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Abstract

Abstract
Adjusting polymer architecture in order to meet the demands of a distinct application is still one of the
most challenging aspects in macromolecular chemistry to date. While traditional methods relied on a
tedious procedure of monomer replacement and exploitation of reaction limits, modern approaches
pursue rather elegant strategies of product controllability, as accomplished by chain walking (CW)
catalysis.
Polyolefins (PO) are an exceptional class of macromolecules with an annual global production of 170
million tons. Solely composed of carbon and hydrogen, the commercial demand of PO has grown
exponentially since their industrial premiere almost a century ago. Although numerous synthetic
methodologies for PO emerged in the past, CW catalysis produces the better well-defined products in
comparison. It was BROOKHART et al., who primarily discovered the great catalytic potential of palladiumand nickel--diimine complexes, yielding high molecular weight polyethylene (PE) with narrow molar
mass (MM) distribution and unique rheological properties. Nevertheless, GUAN et al. revealed the most
superior attribute of CW catalysis a few years later, in which the macromolecular architecture of CW
products can be well controlled by means of adjusting reaction conditions. Thereafter, structurally
diverse PE ranging from linear to highly branched macromolecules were generated through the
variation of ethylene pressure. The polymeric variety relies on the mechanistic principle of the
procedure, in which the catalytic specie manoeuvres along the polymer chain or inserts associated
monomer molecules. The decisive equilibrium is easily manipulated by internal (diimine substituents)
and external reaction conditions (pressure, temperature). It is plausible that CW catalysis attracted the
interest of numerous research groups, who aimed to exploit its huge potential for polymer synthesis.
However, the perception of how chain walking polyethylene (CWPE) grows as well as the resulting
structural limitations have been frequently ignored, which caused a false understanding of these
polymers.
This dissertation is dedicated to the complete structural elucidation of CWPE using state-of-the-art
analytical technology, including light and neutron scattering experiments as well as advanced liquid
chromatography. In doing so, the structural characteristics of CWPE shall be determined on global and
segmental scale in order to clearly differentiate this material class from other classical types of PE.
Moreover, it is aimed to clarify the true potential of CW catalysis including possibilities and limitations.
Within a first study, a comprehensive in-house technique based on high temperature size exclusion
chromatography (HT-SEC) coupled to multidetector physical characterization was developed to
investigate the physical and structural parameters of CWPE. The polymers are contrasted to a series of
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Abstract
commercial types of PE, which demonstrates their distinct character and reveals the structural
properties of the polymers. From the comparison with a linear PE standard, a quantitative method to
determine the branching density of CWPE is offered.
As part of an interdisciplinary investigation, a series of CWPE polymers is subjected to light and neutron
scattering experiments to determine the physical and structural parameters of CWPE on global and
segmental scale. The systematic synthesis of the polymers allows tracing the cause of property changes
and enables to establish a precise synthesis-structure-property connection. The empirical results are
compared to simulated data of modelled CW structures under excluded volume conditions to assess
the true potential of CW catalysis.
A special focus of this thesis is put on the exceptional architecture of CWPE, which implies both
conformation or shape as well as the topology of the investigated macromolecules. In a complementary
study, differently synthesized CWPE are separated using the preparative molar mass fractionation
(pMMF) technique. The obtained fractions as well as the bulk materials are characterized using
advanced liquid chromatography techniques with different separation modes to resolve potential
multivariate heterogeneities of CWPE. This implies multidetector HT-SEC, solvent gradient interaction
chromatography (SGIC), temperature gradient interaction chromatography (TGIC) and two-dimensional
liquid chromatography (2D-LC). The polymers are synthesized with both the nickel- and palladium-diimine catalysts to assess the structural differences triggered by the catalyst structure, but attention is
given to reaction pressure and temperature too.
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1 Introduction
1.1 Motivation
In almost all conceivable fields, branches pave the route to structural complexity. In polymer science,
branching plays a crucial role, because their structural implementation dramatically affects the spatial
dimension of the macromolecular chains as well as the material properties in bulk and solution.1
Macromolecular architecture comprises of four major categories: (i) linear, (ii) crosslinked, (iii) branched
and (iv) dendritic.2 During the pioneering years of polymer production in the 1920s, the majority of
commercially available materials had linear architectures and branching originated unintentionally from
side reactions, e.g. chain transfer. As opposed to these so-called thermoplastics, intentionally crosslinked macromolecules based on covalent bonding leads to the formation of thermosets such as rubbers
and epoxy resins, which appeared in the early 1940s for the first time. All three types of polymers have
been thoroughly exploited with regard to their synthesis, structure, properties and applications.3 In
contrast, dendritic polymers are a rather young category of macromolecules, which have been
vigorously studied in the past 30 years.4
Generally characterized by a high structural complexity, dendritic polymers are subdivided into four
classes (Figure 1), namely randomly hyperbranched (rHB) molecules, arborescent molecules or so-called
dendrigrafts, dendrons and dendrimers. The classification is purely based on the degree of structural
control, with which these structures can be generated. All dendritic molecules are open, covalent
assemblies of branch cells (Figure 1a).2 Depending on how well these branch cells are organized within
the polymer, the dendritic structure ranges from a regularly shaped, monodisperse system (dendrimer)
to asymmetrical, polydisperse nano-objects (rHB molecule).5 Both extrema have their advantages and
disadvantages. Dendrimers are perfect, magnificently designed spherical structures. They are modularly
built up by multi-step organic syntheses, following either a divergent (from the center) or convergent
approach (to the center), to form the different stages of generations.6–8 Yet, their tedious production
greatly retards large-scale commercial applications.9 In contrast, rHB macromolecules origin from onepot polymerization of ABx monomers (x ≥ 2) via polycondensation and –addition as well as ring opening
reactions, suppressing controllability of structure and molecular weight.9 They are the imperfect
counterparts of dendrimers, having a lower branching quantity, lower number of functionalities and are
less compact.10 RHB macromolecules cannot exceed statistical branching (50 %) by regular
approaches.11 Astonishingly, even though they were synthesized in 1988 for the first time, their
theoretical growth had been predicted by FLORY in 1952.12
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Figure 1. General construction of dendritic molecules (a) and sub-categories of the dendritic state (b). Reprinted with permission
of D.Tomalia, Prog.Polym.Sci. 2005, 30, 294. Copyright (2019) Elsevier.

However, despite the mentioned depletions, the synthesis of rHB macromolecules can be executed
much faster and easier, giving them a great potential for industrial purposes.9,13,14 Due to their great
compactness and branching density, dendritic molecules exhibit excellent solubility as well as a low melt
and solution viscosity due to the lack of chain entanglements. Moreover, their large number of endgroups provides the opportunity to introduce a number of different functionalities and thus, tailor their
structure according to the respective demands.15 Commercial applications of dendritic macromolecules
are additives in coatings and resins, lubricants, rheological modifiers, nano-carriers in diagnostics,
therapeutics or sensing.13,15,16 Customizing rHB macromolecules and dendrimers rather relies on
monomer exchange and/or adaption as well as tedious protection and deprotection reactions.
Consequently, the selection of polymers is rather limited to distinct materials having distinct properties
instead of choosing from a smooth library of macromolecules.
By the late 1990s, GUAN et al. introduced a novel class of dendritic macromolecules, namely chain
walking polyethylene (CWPE).17 Thereby, a series of densely branched ethylene-homopolymers was
synthesized using a Palladium(Pd)(II)--diimine catalyst, which was established for -olefin
polymerization and copolymerization only a few years earlier by BROOKHART et al.18,19 In contrast to
conventional dendritic polymers, readily available, simple monomers were used. Moreover, an
exceptionally high branching number (100 branches per 1000 carbon atoms) marked the resulting PEs,
with both high quantities of short and long chain branching as well as a substantial amount of branch2
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on-branch structures. The polymers were synthesized through an ordinary ethylene coordination
polymerization, yielding monodisperse (Đ = 1.1 – 1.5), well-defined products. However, the most
prominent attribute of CWPE is the prospect of adapting structural characteristics and thus, material
properties through the variation of their reaction conditions.17 This behaviour rests entirely on the
extraordinary operating principle of the diimine catalyst, the so-called chain walking (CW) mechanism.
This comprises of a competitive scenario consisting of migratory insertion of olefins and isomerization
of the cationic Pd-alkyl-complex, which is commonly referred to as chain running or CW.20 Whichever
action is favoured during polymerization depends on a fragile energetic equilibrium, which can be
manipulated by a series of experimental circumstances. This implies reaction pressure and temperature
as well as the steric design of the diimine catalyst.21 Moreover, substantial differences occur according
to the selected metal centre of the catalytic complex.18,22 Nevertheless, GUAN et al. was the first to report
the crucial impact of reaction pressure in CW catalysis. They stated that elevated ethylene pressure
(high monomer concentration) favours the production of linear polyethylene, while low pressure
provokes the generation of highly branched macromolecules.17 The subsequent years after the initial
breakthrough were marked by extensive mechanistic studies by the group of BROOKHART to reveal the
secrets of CW mechanism.20,23–25 On the other hand, profound expertise was gathered by the group of
GUAN and others to identify the structural characteristics and material properties of CWPE, but also to
what extent the polymers can be regulated.26–29
However, in the course of the initial years of the research, an expectation manifested, that the products
of CW catalysis possess an extraordinarily broad structural spectrum ranging from purely linear to rHB
macromolecules. Pd-catalysis gained remarkable attention because the obtained products were not
only unique in structure, but showed an excellent solubility at ambient temperature in common
laboratory solvents such as tetrahydrofurane (THF) or chloroform; this is contrast to the majority of
commercial types of polyolefins.30 In the seminal work of Guan, it was frequently stated that polymers
with linear conformations were obtained at high ethylene pressure. On the other hand, low pressure
CW structures were referred to as “hyperbranched” due to their pronounced branching density and
compact structure. However, strictly speaking the declaration “hyperbranched” refers only to
macromolecules synthesized from the ABx polymerization approach. As opposed to these statistical
molecules, CW structures originate from living coordination polymerization, which gives rise to
assemblies with high molecular weight and low dispersity.31 Indeed, TOMALIA and FRÉCHET primarily
termed CW structures as "dendrigraft-PE" and proclaimed their semicontrolled character.2 All the same,
polymers from CW catalysis must not be understood as classical arborescent macromolecules, where a
multitude of branch cells is grafted onto a polymeric precursor.32,33 In fact, CW polymers grow through
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a divergent approach, which enables a better control of the branching density relative to the "grafting
to" technique.4
Obviously, CWPE neither resemble statistical linear coils nor rHB macromolecules, nonetheless, both
images are frequently used in literature to describe their structural characteristics. Even though, CW
structures have been extensively studied in the past 30 years, the understanding of these
macromolecules is rather diffuse and numerous studies’ lack of theoretical principles of the CW
mechanism.
This work aims to elucidate the common image of CW structures. For this purpose, systematically
synthesised analytes from CW catalysis are investigated by state-of-the-art characterization techniques.
Light and neutron scattering methods are carried out to shine light on the basic physical parameters
and the topological properties of the macromolecules. The empirical outcomes are compared to
theoretical results obtained from computationally modelled CW structures from Monte Carlo
simulation, in order to estimate the deviation between ideal and real CW growth. On the other hand,
advanced separation and fractionation methods are deployed to study the multivariate heterogeneities
of the CW structures.

1.2 Research hypothesis and objectives of this work
To objectively capture the connection between synthesis and structure of CW polymers, it is necessary
to look at a broad portfolio of analytes. A preliminary screening of the polymers is mandatory, because
very often experimental time of advanced techniques such as small angle neutron scattering is
expensive and scarce, which limits the analysis to a selection of samples. Hence, it is important to
characterize a spectrum of potential polymers prior to in-depth characterization. This becomes
challenging when examining polyolefins, which require harsh experimental conditions. Therefore, this
works aims to establish a screening technique for the characterization of CWPE, for which the
fundamental questions are:
1. How is it possible to screen various types of polyethylene with liquid chromatography?
2. Is this method able to address both physical and structural parameters of polyethylene in an
adequate measure?
3. Do the results of this "quick and easy" method agree well to the findings of in-depth
characterization techniques?
CWPE exhibits extraordinary structural properties, which have not been elucidated convincingly to date.
Consequently, this thesis aims to resolve the exceptional characteristics of analytes obtained from CW
catalysis, for which the following question arise:
4
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1. What are the similarities and differences to common types of PE?
2. Can CWPE be adequately characterized by means of light and neutron scattering experiments?
3. How can advanced liquid chromatography contribute to the comprehension of CWPE.
4. What structural characteristics occur from simulated CW structures and how do these findings
overlap with the empirical results?
Even though CW catalysis has attracted considerable attention of numerous research groups around
the world, the link between synthesis, structure and property in CW structures is not yet fully
understood. To make this possible, it is mandatory to generate a library of systematically designed CWPE
analytes and examine their physical and topological properties with the following questions to be
answered:
1. What impact is provoked by the variation of reaction pressure, temperature, time, catalyst
structure and catalyst concentration?
2. What defines CWPE topology and to what extent can it be manipulated through the reaction
conditions?
3. From the comparison of theory and experiment, what are the possibilities and limitations of CW
catalysis?
Conclusively, the objectives of this work are to:
1. Establish a powerful, in-house laboratory technique routine based on liquid chromatography to
characterize and distinguish different types of polyethylene
2. Examine various CWPEs in their undisturbed solution state
3. Investigate the physical and structural parameters of CWPE
4. Study the topological properties of CWPE
5. Determine the extent of heterogeneity with regard to molar mass and chemical composition
6. Exploit the variation of reaction conditions of CW catalysis and investigate the influence on
structure and solution properties
7. Assess the differences that arise from Ni- and Pd-catalysis in CWPE
8. Set an objective network between synthesis, structure and property
9. Compare the experimental results to the output of theoretically modelled CW structures
10. Discuss the repercussion of this comparison for future work
This thesis is part of the large interdisciplinary research project "BRACAT", comprising three major
experimental fields: (1) systematic synthesis of CWPE analytes, (2) detailed structural characterization
of CWPE analytes and (3) theoretical predication of topology and growth of CW structures. Part (1), the
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synthesis of polymers was conducted in the group of Prof. Jan Merna at the University of Chemistry and
Technology in Prague. Part (3), the computational investigations were carried out in the group of Prof.
Jens-Uwe Sommer at the Technische Universität Dresden and at the Leibniz Institute of Polymer
Research Dresden.
Advanced liquid chromatography experiments were performed within the scope of a research stay in
the group of Prof. Harald Pasch at the University of Stellenbosch, South Africa.
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2 Theory and History of Polyethylene
2.1 Historical development of polyethylene
The establishment of synthetic macromolecules as large-scale materials is an outstanding example
among all anthropogenic substances. Commonly termed as plastics, this material class went through an
unparalleled development with exponential growth in terms of production and commercial use since
their initiating large-scale fabrication in the 1950s. By 2017, the annual global production of plastics
reached 350 million tons with tendencies still growing.34
Contrary to other extensively used materials, the dominant market sector for plastics is packaging with
a share of 35-45% of the total converter demand followed by construction and textiles.35 Ever since,
polyolefins (PO) (or polyalkenes) have been prevalently used for this purpose although numerous other
applications for PO exist including pipes, trays, containers, automotive parts etc. In 2017, more than 170
million tons of PO were manufactured globally, which accounts for almost 50% of the entire plastic
production.34 The success of PO is based on the ideal and unparalleled combination of cost-performance
balance and an economic production considering the environmental aspects.36 The hydrocarbons
required for their production are inexpensive and easily accessible through petrochemical sources such
as petroleum and natural gas. They have excellent processing properties allowing a comprehensive
product line that can be obtained from extrusion and blow- or injection-moulding. The material
properties of PO as a whole are exceptional. For one thing, they are chemically and physically resistant
to an extraordinary extent. On the other hand, due to a comparatively low density, PO are lightweight
and therefore energy-efficient with regards to transport costs. Still, their rapid growth occurring since
the early 1970s was against all expectations concerning the struggles in material quality and quantity,
which were dominating the first two decades after their commercial introduction. The key factors that
substantially contributed to the economic blast of PO were accomplishments in both science and
technology. These include the discovery of Ziegler-Natta- and δ -MgCl2 -supported catalysts as well as
the innovation of the Union Carbide and Spheripol processes.37
The two most common types of PO are polypropylene (PP) and polyethylene (PE) obtained from the
polymerization of α -olefins propene and ethene, respectively. While PP is frequently used for packaging
too, it is predominately utilized in textiles, technical parts in automotive industry and consumer products
e.g. furniture, toys etc.34 In contrast, PE is used for packaging only and has been particularly deployed
within this sector, after the global consumer behavior increasingly shifted from reusable to disposable
containers and bags.38 PE has become the global market leader with a share of 36% of the total polymer
resin production.35 Additionally, recent industrial developments have shown that future PE production
must not necessarily rely on oil or gas as carbon-rich feedstock. The Brazilian petrochemical company
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Braskem® launched an ethylene plant in 2010 which obtains PE-starting material ethylene from the
reduction of sugar cane ethanol.39
The first synthesis of PE was carried out serendipitously in 1898 by VON PECHMANN through decomposing
diazomethane, which lead to the formation of a “white, flaky but crystallizable product”.40 Shortly after,
this precipitate was reported to exhibit a (CH2)x - composition and was consequently designated as
“polymethylene” by BAMBERGER and TSCHIRNER.41 The first industrially relevant synthesis was performed
by FAWCETT and GIBSON at the ICI® Winnington Facility in 1933 within high-pressure experiments of
ethylene and benzaldehyde. They were likely to be disregarded due to the many difficulties that had to
be faced during production, but rather because the obtained material characteristics didn´t meet the
expectations based on other polymers of these days.42 The interest rapidly faded and financial support
was shifted towards more promising subjects. Fortunately, the initial setbacks were overcome as
GIBSON’s ICI successor MICHAEL PERRIN carried on with ethylene experiments including the application of
safe laboratory equipment. His prompt progress was based on the fundamental comprehension of the
polymerization process, including the crucial role of oxygen as a synthesis initiator and the importance
of regulating reaction conditions such as pressure and temperature. Their laborious investigations
culminated in the establishment of an autoclave-based, economical and reproducible procedure that
was successfully patented in 1937.43 The ground-breaking work of FAWCETT, GIBSON and PERRIN initiated
the unpredictable success of polyolefins as commercial products, but was just the beginning of an
unparalleled series of scientific, technological and economic milestones.

2.1.1

Low density polyethylene

After the difficulties during the early years, where product optimization and manufacturing exploitation
dominated the sector, ICI® finally launched the very first PE plant at Winnington, UK in 1939. The quickly
growing popularity of PE, fuelled by the growing application in the Second World War, was based on the
unusual material properties at that time. Thereby, extraordinary chemical and physical toughness paired
with a high dielectric strength immediately established PE as a respectable insulator. However, even
more striking was the combination of the material’s high toughness, ductility and lightweight properties.
As more and more companies joined the field of PE manufacturing, increased efforts were devoted to
gain more control over the product properties, yielding in enhanced scientific and technological
progression, which marked the beginning of a new era for the industrial market. By the early 1950s,
when annual productions had already reached 1.5 million tons globally, it was important to clearly
classify the commercially available, high-pressure ethylene-homopolymer from novel, more compact
analogues that arrived from laboratories. The designation low density polyethylene (LDPE), as we know
it today was born.

8
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In 2017, almost 20 % of the European plastic converter demand was covered by LDPE and linear low
density PE (LLDPE) solely.34 The structural complexity that gives rise to the popular industrial application
relies on the harsh conditions of the manufacturing process. Within a typical process, LDPE is produced
via free-radical polymerization by the use of extremely high pressures (up to 3.5 kbar) and high
temperatures (up to 300 °C).44 Trace impurities of oxygen and later on peroxides were supplemented
to initiate ethylene reaction, carried out either in a tube reactor or a stirred autoclave reactor. Excessive
chain transfer events during polymerization are responsible for the formation of short (SCB) and long
chain branching (LCB). 45 Obviously, their distinction is a matter of branch length, but the terminology is
rather vague in the community.46,47 In classical terms, SCB does not exceed a length of 10 carbons and
consequently longer chains are termed as LCB. However, using nuclear magnetic resonance (NMR)
spectroscopy, a powerful analytical tool for branching analysis, branches longer than six carbon atoms
are not distinguishable and are collectively referred to as LCB. However, it is highly questionable that
entities such as heptyl- or octyl-branches can be justified as such. Thus, this differentiation is purely
based on systematic limitations and must be considered likewise. From rheological characterization
origins another classification of LCB, in which branches that exceed the entanglement molar mass Me
are categorized as LCB. For PE, Me = 1200 – 1300 g/mol, which corresponds to 43 – 46 repeating units
of ethene.48,49 These entanglements have a severe impact on rheological properties including melt
viscosity, melt elasticity, shear thinning and extension thickening, even in very low quantities.48,50,51

Figure 2. Backbiting mechanism of the formation of ethyl and butyl (and longer) short chain branches.
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It should be emphasized that this is not a sharp limit, which means that even shorter branches could
form entanglements. Yet, it conveys that a branch length of 40 – 50 monomer units marks a critical size
for PE sidechains. The mechanism that gives rise to LCB in LDPE substantially differs from the formation
of SCB. The latter are formed by “backbiting”, an intramolecular chain-transfer subsequent to the
allocation of a radical from a terminal to an internal carbon atom in the δ-position (see Figure 2).52 In
contrast, LCB occurs due to intermolecular chain transfer events caused by proton abstraction. 53 The
total number of branching per 1000 carbons (NBr) varies between 10 – 30 branches per 1000 carbons
for different types of LDPE.46,54,55 With regard to SCB, the predominant type present in LDPE is n-butyl
(5 – 10 br./1000C) followed by small quantities of ethyl (2 – 8) and n-amyl (1 – 3) chains. Even though
LCB is obtained in much smaller proportions (1 – 3), the impact on rheological properties is tremendous.
In comparison to highly linear analogues of PE, an increased melt viscosity as well as pronounced shear
thinning is observed for LDPE.56 However, it should be emphasized that rheology is also substantially
affected by MM and MM distribution (MMD), which should be clearly differentiated from the
contributions of branching.57

2.1.2

High density polyethylene

By the early 1950s, a constantly increasing demand of PE enhanced the desire of improving the industrial
process throughput. However, both tube reactor and stirred autoclave certainly left little scope in those
terms. In addition, the production was permanently accompanied by elaborate maintenance and
supplemental reactor protection, because of frequently occurring accidents due to the extreme
manufacturing conditions.
(A)

(B)

Figure 3. Phillips catalyst (A) and Ziegler catalyst (B) used in the commercial production of HDPE.

This major drawback became obsolete after the commercial introduction of late transition metal
catalysts in polyolefin synthesis. In 1953, two independent institutions delivered a new type of
polyethylene, which was substantially denser than its counterpart from high-pressure production and
was consequently denoted as high-density polyethylene (HDPE). The first was a group led by ROBERT
BANKS and JOHN HOGAN at Phillips Petroleum Company, United States, who discovered the benefits of
deploying a chromium trioxide compound on a silica support (Figure 3a) within a heterogeneous
10
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catalysis of PE.58 At the same time in Germany, synthesizing PE was promoted using a binary system
(Figure 3b) consisting of an organometallic component (e.g. triethylaluminum) and a transition metal
salt, mostly titanium tetrachloride or other metal salts of groups IV, V and VI. In both cases, highly linear
PE with vanishingly small content of side chains could be produced under moderate conditions. For
comparison, while LDPE was formed at p = 3.5 kbar and T = 300 °C, as mentioned above, HDPE could be
generated at p = 5 – 25 bar and T = 50 – 250 °C.42 As a consequence, both novel procedures offered an
economically scalable, lucrative and safe alternative for producing ethylene-homopolymers, relative to
the high-pressure manufacturing of LDPE. Yet, both the Philipps and the Ziegler catalysts deliver similar
but not identical products of PE. While the chromium-based components give rise to broadly distributed
high molecular weight polymers, the products obtained from Ziegler-catalysis are relatively narrow, but
can be fabricated over a much larger MM range.59 Marginal differences in the resin density accentuate
the topological deviation of the two types of HDPE. The Phillips-type has  = 0.956 – 0.965 g/cm³ and is
slightly more compact than the analogues from Ziegler-catalysis ( = 0.94 – 0.95 g/cm³), which
emphasizes a higher linearity for the chromium-synthesized macromolecules.42 This causes substantially
different processing characteristics. Therefore, processing through blow-molding is preferred for
Phillips-type catalysed HDPEs, whereas HDPE from Ziegler catalysis is typically handled by injection
molding techniques. Although these two types of HDPEs hardly competed with each other in the course
of PE development, the minor divergence in progressing was decisive, enabling both types of HDPE to
be commercially relevant.
As opposed to any other type of PE, HDPE is characterised by a high degree of crystallinity. 60 In
macromolecules, crystallinity arises from energetic interactions within or between polymer chains. It
either results through a parallel alignment of macromolecular segments that enable a dense chain
packing or due to strong intermolecular interactions such as hydrogen or ionic bonding, van-der-Waalsand hydrophobic forces.61 Linear PE is the typical example for the symmetrical orientation of
macromolecular chains, which results in the formation of crystalline regions, lamellae, embedded in a
more or less pronounced amorphous polymer matrix. The degree of crystallinity can be determined
using differential scanning calorimetry (DSC), X-ray diffraction, infrared (IR) or solid state NMR
spectroscopy and is mainly influenced by the branching content of the polymer. For HDPE, the number
of branches is extremely low with NBr = 0 – 2 per 1000C, resulting consequently in a high degree of
crystallinity (70 – 90 %).60,62–64 In contrast, for the highly branched analogue LDPE the degree of
crystallinity merely exceeds 40 – 50 %. This demonstrates evidently the direct connection between
branching status and crystallinity. The higher the degree of branching, the less compact is the packing
of the polymer chains and consequently, the lower the degree of crystallinity. This correlation has a
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severe impact on almost all types of material properties of PE including melting behaviour, brittleness
and elasticity (see Figure 4) and is, therefore, crucial for industrial processing.

Figure 4. Comparison of various material properties of HDPE and LDPE.

Nowadays, HDPE is preferentially used for containers, tanks, pipes to store food items, detergents,
chemicals etc; in other words, HDPE is used for applications where a high chemical resistance and
rigidity are needed, whereas LDPE is favourably used for thin-film production due to the pronounced
flexibility and ductility.34

2.1.3

Linear low density polyethylene

Innovation in technology and processing contributed just as much to the growth of polyolefins as
science. During the early years of commercial distribution, PE was manufactured in fixed-bed reactors.
But, as mentioned above, these techniques implied high capital costs, elaborate maintenance work and
security risks. The invention of the pioneering Ziegler- and Phillips-catalysts overcame these obstacles,
yet the production rate remained poor. A novel process was needed, which would be able to improve
the throughput, reduce reactor fouling by polymer deposition and prevent early stage catalyst plugging.
Additionally, a further decrease of the process energy consumption was aspired.
Along with the introduction of the highly active chromium-catalyst, Phillips Petroleum commercialized
a loop slurry technology.58 Thereby, the polymerization takes place in a loop reactor, in which the flow
of the olefin-containing liquid feed is periodically redirected in order to prevent premature catalysts
deactivation. The heat is conducted away by a coolant-containing reactor jacket that moves
countercurrently to the slurry flow. Launched in 1961 for the first time, the Phillips slurry loop process
is still extensively used, mainly because of constant process development and optimization over the
12
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course of the decades.65 A few years later in 1968, Union Carbide commercialized the first gas phase
process, which was traded under the name UNIPOL™ process.66 Yet, it should be noted that Phillips
Petroleum initially patented the gas phase technique.67,68 As indicated by the name, this technique does
not comprise a liquid phase in the reaction. Instead, an olefinic gas flow is led through a fluidized bed
reactor, where it is brought into contact with the solid catalyst (both Ziegler and Philipps-type are used).
The reaction directly takes place at the interface between the catalyst and the gaseous monomer
stream. Through fluidization, unreacted monomer is separated from the polymer material and is refed
into the gas stream. Additionally, production heat is effectively carted off the reactor bed.

(a)

(c)

(b)

Figure 5. Schematic illustration of the various topologies of HDPE (a), LLDPE (b) and LDPE (c).

In the first place, the UNIPOL™ process was developed as a low-cost alternative for the production of
HDPE. However, due to the possibility of a binary feeding of the reactor, the gas phase process was very
soon extended for the production of copolymers. One very prominent example is the low-pressure
analogue of LDPE, which we nowadays know as linear low density polyethylene (LLDPE). The initial idea
behind LLDPE was to combine the moderate manufacturing of HDPE with the favourable processing
characteristics of LDPE by systematically introducing SCB into linear PE. In practice, this was achieved by
co-feeding -olefins such as octene, hexene or butene. Consequently, the branching density (BD) in
LLDPE mainly depends on the type and content of added co-monomer. This also means that the
structural composition of these polymers can be very well tailored according to the specific demand.
Similar to high-pressure compounds, LLDPE is substantially branched, where NBr varies between 10 – 30
Br./1000C.69–71 Yet, due to severe differences in the polymerization mechanism of LDPE and LLDPE, LCB
is not a characteristic of the latter. Instead, SCB is characteristic for various types of LLDPE and SCB
distribution depends on the respective type of catalyst selected for synthesis. Thereby, LLDPE obtained
from Ziegler-type catalysts display a substantial multimodality, while LLDPEs obtained from
metallocenes (see chapter 2.1.4) are much more homogeneous.69,70,72 This difference is caused by the
limited accessibility of the active centers of the Ziegler catalyst. In contrast, single-site catalysts enable
a homogeneous chain growth.
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In contrast to high pressure PE, LLDPE has higher tensile strength and puncture resistance due to its
substantial linearity. However, compared to HDPE it is much more flexible, which makes it perfect for
thin film applications such as bags, sheets, wraps, etc.34 While in the beginning, mainly Phillips catalysts
were employed for the synthesis of LLDPE, highly active Ziegler catalysts, embedded in a silica support,
became more predominant from the early 1970s. This was preceded by profound investigations to
improve their catalytic activity, by incorporating the conventional Ti-based complexes into a solid metal
salt support like magnesium compounds MgCl2, Mg(OH)2, etc., silica or alumina.73,74 The consequential
efficiency increased remarkably and marked a new generation of Ziegler-type catalysts.

2.1.4

Metallocene catalysis

From the moment of their commercial manifestation, all three types of PE have been extensively used.
Yet, even though LDPE, HDPE and LLDPE are identical in their basic building blocks, their topological
properties (Figure 5) as well as the resulting polymer and material properties are highly diverse, yielding
very different scope of application. This explains why all three products have been coexisting over the
past four decades. And yet, enormous activity has been put into the development of novel and
improvement of conventional types of PE, with particular attention to special purposes. Among many
important milestones in the polyolefin history, the discovery of metallocene-catalysis plays a key role.
By the beginning of the 1980s, the group of HANSJÖRG SINN and WALTER KAMINSKY reported on the highly
active olefin - catalysis using biscyclopentadienyl-titanium dimethyl and trimethylaluminum.75 The
comprehension that co-catalyst aluminium alkyls, e.g., methylaluminoxane (MAO) in the equimolar
presence of water display an unparalleled catalytic activity (see Figure 6), paved the way for a novel
family of olefin catalysts.76

Figure 6. Activation of Metallocene catalyst by MAO derived from partial hydrolysis of trimethylaluminum.
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Unlike the classical Ziegler-catalysts, metallocene compounds are homogeneous catalysts, which
completely dissolve in the reaction medium. They have similar active metal centers, which enables a
homogeneous polymer chain growth.77 Generally, metallocene-based polymers are highly versatile with
regard to MM and its distribution, microstructure, building block composition and functionalities.78,79

2.2 Chain Walking Polyethylene
The superiority over heterogeneous catalysts to generate well-defined macromolecules fuelled the
development of novel polyolefin materials catalysed by single-site metallocenes and led to a drastically
increased activity. The enthusiasm for single-site catalysts arises clearly from the great diversity of their
products and possibilities in further tailoring polyolefin products according to the individual application
demands. By the early 1990s, increased focus was placed on the study of non-metallocene single site
catalysts, mainly because of the pronounced oxophilicity and poor functionality - tolerance of early
transition metal catalysts, but also to explore the potential of complexes with alternate metal sources
in olefin polymerization.80 For quite some time, late transition metal (LTM) complexes were hardly
considered to be appropriate substitutes. Due to their strong tendency to undergo chain transfer
reactions via -H-elimination events, the formation of high molecular weight polyolefin chains was
strongly doubted.81 Moreover, the poor electrophilicity of LTM compounds was perceived to deliver
inferior olefin turn over frequencies, making them unappealing for commercial purposes.

Figure 7. Chemical structure of Nickel(II)- (A) and Palladium (II)--diimine catalysts (B) used in polyolefin synthesis.

This generalization was levered by the ground-breaking discovery of highly active nickel and palladium
-diimine catalysts in polyolefin syntheses by BROOKHART et al.18 Characterized by a high catalytic activity,
both complexes convert ethylene and other -olefins into high MM polymers with exceptionally narrow
MM distributions and well-defined, controlable microstructure. The structure of the LTM diimine
complexes is rationally designed for multiple purposes: (1) a highly electrophilic, cationic metal centre
as a result of pre-catalytic activation using H(OEt2)2+BAr4- or MAO, enabling a fast monomer insertion
rate; (2) the bulky -diimine ligands, which are substituted with sterically demanding groups, shield the
axial positions of the metal core and thus, prevent associative chain transfer reactions; (3) the
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incorporation of non-coordinating counterions, which allows a facile monomer access to the reactive
metal center.82 The diimine-ligands can be easily synthesized via acid-catalysed condensation reaction
and can be rapidly functionalized, which explains the pronounced versatility of the structure. The
conjugated backbone and the electron accepting nature of the diimine ligand allow a high stabilization
of the metal complex.83 The two most prominent types of LTM-diimine catalysts, which are used for
olefin polymerization, are displayed in Figure 7. The aryl substituents of the diimine ligands arrange in a
perpendicular fashion to the metal-diimine plane (see Figure 8, below), which suppress an axial
approach of olefin monomers. Consequently, access to the metal centre is solely given from the
equatorial positions, which results in rapid rates of chain propagation.18
Nevertheless, the key to their unprecedented popularity lies within the tunability of the polymerization
products with regard to microstructure and material properties via systematic variation of the reaction
conditions, as it was discovered by GUAN et al. in 1999.17 Through the use of the Pd(II)--diimine complex
(Figure 7b), narrowly distributed ethylene-homopolymers were generated. The topologies of these
homopolymers correlated to a change in synthesis pressure. GUAN was the first to legitimize this
relationship by the elucidation of the specific migration pattern of the catalyst within the
macromolecule, the so-called CW scenario.

2.2.1

Chain Walking Mechanism

The CW mechanism represents the foundation of the entire fascination of the diimine-catalyzed olefin
polymerization. Subsequently to their seminal presentation, extensive mechanistic studies have been
performed by the group of BROOKHART using low-temperature NMR analysis to illuminate the secrets of
the correlation between synthesis and polyolefin characteristics.23–25,84,85 Three basic events define the
mechanism of CW catalysis: (1) chain propagation, (2) isomerization of the catalyst-polymer complex
(CW) and (3) chain transfer. While the first and the last step occur generally in olefin polymerization,
the ability of the catalyst to migrate along the polymer chain is exceptional.86 Generally, the mechanism
is universal for the Pd- and Ni-complexes, but energetic barriers differ significantly and are discussed at
the respective section.
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Figure 8. Chain propagation in CW polymerization (above). Axial (red) and equatorial (green) coordination sites of the diiminemetal complex (below).

The insertion of monomers is strongly regulated due to blocking of the axial coordination sites of the
metalorganic complex (see Figure 8, red highlights) by the ligands substituents. Hence, the access of
incoming monomers is only given from the equatorial positions (Figure 8, green highlights). The
monomer insertion is executed via a migratory insertion event of the metal-alkyl-ethylene complex. For
the Ni-complexes, the energetic barrier of ethylene insertion is 4 – 5 kcal/mol lower compared to Pd
analogues, which results in higher turnover frequencies and the formation of high MM polymers.20,23
However, the turnover frequency is independent of the monomer concentration, which is defined by
ethylene pressure.
The prerequisite for CW is the dissociation of the catalyst’s resting state to form the stable -agostic
species (Figure 9), which can be achieved either by ethylene dissociation from the alkyl complex or
subsequently after olefin insertion.

Figure 9. Monomer dissociation from the -agostic species (resting state) of the catalyst prior to chain walking.

Branching is caused by migration of the -agostic Pd-alkyl-complex along the macromolecular chain,
which is termed as “chain walking”. The CW mechanism itself (Figure 10) is a sequence of -hydrideelimination, ethylene rotation and reinsertion in opposite regiochemistry. While the energetic barrier
of chain rotation is similar, -elimination differs substantially for Pd and Ni-complexes. Here, a higher elimination barrier of 4 – 5 kcal/mol for the Ni-complex results in slower rates of CW and enhances
consequently the formation of less branched species.
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Figure 10. Chain walking via -H-Elimination and reinsertion with opposite regiochemistry.

Olefin polymerization from Ni- and Pd-catalysis correspond differently to variations of reaction
temperature and pressure. CWPE obtained from the Pd-catalyst is generally highly branched in contrast
to analogues generated by the Ni-complex. At low pressure (low olefin concentration), migratory
insertion is highly suppressed in Pd-catalysis. This results from a substantially lower energetic barrier of
CW (ca. 2.5 – 3 kcal/mol) over chain propagation. An increase of reaction pressure shifts the equilibrium
of the catalytic species (CAT-alkyl-ethylene+/CAT-alkyl+ + ethylene) greatly towards the catalyst resting
state, which facilitates ethylene trapping and subsequent insertion. Intriguingly, the variation of
ethylene pressure does not influence the total number of branching but the distribution of branches, as
demonstrated by Guan.17

Figure 11. Contrary scenarios of CW catalysis. Pronounced isomerization (left) leads to the formation of long branches, while
extensive olefin insertion produces species with short chain character (right).

In comparison, CW polymerization from the Ni-complex is highly sensitive to variation of reaction
pressure and temperature. At low temperature, ethylene trapping is energetically favoured and is much
faster than -elimination. Moreover, the low energetic barrier of migratory insertion prevents the
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dissociation of the Pd-alkyl-ethylene complex. With increasing reaction temperature, the rate of elimination increases faster than the rate of ethylene trapping, which causes a substantial increase of
CW events and hence, more branches are formed. Furthermore, the content of the -agostic Ni-alkylcomplex grows, which greatly suppresses migratory insertion events. A similar connection is given for
reaction pressure. At high ethylene pressure (olefin concentration), migratory insertion is energetically
favoured and the dominant catalytic form is the Ni-alkyl-ethylene species, which leads to pronounced
chain propagation.

Figure 12. Chain transfer via associative displacement.

Chain transfer is highly prevented in CW catalysis because of the bulky design of the diimine ligands,
which shield the axial coordination sites and therefore greatly suppress reactions via associative
exchange (Figure 12).

2.2.2

State-of-the-art analytical characterization of CWPE

Versatile analytical techniques have been employed in the past 30 years to study the molecular and
topological characteristics of CWPE. Typically, SEC hyphenated to multiple physical detectors is the
method of choice for fundamental analysis of essential macromolecular characteristics. While classical
types of PE require harsh conditions (chlorinated solvents, T = 150 – 200 °C) to dissolve, common, less
hazardous laboratory chemicals such as THF, cyclohexane and chloroform, enable a complete
dissolution at ambient temperature. This offers the significant advantage to execute room temperature
(RT)-SEC, which is easier to handle and bears lower risks in its operation.
Living coordination polymerization is executed using the Pd-catalyst (see Figure 7b in Section 2.2). It
should be emphasized that true living polymerization is characterized (amongst others) by the inhibition
of chain transfer and termination events. Since those are present, but to a very small extent, Pd-diimine
catalysis is declared as quasi-living polymerization.31,87,88 In contrast, living polymerization using the Nidiimine complex is mainly possible at very low temperatures and an increase in thermal energy
significantly enhances the occurrence of chain transfer.89 However, newly developed Ni-complexes are
able to maintain the living character even at high temperatures.90 Because of the quasi-living
characteristics of CW catalysis, the dispersities are generally low.87,89 Yet, reaction temperature plays a
crucial role as described above and results in a substantial broadening of the MM range at elevated
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temperatures. It is believed, that besides the loss of the livingness in polymerization, the partial
deactivation of the catalyst contributes to this behaviour.21

Figure 13. Molar mass dependence of the radius of gyration of CWPE obtained from various reaction pressures. Reprinted with
permission from Z.Guan, Chem.Eur.J. 2002, 8, 3087. Copyright (2019) Wiley-VCH.

Tuning the molecular weight in CWPE can be accomplished by two approaches. The first is the control
of polymerization time. As CWPE features living growth at ambient temperatures, MM can be regulated
by controlled termination of the synthesis. Another, more elegant strategy is the systematic design of
the catalyst’s structure concerning the substituents of the diimine ligands, the substituents of the
diimine backbone as well as the ligand functionalities.18,21,91–93 Using SEC coupled to multi angle laser
light scattering (MALLS), it is possible to assess the structural characteristics of macromolecules through
the graphical correlation between size and MM, commonly termed as the scaling plot (Figure 13).
Information concerning the polymer conformation can be retrieved from the slope of the curve. A
detailed description of this approach is given in chapter 3.
Macromolecular architecture is not only defined by the polymer conformation but by topology too.
Polymer topology is characterized by the number and type of branching and does not depend on
thermodynamic conditions. In contrast, the polymer conformation describes the stereostructure of the
macromolecules (statistical coil, sphere, rod, etc.) in space and is thermodynamically variable.94 As
described above, the mechanistic sequence of CW catalysis is substantially influenced by varying
reaction conditions. Naturally, the alteration of the repeating unit arrangement causes a substantial
change of the polymer behaviour in dilute solution and is reflected in the conformation of CWPE.17
Typically, for CWPE produced at low ethylene pressure, a dense structure, similar to a rHB molecules is
generated. In contrast, a coil-like conformation is obtained at high reaction pressure. Yet, the deviations
in the slope are rather small and do not adequately reflect the structural variety. Despite the slopes,
significant differences of the intercepts are observed (Figure 13).27,95 At given MM, CWPE from low
pressure is substantially smaller than its counterpart from high ethylene pressure. The severe
differences in size are caused by a higher branching density in low pressure CWPE. This trend is validated
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by various structural parameters that can be calculated from SEC coupled to multi angle laser light
scattering (MALLS) combined with dynamic light scattering (DLS), e.g.,  = RG/RH, etc.17 Based on these
parameters, CWPEs possess a highly compact structure relative to commercial types of PE, yet the
spatial structure rather resembles a random linear chain.
A detailed branching analysis of CWPE is possible through 1H- and 13C-NMR spectra analysis. For one
thing, the total number of branches per 1000 carbon atoms, NBr, can be calculated either from 1H-NMR
by integrating methyl proton signals with respect to the integrals of methyl, methylene and methine
proton signals according to96
𝑁𝐵𝑟 =

2(𝐼𝐶𝐻3 )
3(𝐼𝐶𝐻3 +𝐶𝐻2 +𝐶𝐻 )

(1)

∙ 1000

NBr can be determined alternatively from

13

C-NMR by summation of the methyl proton signals

( ≥ 20.06 ppm). While NBr defines the branching number of CWPE, the branching type is also crucial to
define the branching status of analytes. This can be completed by performing quantitative 13C-NMR,
which delivers the average information of branches with a total length of up to six carbon atoms. Beyond
this length (> C6), carbon resonance of the branches cannot be distinguished from those of the
backbone by this method. Hence, 13C-NMR only supplies the average information in terms of SCB. For
CWPE obtained from Pd-catalysis, NBr was determined within a range of 100 – 120 branches per 1000 C,
which is invariant with regard to the variation of reaction conditions.26,31,85 Furthermore, little change
was observed for the distribution of SCB. The predominant species are methyl and ethyl branches, yet
longer branches are present as well but to a lesser extent. GUAN et al. obtained a marginal shift for (Pd)CW structures synthesized at different reaction pressure. There, NBr as well as the content of ethyl- and
higher branches is slightly reduced with increasing pressure, while the number of methyl and propyl
branches rises. Most notably, a pressure reduction triggers an increase of branch-on-branch species,
determined by the units of sec-butyl carbon resonance. This results clearly from pronounced CW, which
is the prevalent event at low reaction pressure and induces the formation of longer and rather complex
branches.
The scenario is very different for CW structures produced from Ni-catalysis. In contrast to the Pdinduced polymerization, CW (or isomerization) is competitive with ethylene trapping and insertion. This
causes a high sensitivity of the branching density with regard to reaction pressure, temperature and
ligand structure. Most notably, a dramatic reduction of the branching density is obtained by pressure
increase. However, rising reaction temperature and bulky ligand’s substituents induce pronounced CW
and consequently elevate the number of branches. Hence, the number of branches present in CWPE
from Ni-catalysis is highly versatile, ranging from completely linear (NBr = 1) to dendritic (NBr = 136)
macromolecules.21
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Figure 14. Complex viscosity as a function of frequency from oscillation measurements at T = 25°C of CWPE produced from various
reaction conditions (1 = 0.2 atm, 35 °C; 2 = 1 atm, 35 °C; 3 = 1 atm, 25 °C; 4 = 6.5 atm, 25 °C, 5 = 30 atm, 25 °C). Reprinted with
permission from Z.Ye, S. Zhu, Macromolecules 2003, 35, 2194. Copyright (2019) American Chemical Society.

Due to the dramatically different branching densities, the morphology of CWPE varies substantially from
semicrystalline, white solids to thermoplastic rubbers to transparent, amorphous waxes and oils.97 This
is further reflected in the thermal properties of CWPE. Numerous articles have addressed the melt
behaviour of CWPE by using DSC.18,21,28,98,99 Typically, the highly branched CW structures display a glass
transition temperature between -80 and -65 °C, which verifies that low pressure CWPE is highly
amorphous. In contrast, their linear counterparts from high pressure reaction show melt transitions
between 125 and 135 °C, which is in good agreement with highly linear commercial types of PE. 100 As
branching plays an essential role in CWPE characterization, it is crucial to elucidate these features as
adequate as possible. Rheological characterization is an alternative approach to determine the
topological properties of macromolecules, due to severe impact of branches on flow characteristics. 101
The first rheometry study was carried out by YE et al., who determined a Newtonian flow behaviour for
highly branched CWPE. As typically displayed by rHB or dendritic molecules, the shear rate
independence of the melt viscosity is caused by the absence of chain entanglements. In contrast, CW
structures produced at high reaction pressure, which is supposed to yield rather linear topologies,
display a distinct thixotropy or non-Newtonian flow properties. Here, pronounced shear thinning was
observed, which presumably results from chain entanglements of chain segments with rather linear
topology.28 These findings were later confirmed by GUAN et al., who substantiated their observations
with a branched Rouse model, which implies a fractal dimension (dF) of 3 due to the spherical, highly
compact structure of low pressure CWPE.98 Thereby, the empirically obtained frequency dependence
of the storage and loss moduli display Newtonian flow behaviour and agree very well with the
theoretical Rouse model. In contrast, high pressure CW structures show non-Newtonian flow properties
with a clear rubbery plateau that indicates chain entanglement and can be explained with the
pronounced linear chain topology of these systems.
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Figure 15. Three-Stage CW ethylene polymerization. Reprinted with permission of Y. Xu, P. Xiang, Z. Ye, W. -J. Wang,
Macromolecules 2010, 43, 8026. Copyright (2019) American Chemical Society.

Scattering methods allow the determination of essential physical parameters of macromolecules such
as the weight-average molar mass (Mw), the radius of gyration (RG) or the second-virial coefficient (A2).
The latter is a measure of the solvent-solute interactions and indicates the quality of the solvent in use.
While light scattering elucidates the global polymer features such as size and molecular weight, smallangle neutron scattering (SANS) resolves the local structure and supplies access to segmental properties
of the polymer structure, e.g., surface area, fractals or persistence length. A first attempt to apply this
method was given by GUAN et al., who recorded the scattering behaviour of CWPE generated from
different reaction pressure.27 However, despite severely different scattering patterns, no further
analysis was supplied. A more specific investigation was carried out by LUTZ et al.102 There, variously
branched CWPEs obtained from different reaction pressure were analysed using SANS experiments.
They discovered a sharp maximum at low momentum transfer (q), which is indicative for a highly
compact structure on a global scale and is observed in the scattering patterns of stars and rings.103 A
temperature variation during SANS experiments gave evidence that this maximum does not occur from
polymer aggregation, but is a true structural property of CWPE. Despite the physical aspects of this
article, this report addressed the significance of the concentration of the polymeric solution, more
importantly how it affects the undisturbed state of molecules.
A very prominent attribute of the Pd-catalysis is facile implementation of polar molecules for the
formation of functionalized copolymers. As described above, the Pd-diimine catalyst is defined by a
remarkably low oxophilicity, in contrast to early transition metal catalysts. Thus, polar functionalities are
greatly tolerated by the Pd-catalyst and can be used for CWPE copolymers.82 A great number of acrylates
were used by the group of GUAN to co-polymerize polar dendritic macromolecules, which can be used
as biocompatible nanocarrier systems.104–106 ULIBARRI et al. demonstrated the incorporation of ring
molecules within CW polymerization.107 By this, CW structures can be substantially linearized, which has
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dramatic effects on the solution and melt viscosity behaviour. However, a rather trivial but remarkable
approach of generating block-type “copolymers” with different branching densities was demonstrated
by Wang et al.108 Using multi-stage reactions, they exploited the advantages of living polymerization and
generated di- and triblock polymers, simply through modifying reaction conditions such as pressure and
temperature (see Figure 15). This way, various types of block-CWPEs were produced, in which the
individual blocks differed substantially in their topology.
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3 Analytical tools for polyolefin characterization
Polymer processing on commercial level highly depends on the physical and structural macromolecular
parameters. Especially polymer branching, functionalities or co-monomer content decisively influence
material physics, e.g., melting temperature, strength, resilience, etc. and are consequently significant
for processability and applications. Like many other macromolecular compounds, polyolefins exhibit a
complex chemical nature and differ substantially in their constitution, configuration and conformation.
Based on the conditions of polymerization (type of catalyst, reactor, technology), polyethylene (PE) is
highly heterogeneous with regard to MM, chemical composition, architecture and functionalities. The
examination of these features is consequently challenging because most analytical methods mainly
address only one or a few attributes of the macromolecule. Usually, a multitude of characterization
techniques is applied to gain as much empirical information as possible, which is used to generate an
overall image of the sample. As opposed to this fragmental approach, analytical separation and
fractionation methods can be hyphenated to physical or chemical characterization instruments. Both
approaches have their limitations. However, the latter has the significant advantage to require a small
amount of sample and to significantly reduce the time of experiment. Moreover, the correlation of
various macromolecular parameters enables the access of the scaling behaviour of the polymers. This
comprehensive approach contributes decisively to gain deep insight into the structural properties of
novel macromolecular materials and helps to establish them in processing and commercial uses.

a

b

c

Figure 16. Polymer state in melt (a), concentrated solution (b) and dilute solution (c).

To access the true physical parameters of macromolecules, the concentration effects have to be
considered carefully. As schemed in Figure 16, a single molecule is able to adopt various conformations
depending on the respective polymer concentration.109,110 The polymeric melt (Figure 16a) is a
viscoelastic liquid above its glass transition temperature, in which the polymer chains greatly overlap.
The molecules are tightly packed but still exhibit considerable dynamics. Dissolution causes a dramatic
expansion of the system (Figure 16b). Ideally, polymeric and solvent molecules are homogeneously
distributed. Yet, the true molecular dimension can only be obtained below a certain concentration state,
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at which the molecules do not overlap and thus the probability of interaction approximates 0 (Figure
16c). This state can be quantified by the critical concentration,
𝑐∗ =

3𝑀

(2)

4𝑁𝐴 𝜋𝑅𝐺 3

under which a structural contraction triggered by the neighbouring molecules can be excluded. Here,
M is the molar mass, NA Avogadro’s number and RG is the root-mean-square radius or radius of gyration.

3.1 Scattering techniques
Scattering methods provide a versatile tool to quantitatively determine essential physical parameters
of macromolecules. Depending on the source of incident radiation, structural constituents with
different order of magnitude are accessible. While light scattering ( = 400 – 800 nm) is suitable of
resolving global scale properties (e.g., molecular weight and size), neutrons ( = 0.01 – 100 nm) or Xrays ( = 0.01 – 10 nm) are frequently used for probing the fine structure of molecules and polymers.
Once a target is exposed to radiation, various types of interactions between matter and the
electromagnetic wave (or particles) can occur (coherent and incoherent scattering; elastic and inelastic
scattering).109

3.1.1

Light scattering

In light scattering (LS), an incident electromagnetic wave (primary ray) triggers an oscillation of the outer
electrons of atoms or molecules. The displacement of charges or charge carriers induce a dipole
moment, which is the source of the secondary rays. Thereby, the frequency of the oscillating electrons
equals the frequency of the emitting electromagnetic wave, preserving the kinetic energy of the primary
radiation (elastic scattering). The scattered light propagates randomly in space and is indirectly
proportional to the wavelength of the incident light (Rayleigh scattering). The reduced scattering
intensity or excess Rayleigh ratio, R(), defines the amount of scattered light of a macromolecule in
solution at a given angle , subtracted by the scattering intensity of the pure solvent I0:
𝑅(𝜃) =

𝐼𝜃 𝑟 2
𝐼0 𝑉0

(3)

with I as the intensity of the probed solution at angle , r is the distance between the detector and the
scattering volume, V0. The amount of scattered light is correlated to the molar mass of the polymer in
solution, which is expressed by the basic Rayleigh-Gans-Debye approximation94
𝐾 ∗𝑐
1
1
(
=
+ 2𝐴2 𝑐 + 3𝐴3 𝑐 2 + ⋯ )
𝑅(𝜃) 𝑃(𝜃) 𝑀𝑤
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in which
𝐾∗ =

4𝜋²𝑛02 𝜕𝑛 2
( )
𝜆40 𝑁𝐴 𝜕𝑐

(5)

is the contrast constant and
1
𝑅(𝜃)
16𝜋²
𝜃
〈𝑟²〉𝑧 sin² + ⋯
=
=1+
𝑃(𝜃) 𝑅(𝜃 = 0)
2
3𝜆²

(6)

is the particle form factor, which denotes the angular dependence of the scattered light and relates the
parameters of molecular geometry.
r²z

Root-mean-square radius

(∂n/∂c)

Refractive index increment

, 0

Wavelength of incident radiation

c

Concentration of dissolved polymer

n0

Refractive index of the solvent

Mw

Weight-average molar mass

A2, A3

Second/third virial coefficient

a

b

𝑷(𝜽)

𝐬𝐢𝐧²(𝜽/𝟐)

Figure 17. Schematic representation of isotropic and anisotropic scattering (a) and the angular dependence of the scattering form
factor for small (grey), medium (cyan) and large molecules (navy) (b).

For small molecules (particle diameter < 𝜆/20), the angular dependence of 𝑃(𝜃) can be neglected,
because the scattering centers are quantitatively low and/or are directly adjacent, which prevents
interference in the secondary waves. Isotropic scattered radiation propagates from the target and the
scattering intensity is consistent from different observation angles 𝜽 (Figure 17a). In contrast, scattering
waves that radiate from large molecules (particle diameter > 𝜆/20) differ significantly in their optical
path length, which causes a distinct phase shift depending on the observation (or detection) angle. For
low angles, the path difference of the secondary rays and the attenuation of the total scattering intensity
is negligibly small. With increasing observation angles 𝜽, the higher path difference causes destructive
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intermolecular interference and consequently, a significant reduction of the scattering intensity (see
Figure 17b). The physical characteristics of a probed macromolecule can be obtained through the Zimm
approach by plotting 𝐾 ∗ 𝑐/𝑅(𝜃) against sin²(𝜃/2) (see Figure 18). From the extrapolation 𝑐 → 0 (no
interactions), a slope is obtained that denotes 𝐴2 . Extrapolation to 𝑞 → 0 (no interference) gives 〈𝑟 2 〉𝑧 .
The intercept with the y-axis gives the reciprocal 𝑀𝑤 .
In a typical LS experiment, the probed dilute polymer solution is provided in a cylindrical glass or fused
silica cell or cuvette, which is irradiated with monochromatic laser light. The occurring scattered
radiation is detected within concentrically arranged photodiodes at fixed or variable positons. The
temperature of the solution can be well controlled by placing the glass cell into a bath, which contains
an isorefractive liquid (e.g., toluene). Prior to experiment, the analyte solution is filtered to remove
remaining particles of dust or aggregated polymer. To allow the determination of absolute values, the
∂n/∂c has to be identified, which is specific for a given solute in a given solvent. The accuracy within the
determination of ∂n/∂c is crucial, because the light scattering intensity increases with ∂n/∂c squared.

𝟐𝑨𝟐
𝐾 ∗ 𝑐/𝑅(𝜃)
〈𝒓𝟐 〉𝒛
𝒒²
𝟑

𝟏/𝑴𝑾
sin2 (𝜃/2)

Figure 18. Zimm plot of amylopectins from indica rice. Reprinted with permission of T. Hu, S. Zhao, Q. Huang, Starch 2014, 66,
841. Copyright (2019) Wiley-VCH.

3.1.2

Small-angle neutron scattering

Light scattering analysis helps to elucidate the structural characteristics of macromolecules. Yet, the
resolution is limited (diameter ~ 𝜆/20) to the determination of constituents on global scale. Depending
on the wavelength of the common laser sources (𝜆 = 430 – 650 nm), the resolution limit corresponds to
radii between 10 – 15 nm. Conversely, microstructural properties of molecules can be investigated using
small angle scattering (SAS) by X-ray or neutron radiation. As their wavelength is significantly lower, the
elucidation of the structural components from 1 µm down to 1 nm is possible. Therefore, SAS is
frequently used to characterize soft condensed matter, which implies colloids, biological
macromolecules including proteins, carbohydrates, lipids and nucleic acids, synthetic macromolecules
and micelles.111 While in both techniques, radiation is elastically scattered by an atom or molecule, the
main difference in small angle X-ray scattering (SAXS) and small angle neutron scattering (SANS)
28
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experiments is their interaction with the probed matter. Similar to light, X-rays are a special type of
electromagnetic radiation and are deflected by the outer electrons of an atom or molecule. In contrast,
neutrons penetrate deeper into the particles and interact with their nuclei. This difference has severe
effects, although both SAS techniques have their advantages and disadvantages.111,112
In principle, the basic equations ((3), (4) and (6)) of light scattering apply to SAXS and SANS as well. For
SAXS, the contrast factor K of eq. (3) is expressed by
𝐾𝑆𝐴𝑋𝑆 =

(𝑧2 − 𝑣2 𝜌0 )2
𝑑
21

(7)

where d denotes the thickness of the cuvette, 𝑧2 is the molar number of electrons, 𝑣2 is the specific
volume of the dissolved analyte and 𝜌0 is the electron density of the solvent. In other words, the
scattering length in SAXS increases proportionally to the electron density and explains why X-ray
scattering is more pronounced for heavier elements. This is different for SANS, where the scattering
contrast is defined by
2

𝐾𝑆𝐴𝑁𝑆

(8)

(𝜌𝑏1 − 𝜌𝑏0 ) 𝑣1
=
𝑐2
𝑁𝐴

with 𝜌𝑏 as the scattering length density, which is expressed by
𝜌𝑏 =

∑ 𝜌𝑖 𝑏𝑖
∑(𝑚𝑖 1.66 ∙ 10−24 )

(9)

where 𝑏𝑖 is the scattering length of the i-th element in the dissolved analyte, 𝜌𝑖 is their respective density
and 𝑚𝑖 the corresponding masses.110 As opposed to SAXS, the scattering cross-section is not
proportional to the atomic number, but varies irregularly with the type of nucleus. Consequently,
isotopes of the same element may have substantially different scattering lengths. The prominent
example is the isotopic variation of hydrogen and deuterium. While the scattering length of protons
account for 𝑏𝐻 = −3.74 ∙ 10−15 , it is 𝑏𝐷 = 6.67 ∙ 10−15 for deuterium.112 The difference is of
fundamental importance, because it permits marking of distinct atoms or segments of the molecule.
Consequently, isotopic substitution can be used to distinguish the labelled analytes from their regular
counterparts or allow the elucidation of different regions within, for instance, microemulsion droplets
or core-shell nanoparticles.113,114 Although having similar wavelength, neutron and X-ray radiation differ
significantly in their energy. For instance, at given wavelength (𝜆 = 0.15 nm) a neutron has an energy of
36 meV. In contrast, an X-ray photon has an energy of 8.2 keV at the same wavelength, which is more
than 200000 times stronger and can cause severe structural degradation of molecules or polymers. 112
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Highly sensitive matter such as biomolecules are preferably investigated with neutrons since they supply
a non-destructive radiation source. Neutrons are uncharged subatomic particles, which cause marginal
absorbance and therefore penetrate greatly into the probed matter. From technical point of view, this
allows to investigate analytes under extreme conditions such as heat, pressure, shear and magnetic
fields as well as the characterization in a complex technical environment including heavy wall containers
or reaction vessels.112 Neutrons possess a magnetic dipole moment, which interacts with the magnetic
moments of unpaired electrons in the probed atom or molecule. This makes neutron radiation ideal for
the investigation of magnetic properties and materials.112

Figure 19. Set up of a small angle neutron scattering instrument. Scattering patterns provided with courtesy of Dr. Ralf Schweins,
ILL Grenoble (France).

There are two general types of neutron sources.103 Neutrons can be produced by nuclear fission in a
reactor. The facilities that are intended for scientific purposes are very different to power generating
plants. An enriched uranium - 235U pillar is located in the heart of the reactor within a bed of light and
heavy water (H20 and D20, respectively). The target is bombarded with thermal neutrons to initiate the
fission reaction, followed by the splitting into fisson fragments (barium – 141Ba and krypton – 92Kr) and
energy in the form of a neutron flux. The Institute Laue-Langevin in Grenoble, France currently operates
the most powerful research reactor. Alternatively, neutrons are generated within a spallation (inelastic
interactions) source. Thereby, atomic or subatomic particles are accelerated to high velocities and are
subjected to a heavy-metal targets. As opposed to reactor sources, neutrons do not result from the
disintegration of nuclei but are splintered or “spalled” off the target. This technique produces short,
high-energetic pulses of neutrons. The strongest spallation source for neutron generation is the ISIS
Neutron and Muon Source in Oxfordshire, United Kingdom. From the source of production, neutrons
are guided along rectangular pipes, in which the interior walls are coated with a neutron reflecting
material such as nickel-coated glass.103 By this, a maximum neutron flux should be directed to various
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spectrometers and diffractometers accommodated at the neutron source. Additionally, through a
curved configuration of the pipes, the neutron flux can be diverted in various directions and/or can be
carried even over long distances. This multiplies the utilization possibilities of neutron radiation.
Depending on the structural region of interest, the wavelength of the neutron beam must be defined
with good precision (monochromation). This is typically solved by using a mechanical velocity selector
(see Figure 19), which rotates at a given speed and phase and thus, it defines the wavelength of the
beam. Yet, the range of 𝜆 is regulated by the number of blades and their displacement. Subsequently to
monochromation, the neutrons are guided through the collimator. In principle, the set up complies with
the configuration prior to the velocity selector in order to ensure an efficient transport of neutrons.
Additionally, the neutron beam is limited in its divergence of angle and size to warrant a parallel
alignment of the neutron particles.
Diaphragms, placed between the various sections of collimation, give shape and size to the neutron
beam. A broad neutron beam supplies a larger number of neutrons and thus enhances the interaction
with the specimen. Yet, this is accompanied by a loss of resolution. In contrast, a fine neutron beam
ensures a higher resolution, but has the disadvantage of fewer neutrons transported in the flux. The
respective selection is customised in accordance to the nature of the probed molecule to allow both
high quality and intensity. Once the neutron flux exits collimation, it is subjected to the sample
containing cuvette or cell. The resulting scattered neutrons enter the detector tube, which is highly
evacuated (3 ∙ 10−6 ) and contains the detector grid (1 𝑚 𝑥 1 𝑚), which can be positioned depending
on the tube range of the respective instrument by a motorized trolley.
From sample scattering, a two-dimensional detector image is obtained which displays the specimen
characteristic scattering pattern. The data of 2D-image is azimuthally averaged to produce the general
one-dimensional scattering function (Figure 17b), which represent the scattering intensity 𝐼(𝑞) as
function of the scattering vector 𝑞. The scattering vector denotes the change of the wavevectors 𝑘 with
𝑞 = 𝑘𝑓 − 𝑘𝑖 =

4𝜋
sin(𝜃/2)
𝜆

(10)

Evidently, 𝑞 is related to the wavelength 𝜆 and the scattering angle 𝜃 and is frequently referred to as
the momentum transfer. Hence, the units of 𝑞 are of inverse length (1/Å−1 or 1/𝑛𝑚−1 ). The scattering
curve 𝐼(𝑞) vs. 𝑞 maps the reciprocal (Fourier) length scales of the probed molecule. Consequently, large
scales are scattered at low 𝑞 and small scales are scattered at high 𝑞, respectively. By use of small
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scattering angles (0.1° ≤ 𝜃 ≤ 10°) and cold neutrons (0.5 ≤ 𝜆 ≤ 2𝑛𝑚 ) in SAS experiments, structures
on a scale 1 ≤ 𝑑 ≤ 300𝑛𝑚 can be elucidated, which explains the definition "small angle scattering".

Figure 20. Kratky (a) and Casassa-Holtzer representation of a random linear coil, a rigid rod and a semi-flexible chain. The vertical
bars mark the intersection point q* of the coil with the rod structure, from which one can calculate the persistence length lP.
Reprinted with permission of W.Burchard, Macromol.Symp. 2010, 295, 49-58. Copyright (2019) Wiley-VCH.

The general scattering function is the starting point of the SANS data analysis. Numerous analytical
procedures exist that aims to extract the structural characteristics of the probed molecule in real space.
The advantage of SAS experiments over direct visualization techniques (microscopy) is the resolution of
the entire molecular structure, ranging from global to segmental scale, within one experiment. From
the Guinier representation ln 𝑞 vs. 𝑞, an initial slope with −

2
𝑅𝐺

3

gives access to the radius of gyration.

Similar to LS analysis, the Zimm approach (see Figure 18) enables the determination of 𝑅𝐺 , 𝑀𝑤 and 𝐴2 .
To evaluate the segmental structure of the specimen, the Kratky plot (𝑞 2 ∙ 𝐼(𝑞) vs. 𝑞) and the CasassaHoltzer plots (𝑞 ∙ 𝐼(𝑞) vs. 𝑞) are essential tools. For instance, from the scattering behavior at high 𝑞, the
intersection 𝑞 ∗ marks the persistence length 𝑙𝑃 , but also the stiffness of the macromolecular chain can
be evaluated. Apart from analyzing various representation modes of the scattering function, the fitting
of scattering data by use of plausible physical models is frequently mandatory.

3.2 Advanced liquid chromatography
Scattering techniques such as light and neutron scattering experiments enable the access to the basic
physical parameters of molecules or polymers in general. Although those experiments have to be
considered as pioneering concepts of macromolecular characterization, they merely record an average
quantity of the probed system. Yet, macromolecules exhibit a substantial MM dispersity, which
quantifies the deviation from uniformity and is more or less pronounced depending on the type of
polymerization (step-growth, radical, living, etc.). This means that the polymer actually consists of
numerous single species that differ in MM. Batch techniques such as static LS and SANS solely address
the bulk feature, averaged with certain weighting from all occurring species. However, every single
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component does not only have a distinct MM, but most probably differs with regard to other physical
properties too. Separating those species according to a given measure is crucial for a precise
characterization of the bulk material and contributes to the identification of its true nature. Amongst
the numerous separation or fractionation techniques in polymer science, liquid chromatography is
considered to be the standard analytical method. This is based on the wide range of application and a
reliable performance. A schematic representation of the general procedure is depicted in Figure 21. The
probed bulk material is dissolved in a fluid referred to as the mobile phase, which runs through the
stationary phase, a substance that interacts with the solute carried by the fluid. It should be emphasized
that this stationary phase can be densely packed into a stainless-steel tube called column, is deposited
on a fine plane in thin-layer chromatography or simply is chromatographic paper. The following section
refers to the subject of column chromatography. As the various species of the sample pass through the
stationary phase, separation takes place according to the migration velocity of the components. All
molecules are equally transported by the liquid flow but are differently retained by the surface of the
substrate. Consequently, it is decisive how the molecules distribute between stationary and mobile
phase.

Figure 21. Schematic representation of liquid chromatography. The separation mode is depicted for size exclusion
chromatography.

Molecules that preferably dwell at the stationary phase are greatly retained and elute later. The
retention mechanism follows one of the following types: ion-exchange, adsorption, liquid partition and
size-exclusion and determines the mode of separation (MM, chemical composition, topology).94
Irrelevant of the retention mechanism, special conditions in liquid chromatography are required for the
analysis of polyolefins (PO). Because of the substantial crystallinity of most PO species, they possess a
significant chemical resilience and only dissolve above their melting points between 110 – 130 °C. This
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requires the use of high boiling point solvents such as chlorinated liquids including 1,2,4trichlorobenzene (TCB), ortho-dichlorobenzene (ODCB), tetrachloroethylene (TCE), decaline. Moreover,
special stationary phases (crosslinked polystyrene) are needed which withstand the thermal stress. The
operating system is maintained at high temperatures (140 – 160 °C) to prevent clogging of the stainlesssteel capillaries. Phenolic antioxidants such as butylated hydroxytoluene (BHT) are added to the solvent
to prevent thermo-oxidative degradation. Careful attention has to be addressed to the sample
preparation prior to chromatography experiment. The polymer dissolving time must be customized to
ensure both complete dissolution and prevention of thermal degradation.94,115

3.2.1

Multidetector size-exclusion chromatography

In SEC, the probed sample is partitioned according to the hydrodynamic volume of the single
components. Small molecules can penetrate into the pores of the stationary phase and are temporarily
delayed from elution. Medium-sized species might be able to pause at the entry of the pores, even if
they cannot permeate completely. Large components cannot access the inner surface of the substrate
but diffuse within the interparticular space of the column. Consequently, large molecules elute first in
SEC mode. In contrast, small molecules are well retained and elute relatively late. Under ideal
conditions, Separation in SEC is interaction-free and completely driven by entropy.94,116 Subsequent to
separation, the eluate is transported to the detection system through ultra-thin capillaries to prevent
back diffusion. Two approaches are common for MM determination, which is column calibration or
hyphenation to physical detection. In column calibration, an analytical standard with various MM
distribution is measured prior to the actual sample analysis and the concentration of the eluate is
determined as a function of the elution volume (or time). Concentration detection is performed using
either an ultraviolet- (UV), evaporative light scattering- (ELS) or differential refractive index detector
(dRI). The chromatogram is correlated with the known MM of the calibrant and a linear regression
assigns each elution volume 𝑉𝑅 𝑖 to a distinct MM. The MM calibration is a relative method, which is
valid for the particular column, solvent and the nature of the analyte. Exchanging one of those terms,
therefore, requires a new calibration. Furthermore, this refers to a deviation in topological properties.
It is plausible that a branched molecule is always smaller than its linear counterpart at given MM. In
other words, at a certain size, different MM can elute depending on the degree of branching.
Consequently for SEC, which separates according to hydrodynamic size, the elution volume 𝑉𝑅𝐵𝑅𝐴 ≠
𝑉𝑅𝐿𝐼𝑁 at given MM. Samples of PE, which vary greatly in terms of branching, are naturally not suitable
for this technique. However, it should be noted, that column calibration provides a simple and
convenient technique to determine MM, not at least with regard to the expenses of the detector
instruments.
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As opposed to MM calibration, the hyphenation of SEC to various physical or chemical detection offers
numerous possibilities. Not only is the probed material separated according to size, but the respective
components are measured in terms of MM, size, shape, density and chemical composition within one
single experiment. Moreover, the correlation of the different detector outputs delivers information
about the trend of polymer properties as a function of MM or size. Typical physical detectors are multi
angle laser light scattering (MALLS), dynamic light scattering (DLS), viscometry, dRI or UV detection.117–
120

For chemistry detection, coupling to Fourier transform infrared (FTIR) and NMR spectroscopy as well

as mass spectrometry is possible.121–124 The classical triple detection implies SEC coupled to MALLS, dRI
and viscometry. From the double-logarithmic plot of MM vs. size or MM vs. intrinsic viscosity [𝜂], one
can estimate the conformation of the probed molecule. This relationship is based on the power law
equations
𝑅𝐺 = 𝐾 ∙ 𝑀𝜈

(11)

[𝜂] = 𝐾 ∙ 𝑀𝛼

(12)

in which the exponents  and  refer to conformation of the macromolecules. Typical values are
summarized in Figure 22. It should be emphasized that molecules that possess a certain heterogeneity,
are no self-similar objects. This might result in various or inhomogeneous structural regions with
different scaling exponents across the MM range. The simultaneous detection of different radii enables
the determination of the molecular shape of the polymer as well.

a

b

Figure 22. Scaling plots (a) and Mark-Houwink plots (b) of various polymer architectures. Scaling exponents are taken from [110].

For that, different types of radii are used. Next to 𝑅𝐺 , the size of the hydrodynamic volume is given by
𝑅𝐻 =

𝑘𝐵 𝑇
6𝜋𝜂0 𝐷

(13)
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where 𝑘𝐵 is the Boltzmann’s constant, 𝑇 the temperature of experiment, 𝐷 is the translational diffusion
coefficient and 𝜂0 the viscosity of the solvent. Yet, it can also be derived from
1/3

(14)

[𝜂]𝑀
𝑅𝜂 = (
)
(10𝜋/3)𝑁𝐴

Both describe the hydrodynamic size of the molecule in solution and depend on its solvation state. In
contrast, 𝑅𝐺 is a geometric size. It defines the average distance between the scattering points in the
molecule and the center of mass. From the relation between geometric and hydrodynamic size of the
analyte, it is possible to estimate its architecture.
𝜌=

𝑅𝐺
𝑅𝐻

(15)

𝜅=

𝑅𝜂
𝑅𝐺

(16)

The compactness of the probed molecule can be quantified by the apparent segmental density
𝑑𝐴𝑃𝑃 =

3 𝑀𝑤
4𝜋𝑁𝐴 𝑅𝐺

(17)

The quantification of the branching density and a meaningful interpretation is somehow complicated
for PE. As discussed in Chapter 2, the total number of branching 𝑁𝐵𝑟 can be determined by NMR
spectroscopy but it delivers an incomplete image of the topological properties since it solely addresses
the branching number. However, the branching density is not only affected by the number but also by
the type of branches. The mathematical concept of the contraction factors,
𝑔 = (𝑅𝑔2

𝐵𝑅𝐴

⁄𝑅𝑔2

(18)

)

𝐿𝐼𝑁 𝑀

𝑔′ = ([𝜂]𝐵𝑅𝐴 ⁄[𝜂]𝐿𝐼𝑁 )𝑀

(19)

relies on the comparison of the dimensions between a branched molecule and its linear counterpart at
given MM. As already described, the branched molecule is subjected to a topology dependent
contraction relative to the linear analogue. With increasing number or complexity of branches, the
higher the deviation from the linear molecule and consequently, the higher the contraction. Typical
values range between 0 ≤ 𝑔, 𝑔′ ≤ 1.
The correlation of both factors yields the branching factor by
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𝑔′ = 𝑔𝜀

(20)

which is typically obtained between 0.5 ≤ 𝜀 ≤ 1.5 for linear and branched molecules, respectively.

3.2.2

Interaction chromatography

As opposed to SEC, which separates samples according to their hydrodynamic volume, interaction
chromatography (IC) makes use of enthalpic forces and enables separation according to chemical
composition, functionalities, tacticity, topology, etc. The mechanism of retention follows two different
competitions, adsorption-desorption and precipitation-dissolution.125,126 Which mechanism dominates
the separation depends on the technical set-up of the method. This implies the choice of stationary and
mobile phase as well as operation temperature. Frequently, both mechanisms are operative in IC. 115
Achieving polymer separation according to chemical composition is rather demanding. A pioneering
prerequisite in IC was the development of an appropriate stationary phase with high mechanical
stability, the porous graphitic carbon column (Hypercarb™).127 Its flat layers of graphite enable strong
interactions with the probed molecules and separation depends on the respective molecular surface,
which adsorbs onto the graphite surface.128 Furthermore, the challenge lies within finding appropriate
experimental conditions to enable a high resolution separation. This can be achieved by enhancing the
thermodynamic interactions between eluent and substrate by applying different gradient modes:
solvent gradient and temperature gradient IC. In solvent gradient interaction chromatography (SGIC),
the analyte is injected in a poor solvent, which promotes adsorption to the surface of the stationary
phase. In the course of the experiment, the composition of the eluent alters gradually or stepwise
towards a good solvent, which causes the solute to desorb. The resulting elution profile reflects the
increasingly interacting components of the bulk sample with the stationary phase. Thereby, this
interaction strength can result from differences in the number and type of functionalities, structure of
the macromolecular backbone or side chains and branches.122,129 In temperature gradient interaction
chromatography (TGIC), the composition of the eluent is maintained. The difference of interaction
strengths is enhanced by changing the operating temperature. As in SGIC, the order of eluates refers to
an increased residence of the various components at the stationary phase. However, the key advantage
of TGIC in contrast to SGIC comes with the possibility of detector hyphenation such as MALLS, IR or
viscometry.130,131 However, both techniques have their advantages and disadvantages depending on the
investigated macromolecules.

3.2.3

Two-dimensional liquid chromatography

From the online coupling of different liquid chromatography techniques, a comprehensive
multidimensional characterization of samples becomes possible. Unlike offline-coupling- or "heart-cut"-
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approaches, every fraction that elutes from the first dimension is injected into the second dimension
through an automated two-position switching valve.132 Various separation modes can be addressed
within one experiment to yield a bivariate distribution (MM, chemical composition, branching etc.) of
the investigated specimen. Generally, no limitations exist for the choice of the separation dimensions
and one can select between techniques of LC (SEC, TGIC, SGIC), crystallization-based approaches
(temperature rising elution fractionation (TREF), crystallization analysis fractionation (CRYSTAF,
crystallization elution fractionation (CEF)) or field flow fractionation methods. What is decisive is the
field of interest. Yet, the combination of SEC with IC is the most prominent version of two-dimensional
liquid chromatography (2D-LC). Note that both arrangements (SEC x IC and IC x SEC) are feasible, but
the latter is preferably used due to several advantages.132 From the practical execution, a twodimensional contour plot is obtained, which reveals the multivariate separation and potential codependencies.

3.3 Spectroscopic techniques
Spectral analysis of polyolefins comprises, as suggested by the name, the examination of the interaction
between the probed polymer and light of various wavelength (spectrum). In principle, the atoms and
molecules of the sample are exposed to a given type of light radiation (X-rays, ultraviolet, visible,
infrared, microwaves and radio waves) and provoke different chemical responses (absorption,
diffraction, scattering, refraction, transmission). Depending on the energy (wavelength or frequency) of
the radiating source, different response intensities may be obtained. The consequential energy
dependence of the radiation process provides an atom- or molecule specific spectrum.133

3.3.1

Nuclear magnetic resonance spectroscopy

Atomic nuclei with an odd number of protons and/or an odd number of neutrons possess an angular
momentum 𝑝 (spin) and consequently a magnetic moment 𝜇 is observed. In nuclear magnetic
resonance (NMR) spectroscopy, atomic nuclei are irradiated with high frequency radio waves (𝑓 = 60 −
1000 𝑀𝐻𝑧) and is additionally exposed to a strong magnetic field 𝐵0 . The magnetic field provokes an
aligned orientation of the atomic nuclei (spin states). Depending on the spin quantum number, a given
number of spin states corresponds to a given number of energy levels. The strength of the magnetic
field defines the energy difference between those levels. The stronger the magnetic field, the greater
the energy gap. When a radiofrequency field is applied, the atomic nuclei in the ground state can absorb
the appropriate energy necessary to overcome the gap and jump to the exited state (resonance). Once
the system is saturated (number of nuclei in ground equals number of nuclei in the exited state), not
net absorption of energy is possible. In a process called spin–lattice relaxation, the excited nuclei can
return to the ground state via spin transition.
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Figure 23. 13C NMR spectra of differently branched polyethylene. Sample solutions were prepared in o-dichlorobenzene and
benzene-d6 (20 % v/v). Adapted with permission from G.B. Galland, R.F de Souza, R.S. Mauler, F.F. Nunes, Macromolecules 1999,
32, 1620. Copyright (2019) American Chemical Society.

As already mentioned in Chapter 2, both 1H and 13C NMR spectroscopy are highly relevant for polyolefin
characterization (see Figure 23), as they provide NBr and the distribution of SCB. Furthermore, branches
longer than C6 can be quantified. Yet, the respective LCB number cannot be distinguished through 13C
resonance, which means that there is no qualitative information to that signal.

3.3.2

Fourier transform infrared spectroscopy

Similar to NMR spectroscopy, IR-spectroscopy is a type of absorption spectroscopy and can thus be used
to identify chemical structures. As opposed to NMR, entire molecules absorb IR radiation and exhibit
vibrational and rotational transitions. IR radiation covers a broad range of the electromagnetic
spectrum. One distinguishes between near-IR (12800 − 4000 𝑐𝑚−1 ), middle-IR (4000 − 400 𝑐𝑚−1 )
and far-IR region (400 − 10 𝑐𝑚−1 ). Typically, for organic molecules and hence macromolecules, the
field of interest is covered by the middle IR region. 134 To describe the general principles of IR
spectroscopy, a simple diatomic molecule is considered, where two rigid spheres (atoms) are connected
through a spring (molecule bond). By exposing the probed molecule to IR radiation, the atoms absorb
the exact amount of energy that matches their vibrational frequency (resonance). In other words,
excitation via IR radiation occurs by vibrational or rotational transition. The resonant frequency is
influenced by the ground energy state of the molecule, the mass of the atoms and the force constant
of the bond. The number of vibrational modes depends on the number of atoms 𝑁 and accounts 3𝑁 −
6 and 3𝑁 − 5 for nonlinear and linear molecules, respectively. Complex molecules such as polymers
exhibit complex IR spectra, illustrating the multitude of the various vibrational modes in the
macromolecule.133,135 Traditional IR spectrometers suffer from the inability of achieving both high
resolution and short experimental time at the same time. This can be overcome by using a Fourier
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transform IR (FTIR) spectrometer. Thereby, the technological core is the so-called Michelson’s
interferometer, which uses a beam splitter to partition the beam of the light source. The splits are
reflected at a stationary and a mobile mirror, respectively. The rays are later recombined and yield a
distinct interference pattern. With varying movement of the mobile mirror, the interference intensity
changes periodically with the optical path difference.134
FTIR spectroscopy of PO materials enables a quick and simple analysis of the chemical composition.
Typical strong bands are C-H stretching and deformation vibrations of CH3 and CH2 groups (see Table 1).
Table 1. Characteristic IR frequencies of PE and PP.134

Wave frequency [cm-1]

Vibrational frequency assignment

2960

…..Asymmetric stretching CH3

2925

…..Asymmetric stretching CH2

2875

…..Symmetric stretching CH3

2855

…..Symmetric stretching CH2

1465

…..Deformation CH2

1460

…..Asymmetric deformation CH3

1375

…..Symmetric deformation CH3

725

…..In-plane wagging CH2

3.4 Preparative fractionation
Routine chromatography techniques separate macromolecular bulks into small portions. The resulting
polymer species are subsequently examined online by one or more physical/chemical detectors
hyphenated to the separation device. In contrast to this analytical approach, semi-preparative or
preparative fractionation techniques produce large-scale portions in milligram or gram quantities, which
may significantly differ in MM, chemical composition or topology, depending on the given fractionation
technique. These fractions are further subjected to offline characterization techniques such as NMR and
FTIR spectroscopy, thermal or rheological analyses. However, they can also be investigated using online
methods, e.g., SEC-MALLS or gradient IC. Typically, preparative fractionation is carried out after a
detailed expertise is gained regarding the probed polymer sample.136 The key advantage of preparative
fractionation is that specific macromolecular components are subjected to an individual in-depth
characterization, which might elucidate polymer properties that cannot be addressed by bulk
investigation.
Depending on the field of interest, preparative fractionation can be carried out with various separation
modes. Preparative molar mass fractionation (pMMF) can be accomplished by a controlled precipitation
approach.137 The bulk sample is completely dissolved in a good solvent and if necessary thermal
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treatment. Defined quantities of a poor solvent are added to the stirred solution until a first stable
precipitate occurs. The precipitate is removed from the solution. The sequence of solvent addidtion and
precipitate collection is repeated, until the number of desired fractions is generated. The last fraction is
collected by adding excess solvent. The MM of the fractions decreases within the order of
collection.138,139 Alternatively, MMF can be performed by phase distribution chromatography based on
the concept of Baker and Williams.140 Thereby, a column is packed with inert glass beads (∅ 100 −
200 𝜇𝑚), which are coated with the source polymer. The column is flushed with an eluent, whose
composition gradually changes from poor to good solvent. As opposed to precipitation fractionation,
MM increases with the order of the collected fractions.141,142 A completely different approach is given
by crystallization based techniques (TREF, CRYSTAF, CEF). Most PE or PO macromolecules display a
substantial semi-crystallinity and, therefore, dissolve at temperatures above their melting point.115 A
hot polymer solution is gradually or step-wise allowed to cool, which induces the polymer chains to
precipitate out of solution according to the degree of crystallinity, or in other words starting from the
components with the lowest degree of branching. As the solution temperature further decreases, the
degree of crystallinity in the collected fractions is significantly reduced.138 Hence, crystallization based
techniques fractionate according to chemical composition.143–145 Apart from these specific fractionation
approaches, preparative polymer fractionation may also be carried out by using routine techniques such
as SEC, IC or FFF, equipped with a special preparative separation device (column, channel, etc.).
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4 Experimental part
4.1 Small-angle neutron scattering
SANS experiments were carried out at the D11 – Lowest Momentum Transfer and Lowest Background
SANS instrument in Grenoble, France. To cover the entire range of lower momentum transfer 𝑞, data
collection was performed at  = 6 Å and 4.6 Å with a wavelength spread of 9 % and two detector
positions q = 0.04298 – 0.45 Å-1 and 0.00753 – 0.08617 Å-1, respectively. Each sample was measured at
five concentration points below the critical concentration to ensure an undisturbed solution state. The
samples were allowed to dissolve in tetrahydrofurane-d8 (99.5 % D, Eurisotop, FR) for 24 h and placed
into a Hellma® precision cell. The examined sample volume accounted for 1 mL . The scattering
intensities were put on absolute scale by standard water calibration. Prior to data analysis, subtraction
of the background, cell and solvent was carried out. SANS data was analyzed using the Zimm approach.

4.2 Advanced liquid chromatography
4.2.1

Quadruple-detector size-exclusion chromatography

SEC was carried out with a high temperature (HT) PL-GPC 220 device (Agilent Technologies, US)
equipped with an online degasser, an online preinjection filter and two PLgel Olexis columns (Agilent
Technologies, US) filled with crosslinked polystyrene as stationary phase (13 m nominal particle size).
Experiments were carried out at 150 °C. TCB (ReagentPlus®, ≥ 99 %, Sigma-Aldrich, DE) was used as
eluent. 0.0125 % butylated hydroxytoluene (≥ 98 %, Roth, DE) was added to the mobile phase to
suppress autooxidation. The liquid flow was conveyed with 1 mL/min. The SEC device was coupled to
four detectors: a DAWN® Heleos-II 18 angle light scattering photometer (Wyatt Technologies, US), a
DYNAPRO® Nanostar® dynamic light scattering instrument (Wyatt Technologies, US), a four capillary
viscometer (Agilent Technologies, US) and a differential refractive index detector (Agilent Technologies,
US). Viscometer and refractometer are in a parallel arrangement, establishing an equivalent flow split.
The Nanostar® is connected to the light scattering photometer at 99 ° (relative to the incident laser
beam) using an optical fiber. The system was calibrated and normalized with a 30 kDa polystyrene
standard (PSS, DE). For determining the dRI constant, a 200 kDA polystyrene standard (PSS, DE) was
used. The refractive index increment 𝜕𝑛/𝜕𝑐 for polyethylene in TCB at 135 °C was taken from
literature.146 The sample solution concentration was adjusted to 2.5 – 4 mg/mL and the injected sample
volume was 200L. The samples were dissolved between 1 – 3 h. All experiments were carried out in
triplicate. Data analysis was carried out with ASTRA® (Wyatt Technologies, US). ZIMM model (fit degree
1) was applied for light scattering analysis. Intrinsic viscosities were determined using the HUGGINS
model.147
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4.2.2

Interaction liquid chromatography

IC was carried out with a solvent gradient interaction chromatograph (Polymer Char, ES). A highpressure binary gradient pump (Agilent Technologies, US) was used to enable solvent gradient elution.
A Hypercarb® column (Thermo Fisher Scientific, US) filled with porous graphitic carbon particles as
stationary phase (5 m particle size). The column, capillaries, injection loops and valves were placed in
an oven at The eluent is carried through the system with 0.5 𝑚𝐿/𝑚𝑖𝑛. An evaporative PL-ELS 1000 light
scattering detector (Polymer Laboratories, GB) was used for chemical component detection. The eluate
was nebulized at 160 °𝐶 and evaporated at 270 °𝐶. A nitrogen gas flow was adjusted to 1.5 𝐿/𝑚𝑖𝑛.
In SGIC mode, a linear gradient was employed from 100 % 1-decanol (98 %, Sigma-Aldrich, ZA)/decane
(98 %, Sigma-Aldrich, ZA) to 100 % TCB (ReagentPlus®, ≥ 99 %, Sigma-Aldrich, ZA)/ ODCB (≥ 99 %,
Sigma-Aldrich, ZA) within 30 min subsequent to sample injection. The system was allowed to flush for
another 5 𝑚𝑖𝑛, before the eluent was re-established to 1-decanol/decane. For all experiments, a sample
concentration of 1 − 1.2 𝑚𝑔/𝑚𝐿 was generated and the injected sample volume was 50 𝜇𝐿. In TGIC
mode, either ODCB or TCB was used as an eluent. A linear gradient from 40 °C to 160 °C in 30 min was
conducted.

4.2.3

Two-dimensional liquid chromatography

SGIC and TGIC were coupled to HT-SEC using an automatically controlled eight-port valve system (VICI
Valco instruments, US) equipped with two 100 𝜇𝐿 injection loops. For all experiments, a sample
concentration of 3 𝑚𝑔/𝑚𝐿 was used. 200 𝜇𝐿 of sample was injected into the first dimension (IC) at a
flow rate of 0.05 𝑚𝐿/𝑚𝑖𝑛. A linear gradient from 1-decanol to TCB in 300 𝑚𝑖𝑛 subsequent to sample
injection was applied. The eluting fractions are injected into the column of the second dimension (SEC).
Here, a PL Rapide H column (Agilent Technologies, US) filled with 10 𝜇𝑚 sized particles at a flow rate of
2.75 𝑚𝐿/𝑚𝑖𝑛 was used for separation. ODCB (ReagentPlus®, ≥ 99 %, Sigma-Aldrich, ZA) was used as an
eluent. The evaporative light scattering detector was used under equivalent conditions as applied in
gradient IC.

4.3 Spectroscopic techniques
4.3.1

Nuclear magnetic resonance spectroscopy

NMR spectra were collected at various instruments. Spectra for the SANS samples were partly recorded
on an Avance® 500 NMR spectrometer (Bruker-Biospin, DE) using chloroform-d1 (99.8 % D, Eurisotop,
FR). The 1H analyses acquisition time was 1.59 s and the relaxation delay 10 s. The 13C analyses was
carried out using 90° 13C pulses and inverse gated 1H coupling. The acquisition time was 1.05 s and the
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relaxation delay 10 s. The residual spectra were collected on an Avance® DRX 500 spectrometer (Bruker,
US) using 90° pulses and a relaxation delay of 10 s. 30 – 50 mg of sample was used for analyses.
NMR spectra for the fractionated samples were recorded on a Unity Inova spectrometer (Varian, US).
60 mg of sample was dissolved in 0.6 mL 1,1,2,2-tetrachloroethane-d2 (95.5 % D, Sigma-Aldrich, ZA) for
the preparation of linear samples. For the dendritic samples, tetrahydrofurane-d8 (≥99.5 % D, SigmaAldrich, ZA) was used for dissolution. The analyses were carried out in a nitrogen atmosphere, at room
temperature and 120 °C for the dendritic and linear analytes, respectively. The 1H analyses, acquisition
time was 1.70 s with a relaxation delay of 1.00 s. For 13C analyses, acquisition time was 0.87 s and the
relaxation delay 15 s. The chemical shifts were reference internally to the major backbone CH2 carbon
resonance, which was taken at  = 30 ppm from tetramethylsilane. The total number of branching per
1000 carbon atoms (NBr) from 1H NMR analyses was determined according to literature.96 NBr from 13C
NMR analyses was obtained by summing up methyl carbon resonance within d ≥ 20.06 ppm. The
interpretation of NMR spectra was based on literature report.148

4.3.2

Fourier transform infrared spectroscopy

SGIC was coupled offline to FTIR spectroscopy via a liquid chromatography (LC)-transform series model
303 (Lab Connections, US). The fractions eluting from the chromatographic column were carried
through a heated line to the LC-transform interface at 150 °C and were deposited onto a rotating
germanium disc at a rotation speed of 10 °/min. The coated disc was scanned at a rotation speed of
3 °/min with a Thermo Nicolet iS10 spectrometer (Thermo Fisher Scientific, US) housing the LCtransform FTIR interface connected to a transmission baseplate. The IR spectra were recorded with
16 scans per spectrum at a resolution of 4 cm-1.

4.4 Preparative molar mass fractionation
Fractionation on preparative scale was carried out by precipitation collection. During the initiating step,
xylene (99 %, Sigma-Aldrich, ZA) was used to dissolve the bulk sample. To achieve complete dissolution,
the solution was thoroughly stirred for 1 – 2 h at 130 °C. To suppress thermo-oxidative degradation,
2 w-% phenolic antioxidant was added to the solution. Prior to collection, the temperature was reduced
to 80 °C. Definite volumes of non-solvent 2-ethoxyethanol were slowly added to the solution while
stirring until a first stable precipitate was obtained. The precipitate was collected with a fine metal sieve,
which was transferred to a glass beaker and rinsed with acetone. A second fraction was obtained by
adding more non-solvent and subsequent collection of the emerging precipitate. The last fraction was
collected by adding excess non-solvent. The collected fractions were washed with acetone, filtered and
dried under vacuum.
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5 Results and discussion
5.1 Polyolefins library
Within this thesis, various types of PE have been subjected to experimental characterization. Thereby,
both commercial as well as non-commercial PE samples were used. The chain walking polyethylene
(CWPE) samples, which have been predominately subjected to the analytical characterization within this
work have been supplied with great courtesy by the group of Prof. Jan Merna, University of Chemistry
and Technology in Prague. A detailed description of the synthetic procedure is given in the appendix of
this thesis. This chapter delivers a brief description and justification on the design of experiment with
an emphasis on the respective reaction conditions as well as the presumed topologies of the analytes.

5.1.1

High Temperature Quadruple-Detector Size Exclusion Chromatography for
Topological Characterization of Polyethylene (Publication 1)

To validate the performance and efficiency of the quadruple-detector HT-SEC system (HT-SEC-d4), six
samples of PE have been selected for experiment (Figure 24). A selection of variously branched PE
systems was compiled to verify that the method addresses both physical and structural polymer
properties in adequate measure.

NIST & LINPE

LLDPE

LDPE

BPE

HBPE

Figure 24. Presumed topology and structure of the PE analytes studied with HT-SEC-d4 in publication 1. NIST = NIST1484a, LINPE
= polyethylene with linear topology, LLDPE = linear low density polyethylene, LDPE = low density polyethylene, BPE = branched
polyethylene, HBPE = hyperbranched polyethylene.

Samples LLDPE and NIST1484a (NIST) have been purchased from Sigma Aldrich (DE). Sample LDPE was
obtained from VEB Leuna Werke (DE). Samples LINPE, BPE and HBPE were supplied by our collaborators
from Prague by performing CW catalysis. LINPE was catalysed using the nickel--diimine complex
(Figure 42, 1, appendix). BPE and HBPE were synthesized using the palladium catalyst (Figure 42, 2,
appendix). The reaction parameters of the respective catalysis are listed in Table 2:
Table 2. Summary of reaction parameters used for PE sample preparation by CW catalysis.

PE Sample

Catalyst

T [°C]

p [bar]

t [h]

LINPE

Ni(II)--diimine

23

1.5

0.33

BPE

Pd(II)--diimine

0

7

22

HBPE

Pd(II)--diimine

35

0.09

21
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5.1.2

Polyolefins Formed by Chain Walking Catalysis – A Matter of Branching Density
Only? (Publication 2)

To investigate the correlation between synthesis, structure and solution properties in CW catalysis, a
library of ten PE samples, obtained from the catalysis with the palladium complex (Figure 42, 2,
appendix), has been produced. Reaction conditions temperature, pressure, time and catalyst
concentration were systematically modified to retrace potential influences on the samples. The
summarised synthesis conditions are listed in Table 3.
Table 3. Summary of reaction parameters used for CW catalysis of PE in publication 2.

PE Sample

Pd-CAT [amount]

T [°C]

p [bar]

t [h]

CWPE1

0.3 mg/mL

0

7

20

CWPE2

0.3 mg/mL

0

7

7

CWPE3

0.3 mg/mL

0

7

3

CWPE4

0.3 mg/mL

10

7

20

CWPE5

0.3 mg/mL

0

0.14

7

CWPE6

0.3 mg/mL

0

0.14

20

CWPE7

0.3 mg/mL

10

0.14

20

CWPE8

0.3 mg/mL

35

0.14

20

CWPE9

0.3 mg/mL

0

0.05

20

CWPEx

0.6 mg/mL

0

0.05

20

The reaction conditions were systematically designed to allow a direct comparison of variously branched
CWPEs. In particular, a noticeable difference of the structural properties at global and segmental level
was aimed for. This compelled a substantial variation of reaction pressure and temperature, which was
reported to dramatically influence CWPE.17,18,21 Moreover, alteration was performed on the synthesis
duration as well as catalyst concentration to examine the performance of the catalyst. A selection of the
expected CW structures is given in Figure 25.

CWPE5

CWPE6

CWPE2

Figure 25. Selection of studied CWPE used for publication 2 and their presumed structural properties.
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5.1.3

Comprehensive Analysis of Chain Walking Polyethylene by Advanced Liquid
Chromatography (Publication 3 & 4)

Ni1

Ni2

Pd1

Pd2

Figure 26. Presumed structure of CWPE studied using advanced liquid chromatography techniques in publication 3 and 4.

Using advanced HT liquid chromatography techniques, the structural and topological properties of
CWPE obtained from nickel- and palladium-diimine complexes (Figure 42, appendix) were examined.
Thereby, a broad structural spectrum of products from CW catalysis was aimed, ranging from highly
linear to highly branched. While nickel-diimine catalysis primarily delivers macromolecules with linear
conformation, highly branched to dendritic polymers are expected from CW catalysis with the
palladium-complex. The polymerization time was designed to deliver macromolecules with comparable
magnitude of MM. A schematic representation of the presumed structural properties of the
investigated analytes is depicted in Figure 26 and a summary of the synthesis conditions of the examined
CWPE samples is given in Table 4.
Table 4. Summary of reaction parameters used for CW catalysis of PE in publication 3 and 4.

PE Sample

Catalyst

T [°C]

p [bar]

t [h]

Ni1

Ni(II)--diimine

10

8

0.5

Ni2

Ni(II)--diimine

25

1

3

Pd1

Pd(II)--diimine

10

8

20

Pd2

Pd(II)--diimine

25

1

20
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5.2 Rapid identification and characterization of polyethylenes by HT-SEC-d4
(Publication 1)
Six types of PE, which differ substantially in their topological characteristics, have been investigated
using HT-SEC-d4. The physical parameters of all samples are listed in Table 5, giving evidence that high
molecular weight macromolecules with both narrow and broad MM distribution have been selected for
characterization. Thereby, the rather broadly dispersed systems LDPE and LLDPE origin from commercial
sources and suffer from a lower degree of reaction control. In contrast, the analytes synthesized by
living coordination polymerization are narrowly distributed. The obtained radii indicate substantial size
differences with RG = 16 – 58 nm, RH = 12 – 30 nm and R = 11 – 40 nm. The intrinsic viscosities []
suggest substantial deviations in the topology of the analytes.
Table 5. Physical properties of the various PE samples determined by HT-SEC-d4

PE Sample

Mw

Đ

kg/mol]

RG

RH

R



nm]

nm]

nm]

mL/g]

g’

LINPE

295.8

1.15

47

26

28

325.4

1.04

NIST

108.4

1.03

30

14

15

172.3

0.85

LLDPE

123.7

2.26

35

16

22

140.7

0.90

LDPE

492.5

6.62

58

30

40

97

0.58

BPE

376.3

1.17

24

18

18

74.9

0.18

HBPE

210

1.30

16

12

11

28.9

0.11

Yet, while average data only allow vague assumptions, correlating physical measures give evidence of
the structural properties, e.g., the macromolecular conformation, which can be assessed by power law
relation. From the empirical relations 𝑅𝐺 = 𝐾 ∙ 𝑀𝜈 and [𝜂] = 𝐾 ∙ 𝑀𝛼 , the exponents deliver valuable
information regarding the scaling properties of the analytes. The conformation (or scaling) plot and
Mark-Houwink plot denote the double-logarithmic graphical representation of the power law relations
and are displayed in Figure 27. A qualitative agreement between the empirical power law exponents
and the presumed topologies can be found. Highly branched systems BPE and HBPE have much lower
exponents ( = 0.43 – 0.48,  = 0.56 – 0.68), confirming a compact topology.149,150 In contrast, higher
exponents have been determined for the residual samples, which gives evidence on a coil-like
architecture of the polymers. However, both LDPE and LLDPE exhibit a notable downswing at high MM,
which demonstrates their topological deviation from purely linear PE systems. The comparison with a
theoretical linear model (Figure 27, dotted line) enables the determination of the so-called contraction
factor g or g’ (see equations (18) and (19), section 3.2) and can be used as an alternative measure to
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quantify the branching density of the analyte. The weight-average values of g’ (Table 5) verify the
significant topological differences of the various PE analytes.

a)

b)
2

10


LLDPE
NIST
LDPE
LINPE
BPE
HBPE

1

10

105

0.70/0.30
0.70
0.65/0.35
0.58
0.43
0.48

106

]mL/g]

RG [nm]

103



102

107

Molar Mass [g/mol]

LLDPE
NIST
LDPE
LINPE
BPE
HBPE

105

0.63/0.31
0.74
0.45/0.15
0.65
0.68
0.56

106

107

Molar Mass [g/mol]

Figure 27. Scaling plots (a) and Mark-Houwink plots (b) of the various PE samples obtained by HT-SEC-d4. The insets in (a) and (b)
supply the power law exponents  and , respectively. The dotted lines denote the linear PE model.

The quadruple-detector instrumentation permits the calculation of numerous structural measures, e.g.
the apparent density dAPP, which is clearly influenced by the degree of branching, as can be seen in
Figure 28a. The highest density is observed for the branched system HBPE followed by BPE. Both
samples result from CW catalysis using the Pd--diimine catalyst, which is known to yield highly
branched macromolecules having 100 branches per 1000 C atoms. Computing the structural factors 
and , based on the ratios of the various radii RG, RH, R (see eq. (15) and (16)), provides more qualitative
information to estimate the topological properties of the macromolecules. Figure 28b displays the
correlation between  and g’. PEs with low g’ (high degree of branching) exhibit the highest structure
factor . In contrast, the linear PEs have much lower , validating their linear topology. Moreover, the
empirical values obtained from HT-SEC-d4 are in good agreement with theoretical values found in the
literature.110,151,152 As stated above, these parameters become beneficial when correlated to the MM
distribution of the respective polymer. Thus, the relation between the radii ratios and  as a function
of MM have been examined and are displayed in Figure 29. In general, the uncertainty is much higher
for structure factor . This is caused by the pronounced deviation of RH data points when the analyte
concentration in a distinct separation slice becomes too low for online DLS experiments.
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a)
0.020
0.015

0.9
0.8

 = R/RG

0.025

dAPP [g/cm³]

b)

LLDPE
NIST
LDPE
LINPE
BPE
HBPE

0.010
0.005

LLDPE
NIST
LDPE
LINPE
BPE
HBPE

HB

0.7
0.6
0.5

Coil

0.000
0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

g'

0.75

1.00

g'

Figure 28. Apparent density (a) and structure factor  (b) as a function of the contraction factor g‘ of the various PE samples as
obtained from HT-SEC-d4.

Consequently, the data given by  is more reliable, because the hydrodynamic size is derived from
R.While with increasing MM, the linear system LINPE undergoes a distinct expansion and a substantial
compression is observed for the branched HBPE. The difference presumably relies on the respective
synthesis mechanism. For LINPE, consecutive monomer insertion provokes the formation of molecules
with linear topology and leads to a gradual elongation of the polymer. Conversely, the branched
analogue becomes more compact. This could be explained by the CW capability of the catalyst, which
enables a retrospective implementation of branches and causes a substantial compaction at high MM. 

b)

0.0

LINPE

LINPE

2.5

0.4

1.5

0.8

1.0

1.2

0.5
4x10

5

6x10

5

8x10

5

10

6

1.6

HBPE

HBPE

0.0

0.4

2.0

=RG/RH

2.0

=R/RG

=RG/RH

2.5

=R/RG

a)

1.5

0.8

1.0

1.2

0.5

Molar Mass [g/mol]

2x105

1.6
4x105 6x1058x105

Molar Mass [g/mol]

Figure 29. MM dependence of the structure factors  (blue) and  (red) of sample LINPE (a) and HBPE (b). The dotted line marks
the limit for random coils. The dashed line marks the limit for a hard sphere.

In summary, it has been demonstrated that the developed method HT-SEC-d4 is an efficient technique
for the separation and profound structural characterization of polyolefins. The quadruple detector
instrumentation of the system allows not only for the determination of the fundamental physical
parameters but also enables an in-depth topological analysis of the polymers. Consequently, this
technique has been frequently used in the subsequent studies on CWPE.
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5.3 Physical properties of chain walking polyethylene by light and neutron scattering
analysis (Publication 2)
Light scattering analysis
Using the Pd--diimine catalyst, a series of CWPE has been produced by the systematic modification of
the reaction pressure, temperature, time and catalyst concentration. The so-prepared analytes have
been subjected to an initial characterization by using the in-house established HT-SEC-d4 method. The
resulting scaling and Mark-Houwink plots of the samples are displayed in Figure 30.

a)

b)
CWPE1
CWPE2
CWPE3
CWPE4
CWPE5
CWPE6
CWPE7
CWPE8
CWPE9
CWPEx

1000

[] [mL/g]

RG [nm]

100

CWPE1
CWPE2
CWPE3
CWPE4
CWPE5
CWPE6
CWPE7
CWPE8
CWPE9
CWPEx

100

10

104

105

106

104

Molar Mass [g/mol]

105

106

Molar Mass [g/mol]

Figure 30. Scaling plots (a) and Mark-Houwink plots (b) of all CWPEs obtained by HT-SEC-d4.

The determination of the power law exponents  and  reveals only little variation in the conformation
of the polymers. Instead, depending on the selected synthesis conditions the scaling behaviour refers
to a random coil with more or less rigid character. Nevertheless, the Mark-Houwink plots reveal a
distinct gap between low and high pressure CWPE, indicating profound topological differences of the
polymers. Using the concept of the contraction factor, a degree of branching was calculated using a
theoretical linear model as a reference. The respective weight-average values vary for g’ = 0.12 – 0.45
(g = 0.15 – 0.48). The sensitivity of the branching density can be evaluated through the correlation with
the respective reaction conditions (Figure 31, top). Evidently, CWPE can be compressed by lowering
pressure, increasing temperature and shorten reaction time. Intriguingly, even though the branching
density is substantially influenced by synthesis variation, the branching quantity remains constant as
can be verified by the branching factor  as well as by NBr obtained from 1H-NMR. In consequence, the
synthesis variation does not affect the number but type of branching in CWPE. This can be substantiated
by the number of LCB obtained from HT-SEC-d4 (Figure 31, bottom). Obviously, g’ correlates
proportionally with the number of long and secondary branches, which was validated by

13

C-NMR

analyses.
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Figure 31. Contraction factors g (□), g‘ (□), drainage parameter (○), apparent segmental density dAPP (□), branching number NBr
(Δ) and LCB (○) of CWPE as a function of reaction conditions. All results are weight-average values determined by HT-SEC-d4. NBr
was obtained from 1H-NMR.

The synthesis-property relation was additionally confirmed by the dAPP. Surprisingly, a clear drop of dAPP
was observed with progressing synthesis duration. This is inconsistent with the observations made in
the previous study (Figure 29b). Yet, it can be rationally explained by the catalyst`s working principle,
the CW mechanism. Unlike reaction pressure and temperature, the polymerization time does not
influence the walking-to-insertion ratio of the catalyst. Instead, it influences the global architecture of
CWPE, because the walking distance of the catalyst is limited to a certain segmental range. As the
macromolecular chain grows, monomers can no longer be homogeneously implemented within the
entire molecule, but are primarily positioned in a distinct region. On global scale, this leads to a
continuous shift from dendritic to linear, merging in disordered dendritic bottle-brush polymers.

Figure 32. AFM images of CWPE8 on highly oriented pyrolitic graphite substrate in amplitude (a) and height mode (b). Calculated
density distribution of CW structures with 1024 monomers obtained from Monte Carlo simulation at w = 6.66 and w = 1000.

These considerations were not only substantiated by theoretical arguments, but were given evidence
by imaging of atomic force microscopy (AFM) as displayed in Figure 32a and b. The visualized polymers
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possess a linear backbone with dendritic sub-structures and are elongated along the atomic layer edges
of the substrate due to spin-coating preparation. Simulations of CW structures having a comparable
walking probability as the used sample supported these observations (Figure 32c).
Neutron scattering analysis
The segmental structure of CWPE was targeted using small angle neutron scattering (SANS)
experiments. In order to emphasize their sensitivity to synthesis variation, the scattering patterns of the
different CWPE analytes were compiled with respect to the modified reaction parameter. The data are
displayed in a modified Kratky plot, which allows for a suitable identification of the different topological
regimes. Theoretically predicted scattering patterns expose the profound scattering differences of
various polymer topologies (Figure 33a and b). Evidently, CW structures neither show properties of rHB
molecules nor perfect dendrimers, but undergo a structural transition from linear to dendritic. At low
qRg, a maximum occurs, which accounts for the molecular density and is frequently observed in highly
branched systems such as stars and rings.103 A plateau region occurs after the maximum, labelling a
linear topology on large scale, followed by a minimum at intermediate qRg. Theory predicts that this
minimum becomes more pronounced with increasing walking probability w, accounting for the
scattering contributions of the dendritic sub-structures. At high qRg, an increase of the scattering
intensity denotes the local environment including the scattering behaviour of the sole repeating unit.
The comparison of the experimental data with predicted scattering patterns reveals a high conformity.
CWPE obtained from low reaction pressure display a minimum at medium qRg (Figure 33c), which marks
the intensity of the dendritic side chains, as discussed above. With increasing pressure, this minimum
becomes less pronounced giving evidence that elevated reaction pressure inhibits excessive chain
walking and consequently leads to polymers with rather linear topology. An opposite trend is monitored
regarding synthesis temperature. Elevated temperature enhances the dendritic character of the
molecules as confirmed by an enhancement of the intermediate minimum (Figure 33d). Intriguingly,
this trend is independent of the applied reaction pressure and can be observed for low- and highpressure systems likewise. The polymerization time dependency of CWPE as given in Figure 33e well
illustrates the transition behaviour, which was predicted by theoretical arguments and verified by HTSEC-d4. Thereby, low pressure CWPE display an attenuation of the intermediate minimum with
proceeding reaction time, while for high pressure systems a broadening of the horizontal region is
observed. Both trends denote the shift from dendritic to linear, which results in the formation of the
dendritic bottle-brushes.
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Figure 33. Simulation snapshots of CW structures, rHB molecule and perfect dendrimer (top). Simulated scattering intensity (A)
and modified Kratky plots of CW structures with different walking rates w (B). Experimental, modified Kratky plots of CWPE with
varying synthesis pressure (C), temperature (D), polymerization time (E) and catalyst concentration (F). Data are shifted along the
ordinate to match the plateau region.
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While theory predicts a broad spectrum of possible CW structures as visualized by the simulation
snapshots (Figure 33, top), the empirical data expose that only a small regime is accessible through the
experimental approach (w = 3 - 6). Consequently, CW catalysis neither allows for the production of
linear coils (w ≈ 1) nor disordered dendrimers (w = 100), as it was claimed in earlier studies. Instead,
disordered dendritic bottle-brush polymers are generated, which can be manipulated with respect to
their side arm length and complexity. No explicit propositions can be given regarding the catalyst
concentration dependence. HT-SEC-d4 analysis indicates a reduction of the branching density with
increasing amount of catalyst (Figure 31). This seems plausible, because a higher number of the catalytic
molecules provokes a faster consumption of available monomers and reduces the formation of densely
branched polymers. SANS experiments confirm that catalyst concentration does not affect the global
polymer characteristics, but emphasize a reduction of the local branching density of CWPE, which is
indicated by a shift of the intermediate minimum to higher qRg (lower size scale). However, for a solid
statement, more experiments need to be carried out to address this issue.
The combined expertise of theory, simulations and experiment gave insights into the fundamental
characteristics of CW catalysis. Using systematically synthesized polymers, the correlation between
synthesis and structural properties have been elucidated by light and neutron scattering experiments.
The comparison of theoretically predicted scattering patterns with empirical data revealed the universal
bottle-brush structure of CWPE, which rectifies the assumptions made in earlier studies.
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5.4 Physical Properties of Chain Walking Polyethylene by Advanced High Temperature
Liquid Chromatography (Publication 3 & 4)
After an extensive analysis by means of light and neutron scattering experiments, it was aimed to
characterize CWPE using advanced liquid chromatography techniques. A special emphasis was placed
on the separation of the samples according to the degree of branching. Within a binary, complementary
study, CWPE was subjected to in-depth characterization through advanced liquid chromatography,
where publication 3 covers the bulk sample analysis and publication 4 concerns the preparative MM
fractionation as well as fraction analysis.
Bulk Analysis
Four samples of CWPE were prepared using both the Ni- and Pd--diimine catalysis. A crucial difference
of these catalysts is their propensity to CW. Molecules from Pd-catalysis generally display a higher
branching density than their counterparts from the Ni-catalysis, because ethylene trapping and
insertion is strongly inhibited with the Pd-catalyst. Nevertheless, both systems can be manipulated by
varying reaction conditions such as pressure or temperature, as it was executed in this study (Table 4).
Based on the morphology of the materials, which varies from a white thermoplastic (Ni1), waxy
elastomers (Ni2 & Pd1) to a transparent viscous oil (Pd2), their topological characteristics are quite
individual. NMR spectroscopy was conducted to investigate the topological properties of the four
samples. The respective branching numbers and the distribution of SCB are depicted in Figure 34a. A
descending order was observed with NBrC = 33 (Ni1) < 84 (Ni2) < 89 (Pd1) < 96 (Pd2), confirming the
findings from DSC measurement.
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Figure 34. Branches per 1000 C atoms of CWPE obtained from 1H- and 13C-NMR spectroscopy (a). LB = Long branches account for
the number of C4-C6+ branches. Mark-Houwink plots of CWPE obtained from HT-SEC-d4 (b).
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Thereby, Ni1 showed little content of crystallinity, while the residual samples displayed a substantial
amorphous character. Indeed, only methyl branches are observed for Ni1. Oppositely, longer branches
(C4-C6+) are also determined for Ni2, Pd1 and Pd2, whereby the content is substantially higher for the
Pd-samples. The physical and topological properties of CWPE have been addressed by performing HTSEC-d4. Higher catalytic activities in the Ni-catalysis cause a notably higher MM (Ni1 vs. Pd1, Table 6).
Their turn over frequencies differ in 1 – 2 orders of magnitude and significantly increase chain
propagation. Yet, temperature increase has different impacts in Ni- and Pd-catalysis, respectively. For
the Pd-samples, elevated temperature (Pd1  Pd2) increases the propagation rate, yielding
macromolecules with higher MM at given synthesis duration. In contrast, an increase of reaction
temperature in Ni-catalysis (Ni1  Ni2) provokes enhanced chain transfer and termination events, as
the polymerization does no longer display living character and consequently results in lower MM and
broader dispersity.
Table 6. Physical and structural properties of CWPE obtained from HT-SEC-d4.

PE Sample

Mw kg/mol]

Đ

g’







Ni1
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1.24

0.99

0.02

1.82

0.72
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0.77

0.78

1.51

0.76

Pd1
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Figure 35. DAPP at MM = 300 kg/mol (○), branch-on-branch proportion (□) and long-chain branching (◊) as a function of the
contraction factor g’ (a) and MM dependence of the apparent segmental density dAPP (b). All data are obtained from HT-SEC-d4.

The Mark-Houwink plots of CWPE determined by HT-SEC-d4 give evidence of the scaling properties of
the samples. First, the analysis of the power law exponents demonstrates a great resemblance of the
macromolecular conformation. Yet, while Ni1 indicates a coil-like conformation, Ni2 and analytes from
Pd-catalysis have slightly lower exponents, which deduces a higher branching density. It should be
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noted, that a pronounced deviation from theoretical linear behaviour is even observed for Ni1 at high
MM and presumably results from the increasing methyl content in the macromolecule. The low
sensitivity of the polymeric confirmation to synthesis variation is substantiated by the structure factors
 and  (Table 6).
The quantification of the degree of branching based on the concept of the contraction factor g’ confirms
substantially different branching densities of the four samples (Table 6). Thereby, the descending order
of g’ (Ni1 > Ni2 > Pd1 > Pd2) as well as the inverse order of the draining parameter  (Table 6) very well
confirms the results from the branching analysis by NMR spectroscopy. Intriguingly, the degree of
branching is not only proportional to dAPP, but also demonstrates a direct correlation with the amount
of long and secondary branches (Figure 35a). The MM dependence of dAPP displays a sharp decrease of
the compactness with chain growth. This observation can be reasonably explained with the bottle-brush
character of CWPE and substantiates the outcomes of the previous study. Moreover, it becomes
obvious that the structural transition from globular to elongated conformation is a universal property
of CWPE independent of its degree of branching.
Interaction chromatography (IC) was carried out to enable separation of the polymers according to their
chemical composition and was executed in two modes, temperature gradient (TGIC) and solvent
gradient mode (SGIC), respectively. For this purpose, a porous graphitic carbon (PGC) stationary phase
was used, which allows for a high sensitivity to topological differences of the samples. The underlying
separation mechanism relies on the adsorption-desorption competition between the sample and
stationary phase. Thereby, polymers with linear conformations allow for a maximum association with
the flat surface of the PGC substrate and are highly retained. In contrast, branched molecules suffer
from a hindered contact with the surface due their brush-like character. However, the gradient mode
in both TGIC and SGIC promotes the thermodynamic interactions between solute and stationary phase,
consequently enabling a better separation. In doing so, IC of CWPE fully confirms the results from
branching analysis based on HT-SEC-d4 and NMR spectroscopy. Dendritic samples Pd1 and Pd2 elute
first, with the retention behaviour following the total branching content determined by NMR.
Consequently, the retention time is higher for the less branched Ni-samples. Ni2 elutes in a bimodal
profile, which indicates substantial heterogeneity. Ni1 is even stronger retained, which confirms its
linear architecture and validates the low branching content. Intriguingly, the retention order agrees very
well with the predicted branching densities. Moreover, a linear correlation between N Br and SGIC
retention volume is observed, which confirms the separation mechanism of POs on PGC substrate.
Verification was given by offline coupled FTIR spectroscopy, which was technically realized by rotary
spray-deposition of fractions eluting from SGIC. This way, the branch content as a function of elution
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volumes was monitored, which is given in Figure 36. For all four CWPE, a slight decrease of the branching
quantity with increasing elution volume was observed, which refers to a marginal structural
heterogeneity of the samples, but also gives evidence to the bottle-brush nature of CWPE.
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Figure 36. SGIC-FTIR plots showing the Gram Schmidt profiles (3200 – 2800 cm-1) and the branch content determined from the
ratio of the absorbance of CH3 groups to that of the consecutive CH2 sequences (1405 – 1320 cm -1/ 1500 – 1405 cm-1).

To address the correlation between topology and MM of the four samples, two-dimensional liquid
chromatography (2D-LC) was carried out. It should be noted that both, SGIC and TGIC, were used for
the multidimensional hyphenation. However, the main disadvantage of TGIC, the unretained elution of
highly branched samples, is overcome by SGIC, which consequently delivers results that are more
reliable. The 2D contour plots obtained from HT-SGIC x HT-SEC of the four CWPEs are displayed in Figure
37. Ni1 and Ni2 show broad multimodal elution profiles. In contrast, the dendritic Pd-samples have
rather narrow in their SGIC separations. A universal shift, from low MM fractions eluting early in SGIC
towards high MM components that are greatly retained by SGIC, is observed for all four CWPE. It
suggests that low MM polymers are highly branched and are shifted to less content of branching with
increasing polymer size. This behaviour is more or less pronounced depending on the chosen sample.
However, it once more validates the structural shift of CWPE as a function of chain growth that
ultimately leads to the formation of bottle-brush polymers.
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Figure 37. 2D contour plots obtained from HT-SGIC x HT-SEC from the analysis of samples Ni1, Ni2, Pd1 and Pd2 in (a) – (d),
respectively.

Molar Mass Fractionation and Fraction Analysis
Within the second part of the investigation, preparative MM fractionation of the four CWPE as well as
an in-depth fraction analysis was carried out by means of advanced liquid chromatography. As the
analytes are obtained from living coordination polymerization, all samples are comparatively narrow in
distribution. As a consequence, the number of collected MM fractions was limited to three, yielding
high (Fr1), medium (Fr2) and low MM (Fr3) components, respectively. The fractionations were
conducted successfully as displayed in Figure 38. The obtained recoveries range between 89 – 98 wt-%
and the fractions were collected in similar amounts.
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Figure 38. Weight percentage shares of the collected MM fractions of the four samples and the respective Mw and Mz.

All fractions were subjected to physical characterization by use of HT-SEC-d4. The polymeric
conformation was evaluated by extracting the effective slope of the scaling and/or Mark-Houwink plots
of the samples. Fractions of the dendritic Pd-samples and Ni2 display a progressing chain stiffness with
increasing polymer size. This can be reasonably explained by pronounced CW of the catalyst, which is
the dominant event during molecule growth and favours the formation of dendritic macromolecules.
These species are defined by a linear conformation on global scale, but possess a substantial content of
dendritic side-chains. In contrast, chain propagation governs polymer growth in Ni1 and produces
molecules with linear conformation. However, with increasing MM the deviation from a theoretical
linear chain is substantially high and provokes a decrease of the power law exponent  or . NMR
spectroscopy indicates little variation of the total branching quantity (NBr) between the single fractions
of a sample, which is indicative for a constant walking probability of the catalyst. The contraction factors
g’ was used to quantify the degree of branching. The weight-average values indicate a slight decrease
of the branching density with increasing fraction number for all bulk CWPEs. Better insights can be
retrieved from the MM dependence of the g’ as displayed in Figure 39a. Evidently, the branching density
decreases with growing polymer chain. However, this behaviour is concealed when analysing the bulk
sample. In general, this study reveals a substantial deviation between the analysis of the low MM
fraction (Fr3) and the respective bulk sample. This can be rationally explained by light scattering theory.
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As scattering intensity is directly proportional to MM, the contributions of large components are
stronger weighted, causing smaller components to be masked even when quantitatively dominant.
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Figure 39. MM dependence of the contraction factor g‘ of the bulk CWPE and their respective fractions (a). Molar mass
dependence of the structure factor k. Results are obtained from HT-SEC-d4.

The crucial influence can be demonstrated by the MM dependence of structure factor  of sample Ni2
and the respective MM fractions (Figure 39b). At low MM, the bulk indicates a structural compression
with increasing chain growth. However, at high MM an inverse trend is observed, deducing an expansion
with increasing MM. With regard to the consistency of CW, this seems unreasonable. Indeed, low MM
components are masked by co-eluting larger species, which falsify the effective  parameter. Instead,
as demonstrated by fraction analysis, CWPE undergoes a structural expansion with increasing polymer
size as predicted by theoretical considerations.
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This tendency is obtained for all samples, which confirms once again that the conformational shift,
underlying the CW mechanism of the diimine catalysts, is universal in CWPE. The concealment is also
traceable for the dAPP, thereby revealing a substantially higher molecular density at low MM range. The
fraction analysis confirms the correlation of dAPP and LCB as a function of g’ (Figure 40). For CWPE with
linear topology (Ni1), LCB is not observed and consequently dAPP is small. As discussed above, while Ni1
solely possesses a low content of methyl branches, the residual CWPE have a significantly higher NBr.
However, the deviations in NBr are too low, to reasonably explain the dramatically different
morphologies and dilute solution properties. Consequently, it is plausible that synthesis variation
addresses the branching quality rather than the branching number. This can be validated by the direct
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Figure 41. 2D contour plots of sample Ni2 (a) and p-MMF fractions Fr1-Fr3 (b)-(d), respectively. The plots are obtained from HTSGIC x HT-SEC with the 1-decanol  TCB gradient elution in the first dimension and fast SEC in the second dimension.

Using gradient mode IC, the topological differences of the fractions can be subjected to a qualitative
analysis. As discussed above, molecules are separated based on their thermodynamic interactions with
the surface of the PGC column applied in SGIC and TGIC. The respective elugrams of the fractions
indicate only little variation of their topological properties. However, some key differences are
noticeable. Fr1 (high MM fraction) is distorted towards higher elution volumes, suggesting less branched
components. In contrast, Fr2 and Fr3 display low content of these linear components. Instead, the
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amount of poorly retained components, which are indicative to be highly branched, increases
substantially. The hyphenation of IC with SEC separation reveals the MM dependence of the various
topological regimes of the analytes. A representative example is displayed in Figure 41 for sample Ni2
and the respective MM fractions. Fr1 contains components that are highly retained, indicating
molecules with rather linear topology. In contrast, in Fr2 and Fr3 the content of late eluting materials
substantially decreases for the benefit of early eluting components, which are indicative for molecules
with higher content of branches. A universal skewing is observed for Fr1 and Fr3 of all samples, which
substantiate the discussed structural transition of CWPE samples.
By use of advanced LC techniques, an in-depth characterization of various CWPE macromolecules gave
valuable insights into the physical and topological properties of the materials. This way, the
conformational shift of CWPE, which was predicted by simulations and verified by scattering
experiments (see chapter 5.3), was confirmed as a universal property. Moreover, the preparative
fraction technique overcomes certain drawbacks from online separation techniques, e.g., co-elution
phenomena.
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6 Conclusions and outlook
The present work focuses on the in-depth characterization of PE obtained from CW catalysis by stateof-the-art analytical methodology. Using light and neutron scattering experiments as well as advanced
liquid chromatography, the essential characteristics of CW polymerization, their products and possible
adjustments were elucidated. Moreover, an objective assessment was given regarding the product
potential of CW catalysis.
The key findings of the different parts are summarized as follows:
In the first part of the study, a novel quadruple-detection high temperature SEC technique (HT-SEC-d4)
for the characterization of PE was established. Thereby, in addition to conventional triple detection,
which comprises multi angle laser light scattering (MALLS), differential refractive index (dRI) detection
and viscometry, an online dynamic light scattering (DLS) was hyphenated. A selection of various types
of PE, both commercially available and synthesized with pronounced topological differences, were
examined using the quadruple detector SEC system. First, the principle physical parameters of
macromolecules were obtained. This implies the various MM moments and distribution. In addition,
three different radii can be assessed including the radius of gyration (𝑅𝐺 ) as well as the hydrodynamic
radii from DLS (𝑅𝐻 ) and viscometry (𝑅𝜂 ), respectively. Moreover, a detailed structural analysis of the
various types of PE was executed. The selected PE indicated substantial differences in their architecture.
On global scale, by the differences of the scaling parameters as well as the radii ratios 𝜌 = 𝑅𝐺 /𝑅𝐻 and
𝜅 = 𝑅𝜂 /𝑅𝐺 , evidence was given that their conformation ranges from dendritic to statistical coils. The
analytes did not only vary in their shape, but in their topological properties as well. It was demonstrated
that the contraction factors g and g’, which are obtained from the topology-based molecular deviation
of 𝑅𝐺 or the intrinsic viscosity [𝜂], respectively, serve as reliable alternatives to the commonly used
degree of branching. This was validated by the substantial deviations of the segmental apparent density
𝑑𝐴𝑃𝑃 , which well illustrates the various branching states of the selected PE. Hence, quadruple detector
SEC is a suitable and convenient technique for rapid screen of a multitude of potential analytes, with a
thorough examination of their structural properties as well.
The second part of the study focuses on the extensive investigation of the potential of CW catalysis for
PE synthesis by means of light and neutron scattering experiments. A library of ten CWPEs was
generated, which varied systematically in reaction pressure, temperature and time. Furthermore, the
influence of the catalyst concentration was examined. The samples were initially characterized using
the established HT-SEC-d4 technique to analyse their physical and structural parameters on a global
scale. The outcome revealed, that on the one hand, CWPE of various reaction conditions showed little
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variation in their polymeric shape. In addition, the total number of branches (NBr) gave evidence on a
constant branching quantity. On the other hand, the contraction factors of the various CWPE indicated
substantial differences in their topology, which lead to the conclusion that CW catalysis ultimately yields
into the formation of bottlebrush-shaped macromolecules. This concept reasonably explained the
consistency of shape and branching quantity but considered the varying topological and solution
properties, too. This hypothesis was validated by theoretically modelled CW structures. Using the meanfield model under excluded volume conditions, CW macromolecules in undisturbed condition were
simulated with different walking probabilities and various molecular size. Depending on the walking
probability, the theoretical CW structures varied from linear to a disordered dendrimer. The comparison
to the empirical data revealed that only a small window of this broad structural spectrum is accessible
through experiment, namely disordered dendritic bottlebrush polymers. More importantly, the
calculations predicted a universal structural shift with increasing polymer size from globular to
elongated conformation. This was validated by SANS experiments. From the scattering pattern of CWPE,
independent of the selected reaction pressure, a structural expansion with increasing polymerization
time was observed. Taking into account that NBr remains consistent, it is plausible that CW catalysis
ultimately yields bottlebrush-like macromolecules. Reaction conditions such as pressure and
temperature are solely capable of varying the thickness or compactness of the bottlebrushes. These
findings were finally complemented by atomic force microscopy images of the bottlebrush polymers,
which for the first time demonstrate visually an elongated shape of the PE bottlebrushes.
Within an extended study, CWPE was examined in-depth using advanced liquid chromatography
techniques to confirm the findings from scattering experiments. Within the first part, four samples of
CWPE were investigated using HT-SEC-d4, gradient interaction chromatography (IC) and twodimensional liquid chromatography (2D-LC). The respective samples differed in reaction pressure and
temperature, but most notably in their type of catalyst. While the Pd-diimine complex yielded the
familiar dendritic polymers, the Ni-catalyst produced rather linear macromolecules with substantially
lower content of branching. The samples were separated according to MM using SEC and, due to
multidetector hyphenation, subjected to a detailed structural analysis. While the polymers showed little
variation with regard to MM and size, profound deviation was observed for their topological properties.
This implies both changes in branching quantity and quality, which was confirmed by NMR spectroscopy.
Confirming the findings from the previous study, little change was observed for the macromolecular
conformation as demonstrated by the scaling exponents and radii ratios 𝜌 and 𝜅. However, the
contraction factor as well as 𝑑𝐴𝑃𝑃 validate the topological deviation of CWPE. Interestingly, the
deviation of 𝑑𝐴𝑃𝑃 correlates well with the number of long-chain branches and branch-on-branch
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proportion. Consequently, longer and rather complex branches trigger compaction in CWPE. Moreover,
from the MM dependence of the different parameters, it could be shown that the structural shift from
globular to elongated shape is not only universal for CW structures from Pd-catalysis, but for all CWPE.
This becomes most obvious from the significant reduction of 𝑑𝐴𝑃𝑃 with increasing MM. Using gradient
mode IC, CWPE were separated according to chemical composition. Both solvent and temperature
gradient mode were applied to enhance the topology-based interactions with the stationary phase of
the column and consequently improve the resolution. Indeed, the order of elution showed high
correlation to the number of branches as determined by NMR spectroscopy. Thereby, the dendritic
CWPE elute early, because their bottlebrush shape greatly hinders contact with the stationary phase. In
contrast, their linear counterparts from Ni-catalysis are highly retained since their open structure
promotes interaction with the substrate of the chromatographic column. Using 2D-LC, a bivariate
separation of CWPE according to chemical composition and MM was accomplished. The contour plots
gave early indications of the structural transition, as it was proposed in the previous study.
To gain deeper insight into the CWPE composition, the four CWPEs were subjected to MM fractionation
on preparative scale, which refers to the second part of the binary study. Using precipitation
fractionation, the samples were separated into low, medium and high MM fractions, which was
confirmed by SEC analysis. The obtained fractions were examined using identical analytical tools as in
part one in order to enable a direct comparison of bulk and fraction analytes. Little variation was
observed within the fractions regarding the shape of the polymers as described by the scaling
exponents. However, the contraction factors, the radii ratios 𝜌, 𝜅 as well as 𝑑𝐴𝑃𝑃 validated the universal
structural shift of CWPE from highly compact at low MM to relatively expanded at high MM.
Interestingly, the low MM fractions differed severely from bulk sample behavior, which resulted most
likely from co-elution of high MM components in SEC. As opposed to the low MM components of the
bulk, the low MM fraction was more compact and more densely branched. In contrast to part one, the
structural transition becomes more apparent from 2D-LC experiments of the fractions. A general shift
is observed in the contour plots of the fractions. Thereby, the low MM fractions are less retained, which
indicates their pronounced branching density. On the other hand, high MM fractions elute
comparatively late, which suggests a distinct reduction of the compactness with increasing polymer size,
independent of the applied synthesis conditions.
From the key findings of the four studies, it is evident that CW catalysis delivers high molecular weight
polyethylene with unique topological properties. Depending on the selection of reaction conditions, the
polymers vary in their branching quantity, their number of long chain branches as well as branch-onbranch units. However, independent of the applied conditions, CWPEs display a universal shape
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transition from compact to elongated conformation, yielding bottlebrush-like macromolecules, which
differ in their axial diameter. Although theoretical calculations predicted a broad structural spectrum
for CW catalysis, experiment accesses only a narrow part of it. Nevertheless, CW catalysis enables great
controllability on structural, solution and material properties of polymers.
These findings build a strong basis for future work. As indicated in chapter 2, CW catalysis has already
been applied for synthesizing block polymers by multi-step reactions. By systematically adjusting
reaction conditions, block copolymers could be formed that have dendritic junctions assembled through
elongated and less branched blocks. This way, ultra-high molecular weight CWPE could be synthesized
that might bear commercially promising properties. Through an exchange of the monomer, blockcopolymers with polar functionalities between the dendritic PE blocks can be generated. Although it has
been shown that it is generally possible, the extent of variability has not entirely exploited and other
implementations or combinations could be tested. This concept offers a great potential, especially for
designing smart polymeric materials. These are stimuli-responsive macromolecules, which exhibit a
drastic structural transformation triggered by slight changes of the environment, e.g., radiation,
temperature, pH, ionic strength, etc. These conversions are highly promising for biotechnological and
medical applications such as drug delivery systems, chemical vales, biomimetic actuators, immobilized
biocatalysts, etc.153 Trough CW catalysis, novel copolymers could be synthesized with monomers
bearing distinct functionalities that behave "smart". Due to the great controllability offered by CW
catalysis, not only the content and type of the smart co-monomers can be adjusted but also their type
of implementation as well as the topological properties of the resulting polymer. Consequently, there
are multiple approaches to regulate material properties and thus, possible applications.
Crystallization- or column-based fractionation techniques on preparative scale offer great potential to
gain deep insight into the microstructural properties of the probed macromolecules as well as to
determine the multivariate polymeric distributions. Yet, in the course of this work, preparative molar
mass fractionation gave only three fractions, because of the limited quantity of the bulk samples. By
substantially increasing the amount of the bulk polymer, separation into higher numbers of fractions
(8 - 12) would be possible. This way, the property resolution of the particular components increases,
which allows for a more precise characterization of the single fractions. This approach should be
complemented by investigating systematically produced CWPEs, for which the reaction conditions differ
considerably to the reaction set of the current work. In doing so, it would be possbile to determine the
influence of synthesis variation on the microstructural properties of the individual fractions.
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8.1 High Temperature Quadruple-Detector Size Exclusion Chromatography for
Topological Characterization of Polyethylene
Reproduced with permission from Anal.Chem. 2018, 90, 6178 – 6186. Copyright [2019] American Chemical Society.
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8.2 Polyolefins Formed by Chain Walking Catalysis – A Matter of Branching Density
Only?
Reproduced with permission from J. Am. Chem. Soc. 2019, 141, 15586 – 15596. Copyright [2019] American Chemical Society.
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8.3 Unraveling Multiple Distributions in Chain Walking Polyethylene Using Advanced
Liquid Chromatography
Reproduced with permission from Macromolecules 2020, 53, 3765 – 3777. Copyright [2020] American Chemical Society.
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8.4 Fractionation of chain walking polyethylene and elucidation of branching,
conformation and molar mass distributions.
Reproduced with permission from International Journal of Polymer Analysis and Characterization 2020, 41, 1 – 13. Copyright
[2020] Taylor & Francis Group.
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9 Appendix
9.1 Synthesis procedure of Chain Walking Polyethylene

Figure 42. Palladium and nickel -diimine complexes used in this work (BArF4- is tetrakis(bis-3,5-trifluoromethylphenyl)borate).

Catalyst preparation. Nickel and palladium -diimine complexes (Figure 42) were prepared according to
literature.18 Synthesis and characterization of polyethylenes varying in topology were performed
analogously to previously published procedures.17,96
Polymerization catalyzed by nickel complex. A 500 ml Fisher-Porter bottle with stirring bar was
repeatedly evacuated and filled with nitrogen and finally with ethene. Then toluene (300 ml, cannula
transferred) and modified methylaluminoxane (MMAO, 500 eq. to Ni) were added and mixture was
equilibrated at 10 or 25°C and the polymerization was started by the injection of nickel complex Ni
solution (5-10 μmol in 2 ml of dichloromethane). The absolute ethene pressure was kept constant at
1.2 bar (0.2 bar on gauge) or 8 bar (7 bar on gauge) by continuous feeding of ethene. After desired
polymerization time (0.5 – 3 h) polyethylene was precipitated by pouring the reaction mixture to large
excess of acidified ethanol, filtered, washed with ethanol, and dried under vacuum (100 Pa) at 50°C
overnight.
Polymerization catalyzed by palladium complex. A 100 ml Fisher-Porter bottle with stirring bar was
repeatedly evacuated and filled with nitrogen and finally with ethene. Then the reactor was charged
with 10 µmol of solid complex Pd and chlorobenzene (20 ml), fast thermostated at 10 or 25°C and fed
with ethene at 1 or 8 bar absolute pressure (beginning of polymerization). After 24h ethene pressure
was released and the reaction was quenched by the addition of 0.3 ml of triethylsilane. The
chlorobenzene was evaporated on a rotary evaporator, polyethylene was dissolved in toluene and
passed through a column packed with silica gel and alumina to remove the catalyst residues.
Polyethylene was precipitated to methanol, decanted and dried in a vacuum oven at 50 °C overnight.
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9.2 Supporting Information
9.2.1

High Temperature Quadruple-Detector Size Exclusion Chromatography for
Topological Characterization of Polyethylene
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Unraveling Multiple Distributions in Chain Walking Polyethylene Using Advanced
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9.2.4

Fractionation of chain walking polyethylene and elucidation of branching,
conformation and molar mass distributions.
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