer iPP-5. c), d) 
Extrudate. 
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Figure S43: WAXS data corresponding to measurement spots spaced 1 mm from another 
to ensure the reliability of the results. The data sets correspond to UHMW iPP-5 samples 
at different stages of the fiber manufacturing process. e), f) Spun fiber. g), h) Annealed 
fiber. 
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Figure S44: Equatorial (a) and meridional (b) cuts for the iPP-5 raw polymer sample, as 
well as equatorial (c) and meridional (d) cuts, and cuts along the db (111) direction (α-
phase) (e) for the iPP-5 extrudate, for both measurement spots, and for lower and upper 
quadrant, if applicable. The positions of the most intense expected reflections of the α-, 
β- and γ-phase are marked in the rug plot in black, red, and blue, respectively. 
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Figure S44: Equatorial (f) cuts and cuts along the db (111) direction (α-phase) (g) for the 
iPP-5 spun fiber, as well as equatorial (h) cuts and cuts along the db (111) direction (α-
phase) (i) for the iPP-5 annealed fiber, for both measurement spots, and for lower and 
upper quadrant. The positions of the most intense expected reflections of the α-, β- and 
γ-phase are marked in the rug plot in black, red, and blue, respectively. 
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Applied Catalysts 

 

Figure S45. Benchmark catalyst system of Rieger et al. for tailoring isotactic 

polypropylene.3,4 
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Table 1: Conditions and results for the polymerization of propylene with complex Ia 

entry catalyst nb tpc Pd Ye 

1 I 2.2 10 50000 42 

2 I 1.6 15 38000 24 

3 I 2.3 15 42000 33 
 

aVtoluene = 320 mL; TIBA/TrBCF: initiator [Ph3C][B(C6F5)4] = 5.0 eq., activator (TIBA) = 200 eq., scavenger 

(TIBA) = 2.2 mmol; pressure p = pAr + ppropylene = 6 bar, pAr = 1.3 bar; temperature T = 0 °C ± 2°C; bIn micromoles. 

cPolymerization time in min. d Productivity in kgPP ∙ [molcat ∙ h]-1. ePolymer yield in g. 
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Figure S1. Precipitated sPP in the autoclave after polymerization with I (see entry 1-3, Table 1). 
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Figure S2: Pentad distribution of I-produced sPP in the 13C NMR spectrum. 
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Typical crucial process for fulfilling the potential and determining the mechanical behavior are 

part bed temperature Tb, laser power PL, hatch distance, layer thickness Lt scan speed vs. To 

compare process parameters, the volume energy EV is in Eq. 1 

 

𝐸" = 	
𝑃&

𝑣( ∗ ℎ( ∗ 𝐿,
	

 

 

 

 

 
 
Figure S3. sPP particles before processing 
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Figure S4. Comparison of isothermal crystallization between sPP and commercial powder PP1101 
at comparable isothermal holding temperatures of 15.8 °C below the melting peak Tm (measured 
at a heating rate of 10 K/min) 
Observations indicate that PP1101 undergoes crystallization prior to achieving the designated 
holding temperature. In comparison to PP101, sPP displays a significantly slower crystallization 
progress. Exhibiting crystallization progress (as measured by t peak) for sPP is 56.2 minutes versus 
3.1 minutes for PP101.  
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Figure S5. Isothermal DSC measurements for sPP. Relative degree of crystallinity over time 
(left) and corresponding exothermic heat flow (right) 
 

 
Figure S6. Dynamic DSC measurement with a heating rate of 10 K/min after annealing at 
128 °C (building bed temperature) for 2 h (blue line) and first heating cycle for sPP (black line)  
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Rheological experiments: 
 
Carreau-Yasuda Model 

Function  𝒚 = 𝑨𝟐 + (𝑨𝟏 − 𝑨𝟐)[𝟏 + (𝒕𝒙)𝒂)]
𝒏;𝟏
𝒂  

Meanings: A1 = zero shear viscosity, A2 = infinite shear viscosity, t = time constant, a = transition 
control factor, n = power index 
 
For all Carreau fits the R-squared was higher than 0.99. Detailed information’s depicted in table 
2  
 
Table 2: Carreau fit parameters 

Temperature A1 A2 t a n 

Tm 19142 
± 865 

33.27 
± 1216 

0.032 
± 0.09 

0.6 
± 0.02 

0  
± 1.06 

Tm +10 K 13096 
± 618 

0 
± 1299 

0.02 
± 0.07 

0.57 
± 0.18 

0 
± 1.45 

Tm +20 K 9196 
± 329 

0 
± 1025 

0.0 
± 0.05 

0.58 
± 0.16 

0 
± 1.41 

 
 

 
 
Figure S7. Amplitude sweep at 6.28 rad/s for the determination of the linear viscoelastic range 
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Figure S8  
Powder particle coalescence detected by hot stage microscopy with a constant heating rate of 
1 K/min 
 

 

 

 
Figure S9. Hot stage image in polar field of a melt film at 158 °C (left) with subsequent cooling 
of 1 K/min at 100 °C (right). Photographs are intended to show that no crystallites are detected at 
158 °C and thereby the particles have melted completely 
 

 

 

 
Figure S10. Lateral view of the multilayer component  

Top side of the component  
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10.2 Reprint Permissions for Copyright Material

Figure 4 was reprinted with permission from Ref. [84] Copyright © 2005 by the American Chem-

ical Society.
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Figure 1 was reprinted with permission from Ref [5] R. Geyer, J. R. Jambeck, K. L. Law, Sci.

Adv. 2017, 3, e1700782. Reprinted with permission from Ref [5]. Copyright © the authors,

some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 License

(http://creativecommons.org/licenses/by-nc/4.0/). ”This is an open-access article distributed

under the terms of the Creative Commons Attribution-NonCommercial license, which permits

use, distribution, and reproduction in any medium, so long as the resultant use is not for com-

mercial advantage and provided the original work is properly cited.”
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Figure 8 was reprinted with permission from Ref. [130] Copyright © 1991 by Elsevier.
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10 APPENDIX

Figure 9 was reprinted with permission from Ref. [137]. Copyright © 2019 by Springer.
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10 APPENDIX

Figure 10 was reprinted with permission from Ref. [160]. Copyright © 2014 by Wiley.
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10 APPENDIX

Figure 11 was reprinted with permission from Ref. [166]. Copyright © 2007 by Wiley.
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10 APPENDIX

The contents for Chapter 4 and the corresponding Supporting Information in Chapter 10.1.1 for

the manuscript titled “In Situ Activation: Chances and Limitations to Form Ultrahigh Molecular

Weight Syndiotactic Polypropylene with Metallocene Dichlorides” have been reprinted with

permission from Ref. [218]. Copyright © 2021 by the American Chemical Society.
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10 APPENDIX

The contents for Chapter 5 and the corresponding Supporting Information in Chapter 10.1.2

for the manuscript titled “Perfectly Isotactic Polypropylene upon In Situ Activation of Ultrarigid

meso Hafnocenes” have been reprinted with permission from Ref. [220]. Copyright © 2022 by

John Wiley and Sons.
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