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Motivation and Objectives

1. Motivation and Objectives

Polymers are a class of materials with an extremely wide range of applications, their
properties can be adjusted by the specific properties of the chosen monomers and
polymer architectures.>? Particularly in the field of rubber materials, the success story
started with the vulcanisation of natural rubber in 1939 by Charles Goodyear and
continued with the development of high-performance thermoplastic elastomers,
which are typically composed of styrene and dienes such as butadiene or isoprene.>*
The academic and industrial interest in such materials is evident in the range of

different copolymers, which are characterised by the incorporation of different styrene

derivatives or different copolymer architectures.’

The living anionic polymerisation in particular is the gold standard for highly controlled
syntheses of thermoplastic elastomers (TPEs) with a high content of 1,4-regioisomers
in the polydiene block, which represents the elastic soft phase of the material.®’ The
stepwise addition of the comonomer allows comparatively easy access to block
copolymers with exact molecular weights and dispersities. While the known styrene
derivatives predominantly feature substitutions with oxygen-containing groups on the
phenyl moiety, several nitrogen-bearing styrene derivatives are also reported in
literature.®® However, vinylpyridine in particular is an exciting comonomer due to the
substitution within the aromatic ring. Especially its use in TPEs would be interesting, as
its inherent polarity and the possibility to carry out numerous postpolymerisation

modifications could significantly expand the range of possible applications.°

The main drawback when using vinylpyridine is the reactivity of the monomer. While
autopolymerisation and side reactions during the reaction can easily take place, the
active chain end shows high stability and thus low reactivity due to the electron-
withdrawing pyridine ring.>!° As a result, the possibilities for copolymerisation with
hydrocarbon monomers are limited. Neither the random copolymerisation nor the
linear synthesis of vinylpyridine-isoprene-vinylpyridine ABA triblock copolymers is

possible, since the crossover starting from vinylpyridinyllithium is absent.
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Given the limited statistical copolymerisation, this led to the question:

"Is it possible to introduce statistically distributed hydrocarbon side groups into
polyvinylpyridine via the careful choice of a new comonomer, to tailor the material

properties?"
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Figure 1: Visualisation of a novel comonomer combining styrene and 2-VP for the statistical
copolymerisation with 2-VP.

The use of multivalent initiators in carbanionic polymerisations is well established both
in academia and industry.!™*3 Typically, bifunctional initiators are used to reduce the
number of reaction steps required in the synthesis of (multi)block copolymers by 1, or,
in the case of tri- or oligofunctional initiators, to enable complex polymer
architectures.'® Another possible application for bifunctional initiators is the
copolymerisation of reaction-inhibited monomers, thus enabling the overcome of
reactivity differences by means of exploiting linear synthesis routes.’>® This led to the

second question:

"Is it possible to optimise the use of bifunctional initiators towards a universally
applicable route in order to realise novel copolymer architectures based on isoprene

and vinylpyridine?"
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Figure 2: Visualisation of a synthesis route towards 2-\V/P-isoprene-2-\/P ABA triblock copolymers.
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2. Abstract

This thesis describes the copolymerisation of 2-vinylpyridine (2-VP) towards novel
copolymer structures. The main objective is to expand the range of applications for
P(2-VP) copolymers, in terms of hydrophilicity and thermal properties as well as the

synthesis of thermoplastic elastomers (TPEs) with 2-VP hard segments.

Chapter 1 gives a general introduction and describes the theoretical background of this
thesis. Starting from the basics of carbanionic polymerisation, different polymer
architectures and the properties of thermoplastic elastomers are described. An
overview of the monomers used, isoprene and 2-VP, highlights the necessary
conditions for the polymerisations to be carried out. Literature-known 2-VP-isoprene
diblock copolymers are reviewed and the microphase separation of
2-VP-hydrocarbon monomer block copolymers is discussed in detail. Finally, the history
of bifunctional initiators, which represent the basic building block for the development
of the new polymer architectures, is presented. The initiators used in this thesis, double
diphenylethylene (DDPE) and 1-bromo-4-(4-bromophenoxy)-2-pentadecylbenzene

(DBPPB), are discussed in detail and the respective characteristics are outlined.

Chapter 2 presents a new monomer and its copolymerisation with 2-VP.
3-(1-phenylvinyl)pyridine (m-PyPE) is prepared starting from 3-benzoylpyridine via a
facile Wittig reaction and embodies the combination of styrene and vinylpyridine, with
the purpose of aligning the reactivities of both monomers. While the direct
copolymerisation of 2-VP with styrene is not possible, the adjusted reactivity allows
the cross-over between the phenyl-bearing comonomer and 2-VP and vice versa,
opening up the possibility of randomly introduced hydrocarbon side groups in P(2-VP).
The analytical results of the synthesis, based on NMR spectroscopy, confirm the
successful copolymerisation. It is demonstrated that the material properties can be
efficiently altered and adjusted. As expected, the glass transition temperature T,

increases in a linear trend with increasing m-PyPE content, while the hydrophilicity is
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reduced. These results provide a promising basis for the further development of

existing applications in which P(2-VP) is used.

Chapter 3 focuses on the bifunctional initiators for the following copolymerisations of
2-VP with isoprene. DDPE and DBPPB are described in detail with their respective
characteristics and a universal route for the use of both initiators for polymerisations
is presented. In particular, the kinetics during the activation step is in the foreground
and monitored by means of *H NMR spectroscopy to ensure quantitative conversion.
Based on this, the optimal working concentration for the use of the initiators is
described. The results form the basis for the subsequent triblock syntheses and are

generally valid for further conceivable carbanionic polymerisations.

Chapter 4 describes the synthesis of novel 2-VP-isoprene ABA triblock copolymers.
Starting with the synthesis of DDPE, the activation of the initiator is discussed and the
quantitative conversion into the active species is confirmed via the endcapping of a
polystyrene sample with ethylene oxide. Subsequently, the optimal reaction conditions
for block copolymer synthesis are determined experimentally and the synthesis of
different series of samples is displayed, confirming that the use of a bifunctional
initiator is suitable to circumvent the sequence limitation of a monofunctional
initiation. The analysis by means of SEC and NMR spectroscopy confirms the excellent
reaction control. A high proportion of 1,4-regioisomers within the isoprene block as
well as the correct monomer composition is determined. Furthermore, the known
aggregation tendency of the polymers is observed and characterised via SEC and light
scattering experiments. Finally, qualitative post-polymerisation modification of the
materials by means of protonation as well as preliminary elastomeric properties are

shown, the latter indicating the suitability of the polymers as TPEs.

Chapter 5 covers the synthesis of high molecular weight triblock copolymers from 2-VP
and isoprene. The optimisation of the synthesis route is discussed in detail and the
resulting polymers are characterised by SEC and NMR spectroscopy. The results
obtained show a high fraction of the 1,4-regioisomer within the polyisoprene block,

which is an important factor for elastomeric behaviour. Thermal analysis of the glass
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transition temperature clearly shows the T,s of both blocks, suggesting successful
microphase separation. From the synthesised samples, films were prepared using the
solvent evaporation technique, which are qualitatively investigated by tensile testing.
The results show that the choice of a suitable solvent during film production should be
the focus of further research, but the basic suitability of the materials for use as TPEs

can already be discerned from the performed measurements.

Chapter 6 deals with the enfunctionalisation of bifunctionally initiated polyisoprene
with m-PyPE, an amino functional DPE derivative. The absence of homopolymerisation
of m-PyPE provides an elegant solution for the introduction of exactly one amino
functionality on the living chain. The possibility of postpolymerisation modification of
m-PyPE allows reversible crosslinking of such telechelics using dihalogenated species
or bisphenols. The latter are of particular interest due to the lower toxicity. The
theoretical background as well as different synthetic approaches and the respective

difficulties are discussed.
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Zusammenfassung

3. Zusammenfassung

Diese Arbeit thematisiert die Copolymerisation von 2-Vinylpyridin (2-VP) und die
Synthese von neuartigen 2-VP Copolymerstrukturen. Das Hauptziel ist die Erweiterung
des Anwendungsbereichs von P(2-VP) Copolymeren in Bezug auf Hydrophilie und
thermische Eigenschaften, sowie die Synthese von thermoplastischen Elastomeren mit

P(2-VP) Hartsegmenten.

Kapitel 1 gibt eine allgemeine Einfihrung und beschreibt den theoretischen
Hintergrund dieser Arbeit. Ausgehend von den Grundlagen der carbanionischen
Polymerisation werden verschiedene Polymerarchitekturen und die Eigenschaften von
thermoplastischen Elastomeren beschrieben. Ein Uberblick iiber die verwendeten
Monomere Isopren und 2-VP zeigt die notwendigen Bedingungen fir die
durchzufiihrenden Polymerisationen. Literaturbekannte 2-VP-Isopren
Diblockcopolymere werden diskutiert und die Mikrophasenseparation von 2-VP
Kohlenwasserstoffmonomer Blockcopolymeren wird ausfiihrlich erortert. SchlieRlich
wird die Geschichte der bifunktionellen Initiatoren, die den Grundbaustein fir die
Entwicklung der neuen Polymerarchitekturen darstellen, vorgestellt. Die in dieser
Arbeit verwendeten Initiatoren, Doppeldiphenylethylen (DDPE) und
1-Brom-4-(4-bromphenoxy)-2-pentadecylbenzol ~ (DBPPB), werden  detailliert

charakterisiert und die jeweiligen Besonderheiten vorgestellt.

Kapitel 2 stellt ein neues Monomer und seine Copolymerisation mit 2-VP vor.
3-(1-Phenylvinyl)pyridin (m-PyPE) wird ausgehend von 3-Benzoylpyridin ber eine
Wittig-Reaktion hergestellt und verkorpert die Kombination von Styrol und
Vinylpyridin mit dem Ziel, die Reaktivitat dieser Monomere anzugleichen. Wahrend die
direkte Copolymerisation von 2-VP mit Styrol nicht moglich ist, erlaubt die angepasste
Reaktivitdit des neuen Comonomers m-PyPE den Cross-Over zwischen dem
phenylsubstituierten Comonomer und 2-VP und umgekehrt, was die Moglichkeit von
zufidllig eingefiihrten Kohlenwasserstoff-Seitengruppen in P(2-VP) eroffnet. Die

analytischen Ergebnisse der Synthese, basierend auf NMR-Spektroskopie, bestatigen

-11 -
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die erfolgreiche Copolymerisation. Es wird gezeigt, dass die Materialeigenschaften
effizient verandert und eingestellt werden koénnen. Wie erwartet, steigt die
Glasubergangstemperatur T, mit zunehmendem m-PyPE-Gehalt linear an, wahrend die
Hydrophilie abnimmt. Diese Ergebnisse bilden eine vielversprechende Grundlage fir

die Weiterentwicklung bestehender Anwendungen, in denen P(2-VP) eingesetzt wird.

Kapitel 3 konzentriert sich auf die bifunktionellen Initiatoren fiir die folgenden
Copolymerisationen von 2-VP mit Isopren. DDPE und DBPPB werden mit ihren
jeweiligen Eigenschaften detailliert beschrieben und eine universelle Route fiir den
Einsatz beider Initiatoren flr Polymerisationen vorgestellt. Insbesondere steht die
Reaktionskinetik wahrend des Aktivierungsschrittes im Vordergrund und wird mittels
'H-NMR-Spektroskopie verfolgt, um den quantitativen Umsatz zu gewihrleisten.
Darauf aufbauend wird die optimale Initiatorkonzentration beschrieben. Die
Ergebnisse bilden die Grundlage fiir die nachfolgenden Triblocksynthesen und sind

universell fir weitere denkbare carbanionische Polymerisationen anwendbar.

Kapitel 4 beschreibt die Synthese von neuartigen 2-VP-Isopren ABA
Triblockcopolymeren. Ausgehend von der Synthese von DDPE wird die Aktivierung des
Initiators erdrtert und die quantitative Umwandlung in die aktive Spezies durch das
Endcapping einer Polystyrolprobe mit Ethylenoxid bestatigt. Anschlieflend werden die
optimalen Reaktionsbedingungen fiir die Synthese von Blockcopolymeren
experimentell bestimmt und die Synthese verschiedener Proben gezeigt, was bestatigt,
dass der Einsatz eines bifunktionellen Initiators geeignet ist, um die
Sequenzbeschrankung der monofunktionellen Reaktionsfiihrung zu umgehen. Die
Analyse mittels GPC und NMR-Spektroskopie bestdtigt die ausgezeichnete
Reaktionskontrolle. Es wird ein hoher Anteil des 1,4-Regioisomers innerhalb des
Isoprenblocks sowie die korrekte Monomerzusammensetzung nachgewiesen. Darliber
hinaus wird die bekannte Aggregationsneigung der Polymere beobachtet und durch
GPC- und Lichtstreuungsexperimente charakterisiert. SchlieBlich werden die

qualitative Modifizierung der Materialien nach der Polymerisation durch Protonierung
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sowie erste elastomere Eigenschaften untersucht, wobei letztere auf die Eignung der

Polymere fiir dein Einsatz als TPEs hinweisen.

Kapitel 5 behandelt die Synthese von hochmolekularen Triblockcopolymeren aus 2-VP
und lIsopren. Die Optimierung der Syntheseroute wird ausfihrlich erortert und die
resultierenden Polymere werden mittels GPC und NMR-Spektroskopie charakterisiert.
Die erzielten Ergebnisse zeigen einen hohen Anteil des gewlinschten 1,4-Regioisomers
innerhalb des Polyisoprenblocks, der ein wichtiger Faktor fiir das elastomere Verhalten
ist. Die thermische Analyse der Glasiibergangstemperatur zeigt deutlich die T,s beider
Copolymerblocke, was auf eine erfolgreiche Mikrophasentrennung schlieRen lasst. Aus
den synthetisierten Proben wurden mit Hilfe der Losungsmittelverdampfungstechnik
Filme hergestellt, die durch Zug-Dehungsversuche qualitativ untersucht wurden. Die
Ergebnisse zeigen, dass die Wahl eines geeigneten Ldsungsmittels bei der
Folienherstellung im Fokus weiterer Forschung stehen sollte, die grundsatzliche
Eignung der Materialien fiir den Einsatz als TPEs ist aber bereits durch die

durchgefiihrten Messungen zu erkennen.

Kapitel 6 beschaftigt sich mit der Enfunktionalisierung von bifunktionell initiiertem
Polyisopren mit m-PyPE, einem aminofunktionellen DPE-Derivat. Das Ausbleiben der
Homopolymerisation von m-PyPE bietet eine elegante Losung fiir die Einflihrung von
genau einer Aminofunktionalitat am lebenden Kettenende. Die Moglichkeit, m-PyPE
nach der Polymerisation zu modifizieren, erlaubt die reversible Vernetzung solcher
Telechele mit Hilfe von dihalogenierten Spezies oder Bisphenolen. Letztere sind
aufgrund ihrer geringeren Toxizitait von besonderem Interesse. Der theoretische
Hintergrund sowie verschiedene synthetische Ansdtze und die jeweiligen

Schwierigkeiten werden erortert.
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Chapter 1 — Introduction - Carbanionic Polymerisation

5.Chapter 1 — Introduction

After the first report on macromolecules by H. Staudinger in 1920 a tremendous
milestones in polymer science was set by Michael Swarcz in 1954 with the
development of the living anionic polymerisation, which today is an important research
field, and by far not limited to academia.’™ The global production of plastics rose to
368 million tons in 2019 and is still growing.® Especially the possibility to synthesise
tailored polymers without any side reactions as well as in the absence of chain transfer
or termination reactions enabled the manufacturing of high-precision and

high-performance plastics.

5.1 Carbanionic Polymerisation

Polymerisation reactions are divided into two main types: Step-growth and
chain-growth reactions. While the former require monomers with two functional
groups that can form a chemical bond and thus requires high turnover, the latter is
characterised by the fact that individual monomers are each capable of adding a new
monomer.” Chain-growth polymerisation can be further divided into radical, cationic,
anionic and coordinative polymerisations.® This work is focused on the anionic
polymerisation of carbohydrate vinyl monomers, which gained considerable attention
in 1956 with the polymerisation of styrene with sodium naphthalenide in THF by
Michael Szwarc, as shown in Figure 1.2 The reaction begins with the formation of a
naphtalenide radical anion in an electron transfer reaction from sodium followed by
the formation of a styrene radical which readily dimerises into the active bifunctional
initiator structure. The radical nature of the activation step justifies the use of a polar
solvent such as THF, which ultimately slightly limits the scope of this method, as will be
discussed later. The bifunctional styrene dimer is now capable of adding additional
styrene monomers, leading to the formation of the polymer until all remaining

monomer is consumed. The chain ends are then still in an active form which allows the
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polymerisation of additional monomer units when they are added to the reaction

mixture.
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Na
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Figure 1: Anionic polymerisation of styrene using sodium naphtalenide as initiator in THF.
Today, alkyl lithium initiators are commonly used to start the polymerisation reaction
of many different monomers. An exemplary overview of suitable monomers is given in
Figure 2.° Especially polystyrene and polydienes as well as substituted polystyrenes e.g.

alkyl styrene or p-fluorostyrene have been intensively studied.*®’

N A
Z N —~ R "R
~) A 0
R

Figure 2: A selection of monomers suitable for anionic vinyl polymerisation. R=H, alkyl, electron
withdrawing non-protic group.

To characterise an anionic polymerisation reaction as a living anionic polymerisation,
several criteria must be met: To ensure homogeneous chain growth, the initiation step
must be significantly faster than the propagation rate of the reaction, and there must
be no termination or chain transfer reactions throughout the reaction. This then allows
the synthesis of well-defined polymers with dispersities © of around 1.01-1.10.*® The

dispersity distribution is given in Equation 1 where M, is the weight average and M,

the number average.
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<

w

D= — :1+; Equation 1
n DP,

<

Figure 3 shows the three different polymerisation steps: Initiation with
sec-Butyllithium (s-Buli), propagation and termination with methanol as protic

substance.
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Figure 3: Overview over the reaction steps during a carbanionic polymerisation.
In the absence of side reactions, the carbanion concentration is constant and equals
the initiator concentration. Therefore, the monomer consumption of these
polymerisations can be described by first order kinetics, shown in Equation 2.
d[m]

— =k
dt P

) ) Equation 2
MM 1=k, [M][I ]
To ensure the homogeneously growth of the polymers, the initiation rate of living
anionic polymerisations is considerably higher than the propagation rate. Therefore,
the degree of polymerisation P, can be adjusted by the monomer-to-initiator ratio, as

described by Equation 3.

[M]o - [M ], _ [M]o - [M ] Equation 3
(M7] [/°]

P.=

Utmost care must be taken with regard to the reaction conditions, as protic impurities
as well as oxygen and carbon dioxide lead to the uncontrolled termination or chain

coupling as shown in Figure 4.
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Figure 4: Impurities during the living anionic polymerisation of polystyrene lead to different
termination or chain transfer reactions.

Traditionally, the break seal technique was used for these kinds of syntheses. Modern
reaction conditions use the Schlenk technique with teflon caps and rubber seals, high
vacuum, several flame drying steps of the sealed apparatus and careful pretreatment
of all monomers and solvents, including the removal of stabilisers and traces of water

and dissolved gasses with calcium hydrate and repeated freeze-pump-thaw cycles.*®

As described earlier, the chain ends of the growing polymers remain active once the
monomer has been fully incorporated, and subsequently begin the polymerisation of
additional monomer, if added. This allows the synthesis of more complex polymer
architectures and well-defined copolymer structures, a selection from the many
variants is shown in Figure 5.1 Depending on the reactivity of the monomers and the
addition strategy, their position along the chain differs. Block copolymers are
commonly synthesised via the sequential addition of monomers. This also allows the
synthesis of tri- or higher block copolymers and especially ABA triblock copolymers

from styrene and butadiene or isoprene are present in the polymer industry.2%2
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Figure 5: Selection of different (co)polymer architectures.

Copolymers combine properties of their consisting monomers. Random or alternating
copolymers show a behaviour that can be described as a mixture of both monomer
properties. To a certain degree, this is also true for gradient copolymers yet changes,
if the gradient is steeper and the polymer structure becomes block like. Block
copolymers generally exhibit the separate characteristics of the homopolymers,
particularly concerning the glass transition temperature Tg, but nevertheless combine
their respective properties, e.g. for elasticity and toughness, in one material. Triblock
copolymers are of particular interest, as their intermolecular interaction results in
enhanced material properties.?>?® Based on this characterisation three main groups

are defined: Elastomers, thermoplastics and duroplastics.
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5.2 Thermoplastic Elastomers

Elastomers are defined as a class of polymers that display rubber-like elasticity,
basically named after their elastic recovery upon mechanical deformation.?
Elastomers based on natural rubber, obtained by coagulation of the milk sap of the
rubber tree Hevea brasiliensis, were already used by ancient cultures like the Maya
around 200-400 AD.* The journey to today’s materials continued with the discovery of
the vulcanisation process by Charles Goodyear in 1839. The covalent crosslinking of
polyisoprene with sulfur to introduce sulfide bridges leads to the hardening of the
rubber and thus to highly elastic materials.?*?® The diverse applications for these
materials range from pencil erasers, balls and gloves to automotive tires and much
more. The latter in particular represents one of the most widespread groups for
polymers of this type after the first air-filled tire was patented by Robert William
Thomson in 1847.%” The molecular structure of these materials was discovered by
G. Williams in 1860 via careful pyrolysis of caoutchouc and the isolation of isoprene.?
In 1910 F. E. Matthews by accident discovered the formation of a rubber-like material
from the storage of isoprene over sodium metal for several weeks. He went on to
develop other synthetic rubbers by using different dienes and alkali metals such as
butadiene and potassium which was patented in Great Britain.?® With the expiration of
the patent in 1926 IG Farben continued with the work on the alkali metal initiated
polymerisation and produced the famous synthetic Buna rubber 32, 85 and 115 with
different molecular weights for the tire manufacture.?® In 1929, Walter Bock developed
styrene-butadiene copolymers by emulsion polymerisation. These early thermoplastic
elastomers (TPEs) show superior material properties in terms of abrasion and
improved the existing tire designs.3° Regardless of the application, the main advantage
of these materials is based on not covalent but physical crosslinking and the resulting
recyclability. Since their introduction to the market in the 1950s, TPEs have
experienced an emerging growth in the polymer industry.3133 The established living
anionic polymerisation described earlier has now enabled the precise synthesis of
similar polymers and is a powerful tool to produce materials with enhanced

properties.3*
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TPEs typically consist of a hard phase (e.g. styrene) and a soft phase (e.g. isoprene) that
can self-assemble into intermolecular aggregates as a consequence of immiscible

polymer blocks which act as crosslinks while being readily moldable for processing.®
For AB deblock copolymers, this microphase separation is described by the
Flory-Huggins theory, given in Equation 4.3¢

AG,  fu Equation 4
ke T = N_InfB+fAfBXAB

A

AG,, represents the Gibbs free energy, ks the Boltzmann constant and T the
temperature. The volume fraction of monomers A or B is given by the respective
variable f, while N describes the degree of polymerisation and y the Flory-Huggins
interaction parameter. The entropy of the system is described by the first two terms
and always favours the mixing of the phases, however, this effect is only small since
polymers commonly have a large degree of polymerisation.?’” The latter term of
Equation 4 represents the enthalpy term and the Flory-Huggins interaction parameter
affects the segregation significantly. x,; is further described by Equation 5 as the
free-energy cost per monomer of contacts between A and B monomers.
Xng = kBiT £AB'%(£AA+‘EBB) Equation 5

Z is the number of nearest neighbouring monomers in a copolymer configuration cell
and g, the interaction energy per monomer between A and B monomers. Positive
values indicate the repulsion between A and B while negative ones indicate a drive
towards the mixing.>® The segregation of the blocks ultimately lead to the formation of
domains ranging between 10-100 nm in size.®® In order to achieve a state that is as
favourable as possible in terms of energy, the system strives to minimise the interfaces
of the domains.*® Based on the volume fraction of the monomers, a series of
morphologies is possible, as shown in Figure 6.*' Scheme a) depicts how once the
volume fraction of monomer B exceeds a certain value, the block copolymer starts to

self-assemble and a spheric (S), a cylindric (C) or a gyroid (G) morphology is formed,
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embedded in the phase of the more voluminous comonomer block. If the volume
fraction of block B is further increased, a lamellar (L) structure forms until block A starts
to form these morphologies in a reversed manner, embedded in the phase of block A.
Scheme b) shows the calculated phase diagram, which allows estimation of the block
copolymer composition necessary to form a given morphology, while scheme c)
displays an experimental diagram for a diblock copolymer of styrene and isoprene

including a mixed morphology, the perforated lamellar structure (PL).
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Figure 6: a) Different phase morphologies based on the volume fraction of the monomers. b)
Calculated phase diagram for the respective morphologies. c) Experimental phase diagram for a
styrene-isoprene block copolymer. (Copyright (2012) Royal Society of Chemistry).*:

The morphology of ABA triblock copolymers is similar to that of AB diblocks in a good
approximation, here the volume fraction is considered by snipping the B block in the
middle.*>** Figure 7 shows an exemplary, schematic domain arrangement of an ABA
triblock copolymer. Compared to diblock copolymers, triblock copolymers exhibit
improved mechanical properties because the polymer chains form bridges between
the phase separated domains building a physical network that can also be further

stabilised by the formation of loops.*%4>4
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Figure 7: Schematic domain arrangement of an ABA styrene-isoprene copolymer.

Increasing the number of blocks enhances this effect as well as a higher molecular

weight of the polymers, since the bridging and entangling fraction is increased.*¢%’

Today, the applications of these materials range from general-purpose 3D printing to
highly specific medical applications, and many different monomers are used, yet

styrene and isoprene are still among the most commonly used.*®
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5.3 Isoprene

Avariety of dienes is known in literature, yet one of the most common monomers used
as low T, component, along with butadiene, is isoprene. In 2017 natural rubber
(cis-1,4-polyisoprene) accounts for 46% of the total global rubber consumption.* A

selection of different dienes is shown in Figure 8 a).

a)

butadiene isoprene  myrcene farnesene
cis-1,4 trans-1,4

Figure 8: a) Selection of different dienes suitable for the living carbanionic polymerisation.
b) Different microstructures of polydienes.

Myrcene and farnesene represent a rather novel class of dienes for TPE usage and
furthermore represent the trend towards bio-based resources as they are yielded from
the renewable resources e.g., turpentine oil or sugar cane.>®>2 The living carbanionic
polymerisability of diene monomers is based on the 1,3-conjugated double bond. In
the course of the polymerisation reaction, a heterogeneous microstructure is formed
and cis-1,4-, trans-1,4-, 3,4- and 1,2-units are possible, as shown in Figure 8 b).>3 This
microstructure is one of the key factors with respect to the properties of polydienes.
One main difference between the microstructures is the T, an overview for

polyisoprene is given in Table 1.545¢
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Table 1: Glass transition temperatures of the different isoprene microstructures.

microstructure Tg/°C
cis-1,4 -73
trans-1,4 -58
3,4 33
1,2 9

Alow T, is especially preferred for TPE applications, so the most desired microstructure
is the cis-1,4 repeating unit.>’ To achieve this, specific parameters must be met during
the polymerisation reaction. One of the main factors favouring the cis-1,4
microstructure is the solvent. Non-polar solvents like cyclohexane are not able to
interact with the living chain ends, leading to a closer ion-pair and therefore allowing
the preorganisation of the monomer units.”® The addition of polar solvents like THF
leads to a looser ion-pair and therefore an increased number of 3,4-units. It is
noteworthy that the addition of THF also alters the reactivity ratio during the statistical
copolymerisation of styrene and isoprene depending on the [THF]/[Li] ratio, thus
allowing the copolymer gradient to be adjusted. Figure 9 shows the influence of the

solvent on ion-pairs, as described by the Fouss-Winstein spectrum of anion pair

interaction. 165962
SINC) o @ @ @
[F" . Mt n—T—"“ n R, Mt # %MI — W He + Mi
aggregated contact solvent-separated free ions
ion pairs ion pairs ion pairs

Figure 9: Fouss-Winstein spectrum of solvent dependent anion pair interaction.*

The widely used alkyl lithium initiators already fulfil the other main requirement:
Lithium as counterion. The use of sodium or potassium alters the compositions towards
a higher trans-1,4 and 3,4 content.®*® In contrast to the bigger sodium or potassium
counterion, the C-Li coordination complex allows the preorganisation of the monomer

unit prior to the addition reaction, as shown in Figure 10.
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Figure 10: Solvent-dependent preorganisation of butadiene monomers during the living anionic
polymerisation.

During the propagation step, a six membered ring structure is formed due to the close
C-Li association, resulting in the 1,4-addition of the monomer.%>® In summary, the
standard reaction conditions chosen for the synthesis of high cis-1,4 polyisoprene are
non-polar solvents such as cyclohexane and alkyl lithium initiators like sec-butyllithium.
The microstructure not only influences the T, but also alters the aging of the material
properties. The dangling double bond of the 1,2- or 3,4-repetitive unit facilitates side
reactions that enhance the aging of the polymer. This thermal-oxidative aging leads to
a loss of elastomeric properties due to chain scission and cross-linking.®’
Hydrogenation of the polymer is often used for industrial applications to overcome this

limited stability, but this also leads to an elevated T,.%®

In 1966, Geoffrey Holden patented his process for the production of P(S-b-I-b-S) block
copolymers for the Shell Oil Company, thus laying the foundation for the modern
synthesis of diene-containing and, in particular, isoprene-containing TPEs.%® The
versatility of these materials is evident in the vast number of industrial applications
and academic studies that range from simple shoe soles to highly specific stretchable
electronic devices, especially when copolymerised with styrene derivatives and styrene
itself as the hard phase.»®’° AB, ABA and (tapered) multiblock copolymers were

intensively studied with their respective material properties starting from the fairly
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poor performance of diblock copolymers to the impressive mechanical properties of
polymers with higher block numbers, as shown in Figure 11. A distinct different
behaviour is reported between the diblock copolymers and the corresponding
multiblock copolymers with the same molecular. The lack of domain bridging leads to
the a considerably earlier break point, while the multiblock copolymers exhibit an

elongation of up to 900%.%3717¢
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Figure 11: Stress-strain curves of styrene-isoprene block copolymers with varying block numbers
and molecular weights (a) 80 kg/mol; b) 240 kg/mol; c) 400 kg/mol), showing the different
elasticity between diblock copolymers and those with higher block numbers.”

An attempt to push the current limits further, several multigraft copolymers with
complex architectures were synthesised and have recently been summarised in a

review on superelastomers by Mays et al. in 2017.77 An overview is given in Figure 12.

X0 Hh

star cyclic graft
star-b-linear-b-star comb-on-comb star-comb

Figure 12: Selection of various complex architectures of block copolymers for the use as
superelastomers.””
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The nonlinear architectures provide a new set of options for further tuning the
mechanical properties and introduce additional functionality into the TPEs. In order to
synthesise these structures, coupling agents such as chlorosilanes, bifunctional
comonomers such as 1,4-bis(phenylethenyl)benzene (PDDPE) or DPE derivatives with
functional groups that allow post-polymerisation reactions are used. Compared to
commercial Kraton which breaks at 1050% elongation, a tetrafunctional multigraft
copolymer with 10 branch points can be elongated up to 2100%.”® This can be
explained by the fact that the Pl backbone connects significantly more rigid PS domains
compared to linear copolymers. For the same polymer composition, ultimate
stress/strain increases linearly with the number of branches as the number of physical
cross-links increases. Moreover, a perfectly ordered morphology is not essential for
increasing mechanical properties; a high number of branch points compensates for

this.

The development in this field demonstrates that it is worthwhile to design new
polymers for the application as next-generation high-performance materials. Another
approach besides architectural changes to producing isoprene-based TPEs is to
completely replace the styrene blocks. Vinylpyridine, in particular, appears to be an
attractive comonomer, as it exhibits similar mechanical properties compared to

styrene, but due to its polarity shows a chemically different behaviour.
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5.4 Vinylpyridine
While styrene is one of the most popular monomers used for TPEs, the nitrogen
bearing derivative vinylpyridine is less common, yet gives access to polymers with
unique properties, as described in the following. Figure 13 shows the three different
isomers of vinylpyridine: 2-vinylpyridine (2-VP), 3-vinylpyridine (3-VP) and
4-vinylpyridine (4-VP).

X A X
Z >N /I /l
\I xUN \N

2-vinylpyridine 3-vinylpyridine 4-vinylpyridine

Figure 13: Different isomers of vinylpyridine.

Compared to P(3-VP), P(2-VP) and P(4-VP) as well as the corresponding copolymers are
relatively well studied; Szwarcz, among others, published work on the anionic
polymerisation of vinylpyridine as early as 1962.7°8® The latest comprehensive review
on polyvinylpyridine (PVP) published by Kennemur in 2019 underlines the versatility of
the polymers.®” 3-VP as monomer is usually left out, which can be addressed to its
rather high price. In contrast to styrene, the anionic polymerisation of vinylpyridines
usually requires more skill and precisely adjusted reaction conditions due to the
increased reactivity and possible side reactions of the monomer.?® The
electron-deficient heterocycle significantly reduces the electron density of the reactive
vinyl group, which on the one hand increases the polymerisability, but on the other
hand also increases the stability of the living chain end.®#° This results in a limitation
in the synthesis of block copolymers, which will be discussed in more detail later. The
polar character of the pyridine ring limits the solvents during the polymerisation
reaction, hydrocarbon solvents such as cyclohexane leads to the precipitation of the
polymer during the reaction, therefore, THF commonly is the solvent of choice and
reaction temperatures between -78 and -60 °C are necessary.”® Temperatures higher
than that lead to uncontrolled side reactions as the active chain end is able to react

with the pyridine ring, as shown in Figure 14, leading to branching and cross-linking.
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Due to the two neighbouring carbon atoms, this effect is even more pronounced in the

polymerisation of 4-VP.!

Figure 14: Possible branching and cross-linking side reactions during the polymerisation of 2-VP.

The highly reactive character of vinylpyridine allows its initiation already with
comparatively weak bases such as Grignard reagents or enolates.”? In addition,
autopolymerisation of unstabilised vinylpyridines usually starts within one week, even
when stored at temperatures around -20 °C. This, together with the hygroscopic nature
of the monomer, necessitates careful treatment of the monomer prior to the
polymerisation. Stabilisers are removed by filtration over basic alumina, water and
other protic impurities by stirring over CaH, and if necessary, further drying agents such
as trialkylaluminum as well as several distillation and freeze-pump-thaw cycles — a

process that is comparable to the purification of methacrylates.®® The propagation
reaction proceeds at a comparatively high rate of 2500 - 3500 ﬁ, depending on the

reaction conditions, while the formation of a deep red coloured solution as a result of
the m-conjugated anionic chain ends can be observed. Ultimately, PVP can be
synthesised with controlled molecular weights and narrow dispersities of 1.1-1.2,
although it is noteworthy that the estimated molecular weights are about two-thirds
lower in SEC measurements compared to PS calibrations, which can be attributed to

the reduced hydrodynamic volume of PVP in THF.?

The increased stability of the active chain end already mentioned poses particular
difficulties in the synthesis of copolymers. In the anionic polymerisation of styrene
derivatives, the m-electron density of the vinyl-f8-carbon directly reflects the reactivities

of the monomers and the chemical shift in the 3C NMR spectrum is a measure thereof.
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Table 2 gives an overview over different monomers and their respective shifts in

carbon NMR spectroscopy.®*

Table 2: 3-carbon shifts of selected monomers measured via 13C NMR (a) 400 MHz, b) 15 MHz,
¢) unknown; CDCls) reflect the respective reactivity of different monomers.

monomer f3-carbon shift / ppm
styrene 113.93?
2-VP 118.322
4-VP 118.45%)
4-nitrostyrene 118.50¢
methyl methacrylate 125.42°)

The signal of monomers with a lower m-electron density is shifted upfield, which
implies that the nucleophilic attack is facilitated, and their reactivity is higher.
Conversely, monomers such as 2-VP with a signal shifted downfield, exhibit a lower
reactivity for the nucleophilic reaction with the vinyl-fS-carbon of hydrocarbon
monomers. This concept explains the absent cross-over when the reaction starts with
2-VP while the sequential copolymerisation is feasible starting from hydrocarbon

monomers, as described in literature.'®

In view of this, the synthesis pathway for the preparation of copolymers must be well
thought out, since hydrocarbon monomers can polymerise vinylpyridine, but this is not
possible the other way around. This limitation causes the anionic synthesis of ABA
triblock copolymers with vinylpyridine to be challenging, and only possible via detours
such as chain coupling or bifunctional initiation.®®>*> With advanced techniques such as
difunctional termination or macro terminating agents, the synthesis of star polymers
is possible yet also not widely applied.”®*®” For this reason, mainly AB or ABC block
copolymers are reported in literature, and although the electron-withdrawing
character of the nitrogen atom favours side reactions and limits the possibilities of

copolymerisation, it also provides unique properties to the obtained materials. The

-33-



Chapter 1 — Introduction - Vinylpyridine

nitrogen atom allows a number of post-polymerisation modification possibilities, an

overview is given in Figure 15.
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Figure 15: Different accessibility and post-polymerisation modifications of PVP.%”

The basicity of the pyridinyl side group (pK, = 5.23) facilitates the protonation and thus
accounts for its pH-responsive behaviour; PVP becomes water-soluble under acidic
conditions.?® The use of alky or aryl halides results in the quaternisation of the nitrogen

99-101 This technique is

and thus allows the preparation of polyelectrolyte structures.
used for the preparation of block copolymer electrolytes, which are employed in ionic
conductors for electrochemical technologies.’®? Alcohols, phenols and other hydrogen
bonding compounds also interact with PVP and are readily used for
post-polymerisation modification.!®® Depending on the selected reactant, the increase
or decrease of the y parameter can be observed, which drastically changes the
morphology in copolymers. Targeted introduction also allows the adjustment of the
desired microstructure, which is a comparably simple way to obtain complex
morphologies such as the gyroid structure.’®*1%” Dihalides or bisphenols further exploit

this interaction by forming an ionic or hydrogen bond-based network, respectively, as

shown in Figure 16.9%103

-34-



Chapter 1 — Introduction - Vinylpyridine

Br’k\)‘Br|\ — /N/k\)_\l

2-16 P |@@

Figure 16: Schematic crosslinking of P(2-VP) with dibromoalkanes comprising from 2 to
16 -CH>- units.

It is noteworthy, that there is a distinct difference between the modification of P(2-VP)
and P(4-VP), as the nitrogen atom of 4-VP is more exposed. In particular, the efficiency
of the modification of P(4-VP) with larger association partners such as metal salts like
AuCly or Pt° nanoparticles is enhanced in comparison to P(2-VP) due to the reduced

steric repulsion, 108109

For TPE applications, especially block copolymer are of interest. In literature, several
reviews topic PVP-containing block copolymers, yet mostly with the aim of loading
nanoparticles within the domains. In comparison to PS, P(2-VP) exhibits a similar T, of
104 °C for molecular weights above 30 kg/mol but can drop to values around 60 °C for
lower molecular weights.*?*11%111 | contrast, the Flory-Huggins parameter significantly
differs from that of styrene in PS-b-Pl copolymers. Currently, no conclusive and reliable

values for y can be found in literature, yet the trend X SX <X

P(2-VP)-PS P(2-VP)-PI

is uniformly

confirmed and it is expected that is at least 1.5 to 3.5 and in some reports even

P(2-VP)-PI

8 times, higher than X, This assumption is supported by the excellent phase
separation studied in copolymers and also confirmed in TEM images, as shown in
Figure 17 for miktoarm star polymers or manifold reports of linear P(I-b-S-b-2-VP)

copolymers found in literature.!27121
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Figure 17: Morphologies of P(I-S-2-VP) miktoarm star polymers showing excellent phase
separation behaviour dependent on the volume fraction of 2-VP.114

Several examples for linear P(l-b-2-VP) block copolymers can be found in literature
showing microphase separated polymer films and the successful introduction of
palladium nanoparticles into the P(2-VP) domains.'?>12* Hashimoto et al. studied
several polymer films cast from different solvents for a deeper insight into the solvent
influence on the microphase-separation of P(I-b-2-VP). They report the excellent phase
separation behaviour via TEM and SAXS measurements as well as the solvent influence
that drastically influences the morphology and spheres, cylinders as well as lamella
structures were observed.*?> While this work shows how well films can be made from
these polymers and also that the microphase separation of the polymers is as well as

expected, no consideration is given to the microstructure of the isoprene block and it
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is polymerised in polar solvents. As a result, the fraction of 3,4-isomers predominates

and thus no mechanically strainable materials are obtained.

In 1993, Watanabe and Tirrell published the first work on the synthesis of P(I-b-2-VP),
in which isoprene is polymerised in a first reaction step in the non-polar solvent
n-heptane. Subsequently, 90% of the n-heptane is removed under reduced vacuum
and replaced by THF via vacuum distillation to allow the controlled polymerisation of
2-VP at -78 °C. The polymers obtained exhibit narrow dispersities of £ =1.12-1.18
while the isoprene block consists of 95% 1,4-units.’?® To simplify this relatively
complicated procedure, Quirk and Corona-Galvan published a route for the successful
synthesis of P(I-b-2-VP) in pure hydrocarbon solvents.’?” Using the break-seal
technique and lithium chloride as additive to reduce the reactivity of the living 2-VP
chain ends by cross-association, isoprene was first polymerised in benzene at
40 — 45 °C. Then, 2-VP was added at 6 — 8 °C and the polymerisation was terminated
after only four minutes. The polymers obtained show a very narrow distribution of
D =1.05-1.06 and 93% 1,4-units. Although the described synthesis is faster in terms
of polymerisation time, and does not require a change of solvent, the use of the break-
seal technique as well as the extremely short reaction time of 4 minutes is also

associated with high synthetic demands.

Overall, the reported characteristics of isoprene-2-VP copolymers demonstrate the
potential of 2-VP as a comonomer for the use in TPEs, but so far only AB or ABC block
copolymers have been employed and no ABA triblock copolymers with 2-VP as A
monomer are reported in the literature as well, which can be ascribed to the
demanding nature of their synthesis.!?® To overcome this limitation, bifunctional
initiators can be used. However, due to the already described requirements for the
living anionic synthesis of isoprene, certain conditions must be met - first and foremost
the absence of polar solvents or additives - which will be described in more detail in

the following.

-37-



Chapter 1 — Introduction - Bifunctional Initiators

5.5 Bifunctional Initiators

The general synthesis route for a tri- or multiblock copolymer is described in numerous
publications and based on the stepwise addition of the various monomers. If the
desired number of blocks is increased, the number of addition steps also increases and
thus the risk of introducing impurities which lead to chain termination. Another
limitation in the living carbanionic synthesis of block copolymers is the reactivity of the
monomers used. As described in chapter 5.4, the crossover from one to another
monomer is not possible for some comonomer systems due to strongly different
reactivities, making the classical stepwise addition not suitable in all situations. Two
prominent examples are shown schematically in Figure 18: The synthesis of block
copolymers with hydrocarbon monomers such as styrene or isoprene (blue) and

monomers like methacrylate or vinylpyridine (orange).

‘990 0@
9 o
o1l e

Figure 18: Restricted synthesis of ABA-triblock copolymers (a & b) with non-hydrocarbon outer
blocks and circumvention of this limitation with the use of a bifunctional initiator (c).
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Starting the synthesis of such ABA triblocks with a monofunctional initiator and the
hydrocarbon monomer, the copolymerisation yields only an BA diblock structure while
starting with the A monomer will not lead to a block copolymer at all. The use of
bifunctional initiators as depicted in Figure 18 c) is an excellent way to circumvent this
limitation. Another benefit in favour of the use of bifunctional initiators is the reduction
of the required addition steps for the synthesis of multiblock polymers by one, thus

reducing the probability of interfering with the polymerisation by impurities.

In the recent decades, many researchers published a variety of different bifunctional
initiators, but not all of them are suitable for the anionic polymerisation, especially

129-131 For example, the well-known

when it comes to diene polymerisations.
potassium-naphtalenide that leads to a radical dimerisation and the formation of two
anionic chain ends, is active only in polar solvents.®® The prevalent requirement to
polymerise in non-polar solvents poses the greatest challenge to bi- and
multifunctional initiators, as multiple negatively charged molecules tend to aggregate
in nonpolar environments, making them ineligible for a homogeneous initiation.'327136
Various approaches exist to suppress the aggregation and to ensure the solubility and
activity in hydrocarbon solvents, which are discussed below using the selected

examples from Figure 19.

“On OO0

1,4-divinylbenzene 1,1-diphenylethylene 1,3-bis(1-phenylvinyl)benzene
(DvB) (DPE) (DDPE)

jog L

SAGYSAGYY i )
N\) Cis5H34
1-bromo-4-(4-bromophenoxy)-

1,4-bis(4-(1-phenylvinyl)benzyl)piperazine 2-pentadecylbenzene

Figure 19: Selection of different bifunctional initiators for the living anionic polymerisation in
hydrocarbon solvents.
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In general, the activation of bifunctional initiators is always carried out with alkyl
lithium compounds, first and foremost s-Buli. During this step, utmost care must be
taken to ensure that the stoichiometry is precisely adjusted in order to prevent an
excess or shortage of s-Buli. If too much s-Buli is added to the initiator, any remaining
s-Buli will start monofunctional chain growth and lead to the formation of di- and
triblocks in the product. If not enough s-Buli is used, the initiator is not entirely
activated, which also results in monofunctional growth. Depending on the initiator
selected, however, chains may also couple or even form a polymer network, since living
chain ends react with the free double bond of monofunctionally initiated chains, as

depicted in Figure 20.%%’

@ @
~ e

©

Figure 20: Side reaction of bifunctional initiators exemplified by 1,3-DVB activated with an
insufficient amount of s-Buli, resulting in the crosslinking of polymer chains.

One of the earliest examples of bifunctional initiators in non-polar solvents is
1,4-divinylbenzene (DVB), as well as its isomer 1,3-DVB and 1,3- or
1,4-diisopropenylbenzene. 33138143 The two vinyl groups readily react with alkyl lithium
reagents to form a dianionic species. It is noteworthy, that t-Buli is the activator of

choice due to its increased steric demand compared to s- or n-BulLi, which hampers the
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aggregation of the active initiator species, yet it is reported that the association
behaviour is still rather strong for this initiator and polar additives are commonly
employed.'* Figure 21 illustrates the dimeric to tetrameric degree of association of

dilithiated species based on DFT optimised structures using the example of DVB.*3*

d)

Figure 21: DFT optimised structures of associated DVB-dilithium species. a) (Li-DIB-Li):(D)..
b) (Li-DIB-Li),. ¢) (Li-DIB-Li)»(D)s. d) (Li-DIB-Li)s. %3

Due to the small size of DVB, the sterical hindrance that prevents the aggregation of
the anionic species is rather low, which also lowers the solubility. Consequently, an

attempt was made to increase the size and sterical hindrance which led to DPE and

DDPE.

DPE is activated in cyclohexane, with 15 vol% anisole as polar additive and elemental
lithium in a dimerisation reaction. Although the active initiator is soluble in this
mixture, the process is rather cumbersome as the lithium must be removed by filtration
and the concentration must be determined by Gilman double titration before each

reaction. The lithium concentration achieved was found to vary between 0.01 and

0.08 % Another disadvantage is that the active initiator precipitates upon addition

to the actual reaction solution, therefore the seeding technique must be used. With
this technique, a short isoprenyl or a-methylstyryl dilithium prepolymer

(M,, = 2000 — 10000 ﬁ) is formed in a first step, which remains dissolved in the

reaction solution and starts the actual polymerisation to ensure a uniform and
controlled initiation step for the main polymerisation reaction.}* It is necessary to
mention, that the seeding technique broadens the middle block disperty, but in most
cases this has little effect as long as the molecular weight of the polymer is significantly

higher than that of the isoprenyl dilithium precursor.14¢
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DDPE (sometimes referred to as m-DDPE, MDDPE or PEB) and its ortho and para
derivatives are activated rapidly upon the addition of 2 eq. s-BulLi and active in non-
polar solvents such as toluene or cyclohexane. The use of DDPE as a bifunctional
initiator in nonpolar solvent was first published by Tung et al. in 1978, but DDPE itself
as well as a vast number of derivatives have subsequently been studied extensively and
efficiently used for the synthesis of various copolymers.}*’~1>° Several reports on the
synthesis of complex polymer architectures, such as star polymers, use DDPE also as
coupling agent, as it is also an efficient chain coupling reagent. Therefore, when using
DDPE, the exact stoichiometry is even more important than for 1,3-DVB.160-164
Although in some cases polar additives are added during the activation step, DDPE is
reported to produce very well defined polymers even without these.'®® The synthesis
of DDPE is possible via two different routes: either by means of a Wittig reaction
starting from 1,3-dibenzoylbenzene and methyltriphenylphosphonium bromide, or by
means of a Grignard reaction between 1,3-dibenzoylbenzene and
methylmagnesium iodide and the subsequent dehydration of the intermediate tertiary
alcohol. Both routes require intensive work-up, but the Grignard route avoids the well-
known problem of a Wittig reaction, namely the difficult removal of
triphenylphosphonium oxide. It is therefore preferable since residues of the polar
TPPO can interfere with the living chain end.’>!®17 The solubility of various
derivatives is summarised in a comprehensive review by Bandermann et al. and is
based on the steric demand of the bulky phenyl groups, which hinder the
aggregation.'®® With respect to the solubility, DDPE is superior to its derivatives with
larger alky spacers between the reactive sites and even though the cross-over to the
monomer units is reported to be slightly slower, the synthetic effort of the derivatives

makes DDPE the initiator of choice for an universal approach of use.

Another possibility to increase the solubility of the active species is the incorporation
of intramolecular polar groups, as shown by Long et al. and their reported
piperazine-based initiator.!®® The major advantage of such structures is the
coordination of the lithium cation by the polar groups within the molecule, which are

spatially close to the active site and favour the ion dissociation. This suppresses the
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aggregation of the active initiator, but poses no problem during the propagation, since
an interaction with the chain end, which becomes more and more distant in the course
of the reaction, does not take place. Activation of the initiator was monitored by in situ
FTIR analysis and full conversion was achieved after 3 hours. The subsequent addition
of isoprene led to the formation of very well defined, monomodal distributed polymer

samples with dispersities between 1.06 and 1.09 and molecular weights between
35 and 150%while 90% 1,4-units were vyielded. The synthesis of ABA triblock

copolymers with styrene outer blocks also achieved very good results, demonstrating
the efficiency of this initiator. Despite the good results, there are no reports found in
literature on the use of this initiator, which may be attributed to its rather laborious

synthesis.

Gnanou et al. published 1-bromo-4-(4-bromophenoxy)-2-pentadecylbenzene, an
initiator similar to the piperazine-based initiator, bearing a polar intramolecular ether
group, which has a positive effect on its solubility. In addition, one of the two phenyl
rings carries a Cy5 alkyl anchor, which prevents the active initiator from precipitating
and instead only causes gelation of the initiator solution.'’® In contrast to the initiators
discussed so far, the activation in this case has the peculiarity that no addition to

double bonds takes place but a lithium-halogen exchange, as shown in Figure 22.

o , b o
/©/ )\/ /©/ Br
Br Br > L u "2

LiBr + J/\;

Figure 22: Activation of 1-bromo-4-(4-bromophenoxy)-2-pentadecylbenzene with 2 eq. s-BulLi and
the subsequent deactivation of the formed 2-bromobutane with another 2 eq. s-Buli to yield
3,4-dimethylhexane and LiBr.
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It should be noted that for this initiator a total of 4 eq. s-BuLi must be used to convert
the 2-bromobutane formed during activation to the inert 3,4-dimethylhexane, which
would otherwise react with the living chain ends during polymerisation and thus
terminate the polymerisation. The LiBr that is also formed during this reaction does not
interfere with the polymerisation, since it precipitates in non-polar solvents. The active
initiator species has proven to be efficient for the synthesis of homopolymers and ABA
triblock copolymers consisting of styrene and isoprene or butadiene with narrow and

monomodal distributions between 1.07 and 1.20 and molecular weights of
2100 - 110900r’:_il while 85 to 91% 1,4-units were obtained. The initiator synthesis

starts with 3-pentadecyl phenol, obtained from cashew nut shell liquid as a by-product
of agro industry,  which reacts  with bromobenzene to form
1-pentadecy-3-phenoxybenzene that is subsequently brominated. The comparatively
inexpensive chemicals, as well as the renewable resource 3-pentadecylphenol and the

straightforward synthesis route make this initiator particularly interesting.

In summary, all bifunctional initiators differ slightly in their reaction behaviour, so the
nature of the intended synthesis must also be considered for a final choice. It must be
underlined that for such systems even greater attention must be paid to a correct,
preparative working procedure than for the monofunctional living carbanionic
polymerisation. Since DDPE and CNI in particular have proven to be comparatively
universal with a decent solubility in non-polar solvents, an attempt was made to
establish a general working protocol for the broad use of these initiators, which will be

discussed in detail in Chapter 3.
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3-(1-Phenylvinyl)pyridine is a structural analogue of 1,1-diphenylethylene, with one
phenyl group replaced by pyridine. Its suitability for the random copolymerisation with

vinylpyridine in demonstrated and the resulting copolymers are characterised.
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6.2 Abstract

3-(1-phenylvinyl)pyridine (m-PyPE), prepared by Wittig reaction from the readily
available 3-benzoylpyridine, represents a structural analog of 1,1-diphenylethylene
(DPE), one phenyl group being replaced by pyridine. The suitability of m-PyPE for the
copolymerisation with vinylpyridine is reflected by the 3C NMR shifts of the 8-carbon
of 2-vinylpyridine (2-VP; 118.32 ppm) and m-PyPE (115.83 ppm, measured in CDCl;),
which possess predictive character for carbanionic copolymerisation. In analogy to DPE
and its manifold reported derivatives, carbanionic homopolymerisation of m-PyPE was
not possible, due to its steric bulk. Copolymers of 2-VP and m-PyPE with varied
composition have been synthesised with an incorporated amount of m-PyPE of up to
25% with respect to 2-VP. Full conversion as well as the targeted incorporation ratio
were verified by NMR experiments. An increase of the glass transition temperatures of
the resulting copolymers with increasing m-PyPE content was observed by differential
scanning calorimetry, and the difference in hydrophilicity compared to that of P(2-VP)
was determined by contact angle measurements. m-PyPE offers potential also for

functional termination of other living anionic polymerisations.
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6.3 Introduction

Ever since the first reports on the anionic polymerisation of 2- and 4-vinylpyridine
(2-VP, 4-VP) by Szwarc et al. appeared in 1962, the respective polymers have attracted
interest among many researchers, which is reflected in a first review article from
1984.22 The latest comprehensive review, published by Kennemur et al. in 2019, shows
that poly(vinylpyridine) (PVP) is further developed in different directions based on the
peculiar properties of the electron deficient pyridine ring.® The more expensive and
challenging synthesis of PVP compared to that of polystyrene is rewarded with unique
properties of the resulting materials. The hydrophilic behaviour of PVP in contrast to
the non-polar polystyrene, combined with the possibility to perform post
polymerisation reactions like quaternisation, complexation of metal ions and oxidation
to N-oxides offers a broad range of applications, for instance antibacterial modification
of cotton or the mechanical enhancement of tires, to name only two examples of
many.*1 In contrast to the post polymerisation reactions, the possibilities to modify
PVP during the polymerisation itself are limited due to the rather low reactivity of the
heteroatom-bearing chain end as well as the required reaction conditions (e.g. polar

solvents, low temperatures).

Hirao et al. demonstrated that the reactivity of styrenic vinyl monomers is mirrored by
the f3-carbon shift in 3C NMR spectroscopy.!! An increase of the chemical shift of the
signal can be explained with the electron withdrawing nitrogen in the aromatic system.
The result is an enhanced delocalisation of the negative charge of the active chain end,
which on the one hand leads to a reduced reactivity of the growing polymer chain, but
on the other hand also to an increased polymerisability of the monomer during
homopolymerisation. Ultimately, this limits the possibilities for the synthesis of
copolymers. While block copolymers are easily available, random copolymerisation of
VP with styrene or other hydrocarbon monomers is not possible. The active PVP chain
12-20

end is not capable to cross over to styrene and common styrene-based monomers.

As a result, tailoring the thermal properties like the glass transition temperature of PVP
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is difficult because copolymerisation with 1,1-diphenylethylene (DPE), as reported in

literature for styrene monomers, is not possible for P(2-VP).2124

DPE has been used in numerous works, either as a monomer to control the monomer
sequence, mainly in combination with styrene, or to moderate chain end reactivity to
switch to other monomers with different reactivity.>>?%2’ However, the respective
analog for the polymerisation of VP is not known. A variety of functionalised
DPE derivatives have been developed for the synthesis of complex star polymer
architectures.?® Recently a DPE analog with a cyclopropyl group has been introduced

by Ma et al., demonstrating the current interest in this field.?*

As an analogue of DPE, in this work we have studied 3-(1-phenylvinyl)pyridine (m-PyPE,
abbreviation for m-pyridinylphenylethylene), a DPE analogous structure that is
obtained by replacing one phenyl group of DPE by a pyridine moiety. We demonstrate
that m-PyPE can be copolymerised with 2-VP to introduce a hydrocarbon side group
into PVP, which changes the hydrophilicity as well as the thermal properties of the

resulting copolymers.
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6.4 Results and Discussion

Synthesis and sample overview

In the following we describe the synthesis of the comonomer m-PyPE as well as its
anionic copolymerisation. All reactions were performed under standard reaction
conditions, described in detail in the experimental part. Various Wittig reactions
leading to 1,1-disubstituted alkenes were described by Akita et al. in a general
manner.3 Starting from the readily available 3-benzoylpyridine, a Wittig reaction with
methyltriphenylphosphonium bromide and n-butyllithium as a base was performed to

obtain lin a yield of 68% after careful purification (Figure 1).

MePh;PBr
0 n-Buli
Sy —— NN
I _ —P.h3PO y
-LiBr

Figure 1: Wittig reaction of 3-benzoylpyridine, affording the monomer m-PyPE.

The use of this specific isomer is critical for the success of the synthesis.
2-benzoylpyridine, which more closely corresponds to 2-VP, was not suitable because
it was too reactive in the workup process and oligomerised spontaneously during
distillation. It is a well-known problem that the removal of the triphenylphosphine
oxide (TPPO) as a side product of the Wittig reaction is challenging.?! Nevertheless, we
were able to remove all traces of TPPO via twofold distillation under reduced pressure.
The purity of the product was verified by means of TLC, H, 3C and 3P NMR

spectroscopy; no signals other than those expected could be observed (Figures S1-S3).
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Copolymerisation of m-PyPE with 2-vinylpyridine

Table 1 gives an overview of the f8-carbon NMR shifts of styrene, DPE and the

respective pyridine analogues.

Table 1: B-carbon shifts of selected monomers measured via 1*C NMR (400 MHz, CDCls, Figure S4)
reflect the respective reactivity.

(/8-)carbon shift A
monomer

(ppm]

styrene 113.93
2-VP 118.32
4-VP 118.45
DPE 114.41
m-PyPE 115.83

According to the chemical shift Ad it is expected that the reactivity of the living m-PyPE
chain end is too low to react with styrene. On the other hand, the reaction between a
living VP chain end and DPE is unlikely. Consequently, the only way to statistically
introduce a phenyl side group in PVP is the copolymerisation with m-PyPE, as the rather
electron deficient character that is reflected by the given shift is closer to the one of

2-vp.H

It is well-known that due to the steric bulk, DPE cannot be homopolymerised, and in
copolymerisation with styrene only single DPE units are incorporated between styrene
moieties.” To ensure the same behaviour for m-PyPE, an attempt to homopolymerise
it was made. The typical colour change to dark red can be observed as soon as s-Buli
is added. The initial reaction of s-BuLi with m-PyPE leads to the formation of the
carbanionic adduct, yet no further addition of m-PyPE to an anionically charged
product can be observed. *H NMR spectroscopy shows the residual double bond signal
of the unreacted m-PyPE, and the product to educt ratio matches the s-Buli

equivalents that were used during the initiation step (Figure S5). This confirms the
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expectation that the steric hindrance of the bulky aromatic groups is sufficient to

prevent the addition of more than one m-PyPE unit after another.

A variety of copolymers with 2-VP with a targeted molecular weight of 10 kg-mol™ and
different amounts of incorporated m-PyPE have been synthesised to establish
polymerisability of m-PyPE. Since homopolymerisation of m-PyPE was not possible, and
in analogy to the widely investigated copolymerisation of DPE, the theoretical limit of
incorporation m-PyPE is assumed to be 50% for the statistical copolymerisation of with
2-VP. However, the content of m-PyPE in the monomer mixture was varied between
0% and 25% at maximum with respect to 2-VP in this study. Increasing the m-PyPE
amount beyond 25% is possible, yet full monomer conversion and quantitative yields
were not achieved anymore and residual m-PyPE signals can be observed in NMR

spectra of the copolymers.

Anionic copolymerisation was carried out in a carefully dried all-glass reaction
apparatus, sealed with rubber and Teflon caps. The solution of both monomers in THF
was initiated with s-Buli and stirred at -64 °C for 4 h, to ensure full monomer
conversion, while side reactions are suppressed due to the low temperature.3'®
Ultimately, the reaction was quenched with methanol, and the polymer was

precipitated as a colourless solid in petroleum ether with quantitative yields (Figure 2).

X
N L
s-Buli
n NN + m SN T——— c<1 H
_ | THF
= * *

Figure 2: Synthesis of 2-VP - m-PyPE copolymers by carbanionic copolymerisation. The carbon
atoms used to calculate the incorporation ratio are marked with * and #.

An overview of all resulting copolymers is given in Table 2. Figure 3 shows well-defined

SEC traces for all copolymers with monomodal molecular weight distributions.
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Table 2: Characterisation data of copolymer samples with theoretical molecular weight of
10 kg/mol. SEC measurements were performed in DMF with toluene as an internal standard, PS
calibration and UV detector. NMR measurements: solvent DMSO-d.

D M-PyPEtheo M, sec,exp M, NMR, exp mM-PyPEcac mM-PyPEtheo M, sEC, exp
[mol%] [kg'mol?]  [kg-mol?] [mol%] [mol%] [kg:mol?]

1 0 8.4 9.3 1.10 0 0 8.4

2 5 7.3 8.7 1.09 4.3 5 7.3

3 10 8.6 8.7 1.25 10.2 10 8.6

4 15 7.9 6.4 1.23 14.4 15 7.9

6 20 9.0 8.2 1.38 21.2 20 9.0

7 25 7.8 7.7 1.28 24.9 25 7.8

0% m-PyPE (Mn: 8350 g/mol; B: 1.10)
05% m-PyPE (Mn: 7250 g/mol; D: 1.09)
10% m-PyPE (Mn: 8550 g/mol; D: 1.25)
15% m-PyPE (Mn: 7870 g/mol; D: 1.23)
20% m-PyPE (Mn: 9030 g/mol; b: 1.38)
25% m-PyPE (Mn: 7770 g/mol; B: 1.28)

103 104
molar mass [g/mol]

Figure 3: SEC traces of the P(2-VVP-co-m-PyPE) samples, measured in DMF with toluene as internal
standard, polystyrene calibration and an UV detector.
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The deviation of the determined molecular weight from the theoretical value of
10 kg-mol™ is ascribed to an underestimation of P(2-VP) when using PS standards, as

also reported in literature.®?

The increasing dispersity of the samples with increasing amount of incorporated
m-PyPE is tentatively ascribed to the expected hindered crossover from 2-VP to
m-PyPE. This hypothesis is supported by the observation that full conversion is not
possible, when more than 25% m-PyPE is used. This suggests that 2-VP exhibits
considerably higher reactivity in this monomer pair. Attempts to measure the reaction
kinetics using the online NMR spectroscopy approach have been unsuccessful to date
as the required cooling does not allow the sample preparation without the
polymerisation prior to the measurement. Offline NMR characterisation is also not
suitable for this system, the necessary workup prior to the sample measurement would
remove residual 2-VP. These difficulties impede the determination of the reactivity
ratios as well as the distribution of the monomer gradient along the chains. Yet, SEC
characterisation also evidences the absence of shoulders or severe tailing of the
elugrams, supporting a controlled synthesis, i.e. the absence of side reactions such as
chain transfer reactions or chain coupling, which would result in a bi- or multimodal

distribution.

Detailed characterisation of the copolymers via NMR spectroscopy gives insight
regarding the incorporation ratio of m-PyPE and the overall conversion. 'H NMR
spectra show no unreacted 2-VP or m-PyPE, as the signals of the double bonds
completely disappeared (e.g. Figure S9). For the determination of the molecular weight
via 'H NMR spectroscopy, the common method is to calculate the ratio of the initiator
butyl group integral and the polymer backbone integral. However, due to the small
butyl signal, the integration is affected by errors in the signal-to-noise ratio (SNR) as
well as the defined integral limits. Nevertheless, the values calculated with this
approach (Table 1) are all in a similar range, slightly below the targeted molecular
weight. In combination with the results of SEC characterisation, this demonstrates

controlled copolymerisation and m-PyPE is fully incorporated. To further support this,
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DOSY NMR spectra (see Sl) also show the absence of signals other than residual
solvents and the copolymer. Due to the overlapping signals it is not possible to
determine the incorporation ratio via *H NMR studies, therefore Inverse-Gated (IG)
13C NMR measurements are the method of choice. All copolymers were analysed via
IG 13C NMR to determine the exact incorporation ratios. Figure 4 shows an exemplary
spectrum (sample 6) as well as an overview of all samples, in which the increasing

m-PyPE signal can be recognised.

* T
Wt Ll I

1.0000 0.4978

150 140 130 120 150 140 130 120
Chemical shift (ppm) Chemical shift (ppm)

Figure 4: Left: IG *3C NMR of sample 6. The integral represents the incorporation ratio of m-PyPE.
Right: IG 3C NMR spectra of all samples. The m-PyPE signal can be clearly distinguished at
127.7 ppm.

For the calculation of the incorporated amount of m-PyPE, the integral ratio between
the signals marked with #(2-VP, 135.6 ppm, 1H) and *(m-PyPE, 127.7 ppm, 2H) was
determined. The percentage of m-PyPE with respect to 2-VP is given by the following

Equation 1 when I(#) is normalised to 1:

mol% m-PyPE,. = 0.5 - I(*) Equation 1

During the spectra processing, the signal-to-noise ratio can be determined. This allows

the estimation of an error, as it gives an indication of the maximum baseline content
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in the signal and leads to an assumed error range between 33% (5% incorporation) and
10% (25% incorporation). Nevertheless, all the results fit well with the theoretical

values given in Table 1, confirming the incorporation of m-PyPE.
Physical Properties of the P(2-VP-co-m-PyPE) copolymers

The incorporation of m-PyPE is expected to have a strong influence on the
hydrophilicity of the copolymers. To study this effect a series of contact angle
measurements was performed. A microscope slide was coated with the polymer by
solvent evaporation of a 10w% polymer solution in THF, and the contact angle of a
water droplet on the surface was measured. The larger the measured contact angle,
the more hydrophobic is the surface, as the surface tension of the droplet minimises
the contact area with the glass surface. The results are shown in Figure 5 and Table S1
and demonstrate clearly that the hydrophilicity is reduced with increasing amount of

m-PyPE due to the hydrophobic phenyl groups.

&g

Contact angle
u
u
—eo—]

0% 5% 10% 15% 20% 25%
Incorporated m-PyPE amount

Figure 5: Increasing contact with increased m-PyPE incorporation. A clear trend is observable with
a plateau, reached at 65 °.
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A strong effect is already observed with only 5% of m-PyPE, which shifts the contact
angle by nearly 10°. The value reaches a plateau at around 65°, which sets the limit for
tailoring the hydrophilicity of the copolymers. It is noteworthy that the polymers are
still rather hydrophilic in comparison to pure polystyrene, as VP is the dominating

monomer unit.

Another effect of the copolymerisation of m-PyPE is its influence on the glass transition
temperature (7). In the case of copolymerisation of DPE with styrene, a significant
increase of the T, from 100 °C up to 180 °C for 50% incorporation is observed.?® DSC
measurements were performed to study the change of the thermal properties of the
copolymers. In analogy to DPE, the bulky m-PyPE structure leads to a loss of flexibility
of the polymer backbone. Consequently, the T, increases in a linear manner with

increasing m-PyPE content (Figure 6).

105 9

100 @

95 8

0% 5% 10% 15% 20% 25%
Incorporated m-PyPE amount

Figure 6: Incorporation of the rigid m-PyPE units leads to a linear increase of the glass transition
temperature from 80 °C up to 105 °C.
The linear trend also shows that tailoring of the glass transition is possible in a wide

range of more than 20 °C. Especially for technical applications this modification is of

interest and may improve existing P(2-VP) applications e.g. its use in tires.>3
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6.5 Experimental

Materials and methods

3-Benzoylpyridine was purchased from TClI Chemicals and used without further
purification.  Methyltriphenylphosphonium bromide was purchased from
Acros Organics and used without further purification. 2-Vinylpyridine was purchased
from Acros Organics and filtered over basic aluminium oxide to remove the stabiliser
and protic impurities and freshly distilled prior to use. All solvents (Fisher Chemical,
Carl Roth GmbH + Co. KG) were carefully dried with CaH, (Sigma Aldrich) or

Butyllithium (Sigma Aldrich) and freshly distilled prior to use.
Nuclear magnetic resonance (NMR) spectroscopy

'H measurements were performed on a Bruker Avance Il 400 at a magnetic field
strength of 400 MHz. Inverse-Gated (IG) *C measurements were performed using a
Bruker Avance Il HD 400 at a magnetic field strength of 400 MHz. DMSO-dg was used

as solvent for all measurements.
Size exclusion chromatography (SEC)

All SEC measurements were performed with an Agilent 1100 Series chromatograph,
equipped with HEMA columns (300/100/40, 95 cm length, 0.8 cm width, 50 °C) and an
Agilent G1314A UV detector. Solvent: DMF, internal standard: toluene, calibration:

polystyrene.
Differential scanning calorimetry (DSC)

The DSC experiments were performed with a Perkin ElImer 8500 differential scanning
calorimeter in a temperature range from -50 to 170 °C and a heating rate of 10 - 20

°C/min for the determination of the T,.
Contact angle measurements

The contact angle was measured with a Dataphysics contact angle system OCA with

ultrapure water as fluid component.
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Synthesis procedures

Monomer synthesis

In a carefully dried all-glass apparatus featuring a mechanical stirrer, a dropping funnel
and a reflux condenser, 53.6 g (150.1 mmol, 1.1 eq.) methyltriphenyl-phosphonium
bromide was dissolved in 350 mL freshly distilled THF. For the formation of the Wittig
reagent 62.8 mL (156.9 mmol, 1.2 eq.) 2.5M n-Buli solution in cyclohexane were slowly
added via the dropping funnel, the temperature was kept around 0 °C with an
ice-water bath. After 30 minutes of stirring, a solution of 24.8 g (135.25 mmol, 1 eq.)
3-benzoylpyridine in 25 mL THF was added via syringe and the cooling bath was
removed. The conversion was observed via TLC and upon completion the reaction was
quenched with water. Separation of the organic phase and distillation under reduced

pressure (1-103 mbar, b.p. 142 °C) yields m-PyPE as a colourless oil in a yield of 68%.
Rs: 0.52 (cyclohexane/ethylacetate 8:3)

IH NMR (DMSO-ds, 400 MHz) & [ppm] = 8.56 (dd, 1H, J = 4.8, 1.7 Hz, H-12), 8.54 (dd,
1H,J=2.3,0.9 Hz, H-14), 7.67 (ddd, 1H, J= 7.9, 2.3, 1.6 Hz, H-10), 7.43-7.30 (m, 6H, H-1
to H-4,H-6,H-11), 5.61 (d, 2H, J = 13.1 Hz, H-9), 3.35 (H20), 2.50 (DMSO).

13C NMR (DMSO-ds, 400 MHz) & [ppm] = 148.9 (C-10), 148.5 (C-12), 146.1 (C-1),
139.8 (C-9), 136.3 (C-3), 135.2 (C-14), 128.5 (C-4, C-8), 128.2 (C-6), 127.6 (C-5, C-7),
123.4 (C-13), 116.3 (C-2), 39.5 (DMSO).

Polymer synthesis

All polymerisations were carried out on a 2 g scale using a carefully dried all-glass
apparatus with rubber seals and Teflon caps as well as standard high vacuum
techniques. m-PyPE was placed in the reactor and stirred under dynamic vacuum for
at least 18 hours to remove traces of water, due to the high boiling point the treatment
with CaH, was not suitable. 2-VP was purified by filtration over basic aluminium oxide
to remove the stabiliser and protic impurities. Subsequently, it was degassed and

stirred over calcium hydride for at least 18 hours, freshly distilled prior to use and
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added to the reactor via syringe. Degassed THF was stirred over n-Buli using DPE as an
indicator and directly distilled in the reaction flask as required. The reactor was cooled
to -64 °C with a chloroform/dry ice bath prior to the addition of s-Buli as an initiator
via syringe. Successful initiation was observed by the immediate formation of the
typical dark red coloured anionic chain end. The solution was stirred for 3 to 4 h and
guenched with methanol, which leads to the immediate disappearance of the red
colour. The resulting polymers were precipitated in petroleum ether and dried under
reduced pressure for several days. The copolymers were obtained as a colourless solid

in quantitative yields.
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6.6 Conclusion

3-(1-phenylvinyl)pyridine (m-PyPE) has been obtained by a facile Wittig reaction from
the respective ketone. m-PyPE represents an analogue of the well-known
1,1-diphenylethylene, albeit with a rather low electron density due to the pyridine ring.
Thus, it may be viewed as a DPE analog for the vinylpyridine polymerisation, which is
also confirmed by the *C NMR shifts of the 8-carbon of 2-VP (118.32 ppm) and m-PyPE
(115.83 ppm). A variety of copolymers of 2-VP and m-PyPE with up to 24.9% of m-PyPE
incorporation was prepared by anionic copolymerisation. The copolymers exhibited
narrow to moderate molecular weight distributions. The composition of the polymers
was determined via quantitative |G **C NMR studies. Incorporation of m-PyPE has a
significant impact on the properties of 2-VP polymers, which is reflected by the change
in hydrophilicity as well as the increasing glass transition temperature that increased

up to 105 °C.

This study is an interesting starting point for further structures: In analogy to DPE, the
use of m-PyPE as a terminating agent for other anionically prepared hydrocarbon
polymers should permit the introduction of exactly one functional pyridine end group
for further post polymerisation reactions. Also, increasing the incorporated amount of
m-PyPE by adding 2-VP via syringe pump or in-situ NIR kinetic experiments to study
reactivity ratios and therefore the distribution of the monomers along the PVP chain
could give more insight in the polymerisation behaviour of vinylpyridines. Especially
the latter one — in combination with the change in hydrophilicity and the increased
glass transition temperature — could have a strong effect in blending experiments with

VP-diene copolymers.3+3®
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Figure $23: DOSY NMR spectrum (DMSO-ds, 400 MHz) of P(2-VP-stat-m-PyPE); 25% m-PyPE.
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Contact angle measurements

L = 43.6, R = 43.6

Figure $30: Exemplary contact angle of P(2-VP).

L = 54.2, R = 54.2

Figure S31: Exemplary contact angle of P(2-VP-stat-m-PyPE); 5% m-PyPE.
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L =61.9, R = 61.9]

Figure S32: Exemplary contact angle of P(2-VP-stat-m-PyPE); 10% m-PyPE.

L = 64.4, R = 64.4

Figure S33: Exemplary contact angle of P(2-VP-stat-m-PyPE); 15% m-PyPE.
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L = 66.0, R = 66.0

Figure S34: Exemplary contact angle of P(2-VP-stat-m-PyPE); 20% m-PyPE.

L = 64.4, R = 64.4

Figure S35: Exemplary contact angle of P(2-VP-stat-m-PyPE); 25% m-PyPE.

-96 -



Chapter 2 — Introducing a 1,1-diphenylethylene analogue for vinylpyridine: anionic
copolymerisation of 3-(1-phenylvinyl)pyridine (m-PyPE) - Supporting Information

Table S1: Overview of all measured contact angles and the resulting average.

%m-PyPE |[M1/° [M2/° [M3/° (M4/° [M5/° |[M6/° a/°
0 45.3 45.2 41 41.1 43.6 50.3 44
5 57 54.4 54.2 49.6 - - 54
10 63.2 61.9 60 61.2 62.1 - 62
15 60.7 66.1 64.5 63.6 64.4 - 64
20 66.9 63.3 65.6 67.4 66 63.5 65
25 63.5 64.3 64.8 63.2 64.4 61.8 64
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Herein we present a method for the optimisation of the versatility of bifunctional
carbanionic initiators in nonpolar media. To prevent the known aggregation of these
structures, the activation process of precisely concentrated stock solutions is followed
with *H NMR experiments to find the perfect time for the addition of monomers which

also simplifies the use of these initiators.

-99 -



Chapter 3 — Increasing the versatility of bifunctional carbanionic initiators with the
use of '"H NMR kinetic studies - Abstract

7.2 Abstract

Despite various publications that deal with bifunctional initiators there is still a lack of
knowledge regarding some of the activation kinetics. In this study, we report the
successful measurement of the activation kinetics of two commonly used bifunctional
carbanionic initiators: 1,3-bis(1-phenylvinyl)benzene (DDPE) and
1-bromo-4-(4-bromophenoxy)-2-pentadecylbenzene (DBP). In order to optimize the
reaction conditions for the general utilisation and to get a better understanding of the
practical aspect of the activation process of these initiators, we follow their reaction
with s-butyllithium in benzene via online and offline *H NMR kinetic studies. As a result,
we are able to present optimised conditions for the improved use of these initiators in
terms of the concentration of the activated solution, the complete conversion into the

dilithiated species and therefore the perfect time to start the polymerisation reaction.
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7.3 Introduction

Multifunctional initiators are a powerful tool for the synthesis of block copolymers via
living anionic polymerisation. With the help of a bifunctional initiator it is possible to
reduce the number of steps for the synthesis of ABA triblock copolymers by one, higher
functional ones allow access to even more complex polymer architectures.’™ One of
the earliest examples for these initiators is potassium naphthalenide, yet it is not
suitable for all monomers as it requires polar solvents for an efficient initiation.*
Especially for the synthesis of thermoplastic elastomers (TPEs) with a diene middle
block, the use of nonpolar solvents is crucial for a high 1,4-microstructure and
therefore the mechanical properties of the resulting material.>® m-Divinylbenzene is
the simplest initiator that is reported in literature for the bifunctional initiation of
hydrocarbon monomers in nonpolar media, yet it is not the best choice.” The greatest
challenge when using bifunctional carbanionic initiators is the intermolecular
association of the dianionic species under the given conditions, which ultimately leads
to the formation of inactive precipitates.®® This effect is increased for small molecules
with easily accessible anionic sites and leads to a poor performance of
m-divinylbenzene in terms of the reaction control.’%!! To overcome this limitation,
several other bifunctional initiators have been developed that are active in nonpolar
media.l’™*® The most popular one is 1,3-bis(1-phenylvinyl)benzene (DDPE), which
represents an approach to suppress the aggregation with the sterically demanding
benzene moieties. In 2006 Gnanou et al. published
1-bromo-4-(4-bromophenoxy)-2-pentadecylbenzene (DBPPB), where the precipitation
of the aggregated dianions is hindered due to the long alkyl chain.'* While there are
other examples of bifunctional initiators in the literature that meet this requirements,
the ones chosen in this study might be the most promising because both synthesis and

application are the least complicated.
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7.4 Results and Discussion

In practice, various factors affect the usability of the activated initiator species:
temperature, solvent and concentration are the most influential ones, as these
parameters have a strong impact on the activation and association kinetics. In this
study, we chose room temperature and benzene as solvent to provide the most
versatile conditions. Although both initiators are also soluble in the more common
solvent cyclohexane, benzene was chosen on the one hand because of its increased
solubility properties for monomers and polymers, and on the other hand because of
the increased interaction with Li*, which also promotes the solubility of the dianionic
species.’>® The concentration of the active initiator solution is based on
preexperimental results and values given in literature.'* In general, a higher
concentrated initiator solution tends to form insoluble aggregates or gels in such a
strong manner that it averts the homogeneous start of the polymerisation reaction. In
contrast, a concentration that is too low leads to extremely long activation times and
makes it almost impossible to determine the optimal time to add monomers. The
targeted molecular weight as well as the desired sample amount is of interest due to
the handling of the normally very small amounts of initiator that are necessary. Hence,
an initiator with a higher molar mass is advantageous in the synthesis of high molecular
weight polymers. These usually require lower molar amounts of initiator; if its molar
mass is higher, the required mass or volume also increases, making it easier to handle.
Since the precise stoichiometry between s-Buli and the bifunctional initiator is utmost
important for a monomodal weight distribution of the resulting polymer, it is extremely
cumbersome in practice to weigh the initiator for each synthesis. The preparation of
water- and oxygen-free, non-activated initiator stock solutions of certain
concentrations has proven to be very helpful. An overview of the key parameters of

both initiators is given in Table 1.
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Table 1: Key parameters of both bifunctional initiators.

oo O R,

Cy5Ha,
DDPE DBPPB
molar mass [g-mol?] 282.39 538.41
appearance colourless, viscous liquid  colourless, fine powder
synthesis steps 2 3
eq. s-butyllithium (s-BuLi) 2 4
[C]stock solution [Mol-L] 0.1 0.01
'H NMR kinetics online offline

Since the precise stoichiometry between s-Buli and the bifunctional initiator is utmost
important for a monomodal weight distribution of the resulting polymer, it is extremely
cumbersome in practice to weigh the initiator for each synthesis. The preparation of
water- and oxygen-free, non-activated initiator stock solutions of certain
concentrations has proven to be very helpful. An overview of the key parameters of
both initiators is given in Table 1. For DDPE, the range of applicable concentrations
varies between 0.05 M and 0.5 M, yet 0.1 M seems to be the best combination of
activation speed and solution volume. The concentration range of DBPPB is stricter.
The gelation resulting from the association during the activation does not allow
concentrations above 0.1 M, otherwise the homogeneous cross over to the monomer
units is no longer possible. To achieve the best polymerisation results, it is important
to wait long enough before adding the monomer so that all initiator molecules are
activated, but not too long to avoid the formation of insoluble aggregates. Therefore,

'H NMR kinetic measurements were carried out to follow the conversion in the course
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of the reaction. Figure 1 shows the time-dependent change in signals. See Figure S1 - S4

for additional information.
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Figure 1: Time-dependent changes in relevant signals during the activation of a) DDPE (0.1 M,
IH NMR, solvent: benzene-ds, 400 MHz) and b) DBPPB (0.01 M, 'H NMR, solvent: benzene ds,
400 MHz).

The activation of DDPE can easily be observed via online *H NMR kinetics. In the course
of the reaction, the decreasing double bond signals between 5.27 and 5.35 ppm shows
the progressive addition of s-Buli. After 40 minutes the signal has completely
disappeared, no further changes can be observed, and the quantitative activation of
the initiator is completed. The activation of DBPPB is observed via offline *H NMR

kinetics. Due to the different activation mechanism the online measurement is not
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possible as there is no proton signal that disappears. The lithium-halogen exchange
directly forms the negative charge, this structural change cannot be observed with
'H NMR spectroscopy. To follow the course of the reaction, an equivalent of the
s--BuLi/DBPPB reaction mixture was treated with methanol to quench the reaction and
analyzed afterwards. The change in the signal composition is presented in Figure 1 b).
As the reaction progresses, the multiplet between 7.52 and 7.57 ppm which resembles
the three protons positioned next to the bromine atoms depletes. However, the
expected three new triplets are growing at the same rate at 7.38, 7.27 and 7.12 ppm.
After 60 minutes the multiplet signal vanished completely, which shows the
guantitative lithium-halogen exchange and thus complete activation. Both solutions

are then ready to use and can be further diluted if necessary.
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7.5 Experimental
Materials and methods

Both initiators were synthesised according to preciously published procedures.'**’

s-Buli (1.3 M solution in hexanes) was purchased from Acros Organics and used
without further treatment. Benzene-dg (99.96% purity) was purchased from Deutero
GmbH and used without further treatment. Benzene was purchased from Carl Roth
GmbH + Co. KG, degassed, stirred over s-Buli and diphenylethylene as indicator for one
night and freshly distilled prior to use. Methanol (HPLC grade) was purchased from

Fisher Scientific GmbH and degassed prior to use.

'H NMR experiments were carried out on a Bruker Avance Il 400 spectrometer,

equipped with a 5 mm BBFO sample head with z-gradient and ATM.
Sample preparation

Both initiators were freeze-dried with benzene and dried in dynamic vacuum for one
night. Stock solutions of defined concentrations (DDPE: 0.1 M, DBPPB: 0.01 M) were
prepared with benzene-ds or dry and degassed benzene under inert argon atmosphere

in the glovebox.

DDPE: 1 mL (0.1 mmol, 1 eq.) of the prepared stock solution was transferred into an
NMR tube and thoroughly closed with a rubber sealing cap. s-BuLi (0.15 mL, 0.2 mmol,
2 eq.) was added via syringe which led to the typically red coloured anionic solution.
The first spectrum was measured within one minute, the following ones were taken at

two-minute intervals.

DBPPB: 10 mL (0.1 mmol, 1 eq.) of the prepared stock solution were transferred into a
glass tube equipped with a magnetic stirring bar. s-Buli (0.31 mL, 0.4 mmol, 4 eq.) was
added via syringe to start the activation reaction. Every ten minutes a 1 mL aliquot was
taken from the reaction mixture and quenched with 0.1 mL methanol. The solvent was
removed under reduced pressure and the solid residue was dissolved in 0.7 mL

benzene-dg subsequently to perform the 'H NMR analysis.
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7.6 Conclusion

Bifunctional initiators are a powerful tool for the synthesis of complex copolymers, yet
their use is demanding with regard to the synthesis skills and equipment - especially
the intermolecular association during the activation step is one of the biggest
challenges. We were able to increase the versatility by the preparation of stock
solutions with optimised concentrations. This not only simplifies handling in general,
but also dramatically minimises the stoichiometric error for each synthesis. We
successfully followed the activation reaction of the prepared stock solutions via
'H NMR experiments and were able to find the perfect time for further dilution and the
monomer addition which reduces the probability that inactive aggregates will form. All
in all, this optimised reaction procedure increases the accessibility of this kind of

initiator to a larger audience.
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Figure S1: 'H NMR spectrum of non-activated DDPE (solvent: DMSO-ds, 400 MHz).
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Figure S2: Visible change to the typical dark red coloured anionic solution during the activation of
DDPE.
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Figure S3: 'H NMR spectrum of non-activated DBPPB (solvent: CDCls, 400 MHz).
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Figure S4: Visible cloudiness during the activation of the DBPPB solution, resulting from the
precipitating LiBr.
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Copolymerisation of 2-vinylpyridine and isoprene, starting from a bifunctional initiator,
yields novel ABA triblock structures that cannot be accessed via a linear synthesis
route. The polymers are analysed by means of SEC and NMR spectroscopy and the

observed aggregation tendency is investigated.
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8.2 Abstract

Since the reactivities between monomers are different, it is not possible to synthesise
linear ABA triblock copolymers from every conceivable monomer pair by
monofunctional initiation, if the reactivity of A is insufficient to polymerise monomer
B. Double 1,1-diphenylethylene (DDPE) is an efficient bifunctional carbanionic initiator
and allows the synthesis of ABA triblock copolymer structures starting from monomer
B, if the latter is reactive enough to cross-over to monomer A. In this work, novel ABA
triblock copolymers have been synthesised with 2-vinylpyridine (2-VP) end
blocks and an isoprene midblock with a high number of the 1,4-regioisomer.
First, the applicability of the bifunctional initiator in nonpolar media has been
optimised, followed by the careful two-step polymer synthesis, including the
intermediate addition of a polar solvent to allow for polymerisation of 2-VP at
low temperatures, forming the P(2-VP) end blocks. Ultimately, two different sets
of polymers have been prepared, differing in monomer composition (15-70-15
and 20-60-20 mol% for the blocks) and molecular weight (10 - 27 kg-mol™). The
molar monomer ratio as well as the isoprene microstructure were verified by
'H NMR and DSC experiments. SEC and light scattering experiments gave
qualitative insight into the solution behaviour of the polymers and provided a
reliable trend regarding their aggregation characteristics. An increased particle
size with increasing molecular weight was observed, while polymers with the
same molecular weight but higher 2-VP content showed a reduced particle size
due to the enhanced interaction of the P(2-VP) blocks. In addition,
pH-dependent solubility and first indications of mechanical resilience are

reported, raising the prospect of new type of functional TPE materials.

-114 -



Chapter 4 — Synthesis and characterisation of novel 2-vinylpyridine-isoprene ABA
triblock copolymers - Introduction

8.3 Introduction

Block copolymers are a well-known class of materials with a wide range of
applications, and styrene-diene block copolymers in particular are often in
focus.! The large number of more than 1600 publications on styrene-butadiene
or styrene-isoprene block copolymers between 2000 and 2019 clearly underlines
their importance.? Due to their excellent mechanical properties compared to AB
diblock copolymers, especially ABA triblock copolymers or higher multiblock
copolymers are of special interest. Common applications range from everyday
thermoplastic elastomers (TPEs) and high-performance polymers for medical
uses to novel approaches for highly specific electronics.>™® To broaden the range
of possible applications, the use of functional styrene derivatives is an
interesting starting point, and several examples were published as early as

1963.7°

Another suitable monomer that has received little attention in terms of
copolymerisations with isoprene is 2-vinylpyridine (2-VP), which, however, is an
interesting alternative to styrene due to its quite similar mechanical properties
but significantly different polar character.!® The manifold possibilities for
post-polymerisation modifications as well as different applications of
vinylpyridine copolymers were presented in a comprehensive perspective article
by Kennemur from 2019, which impressively demonstrates the rather simple
access to tailor-made materials with unique properties.!! In addition the
polymerisation of functional styrene derivatives often requires the use of
protective groups. This is not necessary for vinylpyridine, albeit low
temperatures are required to suppress possible side reactions described in the

literature.*?13

The living anionic polymerisation is the gold standard for controlled
polymerisation reactions, as it allows for the synthesis of well-defined structures
with narrow molecular weight distributions.!*** In particular, the carbanionic

synthesis of polyisoprene is well understood, and the preparation of polymers
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with a high content of 1,4-regioisomers, which is essential for low glass transition
temperatures and the mechanical properties, is achieved without encountering
problems by using non-polar solvents and lithium initiators.’®™*° In contrast to
styrene, a polar solvent is essential for the polymerisation of 2-VP, which makes
the synthesis of 2-VP/isoprene polymers particularly challenging due to the
different reaction conditions. Nevertheless, some examples can be found in
literature. Watanabe and Tirrell published the sequential synthesis, starting with
the polymerisation of isoprene in n-heptane. Subsequently, 90% of the solvent
was removed under reduced pressure and replaced by THF, followed by the
addition of 2-VP at -78 °C to ensure the controlled polymerisation.?’ Polymers
with narrow dispersities of 1.12-1.18 and a high content of 1,4-polyisoprene
microstructure of 93% were obtained. Quirk and Corona-Galvan report the
synthesis of P(I-b-2-VP) initiated in pure hydrocarbon solvents (benzene) in the
presence of LiCl with very narrow dispersities of 1.01-1.06 and 93% 1,4-units.
The use of LiCl is critical for the success of the synthesis, as it suppresses side
reactions during the polymerisation of 2-VP, while working at comparatively
elevated temperatures of 6-8 °C.?! Kurata et al. report the gas permeability of
P(l-b-2-VP) thin-films and conclude that it resembles that of SBS block
copolymers closely in all respects at temperatures between 25-60 °C. The
permeation is mainly governed by the mobility of the rubbery Pl phase with a
high 1,4-microstructure, while the glassy P(2-VP) domains remain inert.??
Further insight into the material properties were provided by Hashimoto et al.
They report the effect of casting solvents for the preparation of thin-films and
demonstrate the excellent phase separation behaviour of the polymers and the
formation of spherical, cylindrical and lamellar morphologies via TEM and SAXS
measurements.?®> Furthermore, they studied the selective incorporation of
Pd nanoparticles into the P(2-VP) domains of the respective thin-films,
demonstrating the potential of these materials as substrate for metal catalysts
or optical devices. It should be noted, that the polymers reported by Hashimoto

et al. were synthesised in THF, resulting in a high 3,4-content of P1.2* While no
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conclusive reports for the exact Flory-Huggins interaction parameter y can be
found in literature yet, the trend x(ps-py < X(p(2-vr)-ps) < X(Pi-p(2-vp)) 1S UNiformly confirmed
and it is expected that x(pi.p(2-ve) is at least 1.5 to 3.5 and in some reports even 8 times,
higher than ypsp).'*>7! Different reports on the solution behaviour of copolymers
with strongly immiscible blocks show their ability to form non-conventional micellar
shapes, e.g. toroids.>**3 Chang et al. investigated the self-assembly of P(I-b-2-VP) and
report the formation of stable toroidal micelles with highly uniform size and shape with

the opportunity to grow gold nanoparticles along the ring surface.*

Overall, the manifold properties already reported, show the potential of these
copolymers which renders the synthesis of ABA triblock copolymers of the type
P(2-VP)-b-Pl-b-P(2-VP) particularly interesting. For a wide range of possible
applications, it is desirable to maximise the number of 1,4-units in the Pl block,
which is why sequential synthesis in different solvents is necessary. While the
sequential polymerisation of AB diblock copolymers is achieved with established
synthesis protocols, the synthesis of ABA triblock copolymers is a challenging
task, since the cross-over from 2-VP to isoprene is not possible.?! The living
vinylpyridine chain end shows reduced nucleophilicity due to the
electron-withdrawing character of the nitrogen atom. The reactivity of the living
chain ends is mirrored by the -carbon shift in 13C NMR, as demonstrated by
Hirao et al. for different styrene derivatives containing electron-withdrawing
groups. For the monomers used in this study, the reactivity follows the order
isoprene > 2-VP; to simplify the comparison, the values for styrene and 4-VP are

also given in Table 1.%
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Table 1: (f3-)carbon shifts of selected monomers measured via *C NMR (400 MHz, CDCl;,
Figure S1) reflect the respective reactivity.

monomer (8-)carbon shift / [ppm]

isoprene 113.54 C-1/116.67 C-4
styrene 113.93
2-VP 118.32
4-VP 118.45

The difference of ~5 ppm between 2-VP and the C-1 carbon of isoprene which is
nucelophilically attacked during the polymerisation indicates that a
corresponding cross-over originating from 2-VP is not possible. The earlier
described synthesis of diblock copolymers is possible by starting with isoprene
in a non-polar solvent followed by the sequential addition of a polar solvent and
vinylpyridine in a second step. However, triblock copolymers cannot be
produced in the same manner. The use of a bifunctional initiator can overcome
this limitation and generates a living dilithiopolyisoprene precursor that readily

reacts with 2-VP to form the desired ABA structure.

Due to the dianionic charge of comparatively small molecules, bifunctional
initiators tend to aggregate in non-polar solvents, making them unavailable for
uniform, effective initiation. Nevertheless, several structures have been
developed that prevent aggregation, relying on different strategies. Figure 1
gives an overview of different bifunctional initiators. Gnanou et al. use an
intramolecular polar ether group and an alkyl anchor to prevent the dianionic
initiator (I) from precipitating. Additionally, the activation mechanism is a
lithium-halogen exchange on both benzene moieties, resulting in the necessary
addition of two additional eq. s-Buli, which readily converts the intermediary
bromobutane to 3,4-dimethylhexane, thus avoiding the quenching of any living

chain ends during the polymerisation process.3® Another approach is structure
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(I1). Long et al. use an intramolecular piperazine group, which suppresses the ion
association via coordination of the lithium cations.?” An earlier example and,
among numerous other publications, also the initiator used in this work is
structure (lll), diphenylethylene (DPPE). The sterically demanding benzyl
moieties prevent the assembly of several active DDPE molecules.3¥*! Starting
from DDPE, we herein report the synthesis of novel P(2-VP-b-I-b-2VP) triblock

copolymers.

Fea cllNoUage

c15H31

+4 eq. s-Buli l+2eq.sBuLi

3

- LiBr, 3,4-dimethylhexane

AT T, Q0L

c15H31

U (m

v

J U ¢

+ 2 eq. s-Buli

SHOL®

Figure 1: Bifunctional anionic initiators for use in non-polar solvents and the respective activation
with s-Buli to form the active initiator species. (1) published by Gnanou et al., an intramolecular
polar ether group and the long alkyl anchor suppress precipitation. (I1) published by Long et al.,

the intramolecular piperazine moiety promotes ion dissociation. (I1l) DDPE, the bulky benzene
moieties sterically hinder aggregation of the activated dianionic species.?**!
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8.4 Results and Discussion

Synthesis and sample overview

In the following, the synthesis of the bifunctional initiator DDPE as well as the

sequential carbanionic polymerisation of P(2-VP-b-I-b-2-VP) are described.
Initiator synthesis

Although the Wittig reaction of 1,3-dibenzoylbenzene with  methyl
triphenylphosphonium bromide is the commonly reported method for this synthesis,
the troublesome removal of the by-product triphenylphosphine oxide led to the choice
of a different strategy.*’ In analogy to the synthesis of DPE, DDPE was prepared using
the Grignard reaction.** While two different synthesis routes are conceivable, the
reaction of 1,3-diacetylbenzene with a phenylmagnesium halogenide leads to
insufficient results and poor yields of only 25%. In contrast, the reaction of the readily
available 1,3-dibenzoylbenzene with methylmagnesium iodide yields good results,
which can be attributed to the lower steric hindrance in the transition state, since the
Grignard reagent less bulky, and the three-ring structure already pre-formed. In the
first step of the reaction, both ketone groups are converted by the Grignard reagent
and subsequent hydrolysis to the tertiary alcohol, which eliminates water under weak
acidic conditions and elevated temperature to ultimately form both double bonds

(Figure 2). After careful purification Ill was obtained in a yield of 91%.

o o 1) MeMgl
2) NH,Cl,
o U C ’ ‘ ‘ ‘
H,S0,, AT

Figure 2: Grignard reaction of 1,3-dibenzoylbenzene and subsequent dehydrogenation, affording
the bifunctional initiator DDPE.
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To guarantee the required purity and to verify full activation of the initiator, styrene
was polymerised and end-capped with ethyleneoxide (EO) in a model reaction, similar
to the publication by Bates et. al.** *H NMR spectroscopy demonstrates, by means of
the correct ratio between initiator signal and EO signal, that exactly one EO unit is
added to each living anionic chain end. The SEC trace shows a monomodal distribution
with a dispersity of 1.1, proving the efficiency of the synthesised DDPE as bifunctional
initiator (see Figures S4, S5). Since the incomplete activation of the initiator (Figure 1)
leads to side reactions such as chain coupling during the polymerisation, the addition
of s-BulLi to the double bonds of DDPE was followed using online *H NMR spectroscopy.
The decrease of the corresponding signal is tracked to determine the optimal time for
the addition of the monomer. The data show that after 30 minutes, 99% conversion

can be observed (see Figure S6).
Polymer synthesis

All polymerisation reactions were carried out using standard high-vacuum techniques
in carefully dried all-glass reaction vessels, sealed with rubber and Teflon caps. DDPE
was initially placed in the reaction flask, lyophilised with pre-dried benzene, and stirred
in dynamic vacuum at room temperature for one night. Both monomers were degassed
in several freeze-pump-thaw cycles, dried over CaH, for one night, and freshly distilled
prior to the reaction. Figure 3 gives an overview of the polymerisation steps. A0.1 M
solution of DDPE in benzene is activated with s-BulLi for 60 minutes, followed by the
addition of further benzene for sufficient dilution during isoprene polymerisation.
Isoprene is added via syringe and stirred for 2 h. After full conversion of isoprene, the
reaction flask was cooled to -64 °C and THF was condensed into the reaction mixture
under reduced pressure. To prevent the reaction mixture from freezing during the
polymerisation, it is necessary to add at least the same volume of THF with respect to
benzene (Figure S7). 2-VP was injected via syringe and allowed to polymerise for 1 h
prior to quenching of the reaction mixture with methanol. In the course of the reaction,
two important colour changes are observed that can be taken as an indication for

successful transformation of the chain ends: Starting from the active solution of DDPE
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with a red colour, the addition of isoprene and the subsequent formation of the
isoprenyllithium chain end turns the solution to a pale yellow colour, which changes
back to red once 2-VP is added (Figure 3). Since the purification of the resulting
polymers is challenging due to the amphiphilic character and precipitation is difficult,
the solvent was removed under reduced pressure to afford P(2-VP-b-I-b-2-VP) with

guantitative yields.

+2 eq s-BulLi )\/
_—
benzene O LiG("% O L(i% O benzene

Figure 3: Sequential polymerisation scheme for 2-VP-isoprene ABA triblock copolymers starting
from the bifunctional initiator DDPE. The observable colour change indicates the successful cross-
over to the respective monomer during the reaction steps.

Two sets of polymers with varied molar monomer ratios were synthesised to establish
the triblock copolymer synthesis: 15-70-15 and 20-60-20 with different molecular
weights in dependence of the 2-VP outer blocks molecular weights, which were chosen
between 2 and 4 kg mol™ to investigate the influence of the monomer composition and

P(2-VP) block size.
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Characterisation of the block copolymers

An overview of all resulting copolymers is given in Table 2, Figure 4 shows the SEC
traces of both copolymer sets.
Table 2: Characterisation data of copolymer samples with theoretical molecular weights, SEC

measurements were performed in DMF with toluene as an internal standard, PS calibration and
UV detector. NMR measurements were performed in CDCl; and 400 MHz.

sample M, tar_ M, sec, e:xp M, NVR, fa_xp 5 1,4-units

[kg-:mol?] [kg-:mol?] [kg-:mol?] [%]
15-70-15 - 2k 13.3 5.8 25.1 1.1 91.3
15-70-15 - 3k 20.0 10.6 23.0 1.2 91.8
15-70-15 - 4k 26.6 16.1 30.5 1.2 91.7
20-60-20 - 2k 10 5.8 13.6 1.1 93.5
20-60-20 - 3k 15 8.5 12.8 1.1 90.9
20-60-20 - 4k 20 10.8 17.8 1.2 91.2

15-70-15 2k (M, : 5770 g/mol; B: 1.14)
15-70-15 3k (M, : 10640 g/mol; H: 1.18)
15-70-15 4k (Mn: 16140 g/mol; B: 1.23)

20-60-20 2k (M, : 5820 g/mol; & 1.14)
20-60-20 3k (M, : 8480 g/mol; B 1.14)
20-60-20 4k (M, : 10810 g/mol; : 1.15)

L L
103 104 103 10
molar mass [g/mol] molar mass [g/mol]

Figure 4: SEC traces of the P(2-VP-b-I-b-2-VP) samples, measured in DMF with toluene as internal
standard, polystyrene calibration and an UV detector.

The shoulders of the 15-70-15 set can be attributed to chain termination from protic
impurities introduced during the addition of 2-VP; thus representing an isoprene

homopolymer. The proportion of homopolymer was determined to be 9% and 27%,
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respectively by means of a multiarea data evaluation. The rather high value of 27%
underlines the immense caution with respect to predrying required during the
synthesis, however, it does not pose a problem for the subsequent characterisation of
the polymers. Furthermore, this displays the successful synthesis, as this bimodality
clearly demonstrates the presence of the triblock copolymers. The excellent,
monomodal SEC traces of the 20-60-20 series show that the synthesis strategy used is

suitable since, no bimodality can be observed in this case.

A significant discrepancy between the theoretical molecular weight and the respective
experimental values can be observed as well. In view of the SEC experiments, this effect
is ascribed to an underestimation of the vinylpyridine blocks when using PS standards,
as reported in literature.* For the reported triblock structures, this effect is particularly
pronounced as a result of the aggregation behaviour, which further reduces the
hydrodynamic radius. Another factor contributing to the underestimation is the mid-
block, as isoprene also has a lower molecular weight compared to the PS standard,
which will be discussed in more detail later. Apart from the known underestimation,
both sets of polymer samples show the expected shift to higher molecular weights with

an increasing targeted molecular weight, indicating their successful synthesis.

In case of NMR determination, the variation of the molecular weight is attributed
to the difficult integration of the initiator signal. Since the aromatic signals of
DDPE and 2-VP overlap, the terminal s-Buli alkyl protons are used for the
integration. In this case, however, due to the low intensity and the proximity to
the alkyl backbone signal of the polymer, their integration is particularly difficult
and error-prone. To further support the efficient copolymerisation, an
exemplary DOSY NMR spectrum of sample 20-60-20 4k was measured
(Figure S14). It shows the absence of signals other than for benzene-dg and the
copolymer, demonstrating the formation of the P(2-VP-b-I-b-2-VP) triblock
copolymer structure. In contrast to the molecular weight, the microstructure

composition of the isoprene middle block can be determined for all samples,
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according to Equation 1. The percentage of 3,4-units is given by the integral ratio
of both vinyl signals (1,4-units: 5.1 ppm, 1H; 3,4-units: 4.7 ppm, 2H; see ESI):

(0.5-1(3,4)

— = .100 Equation 1
1(1,4) + 0.5 - 1(3,4))

%(3,4) =

The resulting values demonstrate the possibility to achieve a high content of
1,4-units of over 90% for every sample (Table 2). This is also reflected by the
glass transition temperature T, of the polyisoprene middle block. It varies
between -60 and -65 °C and is in good accordance with values reported in
literature for high molecular weight 1,4-isoprene polymers (see ESI).*® Due to
the relatively low molecular weights of the 2-VP blocks, it was only possible to
observe a T, of 81 °C for the 4k sample of the 15-70-15 series. As described in
literature, the lack of a detectable T, is ascribed to the low volume of the 2-VP
blocks. Since isoprene forms the main component in these polymers, it is difficult
to observe both T,s. This effect is amplified by the sensitivity limit of the DSC
measurement, it is no longer sufficient to map a T, since the heat capacity step
Acp at the T is inversely proportional to the temperature.**® For the 20-60-20
series, the observed T,s are still weakly pronounced, but determinable for all
polymers. A clear trend can be seen, as expected the Tg increases together with
the molecular weight of the block from 40 to 66 °C. The values are in agreement

with literature and clearly indicate the presence of a defined 2-VP block.*>>°

In addition to the polyisoprene microstructure, NMR spectroscopy also allows
the determination of the monomer ratio via the signal ratio of 2-VP (8.20 ppm,
1H, normalised to 1) to both isoprene signals, following Equation 2:

(1(1,4) + 0.5 - 1(3,4))
1(2-VP) + (I(1,4) + 0.5 - 1(3,4))

mol%(isoprene) = 100 -
Equation 2
(1(1,4) +0.5-1(3,4))
1+ (1(1,4) + 0.5 - 1(3,4))

The calculated values are in excellent agreement with the theoretically planned

monomer composition and deviate by no more than 3% (see Table S2). These results,
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in addition with the high 1,4-content of the polymers demonstrates that the desired

control over the reaction by means of living anionic polymerisation was achieved.
Solution behaviour

As described earlier, the respective diblock copolymers of isoprene and 2-VP
tend to form aggregates. A first indication of similar aggregation behaviour of
the triblock copolymer structures is the reduced hydrodynamic radius of the
polymers, which is mirrored by a lower apparent molecular weight in the SEC
elugrams. In addition to the already discussed main signal of the polymers, a
second distribution mode can be observed at very high molecular weights via

SEC, as shown in Figure 5.

20-60-20 2k
20-60-20 3k
20-60-20 4k

15-70-15 2k
15-70-15 3k
15-70-15 4k

L
10° 104 10° 108 10° 104 10°
molar mass [g/mol] molar mass [g/mol]

Figure 5: Complete SEC traces of the polymer samples. The molecular weights and dispersities
provided refer to the very narrowly distributed, high molecular weight signal, indicating the
aggregation of P(2-VP-b-I-b-2-VP).

This is of particular interest since such signals often indicate an uncontrolled side
reaction, which can, however, be ruled out in this case. The most likely case of
incomplete activation of the initiator, which would lead to chain coupling and
cross-linking, can be excluded; an uncontrolled reaction would be accompanied
by a significant broadening of the distribution. In addition, cross-linking side
reactions would result in an insoluble product that cannot be detected via SEC
as it is separated out while passing the pre-column. The presence of the
homopolymer signal along with the main signal in the 15-70-15 4k sample also

precludes the high M, signal from being the actual product signal. This is further
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supported by the fact that the molecular weight of these polymers is known to
be underestimated in SEC elugrams, rather than drastically overestimated as
would be the case here. Therefore, the high molecular weight, together with the
very narrow distribution of the signals allows for the conclusion that these are
well-defined aggregates of the respective P(2-VP-b-I-b-2-VP)s. For a qualitative
estimation of the aggregation number z,, the molecular weight of both signals

was used for the calculation, according to Equation 3:

S - M7'*(aggregate) Equation 3
AT M™X(single)

Since it can be assumed that the isoprene homopolymer fraction is not involved
in aggregation and to minimise the calculation error due to the shoulder of the
signals in the 15-70-15 series, the signal maxima were used. Table 3 shows the

corresponding results.

Table 3: Calculated aggregation number z, from SEC traces and determined particle size from
light scattering measurements in DMF.

sample Mnmax(sin_glle) Mnmax(aggrefate) X particle size
[kg:mol™] [kg-mol™] [nm]
15-70-15 - 2k 6.4 237.9 37.4 68
15-70-15 - 3k 134 290.9 21.8 74
15-70-15 - 4k 23.6 323.0 13.7 113
20-60-20 - 2k 6.7 218.9 32.6 32
20-60-20 - 3k 10.1 196.9 19.5 38
20-60-20 - 4k 12.8 238.3 18.6 45

The apparent aggregation number decreases with increasing molecular weight.
This effect is attributed to the increased block lengths. We hypothesise that the
polar 2-VP blocks are solubilised and form the shell of the aggregate, while

isoprene forms the core.®® As the chain length increases, the steric demand of
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the 2-VP shell increases, reducing the number of isoprene blocks that fit in the
core, ultimately decreasing the overall number of chains within an aggregate

while the hydrodynamic radius is increased.

Comparing the results of both polymer sets, the same conclusion can be drawn:
While the polymers of the 15-70-15 set show an overall larger hydrodynamic
radius, the aggregates of the 20-60-20 set are apparently smaller, due to the fact
that the longer 2-VP blocks have a larger steric demand compared to the
isoprene blocks, and at the same time the smaller isoprene blocks can form a
core of more units, which is also reflected in the lower reduction of z, with
increasing M,,. With regard to the signal intensity between that of the individual
chains and that of the aggregates, a further trend can be observed for both
polymer series. The proportion of aggregates within the respective sample
increases with the length of the 2-VP blocks. This can be attributed to the fact
that the longer 2-VP blocks interact more easily due to their good solubility in

DMF, thus favouring the tendency to form aggregates.

To further characterise the polymers, all samples were subjected to light
scattering measurements using a zetasizer for the determination of the particle
size. Figure 6 displays the dependence of the particle size on the targeted

molecular weight.
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Figure 6: Light scattering measurements of P(2-VVP-b-I-b-2-V/P). The increasing particle size in
dependence of the theoretically planned molecular weight and monomer ratio is observed.
Solvent: DMF, concentration: 1 mg/mL.

In accordance with the results calculated from the SEC traces, the particle size
increases with the molecular weight. Light scattering reveals a linear trend for
both sets of polymers with a steeper slope of the 15-70-15 series. This underlines
the tendency to form larger aggregates when the molar fraction of 2-VP is lower.
In addition, the smaller particle size of the 20-60-20 series clearly shows that a
higher molar fraction of 2-VP increases the steric demand of the shell as well as
the interaction of the 2-VP blocks, thus resulting in the formation of a smaller
particle core and an overall reduced particle size. Conversely, it can be clearly
seen that the particle size of the 15-70-15 series increases significantly faster
with increasing isoprene block length than the 20-60-20 series. This confirms
that the influence of the interaction between the 2-VP blocks is less significant
than the tendency of the isoprene blocks to form a hydrophobic core, which
results in an increasing number of isoprene blocks in the core and thus in the
particle growth. Since the shape of the aggregates could not be determined at

this stage, this should be the focus of further work on this topic.
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Besides the aggregation behaviour in DMF, the aqueous solubility of the
polymers was also investigated. While it has been reported that P(2-VP) is
insoluble in water at neutral pH and at a pH>5, lower pH values lead to
protonation at the aromatic nitrogen and thus solubility of the copolymer.1152
For the solubility tests, sample 20-60-20 — 4k was used. The higher molar fraction
of the polar vinylpyridine and therefore the highest number of accessible
protonation sites was expected to yield the best results. Six samples with

different pH values from pH 1 to pH 6 were each mixed with 5 mg polymer and

left to stand for a period of five days. Figure 7 displays the results.

Figure 7: pH dependent solubility of P(2-VP-b-I-b-2-VP) 20-60-20 4k, observed for

5 days.
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As expected, the polymers are completely insoluble at pH 5 and 6, but this is also
true for the samples stored at pH 3 and 4. Protonation at these pH values is not
sufficient to compensate for the hydrophobicity of the isoprene block. However,
after three days, swelling of the polymer sample at pH 1 can be observed. After
five days, the pH 2 sample also shows first signs of solubility. There is still clearly
undissolved polymer, however the solution shows a slight turbidity, as well as
foaming when shaken, suggesting the presence of at least some dissolved
amphiphilic polymer. At pH 1 no solid polymer residue was observed, a turbid
solution at the limit of solubility of the polymer sample has formed. Strong
foaming indicates the presence of the dissolved, amphiphilic polymer. Although
these are relatively harsh conditions for solubility, they nevertheless show that
it is possible to solubilise the structures in aqueous solution. A further change of

the monomer ratio towards 2-VP should also allow solubility at higher pH values.
Material properties

The triblock copolymer structure with the highly flexible isoprene middle block and the
high glass transition 2-VP outer blocks resembles the classical structure of a P(S-b-I-b-S)
TPE. To investigate the capability of the polymers to behave in a TPE manner, polymer
films were prepared by solvent-casting. A 10 w% solution of the 15-70-15 4k sample in
THF was evaporated over several days and residual solvent was removed at reduced

pressure.

The low T, of isoprene and the high number of 1,4-units provide the basic requirements
for an elastic material, yet these properties are quite weak. This can be attributed to
the low molecular weight, Nevertheless, reversible elongation with fracture between

~20-25 % can be observed, as qualitatively shown in Figure 8.
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Figure 8: TPE-like properties of P(2-VP-b-I-b-2-VP) 15-70-15 4k allow ~20% elongation of the
solvent-cast polymer film.

While high molecular weight TPEs with up to 1000% elongation benefit from loops and
entanglements, these effects are not yet present in the samples since the molecular
weight does not exceed 27 kg-mol. Overall, however, it can already be concluded that

polymers of this type are certainly suitable as TPEs.
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8.5 Experimental

Materials and Methods

1,3-Dibenzoylbenze was purchased from ABCR and wused as received.
Methylmagnesium iodide was purchased from Acros Organics and used as received.
2-Vinylpyridine as Isoprene were purchased from Acros Organics, filtered over basic
aluminium oxide to remove the stabiliser and protic impurities, dried over CaH, and
freshly distilled prior to use. All solvents (Fisher Chemical, Carl Roth GmbH + Co. KG)
were carefully drier with CaH, (Sigma Aldrich) or butyllithium (Sigma Aldrich) and

freshly distilled prior to use.
Nuclear magnetic resonance (NMR) spectroscopy

'H measurements were performed on a Bruker Avance Il 400 at a magnetic field
strength of 400 MHz. DOSY measurements were performed using a Bruker Avance Il

HD 400 at a magnetic field strength of 400 MHz.
Size exclusion chromatography (SEC)

All SEC measurements were performed with an Agilent 1100 Series chromatograph,
equipped with HEMA columns (300/100/40, 95 cm length, 0.8 cm width, 50 °C) and an
Agilent G1314A UV detector. Solvent: DMF, internal standard: toluene, calibration:

polystyrene.
Differential scanning calorimetry (DSC)

The DSC experiments were performed with a Perkin EImer 8500 differential scanning
calorimeter in a temperature range from -80 to 150 °C and a heating rate of

5—15 °C/min for the determination of the T,.
Zetasizer particle size measurements

The particle size was determined with a Malvern Nano ZS Zetasizer (Nano series).

Measurements were performed in HPLC grade DMF at room temperature.
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Synthesis procedures

Initiator synthesis

29.10 mL of methylmagnesium iodide (3M solution in Et,0, 87.31 mmol, 5 eq.) and dry
THF (40 mL) were added to an argon-flushed three-neck round-bottomed flask
equipped with a magnetic stir bar, a dropping funnel with pressure compensation, a
Dimroth condenser and a rubber seal. 5 g of 1,3-dibenzoylbenzene (17.46 mmol, 1 eq.)
were dissolved in 30 mL dry THF and the solution was added slowly via the dropping
funnel, maintaining a slight reflux of the reaction mixture. After the complete addition,
the mixture was allowed to reflux for an additional hour and quenched by the addition
of a saturated NH,4Cl solution. The ethereal phase was separated, washed with water,
brine and water, dried over MgSO, and the solvent was removed under reduced

pressure.

IH NMR: (DMSO-ds, 400 MHz) & [ppm] = 7.72 (t, J = 1.9 Hz, 1H), 7.44 (dt, J = 8.3, 1.4 Hz,
4H), 7.35-7.07 (m, 9H), 5.69 (d, J = 3.0 Hz, 2H), 1.85 (d, J = 2.3 Hz, 6H).

50 mL of 20% H,SO, solution in water were added to the intermediate and heated for
2 h under reflux, while the conversion was observed via TLC. After cooling, the product
was extracted with Et,0. The resulting organic phase was separated, washed with
water, brine and water, dried over MgS0O,4 and the solvent was removed under reduced
pressure. Column chromatographic purification of the crude product (solvent:

petroleum ether) yields DDPE as colourless oil (91%, 4.49 g, 15.89 mmol).
Rs: 0.4 (petroleum ether).

IH NMR (DMSO-de, 400 MHz) & [ppm] = 7.46-7.27 (m, 13H), 7.15 (td, J = 1.8, 0.5 Hz,
1H), 5.49 (dd, J = 5.9, 1.1 Hz, 4H).

13C NMR (DMSO-ds, 101 MHz) & [ppm] = 148.89 (s, 2C), 140.60 (d, J = 30.2 Hz, 3C),
128.69 —127.28 (m, 31C), 114.99(s, 3C).
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Polymer synthesis

All polymerisations were carried out on a 5 g scale using a carefully flame dried all-glass
apparatus with rubber seals and Teflon caps as well as standard high vacuum
techniques. Both monomers were purified by filtration over basic aluminium oxide to
remove the stabiliser and protic impurities, degassed with three freeze-pump-thaw
cycles, stirred over CaH, for one night and freshly distilled prior to the polymerisation.
DDPE was placed in the reaction flask, lyophilised with pre-dried benzene to remove
last traces of water and subsequently stirred under dynamic vacuum for one night.
With the use of a graduated ampoule, a defined amount of benzene was added to
DDPE, followed by the addition of 2.05 eq. s-Buli to activate the initiator. The
immediate formation of the red-coloured anionic species can be observed. After one
hour, additional benzene was condensed into the reaction flask and isoprene was
added via syringe, resulting in the colour change to light yellow. After 2 h, 1.5 eq. THF
with respect to benzene were condensed to the reaction mixture and a chloroform-dry
ice bath was applied to cool the reaction mixture to -64 °C. 2-VP was added via syringe,
leading to the immediate formation of the deep red coloured pyridinyl anions. After
1 h, the reaction was quenched with degassed methanol. The solvent was removed
under reduced pressure to quantitively yield the respective triblock copolymer as a

colourless solid. See ESI for specific quantities of each individual sample.
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8.6 Conclusion

According to a literature procedure for the synthesis of DPE, double
1,1-diphenyethylene (DDPE) has been obtained by a facile Grignard reaction from
1,3-dibenzoylbenzene and methyl magnesium iodide and subsequent dehydration.
After purification, an optimised procedure for its universal use as efficient bifunctional
initiator for carbanionic block copolymerisation reactions has been established, as
demonstrated by the quantitative end-capping with ethylene oxide. Starting from the
activated initiator species, the previous limitations in linear block copolymer synthesis
of some monomers have been successfully circumvented. A sophisticated two-step
synthesis route was established, in which isoprene was first polymerised in benzene
and subsequently, upon addition of THF, 2-vinypyridine was copolymerised in a
controlled reaction at low temperatures. Novel, functional ABA triblock copolymers of
2-VP and isoprene with narrow molecular weight distributions have been obtained,
which allowed the first characterisation of such structures. Although the determination
of the exact molecular weight cannot be carried out accurately via NMR and SEC, a
controlled polymerisation is assumed due to the distinct colour change to the
respective living chain end, the uniform shift of the elugrams towards higher molecular

weights with a stable dispersity as well as quantitative yields for all samples.

By means of HNMR spectroscopy, it was possible to precisely verify the molar
monomer composition and to determine the incorporation ratio of 1,4-units in the
isoprene block. Both values are in accordance with expectation. In particular, the
microstructure of isoprene and the corresponding low glass transition temperature of
around -62 °C as well as the observed mechanical properties lay the foundation for a

new type of TPE materials.

SEC and light scattering experiments display strong aggregation behaviour of the
polymers in DMF, which is in accordance with earlier reported 2-VP copolymers and a
clear trend of the aggregate/particle size in dependence of the molecular weight and

molar monomer ratio. These results offer a good starting point for more in-depth
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investigations into the shape of the aggregates, and thus the possibility of finding

further examples of toroidal structures.

In addition to the protonation in the acidic medium, further post-polymerisation
modifications - first and foremost the quaternisation with a-w-dialkyl halides or
diphenols which leads to reversibly cross-linked systems - are possible in order to

exploit the full potential of the pyridine groups in these novel materials.
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Figure S1: 3C NMR spectrum (400 MHz, CDCls) of different monomers, showing the respective

S3-carbon shifts.
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Figure S2: 'H NMR spectrum (400 MHz, DMSO-ds) of the intermediate diol (top) and DDPE (bottom).
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Figure S3: *3C NMR spectrum (400 MHz, DMSO-ds) of DDPE.
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Figure S4: SEC elugram of EO-PS-DDPE-PS-EO, M(target) = 5 kg mol?, measured in THF with

toluene as internal standard, polystyrene calibration and an UV detector.
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Figure S5: 1H NMR spectrum (400 MHz, CDCls) of EO-PS-DDPE-PS-EO, showing only the successful

bifunctional initiation via end-capping with EO.
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Figure S6: Top: 'H NMR spectrum (400 MHz, benzene-ds) of the activation reaction of a 0.1 M DDPE
solution in benzene with s-Buli, depicting the depletion of the double bond signal. Mid:
Corresponding time-intensity plot, indication 99% conversion after 30 minutes. Bottom: Visible

change to the typical dark red coloured anionic solution after the addition of s-Buli.
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Figure S7: Melting temperature of benzene-THF mixtures. A minimum of 50% THF is required to

prevent the mixture from freezing during the polymerisation.
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Copolymer NMR spectroscopy characterisation
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Figure S8: 'H NMR spectrum (CDCls, 400 MHz) of P(2-VP-b-I-b-2-VP) — 15-70-15 2k.
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Figure S9: H NMR spectrum (CDCls, 400 MHz) of P(2-VP-b-I-b-2-VP) — 15-70-15 3k.
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Figure S10: *H NMR spectrum (CDCls, 400 MHz) of P(2-VP-b-I-b-2-VP) — 15-70-15 4k.
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Figure S11: *H NMR spectrum (CDCls, 400 MHz) of P(2-VP-b-I-b-2-VP) — 20-60-20 2k.
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Figure S12: *H NMR spectrum (CDCls, 400 MHz) of P P(2-VP-b-I-b-2-VP) — 20-60-20 3k.
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Figure S13: *H NMR spectrum (CDCls, 400 MHz) of P(2-VP-b-I-b-2-VP) — 20-60-20 4k.
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Table S2: Monomer and microstructure ratios calculated from *H NMR spectroscopy.
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Sample Mol%caic(2-VP)  mol%caic(l) devi?;oi]on(l) 3'4[_;?“5 1'4[_(;);1“5
15-70-15 - 2k 28.6 71.4 2.0 8.7 91.3
15-70-15 - 3k 28.4 71.6 2.3 8.2 91.8
15-70-15 - 4k 31.1 68.9 15 8.3 91.7
20-60-20 - 2k 41.8 58.2 29 6.5 93.5
20-60-20 - 3k 39.1 60.9 1.6 9.1 90.9
20-60-20 - 4k 38.5 61.5 2.6 8.8 91.2
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Differential scanning calorimetry
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Figure S15: DSC curve of P(2-VP-b-I-b-2-VP) — 15-70-15 2k.
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Figure S16: DSC curve of P(2-VP-b-I-b-2-VP) — 15-70-15 3k.
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Figure S17: DSC curve of P(2-VP-b-I-b-2-VP) — 15-70-15 4k.
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Figure S18: DSC curve of P(2-VP-b-I-b-2-VP) — 20-60-20 2k.
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Figure S19: DSC curve of P(2-VP-b-I-b-2-VP) — 20-60-20 3k.
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Figure S20: DSC curve of P(2-VP-b-I-b-2-VP) — 20-60-20 4k.
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Table S3: Overview of all measured glass transition temperatures.

Sample (fg]) Tg([%&\]/P)
15-70-15 - 2k -64 -
15-70-15 - 3k -63 -
15-70-15 - 4k -65 81
20-60-20 - 2k -62 40
20-60-20 - 3k -60 56
20-60-20 - 4k -62 66
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Experiments

Table $4: 15-70-15 2k.

2-VP 15% isoprene 70% 2-VP 15%

Mu(tar) 13320 g/mol 2000 g/mol 9320 g/mol 2000 g/mol
n(anions) = 0.375 mmol
m(DDPE) = 106.00 mg 2.05 eq. V(s-Buli) = 0.59 mL V(benzene) = 3.75mL c¢(DDPE) = 0.10 mol/L
70:30 n(total) = 0.063 mol
n(2-VP) 30:70 n(l)
c(anions) = 16.99 mM
m(total)= 5.00g c(l)= 2.00 mol/L
V(benzene) = 22.09 mL
n(2-VP) = 0.0189 mol n(l)= 0.0442 mol V(THF) = 44.18 mL
m(2-VP)= 1.99g m(l)= 3.01g V(ges)= 66.27 mL
V(2-VP) = 2.04 mL V()= 4.42mL c(ges)= 0.95 mol/L

Table S5: 15-70-15 3k.

2-VP 15% isoprene 70% 2-VP 15%

M(tar) 19980 g/mol 3000 g/mol 13980 g/mol 3000 g/mol
n(anions) = 0.250 mmol
m(DDPE)= 70.67 mg 2.05 eq. V(s-BuLi) = 0.39 mL V(benzene)= 2.50 mL c(DDPE) = 0.10 mol/L
70:30 n(total) = 0.063 mol
n(2-VP) 30:70 n(l)
clanions) = 11.33mM
m(total) = 5.00g )= 2.00 mol/L
V(benzene) = 22,09 mL
n(2-VP) = 0.0189 mol n(l) = 0.0442 mol V(THF) = 44.18 mL
m(2-VP)= 1.99g m(l)= 3.01g V(ges)= 66.27 mL
V(2-VP)= 2.04 mL V()= 4.42mL c(ges) = 0.95 mol/L
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Table S6: 15-70-15 4k.

2-VP 15% isoprene 70% 2-VP 15%
Mu(tar) 26640 g/mol 4000 g/mol 18640 g/mol 4000 g/mol
n(anions) = 0.188 mmol
m(DDPE) = 53.00 mg 2.05 eq. V(s-BuLi) = 0.30 mL V(benzene) = 1.88 mL c¢(DDPE) = 0.10 mol/L
70:30 n(total) = 0.063 mol
n(2-VP) 30:70 n(l)
c(anions) = 8.50 mM
m(total) = 5.00 g c(l)= 2.00 mol/L
V(benzene) = 23,09 mL
n(2-VP) = 0.0189 mol n(l)= 0.0442 mol V(THF) = 44.18mL
m(2-VP)= 1.99g m(l)= 3.01g V(ges)= 66.27 mL
V(2-VP) = 2.04 mL V()= 4.42mL c(ges) = 0.95 mol/L
Table S7: 20-60-20 2k.
2-VP 20% isoprene 60% 2-VP 20%
Mu(tar) 10000 g/mol 2000 g/mol 6000 g/mol 2000 g/mol
n(anions) = 0.500 mmol
m(DDPE) = 141.19mg 2.05 eq. V(s-BuLi) = 0.79 mL V(benzene)= 5.00 mL c(DDPE) = 0.10 mol/L
60:40 n(total) = 0.060 mol
n(2-VP) 40:60 n(l)
clanions) = 27.64 mM
m(total) = 5.00g ()= 2.00 mol/L
V(benzene) = 18.09 mL
n(2-VP) = 0.0241 mol n(l) = 0.0362 mol V(THF) = 36.18 mL
m(2-VP)= 2.54g m(l)= 2.46g V(ges)= 54.26 mL
V(2-VP) = 2.60 mL V()= 3.62mL c(ges)= 1.11 mol/L
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Table $8: 20-60-20 3k.

2-VP 20% isoprene 60% 2-VP 20%
Mu(tar) 15000 g/mol 3000 g/mol 9000 g/mol 3000 g/mol
n(anions) = 0.333 mmol
m(DDPE)= 94.13 mg 2.05 eq. V(s-Buli) = 0.53 mL V(benzene) = 3.33 mL c¢(DDPE) = 0.10 mol/L
60:40 n(total) = 0.060 mol
n(2-VP) 40:60 n(l)
c(anions) = 18.43mM
m(total) = 5.00 g c(l)= 2.00 mol/L
V(benzene) = 18.09 mL
n(2-VP) = 0.0241 mol n(l)= 0.0362 mol V(THF) = 36.18 mL
m(2-VP)= 2.54g m(l)= 2.46g V(ges)= 54.26 mL
V(2-VP) = 2.60 mL V()= 3.62mL c(ges) = 1.11 mol/L
Table $9: 20-60-20 4k.
2-VP 20% isoprene 60% 2-VP 20%
Mu(tar) 20000 g/mol 4000 g/mol 12000 g/mol 4000 g/mol
n(anions) = 0.250 mmol
m(DDPE)= 70.60 mg 2.05 eq. V(s-BuLi) = 0.39 mL V(benzene)= 2.50 mL c(DDPE) = 0.10 mol/L
60:40 n(total) = 0.060 mol
n(2-VP) 40:60 n(l)
c(anions) = 13.82 mM
m(total) = 5.00g ()= 2.00 mol/L
V(benzene) = 18.09 mL
n(2-VP) = 0.0241 mol n(l)= 0.0362 mol V(THF) = 36.18 mL
m(2-VP)= 2.54¢g m(l)= 2.46g V(ges)= 54.26 mL
V(2-VP)= 2.60 mL V()= 3.62mL c(ges)= 1.11 mol/L
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9. Chapter 5 — Synthesis and characterisation of ABA
triblock copolymers based on isoprene and
2-vinylpyridine for TPE applications
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9.1 TOC & Short Abstract
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Synthesis and characterisation of 2-vinylpyridine-isoprene triblock copolymers for TPE
applications. The chemical structure, physical properties and stress-train

measurements were studied.
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9.2 Abstract

1-bromo-4-(4-bromophenoxy)-2-pentadecylbenzene  (DBPPB) is an efficient
bifunctional carbanionic initiator, which enables the two-step synthesis of ABA triblock
copolymers. The synthesis route overcomes limitations in terms of monomer
reactivities and thus enables the synthesis of novel, functional TPEs, inspired by the
commercial styrene-diene block copolymers, styrene being replaced by 2-vinylpyridine
(2-VP). While the thermal properties are comparable to polystyrene, the increased
polarity significantly alters the copolymer features and provides new areas of
application, with post-polymerisation modification also being conceivable. Copolymers
with Poly(2-VP) outer blocks and a high 1,4-polyisoprene mid-block with varying
monomer ratios and molecular weights (M, = 75 to 167 kg-mol) were synthesised.
The synthesis route was optimised in terms of solvent and temperature, starting with
the isoprene polymerisation in toluene at room temperature, then lowering the
temperature and adding THF before the addition of 2-VP to allow for controlled
polymerisation of the latter. SEC, 'H NMR spectroscopy and DSC measurements were
used for characterisation of the polymers, as well as tensile test measurements of
selected samples. High 1,4-content as well as separate T,s for the Pl and P(2-VP) blocks
were observed, which forms the basis for the use as TPE materials. The following
tensile tests showed that mechanical properties are present. Individual samples were

elongated up to 342% before mechanical failure.
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9.3 Introduction

Thermoplastic elastomers based on styrene and dienes such as butadiene or isoprene
are a well-known class of polymers with a wide range of established uses, from
everyday applications such as shoe soles to highly specialised plastics for medical
applications.! Multifaceted publications in this area cover a wide range from academic
to commercially oriented fields of interest.? Reviewing the current scientific work, the
influence of polymer architectures and block numbers of (tapered) (multi) block
copolymers with regard to the mechanical properties are investigated, as well as the
influence of a variety of alternative dienes besides butadiene and isoprene.>™ Figure 1
gives an overview of different TPE structures and a selection of typical monomers, such

as the established butadiene, isoprene, or bio-based alternatives such as myrcene®’.

architectures hard phase soft phase

A~ N z PP
—\J—\/J g

Figure 1: ABA triblock TPE, ABA tapered triblock TPE, multiblock TPE structure. Hard phase (red).
Soft phase (blue), monomers butadiene, isoprene, myrcene.

NS

Similar to alternative diene monomers, the variation of the hard phase monomer of
the TPE also offers intriguing possibilities for new structures. Although a large number
of different styrene derivatives is already known, 2-vinylpyridine as a functional,
nitrogen-bearing styrene analogue represents an additional, promising starting point
for new materials.®® However, in comparison to styrene and its derivatives,
vinylpyridine takes a special position since the reaction conditions have to be
significantly adapted for the formation of block or tapered polymer architectures with

dienes. On the one hand, the polymerisation of vinylpyridine requires the use of a polar
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solvent and low temperatures to avoid precipitation during the polymerisation as well
as side reactions. On the other hand, a linear, sequential copolymerisation of
vinylpyridine and dienes such as isoprene is limited.'*™** By means of the f8-carbon
shift of monomers in 3C NMR spectroscopy, which is given in Table 1, the reactivity
of the resulting chain end can be estimated (Figure S1).

Table 1: (3-)carbon shifts of selected monomers measured via >*C NMR (400 MHz, CDCl;,
Figure S1) reflect the respective reactivity.

monomer (8-)carbon shift / [ppm]

isoprene 113.54C-1/116.67 C-4
styrene 113.93
2-VP 118.32
4-VP 118.45

As a consequence of the electron-withdrawing character of the nitrogen atom, the
2-vinylpyridine chain end shows reduced nucleophilicity, which is reflected by the
significant difference of ~ 5 ppm between 2-VP and styrene, the latter being much
closer to the value of isoprene. This indicates that in a 2-VP/isoprene copolymerisation
a cross-over from 2-VP to isoprene is not possible, and linear diblock copolymers are
limited to isoprene/2-VP diblock structures, with the polyisoprene block prepared

first.*

Table 2 shows a brief comparison of the properties of styrene and 2-vinylpyridine with
respect to anionic polymerisation. Different post-polymerisation reactions for P(2-VP)
are schematically presented in Figure 2, demonstrating the manifold options for

postpolymerisation reactions.
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Table 2: Comparison of different properties between 2-VP and styrene.'*2°

2-VP styrene
reaction solvents rather polar polar or non-polar
common reaction
-78 °Cto -50 °C r.t. and above
temperatures
Tg 60—104 °C 100- 107 °C
polymer polarity polar non-polar
ost-polymerisation . .
POSt-p y. various hydrogenation
reactions
entanglement
: 17.0 kg-mol? 18.0 kg-mol?
molecular weight M. g g
n H n R n H n/H n Pto
Z NG o Z NG o Z>N" TOR ZN® Z N’
) X ) X ) P RL™ )

Figure 2: Post-polymerisation reactions of 2-VP, left to right: protonation, quaternisation,
hydrogen bonding, metal ligand coordination

The polarity difference between 2-VP and styrene is evident and has an impact on both
the choice of the reaction medium for the VP polymerisation and the properties of PVP.
The possibility of protonation or quaternisation allows for subsequent introduction of
charges and thus further increase of the polarity. The influence of this is particularly
noticeable in the Flory-Huggins interaction parameter y of the corresponding
copolymers with isoprene. While no conclusive reports for exact values can be found
in literature yet, the trend xpspi) < X(p2-vp)-ps) < X(pi-p(2-vp)) IS Uniformly confirmed and it
is believed that x(pip2-ve) is 1.5 to 3.5 times, in some reports even 8 times, higher than

18,22-27
X(ps-PI)- .

In contrast to the different polarity, the T; and the entanglement molecular weight (M)

of P(2-VP) are similar to those of PS. The T, of 60 °C for P(2-VP), which is quite low at
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low molecular weights, increases to a value of about 100 °C for higher molecular
weights. These values are comparable to corresponding TPEs with a minimum chain
length of 15 kg-mol™, which ultimately is similar to polystyrene. While the M. is slightly
below the literature value for PS, this nevertheless suggests comparable behaviour
regarding the mechanical properties. Overall, the comparison between styrene and
2-VP shows the suitability of 2-VP for the use in TPEs and thus represents a promising
alternative for existing high-performance applications, such as adhesion promoters for
tire cords, which currently rely on styrene-isoprene-vinylpyridine triblock

copolymers.?®

In order to realise tri- or multiblock architectures based on VP and isoprene, two main

challenges have to be addressed.

(I) The need for polar solvents during the polymerisation of 2-VP also significantly
affects the polymerisation of isoprene. While in non-polar media, and using
lithium-based initiators, mainly the 1,4-isomer is incorporated in the polyisoprene
chain, the proportion of the 3,4-isomer increases drastically when using a polar solvent.
This has to be avoided to exclude a deterioration of the mechanical properties due to
the shortened chain length as well as the facilitated cross-linking due to dangling vinyl

groups at the polymer backbone.

(I) The second challenge is the significant reactivity difference between 2-VP and
isoprene, which does not allow the synthesis of 2-VP-isoprene-2-VP ABA triblock
copolymers. Both of these challenges can be overcome with the help of a bifunctional
initiator by first synthesising a polyisoprenyl-dilithium prepolymer in non-polar
solvents and the subsequent addition of a polar solvent and 2-VP at reduced

temperature, as shown schematically in Figure 3.
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Figure 3: Synthesis scheme for P(2-V/P-b-I-b-2-VP) ABA triblock copolymers. a), b): linear approach,
leading to mono- or diblock copolymers only. c): bifunctional approach, leading to the desired
triblock copolymer structures (orange: 2-VP, blue: isoprene).

According to this route, three sets of polymers with varies monomer ratios and chain
lengths were synthesised and characterised with regard to their structures and

mechanical properties with respect to suitability for TPEs.
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9.4 Results and Discussion

Synthesis of initiator and copolymers

In the following, the synthesis of the bifunctional initiator
1- bromo-4-(4-bromophenoxy)-2-pentadecylbenzene (DBPPB) as well as the

sequential carbanionic polymerisation of P(2-VP-b-I-b-2-VP) are described.

Following the synthesis route described by Gnanou et al., DBPPB was synthesised,
starting from the readily available 3-pentadecylphenol and bromobenzene. Figure 4
shows the chemical structure of the bifunctional initiator.?® The first step of the
reaction relies on the formation of the potassium salt of 3-pentadecylphenol, followed
by the coupling reaction with bromobenzene, ultimately forming the intermediate
1-pentadecyl-3-phenoxybenzene. Bromination of the ladder leads to the formation of
DBPPB, which is obtained as a colourless powder after careful purification by means of

column chromatography in an overall yield of 58% (Figure S1).

c15H31
Figure 4: Chemical structure of the synthesised
1-bromo-4-(4-bromophenoxy)2-pentadecylbenzene (DBPPB).
The activation of the initiator is described in detail in Chapter 3. In accordance with this
universal approach, the initiator was lyophilised, a 0.03 M stock solution was prepared

and stored under an inert argon atmosphere, prior to its use.
Polymer synthesis

All polymerisation reactions were carried out using standard high-vacuum techniques
in carefully dried all-glass reaction vessels, sealed with rubber and Teflon caps. Both
monomers were degassed in several freeze-pump-thaw cycles, dried over CaH, for one
night. Isoprene was freshly distilled prior to the reaction. 2-Vinylpyridine was distilled
in a second flask, equipped with trioctylaluminium as a second drying step, stirred for

an additional night, and freshly distilled prior to the reaction. A 0.03 M solution of
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DBPPB in benzene was initially placed in the reaction flask, activated with s-Buli and
stirred for one hour to ensure the quantitative conversion into the active species and
subsequently further diluted with the respective solvent prior to the addition isoprene.

Figure 5 gives an overview of the polymerisation steps.

o] o
s-BulLi )\/
— _@@Q/ \©@® . —_—
Br Br Li Li n

on-polar solvent
r.t.

CisH3g CysHay

=z

z

0 |

N

O~z Z D x> © >

n n polar solvent

CyisHay -64°C

N X
N N~

n+l m

c15H31

Figure 5: Synthesis of P(2-VP-b-I-b-2-VP) starting from the bifunctional initiator in non-polar
solvents at room temperature and the subsequent addition of a polar solvent and 2-VP at -64 °C
leads to the desired triblock copolymer structures

The development of suitable reaction conditions started by identifying a suitable
solvent for monomers and polymers and the most efficient solution concentration. All
solvents used were dried using standard methods, degassed and freshly distilled into
the reaction solution. In each case, three polymerisations were carried out ona5g
scale, with a monomer ratio of 15:70:15 and targeted total molecular weights of 100,
133 and 167 kg-mol™. Isoprene polymerisation was carried out at 35 °C for 24 hours,
2-VP was polymerised at -64 °C using a dry ice chloroform cold bath for 3 to 5 hours.
The monomers were added via syringe. To prevent freezing of cyclohexane and
benzene, a freezing point determination of cyclohexane/benzene:THF mixtures was
performed (Figure S3). At least 1 eq. THF with respect to cyclohexane or benzene had
to be added to prevent the freezing of the solution. Table 3 gives an overview of the

different conditions used.
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Table 3: Overview of screening of the different reaction conditions for the efficient synthesis of
P(2-VP-b-I-b-2-VP).

non-polar solvent eq. THF concentration [M] comment
1 cyclohexane 1.00 0.4 precipitation
2 cyclohexane 1.00 0.3 precipitation
3 cyclohexane 1.00 0.2 precipitation
4 cyclohexane 1..25 0.3 precipitation
5 cyclohexane 1.50 0.3 precipitation
6 cyclohexane 2.00 0.3 precipitation
7 cyclohexane 2.00 0.2 precipitation
8 benzene 2 0.4 no precipitation
9 benzene 1.5 0.7 high viscosity
10 benzene 1.5 0.4 difficult PI thawing
11 toluene 1.5 0.4 -
12 toluene 1.5 0.7 high viscosity
13 toluene 1.5 0.6 high viscosity
14 toluene 1.5 0.5 -

When using cyclohexane and THF, major problems were encountered when cooling
the solution, as the polyisoprenyl-dilithium species which had already been formed had
to be frozen together with cyclohexane in order to carry out the cold distillation of THF.
To obtain a homogeneous solution for subsequent steps, it is essential to heat the
mixture well above the freezing point of cyclohexane. However, due to the high
viscosity of the already formed polymer, homogeneous mixing could only be achieved
with great effort. Before adding 2-VP, the solution was cooled down to -64 °C again. In

the first reaction series, turbidity of the polymerisation solution was observed in each
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case, indicating precipitation of the resulting copolymer. This was confirmed by the fact
that no quantitative yield could be obtained. To counteract this, the amount of THF
added was increased up to 2 eq. in relation to cyclohexane to enhance polymer

solubility, yet without achieving any improvement.

In order to achieve better solubility during 2-VP polymerisation and to suppress the
precipitation, cyclohexane was replaced with benzene. Also in this case, homogeneous
mixing prior to 2-VP addition was challenging, yet the precipitation could be
suppressed while the required amount of THF was reduced to 1.5 eq. with respect to
benzene. While the addition of 1eq. is also sufficient for polymers with a lower
molecular weight, a significantly increased viscosity was observed, as expected with
increasing molecular weight, which can be reduced by using 1.5 eq. THF. Although the
use of benzene aided to suppress these issues during the 2-VP polymerisation, thawing

of the frozen benzene-polyisoprenyl-dilithium solution was still a critical step.

Switching from benzene to toluene resulted in a major improvement, since the freezing
point of toluene is -95 °C, which is significantly lower than the reaction temperature,
and at the same time the cold distillation of THF is also possible at -64 °C, which

eliminates the need to thaw the reaction mixture after the addition of THF.

Employing toluene as the solvent of choice for the polymerisation of isoprene, the
necessary total solvent quantity was determined experimentally. Entry 14 shows a
universal set of reaction parameters for the synthesis of P(2-VP-b-l-b-2-VP), the

corresponding, optimised procedure is summarised in the following:

A 0.03 M solution of DBPPB in benzene was activated with s-BulLi for 60 minutes,
followed by the addition of toluene for sufficient dilution during the isoprene
polymerisation. Isoprene was added via syringe and stirred for 24 h. After full
conversion of isoprene, the reaction flask was cooled to -64 °C with a chloroform-dry
ice bath and 1.5 eq. THF with respect to toluene were condensed into the reaction
mixture under reduced pressure. 2-VP was injected via syringe and allowed to

polymerise for 4 h prior to the quenching of the reaction mixture with degassed
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methanol. In the course of the reaction, two important colour changes were observed:
Starting from the turbid and very pale yellow active solution of DBPPB, the addition of
isoprene and the formation of the isoprenyllithium chain end turned the solution to a

pale yellow colour, that changed to an intensive red once 2-VP is added (Figure 6).

Figure 6: Colour change during the different reaction steps indicates the successful cross-over
between DBPPB, isoprene and 2-VP.

The purification of the resulting polymers is challenging as a result of their amphiphilic
character, precipitation is hardly possible, therefore the solvent was removed under
reduced pressure to afford P(2-VP-b-I-b-2-VP) as a colourless solid with quantitative

yields.

Two sets of polymers with varying molar monomer ratios and different total molecular
weights in dependence of the 2-VP block molecular weights were synthesised. The
different ratios allow the comparison of composition effects, while the 2-VP block size
varies around the entanglement molecular weight of P(2-VP) and allows further

comparison of material properties of the polymers belonging to the same ratio group.
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Sample characterisation

The sample IDs are composed of the monomer composition and the molecular weight
of the P(2-VP) blocks, e.g. the monomer ratio of sample 15-70-15 15k is 70 mol%
isoprene and 30 mol% 2-VP, the latter split on both outer blocks, each with a molecular
weight of 15 kg-:mol™*. Both, NMR spectroscopy and SEC experiments show results
which, when interpreting the data, indicate a similarly complex behaviour as the

polymers described in Chapter 4.

With regard to the interpretation of the NMR spectra, a meaningful determination of
the molecular weight is not possible, since the initiator signal is hardly detectable and
therefore does not allow a valid integration. An exemplary spectrum is shown in

Figure 7 (sample 15-70-15 15k).

1,4-units

CDCls

Haipinat ’
grease
Haromat 3,4-units

L V]

r T T T T T T T
.0 8.5 8.0 7.5 7.0 6.5 6.0 55

1.0000
o
0.1482

T T T T T T T 1
.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.
chemical shift (ppm)

Figure 7: 'H NMR spectrum (CDCls, 400 MHz) of P(2-VP-b-I-b-2-VP) — 15-70-15 15k.

The absence of the double bond signal of 2-VP combined with the quantitative yield of
the synthesis allows the conclusion that the complete incorporation was achieved.

According to Equation 1 the percentage of 1,4-units is given by the integral ratio
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of both vinyl signals (1,4-units: 5.1 ppm, 1H; 3,4-units: 4.7 ppm, 2H; see ESI). It is
at all times 93% and therefore represents an excellent result with regard to the desired
material properties, an overview is given in Table 4.

(0.5-1(3,4))

— > .100 Equation 1
I(1,4) +0.5 - 1(3,4))

%(1,4) =100 —

Table 4: NMR spectroscopy results of the copolymer samples (CHCls, 400 MHz).

1,4-units

Sample ID %]

15-70-15 - 15k 93.1

15-70-15 -20k 93.0

15-70-15 - 25k 93.0

20-60-20 - 15k 93.4

20-60-20 - 20k 92.8

20-60-20 - 25k 93.0

Table 5 gives and overview of the SEC data, measured in CHCl;. The measurements
were performed at a rather low concentration of 1 mg-mL?, it was not possible to vary
the concentrations nor the solvents due to the strong aggregation, samples prepared
in DMF and THF showed no signal, it can be assumed that the aggregates were too

large and separated by the precolumn.
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Table 5: SEC measurements of the synthesised polymers (solvent: CHCIs with toluene as an

internal standard, PS calibration and UV detector).

sample 1D o kgmo
15-70-15 - 15k 100 140 1.41
15-70-15 -20k 133 158 1.50
15-70-15 - 25k 167 349 1.84
20-60-20 - 15k 75 238 2.83
20-60-20 - 20k 100 340 2.04
20-60-20 - 25k 125 299 2.46

15-70-15 15k RI (M, : 140100 g/mol; D: 1.41)
15-70-15 15k UV (M : 140600 g/mol; D 1.40)
15-70-15 20k RI (M, : 157500 g/mol; D: 1.50)
15-70-15 20k UV (M, : 163500 g/mol; D: 1.47)
15-70-15 25k RI (M, : 349300 g/mol; D: 1.84)
15-70-15 25k UV (M, : 357700 g/mol; b: 1.81)

20-60-20 15k RI (Mn: 238300 g/mol; D: 2.83)
20-60-20 15k UV (Mn: 213200 g/mol; H: 3.11)
20-60-20 20k RI (Mn: 339700 g/mol; D: 2.04)
20-60-20 20k UV (Mn: 363900 g/mol; O: 1.99)
20-60-20 25k RI (Mn: 299400 g/mol; D: 2.46)
20-60-20 25k UV (Mn: 363200 g/mol; D: 2.14)

molar mass [g/mol]

Figure 8: SEC traces of both polymer sets. Top: 15-70-15, bottom: 20-60-20. Measurements were
performed in CHCl; with toluene as an internal standard, PS calibration, UV and Rl detector.

molar mass [g/mol]
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Considering the results of the SEC elugrams (Figure 8), the significant deviation of the
measured values from the theoretically planned ones as a result of the aggregation
behaviour, as discussed in Chapter 4, was recognized. However, a clear trend is
observable for the 15-70-15 series. This is in line with the expectations since the
molecular weight of each sample increases. The samples of the 20-60-20 series elute
almost at the same time, which again can be attributed to the polymers tendency to
aggregate and is the reason why the samples exhibit an unreasonably high molecular
weight close to the exclusion volume of the column. Comparing both series, it can be
seen that the polymers of the 20-60-20 series, which should actually have a lower
molecular weight than the 15-70-15 series, the overestimation is even more
pronounced. In analogy to Chapter 4, this effect is also attributed to the aggregation;
if the vinylpyridine chain length exceeds a critical value, aggregation increases

significantly. This effect is also reflected in sample 15-70-15 25k.

While the samples of the 15-70-15 series already show a rather broad distribution of
1.4 to 1.8, dispersities between 2 and 3 are obtained for the 20-60-20 series. This effect
is also ascribed to the aggregation behaviour, due to the assumed large aggregate size,
the efficient separation is hardly possible anymore, leading to the broadening of the
signal. However, the absence of other signals than the expected and the excellent
overlap of Rl and UV signals shows that no isoprene homopolymer was formed and

therefore confirms the control over the reaction.

In summary, it is clear that the analysis by means of NMR spectroscopy and SEC is
associated with certain difficulties. Mainly the amphiphilic character of the polymers,
which contributes to the formation of aggregates complicates the proper evaluation of
the measurement data. Nevertheless, the results, especially the high content of
1,4-isoprene units and the monomodal distribution of the SEC, allow the conclusion of

a successful and controlled polymerisation.
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Thermal analysis of the samples by means of DSC confirms the results of the isomer

distribution via NMR spectroscopy, as presented in Table 6.

Table 6: Overview of the DSC measurements of the synthesised polymers, displaying both glass

transition temperatures.

Sample D Telisoprene)  Ty(2-VP)

[C] [C]
15-70-15 - 15k -61 97
15-70-15 -20k -59 90
15-70-15 - 25k -58 93
20-60-20 - 15k -59 96
20-60-20 - 20k -66 73
20-60-20 - 25k -58 91

The T; of the isoprene midblock varies in the range of -66 to -58 °C and thus in the
expected range for polymers with a high 1,4-content.?®3* The T, of the P(2-VP) outer
blocks is in a high range with values between 90 and 97 °C, which is also in line with
expectations and comparable to polystyrene. An exception here is the value for sample
20-60-20, where both values are slightly lower. A possible explanation are solvent
residues, which falsify the results. Overall, this is not a problem for the further analysis
of the material properties. Compared to the triblock copolymers from Chapter 4, the
T, is both more visible and about 30 to 50 °C higher due to the significantly higher
molecular weight of the 2-VP blocks. The detectability of both T,s clearly shows the
presence of both polymer blocks and thus indicate the efficient microphase separation

which forms the basis for the applicability of the materials as TPEs.
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Material properties

To test the material properties, the synthesised polymers were processed into thin
films by means of solvent evaporation. Benzene and chloroform were used as solvents
and 1.5 g of each polymer were dissolved in the respective solvent. After a slow
evaporation over 3-5 days, the samples were freed from solvent residues under
reduced pressure. To remove the films from the moulds, they were cooled with liquid
nitrogen to a temperature range around the T, of polyisoprene to ensure sufficient
strength for removal, further thermal annealing was not performed. The films
produced had a thickness of 0.2 to 0.4 mm. Already at this point, a difference between
the different solvents could be observed. The films cast from benzene were
characterised by higher transparency and showed better elasticity. Dogbones were
stamped out of the films, which were then measured in stress-strain experiments at
room temperature. Figure 9 displays the successfully cast thin films and dogbone
samples, as well as an exemplary measurement. An overview of the stress-strain

measurement results is given in Table 5.

Figure 9: a, b: Large thin film, cast from benzene for qualitative pretests. c: Thin films cast from
CHCl;, left to right: 15-70-15 20k, 15-70-15 25k, 20-60-20 15k, 20-60-20 20k, 20-60-20 25k.
d, e: Dogbone and tensile test measurement.
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Table 7: Overview of tensile test measurement of P(2-\V/P-b-I-b-2-V/P) thin films (see ESI).

€ (benzene) o (benzene) € (CHCIs) o (CHCl3)

Sample
[%] [Nm/mm?] [%] [Nm/mm?]
15-70-15 - 15k - - ; ]
15-70-15 - 20k 195 2.5 3 9.0
15-70-15 - 25k - - 128 0.1
20-60-20 - 15k 173 0.9 1 9
20-60-20 - 20k 342 0.9 9 13.8
20-60-20 - 25k 33 1.0 30 0.2

Sample 15-70-15 15k could not be measured, since the film did not show sufficient
strength as well as a highly viscous behaviour at room temperature after removal from
the mould. The reason for this is that the molecular weight of the P(2-VP) blocks is too
low, no entanglements are possible, and in combination with the rather high isoprene
content no sufficient microphase separation was achieved. Sample 15-70-15 25k, cast
from benzene, showed a too high brittleness in the frozen state and broke immediately
on removal. The reason for this can be attributed the higher number of entanglements,
which improves the stability of the sample, but at the same time causes increased
brittleness, which cannot be compensated for by the flexibility of the isoprene block in

the cooled state.
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Figure 10: Selected stress-strain curves of the 20-60-20 series, cast from benzene. Top to bottom:
15k, 20k, 25k.

The films of the 20-60-20 series cast from benzene (Figure 10) were slightly easier to
handle due to the higher hard phase content. Sample 20-60-20 25k shows a
comparatively low elongation at break € with a mean value of 33%, while high values
of 173% and 342% could be determined for the remaining samples of the series. This
is attributed to the influence of the entanglement molecular weight of P(2-VP), with

15 kg-mol™ blocks, the M. is not yet reached, while 20 kg-mol™* are sufficient and cause
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a stronger cohesion of the hard phase. This is confirmed within the series by the
reduced ductility of the 25 kg-mol™? samples; as expected, the increasing entanglement

causes the material to behave more brittle.
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Figure 11: Selected stress-strain curves of the 20-60-20 series, cast from CHCls. Top to bottom:
15k, 20k, 25k.

In contrast, the samples of the 20-60-20 series cast from chloroform (Figure 11) show
an overall significantly lower elongation at break &. Although a trend towards

increasing € within the series can also be seen here, this does not drop again for the
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25 kg-mol™ samples. It can be assumed that chloroform is no suitable solvent for the
thin film preparation and prevents proper microphase separation, resulting in a rather
brittle, plastic behaviour. While the results obtained from the benzene cast films are
promising towards the materials applications as TPEs, it can be assumed that benzene
is not yet the most suitable solvent. Both blocks are not dissolved equally well, which
limits the formation of microphase separated film and thus significantly worsens the

material properties.

Comparing the results obtained with values of triblocks based on styrene and isoprene,
it becomes clear that there is further room for optimisation. While P(S-b-I-b-S) with a
comparable monomer composition reaches € values of more than 1200%, the values
of P(2-VP-b-I-b-2-VP) with maximum of 342% are significantly lower.3* Overall,
however, the potential of the material can be recognised and forms good basis for
further work on this topic; in particular, the choice of a suitable solvent for thin-film
production as well as the analysis of samples with different monomer ratios should be

prioritised.
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9.5 Experimental

Materials and methods

3-Pentadecylphenol was purchased from TCl and used as received. Bromobenzene and
bromine was purchased from Fisher Chemical and used as received. Copper was
purchased from Sigma-Aldrich and used as received. 2-Vinylpyridine as Isoprene were
purchased from Acros Organics, filtered over basic aluminium oxide to remove the
stabiliser and protic impurities, dried over CaH, and freshly distilled prior to use. All
solvents (Fisher Chemical, Carl Roth GmbH + Co. KG) were carefully drier with CaH,

(Sigma Aldrich) or butyllithium (Sigma Aldrich) and freshly distilled prior to use.
Nuclear magnetic resonance (NMR) spectroscopy

'H NMR measurements were performed on a Bruker Avance Il 400 at a magnetic field

strength of 400 MHz.

13C NMR measurements were performed on a Bruker Avance Il 400 at a magnetic field

strength of 400 MHz.
Size exclusion chromatography (SEC)

All SEC measurements were performed with an Agilent 1100 Series chromatograph,
equipped with HEMA columns (300/100/40, 95 cm length, 0.8 cm width, 50 °C) and an
Agilent G1314A UV detector. Solvent: CHCls, internal standard: toluene, calibration:

polystyrene.
Differential scanning calorimetry (DSC)

The DSC experiments were performed with a Perkin EImer 8500 differential scanning
calorimeter in a temperature range from -80 to 150 °C and a heating rate of

5 =15 °C/min for the determination of the T,.
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Tensile tests

Tensile tests were performed using a materials testing machine Z005 (Zwick/Roell,
Germany). Tensile tests were carried out by exposing the stamped polymer dogbones
to a uniaxial tension. Bone shape samples with thicknesses around 0.2 — 0.4 mm were
drawn with rate of 10 mm/min at room temperature All thin films were obtained by
slow evaporation from a benzene or chloroform solution followed a full removal of the

solvent under reduced pressure.

Synthesis procedures

Initiator synthesis

DBPPB was synthesised based on the prescription of Gnanou et al.?*

25 g (82.10 mmol, 1 eq.) of 3-pentadecylphenol were placed in a two-neck round
bottom flask with a reflux condenser and a Dean-Stark apparatus, dissolved in 75 mL
of N,N-dimethylacetamide and 38 mL of toluene and mixed with 5.12 g (98.39 mmol,
1.2 eq.) potassium hydroxide and heated under reflux for 5 h until the water formed
was completely separated. The solvent was then removed using a rotary evaporator,
40 mL of N,N-dimethylacetamide was added to the resulting potassium saltand 12.89 g
(82.10 mmol, 1 eq.) of bromobenzene and 0.56 g Cu (8.81 mmol, 0.11 eq.) were added
and heated to 150 °C for 8 h. The resulting reaction solution was then filtered off at
reduced pressure and the product extracted with ethyl acetate (4x 200 mL). The
organic phase was washed with water, brine and water, dried, concentrated and
purified via column chromatography (petroleum ether). Yield: 18.13g,

47.62 mmol, 58%.

In the second reaction step, 18.13 g (47.62 mmol, 1 eq.) of the intermediate were
placed in a three-neck flask with reflux condenser, dropping funnel and thermometer
and dissolved in 75 mL dichloromethane. The reaction solution was protected from
light and 5.09 mL of bromine (15.87 g, 99.31 mmol, 2.1 eq.) were added under stirring.

The temperature was kept at 0 °C during the addition. After the addition of bromine,
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the solution was further stirred at the same temperature for one hour and then heated
under reflux for 18 hours. Excess bromine was neutralised with an agueous ammonia
solution, the organic phase separated, washed with water, brine and water,
concentrated, dried and purified by means of twofold column chromatography (Rs: 0.4,
solvent: petroleum ether) to yield 25.46 g (47.29 mmol, 100%) DBPPB as colourless

solid.

1H NMR: (CDCl3, 400 MHz) & [ppm] = 7.48-7.42 (m, 3H), 6.89-6.85 (m, 3H), 6.69 (dd,
J=8.3 Hz, 1H), 2.70-2.65 (m, 2H), 1.63-1.53 (m, 2H), 1.26 (s, 24H), 0.88 (t, J = 7.0 Hz,
3H).

Polymer synthesis

All polymerisations were carried out in a 5 g scale using a carefully flame dried all-glass
apparatus with rubber seals and Teflon caps as well as standard high vacuum
techniques. Both monomers were purified by filtration over basic aluminium oxide to
remove the stabiliser and protic impurities, degassed with three freeze-pump-thaw
cycles and stirred over CaH, for one night. Isoprene was freshly distilled prior to the
polymerisation. 2-VP was additionally distilled on trioctylaluminium, stirred for one
night and freshly distilled prior to the polymerisation. A 0.03 M solution of DBPPB in
dried, degassed benzene was placed in the reaction flask, followed by the addition of
4 eq. s-Buli to activate the initiator. The gelation of the solution as well as a turbidity
can be observed in the course of the activation time of one hour. After the quantitative
activation of the initiator, the required amount of freshly distilled toluene was
transferred into the reaction flask and isoprene was added via syringe, resulting in the
colour change to light yellow. After 24 h, a chloroform-dry ice bath was applied to cool
the reaction mixture to -64 °C and 1.5 eq. THF with respect to toluene were condensed
to the reaction mixture. 2-VP was added via syringe, leading to the immediate
formation of the deep red coloured pyridinyl anions. After 3 to 5 h, the reaction
mixture was quenched with degassed methanol. The solvent was removed under
reduced pressure to quantitively yield the respective triblock copolymer as a colourless

solid. See ESI for specific quantities of each individual sample.
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9.6 Conclusion

The use of the bifunctional initiator DBPPB allows the synthesis of triblock copolymers
that are not accessible via the conventional linear reaction pathway due to the reduced
reactivity of the pyridinyl chain end. By optimising the solvent mixture and changing
from cyclohexane over benzene to toluene, existing difficulties in the synthesis

pathway have successfully been overcome to yield the desired materials.

The polymers produced in this manner were characterised by means of SEC and
'H NMR spectroscopy. In both cases, the evaluation proved to be difficult, however,
the SEC and NMR spectroscopy results indicate the desired control over the reaction,
as well as a high proportion of 1,4-units of 93% in the isoprene mid-block. This,
together with the resulting low isoprene T, (-60 °C) which, as well as the high T, of the
2-VP block (90 °C), could be determined by means of DSC measurements, indicates the

suitability of the material for TPE applications.

Subsequently, thin films were obtained using the solvent evaporation technique and
tensile test measurements were performed. The results thus obtained clearly show
that there is still potential for optimisation. In particular, the samples of the 20-60-20
series cast from CHCl; showed a rather plastic behaviour, while the films cast from
benzene proved to be more elastic and hint at a possible use of the materials for TPE
applications. In particular, the choice of solvent or the use of a solvent mixture should
be the focus here in order to obtain uniform and reliable results of the tensile test
measurements and, following on from this, to examine the morphology of the films

with the aid of TEM or SAXS measurements.

Another promising topic is the influence of the post-polymerisation modification of the
2-VP block in these types of functional TPEs. Besides the common protonation reaction
of the 2-VP block, the reversible cross-linking of the structures is conceivable with the
help of quaternisation reactions, which provides additional stability and broadens the

range of processing possibilities.
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Figure S1:3C NMR spectrum (400 MHz, CDCls) of different monomers, showing the respective f3-carbon shifts.
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Figure S2: *H NMR spectrum (400 MHz, CDCl3) of DBPPB.
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Figure S3: Melting temperature of benzene-THF mixtures. A minimum of 50% THF is required to prevent the

mixture from freezing during the polymerisation.
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Copolymer NMR spectroscopy characterisation
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Figure S4: *H NMR spectrum (CDCls, 400 MHz) of P(2-VP-b-I-b-2-VP) — 15-70-15 15k.
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Figure S5: *H NMR spectrum (CDCls, 400 MHz) of P(2-VP-b-I-b-2-VP) — 15-70-15 20k.
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Figure S6: *H NMR spectrum (CDCls, 400 MHz) of P(2-VP-b-I-b-2-VP) — 15-70-15 25k.
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Figure S7: *H NMR spectrum (CDCls, 400 MHz) of P(2-VP-b-I-b-2-VP) — 20-60-20 15k.

-191-



Chapter 5 — Synthesis and characterisation of ABA triblock copolymers based on
isoprene and 2-vinylpyridine for TPE applications - Supporting Information

1,4-units
CDCly
benzene \
Haromat Haipinat
grease
3,4-units
—
o oM
=] n
g A
- S
T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
chemical shift (ppm)
Figure S8: 'H NMR spectrum (CDCl3, 400 MHz) of P P(2-VP-b-I-b-2-VP) — 20-60-20 20k.
1,4-units
Haipinat
Haromat
3,4-units
CDCly
J\J grease
D—'—C
o o
=] S
8 4
- o
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
chemical shift (ppm)

Figure S9: *H NMR spectrum (CDCls, 400 MHz) of P(2-VP-b-I-b-2-VP) — 20-60-20 25k.
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Table S1: Microstructure ratios calculated from *H NMR spectroscopy.

3,4-units  1,4-units

Sample 1(1,4-units) 0.5 - 1(3,4-units) (%] (%]
15-70-15 - 15k 1 0.0741 6.9 93.1
15-70-15 - 20k 1 0.0751 7.0 93.0
15-70-15 - 25k 1 0.0757 7.0 93.0
20-60-20 - 15k 1 0.0704 6.6 93.4
20-60-20 - 20k 1 0.0777 7.2 92.8
20-60-20 - 25k 1 0.0750 7.0 93.0
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Differential scanning calorimetry
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Figure S12: DSC curve of P(2-VP-b-I-b-2-VP) — 15-70-15 25k.
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Figure S13: DSC curve of P(2-VP-b-I-b-2-VP) — 20-60-20 15k.
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4) Hold for 2,0 min at -90.00A°C
5) Heat from -90.00A°C to 130.00A°C at 20.00A°C/min

Figure $14: DSC curve of P(2-VP-b-I-b-2-VP) — 20-60-20 20k.
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Figure S15: DSC curve of P(2-VP-b-I-b-2-VP) — 20-60-20 25k.
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Table S2: Overview of all measured glass transition temperatures.

Sample {fg]) Tg([%&\]/P)
15-70-15 - 15k -61 97
15-70-15 - 20k -59 90
15-70-15 - 25k -58 93
20-60-20 - 15k -59 96
20-60-20 - 20k -66 73
20-60-20 - 25k -58 91
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Tensile tests
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Figure S16: Stress-strain curve of sample 15-70-15 20k, cast from benzene.
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Figure S17: Stress-strain curve of sample 20-60-20 15k, cast from benzene.
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Figure S18: Stress-strain curve of sample 20-60-20 20k, cast from benzene.
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Figure $19: Stress-strain curve of sample 20-60-20 25k (#1), cast from benzene.
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Figure S20: Stress-strain curve of sample 20-60-20 25k (#2), cast from benzene.
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Figure S21: Stress-strain curve of sample 20-60-20 25k (#3), cast from benzene.
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Figure S22: Stress-strain curve of sample 15-70-15 20k (#1), cast from CHCls.
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Figure S23: Stress-strain curve of sample 15-70-15 20k (#2), cast from CHCls.
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Figure S24: Stress-strain curve of sample 15-70-15 25k (#1), cast from CHCls.
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Figure S25: Stress-strain curve of sample 15-70-15 25k (#2), cast from CHCls.
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Figure S26: Stress-strain curve of sample 15-70-15 25k (#3), cast from CHCls.
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Figure S27: Stress-strain curve of sample 15-70-15 25k (#4), cast from CHCls.
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Figure S28: Stress-strain curve of sample 20-60-20 15k (#1), cast from CHCls.
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Figure S29: Stress-strain curve of sample 20-60-20 15k (#2), cast from CHCl.
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Figure S30: Stress-strain curve of sample 20-60-20 15k (#3), cast from CHCls.
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Figure S31: Stress-strain curve of sample 20-60-20 15k (#4), cast from CHCl.
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Figure S32: Stress-strain curve of sample 20-60-20 20k (#1), cast from CHCls.
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Figure S33: Stress-strain curve of sample 20-60-20 20k (#2), cast from CHCls.
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Figure S34: Stress-strain curve of sample 20-60-20 20k (#3), cast from CHCls.
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Figure S35: Stress-strain curve of sample 20-60-20 20k (#4), cast from CHCls.
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Figure S36: Stress-strain curve of sample 20-60-20 25k (#1), cast from CHCls.
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Figure S37: Stress-strain curve of sample 20-60-20 25k (#2), cast from CHCls.
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Figure S38: Stress-strain curve of sample 20-60-20 25k (#3), cast from CHCls.
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Figure S39: Stress-strain curve of sample 20-60-20 25k (#4), cast from CHCls.
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Experiments

Table S3: 15-70-15 15k.

Mu(tar) 99900 g/mol

n(DBPPB) = 0.050 mmol

2-VP 15%

15000 g/mol 69900 g/mol

isoprene 70%

m(DBPPB) = 26.95mg 4 eq. V(s-BuLi) = 0.154 mL V(initiator) = c(DDPE) = 0.03 mol/L
70:30 n(total) = 0.063 mol
n(2-VP) 30:70 n(l)
c(anions) = 1.7 mM
m(total)= 5.00g c(l)= 1.50 mol/L
V(toluene) = 29.45 mL
n(2-VP) = 0.0189 mol n(l) = 0.0442 mol V(THF) = 58.90 mL
m(2-VP)= 1.99g m(l)= 3.01g V(ges)= 88.35mL
V(2-VP) = 2.04 mL V()= 4.42mL c(ges) = 0.71 mol/L
Table S4: 15-70-15 20k.
2-VP 15% isoprene 70%
Mu(tar) 99900 g/mol 20000 g/mol 93200 g/mol
n(DBPPB) = 0.038 mmol
m(DBPPB) = 20.21 mg 4 eq. V(s-Buli) = 0.116 mL V(initiator) = c(DDPE) = 0.03 mol/L
70:30 n(total) = 0.063 mol
n(2-VP) 30:70 n(l)
c(anions)= 1.27 mM
m(total)= 5.00g c(l)= 1.50 mol/L
V(toluene) = 29.45 mL
n(2-VP) = 0.0189 mol n(l) = 0.0442 mol V(THF) = 58.90 mL
m(2-VP)= 1.99g m(l)= 3.01g V(ges)= 88.35mL
V(2-VP) = 2.04 mL V()= 4.42mL c(ges)= 0.71 mol/L
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Table S5: 15-70-15 25k.

2-VP 15% isoprene 70%
Mu(tar) 166500 g/mol 25000 g/mol 116500 g/mol
n(DBPPB) = 0.030 mmol
m(DBPPB) = 16.17 mg 4 eq. V(s-BuLi) = 0.092 mL V(initiator) = c(DDPE) = 0.03 mol/L
70:30 n(total) = 0.063 mol
n(2-VP) 30:70 n(l)
c(anions) = 1.02 mM
m(total)= 5.00 g c(l)= 1.50 mol/L
V(toluene) = 29.45 mL
n(2-VP) = 0.0189 mol n(l) = 0.0442 mol V(THF) = 58.90 mL
m(2-VP)= 1.99g m(l)= 3.01g V(ges)= 88.35mL
V(2-VP) = 2.04 mL V()= 4.42mL c(ges)= 0.71 mol/L
Table S6: 20-60-20 15k.
2-VP 20% isoprene 60%
M(tar) 75000 g/mol 15000 g/mol 69900 g/mol
n(DBPPB) = 0.067 mmol
m(DBPPB) = 35.89 mg 4 eq. V(s-Buli) = 0.205 mL V(initiator) = c(DDPE) = 0.03 mol/L
60:40 n(total) = 0.060 mol
n(2-VP) 40:60 n(l)
c(anions) = 2.76 mM
m(total)= 5.00g c(l)= 1.50 mol/L
V(toluene) = 24.12 mL
n(2-VP) = 0.0241 mol n(l)= 0.0362 mol V(THF) = 48.23mL
m(2-VP)= 2.54¢g m(l)= 2.46g V(ges)= 72.35mL
V(2-VP) = 2.60 mL V()= 3.62mL c(ges)= 0.83 mol/L
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Table S7: 20-60-20 20k.

2-VP 20% isoprene 60%
Mu(tar) 100000 g/mol 20000 g/mol 60000 g/mol
n(DBPPB) = 0.050 mmol
m(DBPPB) = 26.92 mg 4 eq. V(s-BuLi) = 0.154 mL V(initiator) = c(DDPE) = 0.03 mol/L
60:40 n(total) = 0.060 mol
n(2-VP) 40:60 n(l)
c(anions) = 2.07 mM
m(total)= 5.00 g c(l)= 1.50 mol/L
V(toluene) = 24.12 mL
n(2-VP) = 0.0241 mol n(l) = 0.0362 mol V(THF) = 48.23 mL
m(2-VP) = 2.54g m(l)= 2.46g V(ges)= 72.35mL
V(2-VP) = 2.60 mL V()= 3.62mL c(ges)= 0.83 mol/L
Table S8: 20-60-20 25k.
2-VP 20% isoprene 60%
M(tar) 125000 g/mol 25000 g/mol 75000 g/mol
n(DBPPB) = 0.040 mmol
m(DBPPB) = 21.54 mg 4 eq. V(s-Buli) = 0.123 mL V(initiator) = c(DDPE) = 0.03 mol/L
60:40 n(total) = 0.060 mol
n(2-VP) 40:60 n(l)
c(anions) = 1.66 mM
m(total)= 5.00g c(l)= 1.50 mol/L
V(toluene) = 24.12 mL
n(2-VP) = 0.0241 mol n(l)= 0.0362 mol V(THF) = 48.23mL
m(2-VP)= 2.54¢g m(l)= 2.46g V(ges)= 72.35mL
V(2-VP) = 2.60 mL V()= 3.62mL c(ges)= 0.83 mol/L
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10. Chapter 6 — End-capping of bifunctional
initiated polyisoprene with m-PyPE

Marcel Fickenscher and ||} IR *

M. Sc. Marcel Fickenscher, Prof. | NN
Department of Chemistry, Johannes Gutenberg University Mainz, Duesbergweg 10-14,
55128 Mainz, Germany

e-Mail: I

Keywords: telechelic isoprene, bifunctional initiators, carbanionic polymerisation, DPE

derivatives

10.1 TOC & Short Abstract

Endcapping of bifunctional initiated polyisoprene with m-PyPE vyields telechelic PI,
bearing an aminofunctional DPE derivate at each chain end. Different reaction
parameters were screened, and the products characterised by means of SEC

chromatography and *H NMR spectroscopy.
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10.2 Abstract

Diphenylethylene (DPE) is a well-known monomer and widely used in carbanionic
polymerisations. As a result of its sterical bulk, the homopolymerisation is not possible.
This was exploited in several publications to synthesise various copolymer structures
with different comonomer ratios up to alternating structures with 50 mol% DPE
content. Ultimately, the stiffness of the polymer backbone increases, leading to an
increased glass transition temperature T,. Additionally, DPE derivatives offer an
excellent way to introduce functional groups, since they are easily accessible and most
benzylic side groups do not alter the reactivity of the monomer double bond. A special
field of application for DPE derivatives is the endcapping of living polymers: Due to the
limited homopolymerisability, precisely one DPE unit is incorporated at the end of each
chain, allowing the introduction of a single functional group per carbanion. In this work,
an attempt was made to synthesise a telechelic polyisoprene, bearing two m-PyPE
units, an amine functional DPE derivative with one phenyl group being replaced by
pyridine, with the aim of forming dynamically crosslinked structures by means of
post-polymerisation modification. Different reaction parameters were screened to
enable a controlled bifunctional polymerisation of isoprene and the subsequent
crossover to m-PyPE. Depending on the chosen reaction conditions, the synthesis
shows different difficulties, which were analysed by means of *H NMR spectroscopy

and SEC chromatography.
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10.3 Introduction

The carbanionic polymerisation of functional monomers enables the synthesis of
well-defined materials with unique properties. One of the most popular monomers
used for the tailored functionalisation is DPE and its respective derivatives. DPE itself
offers an excellent way to alter the material properties with regard to the glass
transition temperature T, and the mechanical toughness, frequently used for the
synthesis of styrene and isoprene based thermoplastic elastomers.? Since it cannot
homopolymerise due to its steric bulk, the incorporation limit of DPE is 50 mol%,
resulting in a perfectly alternating copolymer.?? For styrene-DPE copolymers, the T,
rises from ~100 °C to ~180 °C as a consequence of the increased stiffness of the polymer
backbone.? In addition to the changing material properties, DPE derivatives are of
particular interest from a chemical point of view. Various derivatives with functional

groups are known in literature, a selection is shown in Figure 1:

oo, oo, O

o

C . \~

Figure 1: Various DPE derivatives, demonstrating the versatility for functionalisation by means of
copolymerisation.”™°

The wide range of functional groups shows the universal applicability of DPE
derivatives: ether groups, amines, silicon groups, cyanides, or more complex
substituents such as oxazolines are possible. While most of these structures carry their
functional group in the phenyl position, few examples modify one of the phenyl groups
itself. Ma et al. employ 1-cyclopropylvinylbenzene (CPVB) as a monomer for the

thermally controlled living anionic polymerisation which includes an anion migrated
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ring-opening mechanism. Starting at 20 °C, the addition of s-Buli results in the opening
of the cyclopropyl group, yet no further polymerisation is observed. Rising the
temperature to 60 °C enables the addition of monomers by means of an anion

migrated ring opening mechanism.!!

Similar to CPVB, 3-(1-phenylvinyl)pyridine (m-PyPE) is a special representative of DPE
derivatives due to the pyridinyl group that substitutes one phenyl group. As already
discussed in Chapter 2, this modification changes the reactivity of the double bond, but
also offers a variety of possibilities for post-polymerisation modification.'? Similar to
vinylpyridine, protonation, quaternisation or metal salt inclusion is conceivable. With
the help of bifunctional initiators, telechelic structures can be synthesised which, in
combination with the exact incorporation of a single pyridine unit per chain end, offer
the possibility of reversible crosslinking of polymers via the introduction of organic
guest molecules such as phenols. Figure 2 gives an overview over the different

modifications.!?
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Figure 2: Post-polymerisation modifications of 2-VP and dynamic crosslinking of m-PyPE-
endcapped polyisoprene with bisphenol A.

Especially the modification with alkyl halides and phenols are of special interest since
the use of bihalides and -phenols enables the formation of ionic or hydrogen bond
based networks. This self-assembly based reversible crosslinking is a powerful tool in
modern chemistry, its potential is demonstrated in several articles and points towards

improved self-healing materials.
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Brinke et al. present an overview, describing the general concept of self-assembling
functional materials. Comb-shaped polymers form hierarchical structures by simple
hydrogen bonds, favouring plasticisation and ultimately leading to solid films and
enhanced processing options.'* Loos et al. show the change in morphology using the
example of P4VP-b-PS-b-PAPI and the introduction of 3-nonadecylphenol (NDP). The
formation of hydrogen bonds between NDP and 4-VP as well as PAPI efficiently alters
the observed morphology in dependence on the NDP concentration from triple
lamellar towards different structures such as spheres or tetragonally packed
cylinders in-lamellae.® A more application-related example of the use of dynamically
crosslinked elastomers with a strong focus on the self-healing potential is shown by
Kutsumizu et al.. The introduction of carboxy groups into polyisoprene vyields a
pH-responsive polymer that forms ionic aggregates in the hydrophobic Pl matrix, when
treated with sodium hydroxide solution. After the solvent removal, a cast film was

obtained, that shows efficient self-healing behaviour at 28 °C when cut.'®

Similar behaviour is expected for telechelic m-PyPE endcapped Pl samples when
treated with dihalides or -phenols. Figure 3 displays an exemplary network formation
with bisphenol A. In contrast to the previously discussed structures, the use of m-PyPE
as linking point has several advantages. Since m-PyPE cannot homopolymerise under
carbanionic conditions due to steric hindrance, exactly one pyridine unit is added to
each living chain end. This allows precise control over the molecular structure of the
polymer as well as excellent control over post-polymerisation modification. This
control over the functionalisation allows the full potential of the supramolecular
reversible network to be realised. Whereas with crosslinking sites along the chain the
mesh size is difficult to determine, in this case the full elasticity of the Pl strands can be
exploited. This also allows the mechanics of the network to be precisely tuned, as the
length of the Pl parts and thus the mesh size can be adjusted during synthesis. In this
case, exceeding the entanglement molecular weight results in a further increase in the

mechanical properties.
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c15H31

Figure 3: Hydrogen bonding between the pyridine groups and bisphenol A forms a reversible
crosslinked network of telechelic PI.

In  this study, we synthesised living Pl via the bifunctional initiator
1-bromo-4-(4-bromophenoxy)-2-pentadecylbenzene (DBPPB), readily available from a
coupling reaction of 3-pentadecylphenol and bromobenzene, and the subsequent
bromination. After the activation of the initiator with s-Buli, isoprene is added,
followed by the addition of m-PyPE after full monomer conversion. Different reaction

conditions were screened to yield the telechelic PI.
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10.4 Results and Discussion
Synthesis and sample overview
In the following we describe the synthesis of the initiator, the endcapping reagent

m-PyPE, the polymerisation of isoprene and various approaches for the endcapping

reaction.

According to the synthesis described by Gnanou et al., DBPPB was synthesised, starting

from 3-pentadecylphenol and bromobenzene.!’ Figure 4 shows the reactions scheme.

Br
OH OK (o)
KOH
Cu powder
CisH3y CysH3y CysH3y
(o] (o]
Br Br
CysH3g CisHsy

Figure 4: Reaction scheme for the two-step synthesis of DBPPB. Formation of the
3-pentadecylphenol potassium salt and subsequent coupling with bromobenzene yields
1-pentadecyl-3-phenoxybenzene which is brominated to yield the bifunctional initiator.”

The bromination of the intermediate 1-pentedecyl-3-phenoxybenzene leads to the
formation of the initiator DBPPB, which is obtained as a colourless powder after careful
purification by means of column chromatography (yield: 58%, Figure S1). Prior to use,

the initiator was lyophilised and a 0.01 M stock solution in benzene was prepared.

m-PyPE was synthesised as described in Chapter 2 lyophilised and degassed prior to

use (Figure S2).

Starting from the activation of the initiator solution with s-BulLi, the mixture is stirred
for 60 minutes to ensure the full activation. Subsequently, the reaction solution was
further diluted with benzene or toluene respectively prior to the addition of the dried

and degassed isoprene to the activated initiator solution. The polymerisation was

-219-



Chapter 6 — End-capping of bifunctional initiated polyisoprene with m-PyPE - Results
and Discussion

stirred for 3 h at room temperature prior to the addition of m-PyPE. Ultimately, the
reaction was quenched with degassed MeOH after different time spans, depending on
the chosen reaction conditions. Figure 5 shows the reaction scheme, a summary of the
different conditions is given in table 1. Polymers with 2, 5 and 10 kg-mol? were

synthesised for each given sample.

0 (0]
s-Buli )\/
/Q/ \©\ —_— _@@Q/ \©@@_ — T
Br Br Li Li

c15H31 c15H31
) SN
=
O~z = _ 0 .
n n
c15H31

Figure 5: Reaction scheme for the bifunctional stepwise synthesis of m-PyPE endcapped
polyisoprene.
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Table 1: Overview of the different reaction conditions.

Sample isoprene m-PyPE comment
Al 3 h, r.t., benzene 30 min, r.t., undiluted crosslinked
A2 3 h, r.t., benzene 20 min, r.t., undiluted crosslinked
A3 3 h, r.t., benzene 10 min, r.t., undiluted crosslinked
A4 3 h, r.t., benzene 1 min, r.t., undiluted crosslinked
B1 3 h, r.t., toluene 30 min, 0 °C, undiluted crosslinked
B2 3 h, r.t., toluene 20 min, 0 °C, undiluted crosslinked
B3 3 h, r.t., toluene 10 min, 0 °C, undiluted crosslinked
B4 3 h, r.t., toluene 1 min, 0 °C, undiluted crosslinked
C1 3 h, r.t., toluene 20 min, -78 °C, undiluted no crossover
C2 3 h, r.t., toluene 60 min, -78 °C, undiluted no crossover
Cc3 3 h, r.t., toluene 2 h, -78 °C, undiluted no crossover
C4 3 h, r.t., toluene 4 h, -78 °C, undiluted no crossover
D1 3 h, r.t., benzene 15 min, r.t., 0.5 M, benzene crosslinked
D2 3 h, r.t., toluene 15 min, -78 °C, 0.5 M, toluene no crossover
D3 3 h, r.t., toluene 15 min, -78 °C, 0.5 M, THF multimodal

monomodal,
D4 3 h, r.t., toluene 15 min, -78 °C, 0.1 M, THF molecular weight

too high

In a first attempt to synthesise the desired endcapped polymer structure, an excess of

6 eq. pure m-PyPE was to add to the living polyisoprene solution at room temperature

(A1). Upon addition, the colourless reaction mixture immediately turned yellow,

indicating the formation of living m-PyPE chain ends. The reaction mixture was stirred

for 30 minutes, after purification an insoluble product was obtained, indicating
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crosslinking by side reactions, and not allowing for deeper analysis. Figure 6 show the
side reaction leading to the crosslinking of m-PyPE-endcapped polyisoprene, similar to

the known side reaction of vinylpyridine.

Figure 6: Crosslinking reaction between two m-PyPE moieties, leading to the formation of an
insoluble product.

Similar to DPE, m-PyPE is not able to homopolymerise under carbanionic reaction
conditions, therefore 6eq. of m-PyPE were chosen to ensure complete
functionalisation of the chain ends. Since the immediate colour change is a sign of a
very fast reaction, the amount of m-PyPE used was reduced to 2.05 eq. in the following
syntheses to avoid enhanced side reactions due to excess m-PyPE on the one hand and
to facilitate the purification on the other hand, as the removal of excess m-PyPE is
challenging. At the same time, the reaction time was gradually reduced to decrease the
probability of crosslinking. While even reducing the reaction time to 1 minute still
results in an insoluble product and further optimisation is needed, it is evident from

this that the reaction of polyisoprene with m-PyPE is possible and proceeds very fast.

In order to suppress the occurring side reactions, the conditions were changed in a
further reaction series B in favour of an increased reaction control and thus the
temperature was reduced to 0 °C during the addition of m-PyPE. To avoid the freezing
of the reaction mixture, toluene was used instead of benzene as solvent for the
polymerisation. Different reaction times were employed with no improvement with

regard to the side reactions.

Lower temperatures such as -78 °C, that are commonly used for the polymerisation of

vinylpyridine in polar media, were screened in the reaction series C. The reaction time
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was varied between 20 minutes and 4 h, yet no crossover can be observed. As known
in literature, the reactivity of dienes at low temperatures such as -78 °Cis limited which
in this case results in the lack of a crossover reaction.!® Additionally, it can be assumed
that, similar to vinylpyridine, m-PyPE requires a more polar environment for its

successful and controlled copolymerisation at low temperatures.

A more promising approach is presented in the reaction series D, where a stock
solution of m-PyPE with different solvents was used. In accordance with series A, room
temperature leads to the side reactions and ultimately the crosslinking of the polymer.
If a non-polar solvent such as toluene is used to dilute m-PyPE and the temperature is

lowered to -78 °C, no crossover is observed in this case either.
SEC and *H NMR spectroscopy

In comparison, the addition of a m-PyPE/THF solution (D3) leads to a more controlled
addition of m-PyPE due to the increased polarity even at low temperatures. This can
be observed on the one hand by the colour change, which indicates the crossover, and

on the other hand by the fact that the product is no longer insoluble.

D3 m-PyPE-Pl-m-PyPE 10k
D3 m-PyPE-PI-m-PyPE 2k
D3 m-PyPE-PI-m-PyPE 5k

102 108 104 10°
molar mass [g/mol]

Figure 7: SEC traces of three D3 samples with varying molecular weight. Multimodality
as well as an increased molecular weight as a result of polymer linkage is observed.
Measured in THF with a polystyrene standard and a Rl detector.
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The corresponding SEC traces of the three underlying reactions for the polymers with
2, 5and 10 kg-mol™ are shown in Figure 7 and clearly reflect the trend of the molecular
weight increase within the series. However, the molecular weight itself deviates
strongly from the targeted one and is significantly too high, which is attributed to the
presence of linked polymer chains, yet no insoluble network was formed. Although an
overall multimodal distribution is observed, the signals of the main products show a
monomodal distribution with dispersities between 1.3 and 1.4, suggesting a controlled
polymerisation with successful end functionalisation. Figure 8 shows an example of the
superposition of the UV and Rl signals of the 2k sample, confirming the presence of the

UV-active m-PyPE.

D3 m-PyPE-PI-m-PyPE 2k RI (M, : 15660 g/mol; ©: 1.30)
D3 m-PyPE-PI-m-PyPE 2k UV (M, : 15650 g/mol; B: 1.27)

104 10°
molar mass [g/mol]

Figure 8: Superpositioned SEC traces of the D3 2 kg-mol™* sample, indicating the quantitative
endcapping of Pl. Measured in THF with a polystyrene standard and a Rl detector.

Further dilution of the added m-PyPE (D4) causes the side reactions to recede further,
and monomodal elugrams are obtained, as shown in Figure 9. Similar to D3, a clearly
too high molecular weight is observed, however, overall it can be assumed that the
control over the reaction was significantly increased. Analysing the SEC traces in detail,
it is particularly noteworthy that in all cases the UV and Rl signals agree very well. Based

on this, it can be assumed that the quantitative endcapping has been achieved.
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Figure 9: Superpositioned Rl and UV detected SEC traces of three D4 samples with varying
molecular weight. Monomodality as well as an increased molecular weight as a result of polymer
linkage is observed. Measured in THF with a polystyrene standard.

D4 m-PyPE-PI-m-PyPE 2k RI (M : 12440 g/mol; D: 1.23)
D4 m-PyPE-Pl-m-PyPE 2k UV (M, : 11380 g/mol; D: 1.14)
D4 m-PyPE-PI-m-PyPE 5k RI (Mn: 20460 g/mol; H: 1.30)
D4 m-PyPE-PI-m-PyPE 5k UV (M : 18890 g/mol; B: 1.18)
D4 m-PyPE-PI-m-PyPE 10k RI (M_: 43060 g/mol; D: 1.28)

D4 m-PyPE-PI-m-PyPE 10k UV (M : 63280 g/mol; £: 1.14)

|
103 104
molar mass [g/mol]

A comparison of the molecular weights and dispersities (Rl detector) between the D3

and D4 series is given in Table 2:

Table 2: Comparison of SEC results of the polymerisation series D3 and D4. Measured in THF with
a polystyrene standard and a Rl detector.

D3 D M / [kg:mol™] || Mn/ [kg:mol?] b D4

2k 1.30 15.7 12.4 1.23 2k
5k 134 28.1 20.5 1.30 5k
10k 1.36 35.8 43.1 1.28 10k

Although the D4 5k sample exhibits a slight shoulder, these samples as a whole are
distinguished by the fact that no low-molecular signals were detected and thus imply
more control over the reaction. Overall, the trend of the increasing molecular weight

corresponding to the target molecular weights is clearly evident in both series. While
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the detected molecular weights differ significantly from the targeted ones, the samples
D4 2k and 5k show a lower molecular weight and dispersity than the corresponding
polymers of the D3 series, therefore a reduction of the side reactions resulting from

the increased dilution is assumed here as well.

In addition to the SEC analysis, 'H NMR spectra of the polymers were measured.

Figure 10 shows an example of the spectrum of the D4 2k sample.

1,4- units

3,4-units
m-PyPE DPBBP-CH,
LL

~ a
< ©
< ©

3.00

T T T T T T T T T T T T T T T T T T 1
.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
chemical shift (ppm)

Figure 10: *H NMR spectrum of D4 2k (CDCls, 400 MHz). The microstructure composition as well as
leftover m-PyPE is observed.

The integration on the methyl signal of the alkyl anchor of the initiator allows the
determination of the microstructure composition of isoprene (ratio of 1,4- to
3,4-units). While the incorporation ratio of 7.5 to 8.5% 3,4-units is within the expected
range for carbanionic polymerisations in non-polar solvents, the calculated molecular
weights are one the one hand not consistent within the series but on the other hand
not reliable at all, since the assumed chain coupling affects the signal used as reference

as well. The respective values for the D4 series are displayed in Table 3:
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Table 3: Isoprene microstructure composition and molecular weight, calculated from *H NMR
spectra (400 MHz, CDCl5).

D4  3,4-units/[%] Mhn/ [kg:mol?]

2k 7.5 3.3
5k 8.5 2.6
10k 7.8 4.3

To improve this, it is necessary to control the amount of m-PyPE used more precisely.
Since only small amounts are employed, this is quite challenging, but an increase in the
size of the reaction batch would remedy this. A major problem in this context is the
presence of unreacted m-PyPE, which can be seen from the doublet signal at 5.6 ppm
(m-PyPE double bond), which hints towards another reason for the leftover m-PyPE,
the undesired side reaction of living isoprenyllithium chain ends with already
end-capped m-PyPE chain ends. In addition, a coupling of chains cannot be seen in
NMR spectra, since the calculated molecular weight is only the ratio of initiator group
to monomer units; if chains are coupled, the ratio does not change, since there is then
also more than one initiator group in the molecule. Further optimisation of the reaction

parameters is mandatory in order to carry out a reliable analysis.

Although the polymers produced have not yet been fully optimised, the interaction
with diols in a qualitative test series should be investigated. For this purpose, a small
amount of the viscous polymer was dissolved in benzene, mixed with a 0.5 M
bisphenol A solution and the solvent was evaporated. As expected, the viscosity
should increase, yet this could not be observed. A possible reason for this could be the
linking of the polymers that has already taken place and the associated high molecular
weight, which is why further crosslinking of the end groups no longer has any influence.
Another explanation could be a steric hindrance between bisphenol A and m-PyPE,

both groups are comparably voluminous. To rule this out, the possibility of
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guaternisation with 1,2-dibromoethane was investigated, but no other results were

observed in this case either.
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10.5 Experimental

Materials and methods

Isoprene was purchased from Acros Organics, filtered over basic aluminium oxide to
remove the stabiliser and protic impurities, dried over CaH, and freshly distilled prior
to use. All solvents (Fisher Chemical, Carl Roth GmbH + Co. KG) were carefully drier
with CaH, (Sigma Aldrich) or butyllithium (Sigma Aldrich) and freshly distilled prior to

use.
Nuclear magnetic resonance (NMR) spectroscopy

'H NMR measurements were performed on a Bruker Avance Il 400 at a magnetic field

strength of 400 MHz.
Size exclusion chromatography (SEC)

All SEC measurements were performed with an Agilent 1100 Series chromatograph,
equipped with HEMA columns (300/100/40, 95 cm length, 0.8 cm width, 50 °C) and an
Agilent G1314A UV detector. Solvent: THF, internal standard: toluene, calibration:

polystyrene.

Synthesis procedures

m-PyPE was synthesised following the route described in Chapter 2. DBPPB was

synthesised following the route described in Chapter 5.

All polymerisations were carried out in a 2 g scale using a carefully flame dried all-glass
apparatus with rubber seals and Teflon caps as well as standard high vacuum
techniques. Isoprene was purified by filtration over basic aluminium oxide to remove
the stabiliser and protic impurities, degassed with three freeze-pump-thaw cycles and
stirred over CaH, for one night. Isoprene was freshly distilled prior to the
polymerisation. m-PyPE was lyophilised and stored under an inert argon atmosphere.
A 0.03 M solution of DBPPB in dried, degassed benzene was placed in the reaction flask,
followed by the addition of 4 eq. s-Buli to activate the initiator. The gelation of the

solution as well as a turbidity can be observed in the course of the activation time of
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one hour. After the quantitative activation of the initiator, the required amount of
freshly distilled toluene was transferred into the reaction flask and isoprene was added
via syringe, resulting in the colour change to light yellow. After 3 h, m-PyPE was added
via syringe, leading to the immediate formation of yellow coloured pyridinyl anions.
After 1 min to 4 h, the reaction mixture was quenched with degassed methanol. The
solvent was removed under reduced pressure to quantitively yield the respective

polymers.
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10.6 Conclusion

The successful synthesis of m-PyPE and the development of a synthesis route for the
endcapping of living bifunctional polyisoprene was studied in this work. While high
temperatures (room temperature) result in uncontrolled crosslinking of the attached,
living m-PyPE groups, the absence of endcapping was observed at low temperatures
(-78 °C) in non-polar solvents. The addition of a polar solvent as well as the dilution of
m-PyPE prior to the addition increases the reaction control significantly. By means of
SEC and *H NMR spectroscopy, it could be shown that monomodal distributions with a
high fraction of 1,4-units within the isoprene block are available by a suitable choice of
reaction conditions. The deviation in molecular weight as a result of side reactions
during endcapping is the most important issue to be addressed in follow-up work. The
polymers obtained still show clear potential for optimisation, yet overall it could be
shown that endcapping is feasible. Based on this, an interesting method for modifying
isoprene was opened up, which can be further optimised in the future and has the
potential to expand the already wide range of possible applications for polyisoprene.
The prospect of developing bisphenol-based networks provides a promising starting
point for further work on this topic. The screening of alternative bisphenols is the most
important point of material characterisation, and a rheological investigation of
viscosity to quantitatively verify successful crosslinking should be the focus after the

successful synthesis.
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Figure S1:*H NMR spectrum of DBPPB (CDCls, 400 MHz).
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Figure $3: 'H NMR spectrum of D4 5k (CDCls;, 400 MHz).
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Figure S4: *H NMR spectrum of D4 10k (CDCls, 400 MHz).

-235-



Chapter 6 — End-capping of bifunctional initiated polyisoprene with m-PyPE -
Supporting Information

- 236 -



Curriculum Vitae - Marcel Fickenscher

Curriculum Vitae

07/2017 — now

10/2014 - 05/2017

10/2011 - 11/2014

10/2010 - 10/2011

M. Sc. Marcel Fickenscher
] ]
] ]

Date and place of birth: 17.08.1990 in Naila

Doctoral candidate in the Department of Chemistry at the Johannes
Gutenberg University Mainz

Working group of Prof. Dr. |l

Focus:
- Polymer chemistry and organic synthesis
Synthesis, purification and optimisation of bifunctional
carbanionic initiators
- Carbanionic synthesis of 2-vinylpyridine copolymers:
- Synthesis and copolymerisation of a novel comonomer
- Bifunctional synthesis of novel 2-VP-isoprene-2-VP
triblock copolymers
- Polymer characterisation
- Composition, chemical & physical properties, material
properties
Supervision:

- 3 Bachelor students, 1 Master student
- Guidance and supervision of students within the framework of
4 laboratory practicals

M. Sc. Biomedical Chemistry at the Johannes Gutenberg University
Mainz
Master thesis Jjjjj: Method for optimising the synthesis of
multiblocks

B. Sc. Biomedical Chemistry at the Johannes Gutenberg University
Mainz
Bachelor thesis Jjjjj: Synthesis and characterisation of
hyperbranched Poly-[3,3-Bis(chlormethyl)oxetan]

Bachelor studies in Chemistry at the Johannes Gutenberg University
Mainz

-237 -



Curriculum Vitae - Marcel Fickenscher

09/2001 - 06/2010

Work Experience
06/2015 - 12/2015

Further Education

Languages

Abitur at the I

Internship at the Johannes Gutenberg University Mainz

Working group of Prof. Dr. || NN

Courses of the general doctoral programme of the Johannes Gutenberg
University Mainz

- Project Management

- Presenting in English

- Intercultural Communication

- Academic Writing in English

- Research Data Management

- What to do with a PhD? Professional Orientation for PhD

Students

German (native)

English (fluent) French (basic)

Organic synthesis

- Inert reaction environments and high-purity substance

isolation

- Reaction tracking via online and offline *H NMR spectroscopy
Polymer synthesis

- Synthesis preparation using the glovebox

- Carbanionic syntheses by means of high-vacuum techniques

- Design of custom glass reactors for high-boiling monomers

and sequential solvent additions of multi-step syntheses

- Development and optimisation of complex synthesis routes
Analytical methods

- NMR spectroscopy - Size exclusion

chromatography

- Differential scanning UV-Vis spectroscopy

calorimetry
- Lightscattering (Zetasizer) - IR spectroscopy
Materials characterisation
- Contact angle determination - Film production via
solvent evaporation casting
- Extrusion - Tensile strain
measurements

-238 -



Curriculum Vitae - Marcel Fickenscher

Interests

Conferences

Publications

- Microsoft Office - MestreNova

- Adobe Photoshop - PSS WinGPC UniChrom

- WordPress (administration and design - FindMolecule (chemical

of the working group homepage) inventory, management
and ordering)

- Citavi - SciFinder and Reaxys

|

|

|

2021 Macromolecular Colloquium, Freiburg, Germany (Online)
Poster: Introducing a 1,1-diphenylethylene analogue for
vinylpyridine: anionic copolymerisation
of 3-(1-phenylvinyl)pyridine (m-PyPE)

2019 International Symposium in lonic Polymerisation, Beijing, China
Poster: Copolymerisation of 2-vinylpyridine with an amine
functional DPE derivative: 3-(1-phenylvinyl)pyridine

Graphical Design of an ACS Macromolecules Supplementary Cover
Image, 54, 16, 2021.

. V- Fickenscher, N

Introducing a 1,1-diphenylethylene analogue for vinylpyridine: anionic
copolymerisation of 3-(1-phenylvinyl)pyridine (m-PyPE)

M. Fickenscher,_,-, Polymer Chemistry 2021. DOI:
10.1039/D1PY00302)

-239-





