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Abstract

Abstract

Polymers are an important substance class of materials, which have become an

indispensable part of everyday life. From adhesives in automotive industry and
electronic devices, via protective gear in sports through to dental technology, polymeric
materials cover a broad field of applications with their countless properties. Among this
class of material, sequence-controlled multiblock copolymers present a new and
interesting special type of polymer, which convinces with its versatility and adaptability.
Built from multiple different monomers, each building block contributes with their
properties to the overall characteristics of the final structure, resulting in polymeric
materials that combine the individual features or create new traits in one chain. A
traditional way to obtain such sequence-controlled multiblock copolymers is by using
polymerization techniques like Reversible Addition—-Fragmentation Chain-Transfer
(RAFT) polymerization, which allow for multiple polymerization steps in succession, as
well as a high degree of control in terms of chain length and dispersity. However,
depending on the number of desired building blocks and properties, a large variety of
monomers is necessary, which can result in extensive monomer syntheses if not
commercially available. Based on the complexity of each monomer molecule, these
procedures can be laborious, time consuming and expensive. Additionally, depending
on the reactivity of each monomer, complications during the chain extension (CE)
process can occur, leading to side reactions or even failure of the synthesis.

In the present thesis, the topic of multiblock copolymers was addressed by developing
and investigating a new technique, which only requires a single functional monomer
instead of multiple different ones. Therefore, a system containing of CE reactions via
Reversible-Deactivation Radical Polymerization (RDRP) as well as living ionic
polymerizations and Post-Polymerization Modifications (PPMs) via thiol-ene is
established, which resulted in the synthesis of multiblock copolymers with different
functional pendant groups, derived from the same monomer.

The first major part of this work deals with the investigation of suitable polymerization
techniques and the synthesis of different functional monomers. Thereby, first tests
employing RDRP techniques like RAFT polymerization and Atom Transfer Radical
Polymerization (ATRP) in combination with the functional active ester monomers
pentafluorophenyl acrylate (PFPA) and pentafluorophenyl methacrylate (PFPMA)

were conducted. After partially successful polymerizations and modification reactions,
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these tests were aborted after unsuccessful CE reactions. Consequently, the focus
was shifted away from radical polymerization techniques to ionic polymerizations,
namely Cationic Ring-Opening Polymerization (CROP) and Anionic Ring-Opening
Polymerization (AROP), of which the latter showed the most promising results. The
alternating AROP of the functional epoxide allyl glycidyl ether (AGE) in combination
with subsequent PPM reactions via thiol-ene reaction using different thiols, resulted in
the successful synthesis of sequence-controlled multiblock copolymers based on a
single monomer.

The second part of this thesis deals with the investigation of the limits of this newly
established method. By reducing the average repeating unit of each added “block” to
one, well-defined sequence-controlled macromolecules could be obtained,
approaching the precision of sequence-defined polymers. Therefore, two different
approaches were tested, one found on a kinetic approach due to the living character
of the applied polymerization technique, the other based on a small feed excess of the
monomer. While the first approach led to an inaccurate average repeating unit, the
second approach was able to achieve the set goal of approximately one. In
combination with subsequent thiol-ene reactions, precise macromolecules with
different functional groups could be synthesized. Due to the anionic ring-opening
character of the applied polymerization technique, as well as the addition of a single
monomer, this method was called Anionic Ring-Opening Monomer Addition, short
AROMA.

In summary, a new method to synthesize sequence-controlled multiblock copolymers
with a single monomer could be successfully established by combining AROP with
PPM reactions. In comparison to the more traditional way, in which multiple different
monomers are necessary, this system only uses a single functional monomer.
Thereby, possible tedious, time consuming and sometimes costly monomer syntheses
can be reduced to a minimum, simplifying the synthesis of sequence-controlled
multiblock copolymers. In addition, in an anionic ring-opening monomer addition
(AROMA), this system is used to generate macromolecules with an average repeating

unit of one, making them similar to sequence-defined polymers.




Zusammenfassung

Zusammenfassung

Polymere sind eine wichtige Werkstoffklasse, welche fir den Alltag unverzichtbar
geworden ist. Von Klebstoffen in der Autoindustrie und elektronischen Geraten, Uber
Schutzausrustung im Bereich Sport, bis hin zur Zahntechnik, Kunststoffe decken mit
ihren zahllosen Eigenschaften ein breites Anwendungsgebiet ab. Ein interessanter
Spezialfall unter den Polymeren bilden die sequenzkontrollierten Multiblock-
Copolymere, die durch ihre Vielseitigkeit und Anpassungsfahigkeit auffallen. Dabei ist
jeder Blockteil des Polymers durch ein einziges Monomer aufgebaut, welches
bestimmte charakteristischen Eigenschaften mit sich bringt und so die
Gesamteigenschaft der Kette beeinflusst. Die Merkmale der Kette kdnnen dabei die
Summe der Eigenschaften der einzelnen Blockteile, oder eine vollig neue sein. Eine
maogliche Synthesemethode solcher sequenzkontrollierten Multiblock-Copolymere ist
die Reversible Additions-Fragmentierungs Ketteniibertragungspolymerisation (engl.:
RAFT polymerization), welche eine fortlaufende Polymerisation ermdglicht, sowie
Kontrolle Uber die Kettenlange und Dispersitat erlaubt. Abhangig von den
gewinschten Eigenschaften und der Anzahl der Blocke sind viele verschiedene
Monomere notwendig. Dies kann, je nach Komplexitat der Monomere, einen zeit- und
kostenintensiven Syntheseaufwand bedeuten, falls die Monomere kommerziell nicht
erhaltlich sind. Neben diesen Punkten spielt die Reaktivitdt der Monomere bei der
Kettenerweiterung ebenfalls eine wichtige Rolle, da Inkompatibilitat zwischen
Monomer und reaktivem Kettenende zu ungewollten Nebenreaktionen, bis hin zum
Scheitern der Reaktion, fuhren kann.

Diese Dissertation widmet sich unter anderem diesen Themen. So wurde eine neue
Technik entwickelt, bei der fur die Synthese sequenz-kontrollierter Multiblock-
Copolymere nicht wie Ublich mehrere verschiedene, sondern nur ein einziges,
funktionelles Monomer verwendet wird. Es wurden verschiedene Systeme untersucht,
welche alle auf einer Kombination aus Kettenerweiterungsreaktionen via radikalischer
Polymerisation mit reversibler Deaktivierung oder lebender ionischer Polymerisation
mit Postpolymerisationsmodifikations (PPM) Reaktionen basieren. Die dadurch
gewonnenen Multiblock-Systeme sind alle durch das gleiche Monomer aufgebaut,
besitzen jedoch unterschiedliche, funktionelle Seitengruppen.

Im ersten Teil der Arbeit geht es dabei um die Suche einer geeigneten

Polymerisationstechnik und der Synthese verschiedener funktioneller Monomere. Die
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ersten Tests fokussierten sich dabei auf radikalische Polymerisationen mit reversibler
Deaktivierung wie der RAFT-Polymerisation und der radikalischen
Atomtransferpolymerisation (engl.. ATRP) mit den Aktivestermonomeren
Pentafluorophenylacrylat (PFPA) und Pentafluorophenylmethacrylat (PFPMA). Nach
dem teilweisen Erfolg im Bereich der Polymerisationen und Modifikationen wurden die
Tests nach fehlgeschlagenen Kettenerweiterungsreaktionen und unzureichenden
Ergebnissen abgebrochen, weshalb der Fokus stattdessen auf ionischen
Polymerisationstechniken, wie der kationischen und anionischen ringéffnenden
Polymerisation (engl.: CROP und AROP) gelegt wurde. Dabei erzielte Letztere die
vielversprechendsten Ergebnisse. Die abwechselnde Polymerisation des funktionellen
Epoxids Allylglycidylether (AGE) in Kombination mit darauffolgender PPM durch
Thiol-ene Reaktionen verschiedener Thiole, fihrte zur erfolgreichen Synthese
sequenzkontrollierter Multiblock-Copolymeren, basierend auf einem einzelnen
Monomer.

Der zweite Teil der Arbeit beschaftigt sich mit der Untersuchung der Grenzen des
neuentwickelten Systems. Kann die durchschnittliche Wiederholeinheit eines ,Blocks*
auf Eins reduziert werden, ware die Synthese sequenzkontrollierter Makromolekule
maoglich, welche der Prazision sequenzdefinierter nahekommt. Um dies zu erreichen,
wurden zwei verschiedene Ansatze untersucht, bei der ein Ansatz auf dem lebenden
Charakter der Polymerisationstechnik basiert und der andere sich einem geringen
Monomeriliberschuss zunutze macht. Der erste Ansatz fuhrte dabei zu unprazisen
Wiederholeinheiten. Durch die zweite Methode konnten Makromolekile mit einer
durchschnittlichen Wiederholeinheit von Eins erzielt werden. In Kombination mit
darauffolgenden Thiol-ene Reaktionen war die Synthese praziser Polymere mit
unterschiedlichen funktionellen Gruppen mdglich. Aufgrund des anionisch
ring6ffnenden Charakters der angewendeten Polymerisationstechnik und der Addition
einer einzigen Monomereinheit an die Kette, wurde die Technik anionische

ringdffnende Monomeraddition, kurz AROMA, genannt.

Zusammenfassend lasst sich sagen, dass eine neue Methode zur Synthese
sequenzkontrollierter Multiblock-Copolymere erfolgreich etabliert wurde, die auf der
Kombination von AROP mit PPM basiert. Im Vergleich zu der eher herkémmlichen
Methode, bei der mehrere unterschiedliche Monomere nétig sind, verwendet die hier

gezeigte Methode nur ein einziges funktionelles Monomer, wodurch die Synthese

v
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sequenzkontrollierter Mutliblock-Copolymere vereinfacht und zeit- und kostenintensive
Monomersynthesen auf ein Minimum reduziert werden kann. Zusatzlich kann das
System dazu verwendet werden, um in einer anionischen ring6ffnenden
Monomeraddition  (AROMA)  Makromolekile  herzustellen, welche eine
durchschnittliche Wiederholeinheit von Eins besitzen und somit sequenzdefinierten

Polymeren ahneln.
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Introduction

1. Introduction

Polymers are a class of materials that are indispensable in today’s society, finding
application in a broad range of areas, reaching from everyday’s tools like smartphones
and drinking bottles to more specific uses in aerospace,!? dental technology3* and
protective gear like bulletproof vests.®> The properties of a polymer and therefore its
field of application are influenced by multiple factors, e.g., the choice of monomer,
number of repeating units/chain length and the overall chain structure. Especially the
macromolecule architecture is of high interest, because even though two
macromolecules can be based on the same monomer, a difference in their chain
structure results in different properties. One example for such a case are two
constitutional isomers of polyethylene, low-density polyethylene (LDPE) and
high-density polyethylene (HDPE). The former has a higher branched structure than
the latter, leading to a lower crystallinity making it more flexible and softer.® Therefore,
LDPE is frequently used in dispensing and wash bottles, but also in plastic bags, while
HDPE is used for pipe systems and outdoor furniture. Ultra-high-molecular-weight
polyethylene (UHMWPE), a special kind of polyethylene (PE) with over 100,000
monomer units per molecule,’ is even used for total joint replacements®® and climbing
equipment.©

Therefore, full control over the exact structure of a macromolecular chain is of high
interest in the fields of polymer chemistry and materials science. A common synthetic
way to achieve such control is by using living or controlled polymerization methods.
The term living polymerization was firstly coined by Szwarc! in the 1950s, describing
a polymerization with (i) absent termination or transfer reactions and (ii) a higher chain
initiation rate than its propagation rate, leading to a constant number of active chains
thought the polymerization process. Two kinds of polymerization techniques fulfill
those requirements, namely the anionic and cationic polymerization. Those methods
ca be used to obtain macromolecular systems with a defined number of repeating
units, tailored molar mass and low dispersity (£ = 1.01 — 1.11%?). Controlled radical
polymerization or Reversible-Deactivation Radical Polymerization (RDRP) are similar
to living polymerizations, but do not fulfill all the requirements to be called living,
because there are termination steps present. Hence, the International Union of Pure
and Applied Chemistry (IUPAC) recommended the term RDRP instead of “living”, but

also allows the use of “controlled” polymerization as long as the type is defined at its
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first occurrence.'® Three prominent examples for RDRP are Atom Transfer Radical
Polymerization'41®> (ATRP), Nitroxide-Mediated Polymerization® (NMP) and
Reversible Addition—Fragmentation Chain-Transfer'” (RAFT) polymerization.

Beside the syntheses of homopolymers with tailored molar mass and chain length,
living and controlled polymerization techniques can be used to synthesize multiblock
copolymers by adding a new type of monomer to the reaction mixture, extending the
active chain.®

If multiple monomers are added in a specific sequence, the preparation of
sequence-controlled polymers is possible. Examples of such macromolecules can also
be found in nature with deoxyribonucleic acid (DNA) being probably one of the most
well-known examples. While synthetically prepared sequence-controlled polymers
usually have a D > 1, DNA has a unified chain length, leading to a b of exactly one.
These types of macromolecules/polymers are called sequence-defined polymers
instead of sequence-controlled.

The control over the sequence is of high interest, because it allows for the preparation
of polymeric material which find application in different fields, reaching from drug
delivery?®20 over antimicrobial peptides?!?? to information storage.?®

Over the decades, efforts were made to close the gap in precision between artificial
and natural polymers by improving synthetic processes, such as the utilization of solid-
phase chemistry,?4?® though they are still vastly tedious.?® Many man-made
macromolecules, which are truly of controlled design, are mostly limited to biopolymers
(e.g., proteins and nucleic acids), or of oligomeric nature such as peptidomimetics.?’
However, in comparison to biomolecules, non-natural based polymers could be seen
as more beneficial, due to structural and chemical diversity, scalability and better
environmental and biological stability,?6?2 but their synthesis is still challenging.

In more recent years, new synthetic ways based on “classic” polymerization methods
emerged, which utilize RDRP techniques for instance. Two promising examples are
the RAFT approach by Moad and co-workers?® as well as an ATRP variation by Tong
et al.,®° in which single monomer units are added together successively in sequence.
Even with all the progress made, synthetic polymers made by “classic polymerization”
techniques are typically based on radical approaches and still lack in terms of control
in comparison to the natural counterparts, leaving room for new synthetic ways and

further research.26
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With regards to the composition of a (sequence-controlled) multiblock copolymer,
usually each block is constructed by one kind of monomer, making it necessary to have
multiple different monomers available of which each has an influence on the
macromolecule’s properties. However, if the needed monomers are commercially not
available, they need to be synthesized, which can be tedious and costly at times,
making cheap and accessible molecules desirable. Additionally, the reactivity between
the monomer and the propagating chain plays a significant role. If they differ too much,
incomplete CEs and undesired side reactions could occur, leading to imperfections
unsuitable for a multiblock copolymer synthesis. Due to the correspondence between
the conjugated acid of the propagating chain end and the monomer, less reactive
monomers lead to more reactive chain ends and contrariwise.®! A prominent example
for this is the copolymerization of styrene and methyl methacrylate.3?

A different way to influence properties of a polymer is by modifying pre-synthesized
macromolecular chains after their synthesis. A prerequisite for such a PPM3? or
polymer analogues modification, is the incorporation of functional monomers in the
pre-polymer, which are available to subsequent reactions. Examples for such reactions
are the aminolysis of poly(pentafluorophenyl methacrylate) (PPFPMA) with e.g.,
allylamine®? or the thiol-ene reaction of poly(allyl ethylene glycol vinyl ether)s with
different thiols®4.

To bypass the necessity of multiple different monomers, as stated above, the utilization
of a single monomer in combination with PPM would be desirable. Therefore, this
thesis will aim on implementing a new system, in which living/controlled polymerization
techniques are combined with PPM reactions, resulting in a synthesis of

sequence-controlled multiblock copolymers using a single monomer.




Theoretical Background

2. Theoretical Background

This chapter will give a short overview about the theoretical background of different
ionic and radical based polymerization techniques, post-polymerization modification

and multiple types of copolymers.

2.1. lonic Polymerization

2.1.1. Anionic Polymerization

The anionic polymerization describes an ionic chain-growth polymerization in which
the active chain end carries an anion.®® In the beginning, an initiator reacts with a
monomer, forming a transient species with an anionic functionality (refer to Scheme
1). This species can react with further monomers, extending the chain each time to
create a macromolecule eventually. Common monomers are vinyl based and contain
an electron withdrawing substitute, with styrene,®%3” 1,3-butadiene®®® and
acrylonitrile*®-4? being typical monomers for anionic polymerization.*® However, cyclic
molecules like ethylene oxide**** (EO) and e-caprolactone*® (CL) can also be
polymerized via an anionic ring-opening polymerization (AROP), which will be

discussed in a later part of this chapter.

©_®
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Scheme 1: Reaction of an anionic initiator with a monomer, forming an active macromolecule.

The general polymerization mechanism is similar to the one of a free radical
polymerization and can be divided into four steps, namely (1) initiation, (II) propagation

(1) termination and (1V) transfer (see Scheme 2).




Theoretical Background
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Scheme 2: Mechanism of the anionic polymerization divided into (i) initiation, (ii) propagation, (iii) termination and
(iv) transfer. Redrawn after reference.*3

The initiation of an anionic polymerization mainly can take place in two ways: (i)
initiation either by single electron transfer or (ii) nucleophilic addition. An example for
the former is the initiation of styrene with sodium naphthalene, forming a difunctional
propagating species by a radical coupling reaction (refer to Scheme 3; 1.), while the
initiation of styrene by n-butyllithium (n-BuLli) is an example for the latter (see Scheme
3; 11.).4% In case of n-Buli as initiator, the choice of solvent also plays an important role,
since in hydrocarbon solvents, for example, the structure is hexameric instead of

monomeric.*’
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Scheme 3: (I) Initiation of styrene by single electron transfer using sodium naphthalene. Two possible resonance
structures of the naphthalene radical anion are displayed. (II) Initiation of styrene by the nucleophilic addition using
n-butyllithium. Redrawn after reference.*3

The termination and transfer processes that occur during an anionic polymerization
differ significantly from those of a radical chain growth polymerization. Due to the
repulsion of the equally charged anionic chain ends, a recombination of two chains is
not possible,*® while it is a well-known observation in radical polymerizations.*®
However, termination reactions still can occur in anionic polymerizations, primarily due
to impurities (e.g., water) in the reaction mixture. Another possibility is the transfer
reactions of the active chain end with solvent molecules such as toluene (Scheme 2).43

Herein, the polymer chain is terminated but the kinetic chain growth continues.

As briefly mentioned above, cyclic monomers can also be polymerized via an anionic
polymerization variation, which is known as AROP. In case of three-membered
heterocycles, the high ring strain allows for their polymerization, while carbonyl group
containing cyclic systems (e.g., lactones and lactams) are prone to nucleophilic

attacks, whereas ring size influences the ring opening efficiency.*?
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One example for such an AROP is the metal-free synthesis of homo- and diblock
copolyethers at ambient temperature, using the epoxide allyl glycidyl ether (AGE) as
monomer, which was presented by Ree’s group in 2012.%° In their work, the
Schwesinger base 1-tert-Butyl-4,4,4-tris(dimethylamino)-2,2-bis[tris(dimethylamino)-
phosphoranylidenamino]-2A5,4A5-catenadi(phosphazene) (Ps-t-Bu), introduced by
Reinhard Schwesinger,>! was applied as a promoter, allowing for the preparation of
well-defined polymers with £ down to 1.08 under almost quantitative conversion.
However, already in 1996, the utilization of strong phosphazene bases such as Ps-t-Bu
for the AROP of epoxides was investigated by Moller’s group,>? setting the foundation
for further research.

The suggested AROP mechanism proceeds via a tri-molecular transition state
consisting of a monomer unit, the propagating center and the counter cation.® In the
case of P4-t-Bu, the base acts as a Lewis acid, interacting with a monomer unit and

the anionic propagating center (displayed in Scheme 4).53

Scheme 4: Transition state of the monomer addition of an epoxide promoted by Ps-t-Bu, depending on the
substituents. Redrawn after reference.5?
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2.1.2. Cationic Polymerization

In addition to anionic polymerization, cationic polymerization is another ionic
polymerization method. In contrast to the former, the reactive species of the latter is of

cationic nature (see Scheme 5).
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Scheme 5: Cationic initiation of a vinyl monomer, creating an active macromolecule in the end.

Opposite to the anionic polymerization, typical vinyl-based monomers for cationic
polymerization inherent electron-donating substituents, e.g., alkoxy or aromatic®*
groups, to stabilize the active chain end by increasing the C=C double bond’s electron
density.3®> Prominent monomer examples are isobutylene,®>-57 vinyl ethers such as
cyclohexyl vinyl ether®®-%9 and styrene.61-63

Like the anionic polymerization, the mechanism of the cationic polymerization is split
into four steps: (1) initiation, (1) propagation, (Il) termination and (1V) transfer. The two
established ways to initiate the cationic polymerization are by protonic®4°> or Lewis
acids.®6-%8 The former interacts with the C=C double bond of the monomer, resulting
in a carbocation, which in turn can form a macromolecule by adding monomer units to

the chain over time (refer to Scheme 6).
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Scheme 6: Cationic polymerization of styrene using the protonic acid initiator trifluoromethanesulfonic acid.®®

The initiation via a Lewis acid requires beside the acid a co-initiator such as water,”
acting as a proton source, or cationogens like alkyl halides.”* An exemplary system is
the polymerization of isobutylene with water and boron trifluoride (displayed in Scheme
7%5), in which the initiator complex is also often depicted as H*(BFsOH).
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BF3 + Hzo BF3'OH2

< H < ©
BF3‘OH2 + @ BF3OH

Scheme 7: Cationic polymerization of styrene using the Lewis acid boron trifluoride with water as co-initiator.
Redrawn after reference.3®

Similar to anionic polymerization, termination and transfer reactions (e.g., impurities in
the reaction mixture, covalent bonding with counter ion) occur to a small extent.
Additionally, the unstable sp?-hybridized carbocation tends to B-proton elimination,
turning the propagating chain end to an unsaturated inactive species.’?> Meanwhile, the
released proton can interact with monomer units to initiate propagation of a new
macromolecule, continuing the kinetic chain.

Like the anionic polymerization, cationic polymerization also has a ring-opening
variation, called cationic ring-opening polymerization (CROP) in which cyclic
monomers can be polymerized. Similar to AROP, lactones,”®"° lactams’®"® and cyclic
ethers are three of the possible monomer classes, with the polymerization of
tetrahydrofuran® (THF) initiated by trimethylsilyl trifluoromethanesulfonate being a

more specific example.
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2.2. Reversible-Deactivation Radical Polymerization

RDRP is like the ionic polymerization a way to obtain polymers with tailored molar
masses, low D and different architectures. However, in contrast to anionic and cationic
polymerizations, the reactive species in RDRP is of radical nature rather than ionic.
Furthermore, due to this radical nature and the subsequent unavoidable termination of
two chains, IUPAC recommended the term RDRP instead of “living” radical
polymerization.t3

The most prominent examples of RDRP are ATRP, NMP and RAFT polymerization,
which all use an equilibrium between an activated/active and deactivated/dormant
species.?! In general, these methods can be described by two different mechanisms,
reversible deactivation (NMP and ATRP) and degenerative transfer (RAFT).8 In case
of the first mechanism, it is important that during the polymerization process the
majority of chains are in the dormant state. This leads to a reduction of active radical
chains in the reaction mixture and therefore minimizing the occurrence of termination
reactions, ultimately resulting in a reaction in a living manner.83

In the second case the overall number of radicals does not change during the
activation-deactivation process, which is why an additional radical source is
necessary.8? Additionally, another molecule is used, which acts as a chain transfer

agent (CTA), enabling the equilibrium between the active and dormant species.®

10
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2.2.1. Atom Transfer Radical Polymerization

In 1995, the groups of Sawamoto! and Matyjaszewski'® discovered ATRP
independently of each other, which generally deploys alkyl halides (e.g., ethyl 2-
bromoisobutyrate; EBiB®8> and methyl 2-bromoproprionate; MBP28:87) as initiators
and transition metal/ligand complexes as catalysts. As stated above, the mechanism

is based on the equilibrium between an active and inactive state (see Scheme 8).

dormant state active state
kact .
R-X + M{MY/Ligand ————— R + X-M{"'-Y/Ligand
Kdeact U\ ..
ko K .
LN
M termination

Scheme 8: General mechanism of ATRP showing the equilibrium between the dormant (left) and active (right)
state. While the system is in the active state the propagation of the chain occurs. Redrawn after reference.88

Via a one-electron oxidation and halogen abstraction of the metal complex
(M"-Y / Ligand) from the alkyl halide initiator (R-X), the equilibrium shifts from a
previous dormant state to an active one with an activation rate kact. In this state,
monomer (M) units can add with a propagation rate kp to the newly formed radical (R*)
forming a macromolecular chain, before shifting back to the dormant state with the
deactivation rate kdeact. Even though the concentration of active radical chains is
reduced in the active state, termination reactions with a termination rate of ki can
occur.88 A commonly used transition metal system is based on Cu(l)/Cu(ll),8%-%2 but
other systems with metals like Fe,®*% Ru%°" and Os® can also be found in literature.
Important for the choice of metal is a one electron difference in the oxidation states,
which also makes the ATRP sensitive towards oxygen.%°

While ATRP allows for the synthesis of polymers with special architectures such as
starl99-102 or pottlebrush03.194 polymers, the halogenide carrying chain end is one of
the main advantages of the ATRP, because it grants access to further reactions (like
the introduction of an allyl'°®, propargyl*°® or azide!®” group), which can be used e.g.,

to generate a,w-telechelic polymerst® or introduce desired functionalities to the chain.
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2.2.2. Reversible Addition-Fragmentation Chain-Transfer

Polymerization

The RAFT polymerization was firstly discovered by the group of Rizzardo!’ in 1998,
describing a controlled polymerization in which CTAs, also known as RAFT agents,
are utilized. Suitable agents are members of the class of dithioesters,19%-111

trithiocarbonates!'?-14 and dithiocarbamates'>116 (displayed in Scheme 9).

Z ~ 7 /R
,-C R Z.. C R TN
Z;

Dithioester Trithiocarbonate Dithiocarbamate

Scheme 9: Dithioester, trithiocarbonate and dithiocarbamate, three common classes of RAFT agents.

Hereby, R is a leaving group to (re)initiate the polymerization and Z a stabilizing group,
influencing the reactivity of the C=S bond.!” The mechanism can be split into five
parts: (1) Initiation, (1) reversible chain transfer, (1) reinitiation, (IV) chain equilibrium,
(V) termination (refer to Scheme 10).

During the initiation step, a conventional initiator (I2) such as
2,2’-Azobis(2-methylpropionitrile)  (AIBN) breaks down into radicals, which
subsequently react with monomer (M) units forming the reactive species Pn®. In the
next step, this species reacts with the RAFT agent in a reversible chain transfer, which
is also called pre-equilibrium,! creating a stable radical intermediate, followed by the
cleavage of a new radical species R*. In the third step, R*® interacts with monomer (M)
units to a reactive macromolecular chain Pm®, similar to the initiation step. In the fourth
step, the main-equilibrium*!® between the cleavage of Pn®* and Pm® from the RAFT
agent is formed, in which the polymerization stays the rest of the time. Due to the
radical character of the propagating chain, recombination of two active chains may
occur, leading to their termination and a “dead” chain.1%®

The RAFT polymerization is ideal for building multiblock copolymers, which has been
shown in an impressive way by Gody et al.'?® who synthesized an icosablock

copolymer with a D of 1.36.
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Scheme 10: Schematic depiction of the general RAFT mechanism split into the respective parts: (1) Initiation, (ll)
reversible chain transfer, (Ill) reinitiation, (IV) chain equilibrium, (V) termination. Redrawn after reference.®
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2.2.3. Nitroxide-Mediated Polymerization

NMP was firstly patented by Solomon and Rizzardo in 19866 and is therefore the
oldest RDRP method of the three described in this thesis. It uses alkoxyamines as
initiators, which can be homolytically cleaved under specific conditions, forming a
stable radical. The control is achieved by utilizing the persistent radical effect (PRE),

preventing the nitroxides from initiating the polymerization by themselves.'?

The general mechanism runs in two different ways, which are described in Scheme
11. In path a) a conventional radical initiator is paired with a free nitroxide creating a
bicomponent initiating system (e.g., benzoyl peroxide (BPO) with (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO)),'22 while path b) is a monocomponent system,
in which only alkoxyamine!?3-125 is utilized. Due to the structure of the alkoxyamine, a
1:1 release ratio of radical to nitroxide during the dissociation process is achieved. This
allows the monocomponent system to gain better control in comparison to the

bimolecular system.'?6

/R1 /R1
R—O—N\ R—R + O—N\
Ry R
b a
Y1 ,R1 Ky Y1 . ,R1
Rvﬁ—?—o—N\ ~— Rvﬁ—?' + O—N\
2 Y2 R2 kc 2 Y2 RZ

()

Scheme 11: General mechanism of NMP displaying two different approaches in which a) a conventional radical
initiator or b) a monocomponent system is used. Redrawn after reference.12%
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2.3. Post-Polymerization Modification

The properties of a polymeric material are influenced by a multitude of parameters,
one of them is the choice of monomer. However, sometimes a desired monomer is
unsuited for a given polymerization technique, due to possible side reactions between
functional groups in the monomer and a reactive species such as the active chain end.
One example would be the reaction of pendant alkene groups with the radical active
species in RDRP techniques, which could lead to crosslinking. To avoid such
unwanted reactions, the group responsible for the desired property is introduced into
the polymer after the polymerization. In such a PPM,3? a reactive monomer is used to
synthesize a precursor polymer, which subsequently is modified. An example for such
a reaction is the RAFT polymerization of the functional active ester monomer PFPMA
to PPFPMA and the following aminolysis with monomethoxy triethyleneglycol amine,

leading to a polymer with a pendant mPEG-group (displayed in Scheme 12).127
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Scheme 12: RAFT polymerization of PFPMA with subsequential PPM via aminolysis with monomethoxy
triethyleneglycol amine to form a polymer with a pendant mPEG-group. Redrawn after reference.?”

An especially interesting functional group are pendant C=C double bonds, due to their
further use in other reactions such as “click”-reactions or inverse vulcanization (V).
The prior was firstly introduced by the group of Sharpless'?® in 2001, for which he
received a Noble Prize in chemistry in 2022. A “click” reaction describes a reaction with
simple reaction conditions, which is stereospecific, leads to inoffensive byproducts and
has very high yields. Furthermore, starting components are commercially available and
solvents should be excluded or at least easily removable.*?® Prominent examples for
“click” or “click-like” reactions are the copper(l)-catalyzed alkyne-azide cycloaddition
(CUAAC)*2%-131 and the thiol-ene reaction32-134,

The latter of those two examples was already reported by Posner!®® in 1905 and
describes a hydrothiolation of a C=C double bond via a radical or nucleophilic

mechanism (see Scheme 13).
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Scheme 13: General depiction of a thiol-ene reaction of a primary thiol with a double bond either by radical or the
nucleophilic mechanism. Redrawn after reference.36

The electron density of the C=C double bond dictates which mechanism is favored.
While electron-deficient systems follow the catalyzed Michael addition, any C=C
double bond can follow the radical addition,'3” initiated via a chemical initiator or UV

radiation®®® (displayed in Scheme 14).

R1\3/\(H R—SH

Rz
Radical source R1SSR4 Ry
R—SH —————>= R~-§ " S
Termination R2

Propagation
N
R
Scheme 14: Catalytic cycle of the thiol-ene reaction including the steps of thiyl radical formation by a radical source

and the subsequent propagation. After a proton abstraction the desired product is formed. Redrawn after
reference.1®®

The mechanism of the radical addition includes the creation of a thiyl radical followed
by its reaction with the C=C double bond in the propagation step. The newly formed
alkyl radical abstracts the hydrogen of a thiol forming the new product in the anti-
Markovnikov orientation, as well as a new thiyl radical, which continues the cycle until

the termination with another radical.13°
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2.4. Copolymers and their Types

If multiple monomers are used during a polymerization process, the resulting polymer
is called copolymer. These polymers are highly interesting, because their properties
are influenced by the used monomers, their ratio and how they are aligned along the
chain.’#? There are five main groups of copolymers (1) statistical, (1) gradient, (llI)
alternating, (IV) block and (V) graft copolymer (refer to Scheme 15).

In a statistical copolymer the embedment of monomer units follows statistical laws,
such as Markovian statistics of different orders. However, in literature statical
copolymers are often described as random copolymers, which is not perfectly correct.
Due to the clustering of monomer units or other kinds of interactions between them,
the statical equation does not follow a priori principles and leads to a sequence
distribution, which can be indicated by the numerical values of a function of reactivity
ratios or related run numbers. A truly random copolymer is therefore only given if the
probability of a given unit at any position is independent of its neighboring units.4
Statistical copolymers can be achieved by free radical homogeneous and
heterogeneous polymerization of acrylonitrile and methyl acrylate, as shown by Bhanu
et al..1#?

The term gradient copolymer is used if the chain structure starts with monomer A and
gradually changes to monomer B. Jouenne et al.1*® synthesized a styrene/butadiene
gradient block copolymer via anionic polymerization.

In an alternating copolymer, units of monomer A and B are built into the backbone in
alternating turns. An example is the copolymerization of styrene and maleic
anhydride.'*4

Diblock copolymers can be obtained via multiple ways. One option is to firstly
polymerize monomer A until full conversion is achieved and then the subsequent
addition and polymerization of monomer B. Alternatively, a precursor polymer derived
of monomer A can be used as a macroinitiator for the polymerization of monomer B,
also creating a diblock copolymer. Finally, two homopolymers, PA and PB, can be
attached together e.g., with reactive groups at their chain ends and via a “click”
reaction. An example for a multiblock copolymer consisting of multiple monomers is

the icosablock copolymer presented by Gody et al..*?°
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In a graft polymer, the backbone of the chain is built by a single monomer with pendent
chains of monomer B. A well-known example for graft copolymers is based on styrene
and butadiene.'4°

An effect which needs to be considered in copolymeric materials is the phase
separation of block segments which are immiscible. Depending on the composition
and ratio of the block segments, seven different morphologies can be self-assembled
with four being (1) spherical, (1) cylindrical, (1ll) gyroidal and (1V) lamellar while the last

three are the inverse of them.146
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Scheme 15: Exemplary depiction of the five main groups of copolymers (1) statistical, (Il) gradient, (Ill) alternating,
(IV) block and (V) graft copolymer.
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If the sequence of the added monomers takes place in a specific order, the obtained
structures are called sequence-controlled or sequence-defined polymers. Even though
both types of polymers have something in common, there is a specific difference. In
both cases, sequence-defined and -controlled, the polymer chains are built in a specific
order which is identical for each individual chain. That means, if three different
monomers (A, B, C) are used in the synthesis of a multiblock copolymer, each chain
first consists of a block of monomer A followed by a block of monomer B and finally a
block of monomer C. However, while for the sequence-controlled polymer only the
sequence of the blocks is relevant (see Scheme 16; right side) the exact number of
repeating units in each block plays a significant role in sequence-defined polymer as
well (depicted in Scheme 16; left side). This difference is also noticeable in the B, while
sequence-defined are monodisperse with a = 1, sequence-controlled polymers have
ab>1%

Sequence-Defined (b =1) Sequence-Controlled (D > 1)

00,09 o0
= T

Scheme 16: Schematic depiction of the difference between sequence-defined and sequence-controlled polymers.
While both are built from the same choices of monomer in the same order, only sequence-defined polymers have
the same number of units per block and therefore an identical chain length. This is also noticeable in the D because
sequence-defined polymers have a b = 1, while sequence-controlled polymers have a D > 1.
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2.5. Applications of Allyl Glycidyl Ether in Polymer

Chemistry

Allyl glycidyl ether (AGE), a substituted ethylene oxide with a pendant C=C double
bond, is a versatile monomer, which after polymerization can be used in a broad field
of applications, reaching from polymer electrolytes for lithium-sulfur batteries,'*8 via a
basis for carbon dioxide separation'4® and possible antifouling coatings,*° to hydrogel
foundations for various biomedical applications. %1152

While different initiator/promotor can be used to polymerize AGE, such as different
alkali metal alkoxides systems (e.g., potassium benzoxide)®3-1%5 or the previously
mentioned Schwesinger base,*%53.156 they are usually conducted via AROP and result
in controlled polymers with low B (e.g., B = 1.08%0). A crucial part for the success of
the polymerization is a low Lewis acidity of the countercation, while having minimal
interaction with the propagating chain end, which enables the oxyanion to function as
an effective nucleophile.1%’

The obtained polymeric structure of PAGE after the synthesis is similar to polyethylene
glycol/polyethylene oxide (PEG/PEO), meaning the backbone of both polymers is
based on -CH2-CH2-O- with one major difference, the pendant C=C double bond of
PAGE, making it effectively a functional PEG (see Scheme 17).

PEGIPEO PAGE

O]lH o]lH

HO/{\/ ; HO ;
0O

Scheme 17: Comparison of the structures of PEG/PEO and PAGE. The structure is almost identical except for the
pendant C=C double bond.

Due to their structural similarity, PAGE finds use in similar applications like PEG/PEO
such as a foundation as polyelectrolyte in current research.'>8-160 Even though
PEG/PEO has been the most frequently studied polyelectrolyte owning its ionic

conductivity greater than 10* S cm™ above 70 °C, this value dramatic decrease at
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temperatures below 65 °C due to occurring crystallization, making battery application
at ambient temperatures challenging.'®® In contrast to PEG/PEO, the pendant allyl
group in PAGE prevents the formation of crystalline regions and further helps in terms
of ion conduction and solvation, making a copolymer of AGE and EO an interesting
alternative with ionic conductivities near 10 S cm at room temperature.16°

The pendant C=C double bond of AGE is not only beneficial for polyelectrolyte
application but can additionally participate in PPM reactions e.g., thiol-ene reactions,6!
inverse-electron-demand Diels-Alder'®? and inverse vulcanization,®® enabling even
further possibilities. While the first method can be exemplary used to generate
polyampholytes with a possible application for the cryopreservation of living cells, as
shown by Burkey et al., %4 the latter results in high sulfur containing epoxy crosslinked
polymers (70-50 wt% sulfur) with high tensile strength in the range of 10-60 MPa at
break.163

The versatility of AGE due to PPM reactions in combination with the possibility to obtain
polymers of controlled structure via AROP, make this monomer a suitable and
interesting candidate for the synthesis of sequence-controlled multiblock copolymers
in this thesis.
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3. Motivation and Goal

As mentioned in the introduction, polymers are used in a multitude of different fields of
application, which all have specific prerequisites for the properties of the used material.
Two examples which influence those properties are (i) the choice of monomer and their
functional groups, (ii) as well as the overall polymer chain structure, making control
over both an important aspect in polymer chemistry. A special kind of polymer are
multiblock copolymers, consisting of multiple, different monomers, in which each
monomer influences the overall properties of the copolymer. Traditionally, those
copolymers are done via polymerization techniques with living or living-like
characteristics e.g., anionic or RAFT polymerization, resulting in chains with a specific
block sequence, tailored molar mass and low D. A large selection of monomers is
commercially available, but more complex and special ones need to be synthesized,
which can be costly, laborious and time-consuming at times.

Polymers with such a specific order of their monomers in the backbone are called
sequence-controlled or sequence-defined, depending on whether the chains are
monodisperse or not. Those polymers are of high interest, because they can be used
in different fields of application e.g., as antimicrobial peptides, the foundation for drug
delivery or information storage. Over the years, different methods emerged to obtain
such polymers reaching from solid-phase synthesis to more “traditional” polymerization
techniques such as variations of RAFT polymerization and ATRP. Even though
progress were made, man-made macromolecules still lack precision over the exact
sequence in comparison to sequence-defined polymers found in nature (e.g., DNA)
making it an ongoing and interesting field of research.

Thus, the topic of this thesis was the establishment and investigation of new systems
to synthesize sequence-controlled multiblock copolymers in an easy and fast-forward
way, bypassing the disadvantage of laborious, time-consuming and costly monomer
syntheses. The centerpiece of the system is the utilization of a single monomer instead
of multiple, different ones, which is the traditional approach. By combining living
polymerization techniques with PPM, functional groups responsible for the material
properties will be introduced into the polymer after its synthesis, enabling the formation
of polymers with desired characteristics. In addition, the use of a single monomer
prevents possible CE problems, which can occur when using several monomers that

differ in structure and reactivity. A classic example of this is the copolymerization of
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styrene and methyl methacrylate (MMA), where the sequence must be taken into
account. The general concept to synthesize sequence-controlled multiblock
copolymers consisting of a desired number of blocks x via a combination of CE and
PPM is depicted below (Scheme 18).

1. Post-Polymerization Modification
1. Polymerization (PPM)

/\f O—R,

|

Initiator

functional monomer

POLY-1A Ri
POLY-1B
/\f 2. Polymerization
n m 2. PPM
POLY- xB
with x > 2
O—R,
Rq Ro R4
POLY-2B POLY-2A

Scheme 18: General concept of the sequence-controlled multiblock copolymer synthesis by combining CE and
PPM reactions. After the polymerization of a functional monomer resulting in POLY-1A, a follow-up modification
reaction with a reactant containing the group Rz is conducted. The obtained modified polymer (POLY-1B) functions
as a macroinitiator in a subsequent polymerization with the identical monomer, resulting in POLY-2A, followed by
a second PPM with a reactant containing the group R2. This procedure can be continued x times, resulting in a
sequence-controlled multiblock copolymer with x blocks.

During this thesis, multiple functional monomers were polymerized using a variety of
living/controlled polymerization techniques, namely RAFT polymerization, ATRP,
CROP and AROP. For the polymerization method and the applied monomer, specific
prerequisite must be fulfilled to be considered as possible candidates. The used
monomers should ideally be commercially available and if not easy to synthesize,
preferably in a single step. An important prerequisite for the polymerization method is
the possibility of CE after modification or else no multiblock copolymer is possible.
Furthermore, the functional group used in the PPM reaction must not interact with the
active end of the polymer chain otherwise side reactions may occur, limiting the
application of the system. Scheme 19 depicts the difference between the “traditional”
approach, where multiple monomers are necessary to create a sequence-controlled
multiblock copolymer and the approach of this thesis, in which a single functional

monomer is used.
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Traditional approach

Multiple monomers (A, B, C) Multiblock copolymer
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Scheme 19: Comparison between the ‘traditional” and the approach presented in this thesis to synthesize a
sequence-controlled triblock copolymer. The former uses three different monomers (A, B, C) to introduce properties
into the polymer, while the latter uses a single monomer in combination with reactants. This allows to simplify the
synthesis by bypassing laborious and time-consuming monomer syntheses.
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4. Results and Discussion

This part of the thesis is intended to provide insight into the work carried out, their
results and discussion in logical order.

The first chapter will include all applied polymerization techniques with each
subchapter addressing the topic of the monomer procurement, polymerization,
modification reaction and CE. Finally, a brief summary of the chapter and the
subsequent consequences are presented.

The second chapter is about seeking the limits of the found system by decreasing the
number of repeating unis to an average of one, creating “sequence-defined”’-like
polymers. Herein, a macroinitiator is used as a precipitation agent, simplifying the
purification process.

Detailed synthetic procedures for each synthesis with corresponding analytical data

are presented in chapter 6.3 Synthetic Procedures.

4.1. Synthesis of Multiblock Copolymers by Combining
CE and PPM reactions

This chapter is split into multiple subchapters dealing with the general prerequisites for
the monomer and the synthesis of multiblock copolymer systems using a combination
of CE and PPM reactions. Each subchapter is about a different polymerization

technique and a functional monomer.

4.1.1. General Prerequisites for the Choice of Monomer

For a monomer to be perceived as a suitable candidate for the synthesis of sequence-
controlled multiblock copolymers, specific prerequisites need to be fulfilled, which can
be split into four main categories: (i) commercial availability or simple synthesis, (ii) a
reactive group allowing for further modification reactions, (iii) polymerization via
living/controlled polymerization and (iv) no interference with the polymerization or CE
step.

In scope of this thesis four different monomers were investigated, which meet those
criteria, namely pentafluorophenyl acrylate (PFPA), pentafluorophenyl methacrylate
(PFPMA), a-allyl-caprolactone (ACL) and allyl glycidyl ether (AGE).
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The acrylate- and methacrylate-based monomers PFPA and PFPMA are commercially
available or can be synthesized in a single step from (meth)acryloyl chloride with
pentafluorophenol,'6>166 making both easily accessible monomers. The acrylate as
well as the methacrylate are both well-known to be polymerizable using RDRP
techniques (such as RAFT polymerization and ATRP)65167.168 gllowing for polymers
with defined structures and possible CE reactions by using the obtained polymer as
macroinitiator. Additionally, both monomers count to the class of active esters, which
can react almost quantitively with amines under mild conditions (e.g., ambient
temperature),®? making it perfect candidates for PPM reactions.

On the contrary, ACL and AGE are cyclic monomers with pendant C=C double bonds
as reactive groups, which can be polymerized via ionic ring-opening polymerization in
a living manner. One feature this polymerization method has is the similarity of the
reactive group of the used initiator with the obtained polymer. In both cases a hydroxy
group can be found, which means the synthesized macromolecule could be used as a
macroinitiator again. Due to the ring-opening procedure of the polymerization, the
pendant allyl group does not participate in any side reactions (e.g., crosslinking) and
is available for PPM reactions. As mentioned previously, this particular reactive group
can undergo different PPM reactions, such as the highly effective “click“-like thiol-ene
reaction or IV, enabling the preparation of polymers with a variety of properties. Similar
to PFPA and PFPMA, both monomers are also easily available. While ACL can be
synthesized in a single step,®® AGE is commercially available, making both monomers

suitable candidates.

Based on the mentioned benefits, these molecules were chosen as possible
monomers for the synthesis of sequence-controlled multiblock copolymer built from a

single monomer.
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4.1.2. Multiblock Copolymer Synthesis via RAFT Polymerization

The first step for the synthesis of multiblock copolymers was to choose a fitting
polymerization method. As mentioned above, a polymerization technique in a
controlled manner and the ability to easily extend a polymer chain after its synthesis is
necessary to create multiblock copolymers built from a single monomer. With the
synthesis of low D polymers with a defined chain length and the possibility to initiate
polymerizations by macroinitiators to obtain multiblock systems, RAFT polymerization
is a suitable candidate matching the necessary criteria.

As the first monomer to be studied was the active ester PFPA. As mentioned in the
previous chapter, PFPA is well known to be easily polymerizable via RAFT
polymerization'®® and can be modified using nucleophiles such as amines or alcohols
(see Scheme 20).
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Scheme 20: RAFT polymerization of PFPA with subsequential PPM using a primary amine. Redrawn after
reference.165

Even though the monomer is commercially available, PFPA was synthesized in a
single step based on published literature.®® The structure and the successful synthesis
were confirmed via *H and *°F nuclear magnetic resonance (NMR) spectroscopy (see
chapter 6.3 Synthetic Procedures for analytical data). Subsequently, a polymerization
was conducted using PFPA and the RAFT agent 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA) (refer to Scheme 21).
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Scheme 21: Reaction equation of the RAFT polymerization of PFPA using CDTPA and AIBN in anhydrous dioxane
under inert atmosphere at 80 °C.

After 30 minutes a sample was taken directly from the reaction mixture and a °F NMR
spectrum was recorded, showing a conversion of approximately 60 %, while 94 %
conversion had been reached after 80 minutes. The size exclusion chromatogram
(displayed in Figure 1) of the obtained polymer showed a single sharp peak with a
of 1.07. However, with a number average molar mass (Mn) of approximately
8,000 g mol?, the experimentally acquired value was less than the targeted molar
mass of approximately 9,000 g mol*at a conversion of 94 %. This difference in molar
mass can be explained by the structural difference of the used polystyrene calibration
standard and PPFPA. Additionally, a small shoulder at the higher molar mass side
indicated a small degree of side reactions, such as dimerization. By comparing the
9F NMR spectrum of the monomer with the polymer a significant change in signal
shape and chemical shift was visible. The previously defined ortho, meta and para
signals of the monomer at -152.60, -162.32 and -157.94 ppm respectively got
significantly broader and undefined after the polymerization, which is typical for
polymeric material. The *H NMR spectrum showed the vanishment of the vinyl signals
in the range of 6.75 - 6.00 ppm, confirming the absence of the monomer after the
polymerization. Additionally, some signals overlapped with others making a proper

signal assignment difficult.
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Figure 1: Size exclusion chromatogram of PPFPA synthesized via RAFT polymerization.

After the successful polymerization, the next step was to modify the polymer with a
suitable nucleophile. First attempts were done using the fluorinated amine
2,2,2-trifluoroethylamine, because of the high electronegativity and its characteristic
signals in the °F NMR spectrum. For total conversion an excess of amine in
comparison to the active ester group should be used, but this might lead to
complications. The trithiocarbonate group of the RAFT agent is prone to aminolysis,
which would lead to the cleavage of the RAFT agent and a permanently terminated
chain.1’® However, in a previous study done by Roth et al.l’! to synthesize an
heterotelechelic a,w dye-functionalized polymer, a pentafluorophenyl ester at the
a position and a dithioester at the w site could be orthogonally modified. This was
achieved by using stoichiometric amounts of amine in respect to the pentafluorophenyl
ester, doing no harm to the RAFT end group. Therefore, to prevent an aminolysis of
the PPFPA’'s RAFT endgroup during the modification, 0.6 eq. of amine in respect to

the ester group was used (depicted in Scheme 22).
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Scheme 22: Reaction equation of the partial PPM of PPFPA with 2,2,2 trifluoroethylamine in DMF at ambient
temperature for 24 hours.
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The modification reaction was conducted at ambient temperature and without the
additional use of base, otherwise an increase in imide formation might be noticeable.'”?
Noteworthy was the immediate change of color of the orange/reddish reaction mixture
to colorless after the addition of the amine.

By comparing the °F NMR spectra before and after the modification, the appearance
of two new signals at -72.61 and -69.71 ppm was visible. While the larger peak
at -72.61 ppm represented the desired amide group, the smaller peak at -69.71 ppm
could be assigned to the respective imide, based on comparison to the literature.’?
This leads to the conclusion that even without the addition of supplementary base the
formation of imide could not be prevented, at best reduced. However, with a ratio of
0.14:1.47:1 of the imdie:amide:ester signals, approximately 38 % of the ester groups
remained, which was in range of the expected value for the total consumption of the
amine. The size exclusion chromatograms (see Figure 2) of the precursor (gray) and
the modified polymer (red), showed a decrease in molar mass of approximately 31 %
which was in line with the expected value of 34 % for complete modification, without
the imide considered. Additionally, an increase in © from 1.07 to 1.13 could be
observed while maintaining the general shape of the peak.

—— PPFPA
M, = 8,000 g mol™*
b =1.07

—— modified PPFPA

M, = 5,500 g mol*

H=1.13
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32 34 36 38 40 42 44 46
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Figure 2: Size exclusion chromatograms of PPFPA before (gray) and after (red) the partial PPM with
2,2,2- trifluoroethylamine. A decrease in Mn and increase in D is visible, indicating the success of the modification.

The newly appearing signals in the *°F NMR spectrum and the change to lower molar
mass in the size exclusion chromatogram were both indications for the success of the
PPM of PPFPA leading to the next step, the first CE.
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The conditions for the extension were similar to the first polymerization but instead of
CDTPA, the modified polymer was used as a macro-RAFT agent, the temperature was
decreased from 80 to 70 °C and the reaction time was increased from approx.

1.5 to 4.5 hours to ensure total conversion (refer to Scheme 23).
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Scheme 23: Reaction equation of the first CE of the modified PPFPA with PFPA and AIBN in anhydrous dioxane

F
under inert atmosphere at 70 °C.

After 4.5 hours, the reaction was stopped and the polymer subsequently purified via
precipitation. The product was again analyzed via 1°F NMR spectroscopy and size
exclusion chromatography (SEC). If the CE was successful, a change in the previously
determined imdie:amide:ester ratio should be observable in the 1°F NMR spectrum.
However, with a ratio of 0.15:1.45:1 no significant change could be detected, indicating
an unsuccessful CE. This presumption got further supported by the size exclusion
chromatogram (displayed in Figure 3) in which the newly synthesized polymer (red)
was compared to the precursor (gray), the amine-modified polymer. With an identical

Mn of approx. 5,500 g mol*and a D of 1.13 no change could be observed.
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Figure 3: Size exclusion chromatograms of modified PPFPA before (gray) and after (red) the CE with PFPA. No
noticeable change was observed, suggesting an unsuccessful reaction.
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This suggests that the decolorization after the amine addition might be due to the
cleavage of the trithiocarbonate RAFT end group by aminolysis. With this in mind, it
can be assumed that the amine reinitiates in the modification after the cleavage of the
trithiocarbonate, which would explain the observed conversion in the previous
modification step. Nevertheless, the termination of the CTA would lead to a terminated
chain end making this RAFT system an unsuited candidate for the synthesis of
multiblock copolymers.

To avoid aminolysis, the PPM procedure was consequently switched to
transesterification and the fluorinated amine was replaced with a less nucleophilic
molecule, namely 2,2,2-trifluoroethanol, which should minimize the RAFT end group
cleavage. Even though PPFPA is demanded as unsuited for transesterification, Das et
al.'”® presented a procedure under mild conditions in which the transesterification of
PPFPA was successful by using 4-dimethylaminopyridine (DMAP) as catalyst and
applying only stoichiometric amounts of alcohol.

However, before the modification was conducted, a base compatibility test (see
Scheme 24) of the used RAFT agent with DMAP was conducted to investigate a
possible RAFT agent cleavage. Therefore, a high excess of DMAP was added to the
RAFT agent in anhydrous dimethylformamide (DMF) at two different temperatures

(ambient temperature and 80 °C) under inert atmosphere for 48 hours.
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Scheme 24: Reaction equation of the base compatibility test reactions of CDTPA with DMAP in anhydrous DMF
under inert atmosphere at ambient temperature and 80 °C.

In case of the reaction conducted at 80 °C, a visible change in color of the reaction
mixture was noticeable, changing from previously yellow to orange. This change was
not visible in the case of the reaction done at ambient temperature. By comparing the
signals of the dodecane’s methyl end group with the methyl group opposite of the nitrile
in the *H NMR spectra of both reactions, decomposition of the RAFT agent was
noticeable. In case of the reaction done at ambient temperature 53 % of the RAFT
group were still intact, while after the reaction at 80 °C only 15 % were left. To reduce
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decomposition, it is therefore advisable to conduct the reaction at lower temperatures
and for less than 48 hours.

Therefore, based on the work of Das et al.1® and the test reactions, two PPM reactions
with 2,2,2-trifluoroethanol and DMAP were conducted overnight, one at ambient
temperature with three equivalent of the alcohol, the other at 80 °C with two

equivalents (refer to Scheme 25).
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Scheme 25: Reaction equation of the transesterification PPFPA and 2,2,2-trifluoroethanol using DMAP in
anhydrous DMF under inert atmosphere at ambient temperature or 80 °C.

19F NMR spectra (see Figure 4) of both reactions showed the appearance of a new
peak at approx. -74 ppm of the newly added CFs-group after completion. However,
while the reaction conducted at 80 °C showed no other signals, indicating the total
conversion of the active ester, the reaction done at ambient temperature only reached

93 % conversion.
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Figure 4: 1°F NMR spectra of the transesterification of PPFPA with 2,2,2-trifluoroethanol at ambient temperature
(bottom) and at 80 °C (top). The reaction done at ambient temperature still has unreacted PPFPA moieties present.
Solvent: CDCls.

A representative size exclusion chromatogram (depicted in Figure 5) of this
transesterification reaction showed a single symmetrical peak with a Mn of approx.
5,600 g mol! after (red) the modification, which was a slight decrease of approx.
300 g moltin comparison to the precursor polymer (gray) while improving the D faintly
(1.08 to 1.05). Furthermore, the peak’s shape and lack of further peaks indicated the
absence of undesired side reactions, leading in combination with the NMR spectra to

the assumption that the modification was successful.
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Figure 5: Size exclusion chromatograms of PPFPA before (gray) and after (red) the transesterification with
2,2,2-trifluoroethanol. A slight decrease in Mn and D is visible, indicating a change in the structure.

Following from this, another CE attempt was conducted, similar to the first one, but
with increased monomer equivalents to 140 (see Scheme 26). However, this time the
9F NMR spectrum showed the appearance of the PPFPA signal as desired, but small
amounts of monomer were still present, indicating an incomplete polymerization. This
statement got further supported by the fact that the determined macroinitiator:PPFPA
ratio was 1:118 and therefore below the targeted ratio of 1:140. Nevertheless, the
presence of the PPFPA signals confirmed a successful polymerization of PFPA, even

though the polymerization was incomplete.
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Scheme 26: Reaction equation of the CE of modified PPFPA with PFPA and AIBN in anhydrous dioxane under
inert atmosphere at 70 °C.

But instead of a single peak, which would be expected, the corresponding size
exclusion chromatogram (refer to Figure 6) showed two overlapping peaks, a larger
one with a peak molar mass (Mp) of approx. 47,900 g mol* and a smaller one at

6,800 g mol! with a combined D of 1.95 and a Mn of 23,300 g mol*. The appearance
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of a second peak confirmed the presence of a second polymeric species in the product.
By comparing the Mp of the precursor polymer, which was approx. 5,600 g mol?, with
the Mp of the smaller peak (6,800 g molt), an increase of 1,200 g mol?! could be
determined, indicating a small degree of CE. However, due to the larger peak in the
chromatogram, most of the monomer participated in an undesired uncontrolled free

radical polymerization of PFPA, resulting in insufficient results.

—— modified PPFPA
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Figure 6: Size exclusion chromatograms of modified PPFPA before (gray) and after (red) the CE with PFPA. Two
peaks are visible after the reaction, a smaller one with a similar My as the precursor polymer and a larger one at
approx. 47,900 g mol . Additionally, an increase in B to almost 2 could also be observed.

In summary, the attempts to synthesize sequence-controlled multiblock copolymers
using a RAFT polymerization of the active ester monomer PFPA in combination with
PPM were unsuccessful. After the successful polymerization and modification reaction
via amidation, the necessary CE step failed, due to cleavage of the CTA, resulting in
an unreactive polymer chain end. To exclude a possible amidation of the end group,
the type of PPM was switched from amidation to transesterification. However, after the
successful modification, an uncontrolled free radical reaction of PFPA during the first
CE reaction could be observed, resulting in no development in terms of CE. To improve
the results and to possibly use RAFT polymerization as method for the synthesis of
sequence-controlled multiblock copolymer, further research needs to be done. One
possibility would be the investigation of different CTAs, such as dithiosters, but also
the use of different monomers. However, due to the insufficient results in given time,
the RAFT approach was paused and a different RDRP, namely ATRP, was

investigated.
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4.1.3. Multiblock Copolymer Synthesis via ATRP

As mentioned above, ATRP is another RDRP technique to obtain polymers with
tailored molar masses, defined chain length and low D and is therefore a possible
polymerization technique to synthesize sequence-controlled multiblock copolymers.
For this RDRP method, the monomer of choice was switched from PFPA to the
methacrylate derivative PFPMA, which is well known to be polymerizable using
ATRP_167,168

As mentioned before, PFPMA is commercially available but can also be synthesized
in a single step, which was done in this thesis based on a known procedure.'®® The
'H and '°F NMR spectra were in accordance with the literature, confirming the
successful synthesis (see chapter 6.3 Synthetic Procedures for analytical data).
Based on a published polymerization procedure of Lee et al.167:168 in which Cu(l)CI

instead of Cu(l)Br was used, a polymerization was conducted.
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Scheme 27: Reaction equation of the ATRP of PFPMA and EBIB using dNbpy and Cu(l)Cl in anhydrous toluene
under inert atmosphere at 70 °C.

After 4 hours at 70 °C, the polymerization was stopped and the polymer precipitated
into cold methanol. The *H and *°F NMR spectra were in accordance with the literature,
confirming a successful synthesis of PPFPMA. Moreover, the size exclusion
chromatogram (see Figure 7) of the product showed a single peak with a Mn of approx.
12,000 g mol?, a B of 1.22 and a long tailing at the lower molar mass side, also
confirming the polymeric nature of the product.

In summary, both characterization methods, the NMR spectroscopy and SEC,
confirmed the successful synthesis of PPFPMA, which led to the next step, the PPM

reaction.
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Figure 7: Size exclusion chromatogram of PPFPMA synthesized via ATRP. A long tailing at the lower molar mass
side is visible.

The first PPM reaction was conducted in a similar way to the PPM of PPFPA, with
2,2,2-trifluoroethylamine being the reactant of choice, due to the characteristic signals
in the °F NMR spectrum (see Scheme 28).
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Scheme 28: Reaction equation of the partial PPM of PPFPMA with 2,2,2-trifluoroethylamine in DMF at ambient
temperature.

The °F NMR spectrum after the modification showed no clear change in comparison
to the one of the precursor polymer, except for multiple small signals between -68 and
-73 ppm, which could represent the newly added 2,2,2-trifluoroethylamine group.
However, if the actual °F NMR spectrum is similar to the one of the
2,2,2-trifluoroethylamine modified PPFPA, a single signal instead of multiple ones
would be expected, which was not the case. The integral ratio between the para fluor
signal of the monomer and the multiple ones was 1:0.03 which is negligible and

therefore indicated an unsuccessful modification. Additionally, the size exclusion
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chromatogram (depicted in Figure 8) of PPFPMA before (gray) and after (red) the
modification showed only a small increase in the molar mass (approx. 800 g mol?) as
well as an improvement in D from 1.22 to 1.14. If the modification would have been
successful, a more prominent change in the chromatogram should have been visible,
similar to the difference observed for the acrylate derivative PPFPA (see Figure 2),
which was not the case. Therefore, both analytical methods (*H NMR spectroscopy

and SEC) indicated a failed modification.
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Figure 8: Size exclusion chromatogram of PPFPMA before (gray) and after (red) the partial PPM with
2,2,2-trifluoroethylamine. A small increase in Mn is visible, as well as an improvement in the D.

To exclude a possible failure of the modification due to the choice of monomer, a PPM
reaction with a different amine (2,2,3,3,3-pentafluoropropylamine) was conducted, to
see if improved results could be achieved. Additionally, the reaction temperature and
amine equivalents were increased (ambient temperature to 50 °C) and the reaction

time (24 to 48 hours) extended, to ensure a higher conversion (Scheme 29).
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Scheme 29: Reaction equation of the PPM of PPFPMA with 2,2,3,3,3-pentafluoropropylamine in DMF at 50 °C for
48 hours.
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After 48 hours at 50 °C, the crude °F NMR spectrum (displayed in Figure 9) of the
polymerization showed no change, which is why triethylamine (TEA) was added to the
reaction mixture to accelerate the modification reaction, even though imide formation
could be the consequence. However, even after the addition of the base no

improvement could be achieved, leading to an unsuccessful attempt once again.
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Figure 9: Crude °F NMR spectrum of the PPM pf PPFPMA with 2,2,3,3,3-pentafluoropropylamine after 48 hours.
The still present PPFPMA signals indicate an unsuccessful PPM. Solvent: CDCla.

In summary, the synthesis of sequence-controlled multiblock copolymers via ATRP of
PFPMA, the methacrylate derivative of PFPA, with PPM was investigated, which
remained unsuccessful. After the successful synthesis of PPFPMA, this attempt failed
at the modification step. A change in conditions, reactant and even base addition
resulted in no improvement. To possibly use ATRP as a method to synthesize
sequence-controlled multiblock copolymers, further research needs to be done, such
as using different reactants during the modification process, changing the type of
monomer as well as pursuing a different PPM method.

Consequently, similar to the RAFT approach, the ATRP technique was discarded due
to insufficient results and a different system was investigated. Instead of continuing the
trend of achieving multiblock copolymers via a RDRP method, the focus was changed

to ionic polymerization techniques, namely CROP and AROP.
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4.1.4. Multiblock Copolymer Synthesis via CROP

As mentioned in a previous chapter, CROP is a special case of cationic polymerization,
in which cyclic monomers such as cyclic ethers, lactones and lactams can be
polymerized. An interesting CROP is the polymerization of CL to PCL, using an alcohol

as initiator and diphenyl phosphate (DPP) as organocatalyst (displayed in Scheme 30;
1.).174
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Scheme 30: I. General reaction equation of the polymerization of CL using a primary alcohol and DPP. II. General
reaction equation of the second and third CE of PCL with CL in presence of DPP.

As visible in Scheme 30, this polymerization technique allows for the preparation of
polymers which have the same functional groups as the initiator (in this case a hydroxy
group) for their end group and can therefore act as macroinitiators themselves (see
Scheme 30; II.). To prove this idea, CL was first polymerized using benzyl alcohol as
initiator and DPP as catalyst, and subsequently used as a macro initiator for CE
reactions. The number of repeating units for each polymerization and CE was aimed
to be approx. 20, which should be confirmed via SEC and 'H NMR spectroscopy. The
size exclusion chromatograms (depicted in Figure 10) of PCL and two further CE
displayed each one distinct peak, which shifted to higher molar masses with each
follow-up reaction, from 4,200 g mol* to 7,500 g mol* and finally 9,900 g molt. The
determined values exceed the theoretical ones, which could be explained by the
difference in the structure of the used polystyrene (PS) standard to PCL. For the first
two reactions, the absence of further peaks after each polymerization indicated no
second growing species aside from the desired polymer structure. However, after the

last extension, a broadening of the peak as well as a formation of two shoulders, one
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at the lower molar mass the other at the higher side was visible, indicating small side
reactions. The shoulder at the higher molar mass side was with approx. 18,600 g mol*
almost twice the value of the main peak, suggesting a recombination of two chains.
This might be the result of oxygen in the reaction flask caused by insufficient purging
during the polymerization preparation. The smaller peak around 4,000 g mol* might

be to a small side polymerization initiated by impurities (e.g., water).
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Figure 10: Size exclusion chromatograms of PCL (gray) and the first (red) and second (blue) CE with CL. After
each reaction a shift to higher Mn is visible, indicating a successful extension of the chain.

The 'H NMR spectra for each polymerization were also in accordance with the spectra
found in literature!”™ for PCL. To confirm the extension of the chain, the ratio of
the -CHa- signal of the benzyl alcohol initiator was compared to the -CH2-O- signal of
the PCL backbone. After each reaction an increase of approx. 20 repeating units per
addition could be established, confirming the successful extensions.

However, even though PCL might be suited for CE reactions, the lack of reactive
groups for PPM reactions excludes it as a possible candidate for the synthesis of
multiblock copolymers. In contrast to CL, a-allyl-caprolactone (ACL) has a pendant ally
group, which allows for PPM reactions such as thiol-ene reaction and can be
synthesized from CL in a single step, based on a known procedure.59

The successful synthesis of the monomer ACL was confirmed via NMR spectroscopy
(see chapter 6.3 Synthetic Procedures for analytical data) and the first polymerization

attempt was conducted under similar conditions to the polymerization for CL.
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Scheme 31: Reaction equation of the CROP of ACL with benzyl alcohol and DPP in anhydrous dioxane under inert
atmosphere at 50 °C.

However, in contrast to CL, no polymer could be obtained after the same time which
led to a change in the reaction conditions as the reaction time was increased (48 hours)
but the temperature was lowered (50 °C) (displayed in Scheme 31). After 48 hours,
the total conversion of the monomer could be confirmed via *H NMR spectroscopy, in
which the remaining signals equaled those found in literature.69

Even though 'H NMR spectroscopy proved complete monomer consumption, no
polymer was obtained, which was confirmed via SEC. The chromatogram (see Figure
11) showed multiple sharp peaks, which is more akin to oligomeric behavior than

polymeric.
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Figure 11: Size exclusion chromatogram of PACL. Multiple sharp peaks are visible, indicating an oligomeric
material.

This assumption got further supported by the small but similar differences in Mp
between each peak (approx. 3,000 g mol') and the overall low Mn of approx.
1,000 g mol’* (B of 1.34), while the theoretical value was about 3,100 g mol™.
Nevertheless, this oligomer was further used as a macro initiator in a CE reaction, to

see if it is even possible to extend PACL, before further optimization was done. Due to
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the better polymerization results of CL in previous reactions, CL was used as monomer
instead of the functional monomer ACL. The polymerization was conducted once again

with DPP as organocatalyst at 50 °C for 48 hours, identical to the conditions of PACL.

O}’H anhydrous dioxane ©/\ ;\h(\/\/\
Argon
50 °C

Scheme 32: Reaction equation of the first CE of PACL with CL using DPP in anhydrous dioxane under inert
atmosphere at 50 °C.

The 'H NMR spectrum of the obtained material showed no evidence of the presence
of ACL in the structure but was in accordance with the expected spectrum of PCL. This
indicated a side reaction in which CL was initiated by impurities in the reaction mixture
or self-initiated by DPP to form PCL instead of the desired CE of the oligomeric ACL

chain, resulting in a failed attempt.

In summary, primary attempts were made in synthesizing sequence-controlled
multiblock copolymers via CROP of lactones. First tests were conducted with the
commercially available CL to investigate the suitability of CROP for CE reactions,
because the obtained polymer carries the same functional group as the initiator and
should therefore work as a macroinitiator itself. This idea could be confirmed by
successfully chain extending PCL twice. However, due to the lack of functionality in
the structure, the allyl containing derivative ACL was chosen as a possible candidate.
The synthesis of the monomer was successful, but during polymerization attempts only
oligomers could be obtained. Nevertheless, a CE reaction of the oligomeric species
was conducted to investigate if an extension would be even possible. Due to the better
results in previous reactions, the monomer was changed to CL for those reactions.
However, no chain extended polymer could be obtained, indicating a failed reaction.
To possibly use CROP and ACL as a system to synthesize sequence-controlled
multiblock copolymers, further investigations are necessary, such as changing the
catalyst from DPP to another one.

Due to the poor performance of this system, this approach was discarded and a more

promising system was investigated, the AROP of AGE.
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4.1.5. Multiblock Copolymer Synthesis via AROP

Parallel to the CROP of CL and ACL, a different kind of ring-opening polymerization
was investigated in which the propagating species was also of ionic nature, but anionic
instead of cationic. While for the CROP a functional monomer had to be synthesized,
a suitable monomer, AGE, is commercially available for the AROP as mentioned
above. Similar to ACL, AGE carries a pendant C=C double bond making it accessible
for “click™like modification reactions. Based on the polymerization system by Ree’s
group,® first polymerization attempts of AGE with benzyl alcohol as initiator and
Ps-t-Bu as promoter were conducted at mild conditions (ambient temperature) for

4 hours (refer to Scheme 33).

0 P4 -t-Bu O]‘
©AOH ’ Z—\/O (jA
RN anhydrous THF
Argon H
a.t. |

Scheme 33: Reaction equation of the AROP of AGE with benzyl alcohol using P4-t-Bu in anhydrous THF under
inert atmosphere at ambient temperature.

The obtained material was characterized via *H NMR spectroscopy and SEC to
confirm the polymeric nature. The 'H NMR spectrum (see Figure 12) was in
accordance with the ones found in literature®® and showed a clear change in
comparison to the spectrum of AGE. The signal at 4.53 ppm could be assigned to
the -CHz- of the benzyl alcohol and could therefore be used to calculate the ratio
between initiator and repeating units. With approx. 25 repeating units instead of the
targeted 50, the conversion was about 50 %, which was viewed as insufficient.
Therefore, subsequent polymerization attempts were conducted at a longer reaction
time (7 hours), which resulted in an almost quantitative polymerization and a yield of
76 %.
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Figure 12: *H NMR spectrum of PAGE. Solvent: CDCls.

The size exclusion chromatogram (depicted in Figure 13) of the polymerization
confirmed the synthesis of PAGE by showing a single peak with a Mn of approx.
3,700 g mol?, a  of 1.13 and a small shoulder at a higher molecular weight, indicating
a slight degree of dimerization.

Overall, the TH NMR spectrum as well as the size exclusion chromatogram confirmed

the successful synthesis of the polymer which should further be used in PPM reactions.

—— PAGE
M, = 3,700 g mol |
b=1.13
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Figure 13: Size exclusion chromatogram of PAGE. A single peak with a small shoulder at its higher molar mass
side is visible.
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The first PPM reaction was conducted in form of a thiol-ene reaction using
1-dodecanethiol and AIBN at 60 °C overnight (refer to Scheme 34) resulting in a yield
of 80 %. This particular thiol was chosen for two reasons: (i) to introduce an alkyl group
as the first “functional” group and (ii) to investigate possible influences of the pendant
group on CE reactions, such as shielding the active center. To prevent undesired
crosslinking of the pendant group initiated by the radical source AIBN, a high excess

of thiol in comparison to the C=C double bond of 4:1 was used.

0}H AIBN 0}H
SR IR o
o HS™ 41 anhydrous THF 0
60 °C
ﬁ Argon 5

Ahs

11

Scheme 34: Reaction equation of the thiol-ene reaction of PAGE and 1-dodecanethiol with AIBN in anhydrous THF
under inert atmosphere at 60 °C.

The *H NMR spectrum (see Figure 14) confirmed a successful modification of the
precursor polymer by displaying the loss of the characteristic double bond signals in
the range of 6.00 —5.00 ppm while new signals e.g., the one around 0.8 ppm,

appeared, which belong to the long alkyl chain of the added 1-dodecanethiol.
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Figure 14: Comparison of the 'H NMR spectra of PAGE before (bottom) and after (top) the PPM with
1-dodecanethiol. After the modification the disappearance of the H2C=CH-R signals of AGE (red) and the
appearance of the thiol signals (green) could be observed, confirming a change in the structure.
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The size exclusion chromatograms (see Figure 15) of the precursor and the modified
polymer also confirmed a successful modification by presenting a significant shift in
the molar mass (3,700 g mol? to 7,700 g molt) and an improvement of the £ (1.13 to
1.08). The absence of any further peaks at a lower molar mass indicated no precursor
polymer was left and only the modified polymer remained. Additionally, any form of
crosslinking could be excluded because no peak broadening or additional shoulder

formation was observed.
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Figure 15: Size exclusion chromatograms of PAGE before (gray) and after (red) the PPM with 1-dodecanethiol.
After the modification a shift to higher molar masses is noticeable, indicating a change in the structure of the chain.

After successfully modifying PAGE via thiol-ene reaction, the next step was to conduct
the first CE reaction. Because the polymerization of AGE was done at ambient

temperature, the first attempt for CE was conducted at similar conditions (refer to

Scheme 35).
Y
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+
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Scheme 35: Reaction equation of the first CE of modified PAGE with AGE using Ps-t-Bu in anhydrous THF under
inert atmosphere at ambient temperature.
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After 22 hours, the polymerization was stopped and a crude *H NMR spectrum
(depicted in Figure 16) was recorded to calculate the conversion by comparing the
ratio of a monomer and a polymer signal. For the monomer the signal at 3.11 ppm was
picked, whereas for the polymer the signal at 5.85 ppm, representing the C=C double
bond, was chosen. While the monomer signal is not interfering with any other signals,
the polymer one was also overlapping with the C=C double bond signal of the
monomer. Therefore, it was important to subtract the monomer’s value of the total
integral so only the polymer signal remained. This led to the determination of a

monomer conversion of approx. 58 %.
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Figure 16: Crude 'H NMR spectrum of the CE reaction of modified PAGE with AGE at ambient temperature.
Solvent: CDCls.

However, the size exclusion chromatogram (depicted in Figure 17) after the extension
showed no shift to higher molar masses compared to the precursor polymer, but even
a small decrease. This observation was in contrast to the one obtained by NMR
spectroscopy and indicates a failed CE. An explanation which brings both results into
harmony is the occurrence of a side reaction in form of an homopolymerization
resulting in PAGE, which is soluble in the precipitation solvent during the purification
process. Therefore, the conversion of the monomer was visible in the *H NMR
spectrum but no peak shift could be observed in the size exclusion chromatogram.
Additionally, due to the solubility of the homopolymer during the precipitation
procedure, no second peak appeared in the chromatogram after the purification

process. Because no further initiator besides the modified PAGE was intentionally
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used, impurities such as traces of water in the solvent could have functioned as second

initiators, leading to the undesired homopolymerization.
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Figure 17: Size exclusion chromatograms of modified PAGE before (gray) and after (red) the CE attempts with
AGE. No significant change is visible, indicating a failed attempt.

To prove this assumption, a polymerization was conducted at similar conditions to the
previous reaction, except no initiator was added (see Scheme 36). And indeed, after

4 hours a monomer conversion of approx. 96 % could be achieved, determined via

O
P4-t-Bu /{/\[ J\n

a o
%OW anhydrous THF H
|

'H NMR spectroscopy.

a.t.
Argon

Scheme 36: Reaction equation of the AROP of AGE using no initiator but P4-t-Bu in anhydrous THF under inert
atmosphere at ambient temperature.

After purification, the *H NMR spectrum resembled the one of PAGE initiated by benzyl
alcohol but lacking the characteristic benzyl signals. Furthermore, no other signal

except for impurities e.g., water and Ps-t-Bu could be detected (Figure 18).
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Figure 18: *H NMR spectrum of PAGE after the synthesis without an initiator. Solvent: CDCla.

The associated size exclusion chromatogram (displayed in Figure 19) of the purified
polymer showed two overlapping peaks with a long tailing at the lower molar mass
side. The overall shape of the peak indicates a polymerization in a more uncontrolled
behavior than a controlled one. The achieved Mn of approx. 10,500 g mol* and D of
1.31 indicate 92 repeating units, even though this value should be taken into account

with skepticism, due to the structural difference of the used PS standard and PAGE.
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Figure 19: Size exclusion chromatogram of PAGE synthesized without additional initiator. A broad peak with a D
of 1.31 is visible, indicating an uncontrolled polymerization.
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The results of this experiment supported the assumption of an uncontrolled
homopolymerization of AGE during the CE reaction, leading to a failed attempt. By
comparing the previous polymerization of AGE using benzyl alcohol as initiator with
the CE reaction in which the modified polymer is used as initiator, a difference is
noticeable. Even though both reactions utilize the same functional group as starting
point of the polymerization, the benzyl alcohol carries a primary hydroxy group, while
the modified polymer has a secondary one, which is less reactive. Therefore, to
achieve a CE of the modified polymer, a higher activation energy might be necessary,
which can be achieved by increasing the reaction temperature.

Thus, another extension attempt was conducted at an increased temperature of 50 °C
in comparison to the previously used ambient temperature. After 5 hours, a sample to
determinate the monomer conversion via *H NMR spectroscopy was taken, in which
no monomer signals were left, indicating a total conversion. During the precipitation
process in methanol, two fractions, a soluble and an insoluble one, could be obtained.
While the *H NMR spectrum (see Figure 20) of the insoluble product showed the
desired signals of the added AGE, e.g., the H2C=CH-R signals between
6.00 — 5.00 ppm, as well as the benzyl signals, the spectrum of the soluble product

showed only the H2.C=CH-R signals, but no benzyl ones.
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Figure 20: Comparison of the 'H NMR spectra of modified PAGE before (bottom) and after (top) the CE with AGE
at 50 °C. After the reaction, the H.C=CH-R signals of the attached AGE units in the range of 6.00 —5.00 ppm (green
area) could be observed. Solvent: CDCls.
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This indicated a successful CE of the modified polymer for the first time, while a
homopolymerization happened nevertheless, which resulted in shorter chain than
desired and a yield of 66 %. The size exclusion chromatogram (refer to Figure 21) of
the crude polymer before purification showed two peaks, a smaller one at an approx.
Mn of 3,700 g molt (B of 1.07) and a much larger one at an approx. Mn of
11,200 g mol* (D of 1.07). After the purification via precipitation in MeOH, the smaller
peak which represented the homopolymer, vanished from the chromatogram and only
the larger peak, the chain extended modified polymer, remained, confirming the
solubility of the lower molecular weight fraction.
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Figure 21: Crude size exclusion chromatogram of the first CE of modified PAGE with AGE. Two peaks are visible,
a smaller one at Mp = 3,700 g mol* and a larger one at Mp= 11,200 g mol2.

By comparing the peak before the extension (see Figure 22) with the peak afterwards,
a clear shift towards higher molar masses (7,700 to 11,100 g molY) and a small
improvement in the D (1.08 to 1.07) was visible. This, in combination with the results
provided via *H NMR spectroscopy proved the successful CE of the modified polymer.
Already, this structure could be seen as a diblock copolymer due to the different
pendant groups. However, to truly synthesize a multiblock copolymer with different

functionalities further modifications and CEs are necessary.
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Figure 22: Size exclusion chromatograms of modified PAGE before (gray) and after (red) the first CE with AGE.
After the reaction, a noticeable shift of the peak to a higher molar mass could be observed, indicating a change of
the chain structure.

Therefore, a second modification of the now extended 1-dodecanethiol-modifed PAGE

was conducted using a different thiol, namely benzyl mercaptan (depicted in Scheme
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Scheme 37: Reaction equation of the thiol-ene reaction of once chain extended PAGE and benzyl mercaptan with
AIBN in anhydrous THF under inert atmosphere at 60 °C.

With this, the polymer will incorporate two different kinds of pendant groups, one with
a long alkyl chain, the other with a short aromatic system. The reaction conditions of
this thiol-ene reaction were similar to the modification using 1-dodecanethiol and the
obtained product (yield: 65 %) was characterized via 'H NMR spectroscopy and SEC
to prove the success of the modification. After the reaction, the *H NMR spectrum
(displayed in Figure 23) of the purified product showed no characteristic H2.C=CH-R

signals in the area of 6.00 - 5.00 ppm anymore, confirming a full conversion of the
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double bonds. Meanwhile, around 7.25 - 7.15 ppm a new signal appeared, which
could be assigned to the phenyl ring of the newly added benzyl mercaptan. However,
this signal was overlapping with the signal of the initiator as well as the solvent peak
making a clear assignment difficult. The signal of the -CHz- unit could be determined
to be in the range of 3.79 — 3.30 ppm, also overlying with other signals. Additionally,
the general spectrum was in accordance with the expected one and all signals could

be assigned. Those results indicated a successful modification of the precursor

polymer.
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Figure 23: *H NMR spectra of once chain extended modified PAGE before (bottom) and after (top) the second
PPM via thiol-ene reaction using benzyl thiol. Solvent: CDCls.

The size exclusion chromatogram (see Figure 24) of the polymer after the thiol-ene
reaction showed a single peak with a Mn of approx. 13,000 g mol* which was an
increase of 1,900 g mol? to the precursor polymer, while the B slightly worsened (1.07
to 1.10). The shift to a higher molar mass as well as the absence of any further peaks
indicated a successful modification of the chain extended 1-dodecanethiol-modified
PAGE.

Herewith, a diblock copolymer with a long alkyl chain and an aromatic system as its
pendant groups could be successfully synthesized, confirming the usability of the
investigated system of CE and PPM reactions. To further confirm its usefulness as a
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toolbox system, further CEs and modifications were done to create a longer system

but also different structures, such as a crosslinked one.
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Figure 24: Size exclusion chromatograms of once chain extended modified PAGE before (gray) and after (red) the
PPM via thiol-ene reaction with benzyl thiol.

After the second modification of the polymer, a further CE was conducted to obtain a
triblock copolymer (refer to Scheme 38), which was used to synthesize a crosslinked
structure, as well as a linear polymer with methyl-3-mercaptopropionate to introduce

an ester as a functional group to the chain.
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Scheme 38: Reaction equation of the second CE of modified PAGE with AGE using P4-t-Bu in anhydrous THF
under inert atmosphere at 50 °C.

The success of the CE was confirmed via *H NMR spectroscopy and SEC. Again, the
'H NMR spectrum (see Figure 25) showed the desired H2.C=CH-R signals around
6.00 — 5.00 ppm, confirming the presence of AGE in the structure. Because the

characteristic monomer signal at 3.10 ppm was absent, it could be assumed that no
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monomer was left in the purified product and the determined AGE units were part of
the chain. All the other signals could also be assigned to their respective protons
accordingly. The number of repeating units was determined by comparing the signal
of the methyl group of the 1-dodecanethiol at 0.88 ppm with the proton signal of the
double bond at approx. 5.87 ppm. As in the previous extensions, the determined
number of repeating units was lower than the targeted one, indicating a side reaction

in form of a homopolymerization leading to a yield of only 22 %.
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Figure 25: 'H NMR spectra of twice modified PAGE before (bottom) and after (top) the second CE with AGE. After

the reaction, the H2C=CH-R signals of the AGE in the range of 6.00 — 5.00 (green area) could be observed,
indicating a successful CE. Solvent: CDCls.

The size exclusion chromatogram (displayed in Figure 26) of the polymer after the
reaction showed a single peak with a M of approx. 18,600 g mol?, a B of 1.44 and a
long tailing at the higher molar mass side. The fact that the tailing is at the higher molar
mass side indicated the occurring of a side reaction such as dimerization which could
have been a result of oxygen contamination due to incomplete atmosphere purging.
With a bigger increase from 1.10 to 1.44 in the D, the broadening of the peak is also
visible. However, in comparison to the precursor peak a clear shift to higher molar
masses from 13,000 to 18,600 g mol* was noticeable, confirming the extension of the

polymer chain.
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Figure 26: Size exclusion chromatograms of twice modified PAGE before (gray) and after (red) the second CE with
AGE. After the reaction, a shift to higher molar mass was observed, indicating the success of the reaction.

Overall, the size exclusion chromatogram and the NMR spectrum confirmed the
success of the second CE of PAGE, while side reactions could not be prevented.

The next PPM reaction using the ester group containing methyl-3-mercaptopropionate
was done under similar conditions as the previous thiol-ene reactions (displayed in
Scheme 39) and the product was characterized via *H NMR spectroscopy and SEC.
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Scheme 39: Reaction equation of the thiol-ene reaction of twice chain extended PAGE methyl-3-
mercaptopropionate with AIBN in anhydrous THF under inert atmosphere at 60 °C.

The crude NMR spectrum (see Figure 27) of the product showed no H2C=CH-R
signals around 6.00 — 5.00 ppm, indicating a total conversion of the double bond.
Additionally, new signals around 3.80 — 3.27 ppm and 2.97 — 2.39 ppm appeared,
belonging to the newly added thiol.
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Figure 27: Crude 'H NMR spectra of twice chain extended modified PAGE before (bottom) and after (top) the third
PPM via thiol-ene reaction using methyl-3-mercaptopropionate. After the reaction, the disappearance of the

H2C=CH-R signal of the AGE (6.00 — 5.00 ppm; red area) as well as the appearance of the newly added thiol signals
(e.g., 2.97 — 2.39 ppm; green area).

The size exclusion chromatogram (refer to Figure 28) after the reaction showed a
single peak with a Mn of approx. 21,600 g mol?, a B of 1.66 and a prominent shoulder
at the higher molar mass side. With a My of approx. 42,700 g mol?, the molar mass of
the shoulder was almost twice as high as the Mp of the main peak (19,500 g mol?).
This indicated a slight degree of branching in the form of dimerization of two chains.
Nevertheless, a shift to higher molar masses in comparison to the precursor polymer
from 18,600 to 21,600 g mol* was visible, confirming the extension of the chain. This
observation in combination with the results of the NMR spectroscopy confirmed the
third modification of PAGE, introducing an ester as a functional group to the already
alkyl and aromatic modified system.

A summary of all size exclusion chromatograms and *H NMR spectra for all conducted
CE and PPM reactions until now are displayed in Figure 29 and Figure 30. In case of
the chromatograms, a change to a higher molar mass after each reaction is visible,
while for the *H NMR spectra the appearance of the H2C=CH-R signal after each
extension and its disappearance after the modifications can be noticed.
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Figure 28: Size exclusion chromatograms of twice chain extended modified PAGE before (gray) and after (red) the
third PPM via thiol-ene reaction using methyl-3-mercaptopropionate. After the reaction a small shift to higher molar
mass as well as the formation of a shoulder could be observed.

It is worth noting, that due to the presence of an homopolymerizaton during each CE,
as well as the precipitation after each step, the over yield of the products is moderate.
To improve the yield, a different purification method could be used and the reactions
could be conducted using reactants and solvents which are freshly purified/dried
before use, preventing a possible homopolymerization initiated by impurities. However,
due to the fast forward approach of this method, those changes were neglected.

In Table 1 an overview of the polymerization of AGE with each CE and PPM including

the equivalents of monomer, equivalents of thiol, Mn and D is displayed.

Table 1: Overview of the polymerization of AGE with each CE and PPM, including equivalents of monomer,
equivalents of thiol, Mn and D.

Entry Eq. of AGE Eg. of thiol*! Mn/ g mol* b

PAGE 50 - 3,700 1.13
1. CE 50 - 11,100 1.07
2. CE 50 - 18,600 1.44
1. PPM - 4 7,700 1.08
2. PPM - 4 13,000 1.10
3. PPM - 4 21,600 1.66

*1: Equivalents of thiol in respect to one available double bond in the pendant chain.
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Figure 29: Collection of all size exclusion chromatograms for each CE and PPM reaction of PAGE. A clear shift in
the molar mass from the beginning (PAGE; gray) to the last modification (3. PPM; yellow) can be observed.
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Figure 30: Collection of all *H NMR spectra for each CE and PPM reaction of PAGE. With each reaction, the
appearance and disappearance of the H.C=CH-R signal of the AGE units can be observed.
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4.1.5.1. Synthesis of a Sequence-Controlled Network

Besides the synthesis of linear sequence-controlled multiblock copolymers, sequence-
controlled networks could be of high interest. Due to the PEG-like backbone of the
synthesized multiblock copolymer and the well-known biocompatibility and medical
application of PEG,’® a generated sequence-controlled PAGE-network could find use
in similar biomedical applications. What could set this network apart from the well-
known ones is the possibility to generate a network with desired properties by
introducing different functionalities to the system via PPM before crosslinking in the
final step.

Therefore, a first attempt to synthesize a network was conducted based on the
previously synthetized twice chain extended PAGE and tetrathiol pentaerythritol
tetrakis(3-mercaptopropionate). For each available double bond in the polymer, 0.5
equivalents of the thiol were used, which should result in a crosslinked structure with
two thiol groups remaining per tetrathiol. The reaction conditions were similar to the

previous thiol-ene reactions (displayed in Scheme 40).
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Scheme 40: Reaction equation of the thiol-ene reaction of twice chain extended PAGE using pentaerythritol
tetrakis(3-mercaptopropionate) with AIBN in anhydrous THF under inert atmosphere at 60 °C.

In comparison to previous modifications, a noticeable increase in viscosity could be
observed, which got to the point where the stirring bar stopped moving. This
phenomenon was an indication for the formation of a crosslinked structure. However,
after the reaction time the product could be dissolved in THF, which was only possible
after treating the sample multiple times with the solvent. In case of a complete
crosslinked system this phenomenon should not be observable, suggesting a

branched structure instead of the desired crosslinked one. The H NMR spectrum
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(depicted in Figure 31) of the product was in accordance with the expected one,
showing no signs of the H2C=CH-R signals, indicating the total conversion of the

pendant double bond.
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Figure 31: 'H NMR spectra of twice chain extended modified PAGE before (bottom) and after (top) the PPM via
thiol-ene reaction using pentaerythritol tetrakis(3-mercaptopropionate). After the reaction, the disappearance of the

H2C=CH-R signals of the AGE (6.00 — 5.00 ppm; red area) and the appearance of the thiol signals (e.g., 4.17 ppm;
green area) could be observed. Solvent: CDCls.

During the SEC sample preparation, a different behavior in contrast to the previous
modification reaction could be observed. While the previous reactions pass through
syringe filters without any problem, the system with the tetrathiol clogged the filter
almost immediately. This phenomenon is often observed by crosslinked or branched
systems, which would confirm the success of the modification. After multiple filters and
high pressure, enough sample was obtained for a SEC measurement of which the
chromatogram can be seen in Figure 32. Herein, a broad peak system with a O of 101
and a Mn of approx. 25,000 g mol! can be seen. In total, 5 main peaks can be
identified, with the largest one being at approx. 14,800 g mol?, followed by
24,000 g mol* and 9,100 g mol?. The two other prominent peaks are situated at the
higher molar mass side at approx. 490,000 g mol! and 7,943,000 g molt. However,
the determined values for the molar masses were the ones originating from the parts

of the modified polymer which could pass through the filter. Therefore, it can be
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assumed that the residue in the filter has an even higher molar mass than the
determined 7,943,000 g mol™.
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Figure 32: Size exclusion chromatogram of crosslinked modified PAGE. Multiple peaks and shoulder are visible
with an overall B of 101 and molar masses up to 7,943,000 g mol*.

The 'H NMR spectrum as well as the size exclusion chromatogram indicated a
successful modification of the polymer, however not a totally crosslinked structure, but
a branched system. Siill, the high © of 101 and determined molar masses up to
7,943,000 g mol* could be seen as evidence for a beginning network formation at
least. To improve the results and obtain a totally crosslinked system, the ratio of thiol
groups to double bonds needs to be tuned to be lower than 1:1, which for example can
be achieved by reducing the amount of tetrathiol.

In conclusion of this main chapter, novel ways to synthesize sequence-controlled
multiblock copolymers using a single monomer were investigated. In comparison to
the more traditional method in which multiple different monomers are necessary, the
utilization of a single monomer should reduce the amount of monomer syntheses,
which sometimes can be laborious, time-consuming and costly. The main concept of
those new systems was the combination of CE reactions via living/controlled
polymerization methods with PPM reactions. Therefore, different polymerization
technigues and monomer systems were investigated, i.a. the RAFT polymerization of
PFPA, the ATRP of PFPMA and the CROP of ACL. After those attempts failed,

promising results could be achieved by polymerizing the commercially available AGE
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via AROP using the Schwesinger base Pas-t-Bu as promoter. In a series of CEs with
subsequential thiol-ene reactions, a linear triblock copolymer with aliphatic, aromatic
and ester group as functionalities could be successfully synthesized. Additionally, a
slightly crosslinked triblock copolymer network could be achieved by using a tetrathiol
in the last PPM step. The success of each step could be confirmed by NMR
spectroscopy and SEC.
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4.2. AROMA - Anionic Ring-Opening Monomer Addition

Parts of this chapter and the related parts in the experimental section were adapted
with permission from a publication!’” written by the author of this thesis (Sven
Schneider), published in Programmable Materials. Additionally, parts of the evaluation
and synthesis were conducted in cooperation with Benedikt L. Schwalm in context of

a bachelor’s thesis under the supervision of the author (Sven Schneider).

After the successful synthesis of a sequence-controlled triblock copolymer using the
newly established system based on the repeated AROP of AGE with subsequential
thiol-ene reactions, the limits of this system should be explored. Due to the benefits of
the living character of AROP, e.g., low £ and chains with tailored length, the reduction
of the average number of repeating units, which was previously 20 to 50 units, to an
average number of one should be possible. Thereby, it should be possible to
synthesize sequence-controlled polymers, which approach the precision of sequence-
defined polymers.

Therefore, this chapter of the thesis deals with the possible expansion of the already
available options to synthesize sequence-defined polymers using polymerization
techniques, similar to the already known RDRP ones. However, instead of relying on

radical active chain ends, this approach will use an anionic species.
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4.2.1. Anionic Ring-opening Monomer Addition of AGE to

Methoxy Polyethylene Glycol

As mentioned above, the in this thesis established method of combining CEs of AGE
with PPM via thiol-ene reactions was employed to achieve the synthesis of sequence-
controlled multiblock copolymer with an average repeating unit of one.

In theory, benzyl alcohol could be used as the initiator for this synthesis once again,
but it was replaced by methoxy polyethylene glycol with an average molar mass of
1,900 g mol* (mPEG-1900) out of convenience. In case of the benzyl alcohol, the
obtained molecules cannot be precipitated and need to be purified using a more
laborious methods, such as column chromatography, while mPEG-1900 can be
precipitated easily. Therefore, mMPEG-1900 was used as a precipitation agent.

Before any single monomer addition reaction was conducted, a polymerization with 20
equivalents of AGE under inert atmosphere at ambient temperature for 2.5 hours were

done to investigate the suitability of mMPEG-1900 as initiator (refer to Scheme 41).
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Scheme 41: Reaction equation of the AROP of AGE with mPEG-1900 using Ps-t-Bu in anhydrous THF under inert
atmosphere at ambient temperature.

The 'H NMR spectrum (depicted in Figure 33) associated to this polymerization
showed the H2C=CH-R signals of AGE in the range of 6.00 — 5.00 ppm as well as the
characteristic signals of mPEG, e.g., the methyl group at 3.37 ppm. Additionally, the
signals of the promoter, the Schwesinger base, were visible due to insufficiency during
the purification process. In general, the spectrum was in accordance with the expected
one and all signals could be assigned to their associated protons, indicating a

successful polymerization using mPEG-1900 as initiator.
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Figure 33: 'H NMR spectrum of PAGE using mPEG-1900 as initiator. Solvent: CDCls.

The assumption of a successful polymerization got further supported by the single
symmetrical peak with a Mn of approx. 5,000 g mol! and a £ of 1.03 in the
corresponding size exclusion chromatogram (Figure 34). Furthermore, the absence of
a second peak suggested the total conversion of the initiator mPEG-1900, confirming

the suitability of this molecule for the reaction.
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Figure 34: Size exclusion chromatogram of PAGE using mPEG-1900 as initiator. A single symmetrical peak could
be observed.
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After the successful polymerization of AGE using the mPEG-initiator, two different
approaches for the synthesis of sequence-controlled polymers with a number average
of one were investigated; (i) making use of the living character of the polymerization
and (ii) a slight excess of monomer. Both approaches will be addressed in detail in the
following sections.
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4.2.2. Anionic Ring-Opening Monomer Addition via Kinetic

Approach

For the first approach, the linear increase of In([M]o/[M]) with the reaction time, which

is typical for a polymerization in a living manner, was used to calculate the exact

moment a single unit is added to the chain. The necessary equation’® is the following:

[M]o is the monomer concentration at the start of the polymerization, [M] the monomer
concentration at the given time t and kp the propagation constant, for the case of a
constant concentration of the active propagating species over the entire period.”®

In theory, the moment of the single monomer addition can be determined by knowing
the exact conversion at which a single unit should be added, if kpis also known, which
can be determined experimentally. In case of a polymerization with a monomer:initiator
ratio of 20:1, the desired chain length of a single unit should be at 5 % conversion. To
get kp, a kinetic study (K1) was conducted, in which samples were taken after 0.5, 1,
2.5, 3.5 and 5 hours to calculate the conversion of the monomer by comparing the
integrals of the monomer signal at 3.12 ppm with the ones of polymer signal at
5.85 ppm in the 'H NMR spectrum. Because the signal at 5.85 ppm overlapped with
one of the monomer signals, the overall integral needed to be reduced by the integral
of the latter. By plotting the resulted values of In([M]o/[M]) against the time and applying
a linear fit, kp represents the slope of the fit. The plot is shown in Figure 35 while a list

of all times with the associated monomer conversion is shown in Table 2.

Table 2: Reaction time, monomer conversion and In([M]o/[M]) of the kinetic study (K1) of the polymerization of AGE
using untreated mMPEG-1900 as initiator.

Time / min Conversion / % In([M]o/[M])
30 15.9 0.174
60 22.9 0.260
150 30.4 0.363
210 36.4 0.452
300 37.5 0.470
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Noticeable was the flatten of In([M]o/[M]) at longer reaction times, instead of the linear
increase, making a linear fit impossible. This might be due to a decrease in the active
propagating species during the reaction, resulting from side reactions such as the
termination of the chain ends induced by impurities (e.g., water). Due to the high affinity
of MPEG towards water a second approach (K2) was done to investigate this
presumption. However, this time the initiator was treated before use by drying under
reduced pressure at 40 °C. Additionally, because a conversion of 16 % was already
reached after 30 minutes for the first reaction, another sample after 15 minutes was
taken for the second study, to achieve better result for the linear fit. The conversion

values for each time are displayed in Table 3.
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Figure 35: Kinetic study of the polymerization of AGE using untreated (black, K1) and pre-dried (blue, K2)

mPEG-1900 as initiator. In case of the untreated initiator, a clear flattening of the curve with longer reaction time
could be observed.

Table 3: Reaction time, monomer conversion and In([M]o/[M]) of the kinetic study (K2) of the polymerization of AGE
using pre-dried mMPEG-1900 as initiator.

Time / min Conversion / % In([M]o/[M])
14 7.41 0.0770
28 13.8 0.148
88 33.8 0.412
148 46.2 0.621
208 54.1 0.779
238 56.9 0.842
328 63.2 1.001
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In comparison to the first study (K1; untreated initiator), the second one (K2; treated
initiator) resulted in a plot of a more linear manner with a higher conversion at the same
time (displayed in Figure 35). This confirmed the presumption that water indeed
caused side reaction during the first reaction, which could now be reduced but not
eliminated. Moreover, this confirmed the importance of dry and purified chemicals for
these polymerization techniques to obtain a polymerization in a living manner.

This time, a conversion of approx. 7 % could be reached after 15 minutes, getting
closer to the desired 5 %. Because the relevant part for this approach is in the first
minutes of the polymerization, the linear fit was applied to the 3 first values, resulting
in the determination of kp = 0.00476 + 1.48-:10* min™L. If the corresponding values are
inserted into the abovementioned equation, the moment of the single addition can be
calculated to be approx. 11 minutes (10 minutes and 46 seconds).

With this information, first reactions to add a single unit to the initiator were conducted

at ambient temperature (refer to Scheme 42).

O O—-H
-~ {\/\O i
o P4-t-Bu
EAPNIN Q.. :
n "X anhydrous THF H

Argon
a.t.

Scheme 42: General reaction equation of the first CE of mPEG-1900 with AGE via the kinetic approach, using
Ps-t-Bu in anhydrous THF under inert atmosphere at ambient temperature.

Due to the anionic ring-opening character of the reaction and the addition of a single
monomer, the method was named Anionic Ring-Opening Monomer Addition, short
AROMA. It is important to mention that the displayed polymer structures of those
AROMA-polymers are depicted with a single repeating unit, even though the actual
repeating unit is an average of one.

After the calculated reaction time, the polymerization was stopped and the polymer
purified. The exact number of added AGE units was determined via ‘H NMR
spectroscopy, comparing the H2C=CH-R signals of the C=C double bond at 5.87 ppm
with the methyl group at 3.36 ppm of the mPEG-initiator. The average repeating unit
was determined to be 2.075 £ 0.065, which was twice as high as the targeted value.
Possible reasons for that were imprecise weighing of reactants, which would lead to a
deviation in the calculated time, or an inaccurate linear fit. While the first could be easily

avoided by using proper working techniques and effective instrumental devices, the
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latter can be solved by improving the fit with more measuring points. Therefore,
another study (K3) was done with a tighter timing between each sample, namely every
2 minutes. The associated plot and a list of times with the corresponding monomer
conversions are shown in Figure 36 and Table 4.

Noticeable is an outliner at 4 minutes, which is due to a late quenching of the sample.
If excluded from the calculation, a rather linear fit with a slope of
0.00851 + 1.52:10* min* could be obtained, leading to an estimated reaction time of

approx. 7 minutes (7 minutes and 25 seconds) for the addition of a single unit.

Table 4: Reaction time, monomer conversion and In([M]o/[M]) of the kinetic study (K3) of the polymerization of AGE
using pre-dried mMPEG-1900 as initiator.

Time / min Conversion / % In([M]o/[M])
2 1.96 0.0198
4 4.76 0.0488
6 4.76 0.0488
8 6.54 0.0677
10 8.26 0.0862
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Figure 36: Kinetic study of the polymerization of AGE using pre-dried mPEG-1900 as initiator for a shorter time
frame. At 4 minutes, an outliner due to late quenching is visible.

Afterwards, a new polymerization was conducted with a reaction time of 7 minutes and
25 seconds, leading to a mPEG-1900 with an average AGE repeating unit of 1.28. This

result was an improvement to its predecessors, but still too high and inaccurate. An
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overview of each kinetic study with their respective kp, estimated addition time and the

resulted average repeating unit is shown in (Table 5).

Table 5: Overview of each kinetic study with their respective kp, estimated addition time and the resulted average
repeating unit.

_ Est. addition Average
Entry kp/ min-t _ _ _
time repeating unit
K1 0.00173 + 2.36-10 - -
K2 0.00476 + 1.48:10* 10 min, 46 s 2.075 + 0.065
K3 0.00851 + 1.52:10* 7 min, 25s 1.28

Even after the development in regards of the linear fit, the obtained number of
repeating units was still insufficient, leading to the assumption that the inaccuracy of
the weighing seems to be a bigger issue than expected. While the weighing process
of the reactants and solvents was done as accurately as possible, even a small
difference in equivalents in addition to the error margins of the applied apparatus
results in a change in concentration and therefore in a deviation of the fit. Therefore,
the achievement of an average repeating unit of one with this method is a difficult
undertaking and needs further research. However, due to a limited time schedule it
was decided to take some distance from this approach and focus on the second tactic,

which is based on utilizing only a small feed excess of the monomer.
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4.2.3. Anionic Ring-Opening Monomer Addition via Monomer

Excess Approach

Instead of focusing on the start of the polymerization and trying to use the linear
increase of In([M]o/[M]) with time, the second approach focused on the end of the
polymerization. By plotting the monomer conversion vs. reaction time (displayed in
Figure 37), the decrease of the monomer incorporation rate into the backbone over
the course of the polymerization becomes visible.
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Figure 37: Monomer conversion vs. time of the polymerization of AGE using pre-dried mPEG-1900 as initiator.
With increasing reaction time, a flattening of the curve is noticeable.

In theory, the time span between the incorporation of a further unit should be bigger at
the end of the polymerization than at its start, reducing the error margin. Therefore,
multiple polymerizations of AGE using a small feed excess of 1.25 eq. in relation to the
mMPEG-initiator were conducted at ambient temperature for 5 hours, resulting in a yield
of 89 % (refer to Scheme 43).
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Scheme 43: Reaction equation of the first CE of mPEG-1900 with AGE via the small excess approach, using
P4-t-Bu in anhydrous THF under inert atmosphere at ambient temperature.
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To determine the number of repeating units, the integrals in the *H NMR spectrum of
the proton signals of the double bound at 5.88 ppm were compared to the ones of the
methyl group at 3.36 ppm (see Figure 38; Il.). With an average repeating unit of
1.02 £ 0.07, the determined value improved in comparison to the first method (1.28
repeating units) and was in close proximity of the targeted value of one. It is crucial to
stated, that due to the applied method, which is based on the anionic polymerization
technique, polymeric systems with low B (values between 1.01 — 1.1'?) can be
achieved, but never monomodal systems. Additionally, due to the already polymeric
character of the initiator, a value of D greater than one is already set from the start.

A size exclusion chromatogram (displayed in Figure 38; I.) of this “AROMA-polymer”
showed a single symmetrical peak with a © of 1.05 and a Mn of 3,200 g mol?, indicating

no side reaction such as crosslinking.
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Figure 38: I. Size exclusion chromatogram after the first CE of mMPEG-1900 with AGE. Il. *H NMR spectrum of the
AGE chain extended mPEG-1900. The new signals between 6.00 — 5.00 ppm confirm a successful CE. Solvent:
CDCls. lll. DSC thermogram (heating curve; 2. cycle) of AGE chain extended mPEG with a visible Tm at 54.2 °C.
IV. ATR FT-IR spectrum of mPEG-1900 (black) and the first CE (blue). After the CE a new signal at 1,645 cm-?
appears, which could be assigned to the C=C double bond of the AGE.

To further confirm the presence of AGE in the polymer, attenuated total reflection
Fourier-transform infrared (ATR FT-IR) spectroscopy was conducted. Comparing the

spectrum (see Figure 38; IV.) of precursor polymer (mMPEG-1900) with the
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AROMA-polymer, a minimal change at 1,645 cm™ was noticeable. This signal is
characteristic for the C=C double bond’s stretching vibration’® and confirmed the
presence of AGE in the system. The low intensity of the signal can be explained by the
small share of the newly added AGE unit to the overall molecular structure. In addition
to the already mentioned characterization methods, a fourth one, the differential
scanning calorimetry (DSC), was used to determine the glass transition temperature
(Tg) and/or melting temperature (Tm) of the AROMA-polymer. The thermogram
(displayed Figure 38; Ill.) showed a single Tm at 54.2 °C. This value will be used as a
reference temperature to see if any further modifications influence the Tm in any way.
In summary, an average repeating unit of AGE of 1.02 + 0.07 could be determined via
'H NMR spectroscopy, which is in close proximity of the targeted value of one.
Furthermore, ATR FT-IR spectroscopy confirmed the presence of AGE in the system
as well by showing the characteristic C=C double bond’s stretching vibration at

1,645 cm* while the SEC excluded any crosslinking of the system.

After those promising results, first PPM reactions with 1-dodecanethiol were conducted
to truly synthesize sequence-defined-like polymers and to investigate the influence of
the side chain on the active center, similar to the previous tests done in the first project.
Furthermore, it was important to confirm the viability of the system to add an average
repeating unit of one to the system multiple times.

The thiol-ene reaction with 1-dodecanethiol was conducted at similar conditions (refer
to Scheme 44) as the previous reactions (yield: 67 %) and characterized via 'H NMR

spectroscopy, SEC and ATR FT-IR spectroscopy and DSC.
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Scheme 44: Reaction equation of the first PPM of the AROMA-polymer using 1l-dodecanethiol and AIBN in
anhydrous THF under inter atmosphere at 60 °C.

By comparing the *H NMR spectra of the AROMA-polymer before (see Figure 38; I1.)
and after the modification (displayed in Figure 39; Il.), changes were visible. Firstly, in
the range of 6.00 — 5.00 ppm the H2C=CH-R signal of AGE vanished, while secondly,

new ones emerged (e.g., 0.87 ppm), which could be assigned to the 1-dodecanethiol,
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confirming a successful modification. With a ratio of 1:1 + 0.01 of the methyl group of
the mPEG (3.37 ppm) and the methyl group of the 1-dodecanethiol (0.87 ppm), the
relation between the initiator and the thiol was in accordance with the desired value of
approx. 1.02.

In addition to this, the size exclusion chromatogram (refer to Figure 39; I.) after the
reaction showed the shift of a single symmetrical peak with a P of 1.05 and a Mn of
3,800 g mol* to a higher molar mass, in comparison to its precursor (D of 1.05 and a
Mn of 3,200 g mol?). The difference in molar mass between the determined and the
theoretical value (3,400 g mol?) can be explained by the structural difference of the
used polymer standard to the AROMA-polymer. Furthermore, the absence of any
second peak or shoulder formation excluded the occurrence of side reactions such as
crosslinking.

The DSC thermogram (see Figure 39; lll.) of the 1-dodecanethiol modified polymer
showed a small increase of 1 °C in the Tm (54.2 to 55.2 °C), which is probably due to
the error margin of the device instead of structural change. However, the exothermic
peak of a cold crystallization at 44.6 °C (Tcc) could be observed, which is initiated by
the long alkyl chains of the newly added 1-dodecanethiol moiety and therefore indicate
a structural change after the reaction.

Another change between the polymer before and after the thiol-ene reaction can be
seen in the ATR FT-IR spectrum (depicted in Figure 39; IV.). The previous signal at
1,645 cm, which was assigned to the C=C double bond’s stretching vibration of the

AGE, disappeared after the modification, indicating a structural change.
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Figure 39: I. Size exclusion chromatogram of chain extended mPEG-1900 before (blue) and after (violet) the first
PPM via thiol-ene reaction using 1-dodecanethiol. After the modification, a shift to higher molar masses is visible
in comparison to the previous polymer. Il. *H NMR spectrum of chain extended mPEG-1900 after the thiol-ene
reaction with 1-dodecanethiol. After the reaction the signals of the double bond between 6.00 — 5.00 ppm
disappeared and the thiol signals (e.g., 0.87 ppm) appeared, confirming a successful modification reaction. Solvent:
CDCls. lll. DSC thermogram (heating curve; 2. cycle) of 1-dodecanethiol modified chain extended mPEG-1900 with
avisible Tmat55.2 °C. IV. ATR FT-IR spectrum of once chain extended mPEG-1900 (blue) and the 1-dodecanethiol
modified polymer (violet). After the modification the signal at 1,645 cm™ disappeared, confirming a successful
modification.

In summary, characterization done for the 1-dodecanethiol modified AROMA-polymer
via 'H NMR spectroscopy, SEC and ATR FT-IR spectroscopy and DSC, confirmed the
addition of the thiol to the polymer and therefore a successful modification. As
mentioned above, this modified polymer should be further used as a macroinitiator for
additional AROMA reactions, confirming the viability of the AROMA method for the
synthesis of sequence-controlled polymers with an average repeating unit of one.

Due to the knowledge gained in the previous project in regards of changing from a
primary alcohol to a secondary one, the second CE was conducted with 1.25 eq. of
monomer in relation to the initiator at a higher temperature (50 °C) than the previous

AROMA reaction, resulting in a yield of 77 % (see Scheme 45).
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Scheme 45: Reaction equation of the second CE of mPEG-1900 with AGE via the small excess approach, using
Ps-t-Bu in anhydrous THF under inert atmosphere at 50 °C.

To confirm the success of the reaction, *H NMR spectroscopy, SEC, ATR FT-IR
spectroscopy and DSC were used once again. After the purification of the polymer, the
H NMR spectrum (displayed in Figure 40; 11.) showed the familiar H-C=CH-R signals
in the range of 6.00 — 5.00 ppm, indicating the presence of AGE in the chain. By
checking the ratio between initiator and AGE, an average repeating unit of 1.02 + 0.06
could be determined, which was almost identical to the previous AROMA reaction and
confirming a successful reaction. The size exclusion chromatogram of the CE (refer to
Figure 40; 1.) displayed a single symmetrical peak with a D of 1.05 and a Mn of
4,100 g molt, which was a slight increase in molar mass in comparison to the
precursor polymer (Mn= 3,800 g mol?). Similar to the first extension or PPM, the lack
of further peaks or shoulders indicate the absence of side reactions e.g., crosslinking.
The DSC thermogram (see Figure 40; IIl.) of the twice chain extended polymer
showed a small decrease in Tm of 2.2 °C (55.2 to 53 °C) as well as a cold crystallization
at 43.6 °C. Once again, this small change can be explained by two points, (i) the error
margin of the device and (ii) the small share of AGE to the overall structure of the
polymer chain, which should have a small influence on the Tm. The ATR FT-IR
spectrum (displayed in Figure 40; IV.) of the twice chain extended polymer showed
similar to the first extension the appearance of the monomer’s characteristic C=C
double bond’s stretching vibration at 1,645 cm™, confirming the presence of AGE in
the chain. Once again, the intensity of the signal was extremely low due to the small
share of the AGE to the overall polymer chain.

80



exotherm

Results and Discussion

B
——1.PPM I I D
21.04 " o \
M,= 3,800 g mol ANcC
b=1.05 o. D
——2.CE D D J
- 0. Do
08 M,= 4,100 g mol* E7 {\DAO p Do
P=105 Do
. D
> 0.6+ ELG F L1 1 11
< s 3
-~ HooToT 10
£
£0.4 4 A B
_E e |
CHCl, T T T T T 1
0.2 60 58 56 54 52 50
~ -
oS 7 H,0. !
I C F 2
004 G H
T T T T T T T T T T T T T T T T T T
3.2 34 3.6 38 4.0 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
log(M / g mol®) 5/ ppm
4000 3500 3000 2500 2000 1500 1000 500
IV T T T T T T T T
. d e
Pad I
\/} 1660 1640 1620
—1.PPM i—s T
T, =43.6°C
T esee —2.ce
8
o

L L L L
2500 2000 1500 500

v/em?

L L L
20 40 80 4000 3500 3000

Temperature / °C

-20

Figure 40: I. Size exclusion chromatogram of modified mPEG-1900 before (violet) and after (red) the second CE
with AGE. After the extension, a shift to higher molar masses is visible. 1l. *H NMR spectrum of the twice chain
extended mPEG-1900. Again, the signals of the double bond between 6.00 — 5.00 ppm are visible, confirming a
successful CE. Ill. DSC thermogram (heating curve; 2. cycle) of twice chain extended mPEG-1900 with a visible Tm
at 53 °C. IV. ATR FT-IR spectrum of once modified mMPEG-1900 (violet) and twice chain extended mPEG-1900
(red). After the CE a new signal at 1,645 cm™ appears, which could be assigned to the C=C double bond of the
AGE.

All in all, the presence of AGE in the chain with an average repeating number of
1.02 £ 0.06 could be verified via multiple characterization methods, namely *H NMR
spectroscopy, SEC, ATR FT-IR spectroscopy and DSC, confirming the success of the
second AROMA reaction.

After the second CE, a second PPM reaction to synthesize a functional sequence-
controlled copolymer was conducted at similar reaction conditions to the preceding
PPM reaction of 1-dodecanethiol and the AROMA-polymer (see Scheme 46). Once
again, benzyl thiol was chosen as thiol to introduce an aromatic moiety to the already

alkyl containing system.
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Scheme 46: Reaction equation of the second PPM of the AROMA-polymer using benzyl mercaptan and AIBN in
anhydrous THF under inter atmosphere at 60 °C.

Because of the low intensity of the AGE signal in the ATR FT-IR spectrum and the
minimal change of the Tm in the DSC thermogram, *H NMR spectroscopy and SEC
were the main characterization methods of choice for the next reactions. Those two
methods are important, because 'H NMR spectroscopy is a fast and easy way to
determine the number of repeating units added to the polymer chain, while SEC is
useful to gather information about possible side reactions e.g., crosslinking. The
'H NMR spectrum (displayed in Figure 41) showed the disappearance of the
H2C=CH-R signals of AGE in the range between 6.00 —5.00 ppm, as well as the
appearance of the benzyl thiol signals at 7.30 and 3.50 ppm. As the signals of the
benzyl thiol were overlapping with the ones of the solvent (CDCI3) and the mPEG-
initiator, an exact determination of the thiol amount was not possible. The size
exclusion chromatogram (refer to Figure 42) showed a slight increase in the molar
mass of 100 g molin comparison to the precursor polymer by maintaining an identical
D of 1.05. More important than the change in molar mass was the shape of the peak,
which remained symmetrical without any shoulder formation. This indicated the
absence of side reactions such as crosslinking, which got further supported by the lack
of any other peak in the chromatogram.
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Figure 41: *H NMR spectrum of twice chain extended mPEG-1900 after the PPM via thiol-ene reaction using benzyl
mercaptan. After the reaction, the disappearance of the H2C=CH-R signals of AGE (6.00 —5.00 ppm) and
appearance of the thiol signals could be observed. Solvent: CDCls.
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Figure 42: Size exclusion chromatogram of twice chain extended mPEG-1900 before (red) and after (green) the
PPM via thiol-ene reaction using benzyl mercaptan. After the reaction, a minimal shift in the molar mass is
noticeable.

To sum up, the appearance of benzyl signals and the disappearance of the double

bond signals in the 'H NMR spectrum as well as the absence of any further peaks or

shoulders in the size exclusion chromatogram confirmed the incorporation of benzyl

thiol in the polymer structure without any side reactions.

This modified polymer was further used in one final AROMA reaction to obtain a

sequence-controlled triblock copolymer, even a tetrablock copolymer if the
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MPEG-initiator is taken into account. The reaction conditions were similar to the
second CE, using 1.25 eq. of AGE in respect to the polymer initiator and at 50 °C under

inert atmosphere, resulting in a yield of 73 % (displayed in Scheme 47).
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Scheme 47: Reaction equation of the third CE of mPEG-1900 with AGE via the small excess approach, using
Ps-t-Bu in anhydrous THF under inert atmosphere at 50 °C.

The corresponding *H NMR spectrum (see Figure 43) to the polymer showed the
familiar appearance of the H2C=CH-R signals in the range of 6.00 —5.00 ppm,
confirming a successful addition. This time, the number of AGE units could not be
determined by comparing the ratio of the AGE and initiator integrals as previously
done, due to the overlapping of the initiator's methyl group with the CH2 group of the
benzyl thiol. Therefore, the methyl group of the 1-dodecanethiol at 0.87 ppm was
chosen as reference leading to an average repeating unit of AGE of approx. 0.88,
which falls behind the targeted value of one unit. Possible explanations are for example
(i) the change in the determination method by going from the initiator to the thiol signal,
which could lead to inaccurate values, but also (i) a lower amount of Schwesinger
base during the reaction. The latter may happen due to protonic impurities in the
reaction mixture, quenching small amounts of the base and therefore reducing the
overall concentration of active catalyst in the mixture. This might lead to a decrease in
the propagation speed of the reaction and a lower monomer conversion at the end of

the reaction.
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Figure 43: 'H NMR spectrum of twice modified mPEG-1900 after the third CE with AGE. After the reaction, the
appearance of the H.C=CH-R signals of AGE between 6.00 — 5.00 ppm could be observed, confirming the addition
of the monomer to the chain. Solvent: CDCls.

The size exclusion chromatogram (refer to Figure 44) of the reaction displayed a single
symmetrical peak with a minimal shift to the higher molar mass side (4,300 g mol* to
4,400 g molt) and a slight improvement in B of 0.01, from 1.06 to 1.05. The lack of
further peaks or shoulder suggested the absence of undesired side reactions e.g.,
crosslinking.

All things considered a third CE was successfully executed while not being perfect. In
contrast to previous AROMA reactions, the average unit of one could not be reached
precisely. One possible reason was the change in the determination process for the
average number of the repeating unit, in which due to an overlapping of signals the
previously used initiator signal was unavailable and the methyl group of the
1-dodecanethiol had to be used. Another possible reason for the result could be the
decrease of the amount of Schwesinger base in the reaction mixture due to protonic
impurities. A lower amount of promotor would result in a lower propagation rate and

therefore in a lower monomer conversion at the end of the polymerization.
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Figure 44: Size exclusion chromatogram of twice modified mMPEG-1900 before (green) and after (orange) the third
CE with AGE. A slight shift in the molar mass and an improvement of the  could be observed.

Nevertheless, this polymer was used in a final thiol-ene reaction with methyl-3-
mercaptopropionate as reactant of choice to synthesize a sequence-controlled triblock
copolymer (refer to Scheme 48). The reaction conditions were similar to the previous
two thiol-ene reactions (yield: 78 %) and the success of the reaction was confirmed via
'H NMR spectroscopy and SEC.
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Scheme 48: Reaction equation of the third PPM of the AROMA-polymer using methyl-3-mercaptopropionate and
AIBN in anhydrous THF under inert atmosphere at 60 °C.

As before, the 'H NMR spectrum (see Figure 45) indicated a total conversion of the
AGE moiety in the chain, by displaying no characteristic H-.C=CH-R signal in the range
of 6.00 — 5.00 ppm. The general spectrum was in accordance with the expected one
and all present signals could be assigned to their respective protons in the polymer

chain, confirming a successful modification.
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Figure 45: *H NMR spectrum of thrice chain extended mPEG-1900 after the PPM via thiol-ene reaction using
methyl-3-mercaptopropionate. After the reaction, the disappearance of the H.C=CH-R signals of AGE between
6.00 — 5.00 ppm could be observed. Solvent: CDCls.

In case of the size exclusion chromatogram (depicted in Figure 46), a symmetrical
peak with a higher Mn than its precursor (4,400 g mol* to 4,800 g mol?) could be
observed. However, a slight second peak at the higher molar mass side of the main
peak could be observed for the first time. With approx. twice the molar mass of the
main peak, the second peak indicated the occurrence of side reactions during the
modification reaction in form of dimerization, initiated by the radical source AIBN, which
also resulted in an increase in D from 1.05 to 1.08. As a consequence, some double
blonds become unavailable for the reaction with the thiol via thiol-ene reaction,
reducing the overall yield of methyl-3-mercaptopropionat in the polymer. Nevertheless,

the success of the modification could also be confirmed via SEC.
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Figure 46: Size exclusion chromatogram of thrice chain extended mPEG-1900 before (orange) and after (black)
the PPM via thiol-ene reaction using methyl-3-mercaptopropionate. After the reaction, a shift to higher molar
masses could be observed, indicating the success of the reaction.

In summary, the third and final PPM reaction was successfully conducted, confirmed
via 'H NMR spectroscopy and SEC. However, for the first time a slight dimerization
initiated by the radical source could be observed, which could decrease the overall
number of methyl-3-mercaptopropionat in the chain.

An overview of each CE and PPM including equivalents, reaction time, temperature,

Mn, D and the average repeating unit is displayed in Table 6.

Table 6: Overview of each CE and PPM including equivalents, reaction time, temperature, Mn, B and the average
repeating unit.

M/ average
Entry | Eq. AGE Eq.thiol Time/h Temp. g mol- D repeating
unit
1.CE 1.25 - 5 a.t. 3,200 1.05 1.02+£0.07
2. CE 1.25 - 5.5 50°C 4,100 1.05 1.02+0.06
3.CE 1.25 - 5.5 50°C 4,400 1.05 0.88
1. PPM - 4.00 24 60 °C 3,800 1.05 -
2. PPM - 4.00 20 60 °C 4,200 1.05 -
3.PPM - 4.00 20 60 °C 4,800 1.08 -
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To summarize this chapter, a successful attempt was made to synthesize sequence-
controlled multiblock copolymers with an average repeating unit of one, approaching
the precision of sequence-defined polymers. The method of choice was the in the
previous chapter established system of combining CEs (AROP) with PPM (thiol-ene)
reactions. Two different approaches were investigated to achieve this goal, one based
on the living character of the used anionic polymerization technique, while the other
relies on a small excess of monomer. After some tests, the second approach seemed
to be the more promising one, resulting in the successful synthesis of a sequence-
controlled polymer with 3 “blocks” possessing different pendant groups (aliphatic,
aromatic and ester), with an average repeating unit for each “block” of 1.02 £+ 0.07,
1.02 + 0.06 and 0.88, respectively. Due to the anionic character of the reaction and the
addition of a single unit, the method was called Anionic Ring-Opening Monomer
Addition, short AROMA.
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5. Conclusion and Outlook

Topic of this thesis was the investigation of new synthetic ways to synthesize
sequence-controlled multiblock copolymers and ideally simplify them. Traditionally,
each block of a multiblock copolymers is formed by a different monomer, which makes
it necessary to have multiple different monomers available. Depending on the number
of blocks and the desired functionality the monomers should introduce to the overall
polymer structure, laborious, time-consuming and costly monomer syntheses can be
required, based on the complexity of the molecules. Aside from the synthetic efforts,
the reactivity of each monomer in comparison to the previously added monomer plays
a significant role for the success of the CE reaction, because incompatibility can lead
to side reactions or even failure of the synthesis. Therefore, to evade those difficulties,
a system consisting of a single commercially available monomer would be desirable
and ideal.

To achieve the goal of sequence-controlled multiblock copolymers built from a single
monomer, new systems based on a combination of CE reactions via living/controlled
polymerization techniques with PPM reactions were investigated in the first part of the
thesis. Therefore, the polymerization of a variety of monomers based on
(meth)acrylates, lactones and epoxides via different RDRP and ionic polymerization
techniques were studied. In the beginning, the focus was on the RAFT polymerization
of the functional active ester monomer PFPA. After the successful monomer synthesis,
first polymerization attempts were conducted, whose success could be confirmed via
NMR spectroscopy and SEC. Afterwards, this polymer was used in a subsequential
PPM step via amidation using 2,2,2-trifluoroethylamine. The success of the
modification could also be confirmed via NMR spectroscopy and SEC. The next step
was the CE of the modified polymer with PFPA, which failed due to aminolysis of the
RAFT agent during the PPM process, leading to a “dead” polymer and no visible shift
in the size exclusion chromatogram. To prevent the cleavage of the RAFT end group,
the modification type was switched from amidation to transesterification and
2,2,2-trifluoroethanol was used as reactant of choice. Similar to the previous attempt,
the PPM was successful (confirmed via NMR spectroscopy and SEC), but the CE
failed again.

Consequently, the applied polymerization technique was changed to a different one,

namely ATRP. In comparison to the RAFT polymerization, the monomer was switched
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from PFPA to the methacrylate derivate, PFPMA, which is known to polymerize via
ATRP. After the successful monomer synthesis, first polymerization attempts were
conducted, which led to a successful synthesis, confirmed via NMR spectroscopy and
SEC. Next step was to modify the polymer via amidation using
2,2,2-trifluoroethylamine, which was unsuccessful. Even after the change to a different
amine (2,2,3,3,3-pentafluoropropylamine) and the additional use of TEA, no
improvement could be achieved. Due to the insufficient results and a limited time
frame, this approach was abandoned as well and new polymerization techniques were
investigated.

Instead of sticking to RDRP techniques, the new systems were of ionic nature, namely
CROP and AROP. For CROP, an allyl-containing lactone was synthesized and
investigated, while for AROP the commercially available AGE was the monomer of
choice. After some tests, the AROP of AGE promoted by the Schwesinger Base
Ps-t-Bu showed the most promising results and was further pursued. In a series of CE
reactions via AROP with subsequent PPM reactions via thiol-ene reaction using
different thiols, a sequence-controlled triblock copolymer with different pendant groups
(aliphatic, aromatic, ester) based on a single monomer, could be successfully
synthesized. The success of each step could be confirmed via NMR spectroscopy and
SEC.

The second part of this thesis dealt with the investigation of the newly established
method’s limits. Target was to reduce the average repeating unit of each added “block”
to one, what would lead to well-defined sequence-controlled macromolecules, which
approach the precision of sequence-defined polymers. To achieve this goal, two
different approaches were tested, (i) a kinetic approach founded on the living character
of the applied polymerization technique and another one (ii) based on a small feed
excess of the monomer. While the first approach led to an average repeating unit twice
as high (2.075 + 0.065) as the desired one, the second approach was able to achieve
the set goal of approximately one. In combination with subsequent thiol-ene reactions,
precise macromolecules with different functional groups (aliphatic, aromatic, ester)
could be synthesized, confirmed by a variety of characterization methods (*H NMR
spectroscopy, SEC, ATR FT-IR spectroscopy and DSC). Due to the anionic ring-
opening character of the applied polymerization technique as well as the addition of a
single monomer, this method was called anionic ring-opening monomer addition, short
AROMA.
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With that, a new method to synthesize sequence-controlled multiblock copolymer has
been successfully developed. As mentioned, this system relies on a commercially
available single functional monomer, instead of multiple different ones, simplifying the
synthetic procedure by avoiding possible complex, time consuming and costly
monomer syntheses. Additionally, by applying only a small excess of monomer in
relation to the initiator, this system was used to synthesize sequence-controlled
macromolecular structures with an average repeating unit of one, approaching the
precision of sequence-defined polymers.

The toolbox-like structure of this system allows for the creation of polymers for different
and interesting applications in the future. One example would be the syntheses of
structures such as sequence-controlled ABCBA pentablock and multiarm copolymers
by switching from a monofunctional to a di-, tri or even tetra functionalized initiators.
In the present work, first steps were done in regards of network formation by using a
tetrathiol. Due to the PEG-like backbone of PAGE, further research in this topic could
lead to sequence-controlled hydrogels with tailored functionalities and a possible
biomedical application. By applying a different PPM method like inverse vulcanization,
the present pendant C=C double bond could be used to generate polymeric networks

with high sulfur content for possible metal uptake applications (see Scheme 49).

Star Copolymers

B

ABCBA Pentablock Copolymer High Sulfur containing Polymer Network

Hydrogels

Scheme 49: Possible applications for the newly established system: I. Synthesis of sequence-controlled multiarm
(star) copolymers; IlI: High sulfur containing polymer networks; lll. Sequence-controlled hydrogels; IV: Sequence-
controlled ABCBA pentablock copolymers.
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6. Experimental Part

Herein, the instruments and materials used are listed as well a detailed description of

the synthetic procedures of each product with their corresponding analytical data.

6.1. Instruments

6.1.1. Nuclear Magnetic Resonance (NMR) Spectroscopy

1H, 13C and °F NMR spectra were recorded on a Bruker Ascend 1l 400 MHz spectra
at a frequency of v = 400 MHz, v = 101 MHz and v = 377 MHz, respectively.
Chloroform-di and dichloromethane-dz was used as the deuterated solvents of choice
for all samples. The solvent used for each spectrum is listed in the corresponding

caption.

6.1.2. Size Exclusion Chromatography (SEC)

Size Exclusion Chromatography was carried out in THF (HPLC grade with 0.55 g BHT

per 2.5 L THF) on three different devices:

1. Agilent Technologies 1260 Infinity Il equipped with a 5 pm PSS SDV Lux 1000 A
column (8 x 300 mm) and a 5 pm PSS SDV Lux 100.000 A column (8 x 300 mm).
The operation temperature was set to 35 °C with a flow rate of 1 mL min?. The
system was calibrated via PS standards ranging from 370 to 2.52 x 10 g mol*and
PMMA standards ranging from 800 to 2.20 x 10% g mol.

2. Agilent Technologies 1200 Series equipped with a 5 um Agilent PLgel Mixed-C 3x
and a 5 um Agilent PLgel Mixed-E 1x. The operation temperature was set to 35 °C
with a flow rate of 1 mL mint. The system was calibrated via PS standards ranging
from 370 to 2.52 x 106 g mol! and PMMA standards ranging from 800 to
2.20 x 108 g mol™.

3. Agilent Technologies 1200 Series equipped with a 5 pm PSS SDV Lux 1000 A
column (8 x 300 mm) and a 5 pm PSS SDV Lux 100.000 A column (8 x 300 mm).
The operation temperature was set to 35 °C with a flow rate of 1 mL min?t. The
system was calibrated via PS standards ranging from 370 to 2.52 x 108 g mol*and
PMMA standards ranging from 800 to 2.20 x 10° g mol.
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6.1.3. Attenuated Total Reflection Fourier-Transform Infrared
(ATR FT-IR) Spectroscopy

ATR FT-IR measurements were recorded on a Bruker Alpha Il equipped with an ATR
unit. The spectra were measured at a range from 4,000 - 400 cm™.

6.1.4. Differential Scanning Calorimetry (DSC)

All DSC thermograms were recorded on a Netzsch DSC 214 ranging from -50 to
100 °C with a scanning rate of 10 K min-t. For all experiments the second heat cycle

was used.
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6.2. Chemicals

Acetic acid (100 %,Carl Roth), Acetone (VWR), Acetonitrile (99.9%, extra dry, Acros
Organics), Acryloyl chloride (96%, abcr) Allyl bromide (99%, Sigma-Aldrich), Allyl
glycidyl ether (AGE, 99+ %, Acros Organics,), Aluminium oxide (Alox, neutral,

Brockmann [, 50-200 ym, 60A, Acros Organics), Ammonium chloride (NH4Cl, p.a.,
Acros Organics), 2,2’-Azobis(2-methylpropionitrile) (AIBN, 98 %, Sigma-Aldrich),
Benzyl alcohol, (>99%, TCI), Benzyl mercaptan (99%, Alfa Aesar), e-Caprolactone
(99%, Alfa Aesar), Chloroform-di (CDCls, 99.8 %, Eurisotop), Copper(l) bromide
(Cu()Br, 98%, Sigma-Aldrich), Copper(l) chloride (Cu(l)Cl, 99.99%, Acros Organics),
4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA, 97%,
Sigma-Aldrich), Dichloromethane (DCM, 99.8%, extra dry, Acros Organics),
Dichloromethane-d2 (DCM-dz, 99.8%, Eurisotop), Diethyl ether (Et20, 99.5% extra dry,
Acros Organics; 100 %, VWR Chemicals), 4-Dimethylaminophenol (DMAP, 99%,
Acros Organics), 1,3-Dimethyl-1,3-diazinan-2-one (DMPU, 299%, Sigma-Aldrich),
N,N-Dimethylformamide (DMF, 99.8%, extra dry, Acros Organics), 4,4'-Dinonyl-2,2'-
dipyridyl (dNbpy, 97%, Sigma-Aldrich), Diphenyl Phosphate (DPP, >99%, TCI), 1-
Dodecanethiol (298%, Sigma-Aldrich), 1,4-Dioxane (99.5%, extra dry, thermo
scientific), Ethyl a-bromoisobutyrate (EBiB, 98%, abcr), Ethanol (EtOH, 96%, VWR),
Lithium diisopropylamide solution (LDA, 1.0 M in THF/hexanes, Sigma-Aldrich), 2,6-
Lutidine (Sigma-Aldrich), Magnesium sulphate (MgSOs, =299%, Carl Roth),
Methacryloyl chloride (95%, 200 ppm MEHQ, Acros Organics), Methanol (MeOH,
=298.5%, technical, VWR), Methyl 2-bromopropionate (MBP, 98%, Sigma-Aldrich),
Petroleum ether (PE, VWR), 2,2,3,3,3-pentafluoropropylamine (>97%, TCI),
N,N,N',N",N"-Pentamethyldiethylenetriamine (PMDTA, 98+%, Acros Organics),
Sodium chloride (NaCl, 299.8%, Carl Roth), 1-tert-Butyl-4,4,4-tris(dimethylamino)-2,2-
bis[tris(dimethylamino)-phosphoranylidenamino]-2A5,4A5-catenadi(phosphazene)

(Ps-t-Bu, 0.8 M in hexane, Sigma-Aldrich), Tetrahydrofuran (THF, 99.5 % extra dry,
Acros Organics), Toluene (99.85%, extra dry, Acros Organics), Triethylamine (TEA,
299%, fisher scientific), 2,2,2-Trifluoroethylamine (>97%, TCI), 2,2,2-Trifluoroethanol
(99+%, Alfa Aesar), Pentaerythritol tetrakis(3-mercaptopropionate) (>95%, Sigma-
Aldrich), Pentafluorophenol (PFP, 99%, abcr) were used as received. If mentioned,
methoxy poly(ethylene glycol) 1900 (mPEG-1900, Alfa Aesar) was dried at 40 °C at

reduced pressure.
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6.3. Synthetic Procedures

This part of the thesis describes the procedures for the various monomer syntheses,
kinetic studies, polymerizations and post-polymerization modification reactions in

detail with their corresponding analytical data.

6.3.1. Synthetic Procedures for “Multiblock Copolymer Synthesis

via RAFT Polymerization”

6.3.1.1. Synthesis of Pentafluorophenyl Acrylate

OH F
F F o TEA F O
X
* )J\/ - \ﬂ/\
F F Cl anhydrous Et,O F F o
E 0°C-a.t. E

This synthetic procedure is based on previously published studies.16°

In a 100 ml round bottom flask PFP (2.5 g, 13.6 mmol, 1.00 eq.) and TEA (2.27 mL,
1.65 g, 16.3 mmol, 1.20 eq.) were dissolved in anhydrous EtO (50.0 mL). Under
cooling (ice bath), acryloyl chloride (1.32 mL, 1.48 g, 16.3 mmol, 1.20 eq.) was added
dropwise to the reaction mixture. After stirring overnight at ambient temperature, the
precipitated salt was removed by filtration. The organic phase was washed four times
with water and the aqueous phase was extracted twice with Et20. Afterwards, the
organic phases were combined and dried over MgSQOas. The solvent was removed
under reduced pressure, obtaining a slightly yellow liquid. The crude product was
purified by column chromatography using petrol ether as solvent to give a colorless
liquid (1.37 g; 77 %).
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Figure 47: 'H NMR spectrum of PFPA. Solvent: CDCls.
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1H NMR (400 MHz, CDCls) & = 6.73 (dd, J = 1.0 Hz, J = 17.3 Hz, 1H, A), 6.39 (dd, J =
10.6 Hz, J = 17.3 Hz, 1H, B), 6.19 (dd, J = 1.0 Hz, J = 10.5 Hz, 1H, C).

Impurities:
e 1.54 ppm: H20

e 1.36-0.78 ppm: PE

[oe)

T T T
-152 -154 -156

S5/ ppm

Figure 48: *°F NMR spectrum of PFPA. Solvent: CDCls.

T
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19F NMR (377 MHz, CDCI3) 6 = -152.47 - -152.69 (m, 2F, A), -157.94 (t, J = 21.5 Hz,

1F, B), -162.20 - -162.47(m, 2F, C).
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6.3.1.2. Reversible Addition-Fragmentation Chain Transfer
Polymerization of PFPA with CDTPA

N
= i | sS__S
N HO 2 1 \/e\h
S s AIBN A S
F F +
\@TO\S)J\S OH anhydrous dioxane F. F

Y ° e

F F F

PFPA (163 pL, 236 mg, 991 umol, 40.0 eq.) and CDTPA (10.0 mg, 27.4 umol, 1.00 eq.)
was given into a 5 mL flask. Afterwards, AIBN (610 pg, 3.72 umol, 0.15 eq.) and

anhydrous dioxane (400 pL) were added and the reaction mixture was purged with
argon for 10 minutes in a water bath. Then, the flask was given into a preheated oil
bath at 80 °C. After 80 minutes the reaction was quenched by cooling with an ice bath
and contact to oxygen. The yellow residue was dissolved in small amounts of THF and
given dropwise into cold methanol. The precipitation procedure was repeated three
times with methanol before it was dried in a vacuum oven at 40 °C. An off-white, slightly

yellow solid was obtained (58.7 mg; 22 %).
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Figure 49: *H NMR spectrum of PPFPA. Solvent: CDCls.

IH NMR (400 MHz, CDCls) & = 3.42 —3.29 (m, 2H, A), 3.23 —2.98 (m, 33H, B),
2.64 — 1.89 (m, 68H, C - E), 1.76 — 1.63 (m, 2H. F), 1.62 — 1.46 (m, 2H, G), 1.35 - 1.19

(m, 16H, H), 0.87 (t, J = 6.8 Hz, 3H, I).

Impurities:
o 3.75 ppm: THF

e 1.85ppm: THF
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Figure 50: °F NMR spectrum of the RAFT polymerization of PFPA after 30 minutes. Solvent: CDCls.

19F NMR (377 MHz, CDCls) & = -152.72 - -153.66 (m, 2F, A), -156.31 - -157.02 (m, 1F,
B), -161.40 - -162.49 (m, 2F, C).

Impurities:
e -152.60 ppm: PFPA

e -157.94 ppm: PFPA
e -162.32 ppm: PFPA
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S/ ppm
Figure 51: °F NMR spectrum of PPFPA. Solvent: CDCls.
9F NMR (377 MHz, CDCl3z) 6 =-151.96 - -153.87 (m, 2F, A), -155.86 - -157.81 (m, 1F,
B), -161.20 - -162.86 (m, 2F, C).

—— PPFPA
1.0 1 M, = 8,000 g mol
D=1.07
0.8 4
S 06
[
=
£
S04
0.2 4
0.0 4
L] L] L] L] L]

L] L]
32 34 36 38 40 42 44 46
log(M / g mol™?)

Figure 52: Size exclusion chromatogram of PPFPA.
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6.3.1.3. Post-Polymerization Modification of PPFPA with 2.2 2-

Trifluoroethylamine

N N
0 Il Q Il 5. .S
s ~;
HO h \/ﬁ HO C‘A/iﬂf 10
10 n-m S
S DMF HN” S0
(e} PN
F
F
F

S
n
+ H),N° CF3 ———> k
F a.t. F F CF;4
24 h
F F F

PPFPA (70 mg, approx. 281 umol of repeating units, 1.00 eq.) was dissolved in DMF
(2.75 mL) and put aside for further use. 2,2,2-trifluoroethylamine (13.2 uL, 16.7 mg,
168 umol, 0.60 eq.) was given into a 5 mL peach flask and the DMF/PPFPA mixture
was added immediately. The flask was sealed and stirred overnight at ambient
temperature. The next day, the solvent was removed under reduced pressure and the
residue was dissolved in acetone. The polymer was precipitated three times in cold PE
before the solvent was removed under reduced pressure at 40 °C. A solid white/slightly

yellow solid was obtained (39.6 mg; 71 %).
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Figure 53: °F NMR spectrum of partially modified PPFPA. Solvent: CDCls.

19F NMR (377 MHz, CDCls) & = -71.57 - -73.52 (m, 4.40F, A), -152,41 - -154.49 (m,
2F, B), -156.18 - -157.69 (m, 1F, C), -161.01 - -162.88 (m, 2F, D).

Impurities:
e -69.72 ppm: Imide

e -163.39 ppm: PFP
e -164.13 ppm: PFP
e -168.98 ppm: PFP

1.0 4 |—— modified PPFPA
M, = 5,500 g mol*
b=1.13

3.2 3.4 3.6 3.8 4.0 42
log(M / g mol?)

Figure 54: Size exclusion chromatogram of partially modified PPFPA.
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6.3.1.4. Chain Extension Reaction of Modified PPFPA with PEFPA

o o
S S\h N block S S\H
Ho Co%jimw N l Ho Coﬁm o 1 10
n-m S O O n-m S
HN" o AIBN HN o 070
[ONe} k + F S — [ON©) k
F. F CFy anhydrous dioxane F F CF; F F
F F Argon
F F F 7o°c F F F I F

F F

PFPA (24.8 pL, 35.9 mg, 151 umol, 50.0 eq.) was given into a flask, followed by the
macro-RAFT agent (20 mg, 3.02 umol, 1.00 eq.) in anhydrous dioxane (200 pL).
Afterwards, AIBN (198 ug, 1.21 umol, 0.40 eq.) was added and the flask was purged
for 5 min with argon. In the end, the flask was put into a preheated oil bath at 70 °C for
4.5 hours. The reaction was stopped by cooling the reaction mixture and exposure to
air. The solvent was removed under reduced pressure, the residue was dissolved in
THF and precipitated 3 times in cold PE. The final product was dried under reduced

pressure at 40 °C, leading to a white solid (5.5 mg; 55 %).
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Figure 55: °F NMR spectrum of the chain extended modified PPFPA. Solvent: CDCls.

19F NMR (377 MHz, CDCls) & = -71.44 - -73.77 (m, 4.36F, A), -152.00 - -154.57 (m,
2F, B), -155.70 - -157.61 (m, 1F, C), -160.64 - -162.87 (m, 2F, D).

Impurities:
e -69.64 ppm: Imide

—— 1. CE modified PPFPA
M, = 5,500 g mol*
=113

1.0 1

3.2 3.4 36 3.8 4.0 42
log(M / g mol™?)

Figure 56: Size exclusion chromatogram of once chain extended modified PPFPA.
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6.3.1.5. Base Stability Test of CDTPA with DMAP

N
9 N
Syt o,
\O anhydrous DMF HO \[S]/ 10 | _N

Argon
a.t.or 80 °C

CDTPA (10.0 mg, 24.8 umol, 1.00 eq.) and DMAP (15.1 mg, 124 pmol, 5.00 eq.) was
given into a 5 mL flask and the atmosphere was changed to argon. Afterwards,
anhydrous DMF (1.10 mL) was added and the mixture was stirred for 48 hours at
ambient temperature or 80 °C. Every 24 hours samples were taken directly from the
reaction mixture and investigated via *H NMR spectroscopy to check the progress.
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Figure 57: *H NMR spectrum of the base stability test of CDTPA with DMAP at ambient temperature after

48 hours. Solvent: CDCla.

IH NMR (400 MHz, CDCls) & = 3.37 — 3.15 (m, 2H, A), 2.62 — 2.30 (m, 3.5H, B + C),
1.88 (s, 1.5 H, D), 1.71 — 1.58 (m, 2H. E), 1.41 — 1.17 (m, 18H, F), 0.86 (t, J = 6.7 Hz,

3H, G).

Impurities:
e 8.20 ppm: DMAP

e 7.99 ppm: DMF
e 6.49 ppm: DMAP
e 3.00 ppm: DMAP
e 2.93 ppm: DMF
e 2.86 ppm: DMF
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Figure 58: *H NMP spectrum of the base stability test of CDTPA with DMAP at 80 °C after 48 hours. Solvent:
CDCls.

1H NMR (400 MHz, CDCls) & = 3.37 — 3.30 (m, 1H, A), 2.77 — 2.48 (m, 2H, B + C), 1.91
(s, 0.44 H, D), 1.75 — 1.52 (m, 4H. E), 1.43 — 1.15 (m, 18H, F), 0.86 (t, J = 6.7 Hz, 3H).

Impurities:
e 8.20 ppm: DMAP

e 7.99 ppm: DMF
e 6.49 ppm: DMAP
e 3.00 ppm: DMAP
e 2.93 ppm: DMF
e 2.85ppm: DMF
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6.3.1.6. Post-Polymerization Modification of PPFPA with 2.,2.2-

Trifluoroethanol

N
0 Il
S S__S
g \kﬁ% HOWH\H/ \/%i\o
S DMAP S
PN O O

S
n
o 0 + HO™ °CF E——
F anhydrous DMF )

3
F
Argon FaC
F F a.t.or 80 °C

PPFPA (a.t.:156 mg, approx. 612 umol of repeating units, 1.00 eq.; 80 °C: 70.0 mg,

approx. 281 ymol of repeating units, 1.00 eq.) was dissolved in anhydrous DMF (a.t.:
583 pL; 80 °C: 268 uL) and added with DMAP (a.t.: 15.0 mg, 122 ymol, 0.20 eq.;
80 °C: 6.87 mg, 56.0 ymol, 0.20 eq.) into a 5 mL flask. Afterwards, 2,2,2-
trifluoroethanol (a.t.: 20.3 uL, 28.1 mg, 281 umol, 3.00 eq.; 80 °C: 40.5 uL, 56.2 mg,
562 ymol, 2.00 eq.) was given into the mixture and the flask was sealed, purged with
argon for 10 minutes and stirred overnight at ambient temperature or 80 °C. The next
day, the solvent was removed under reduced pressure and the residue was dissolved
in acetone. The polymer was precipitated in cold PE leading to a black oil (a.t.:
6.20 mg, 16 %; 80 °C: 35.9 mg, 86 %).
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Figure 59: °F NMR of the transesterification of PPFPA with 2,2,2-trifluoroethanol at ambient temperature.
Solvent: CDCls.

19F NMR (377 MHz, CDCl3) & = -74.03 (s, 3F, A).

Impurities:
e -153.17 ppm: PPFPA

e -157.12 ppm: PPFPA
e -162.08 ppm: PPFPA
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Figure 60: °F NMR spectrum of the transesterification of PPFPA with 2,2,2-trifluoroethanol at 80 °C. Solvent:
CDCls.

19F NMR (377 MHz, CDCl3) & = -73.99 (s, 3F, A).
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Figure 61: Size exclusion chromatogram of PPFPA after the transesterification with 2,2,2-trifluoroethanol at
ambient temperature.
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6.3.1.7. Chain Extension Reaction of Modified PPFPA with PEFPA

0 H \l 0 \N\
o0 X0 S ﬁ[ anhydrous dioxane e} 6} s
F3C) F I F /;ngg F3C) F F
F F

PFPA (119 pL, 172 mg, 724 umol, 140 eq.) was given into a flask followed by the
macro-RAFT agent (30.0 mg, 5.17 ymol, 1.00 eq.) in anhydrous dioxane (300 pL).
Afterwards, AIBN (679 pg, 4.14 ymol, 0.80 eq.) was added and the flask was put into
a water bath and purged for 10 min with argon. In the end, the flask was put into a

preheated oil bath at 70 °C and the reaction was done overnight. The next day, the

reaction was stopped by cooling the reaction mixture and exposure to oxygen.
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Figure 62: °F NMR spectrum of the first CE of 2,2,2-trifluoroethanol modified PPFPA. Solvent: CDCls.

19F NMR (377 MHz, CDCls) & = -77.06 (s, 3F, A), -152.00 - -154.02 (m, 10F,
B), -156.04 - -158.03 (m, 5F, C), -160.72 - -163.26 (m, 10F, D).
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Figure 63: Size exclusion chromatogram of once chain extended 2,2,2-trifluoroethanol modified PPFPA.
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6.3.2. Synthetic Procedures for “Multiblock Copolymer Synthesis
via ATRP”

6.3.2.1. Synthesis of Pentafluorophenyl Methacrylate

OH

F
F F O 2,6-Lutidine F Oﬁ(&
+ >
F F Cl)l\’/ anhydrous DCM F F O
F

0°C-a.t.

This synthetic procedure is based on previously published studies.16®

In a 50 mL round bottom flask PFP (3.00 g, 16.3 mmol, 1.00 eq.) and 2,6-Lutidine
(2.08 mL, 1.92 g, 17.9 mmol, 1.10 eq.) were dissolved in anhydrous DCM (27.8 mL)
and methacryloyl chloride (1.75 mL, 1.87 g, 17.9 mmol, 1.10 eq.) was added dropwise
under cooling with an ice bath. A white precipitation was visible. The next day, the
precipitated salt was filtrated and the reaction mixture was washed four times with
water, while the aqueous phase was extracted twice using ethyl acetate. Afterwards,
the combined organic phases were dried with MgSOas. The solvent was removed at
ambient temperature under reduced pressure. A yellowish oil was obtained and
purified via column chromatography using PE as solvent. After the solvent removal
under reduced pressure at ambient temperature, a colorless oil was obtained (2.32 g;
56 %).
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Figure 64: 'H NMR spectrum of PFPMA. Solvent: CDCla.

1H NMR (400 MHz, CDCls) & = 6.45 (s, 1H, A), 5.91 (s, 1H, B), 2.09 (s, 3H, C).

Impurities:
e 1.55ppm: H20

S/ ppm

Figure 65: *°F NMR spectrum of PFPMA. Solvent: CDCls.
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19F NMR (377 MHz, CDCls) & = -152.68 - -152.95 (m, 2F, A), -158.20 (t, J = 21.6 Hz,

1F, B), -162.35 - -162.65 (m, 2F, C).
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6.3.2.2. Atom Transfer Radical Polymerization of PEFPMA with EBIB and

dNbpy
]

PN Cl

cucl OJ\{/\/\/E"

J%J\ dNbpy o X

anhydrous toluene F F

Argon
70 °C E F

Cu()CI (3.37 mg, 34.1 pmol, 0.50 eq.) and dNbpy (27.8 mg, 68.1 pmol, 1.00 eq.) were
given into a 5 mL flask and the atmosphere was changed to argon. Afterwards, PFPMA
(859 mg, 616 uL, 3.41 mmol, 50.0 eq.) and anhydrous toluene (61.6 pL) were added
under cooling of an ice bath and argon purging. After the addition of EBIB (10.0 pL,
13.3 mg, 68.1 umol, 1.00 eq.) to the mixture, the flask was given into a preheated oil
bath (70 °C). After 4 hours, no movement of the stirring bar was visible anymore and
the polymerization was stopped. THF was added and the reaction mixture was passed
through a short neutral alox column to remove the copper catalyst. Afterwards, the
polymer was precipitated three times in cold methanol and the solvent was removed
under reduced pressure at 40 °C (301 mg; 35 %).
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Figure 66: 'H NMR of PPFPMA. Solvent: CDCls.

25

CHCl, A B
Yt
(e e}
F F
F F H,0
F
B
A
L] L] L] L] L] L] L] L] L] L] L] L] L]
7.5 7.0 6.5 6.0

2.0

1.5 1.0 0.5

IH NMR (400 MHz, CDCls) & = 2.70 — 1.92 (m, 2H, A), 1.66 — 1.07 (m, 3H, B).

Impurities:

e 1.54 ppm: H20
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Figure 67: °F NMR spectrum of PPFPMA. Solvent: CDCls.

19F NMR (377 MHz, CDCls) & = -149.76 - -152.55 (m, 2F, A), -156.26 - -157.69 (m, 1F,
B), -161.45 - -162.62 (m, 2F, C).
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Figure 68: Size exclusion chromatogram of PPFPMA.
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6.3.2.3. Post-Polymerization Modification of PPFPMA with 2.,2.2-

Trifluoroethylamine

0 0O

6 J\Hﬁm 6 J\Hﬁ Cofﬁm
n n-m m
F
0" o F 0”0 HN" o
* %NHZ —

F F - DMF F F F
a.t. F

F F 24 h F FF

F F

PPFPMA (70.0 mg, approx. 273 ymol of repeating units, 1.00 eq.) was dissolved in
DMF (1.80 mL) under heating and put aside for further use. 2,2,2-Trifluoroethylamine
(12.9 pL, 16.2 mg, 164 umol, 0.60 eq.) was given into a 5 mL peach flask and the
DMF/PPFPA mixture was immediately added. The flask was sealed and stirred
overnight at ambient temperature. The next day, the solvent was removed under
reduced pressure, the residue dissolved in acetone and precipitated three times in cold
PE. Afterwards, the solvent was removed under reduced pressure at 40 °C, leading to
a white solid product (33.6 mg; 77 %).
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Figure 69: 1°F NMR spectrum of the PPM of PPFPMA with 2,2,2-trifluoroethanol. No modification could be
observed. Solvent: CDCls.

19F NMR (377 MHz, CDCls) & = -149.83 - -152.37 (m, 2F, A), -156.30 - -157.94 (m, 1F,
B), -161.11 - -162.73 (m, 2F, C).
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Figure 70: Size exclusion chromatogram of the PPM of PPFPMA with 2,2,2-trifluoroethanol.
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6.3.2.4. Post-Polymerization Modification of PPFPMA with 2.,2.3.3.3-

Pentafluoropropylamine

0 0
Cl Cl
/\OWH /\OWH
F
o0 R HN Yo
DMF
F F
50 °C cF
. . 48 h 3
F

PPFPMA (70.0 mg, approx. 273 ymol of repeating units, 1.00 eq.) was dissolved in
DMF (1.80 mL). Afterwards, 2,2,3,3,3-pentafluoropropylamine (58.2 uL, 81.4 mg,
546 umol, 2.00 eq.) was added to the reaction mixture and stirred for two days at 50 °C.
An NMR sample was taken to determine the conversion. However, the °F NMR
spectrum showed no conversion. Therefore, TEA (77.4 uL) was added to the reaction

mixture, but no improvement could be observed.
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Figure 71: Crude °F NMR of the PPM of PPFPMA with 2,2,3,3,3-pentafluoropropylamine after 48 hours. The still
present PPFPMA signals indicate an unsuccessful PPM. Solvent: CDCls.

19F NMR (377 MHz, CDCls) & = -84.05 - -84.11 (m, 3F, A), -125.24 (t, J = 15.6 Hz, 2F,
B), -149.94 - -152.30 (m, 2F, C), -156.88 - -157.88 (m, 1F, D), -161.79 - -162.92 (m,
2F, E).
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6.3.3. Synthetic Procedures for “Multiblock Copolymer Synthesis
via CROP”

6.3.3.1. Cationic Ring-Opening Polymerization of CL

0O
DPP Q
OH @) ‘PJ\/\/\/O+H
+ o n
Argon ©ﬂ

80 °C

CL (2.03 mL, 2.20 g, 19.2 mmol, 20.0 eq.) was given in a dry flask with a stirring bar
under argon. Afterwards, BnOH (10.0 pL, 104 mg, 961 pmol, 1.00 eq.) was added,
followed by DPP (12.0 mg, 48.1 umol, 0.05 eq.). The flask was put into a preheated oll
bath at 80 °C. After almost 1 hour, the stirring bar did not move anymore and the
reaction was stopped by precipitating the polymer three times in cold MeOH. After the
solvent was removed under reduced pressure at 40 °C, a white solid was obtained
(1.56 g; 68 %).
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Figure 72: 'H NMR spectrum of PCL. Solvent: DCM-d>.

IH NMR (400 MHz, DCM-d2) & = 7.39 — 7.26 (m, 5H, A), 5.09 (s, 2H, B), 4.03 (t, J =
6.7 Hz, 40H, C), 2.29 (t, J = 7.5 Hz, 40H, D), 1.62 (p, J = 7.7 Hz, 80H, E), 1.45 — 1.08
(m, 40H, F).

10 —— PCL
M, = 4,200 g mol*
H=1.09
0.8
S 0.6
©
£
2044
0.2
0.0
L] L]

3.2 3.4 36 3.8 4.0 42
log(M / g mol?)

Figure 73: Size exclusion chromatogram of PCL.
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6.3.3.2. First Chain Extension Reaction of PCL with CL

o
DPP

o (o] AP.L/\/\/O
olu o Wo H
©/\OM %,, + anhydrous dioxane ©/\ n o +m

Argon
80 °C

CL (396 pL, 428 mg, 3.75 mmol, 30.0 eq.) was given in a dry flask with a stirring bar
under argon. Afterwards, PCL (300 mg, 125 pmol, 1.00 eq.) in anhydrous dioxane
(600 pL) was added, followed by DPP (1.56 mg, 6.25 pmol, 0.05 eq.). The flask was
put into a preheated oil bath at 80 °C and the polymerization was stopped after
2.5 hours by precipitating the polymer three times in cold MeOH. After the solvent was

removed under reduced pressure at 40 °C, a white solid was obtained.
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Figure 74: *H NMR spectrum of once chain extended PCL. Solvent: DCM-d>.
I1H NMR (400 MHz, DCM-d2) & = 7.40 — 7.28 (m, 5H, A), 5.09 (s, 2H, B), 4.03 (t, J =

6.7 Hz, 72H, C), 2.29 (t, J = 7.5 Hz, 72H, D), 1.70 — 1.57 (m, 140H, E), 1.43 — 1.31 (m,
70H, F).

Impurities:
e 3.36 ppm: MeOH

10 —— 1. CE PCL
: M, = 7,500 g mol*
D =1.08
0.8 -
S 0.6
©
-
E
2044
0.2
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Figure 75: Size exclusion chromatogram of once chain extended PCL.
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6.3.3.3. Second Chain Extension Reaction of PCL with CL

9 DPP

o o
(o]
o Mo H
P~ ~o °c — s N "
@O n Oﬂ,’,‘ * anhydrous dioxane 5
[¢]

Argon
80 °C

CL (139 pL, 150 mg, 1.32 mmol, 20.0 eq.) was given in a dry flask with a stirring bar
under argon. Afterwards, chain extended PCL (300 mg, 65.8 umol, 1.00 eq.) in
anhydrous dioxane (400 pL) was added, followed by DPP (820 pg, 3.29 pmol,
0.05 eq.). The flask was put into a preheated oil bath at 80 °C and the polymerization
was stopped by precipitating the polymer three times in cold MeOH. A white solid was

obtained.
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Figure 76: *H NMR spectrum of twice chain extended PCL. Solvent: CDCls.
IH NMR (400 MHz, CDCls) & = 7.33 — 7.24 (m, 5H, A), 5.04 (s, 2H, B), 3.99 (t, J = 6.7,

1.5 Hz, 118H, C), 2.24 (t, J = 7.5, 1.4 Hz, 119H, D), 1.66 — 1.50 (m, 236H, E), 1.37 —
1.22 (m, 118H, F).

Impurities:
e 3.63 ppm: MeOH

104 —— 2. CEPCL
: M, = 9,900 g mol*
D=1.24
0.8 4

0.2 4

0.0 +

L] L]
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Figure 77: Size exclusion chromatogram of twice chain extended PCL.
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6.3.3.4. Synthesis of a-Allyl-Caprolactone

0 LDA 0
DMPU N\

Y
o

9 + /\/Br
anhydrous THF

Argon
-80 °C to -41°C

This synthetic procedure is based on previously published studies.*®

Anhydrous THF (50.0 mL) was given into a dry flask under argon. Afterwards, the flask
was put into a -80 °C cooling bath (acetone/COz2s)) and a 1 M LDA solution (22.8 mL,
2.44 g of LDA, 22.8 mmol, 1.30 eq.) was added slowly into the flask. Afterwards, CL
(2.94 mL, 2.00 g, 17.5 mmol, 1.00 eq.) in anhydrous THF (15.0 mL) was added over
the course of one hour to the system. The mixture was stirred for another hour before
allyl bromide (1.97 mL, 2.76 g, 22.8 mmol, 1.30 eq.) in DMPU (5.00 mL) was added
slowly. The temperature was slowly increased to -41 °C (acetonitrile/CO2) and stirred
for another two hours, before the reaction was quenched by addition of saturated
NH4Cl solution. The next day, the organic phase was washed three times with brine
and saturated NH4Cl solution. The agueous phase was extracted twice with THF. The
organic phase was concentrated under reduced pressure and given into cold Et20.
Afterwards, the precipitated solid was removed by filtration and the remaining mixture
was dried over MgSOa4. The solvent was removed under reduced pressure at 40 °C
and the crude monomer was purified via column chromatography (7:3 PE:EE). Once
again, the solvent was removed under reduced pressure and a yellow oil was obtained
(689 mg; 26 %; Rf: 0.5).
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Figure 78: 1H NMR spectrum of a-allyl-caprolactone. Solvent: CDCls.

IH NMR (400 MHz, CDCls) & = 5.88—5.74 (m, 1H, A), 5.13—4.98 (m, 2H, B),
4.34 — 4.15 (m, 2H, C), 2.68 — 2.52 (m, 2H, D), 2.20 — 2.08 (m, 1H, E), 2.02 — 1.32 (m,
6H, F).
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6.3.3.5. Cationic Ring-Opening Polymerization of ACL

0]

0 ot
anhydrous dioxane
Argon

50 °C |

ACL (297 pg, 1.92 mmol, 20.0 eq.) and anhydrous dioxane (1.70 mL) were given into
a dry flask with a stirring bar under argon. Afterwards, BnOH (10.0 uL, 10.4 mg,
96.1 umol, 1.00 eq.) was added, followed by DPP (48.1 mg, 192 umol, 2.00 eq.). The
flask was put into a preheated oil bath at 50 °C. After two days, the polymerization was
stopped by precipitating the mixture into cold MeOH. No polymer but only oligomers

were obtained.
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Figure 79: Crude *H NMR spectrum of PACL. Solvent: CDCls.

IH NMR (400 MHz, CDCls) & = 7.30 — 7.01 (m, 149H, A), 5.76 — 5.56 (m, 93H, B),
5.05 — 4.85 (m, 200H, C), 4.57 (s, 2H, D), 4.07 — 3.89 (m, 134H, E), 2.46 — 2.03 (m,
284H, F), 1.68 — 1.04 (m, 581H, G).

Impurities:
e 3.51 ppm: Dioxane

104 —— PACL
M, = 993 g mol*
D=1.34
0.8 4
S 0.6
©
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Figure 80: Size exclusion chromatogram of PACL.
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6.3.3.6. First Chain Extension Reaction of PACL with CL

O%H anhydrousdloxane ©/\ LW m
Argon
50 °C

CL (426 pL, 439 mg, 3.85 mmol, 50.0 eq.) was given in a dry flask with anhydrous

dioxane (3.20 mL) and a stirring bar under argon. Afterwards, PACL (100 mg,
76.9 umol, 1.00 eq.) followed by DPP (96.2 mg, 384 umol, 5.00 eq.) were added. The
flask was put into a preheated oil bath at 50 °C. After 48 hours, the polymerization was
stopped by precipitating the polymer three times in cold MeOH. A white solid was

obtained.
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CHCl,
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Figure 81: *H NMR spectrum of the first CE of PACL with e-caprolactone. No CE could be observed, only the
formation of PCL. Solvent CDCls.

IH NMR (400 MHz, CDCls) 6 = 4.06 (t, J = 6.7 Hz, 2H, A), 2.31 (t, J = 7.5 Hz, 2H, B),
1.71 -1.59 (m, 4H, C), 1.44 — 1.21 (m, 2H, D).

Impurities:
e 1.55ppm: H20
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6.3.4. Synthetic Procedures for “Multiblock Copolymer Synthesis
via AROP”

6.3.4.1. Anionic Ring-Opening Polymerization of AGE using Ps-t-Bu

0 P4 -t-Bu O]‘
e AL, o
RS anhydrous THF
Argon H
a.t. |

AGE (566 pL, 549 mg, 4.81 mmol. 50.0 eq.) was given into a flask with anhydrous THF

(2.77 mL). After 10 minutes of argon purging a 0.8 M Ps-t-Bu solution (120 pL, equals
60.9 mg pure Ps-t-Bu, 96.2 umol, 1.00 eq.) was added, followed by BnOH (10.0 pL,
10.4 mg, 96.2 umol, 1.00 eq.). The polymerization was stopped by adding acetic acid
(1.00 mL) after 7 hours. To remove the catalyst the polymer was dissolved in ethyl
acetate and washed three times with water. Afterwards, the solvent was removed
under reduced pressure at 40 °C, leading to a yellow oil (425 mg; 76 %).
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Figure 82: *H NMR spectrum of PAGE. Solvent: CDCls.

I1H NMR (400 MHz, CDCls) 6 = 7.36 — 7.20 (m, 5H, A), 5.96 —5.79 (m, 23 H, B),
5.31 - 5.07 (m, 46H, C), 4.53 (s, 2H, D), 4.03 — 3.88 (m, 46, E), 3.82 — 3.36 (m, 115H,
F).

Lo —— PAGE
- M, = 3,700 g mol*
p=113
0.8 4
S 0.6
©
E
_20.44
0.2 4
0.0 4
T T T T T
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Figure 83: Size exclusion chromatogram of PAGE.
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6.3.4.2. Post-Polymerization Modification of PAGE via Thiol-ene reaction

using 1-Dodecanethiol
©ﬁo{/\[O}H AIBN ©ﬂo{/\EO}H
RN n
HS™ anhydrous THF
o) o)
Argon

ﬁ 60 °C 5

Ak

11S

PAGE (150 mg, approx. 1.26 mmol of the repeating units, 1.00 eq.) was given into a
flask with anhydrous THF (2.50 mL) followed by 1-dodecanethiol (1.20 mL, 1.02 g,
5.05 mmol, 4.00 eq.) and AIBN (104 mg, 631 pumol, 0.50 eq.). Afterwards, the reaction
mixture was purged for 10 minutes with argon and then put into a preheated oil bath
(60 °C). The next day, the solvent was removed under reduced pressure and the
reaction mixture was precipitated in cold EtOH and washed three times. The solvent

was removed under reduced pressure at 40 °C, leading to a yellow oil (326 mg; 80 %).
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Figure 84: H NMR spectrum of 1-dodecanethiol modified PAGE. Solvent: CDCls.

'H NMR (400 MHz, CDCl3) 6 = 7.35 - 7.29 (m, A), 4.53 (s, B), 3.76 — 3.26 (m, 7H, C),
2.63—2,42 (m, 4, D), 1.90 — 1.70 (m, 2H, E), 1.59 — 1.46 (m,2H, F), 1.42 — 1.16 (m,
18H, G), 0.91 - 0.77 (m,3 H, H).*

*Due to the low intensity of signals A and B, signal H is used as reference for proton

determination.

Impurities:
e 1.63 ppm: H20

—— modified PAGE
M, = 7,700 g mol*
D =1.08

1.0 4

3.4 36 38 4.0 4.2 4.4
log(M / g mol?)

Figure 85: Size exclusion chromatogram of 1-dodecanethiol modified PAGE.
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6.3.4.3. First Chain Extension of Modified PAGE with AGE and P4-t-Bu
>
o)
o O
o o P4-t-Bu o

+
L\\/o\/\ anhydrous THF
Argon
s
1

a.t.or 50 °C hs
11

Once modified PAGE (216 mg, 29.7 umol, 1.00 eq.) was given into a flask with
anhydrous THF (2.00 mL) and 0.8 M Ps-t-Bu solution (37.1 pL, 18.8 mg of pure Pas-t-Bu,
29.7 umol, 1.00 eq.). The reaction mixture was purged for 10 minutes with argon before
AGE (175 pL, 24.9 mg, 1.97 mmol, 50.0 eq.) was added and the flask was stirred at
ambient temperature or given into a preheated oil bath (50 °C). In case of the reaction
at ambient temperature, the CE was stopped after 21 hours by adding acetic acid
(1.00 mL) to the mixture, while the reaction at 50 °C was stopped after 5.5 hours. The
product was precipitated into cold MeOH and washed three times. In the end, the
solvent was removed under reduced pressure at 40 °C, leading to a yellowish oil
(50 °C: 144 mg; 66 %).
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Figure 86: Crude 'H NMR spectrum of the CE reaction of modified PAGE with AGE at ambient temperature.
Solvent: CDCls.

IH NMR (400 MHz, CDCls) & = 5.94—5.77 (m, 2H, A), 5.30-5.06 (m, 4H, B),
4.06 — 3.81 (m, 4H, C), 3.62 —3.30 (m, 12H, D), 2.55 — 2.39 (m, 3H, E), 1.81 — 1.72
(m,10H, F), 1.56 — 1.45 (m, 2H, G), 1.36 — 1.13 (m, 18H, H), 0.87 — 0.79 (m, 3H, I).

Impurities:
e 5.85ppm: AGE

5.17 ppm: AGE
e 4.00 ppm: AGE
e 3.69 ppm: THF
e 3.35ppm: AGE
e 3.12 ppm: AGE
e 2.61 ppm: Ps-t-Bu
e 251 ppm: AGE
e 1.80 ppm: THF
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—— 1. CE mod. PAGE
M, = 8,300 g mol*
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Figure 87: Size exclusion chromatogram of the first CE of modified PAGE with AGE at ambient temperature.
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Figure 88: H NMR spectrum of the CE reaction of modified PAGE with AGE at 50 °C. Solvent: CDCls
'H NMR (400 MHz, CDClz) 6 =7.33 — 7.28 (m, A), 6.00 — 5.80 (m, 25H, B), 5.31 — 5.08
(m, 49H, C), 4.54 (s, D), 4.05 — 3.86 (m, 50H, E), 3.84 — 3.28 (m, 280H, F), 2.58 — 2.40
(m, 77H, G), 1.89 — 1.76 (m, 39H, H), 1.60 — 1.50 (m, 47H, 1), 1.44 — 1.16 (m, 385H,
J), 0.96 — 0.76 (m, 69H, K).*

*Due to the low intensity of signals A and D, signal K is used as reference for proton

determination.

Impurities:
e 2.16 ppm: Acetone

e 1.65ppm: H20
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—— 1. CE mod. PAGE
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Figure 89: Size exclusion chromatogram of once chain extended modified PAGE at 50 °C.
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Figure 90: 'H NMR spectrum of the residue in MeOH after the first CE reaction of modified PAGE with AGE at
50 °C. The spectrum matches the one of PAGE. Solvent: CDCls.

IH NMR (400 MHz, CDCls) & = 5.92—5.73 (m, 1H, A), 5.28 —5.00 (m, 2H, B),
3.97 — 3.80 (m, 2H, C), 3.71 — 3.32 (m, 5H, D).

Impurities:
e 2.60 ppm: Ps-t-Bu
e 1.25ppm: H20
e 1.18 ppm: Ps-t-Bu
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6.3.4.4. Post-Polymerization Modification of Once Chain Extended PAGE

K - ©\/S\H

0
0 hydrous THF °
anhydrous
©/\O/i\[ ; O‘}H + ©/\SH Argon o 01\(\1 ‘}
m o O1H
o 60 °C n i
5 (0]
: /dﬁ

1 S
1

via Thiol-ene reaction using Benzyl Mercaptan

Once chain extended PAGE (118 mg, approx. 321 umol of the repeating units,
1.00 eq.) was given into a flask with anhydrous THF (2.00 mL), followed by benzyl
mercaptan (150 pL, 159 mg, 1.28 mmol, 4.00 eq.) and AIBN (26.4 mg, 161 umol,
0.50 eq.). Afterwards, the reaction mixture was purged for 10 minutes with argon and
then put into a preheated oil bath (60 °C). The next day, the solvent was removed with
compressed air, the reaction mixture was precipitated in cold MeOH and washed three
times. The solvent was removed under reduced pressure at 40 °C, leading to a slightly
yellow oil (102 mg; 65 %).
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Figure 91: *H NMR spectrum of once chain extended PAGE after the thiol-ene reaction with benzyl mercaptan.
Solvent: CDCls.

IH NMR (400 MHz, CDCl3) & = 7.33 — 7.16 (m, 146H, A), 4.55 (s, B), 3.88 — 3.22 (m,
396H, C), 2.60 — 2.37 (m, 121H, D), 1.89 — 1.70 (m, 81H, E), 1.64 — 1.51 (m, 56H, F),
1.43 - 1.17 (m, 401H, G), 0.96 — 0.80 (M, 69H, H).*

*Due to the low intensity of signal B, signal H is used as reference for proton

determination.

10 —— 2. mod. PAGE
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Figure 92: Size exclusion chromatogram of once chain extended PAGE after the thiol-ene reaction with benzyl
mercaptan.
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6.3.4.5. Second Chain Extension of Modified PAGE with AGE and Ps-t-Bu

.
©Vsj\ j\
©ﬂo+\[°17:lo4ﬂ Ao~ anhygéggzw F\[ ﬂl H/\EOT“
S R

S

1"

Twice modified PAGE (87.5 mg, 6.46 umol, 1.00 eq.) was given into a flask with
anhydrous THF (1.00 mL) and 0.8 M Ps-t-Bu solution (8.07 pL, 4.09 mg of pure Pas-t-Bu,
6.46 pmol, 1.00 eq.). The reaction mixture was purged for 10 minutes with argon before
AGE (38.0 pL, 36.8 mg, 323 umol, 50.0 eq.) was added and the flask was given into a
preheated oil bath (50 °C) overnight. The next day, the polymerization was stopped by
adding acetic acid (1.00 mL) to the reaction mixture. The polymer was precipitated into
cold MeOH and washed three times before the solvent was removed under reduced
pressure at 40 °C, leading to a yellow oil (19.5 mg; 22 %).
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Figure 93: H NMR spectrum of twice chain extended PAGE with AGE. Solvent: CDCls.

'H NMR (400 MHz, CDCI3) 6 = 7.36 — 7.15 (m, 129H, A), 5.98 — 5.78 (m, 34H, B),
5.29 - 5.09 (m, 65H, C), 4.54 (s, D), 4.03 —3.88 (m, 69H, E), 3.82 — 3.21 (m, 561H,
F), 259 -2.36 (m, 116H, G), 1.88—-1.63 (m, 86H, H), 1.62 - 1.47 (m, 48H, 1),
1.42 —1.14 (m, 384H, J), 0.98 — 0.77 (m, 69H, K).*

*Due to the low intensity of signal D, signal K is used as reference for proton

determination.

Impurities:
e 2.65ppm: Ps-t-Bu
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Figure 94: Size exclusion chromatogram of twice chain extended PAGE with AGE.
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6.3.4.6. Post-Polymerization Modification of Twice Chain Extended PAGE

via Thiol-ene Reaction using Methyl-3-mercaptopropionate

CLAH CLAH

o 0
Oﬂj\ o AIBN o
o OTH o OtH
EjA {/\[ " Oh o ¥ Hs/\)ko/ anhydrous THF " T 0

Argon

ﬁb L B Hj J

" 11

Twice chain extended PAGE (19.5 mg, approx. 37.8 umol of the repeating units,
1.00 eq.) was given into a flask with anhydrous THF (1.00 mL) followed by
methyl-3-mercaptopropionate (20.9 uL, 22.7 mg, 189 umol, 5.00 eq.) and AIBN
(3.20 mg, 18.9 ymol, 0.50 eq.). Afterwards, the reaction mixture was purged for 10
minutes with argon and then put into a preheated oil bath (60 °C). The next day, the
reaction was stopped by cooling and exposure to oxygen. Afterwards, the solvent was

removed under reduced pressure at 40 °C leading to a yellow oil.
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Figure 95: Crude *H NMR spectrum of twice chain extended PAGE after the thiol-ene reaction with
methyl-3-mercaptopropionate. Solvent: CDCls.

'H NMR (400 MHz, CDCls) 6 = 7.35 — 7.15 (m, 109H, A), 4.54 (s, B), 3.80 — 3.27 (m,
813H, C), 2.99 — 2.37 (m, 456H, D), 1.88 — 1.72 (m, 126H, E), 1.59 — 1.50 (m, 49H, F),
1.41 — 1.15 (m, 407H, G), 0.94 — 0.79 (m, 69H, H).*

*Due to the low intensity of signal B, signal H is used as reference for proton

determination.

Impurities:
e 3.53 ppm: thiol

e 2.72 ppm: thiol
e 1.71 ppm: H20
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Figure 96: Crude size exclusion chromatogram of twice chain extended PAGE after the thiol-ene reaction with
methyl-3-mercaptopropionate.
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6.3.4.7. Post-Polymerization Modification of Twice Chain Extended PAGE

via Thiol-ene Reaction using Pentaerythritol tetrakis(3-

mercaptopropionate)

QS\ CVSK

o
o o}
oo ot A e e ) oHlo o
n m o ¥ O:><:O anhydrous THF g n m o
o
o Hs— T\ s o
o 0o

Argon

D 3 " W) e

Twice chain extended PAGE (134 mg, approx. 333 umol of the repeating units,
1.00 eq.) was given into a flask with anhydrous THF (1.30 mL), followed by
pentaerythritol tetrakis(3-mercaptopropionate) (63.6 pL, 81.4 mg, 167 pumol, 0.50 eq.)
and AIBN (27.4 mg, 167 umol, 0.50 eq.). Afterwards, the reaction mixture was purged
for 10 minutes with argon and then put into a preheated oil bath (60 °C). The next day,
the reaction was stopped by cooling and exposure to oxygen. Afterwards, the solvent
was removed under reduced pressure at 40 °C. The product was hardly soluble in

common organic solvents (e.g., THF).
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Figure 97: Crude *H NMR spectrum of twice chain extended PAGE after the thiol-ene reaction with
pentaerythritol tetrakis(3-mercaptopropionate). Solvent: CDCls.

IH NMR (400 MHz, CDCls) & = 7.36—7.17 (m, A), 4.54 (s, B), 4.17 (s, 894H,
C),3.74 — 3.35 (m, 945H, D), 2.87 — 2.38 (m, 2100H, E), 1.87 — 1.72 (m, 236H, F),
1.59 — 1.48 (m, 143H, G), 1.40 — 1.18 (m, 956H, H), 0.96 — 0.80 (m, 150H, I).*

*Due to the low intensity of signal B, signal | is used as reference for proton

determination.

Impurities:
e 4.17 ppm: thiol

e 2.68 ppm: thiol
e 1.72 ppm: H20
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Crosslinked PAGE
M, = 25,000 g mol*
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Figure 98: Crude size exclusion chromatogram of twice chain extended PAGE after the thiol-ene reaction with
pentaerythritol tetrakis(3-mercaptopropionate).
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6.3.4.8. Anionic Ring-Opening Polymerization of AGE using Ps-t-Bu

without Initiator

o
O P4-t-BU "

0 vdrous THI ?
R anhydrous THF H
|

Argon
a.t.

0.566 mL allyl glycidyl ether (0.549 g, 4.81 mmol. 50 eq.) was given into a flask with
1.85 mL THF. After 10 minutes of argon purging 0.120 mL of a 0.8 M P4-t-Bu solution
(equals 60.9 mg Ps-t-Bu, 9.61716E-05 mol, 1 eq.) was added. After 4 hours the
polymerization was stopped by adding acetic acid. To remove the catalyst, the reaction
mixture was put through a short alox column. Afterwards, the solvent was removed

under reduced pressure leading to a yellow oil.
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Figure 99: 'H NMR spectrum of PAGE synthesized without additional initiator. Solvent: CDCls.

IH NMR (400 MHz, CDCls) & = 5.96 —5.79 (m, 1H, A), 5.31—5.07 (m, 2H, B),
4.03 - 3.88 (M, 2H, C), 3.82 — 3.36 (m, 5H, D).

Impurities:
e 2.65 ppm: Ps-t-Bu
e 1.77 ppm: H20

10— PAcE
M, = 10,500 g mol*

b=131

L] L] L]
32 34 36 38 40 42 44 46 48
log(M / g mol?)

Figure 100: Size exclusion chromatogram of PAGE synthesized without additional initiator.
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6.3.5. Synthetic Procedure for ‘/AROMA — Anionic Ring-Opening

Monomer Addition”

6.3.5.1. Anionic Ring-Opening Polymerization of AGE using Ps-t-Bu with

MPEG-1900 as Initiator
/o{\/\OH\[oth
(e} + Q ﬂ, (e}
g \{/\O]}}]—l %O\/\ anhydrous THF H
|

Argon
a.t.

mMPEG-1900 (200 mg, 105 umol, 1.00 eq.) and a stirring bar were given into a 5 mL
round-bottom flask and the atmosphere was changed to argon. Afterwards, anhydrous
THF (2.00 mL) and AGE (248 pL, 240 mg, 2.11 mmol, 20.0 eq.) were added to the
flask, followed by a 0.8 M P4-t-Bu solution (132 pL, 105 umol of pure Ps-t-Bu, 1.00 eq.).
After 5 hours the reaction was stopped by the addition of acetic acid. The solvent was
removed under reduced pressure and the residue was dissolved in THF. After
precipitation in cold Et20 (three times), the polymer was dried at 40 °C under reduced

pressure overnight. A white solid was obtained.
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Figure 101: *H NMR spectrum of the AROP of AGE using mPEG-1900 as initiator. Solvent: CDCls.

IH NMR (400 MHz, CDCls) & in ppm: 5.96 — 5.80 (m, 20H, A), 5.30 — 5.09 (m, 40H, B),
4.03 — 3.95 (m, 40H, C), 3.83 — 3.42 (m, 272H, D), 3.37 (s, 3H, E).

Impurities:

e 2.65 ppm: Ps-t-Bu
e 1.88 ppm: H20
e 1.27 ppm: Ps-t-Bu/n-Hexane

10 —— PAGE
' M, = 5,000 g mol*
H=1.03
0.8 4
S 0.6
@
g
8044
0.2 4
0.0
T T T
3.4 36 3.8 4.0

log(M / g mol™?)

Figure 102: Size exclusion chromatogram of the AROP of AGE using mPEG-1900 as initiator.
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6.3.5.2. Kinetic Studies of the Polymerization of AGE using mPEG-1900

as Initiator

General procedure for the kinetic studies of the polymerization of AGE using

mMPEG-1900 as initiator.
/o{\/\ oH\[oth
o) P4-t-BU
o) + - . o)
- \{/\O]}}]—l %O\/\ anhydrous THF H
|

Argon
a.t.

(Un)treated mPEG-1900 (200 mg, 105 umol, 1.00 eq.) and a stirring bar were given
into a 5 mL round-bottom flask and the atmosphere was changed to argon. Afterwards,
anhydrous THF (2.00 mL) and AGE (248 pL, 240 mg, 2.11 mmol, 20.0 eq.) were added
to the flask, followed by a 0.8 M Pas-t-Bu solution (132 pL, 105 pmol of pure Pas-t-Bu,
1.00 eq.). Over the course of time, the reaction turned from a yellow to an amber
colored mixture. Samples for 'TH NMR measurements were taken directly from the flask
to specific times, quenched with small amounts of acetic acid and dissolved with

chloroform-di. After the addition of the acid the mixture turned to a pale yellow.
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Figure 103: Kinetic study of the polymerization of AGE using untreated mPEG-1900 as initiator. A clear flattening

of the curve with longer reaction time

could be observed.
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Figure 104: Kinetic study of the polymerization of AGE using pre-dried mPEG-1900 as initiator. An almost linear
behavior with longer reaction time could be observed.
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6.3.5.3. 1. Method: Chain Extension Reaction of mMPEG-1900 with AGE

using P4-t-Bu based on the Kinetic Approach

O O—-H
-~ {\/\O i
P4-t-Bu

0
ol o :
~
o SNGEREN anhydrous THF H

Argon
a.t.

mMPEG-1900 (200 mg, 105 umol, 1.00 eq.) and a stirring bar were given into a 5 mL
round-bottom flask and the atmosphere was changed to argon. Afterwards, anhydrous
THF (2.00 mL) and AGE (248 pL, 240 mg, 2.11 mmol, 20.0 eq.) were added to the
flask, followed by a 0.8 M Pas-t-Bu solution (132 pL, 105 pmol of pure Ps-t-Bu, 1.00 eq.).
After a specific time, the reaction was stopped by addition of acetic acid. The solvent
was removed under reduced pressure and the residue was dissolved in THF. After
precipitation in cold Et20 (three times), the polymer was dried at 40 °C under reduced

pressure overnight. A white solid was obtained (162 mg; 77 %).
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Figure 105: *H NMR spectrum of once chain extended mPEG-1900 with AGE based on the kinetic approach after
10 minutes and 46 seconds. The repeating unit of AGE is 2.01. Solvent: CDCls.

IH NMR (400 MHz, CDCl3) & in ppm: 5.96 — 5.80 (m, 2.01H, A), 5.30 — 5.09 (m, 4H,
B), 4.03 — 3.95 (m, 4H, C), 3.83 — 3.42 (m, 203H, D), 3.37 (s, 3H, E).

Impurities:

e 2.65 ppm: Ps-t-Bu
e 1.27 ppm: Ps-t-Bu/n-Hexane
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Figure 106: *H NMR spectrum of once chain extended mPEG-1900 with AGE based on the kinetic approach after
10 minutes and 46 seconds. The repeating unit of AGE is 2.14. Solvent: CDCl3

IH NMR (400 MHz, CDCl3) & in ppm: 5.96 — 5.80 (m, 2.14H, A), 5.30 — 5.09 (m, 4H,
B), 4.03 — 3.95 (m, 4H, C), 3.83 — 3.42 (m, 203H, D), 3.37 (s, 3H, E).

Impurities:

e 2.65 ppm: Ps-t-Bu
e 1.27 ppm: Ps-t-Bu/n-Hexane
e 2.07 ppm: H20
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Figure 107: *H NMR spectrum of once chain extended mPEG-1900 with AGE based on the kinetic approach after
7 minutes and 25 seconds. The repeating unit of AGE is 1.28. Solvent: CDCl3

IH NMR (400 MHz, CDCl3) & in ppm: 5.96 — 5.80 (m, 1.28H, A), 5.30 — 5.09 (m, 2H,
B), 4.03 — 3.95 (m, 2H, C), 3.83 — 3.42 (m, 193H, D), 3.37 (s, 3H, E).

Impurities:

e 2.65ppm: Ps-t-Bu
e 2.05ppm: H20
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6.3.5.4. 2. Method: Chain Extension Reaction of mPEG-1900 AGE using
P.-t-Bu based on Small Monomer Excess Approach (1. AROMA)

o O-H
~ {\/\O i
o P,-t-Bu
ool ¢ Ao :
n "X anhydrous THF H

Argon
a.t.

mMPEG-1900 (200 mg, 105 umol, 1.00 eq.) and a stirring bar were given into a 5 mL
round-bottom flask and the atmosphere was changed to argon. Afterwards, anhydrous
THF (2.00 mL) and AGE (15.4 pL, 15.0 mg, 132 umol, 1.25 eq.) were added to the
flask, followed by a 0.8 M Pas-t-Bu solution (132 pL, 105 pmol of pure Ps-t-Bu, 1.00 eq.).
After 5 hours the reaction was stopped by the addition of acetic acid. The solvent was
removed under reduced pressure and the residue was dissolved in THF. After
precipitation in cold Et20 (three times), the polymer was dried at 40 °C under reduced

pressure overnight. A white solid was obtained (188 mg; 89%).
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Figure 108: 'H NMR spectrum of mPEG-1900 after the first CE with AGE. The new signals between 6.00 — 5.00

ppm confirm a successful CE. Solvent: CDCls.

IH NMR (400 MHz, CDCls) & in ppm: 5.98 — 5.81 (m, 1H, A), 5.32 — 5.10 (m, 2H, B),

4.09 — 3.90 (m, 2H, C), 3.88 — 3.42 (m,

Impurities:
e 2.08 ppm: H20
e 1.26 ppm: Ps-t-Bu, n-Hexane

178H, D), 3.36 (s, 3H, E).

1.0 H

lhorm. 1 &L
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Figure 109: Size exclusion chromatogram after the first CE of MPEG-1900 with AGE.
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Figure 110: ATR FT-IR spectrum of once chain extended mPEG-1900 with AGE. After the CE a new signal at
1,645 cm™ appears, which could be assigned to the C=C double bond of the AGE.

IR Assignment (based on literature):179-181
e C-0O, C-C stretching, CH2 rocking at 842 cm™

e CHz2rocking, CHz twisting at 947 cm™

e C-0O, C-C stretching, CH2 rocking at 1,059 cm™

e C-0O, C-C stretching at 1,100 cm™

e C-O stretching, CH2 rocking at 1,145 cm™

e CH2twisting at 1,240 and 1,279 cm™

e CH2wagging at 1,340 cm™

e CHa2 scissoring at 1,467 cm™

e C=C double bond’s stretching vibration at 1,645 cm™

e Symmetric and asymmetric stretching vibration bands of the methylene group
C—H bonds at 2,875 and 2,940 cm™
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Figure 111: DSC thermogram (heating curve; 2. cycle) of AGE chain extended mPEG-1900 with a visible Tm at
54.2 °C.
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6.3.5.5. Post-Polymerization Modification of Once Chain Extended

MPEG-1900 via Thiol-ene Reaction using 1-Dodecanethiol

/O{\/\o OH /O{\/\o OH
" AIBN "

_——
o + nstU)y 0

anhydrous THF
| Argon
60 °C %\%
S

"

Once chain extended mPEG-1900 (150 mg, 74.5 umol, 1.00 eqg.) was given into a
5 mL round-bottom flask, followed by AIBN (6.11 mg, 37.2 pmol, 0.50 eq.) and
anhydrous THF (2.00 mL). Afterwards, 1-dodecanethiol (70.9 pL, 60.3 mg, 29.8 mmol,
4.00 eq.) was added and the atmosphere was changed to argon. The flask was placed
into a preheated oil bath (60 °C) and stirred for 24 hours. The next day, the system
was quenched by contact to air and cooling. The solvent was removed under reduced
pressure and the residue was dissolved in THF. After the precipitation in cold Et2O
(three times), the product was dried under reduced pressure at 40 °C overnight. A
white solid was obtained (111 mg; 67 %).
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Figure 112: 'H NMR spectrum of once chain extended mPEG-1900 after the thiol-ene reaction with
1-dodecanethiol. After the reaction, the signals of the double bond between 5.00 — 6.00 ppm disappeared and the
thiol signals (e.g., around 0.8 ppm) appeared, confirming a successful modification reaction. Solvent: CDCla.

IH NMR (400 MHz, CDCls) & in ppm: 3.86 — 3.41 (m, 179H, A), 3.37 (s, 3H, B), 2.64 —
2.43 (m, 4H, C), 1.91 — 1.78 (m, 2H, D), 1.63 — 1.49 (m, 2H, E), 1.44 — 1.13 (m, 18H,
F), 0.86 (t, 3H, G).

Impurities:
e 2.03 ppm: H20

—— 1. PPM
1.0 4 M,= 3,800 g mol*
D=1.05
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Figure 113: Size exclusion chromatogram of once chain extended mPEG-1900 after the thiol-ene reaction with 1-
dodecanethiol.
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Figure 114: ATR FT-IR spectrum of once chain extended mPEG-1900 after the thiol-ene reaction with
1-dodecanethiol. After the modification the signal at 1,645 cm™ disappeared, which confirms a successful
modification.

IR Assignment (based on literature)180.181
e C-0O, C-C stretching, CH2 rocking at 842 cm™

e CHz2rocking, CHz twisting at 947 cm™

e C-0O, C-C stretching, CH2 rocking at 1,059 cm™

e C-0O, C-C stretching at 1,100 cm™

e C-O stretching, CH2 rocking at 1,145 cm™

e CH2twisting at 1,240 and 1,279 cm™

e CH2wagging at 1,340 cm™

e CH2 scissoring at 1,467 cm™

e Symmetric and asymmetric stretching vibration bands of the methylene group
C—H bonds at 2,875 and 2,940 cm™
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Figure 115: DSC thermogram (heating curve; 2. cycle) of once chain extended mPEG-1900 after the thiol-ene
reaction with 1-dodecanethiol with a visible Tm at 55.2 °C.
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6.3.5.6. Second Chain Extension Reaction of mPEG-1900 with AGE using
Ps-t-Bu (2. AROMA)
Y

/o{\/\ O/]/\[O—H
n
P4 t-Bu O \J\
H\ ~" X anhydrous THF
sFh

Argon

50 °C
11
st

1

Once modified mMPEG-1900 (57.0 mg, 25.7 umol, 1.00 eq.) and a stirring bar were
given into a 5 mL round-bottom flask and the atmosphere was changed to argon.
Afterwards, anhydrous THF (2.00 mL) and AGE (3.78 uL, 3.67 mg, 32.1 umol, 1.25
eq.) were added to the flask, followed by a 0.8 M Pas-t-Bu solution (32.2 uL, 25.8 pumol
of pure P4-t-Bu, 1.00 eq.). The flask was placed in a preheated oil bath (50 °C). After
5.5 hours the reaction was stopped by the addition of acetic acid. The solvent was
removed under reduced pressure and the residue was dissolved in THF. After
precipitation in cold Et20 (three times), the polymer was dried at 40 °C under reduced

pressure overnight. A white solid was obtained (46.1 mg; 77 %).
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Figure 116: *H NMR spectrum of modified mPEG-1900 after the second CE with AGE. The new signals between
6.00 — 5.00 ppm confirm a successful CE. Solvent: CDCls.

IH NMR (400 MHz, CDCls) & in ppm: 5.96 — 5.80 (m, 1H, A), 5.30 — 5.11 (m, 2H, B),
4.06 — 3.86 (M, 2H, C), 3.85 — 3.41 (m, 184H, D), 3.37 (s, 3H, E), 2.62 — 2.40 (m, 4H,
F), 1.89 — 1.77 (m, 2H, G), 1.60 — 1.51 (m, 2H, H), 1.40 — 1.16 (m, 18H, 1), 0.87 (t, 3H,

J).

Impurities:
e 1.99 ppm: H20
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Figure 117: Size exclusion chromatogram after the second CE of mPEG-1900 with AGE.
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Figure 118: ATR FT-IR spectrum of twice chain extended mPEG-1900 with AGE. After the CE a new signal at
1,645 cm* appears, which could be assigned to the C=C double bond of the AGE.

IR Assignment (based on literature)!79-181
e C-0O, C-C stretching, CH2 rocking at 842 cm™
e CH2 rocking, CH2 twisting at 947 cm™
e C-0O, C-C stretching, CH2 rocking at 1,059 cm™
e C-0O, C-C stretching at 1,100 cm™
e C-O stretching, CH2 rocking at 1,145 cm™
e CH2 twisting at 1,240 and 1,279 cm™

e CH2 wagging at 1,340 cm™

e CH2 scissoring at 1,467 cm™

e C=C double bond’s stretching vibration at 1,645 cm™

e Symmetric and asymmetric stretching vibration bands of the methylene group
C—H bonds at 2,885 and 2,947 cm™
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Figure 119: DSC thermogram (heating curve; 2. cycle) of twice chain extended mPEG-1900 with a visible Tm at
53 °C.
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6.3.5.7. Post-Polymerization Modification of Twice Chain Extended

MPEG-1900 via Thiol-ene Reaction using Benzyl Mercaptan

H 0,

S

o W\
o} o\j\ AIBN
- {\/\Ok\[ o-H + 1S S o
anhydrous THF \j\
(0] Argon /O{\/\O © O-H
60 °C "
(0]
sCh
1
stk

"

Twice chain extended mPEG-1900 (21.1 mg, 9.05 umol, 1.00 eq.) was given into a
round-bottom flask, followed by AIBN (743 ug, 4.53 umol, 0.50 eq.) and anhydrous
THF (250 pL). Afterwards, benzyl mercaptan (4.24 uL, 4.50 mg, 36.2 umol, 4.00 eq.)
was added and the atmosphere was changed to argon. The flask was placed into a
preheated oil bath (60 °C) and stirred for 20 hours. The next day, the system was
guenched by contact to air and cooling. The solvent was removed under reduced
pressure and the residue dissolved in THF. After the precipitation in cold Et20 (three
times), the product was dried under reduced pressure at 40 °C overnight. A white solid

was obtained.
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Figure 120: *H NMR spectrum of twice chain extended mPEG-1900 after the thiol-ene reaction with benzyl
mercaptan. After the reaction the signals of the double bond between 6.00 — 5.00 ppm disappeared and the thiol
signals (e.g., around 7.30 ppm) appeared, confirming a successful modification reaction. Solvent: CDCls.

IH NMR (400 MHz, CDCl) & in ppm: 7.34 — 7.18 (m, 5H, A), 3.84 — 3.44 (m, 186H, B),
3.44 —3.39 (m, 2H, C), 3.37 (s, 3H, D), 2.60 — 2.43 (m, 6H, E), 1.84 — 1.73 (m, 4H, F),

1.61 — 1.50 (m, 2H, G), 1.39 — 1.16 (m, 18H, H), 0.87 (t, 3H, I).
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Figure 121: Size exclusion chromatogram of twice chain extended mPEG-1900 after the thiol-ene reaction with

benzyl thiol.
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6.3.5.8. Third Chain Extension Reaction of mPEG-1900 with AGE using
Ps-t-Bu (3. AROMA)
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Twice modified mPEG-1900 (75.0 mg, 30.6 umol, 1.00 eq.) and a stirring bar were
given into a round-bottom flask and the atmosphere was changed to argon. Afterwards,
anhydrous THF (2.40 mL) and AGE (4.50 pL, 4.36 mg, 38.2 umol, 1.25 eq.) were
added to the flask, followed by a 0.8 M P4-t-Bu solution (38.2 pL, 30.6 pmol of pure
Ps-t-Bu, 1.00 eq.). The flask was placed in a preheated oil bath (50 °C). After 5.5 hours
the reaction was stopped by the addition of acetic acid. The solvent was removed
under reduced pressure and the residue was dissolved in THF. After precipitation in
cold Et2O (three times), the polymer was dried at 40 °C under reduced pressure
overnight. A white solid was obtained (57.4 mg; 73 %).
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Figure 122: *H NMR spectrum of modified mPEG-1900 after the third CE with AGE. The new signals between 6.00
—5.00 ppm confirm a successful CE. Solvent: CDCls.

IH NMR (400 MHz, CDCls) & in ppm: 7.34 — 7.18 (m, 5H, A), 5.95 — 5.81 (m, 1H, B),
5.30 — 5.11 (m, 2H, C), 4.04 — 3.86 (m, 2H, D), 3.83 — 3.42 (m, 191H, E), 3.42 — 3.39
(m, 2H, F), 3.37 (s, 3H, G), 2.59 — 2.42 (m, 6H, H), 1.89 — 1.73 (m, 4H, 1), 1.61 — 1.50
(m, 2H, J), 1.42 — 1.16 (m, 18H, K), 0.87 (t, 3H, L).

Figure 123: Size exclusion chromatogram after the third CE of mPEG-1900 with AGE.
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6.3.5.9. Post-Polymerization Modification of Thrice Chain Extended
MPEG-1900 via Thiol-ene Reaction using Methyl-3-

mercaptopropionate
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Thrice chain extended mPEG-1900 (57.4 mg, 22.4 umol, 1.00 eq.) was given into a
round-bottom flask, followed by AIBN (1.84 mg, 11.2 umol, 0.500 eq.) and anhydrous
THF (670 puL). Afterwards, methyl-3-mercaptopropionate (9.90 uL, 10.7 mg,
89.4 umol, 4.00 eq.) was added and the atmosphere was changed to argon. The flask
was placed into a preheated oil bath (60 °C) and stirred for 20 hours. The next day,
the system was quenched by contact to air and cooling. The solvent was removed
under reduced pressure and the residue dissolved in THF. After the precipitation in
cold Et2O (three times), the product was dried under reduced pressure at 40 °C

overnight. A white solid was obtained (47.0 mg; 78%).
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Figure 124: 'H NMR spectrum of thrice chain extended mPEG-1900 after the thiol-ene reaction with methyl-3-
mercaptopropionate. After the reaction the signals of the double bond between 6.00 — 5.00 ppm disappeared and
the thiol signals (e.g., around 2.75 ppm) appeared, confirming a successful modification reaction. Solvent: CDCls.

1H NMR (400 MHz, CDCl3) & in ppm: 7.34 — 7.18 (m, 5H, A), 3.83 — 3.42 (m, 193H, B),
3.42 — 3.39 (m, 2H, C), 3.37 (s, 3H, D), 2.80 — 2.73 (m, 2H, E), 2.66 — 2.43 (m, 10H,
F), 1.89 — 1.73 (m, 6H, G), 1.61 — 1.50 (m, 2H, H), 1.42 — 1.16 (m, 18H, 1), 0.87 (t, 3H,

J).
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Figure 125: Size exclusion chromatogram of thrice chain extended mPEG-1900 after the thiol-ene reaction with

methyl-3-mercaptopropionate.
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7. Abbreviations

%

°C

pm

A

a.t.

a.u.
ACL
AGE
AIBN
Alox
approx.
AROMA
AROP
ATR FT-IR
ATRP

b

BHT
BnOH
BPO
CDCls

CDTPA

CE

Percentage

Degree Celsius

Micrometer

Angstrom

Ambient temperature

Arbitrary unit

a-Allyl-caprolactone

Allyl glycidyl ether

2,2’ Azobis(2 methylpropionitrile)
Aluminium oxide
Approximate/approximately

Anionic ring-opening monomer addition
Anionic ring-opening polymerization
Attenuated total reflection Fourier-transform infrared
Atom transfer radical polymerization
Block

Butylated hydroxytoluene

Benzyl alcohol

Benzoyl peroxide

Chloroform-d1

4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic

acid

Chain extension
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Abbreviations

CL

cm
CO2
CROP
CTA
Cu(hBr
Cu(lCl
CuAAC
D

DCM
DCM-d2
dd
DMAP
DMF
DMPU
DNA
dNbpy
DPP
DSC
e.g.
EBIB
EO

eq.

est.

e-Caprolactone

Centimeter

Carbon dioxide

Cationic ring-opening polymerization
Chain transfer agent

Copper(l) bromide

Copper(l) chloride
Copper(l)-catalyzed alkyne-azide cycloaddition
Dispersity

Dichloromethane
Dichloromethane-d2

Doublet of doublets signal in NMR spectroscopy
4-Dimethylaminopyridine
Dimethylformamide
1,3-Dimethyl-1,3-diazinan-2-one
Deoxyribonucleic acid
4,4'-Dinonyl-2,2'-dipyridyl

Diphenyl phosphate

Differential scanning calorimetry
Exempli gratia

Ethyl 2-bromoisobutyrate

Ethylene oxide

Equivalents

Estimated
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Abbreviations

et al.
Et.O

EtOH

H20
HDPE

HPLC

K

Kact.
Kdeact.
kp

L
LDA

LDPE

MBP
MEHQ
MeOH

mg

et alia

Diethyl ether

Ethanol

Gram

Water

High-density polyethylene

High performance liquid chromatography
Inter alia

International Union of Pure and Applied Chemistry
Inverse vulcanization

Coupling constant

Kelvin

Activation rate

Deactivation rate

Propagation constant

Liter

Lithium diisopropylamide solution
Low-density polyethylene

Multiplet signal in NMR spectroscopy
Molar

Methyl 2-bromoproprionate
4-Methoxyphenol

Methanol

Milligram
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Abbreviations

MgSO4
MHz
min

mL
mm
MMA
mmol
Mn

mol

MmPEG
NacCl
n-BuLi
NH4CI
NMP
NMR

Ps-t-Bu

Pa
PACL
PAGE
PCL
PE

PE

Magnesium sulphate
Megahertz

Minute

Milliliter

Millimeter

Methyl methacrylate
Millimole

Number average molar mass
Mole

Peak molar mass

Methoxy polyethylene glycol
Sodium chloride
n-Butyllithium

Ammonium chloride
Nitroxide-mediated polymerization
Nuclear magnetic resonance

1-tert-Butyl-4,4,4-tris(dimethylamino)-2,2-
bis[tris(dimethylamino)-phosphoranylidenamino]-2A5,4A5-
catenadi(phosphazene)

Pascal
Poly(a-allyl-caprolactone)
Poly(allyl glycidyl ether)
Poly(e-caprolactone)
Polyethylene

Petroleum ether
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Abbreviations

PFP
PFPA
PFPMA
PMDTA
PMMA
PPFPA
PPFPMA
PPM
ppm
PRE

PS
RAFT
RDRP

Rf

Tec
TEA
Temp.

TEMPO

Pentafluorophenol

Pentafluorophenyl acrylate
Pentafluorophenyl methacrylate
N,N,N',N",N"-Pentamethyldiethylenetriamine
Poly(methyl methacrylate)
Poly(pentafluorophenyl acrylate)
Poly(pentafluorophenyl methacrylate)
Post-polymerization modification

Parts per million

Persistent radical effect

Polystyrene

Reversible addition—-fragmentation chain-transfer
Reversible-deactivation radical polymerization
Retention factor

Singlet signal in NMR spectroscopy
Siemens

Size exclusion chromatography

Time

Triplet signal in NMR spectroscopy

Cold crystallization temperature
Triethylamine

Temperature
2,2,6,6-Tetramethylpiperidin-1-yl)oxyl

Glass transition temperature
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Abbreviations

THF

Tm
UHMWPE
uv

VS.

wit%

Mg
ML

pmol

Tetrahydrofuran

Melting temperature
Ultra-high-molecular-weight polyethylene
Ultraviolet

Versus

Percentage by weight

Wavenumber

Alpha

Beta

Chemical shift in NMR spectroscopy
Microgram

Microliter

Micromole

Frequency

Omega
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