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Motivation and Objectives
Motivation and Objectives

Poly(ethylene glycol) (PEG) is considered to be one of the most important aliphatic polyethers
and is predominantly synthesized by the anionic ring-opening polymerization (AROP) of
ethylene oxide (EO). For molecular weights below 30,000 g mol? these non-ionic
homopolymers of EO are referred to as poly(ethylene glycol), in the case of higher molecular
weights as poly(ethylene oxide) (PEO).! Under standard conditions, the appearance of PEG is
strongly dependent on its molecular weight and ranges from viscous liquids (400—600 g mol™)
to waxy structures and to colorless, crystalline solids (> 2,000 g mol™). The same applies to the
melting point (Tm) and glass transition temperature (Tg), which level off at around 68.6 °C? for
Tm and -60.5 °C2 for T at high molecular weights. Unlike other prominent polyethers such as
poly(oxymethylene) (POM) or poly(propylene oxide) (PPO), PEG exhibits exceptionally high
solubility in water.* Moreover, PEG shows extremely low toxicity, immunogenicity and
antigenicity,® leading to significant interest for medical, pharmaceutic and cosmetic
applications.® Using bioconjugation with PEG (“PEGylation®), protein and peptide
biopharmaceuticals can be protected against immune response by shielding with PEG chains.
This concept, introduced by Abuchowski et al. in the 1970s, is used commercially, and a
number of PEGylated pharmaceuticals, such as Adagen® and Oncaspar®, are approved by the
U.S. Food and Drug Administration (FDA).”~® Besides these protein conjugates, PEG is also
applied in liposomes (Doxil®/Caelyx®) or in imaging techniques in echocardiography
(Definity®).1° Another well-known application is the use as non-ionic surfactants. Here,
established representatives are poloxamers, which are commercialized under the names
Synperonic®, Pluronic® or Kolliphor® among others.!! These non-toxic poloxamers are triblock
copolymers consisting of a hydrophobic PPO block, flanked by two hydrophilic PEG blocks.
As the covalently connected blocks have different polarity, they tend to self-assemble in water.
Here, the hydrophilic PEG is at the polymer aggregate surface in aqueous solutions, while the
hydrophobic PPO block is the core of the commonly micellar aggregates.'? These surfactants
are used for multiple applications, such as drug delivery systems, as dispersants for inks/
pigments or in coatings.**>'* Apart from these mostly pharmaceutical applications, PEG tensides

are also used as a component of emulsifying agent, for plasticizers or for textile lubricants.®

Linear PEG possesses only two functional groups (hydroxyl groups) at the chain ends.
However, many applications require specific terminal functionalities. Two strategies are
feasible for the synthesis of a,m-modified PEGs.'® In the direct synthesis functional initiators

and terminating agents are used for the introduction of reactive groups. In the second method,
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the functionalization of the end groups is achieved by post-polymerization modification
reactions. When aiming at pharmaceutical applications, the limited loading capacity for active
ingredients is disadvantageous, which is a consequence of the low number of functional groups.
In this context, multi-functional PEGs provide a solution. The copolymerization of EO with
functional epoxides permits the incorporation of reactive groups along the polymer backbone
(Scheme 1a). In this fashion, the properties of poly(ethylene glycol) can be tailored and
therefore the range of applications expanded, making multi-functional PEGs a very attractive
platform. By copolymerization of EO with propylene oxide (PO)" or glycidyl methyl ether
(GME)*®, PEG’s thermoresponsive behavior in water can be selectively adjusted in dependence
of the comonomer amount, as this has an impact on its lower critical solution temperature
(LCST) behavior in aqueous solutions. Complementary, pendant ferrocene!®?° moieties are
used to introduce redox properties to the polymer, while acid cleavable?! and amine?? groups

trigger a pH-sensing response.

By further expanding the range of established multi-functional PEGs via the copolymerization
of a variety of innovative epoxide monomers, this doctoral thesis ties in with the previous
research. In this context, a wide variety of architectures are realized here: statistical and

gradient-like copolymers, as well as novel block copolymers (Scheme 1b).

a) Initiator Ethylene oxide  Functional epoxides Multi-functional PEG
() AROP H
R-OH + 2 AROV S 0 |
+ /N T L\ 0 0
b) Random copolymers Block copolymers Gradient copolymers

L em——TN LA

Scheme 1. a) Synthesis of multi-functional PEGs by the anionic ring-opening copolymerization
of EO with functional epoxides. b) Synthesis of various polyether architectures: random-,

block- and gradient copolymers.

In this context, the following key questions are addressed in this thesis:

1) Can tailored epoxide derivatives be developed for the synthesis of novel, multi-functional

PEGs via AROP, targeting potential biomedical applications?
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Stimuli-responsive materials are capable of changing their chemical and/ or physical properties
when exposed to external stimuli. In this context, two acid-labile monomer building blocks
have been established: ethoxy allyl glycidyl ether (EAGE) (Chapter 2.1) and ethoxy butoxy
vinyl glycidyl ether (EBVGE) (Chapter 3.1). Different concepts are used for the application
of PEG-based copolymers of these two monomers. In basic studies for potential biomedical
applications, the scope of EAGE for the preparation of acid-labile hydrogels is investigated. In
contrast, water-soluble EBVGE block copolymers are studied in detail with respect to their
aggregation to micelles and subsequent crosslinking. Interestingly, to date there is no direct
access to aliphatic ketones in a polyether backbone. Instead, polymer modification reactions
have to be carried out. The synthesis of the ketone-based monomer ketone dioxolane glycidyl
ether (KDGE) (Chapter 2.2) and its copolymers with ethylene oxide is investigated. In
addition, the potential of KDGE for the synthesis of reversible hydrogels is examined in more
detail.

2) Can the limits of AROP be overcome and novel multi-functional polyether structures be

established through the use of monomer-activated AROP?

As a consequence of the harsh, basic conditions of oxyanionic ROP, the polymerization of
reactive or protic monomers is not feasible. A remedy may be the monomer-activated AROP,
as it operates under considerably milder conditions. This polymerization strategy is applied to
prepare polyethers based on glycidyl cinnamate (GC) (Chapter 2.3), epoxy undecane
methacrylate (EUMA) (Chapter 3.2) and tridecafluorooctyl glycidyl ether (TDFOGE)
(Chapter 4.1). As has been shown, cinnamoyl groups are a promising candidate for the
synthesis of photoresponsive hydrogels and methacrylates are very well-suited for crosslinking
of micellar cores. Perfluorinated polyethers are an obvious choice for oil- and water repellent

surface coatings.

3) What does the reaction kinetics for the copolymerization of EO/ EEGE with the novel

epoxide derivatives look like and how does this affect the final copolymer microstructure?

The copolymer microstructure does not only influence the properties, but also determines
possible applications. Accordingly, the examination of reaction Kkinetics of the
copolymerizations in Chapters 2—3 is a central point of this thesis and also plays a role in the
Appendix chapters. Here, the quantification of reactivity ratios and the determination of the

resulting microstructure is conducted using real-time *H NMR spectroscopy.
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Abstract

Abstract

The main focus of this thesis is the development of concepts for novel reactive and multi-
functional poly(ethylene glycol)s (PEGs). A variety of synthetic strategies based on the ring-
opening polymerization (AROP) of epoxides were explored, and the obtained polyether
materials were characterized in great detail. Prospective areas of application of these polymers
include functional hydrogels, surfactants as well as surface coatings. In particular, this work
was motivated by the aim to establish new functional monomers and polyether structures. An

overview of the key epoxide building blocks employed is shown in Scheme 1.

F FF FF F
TDFOGE

Scheme 1. Synopsis of the epoxide derivatives used for copolymerization with EO/ EEGE

(shown in the center) in this thesis, arranged according to the respective chapters.

Chapter 1 provides a brief introduction into the topic. In this section, the properties of PEG
and strategies for the synthesis of multi-functional PEGs are shortly outlined. This section
focuses on mechanistic aspects as well as on the reaction kinetics of the copolymerization of
substituted epoxides and the resulting microstructure of the corresponding copolymers. An

emphasis is placed on *H NMR spectroscopy as a key evaluation method for copolymerizations.
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An in-depth literature review is followed by an overview of the respective monomer pairs and
their copolymerization reactivity ratios. This chapter also gives a perspective for works beyond

the scope of this thesis.

Hydrogels are valuable due to their capacity to absorb water and are important materials for
application in wound care, tissue engineering and numerous other biomedical areas. Their
synthesis is the main focus of Chapter 2. In Chapter 2.1, a novel acid-cleavable, acetal-
containing epoxide monomer, ethoxy allyl glycidyl ether (EAGE), is introduced.
Copolymerization with ethylene oxide (EO) led to random incorporation of the comonomers,
as was evidenced by real-time *H NMR kinetics studies. To demonstrate the potential for drug
carrier systems, a cysteine derivative was successfully attached via thiol-ene click reaction.
Moreover, triblock copolymers were prepared using PEG macroinitiators of different molecular
weight. Photo-crosslinking was applied to synthesize acid-labile hydrogels. In this context, the
material properties of the hydrogels were investigated, using rheology. Degradability at
different pH values was explored as well. Studies of the swelling behavior revealed maximum
swelling of up to 5,400%. In Chapter 2.2 the novel monomer ketone dioxolane glycidyl ether
(KDGE) is presented. Two approaches were pursued: on the one hand, random copolymers
with varied KDGE content (5—-100 mol%) were synthesized by copolymerization with EO. The
polymers were modified with a hydrazine derivative after in-situ cleavage of the dioxolane
protecting groups. On the other hand, triblock copolymers based on PEG were used for the
preparation of hydrogels containing reversible oxime crosslinks by reaction with a difunctional
alkoxyamines after deprotection of the ketone units. The addition of monofunctional
alkoxyamines led to the decomposition of the gels. Chapter 2.3 deals with the
copolymerization of the glycidyl ester glycidyl cinnamate (GC) and ethoxyethyl glycidyl ether
(EEGE), which was conducted using the activated monomer polymerization technique, since
the conventional AROP could not be applied due to the harsh, basic conditions. For the first
time, an adjustable content of cinnamoyl units (3—100 mol%) could be directly incorporated
into a polyglycerol backbone without the need for post-polymerization modification. Kinetic
studies of the copolymerization reaction demonstrated preferential incorporation of GC. The
primary glycerol hydroxyl groups were first selectively released by removing the EEGE acetal
protecting groups to prepare polyglycerol hydrogels. Subsequently, the photoreactive

cinnamoyl groups were photo-crosslinked by dimerization through exposing to UV light.

It is crucial to increase the stability of micelles by crosslinking in order to utilize them as

potential drug nanocarriers, as will be discussed in more detail in Chapter 3. The novel
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monomer building block ethoxy butoxy vinyl glycidyl ether (EBVGE) is a vinyl-containing
structural analogue to the acid-labile EAGE monomer. EBVGE has been converted with
orthogonal polymerization strategies based on its bifunctionality and is discussed in
Chapter 3.1. Epoxy-substituted polyethylene structures were accessible by the non-trivial, free
radical copolymerization of the electron-rich EBVGE vinyl functionalities with electron-poor
monomers such as maleic anhydride. Vinyl ether-functional polyethers, however, were
obtained by AROP of EBVGE with EO or PEG macroinitiators. While the random copolymers
exhibited thermoresponsive behavior in aqueous solution, block copolymers assembled to acid-
labile, well-defined micelles. These stimuli-responsive aggregates were monitored and
investigated by fluorescence correlation spectroscopy (FCS) as well as light scattering and
examined regarding their biocompatibility. Crosslinking of the hydrophobic micellar core by
thiol-ene click chemistry resulted in a significantly increased stability compared to non-
crosslinked micelles. The synthesis of the novel monomer epoxy undecane methacrylate
(EUMA) is presented in Chapter 3.2. EUMA allowed the direct access to methacrylate
functionalities in a polyether backbone by copolymerization with EO, using the monomer-
activated AROP. The copolymers exhibited a pronounced gradient microstructure, as
demonstrated by in-situ *H NMR studies. As a result, the copolymers showed surface activity
in agueous solution, which was used for the preparation of crosslinkable micelles. Due to their
enhanced stability, the defined micelle distribution was maintained compared to the non-
crosslinked particles even in organic solvents as proved by light scattering studies. Furthermore,
swelling behavior in organic solution was demonstrated. On account of its bifunctionality, the
methacrylate units of the EUMA monomer could be selectively addressed by reversible
addition-fragmentation chain transfer (RAFT) polymerization. This enabled access to

organogels by crosslinking the pendant epoxy groups with a primary diamine.

Chapter 4 primarily addresses surface coatings, which are widely used nowadays, for instance
for corrosion protection or to prevent fouling. In order to specifically control hydrophobicity,
the perfluorinated glycidyl ether tridecafluoroctyl glycidyl ether (TDFOGE) was
copolymerized with allyl glycidyl ether (AGE) or EEGE and catechol acetonide glycidyl ether
(CAGE). After removal of the acetonide protecting groups, the reactive catechol units were
used for the coating of glass surfaces. Contact angle measurements revealed a systematic
variation of the water-repellent surface properties up to 120° depending on the perfluorinated

glycidyl ether content.
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The appendix of this thesis contains several chapters with contributions from the authors of this
thesis. Aldehyde multi-functional PEGs are presented in Appendix Al. In this context, two
epoxide monomers were developed and copolymerized with EO. The copolymerization
parameters and the microstructure of the copolymers were derived from *H NMR Kkinetics.
Polyethers with ester, nitrile and hydrazone groups were obtained by post-polymerization

modification.

Appendix A2 describes the one-step, solvent-free synthesis of ketone-containing
polycarbonates by terpolymerization of KDGE, propylene oxide (PO) and carbon dioxide
(COz). These polymers had a tailor-made KDGE content between 2—100 mol% and as a result
of their high reactivity, released ketone units were successfully functionalized with carboxylic

acid hydrazides.

In Appendix A3 the synthesis of linear polyglycerols with an adjustable degree of methylation
up to 91% by copolymerization of glycidyl methyl ether (GME) and EEGE using monomer-
activated AROP is depicted. In addition to thermoresponsive properties, reaction kinetics and

thermorheological behavior were investigated.

Appendix A4 introduces an efficient and stoichiometric coupling strategy for the preparation
of gradient star polymers in a one-pot synthesis. Despite the high steric demands of the
polystyryllithium (PS-Li) chain ends, this coupling succeeded within minutes using tetra[3-
(chloro-dimethylsilyl)propyl]silane (TCDMSPS) as the linking agent. As the reactive mono-
chloro dimethyl silane groups are separated from each other by alkyl spacers, a remarkably high
coupling efficiency (98%) was reached, demonstrated via size exclusion chromatography
(SEC) viscometry with universal calibration. The materials, which were synthesized in only

two steps, were finally spun into nanofibers using electrospinning.

10
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Zusammenfassung

Im Zentrum dieser Arbeit standen die Synthese und Anwendung von reaktiven, linearen,
multifunktionellen  Polyethylenglykolen  (PEGs). Hierzu  wurden  verschiedenste
Synthesestrategien wie die anionische ringdffnende Polymerisation (AROP) angewendet und
die Polymere im Detail untersucht. Die Anwendungsgebiete der Polymere erstreckten sich
dabei von Hydrogelen tber Mizellen bis hin zu Oberflachenbeschichtungen. Die besondere
Motivation der Arbeit bestand in der Etablierung neuer funktioneller Monomere und

Polyetherstrukturen. Abbildung 1 stellt eine Ubersicht der eingesetzten Epoxidbausteine dar.

Kapitel 3

Abbildung 1. Ubersicht der verwendeten Epoxyderivate, die nach den jeweiligen Kapiteln

geordnet sind und mit den im Zentrum abgebildeten Monomeren EO/ EEGE umgesetzt wurden.

Kapitel 1 dient als eine kurze Einfiihrung in das Themenfeld. In diesem Abschnitt werden
Strategien zur Synthese von multifunktionellen PEGs skizziert. Neben den mechanistischen
Aspekten ist die Reaktionskinetik der Copolymerisation von substituierten Epoxiden und die
daraus resultierende Mikrostruktur der entsprechenden Copolymere ein Schwerpunkt. Der
Fokus liegt dabei auf der NMR Spektroskopie als Auswertungsmethode. Nach einem

11
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detaillierten Literaturiiberblick folgt eine Auflistung der Monomerpaare und deren

Copolymerisationsparametern.

Hydrogele zeichnen sich durch ihre hohe Wasseraufnahmefahigkeit aus und sind unter anderem
fir Anwendungen in der Wundversorgung sehr interessant. Ihre Synthese steht im Zentrum von
Kapitel 2. In Unterkapitel 2.1 wird das neue, sdurespaltbare Epoxidmonomer
Ethoxyallylglycidylether (EAGE) vorgestellt. Die Copolymerisation mittels Ethylenoxid (EO)
fiihrte zu einem statistischen Einbau der Comonomere, was mittels Echtzeit *H NMR
Kinetikstudien nachgewiesen werden konnte. Die potentielle Anwendung als Wirkstofftrager
wurde durch das erfolgreiche Anbringen eines Cysteinderivat per Klick-Reaktion demonstriert.
Zuséatzlich wurden ausgehend von unterschiedlich groBen PEG Makroinitiatoren
Triblockcopolymere hergestellt, die zur Synthese von saurelabilen Hydrogelen mittels
Photovernetzung verwendet wurden. Hierbei wurden die Hydrogele hinsichtlich ihrer
Materialeigenschaften mittels Rheologie charakterisiert und ihre Abbaubarkeit bei
verschiedenen pH-Werten beleuchtet. Untersuchungen des Quellverhaltens zeigten
Wasseraufnahmen von bis zu 5400%. In Abschnitt 2.2 wird das neue Monomer
Ketondioxolanglycidylether (KDGE) vorgestellt, wobei zwei Ansatze verfolgt wurden. Zum
einen wurden statistische Copolymere mit einem variablen KDGE-Gehalt (5—100 mol%) durch
Copolymerisation mit EO synthetisiert, welche mit einem Hydrazinderivat nach in-situ
Abspaltung der Dioxolan-Schutzgruppen adressiert werden konnten. Zum anderen wurden
Triblockcopolymere auf Basis von PEG Makroinitiatoren nach Freisetzung der Ketoneinheiten
durch Reaktion mit einem bifunktionelle Alkoxyamin zu reversiblen Hydrogelen umgesetzt,
die durch Zugabe von monofunktionellem Alkoxyamin wieder zersetzt werden konnten. In
Unterkapitel 2.3 wird die Copolymerisation von Glycidylcinnamat (GC) und
Ethoxyethylglycidylether (EEGE) diskutiert, die aufgrund der harschen und basischen
Bedingungen der konventionellen AROP unter Verwendung der monomer-aktivierten AROP
durchgefuhrt wurde. Erstmalig konnten so Cinnamoyl-Einheiten direkt und mit einem
einstellbaren GC-Gehalt (3—100 mol%) in ein Polyglycerinriickgrat eingebaut werden, ohne
auf polymeranaloge Reaktionen zurtickgreifen zu massen. Durch die kinetische Untersuchung
der Copolymerisationsreaktion konnte ein préferierter Einbau von GC nachgewiesen werden.
Fur die Herstellung der Polyglycerinhydrogele wurden zunéchst die priméren Hydroxylgruppen
durch Abspaltung der EEGE-Acetalschutzgruppen selektiv freigesetzt. Anschlielend erfolgte
die Vernetzung der photoreaktiven Cinnamoyl-Gruppen durch Dimerisierung unter
Bestrahlung mit UV-Licht.
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Zusammenfassung

Fur den Einsatz als potentielle Wirkstofftrager ist es nahezu unabdingbar, die Stabilitat von
Mizellen durch deren Vernetzung zu erhdhen, was in Kapitel 3 genauer erdrtert wird. Der neue
Monomerbaustein Ethoxybutoxyvinylglycidylether (EBVGE) ist das vinylhaltige, strukturelle
Analogon zum séurelabilen EAGE Monomer, welches aufgrund seiner Bifunktionalitat mit
orthogonalen Polymerisationsstrategien umgesetzt wurde und in Unterkapitel 3.1 thematisiert
wird. Epoxysubstituierte Polyethylenstrukturen wurden durch die nicht triviale, freie
radikalische Copolymerisationen der elektronenreichen EBVGE Vinylfunktionalitaten mit
elektronenarmen ~ Monomeren  wie  Maleinsaureanhydrid ~ zugénglich  gemacht.
Vinylfunktionelle Polyether hingegen wurden durch die AROP von EBVGE mit EO oder PEG
Makroinitiatoren erhalten. Wéhrend die statistischen Copolymere in wassriger Losung ein
thermoresponsives  Verhalten zeigten, bildeten hier die Blockcopolymere durch
Selbstassemblierung s&urelabile, definierte Mizellen aus. Diese stimuli-responsiven Aggregate
wurden mithilfe von Fluoreszenzkorrelationsspektroskopie (FCS) und Lichtstreuung
nachgewiesen, untersucht und hinsichtlich ihrer Biokompatibilitat Uberprift. Eine Vernetzung
des hydrophoben mizellaren Kerns mittels Klick-Chemie resultierte in einer wesentlich
erhohten Stabilitat im Vergleich zu unvernetzten Mizellen. Die Synthese des neuen Monomers
Epoxyundecanmethacrylat (EUMA), welches in Abschnitt 3.2 behandelt wird, ermdglichte
den direkten Zugang zu Methacrylatfunktionalitdten in einem Polyetherbackbone durch
Copolymerisation mit Ethylenoxid unter Verwendung der monomer-aktivierten AROP. Der
tensidische Charakter der Copolymere, der auf die ausgepragte gradientartige Morphologie
zuriickzufiihren ist, was mit in-situ *H NMR Untersuchungen nachgewiesen werden konnte,
wurde zur Synthese von vernetzbaren Mizellen verwendet. Hierdurch blieb ihre definierte
Verteilung verglichen mit den unvernetzten Partikeln auch in organischen Ldsungsmitteln
erhalten; ferner konnte hier auch ein Quellungsverhalten nachgewiesen werden. Aufgrund der
Bifunktionalitit des EUMA-Monomers konnten neben den polymerisierbaren
Epoxyfunktionalitdten auch die Methacrylateinheiten selektiv mittels reversibler Additions-
Fragmentierungs-Kettentbertragung (RAFT) adressiert werden. Dies ermdglichte den Zugang

zu Organogelen durch Vernetzung der Epoxygruppen mit einem primaren Diamin.

Im Mittelpunkt von Kapitel 4 stehen Oberflachenbeschichtungen, die bereits heutzutage unter
anderem als Korrosionsschutz oder zum Verhindern von Anwuchs vielfach Anwendung finden.
Um die Hydrophobizitdt gezielt zu steuern, wurde der perfluorierte Glycidylether
Tridecafluoroctylglycidylether (TDFOGE) mit Allylgylcidylether (AGE) bzw. EEGE und
Catecholacetonidglyciylether umgesetzt. Nach der Abspaltung der Acetonid-Schutzgruppen

wurden die reaktiven Catecholeinheiten zur Beschichtung von Glasoberflachen genutzt. Durch
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Zusammenfassung

Kontaktwinkelmessungen konnte gezeigt werden, dass die wasserabstolRenden Eigenschaften
der Oberflache in Abhangigkeit an perfluorierte Glycidylethergehalt systematisch bis zu 120°

variiert werden konnten.

Die Synthese von aldehydfunktionalisiertem PEG wird in Anhang Al vorgestellt. Hierzu
wurden zwei Epoxymonomere entwickelt, welche mit EO polymerisiert wurden. Die
Copolymerisationsparameter und die Mikrostruktur der Copolymere wurden aus *H NMR
Kinetiken abgeleitet. Um Polyether mit Ester-, Nitril-, und Hydrazon-Gruppen zu erhalten,

wurden polymeranaloge Reaktionen durchgefiihrt.

Anhang A2 beschreibt die einstufige und lésungsmittelfreie Synthese von ketonhaltigen
Polycarbonaten, welche durch die Terpolymerisation von KDGE, Propylenoxid (PO) und
Kohlenstoffdioxid (CO.) realisiert wurde. Die Polymere wiesen einen maRgeschneiderten
KDGE-Gehalt zwischen 2—100 mol% auf. Bedingt durch ihre hohe Reaktivitadt konnten die
freigesetzten Keton-Einheiten erfolgreich mit Carboxylsaurehydraziden funktionalisiert

werden.

In Anhang A3 wird die Synthese von linearen Polyglycerinen mit maRgeschneidertem
Methylierungsgrad bis zu 91% durch Copolymerisation von Glycidylmethylether (GME) und
EEGE mittels monomer-aktivierter AROP beschrieben. Neben den thermoresponsiven
Eigenschaften wurde auch die Reaktionskinetik und das thermorheologische Verhalten

untersucht.

In Anhang A4 wird eine effiziente und stéchiometrische Kupplungsstrategie zur Herstellung
von Gradienten-Sternpolymeren in einem Eintopfverfahren vorgestellt. Trotz des hohen
sterischen Anspruchs der Polystyryllithium-Kettenenden gelang diese Kupplung innerhalb
weniger Minuten mit  Tetra[3-(Chlor-dimethylsilyl)propyl]silan  (TCDMSPS) als
Kupplungsreagenz. Durch die rédumliche Separation der reaktiven Dimethylchlorsilan-
Funktionalitdten mittels Alkylketten wurde eine bemerkenswert hohe Kopplungseffizienz
(98%) erreicht, was durch GPC-Viskosimetrie Messungen (universelle Kalibrierung) belegt
werden konnte. Die in nur zwei Schritten synthetisierten Materialien wurden schlief3lich durch

Elektroverspinnen zu Nanofasern verarbeitet.
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Introduction

This chapter is divided into three main sections. First, a brief overview regarding the class of
aliphatic polyethers and their most important representatives is given. Second, the focus is on
poly(ethylene glycol) (PEG). In this context, its properties, important polymerization
techniques and the synthesis of multi-functional PEGs are discussed. The last part addresses
reactivity ratios of various functional epoxide comonomers and the microstructure of polyether

copolymers analyzed by NMR spectroscopic methods.
Aliphatic Polyethers

This section deals with industrially relevant aliphatic polyethers in a general overview,
excluding PEG.

Aliphatic polyethers are characterized by the general formula HO(R-O)nH, where R is an alkyl
group and n is the degree of polymerization. Typical for this class of polymers are their ether
groups as repeating unit, which share similar chemical bonding properties as alcohols and
water.! The bond angle between the oxygen atom and alkyl groups is 112°, while the bond
distance of the C-O bond is 143 pm, corresponding to that of alcohols.? Aliphatic polyethers
are accessible via various polymerization techniques such as step-growth, cationic or anionic
polymerization of carbonyl compounds or cyclic ethers and have a wide range of applications.®
Well-known and commercial representatives of this polymer class are poly(oxymethylene)
(POM, in fact a polyacetal), poly(propylene glycol) (PPO), poly(epichlorohydrin) (PECH),
PEG, poly[3,3-bis(chloromethyl)oxetane] (PBCMO) and poly(tetrahydrofuran) (PTHF)

(Scheme 1). In the following, PEG is not further discussed, as it is the focus of the next section.

cl cl cl
pfOJoH go\)\n)OH i 40\J\ZOH " (OVZ}OH - 405{%@ - %O\/\/\ZOH
POM PPO PECH PEG PBCMO PTHF

Scheme 1. Overview of industrially relevant aliphatic polyethers: POM, PPO, PECH, PEG,
PBCMO and PTHF.

Initial work on the simplest aliphatic polyether POM, goes back to Auerbach and Barschall*
and was further extended by Staudinger and co-workers>~’ in the 1920s. Commercialization did
not take place until the 1950s due to stability- and solubility problems in the solvents commonly
used at that time.® The main reason for this is the zipper-like degradation of the thermolabile
semi-acetal end groups, which can be prevented by end-capping via acetalization or by co-

polymerization of trioxane with ethylene oxide or other cyclic ethers. After years of research
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DuPont commercialized POM under the product name Delrin® in 1959.2 POM is distinguished
by a high melting point (Tm = 180 °C) and a low glass transition temperature (T¢ = -75 °C) and
is used as durable engineering plastics in many different applications for instance for gear
wheels, Playmobil® toys or ski binding parts.®

Propylene oxide (PO) was discovered by Wurtz in 1859.1' Early attempts regarding its
polymerization can be attributed to studies by Levene and Walti in 1927.%2 In this context,
further investigations by Staudinger, Meerwein and patents by the I.G. Farbenindustrie AG
followed.t*° In the first applications, PPO was used for lubricants and hydraulic fluids. A basis
for this were patents of H.R. Fife and F.H. Roberts describing the polymerization of PO in the
presence of alcohols, resulting in methoxy- and butoxy-initiated PPO chains.'® As a result of
these findings, studies of the copolymerization of PO and ethylene oxide (EO) soon followed,
and the copolymers were used as anti-foaming agents, emulsifiers, ceramic glazes or binders.*3
Nowadays, PPOs with lower molecular weights (Mn < 3,500 g mol™?) are used in the production
of flexible and rigid polyurethane (PU) foams. For flexible foams, linear PPOs with a molecular
weight of approximately of 2,000 g mol™ or three-arm star-shaped PPOs with an M, in the range
of 3,000—3,500 g mol™ based on glycerol- or 1,1,1-trimethylolpropane initiators are used. For
rigid PU foams PPO polytriols with an My around 500 g mol™* are utilized.® PPO is also used
for the synthesis of surfactants, namely poloxamers (PEO-b-PPO-b-PEOQ triblock copolymers)
or polyether amines (linear PPO with amino termini).? The typical atactic and industrially
relevant PPO is amorphous and has a low Tq of -70 °C. In contrast, isotactic PPO crystallizes
and the melting point is around 75 °C.1” The increased hydrophobicity compared to PEG is

attributable to the additional methyl groups along the polymer backbone.’

Epichlorohydrin (ECH) was first synthesized in 1848 by Marcellin Berthelot, who investigated
the derivatives of glycerol.®® The polymerization of ECH was based on the work of E.J.
Vandenberg in 1957, who developed the organometallic catalyst system
AlEts/H,O/acetylacetone.'®?° 8 years later B.F. Goodrich commercialized PECH under the
trade name Hydrin®. This was a license agreement from Hercules Inc., the company that also
distributed ECH-based polymers under the name Herclor®. In 1986, the epichlorohydrin
division of Hercules Inc. was taken over by B.F. Goodrich and continued under the trade name
Hydrin®. Then in 1989, the entire elastomer division was purchased by Zeon Chemicals,
retaining the trade name Hydrin®. Its parent company Nippon Zeon has its own ECH production
line, which is marketed under the trade name Gechron®. The competitor Daiso Chemical Co.,

Ltd. also sells PECHs (Epichlomer®).?%?2 PECH and its copolymers combine various
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outstanding properties. In addition to fuel, heat, 0zone and permeation resistance, the polymers
also exhibit fire resistance. Furthermore, chloromethyl groups are suitable for vulcanization for
instance via ethylene thiourea.?® A characteristic feature of the amorphous PECH is the T
of -24 °C, whereas EO containing copolymers improve the low temperature flexibility by
decreasing the Tq to -41 °C (xeo = 50 mol%). The exceptional elastic properties of ECH based

polymers are used in the automotive industry (fuel hoses, engine seals, etc.).?*

The first oxetane polymers were established in 1954 by the polymerization of 3,3-
bis(chloromethyl)oxetanes (BCMQ),?* followed by further unsubstituted® and substituted®
oxetanes. Polymers based on the unsubstituted oxetane exhibit poor physical properties
(Tm =35°C) and were never relevant for industrial applications.® However, PBCMO was
commercialized in the 1950s by Hercules Inc and marketed under the trade name Penton® for
15 years.?’ In addition to very good thermal properties (Tm = 180 °C), PBCMO also exhibits
excellent chemical resistance. As a consequence, PBMCO was mainly applied as resistant
material in corrosive conditions. In this context, it was used as adhesive, coating and in lining

pipes or tanks.??

The development of poly(tetranydrofuran) (PTHF) goes back to Meerwein and co-workers in
the late 1930s. However, worldwide interest started after World War 11.222% The use as a
polyether component in flexible polyurethane foams was intended.> However, the
comparatively high manufacturing costs prevented the commercial breakthrough and led to the
use of cheaper materials such as PPO-based polyethers instead. For instance, in 1996 the cost
of a general-purpose rubber was about $1 per kilogram, whereas PTHF cost between $3.5-4.2
per kilogram.?® The state of matter and the thermal properties correlate with the molecular
weight. While low molecular weights (M, =250 g mol™) show a Tn of -15°C and a Ty
of -98 °C, higher molecular weights (M, = 2,000 g mol™?) exhibit a Tn of 33 °C and a Ty
of -84 °C.% With increasing molecular weight, the state of matter at room temperature changes

from a viscous oil, through a wax-like structure, to a solid.

Poly(ethylene glycol) and its properties

Following this short outline of various aliphatic polyethers and their eminent representatives,

the focal point of the following section is now on PEG and its properties.
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PEG is one of the best-known representatives of the aliphatic polyethers with the repeat
unit -(CH2-CH2-O)n- and is obtained by polymerization of ethylene oxide (EO). The term
“poly(ethylene glycol)” is used for molecular weight range from 200—35,000 g mol, polymers
with molecular weights above these limits are called “poly(ethylene oxide)s” (PEOs).
Furthermore, the term PEG is used wherever biocompatibility is involved.3! Common trade
names are ALKOX® (Meisei Chemical Works, Ltd.), CARBOWAX™ (Dow Chemical),
Genapol® (Clariant AG), POGOL® (Huntsman Corporation) and Pluracol®/ Pluracare® (BASF
SE).

The appearance at room temperature and the specific properties are strongly related to the
degree of polymerization (X,) of PEG. PEGs with molecular weights between 200—400 g mol*
are clear, colorless, hygroscopic liquids at room temperature. Around 600 g mol™, PEG has a
paste-like consistency owing to its melting range of 15 to 25 °C. Above molecular weights of
1,000 g mol? it is a solid with a wax-like behavior. The hygroscopicity of the polymers
decreases with increasing molecular weight. Thus, PEGs with an M, above 1,500 g mol™* are

not hygroscopic.*

The thermal properties correlate strongly with the X, of PEG. Thus PEG-750 has a melting
point of 30 °C, PEG-4,000 shows a T of 59.6 °C and PEG-20,000 displays a Tr of 63.1 °C.*
Godovsky et al. proved an asymptotic convergence to a Tm of 70 °C for infinitely high
molecular weights of PEG based on the Flory equation for melting points:3*

1 1 _ 2R
L, T, HX, @

o

T, T,
where T, is the measured melting point, 77, is the equilibrium melting point for the polymer of
infinite Tm, R is the gas constant, H, is the molar heat of fusion per chain unit and X, is the
degree of polymerization.®® These theoretical results are consistent with the measured values
for ultrahigh molecular weight PEO-6,000,000, for which a Tm of 68.6 °C was determined.3®
The situation is more complex regarding the glass transition temperatures (T4s). According to
Flory and Fox, Tq correlates with the molecular weight and decreases with decreasing molecular
weight. For high molecular weights the glass transition temperature asymptotically approaches

a limiting value:*’

K
Tg:Tg,w_}\Z 2
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Here, T, ., is the glass transition temperature of an infinite molecular weight polymer and K is

constant. Studies by Faucher et al.®® and Read® showed no correlation in this respect. The
experimental values were higher in a very broad M, range compared to the theoretically
calculated Tgs and passed through a maximum of -20 °C at approximately 6,000 g mol™. The
reason for this is the crystallinity of PEG. In contrast, completely amorphous PEG obtained by
quenching displayed the expected monotonic increase of Tq with increasing Mn.33 Thus, PEG-
194 has a Tq of -72 °C, PEG-400 a Tq of -70 °C, PEG-1,540 a T4 of -65 °C and PEG-12,000 a
Ty of -60 °C. For very high molecular weights (M, > 1,000,000), the T, fluctuates from -53 °C38

over -59 °C* up to -60.5 °C*° depending on the measuring method and parameters.

One of the special properties of poly(ethylene glycol)s is their exceptional water solubility,
especially in comparison to other aliphatic polyethers (POM, PPO, etc.). While low molecular
weight PEGs are miscible with water in any ratio, this ability decreases with increasing molar
mass. However, even at a molecular weight of 35,000 g mol?, aqueous solutions with
concentrations of up to 50 wt% can still be prepared at room temperature.*! This is attributable
to the distance of the repeating oxygen atoms in the polymer backbone, which roughly
corresponds to the distance of the oxygen atoms in liquid water. As a consequence, a hydrogen
bonding network can form between the water molecules and the PEG chains.*? The solubility
of polymers is temperature-dependent and is generally described by the critical solution
temperatures, such as the lower and upper critical solution temperatures (LCST and UCST). In
this context, it should be noted, that the LCST and the UCST in a binary mixture represent the
minimum and maximum of the binodal (Scheme 2) in a phase diagram. All other points of the
binodal curve are called “cloud points™. If the temperature exceeds the LCST or falls below the
UCST, a miscibility gap occurs.® Dielectric relaxation measurements demonstrated the
hydration of a single PEG repeating unit of about 4 water molecules below 30 °C, which
decreases with increasing temperature (approximately 2 water molecules at 70 °C).** The LCST
of PEG is around 100 °C.
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Scheme 2. Phase diagrams of a binary polymer mixture containing UCST, LCST and
miscibility gaps. Left: LCST > UCST. Right: LCST < UCST.

Via the incorporation of substituted epoxides with lower polarity into the PEG backbone, the
LCST can be reduced and tailored.***’ The fundamental Gibbs-Helmholtz equation (3)
explains many phenomena of polymer solutions and provides important insights for

understanding their thermodynamics:®

AG=AH —-T-AS (3)
where AG is the Gibbs free energy of the system, AH is the enthalpy, T is the absolute
temperature and AS is the entropy. Polymers dissolve in a solvent when the change in AG is
negative. Consequently, depending on the sign, the following scenarios can occur: complete
miscibility (AH < 0 and AS > 0), UCST (AH > 0 and AS > 0), LCST (AH < 0 and AS < 0) or
complete immiscibility (AH > 0 and AS < 0). An unfavorable entropy of the mixture results in
phase separation when heating these solutions. When hydrated, extended polymer coils are
present in aqueous solutions. As the temperature increases, the hydrogen bonds between solvent
molecules and polymer chains are disrupted, enabling intra- and intermolecular hydrogen bonds
and hydrophobic interactions between polymer chains to increase. Consequently, the polymer
chains collapse and aggregate in a globular conformation. Accordingly, an LCST is caused by
entropic reasons. In contrast, segregation below the UCST is an enthalpy-induced process. At
low temperatures, the enthalpy of the mixture dominates over the entropic contribution, leading
to an increase of the free enthalpy. Transferring the Gibbs-Helmholtz equation to a polymeric
system is a simplification, since factors such as mobility and the different size of the polymer

chains in relation to the solvent are not considered. A model to describe a binary solution of a
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polymer in a low molecular weight solvent was developed by Flory*® and Huggins®. A rigid
lattice model serves as a basis, wherein the polymer chains are subdivided into single segments.
Each of these segments and the solvent particles, which have the same size, occupies a lattice

space:

AG:R-T-((p]-ln(p]+)%-lng02+go1-g02-)() (4)
Here, R is the universal gas constant, ¢ is the volume fraction of the polymer/solvent, X is the
degree of polymerization and y is the interaction parameter. The first two terms can be
combined as entropy terms and the last as enthalpy term.® Since the volume fraction ¢ always
includes values between zero and one, the entropy term is negative. Is the attraction between
molecules of the same species stronger than that between molecules of a different species, y is
positive. If the polymer-solvent interactions are energetically favored, y has a negative value.
According to the Flory-Huggins theory, the solubility of polymers decreases with increasing
chain length. The entropy contribution to the free enthalpy of mixing decreases with increasing

molecular weight.

Apart from its extraordinary solubility in water, PEG also shows extremely low toxicity,
immunogenicity and antigenicity.>® For pharmaceutical applications of polymers, certain
requirements must be met. Besides biocompatibility, polymers should have a narrow molecular
weight distribution. The latter should avoid unforeseen, molecular weight-dependent effects.
For instance, polymers with a broad distribution can have different biological properties,
especially in terms of residence time in the body and immunogenicity.>* Further, a certain
molecular weight must not be exceeded. As the glomerular filtration rate in the kidneys
correlates inversely with the molecular weight of a polymer, higher molecular weight polymers
are more efficient in increasing the circulation rate, which is of relevance in drug transport.>2>3
However, PEG is not biodegradable due to its inert ether units. Hence, PEG cannot be
metabolized and must be excreted through the kidney. The kidney's filtration limit is 45 A,
corresponding to a hydrodynamic radius of PEGs with molecular weights of approximately
40,000 g mol*.>* While below 20,000 g mol™ the body is able to excrete the polymer via urine,
higher molecular weight PEGs are eliminated more slowly and clearance through the liver takes
place.® High molecular weights exceeding the filtration threshold, lead to a longer circulation
time and accumulation in the liver.>® Hence, PEG with low molecular weights is important for

medical purposes.
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Unsurprisingly, PEG's exceptional properties make it suitable for a wide range of applications
in the fields of medicine, pharmacy, cosmetics and the food industry.3 In the following, the
focus will be on commercial applications of PEG homopolymers. The applications differ
depending on the molecular weight. Smaller molecular weights (Mn < 8,000 g mol™?) are used
in the formulation of ointments due to their water solubility and compatibility with active
ingredients.’” PEGs with molecular weights between 1,000-4,000 g mol™? are used as
suppository bases, since PEG does not melt at body temperature. Instead, it slowly dissolves in
the body and releases the active ingredient. Depending on the molecular weight or by mixing
different PEGs, the consistence of the suppositories can be specifically adjusted.®® In cosmetics,
PEG is used in formulations of creams, lotions or powders. Industrially, PEGs are used as
pigment dispersants or as anti-static agents or mold release agents.® Besides its uses in
biomedical applications, its properties are beneficial for other areas. Thus, PEG can be used for
restoration purposes. The royal warship Vasa, which is located in the Vasa Museum in

Stockholm, was preserved by PEG for 17 years to prevent drying damage in the wood.*®

PEOs with molecular weights above 1,000,000 g mol™ have a unique property: small amounts
dissolved in water (40—50 ppm) increase the flow rate in a pipeline by lowering the friction
without the need to increase the pump pressure. This effect, known as Toms effect, is used, for
example, to pump crude oil in pipelines or to fight fires, by pumping more water through the
hoses.®? PEO is used as seed tapes to ensure uniform planting of the seed. PEO can also be used
as a flocculant for finely dispersed solids in water. For sedimentation, very small amounts in
the ppm range are sufficient for the filtration of coal washery suspensions and uranium- or

bentonite slime, for instance.3?

Amphiphilic triblock copolymers of type A-B-A, where B is PPO and A is PEG, are used as
drug delivery platforms, biological response modifiers, non-ionic surfactants and coating agents
for pharmaceutical formulation.®* The properties of these ABA triblock copolymers can be
specifically tailored by variation of the block length. Such structures are referred to as
poloxamers and are commercially marketed under the name Pluronic® (BASF SE) or

Synperonic® (Croda International PLC).52

Modifying therapeutics with hydrophilic, non-ionic polymers can prevent a recognition by the
immune system. In the context of PEG, the term “PEGylation” is used.?>® The first protein

conjugate Adagen® (PEGylated bovine adenosine deaminase) was approved by the U.S. Food
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and Drug Administration (FDA) in 1990 and is applied for the treatment of severe combined

immunodeficiency disease.5

Polymerization techniques
Anionic ring-opening polymerization

In this section, the conventional anionic ring-opening polymerization (AROP) of ethylene oxide
(EO) will be examined in more detail, starting with a historical review.

Historically, the first synthesis of low molecular poly(ethylene glycol) (PEG) dates back to
Lourenco and Wurtz in the 19" century.%-68 In the late 1920s the synthesis of higher molecular
weight PEGs by using sodium hydroxide as a base was described in detail by Staudinger and
Schweitzer.®® With correspondingly long polymerization times of up to two years, Staudinger
and Lohmann were even able to achieve molecular weights of 120,000 g mol™.7 In 1940, Flory
was able to demonstrate the living character of the AROP and he also proved that the molecular
weight distribution of PEG obtained via the AROP of EO corresponds to a Poisson
distribution.” In this respect, the relationship between the dispersity (D) and the degree of

polymerization (X)) is as follows:

where My, is the weight- and M, the number average molar mass.

Hydroxides, alkoxides, amides, metal alkyls and -aryls are suitable initiators for the AROP.”?
The polymerization mechanism depicted in Scheme 3 can be described by a bimolecular

nucleophilic substitution.
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Scheme 3. Anionic ring-opening polymerization (AROP) of ethylene oxide (EO) via alkali

metal alkoxides.

The driving force of the ring-opening polymerization is the reduction of ring strain. Whereas
the ring strain for oxiranes is 114 kJ mol™, it decreases to 107 kJ mol™ for oxetanes and to
23 kJ mol* for oxolanes.” For this reason, EO (oxirane) can be successfully polymerized via
AROP, but tetrahydrofuran (oxolane) cannot. In the AROP, initiating hydroxide compounds
are usually partially deprotonated to ensure better solubility and to prevent alkoxide
aggregation. Moreover, a quantitative deprotonation is not necessary, since the proton exchange
between the active and the dormant species is faster than initiation and propagation. As transfer
reactions and temporary deactivation occur during the polymerization of EO, the criteria for
“living” anionic polymerization are not met.”* In this regard, the term “degenerative chain
transfer” is used. In both initiation and propagation, a nucleophilic attack of the alkoxide oxygen
anion occurs at the carbon atom of the epoxide derivative. The polymerization mechanisms of
EO can be transferred to other epoxide derivatives. On account of the steric effects of
substitutes, the attack occurs at the primary carbon atom and thus guarantees high regional
specificity.” Protic solvents such as methanol can be used for termination to obtain a hydroxyl
group as the end group. Alternatively, block copolymers can be obtained by addition of another

oxirane monomer to the active chain end.
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A crucial parameter for AROP is the choice of solvent and counter ion (Scheme 4). These two
parameters have an influence on the propagation rate of the polymerization. The more the active
chain end is separated from the counter ion, which correlates with the increasing polarity of the
solvent, the higher is the propagation rate of the polymerization. Besides the bulk (solvent free)
polymerization, there is a wide range of suitable, aprotic solvents available, namely
dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), dimethyl sulfoxide (DMSO),
tetrahydrofuran (THF), 1,4-dioxane and many more.”®"® Cryptands such as 18-crown-6 can
further significantly increase the propagation rate.”®8! Since a negatively charged oxygen atom
is present as the active chain end in the case of EO, the interaction between the active center
and the counterion must be taken into account. Based on the hard and soft acids and bases
(HSAB) principle,®? an oxygen anion is a hard base. According to this concept, lithium
counterions are attached to the alkoxide oxygen atom, thus preventing polymerization through
pronounced aggregation. Consequently, soft and bulky counterions such as potassium or cesium
are required in order to avoid aggregation. Examinations have demonstrated that in the case of
lithium cations no polymerizations took place and hence confirmed the trend that the softer the
counterion, the higher the rate constant: Na* < K* < Cs*,77:8384

0 @ @
(v0-X) == w0 x® = womx" == w0+ X
n
Aggregate Contac?t Solvgnt sep.arated Free ions
ion pair ion pair
X =Na, K, Cs

\j

Increasing polarity of the solvent

Scheme 4. lon solvation in dependence of the solvent polarity.

Conventional PEG possesses two functional hydroxyl groups at the chain ends. These
functionalities can be modified in different ways: either by the choice of initiator and
termination reagent (Scheme 5A) or via post-polymerization modification (Scheme 5B). In the
first method, functional initiators are used for AROP, followed by termination with a functional
reagent. The second method involves derivatization of the terminal PEG hydroxyl groups after
polymerization and without chain degradation. In this context, Thompson et al. wrote an
exceptional review article on heterobifunctional PEGs.®® In the following, the emphasis is
placed on the first method. The scope of initiators for a-functionalization is very wide.”8% It
extends for instance from amine,2"®° azide, carboxylic acid® and acetal®?®® to aldehyde
groups®°¢. A precondition is the stability of the initiators with regard to the harsh AROP

conditions, which is why protecting group chemistry must be used in case of catechol

31



Introduction

functionalities.®” Similar applies to the termination reagent. In addition to azide and alkyne

groups,®® methacrylate®® and carboxylic acid'® functionalities can also be introduced.

1 O AROP, terminating reagent Y 0

Functionalization reagent X

Scheme 5. Introduction of end groups and end group modification.

Monomer-activated anionic ring-opening polymerization

This section deals with the Lewis acid activated, controlled anionic polymerization according
to Deffieux and Carlotti.

Aluminum-based catalysts for the activation and polymerization of epoxides are not new.
Vandenberg pioneered this approach in the 1960s. On the other hand, diethyl aluminum
chloride-based 5,10,15,20-tetraphenylporphine system were introduced by Aida and Inoue.201%
The key issue addressed was the non-uniform polymerization rate of epoxides fluctuating from
minutes (in the case of EO) to days (e.g. styrene oxides), % which could be drastically improved
by the addition of sterically demanding Lewis acids.’®® Tsvetanov et al. on the other hand,
introduced a porphyrin-free catalyst. For this purpose, EO was reacted with NaAlBus in various
solvents such as THF, toluene and n-heptane and studied with regard to polymerization
kinetics.'® The group was also able to effectively polymerize EO with sodium tetrabutyl
aluminate. Another porphyrin-free system was developed by Braune and Okuda, who combined

neutral Lewis acid precursors and “ate” complexes for the polymerization of PO.1%

A seminal work published in 2004 by Deffieux and Carlotti on the polymerization of PO
marked the birth of a polymerization technique that is now commonly referred to as “activated
monomer technique”.'% The activated monomer strategy has become an important alternative
to conventional AROP.”® The key element of this method is the use of an initiator-catalyst
system. An organic salt, such as tetraoctylammonium bromide (NOctsBr) or
methyltriphenylphosphonium bromide (MePPhsBr) serves as the initiator, which is combined
with a Lewis acid such as triisobutylaluminum (iBusAl).1°” The following scheme (Scheme 7)

shows the proposed mechanism:
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Scheme 7. Polymerization mechanism according to the activated monomer technique.

In the activated monomer strategy, the catalyst is used in excess of the initiator. First, an “ate”
complex of low nucleophilicity is formed between the initiator as a weak nucleophile and the
catalyst iBusAl. Furthermore, monomer activation occurs through interaction between the
excess Lewis acid catalyst and the epoxide ring. The electron density in the epoxide ring is
reduced, and its electrophilicity and reactivity towards nucleophiles is increased, facilitating the
subsequent ring-opening. In the initiation step, a nucleophilic attack of the “ate” complex on
the activated monomer occurs. The halide ion initiates polymerization, the monomer is inserted
and further monomer activation takes place for subsequent chain growth. Similar to
conventional AROP, termination takes place using protic solvents. Moreover, *C NMR
spectroscopic analyses revealed no stereoselectivity, but regioselectivity for almost exclusively
head-to-tail-linkages.'% By synthesizing different block copolymers, the “living character” of
this polymerization strategy was demonstrated by the successive addition of comonomers. In
this fashion, amphiphilic diblock copolymers were prepared based on PEG and poly(butylene
oxide) (PBO) respectively poly(hexylene oxide) (PHO)%, poly(glycerol) and poly(glycidyl
amine)!® or PPO and PECH?,
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As already mentioned at the beginning, an excess of iBuszAl is indispensable for the
polymerization technique according to Carlotti and Deffieux. If the ratio of catalyst to initiator
is too high, broad molecular weight distributions result.1** Another point worth mentioning is
the aluminum-complexing capability of oxygen atoms. As a result, rather high catalyst amounts
have to be utilized in the polymerization of acetal-protected ethoxyethyl glycidyl ether (EEGE),
owing to its three oxygen atoms in comparison, e.g. to EO. Because of the nucleophilic oxygen
atoms of the acetal protecting group, EEGE shows strong complexation and thus reduces the

activity of iBuzAl.

An interesting parameter is the choice of the initiator, allowing the end groups to be controlled
specifically. However, the spectrum of available initiators is very limited compared to the
conventional AROP. For example, when NOctsBr is used, a bromide anion initiates
polymerization, whereas tetrabutylammonium azide (NBusNs)''? is used to obtain azido-
functionalized polyethers. However, Sakakibara et al. were able to demonstrate by MALDI-
ToF investigations that undesired initiations occur through transfer of hydride or isobutyl

groups, as depicted in Scheme 8.1

Scheme 8. Possible initiation modes by abstraction of a proton, the isobutyl group or (halide)

anions.

With regard to solvent selection, the only restriction is the use of aprotic solvents. In this
respect, the use of 2-methyltetrahydrofuran (2-MTHF)#, cyclohexane!®®, dichloromethane!!?,
chlorobenzene!®® and toluene®® as well as fluorinated solvents!!® are described. The
complexation of the catalyst by solvent oxygen atoms mentioned above should be considered.
For this reason, the use of 2-MTHF is preferable to tetrahydrofuran (THF) due to its shielding
methyl group.

By employing this polymerization technique, molecular weights of PPO in the range of
170,000 g mol™ were achieved for the first time.'*® In addition, the strong activation of epoxide
rings allows both the (co)polymerization of less reactive and sterically hindered epoxides, such
as glycidyl methyl ether (GME)*. Strong tolerance to functional groups is evident in the

polymerization of benzophenone-based glycidyl ether (EEBP)Y, glycidyl propargyl ether
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(GPgE)8, epicyanohydrin (EPICH), glycidyl methacrylate (GMA)*®, ECH'?, as well as
fluorinated epoxide monomers'*®!2L. An overview of these sensitive epoxide derivatives that

are only suitable for the activated monomer technique is displayed in Scheme 9:
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Scheme 9. Overview of established, functional epoxide monomers that cannot be polymerized

by “classical” oxyanionic polymerization, but are suitable for the activated monomer technique.

Multi-functional poly(ethylene glycol)s and their application
The following section is intended to provide information on multi-functional PEGs.1%2

The above described functionalization possibilities of the terminal PEG hydroxyl groups have
a decisive disadvantage: the total number of functionalities is strongly limited. Especially for
drug delivery, a high loading capacity is crucial. This is precisely where multi-functional PEGs
come in. Although poly(ethylene glycol) is highly established, multi-functional PEGs were only
introduced in recent decades.!?®!2* The copolymerization of EO with epoxide derivatives
distributes functional groups along the polymer backbone resulting in multi-functional PEGs.
In this fashion, also new properties are obtained and the application spectrum of the polyethers

is expanded.1?21%

For instance, the incorporation of glycidyl amines such as N,N-diethyl glycidyl amine (DEGA)
introduces pH-responsive behavior, while the copolymerization of EO with ferrocenyl glycidyl
ether (fcGE) leads to electroactive and thermoresponsive behavior.1?5-128 Catechol units are
highly suitable for complexing ions or coating surfaces. By incorporation and acidic

deprotection of the acetonide-protected catechol glycidyl ether CAGE, these properties can be
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transferred to PEG.'?° In addition, these properties can be tailored by the variation of the

comonomer amount.

Alternatively, apart from the direct incorporation of functional monomer building blocks,
functionalities can also be introduced by post-polymerization modification, e.g. via thiol-ene
click- 13913 or Diels-Alder chemistry®32133, The former can be realized by copolymerization of
EO with allyl glycidyl ether (AGE)™* or ethoxy vinyl glycidyl ether (EVGE)*®. In these
structures the pendant allyl (or respectively vinyl) moieties serve as a platform for subsequent
reactions at the polymer. For the latter, furfuryl glycidyl ether (FGE) units can also be
incorporated.*%137 Another possibility is the incorporation of hydroxyl groups along the
polyether backbone. Linear polyether polyols (polyglycerols, 1inPG) are obtained by the
incorporation and subsequent cleavage of EEGE!?4, an acetal-protected glycidol derivative. Li
and Chau reported in detail on the post-polymerization modification possibilities of these PGs,

including for instance carboxyl-, tosylate-, primary amine- or azido functionalities.'*

The AROP of EO with functional epoxide building blocks not only allows to tailor the
properties of PEG, but also to tailor the polymer architecture. In this manner, the successive
addition of monomers leads to block copolymers, while the AROP of a monomer mixture
results in statistical copolymers.®® It should be noted that the microstructure is strongly
dependent on the reactivity of the epoxide comonomers, and thus ideal random copolymers or
gradient copolymers can be obtained.**® A more detailed discussion on this topic is given in the

next section.

Functional epoxide derivatives can be roughly divided into four classes: glycidyl ethers,
glycidyl amines, alkylene oxides and others (Scheme 6a).2¢ In general, the former are accessible
by etherification of alcohols with ECH. Glycidyl amines can be synthesized by the reaction of
secondary amines with epichlorohydrin. In contrast, alkylene oxides are obtained by oxidation
of the corresponding alkenes. In the class of other functional monomers, a case-specific
subdivision must be made. While glycidyl esters can be synthesized e.qg. by the reaction of ECH
with activated carboxylic acids, epihalohydrins such as ECH can be prepared analogous to
alkylene oxides from the epoxidation of allylic halides. The asymmetry of functional epoxides
raises the additional question of regioselectivity. Due to steric reasons, they are mainly

incorporated regioselectively by head-to-tail connections.®%14

One critical issue in the polymerization of substituted oxiranes is that undesirable chain transfer

reactions are frequently observed under conventional oxyanionic polymerization
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conditions.}#?1% The abstraction of a proton from the methyl- or methylene group at the
epoxide moiety leads to the formation of an allyl alkoxide, which may act as an initiator itself,
resulting in a limitation of the molecular weights. For this reason, the molecular weight of
PEEGE obtained by the conventional AROP is limited to 27,400 g mol™.2* The process is
illustrated in Scheme 6b. A further limitation are the harsh reaction conditions of the
conventional AROP, such as the increased reaction temperatures and the use of strong bases.
As aresult, the variety of functionalities is limited, making the direct polymerization of glycidyl
esters'® or the incorporation of hydroxyl (EEGE)'?*, catechol (CAGE)?, nitrile'®® or alkylene
units (GPgE)*® impossible. Instead, protecting group chemistry or the much milder monomer-

activation technique must be applied.

a) 2o b)

Glycidyl ethers

O, o) R
VAAN Classes of functional \
X poxide derivatives
Alkylene oxides Glycidyl amines
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memOH + RA_OM
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Glycidyl meth late (GMA) Epicyanohydrin (EPICH O
yeidyl methacrylate (GMA)  Epicyanohydrin (EPICH) RO Mk RMo*\ﬁO X
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Trifluoropropene oxide (TFPO) Epihalohydrins

Scheme 6. a) Classification of the functional epoxide building blocks in glycidyl ethers,
glycidyl amines, alkylene oxides and others (here, a selection is shown); b) chain transfer
reaction in the polymerization of an epoxide derivatives including undesired initiation of the

allyl alkoxide species.

Monomer sequence matters: NMR investigation of copolymerization kinetics

In the following section, epoxide copolymerization kinetics will be examined in detail, using
(in-situ) NMR spectroscopy. Following a short introduction to the topic, the copolymerization
of EO and PO with various epoxide derivatives is discussed. Moreover, monomer pairs that do
not include EO or PO are also listed. Copolymerization kinetics from both conventional and

monomer-activated AROP are illuminated.
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The reactivity of comonomers is decisive for the microstructure of copolymers. In the early
1930s Staudinger already investigated the copolymerization of vinyl acetate (VA) and vinyl
chloride (VC). For an equimolar mixture, he observed a shift in the copolymer composition
from9:3t07:3t05:3t05:7 (VC to VA).2 This effect is known as composition drift and
is attributable to differences the reactivity of the comonomers. Similar reactivity of both
comonomers leads to a kinetically indistinguishable incorporation of the comonomers and an
ideal, random copolymer is obtained. In addition, there is a variety of further possibilities for
arranging comonomer units within a polymer chain, leading to alternating or gradient-like

copolymer structures among others. A schematic overview is shown in Scheme 10.

Ideal (random) copolymer

0008000080

Strictly alternating copolymer

@0808Ce08080

Gradient copolymer

@0000eCO80CO

Tapered block copolymer

@000 OO0

Statistical block copolymer

@00CO8eCOCO®

Scheme 10. Schematic representation of different types of copolymers.

In particular, gradient copolymers show special properties.'#64” Establishing living ionic- or
living free-radical polymerization methods have made it possible to access this rather new class
of copolymers, since termination reactions lead to heterogeneity in the copolymer
composition.’*® A characteristic feature of gradient copolymers is their wide glass transition
temperature range, located between the Tgs of the respective homopolymers. In addition, the Ty
for gradient copolymers is strongly dependent on the thermal history.* Further, Karaky et al.
demonstrated for poly(octadecyl acrylate)-grad-poly(methyl acrylate) (PODA-grad-PMA)
copolymers a decrease of the Tm by 10 °C compared to the corresponding block copolymers
and respectively the PODA homopolymer, which showed constant Tr values in the range of
45 °C due to the strong phase separation of ODA and MMA sequences.'*® The reason for this
is a disturbance of the octadecyl acrylate crystal lattice by the MA moieties. Similar to block
copolymers, gradient copolymers may show amphiphilic behavior. For aqueous solutions of

ethoxyethyl vinyl ether/ methoxyethyl vinyl ether gradient copolymers, Okabe et al. observed
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an interesting effect.?>15! While the diameter of micelles made of block copolymers did not
change with increasing temperatures, a “reel-in” effect was observed for the gradient
copolymers: the simultaneous shrinkage of the micellar shell with simultaneous expansion of
the micellar nucleus. In view of the differences in the microstructure, the fields of application
of the copolymers also differ. Thus, random P(EO-co-PO) are used as water-soluble lubricants,
preventing foaming due their higher surface tension compared to PEO-b-PPO block
copolymers. 2213 In contrast, the poloxamers (PEO-b-PPO-b-PEO triblock copolymers)
mentioned above are non-ionic surfactants and are used for instance as pharmaceutical
ingredients and agricultural products or food additives.’™* Potential applications for gradient
copolymers are polymer blend compatibilizers®™® or damping materials'>®**’. In this context,
recently, Harrisson et al. reviewed the synthesis, properties and applications of gradient and
other partially segregated copolymers.?® In the light of this discussion, it is evident why it is

essential to understand the microstructure of copolymers.

A gquantitative description of the copolymerization is given by the copolymerization model
introduced by Mayo and Lewis.®™ This model is a so-called terminal model, this means the

reactivity of monomers can be influenced by the last monomer unit in the growing chain:

kg

~M; +M; S ~M, M, (5)
M+ My B M, M (6)
MM, B M, M )
M+ M, M (8)

Here, ky is the rate constant, A, is the active chain end and My is the monomer. The temporal

decrease of the respective monomer concentration can be determined as follows:

d * *
_% = ki [My] - [M]) + by - [M5] - [M)] ©)
d * *
—%:klz[M]][M2]+k22[M2][M2] (10)

By dividing Equations 9 by 10 and subsequently rearrangement, expression 12 is obtained,

describing the incorporation rate of the comonomers:

aM; k- [M]- [M)] + ko - [M3] - [M4]
dMy k- [MY] - IM] + kg - [MG] - [M]

(11)
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am; M) kyp [M7] +hop [M3] (12)

dM2 [Mg] k[Z[M;k] +k22 [M;]

The assumption of the steady state approximation leads to Equation 14 after rearrangement:

ko - [M3] - IM)] = Ky - [M]] - (M) (13)
[M:] _ oy [ M)
[M;] k12'[M;] 9

Using this approximation, Equation 12 results in:

kil M
M, (M) —”kEz d iy
dM,  [M;] [M,] L Koy [M)] (15)

k21
The reactivity ratios r1 and r> can be defined as the ratio of the addition of the respective
comonomer to the active polymer chain:
= ku = ka2
e kp2 & rz ka (16)
The copolymer equation is obtained by simplifying Equation 15 with the expressions just

derived for the reactivity ratios:

(17)

This equation, also known as the Mayo-Lewis equation'®®, describes the copolymer
composition as a function of the respective (instantaneous) monomer ratio during the
copolymerization. It can be noted that the monomer rate as well as the resulting copolymer ratio
changes throughout the course of the copolymerization. A linear relationship between r1 and r2

is obtained by rearrangement of the copolymerization equation:

ry=r;yr—-

m; [M)? Myl (my
TR T )

(18)

mj
M1/ M2 are known from the initial monomer concentrations, while m:/ m. can be determined
from the copolymer composition using suitable analytical methods (NMR, UV/VIS, etc.).
Equation 18 gives a linear equation for any pair of copolymerization experiments. Thus, the
reactivity ratios r1 and r. can be obtained from the intersection of these straight lines. The

challenge with this method is that intersections often do not meet at a single point. Hence, in
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the next method only one single linear equation is defined for the calculation of the reactivity

ratios.

An alternative method for determining r1 and r is the Fineman and Ross method.®° Here, the
copolymerization equation is converted to the following form:

m; [M;] \m; m; [M,)? (19)
[M>]  (m, B m; [M,)?
[M)] '(m_f )‘ T (20)

Equations 19/ 20 provide linear equations of the shape y =1, -x —r,, respectively
y = —1, * x + ;. Plotting y against x leads to a straight line with a slope r1 (—r2) and an
intercept —r2 (r). Using both equations, it is possible to determine the reactivity ratios from the
slope, which is more accurate. A disadvantage of the method is the uneven distribution of the
measured values, which gives a distorted error structure. Therefore, other methods were

developed.

The third well-known graphical method for determination of the reactivity ratios is based on

(M)

work of Kelen and Tiid8s.*®* Division of Equation 19 with o + = - o7 Vields the following
my 2
expression, where a is an auxiliary variable:
my  [M]] _(@_ 1) . mg (M)
my [M;] \mj tmy [M,]* "2 21)
a+m2_[M1]2 a_l_@_[MﬂZ a_l_@_[MJZ
my [M]? my [M,]? my [M,]?

The following more practical equation can then be derived:

1-¢

n=r;¢—ry (22)

¢ can only take values between 0 and 1. The even distribution of the & values over this interval

is achieved by defining o as the geometric mean of the smallest and the largest value for

2
% . % A graph of # against ¢ is thus a straight line. Here, r1 is obtained for & =1, whereas
1 2

the intercept of — %2 is obtained for £ = 0.

The reactivity ratios from Equation 16 are essential for estimating the copolymer composition
expected for a given monomer pair. In this context, a distinction can be made between four

cases listed in Table 1:
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Table 1. VVarious combinations of the reactivity ratios.

Types of copolymerization Reactivity ratios
Random (ideal) r=1 |r=1
Statistical r>1 | <l

Ideal, ifri-ro=1

NP . rn<l [r>1
Tapered block copolymerization, if r1 ->> 1 and r2 << 1 or vice versa | 2

Statistical-alternating
. . . r<l rn<l
Strictly alternating, if ry = r2 =0

Statistical block copolymerization
o rn>1 [ rn>1
Homopolymerization, if ri =r, >> 1

Apart from classical sampling out at different conversions and analysis of the copolymer
composition at low conversion or triad analysis via NMR spectroscopy, the in-situ monitoring
of copolymerization is an elegant approach for the exploration of copolymerization kinetics and
to determine reactivity ratios in a single experiment. Besides methods like IR162163 and U\/164.165
spectroscopy, both *H NMR and *C NMR spectroscopy are suitable for this purpose. In this
area, our group pioneered in-situ kinetics of both conventional AROP®167 as well as the

monomer-activated AROP, In the meantime, the technology is well established. 168171

In the following, the copolymerization kinetics based on conventional AROP of EO and
afterwards PO with epoxide derivatives according to the classification in Scheme 6 will be
summarized and discussed. An emphasis is placed on NMR spectroscopy (*H NMR analysis of
aliquots obtained by sampling, 3C NMR triad analysis, real-time 'H NMR Kkinetics) as an
evaluation method. Afterwards, copolymerizations under conditions of the monomer-activated
AROP are illuminated before focusing on copolymerizations, in which neither EO nor PO are
involved. Table 2 presents a summary of numerous studies and indicates clearly that the
common oxyanionic copolymerization of EO with a glycidyl ether is in general almost ideal
and fully random. The minimum deviations for ideal conditions r1 = r> = 1 can be traced back
to steric reasons of the respective bulky glycidyl ethers.*?® By application of a new method for
the determination of reactivity ratios, Lynd and co-workers obtained ratios which strongly
deviated from the overall trend in case of EO-AGE/EVGE.'"? In this work, the authors
determined the values for r1 and r2 based on the methylene signal of the benzyl alcohol initiator

and supported the results with density functional theory (DFT) calculations. In contrast, DEGE,
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also evaluated according to this method, behaves almost like other glycidyl ethers and displays

nearly random behavior in the copolymerization with EO.

Table 2. Reactivity ratios obtained for the copolymerization of EO with various glycidyl ethers
according by conventional AROP.

Comonomer structure Comonomer name Fcomonomer | FEO Ref.
2\/0 o ethoxyethyl glycidyl ether 0.94 1.05 140
T (EEGE) random? 173
0 . :
L\/O\/\NJ\ N,N-diisopropyl ethanolamine 1.28 0.82 .
P glycidyl ether (DEGE)
1.31 0.54 172
o]
allyl glycidyl ether (AGE
L\/O\/\ Y gyegy ( ) random? 134
O ethoxy vinyl glycidyl ether 33 0.90 12
OO~ (EVGE) T — 135

0’% catechol acetonide glycidyl 0.88 1.14 129
o OV\/@ ether (CAGE)

O 2-(methylthio)ethyl glycidyl 1.06 0.92 139
NSO g ether (MTEGE) ' |
0 :
L\/O\/Fge ferrocen3(lllzgclsyél)dyl ether random 128
=
0 .
VANGY \/?u Ruthenoce?r)(/:IGgllzy)/udyl ether random 175
=
. Ethoxy ally glycidyl ether Ch
0_0 0.95 1.05 apter
RASS (EAGE) 2.1
5 . .
o 0 Ketone dioxolane glycidyl 0.74 1.35 | Chapter
B P ether (KDGE) 29
O Ethoxy Butoxy Vinyl Glycidyl Chapt:
0_0 0.99 1.01 pter
IO O oS Ether (EBVGE) 3.1

*Triad sequence analysis via 3C NMR spectroscopy.

Table 3 lists the reactivity ratios for the copolymerization of EO with glycidyl amines and
alkylene oxides. Obviously, glycidyl amines are less reactive compared to EO. It can be
observed that the length of the glycidyl amine alkyl chains has no influence on the reactivity of

the monomers. Reuss et al. attributed these observations to the lower electronegativity of the
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nitrogen atom compared to oxygen atoms in case of glycidyl ethers and the less efficient
coordination of the counterion with the glycidyl amines, which can be traced back to the
shielding of nitrogen by the alkyl chains.!?” In comparison, the reactivity of alkylene oxides
decreases with increasing length of the alkyl chains, with EO being more reactive in any case.
Remarkably, the steric substituent constants Es of PO (Es = 0.00) and BO (Es = -0.07) are quite
similar.1’® Hence, this indicates an origin of the reactivity differences in electronic effects. The
additional electron pressure of the ethyl substituent in BO increases the electron density in the

epoxide ring, making it less attractive for a nucleophilic attack.

Table 3. Reactivity ratios determined for the copolymerization of EO with various glycidyl

amines and alkylene oxides polymerized by conventional AROP.

Comonomer structure Comonomer name I'comonomer r'eo Ref.
o N,N-diethyl glycidyl amine | faster incorporation of | ;57
BN (DEGA) EO

N,N-di(n-butyl) glycidyl 2
B\/NH:\/ amine (DBUtGA) 0.49 1.84
N,N-di(n-octyl) glycidyl 0.42 1.78 177
amine (DoctGA).
0]
BN~~~
| . . . . .
o H N,N-diallylglycidylamine | faster incorporation of -
AN (DAGA) EO
o I/Ph N,N-dibenzyl glycidyl faster incorporation of 166
N Ph amine (DBAG) EO
0.25 2.8 179
8\ propylene oxide (PO) 0.30 3.1 179
1.49 2.35 L5
8\/ butylene oxide (BO) 0.148 6.46 1

Application of the activated monomer strategy leads to the formation of gradient copolymer
microstructures. It is interesting to note that to date there is no comonomer capable of forming
random copolymers with EO, when the activated monomer approach is used. Since this
polymerization method represents still a rather recent technique, not many examples are found
in literature (Table 4). Nevertheless, the general conclusion can be drawn that EO is always

incorporated faster than glycidyl ethers. The complexation capability of the iBusAl catalyst by
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the additional oxygen atoms can be attributed to this.*>!4° Consequently, the activation of the
monomers and thus their electrophilicity towards the nucleophilic, active chain end is reduced,

resulting in slower incorporation.

Table 4. Reactivity ratios obtained for the copolymerization of EO with various glycidyl ethers,

alkylene oxides and epoxide derivatives by monomer activated AROP.

Comonomer structure Comonomer name | rcomonomer reo Ref.
0 ethoxyethyl
%O\roj glycidyl ether 0.125 8.00 140
(EEGE)
A glycidyl methyl radient (EO faster)? 45
N0 ether (GME) . ( )
O glycidyl propargyl
Z 0.076 14.8 118
N0 ether (GPQE)
AO propylene oxide 0.013 2.05 111
(PO)
O, epoxy undecane
%/\/\/\/\/O\n/g methacrylate 0.10 9.43 Chapter
0 (EUMA) 3.2
0 _N epicyanohydrin “rather random or
8 c” (EPICH) gradient microstructure”? o

*Triad sequence analysis via 3C NMR spectroscopy.

Table 5 outlines the results for the copolymerization of PO according to conventional and
monomer-activated AROP. EPB, also an alkylene oxide, is the only known monomer providing
random copolymers with PO, which can be explained by the structural similarity.® As
mentioned above, glycidyl ethers exhibit similar behavior as EO. However, since the latter is
also preferred in the copolymerization with PO, this also applies to the glycidyl ethers.
Ponomarenko et al. attribute the higher reactivity of GME and GMT to the complexation of the
alkali metal counterions, facilitating nucleophilic attack at the epoxide ring.*®° The above
depicted steric shielding of the nitrogen atom in glycidyl amines caused by the alkyl residues
interferes the coordination of ions, hence explaining the lower reactivity of DEGA in the
copolymerization with PO. Owing to the fluorine atoms in TFEP, the reactivity of the structural
analogue PO is significantly increased due to the strong electron pull on the epoxide ring, as

evidenced by the reaction parameters of rrrep = 18.0 and rpo = 0.16.

It is an intriguing fact that the reactivity ratios in the copolymerization of EEGE and PO are

reversed under monomer-activated conditions (reece = 0.18, rpo = 3.58) and are similar to those
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of the monomer pair EEGE-EO (reece = 0.125, reo = 8.00). Again, the reason for this is the
oxophilicity of the aluminum catalyst and the resulting complexation by the three EEGE oxygen
atoms, weakening the activation of the monomer. Interactions between the lone pairs of the
chloride in ECH and iBuzAl catalyst could also be the reason for the reduced activity of this

monomer.

Table 5. Reactivity ratios determined for the copolymerization of PO with various glycidyl

ethers, glycidyl amines, alkylene oxides and epoxide derivatives.

Comonomer Comonomer name Polymerization . . Ref
structure technique comonomer PO '
0 glycidyl methy ether
AN (GME) con. AROP 3.15 0.305 [

0 - .

0. O ethoxyethyl glycidyl faster incorporated 46
=~ T ether (EEGE) con. AROP of EEGE
o N,N-diethyl glycidyl 0.3 1.9 180

amine (DEGA) con. AROP 09 17 181

34-epoxy-1-butene | ;on AROP 1.0 10 | 10
(EPB)

%N\/
o
A~
O
L\© styrene oxide (SO) con. AROP 2.07 0.62 180
0]

glycidyl methyl con. AROP 4.45 054 | 180
N thioether (GMT) ' ' '
B\ 3,3,3-trifluoro-1,2- con. AROP 18.0 0.16 180
CF; epoxypropane (TFEP)
0 -
A _o_o_ | ethoxyethyl glycidyl | 5 Arop 0.18 358 | 18
T ether (EEGE)
O epiCh|0r0hydrin m. a. AROP 0.16 1.21 110
A (ECH) a ' '

Table 6 summarizes the copolymerization kinetics of monomers based on the to conventional
AROP, in which neither PO nor EO were involved. Generally, it can be concluded that the
copolymerization of two glycidyl ethers (FCGE-AGE, A-B) leads to rather random copolymers.
In the copolymerization of GME and EGE, the small difference in monomer reactivity is due
to the inductive effect of the alkyl groups. As a consequence of the methyl substituent in GME,
this effect is less pronounced. Thus, the electron density at the oxygen atom and in the epoxide
ring is lower, facilitating the attack of the nucleophilic, active chain end. In the case of the

copolymerization of two alkylene oxide derivates (BO-C), the copolymerization is also ideal
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and random. This is consistent with the above-mentioned copolymerization of PO with EPB.
In analogy to the observations that glycidyl ethers react faster than PO, similar conclusions can
also be drawn here (BO-A), whereas the difference is even more significant due to the lower
reactivity of BO. With regard to glycidyl amines, it can be observed that the length of alkyl
substituents has no influence on the reactivity of the monomers (cf. EO-glycidyl amine
copolymers). Furthermore, the incorporation of glycidyl amines is slower in comparison to
glycidyl ethers as a result of the lower electronegativity of nitrogen compared to oxygen and
most likely also due to coordination effects.

47



Introduction

Table 6. Reactivity ratios determined for the copolymerization of various glycidyl ethers,

glycidyl amines and alkylene oxides polymerized by conventional AROP.

Monomer Monomer Monomer Monomer r r Ref
structure 1 name 1 structure 2 name 2 ! 2 '
glycidyl ]
2 0 ethyl glycidyl
thyl eth 183
LA 0 me(G)|/v| eE) er D _o_ ether (EGE) 1.42 10.55
O ferrocenyl _
oS lycidyl ether A allyl glycidyl 167
& | ren OO | ether(ace) | "PM9OM
B\/O o 8\/0 o)
HOQ A ”‘@U B 0.96 | 1.02 |
2\/0~H40 A 0.
% B MO\Q C 88 [0.12| 1
CsHy, CsHy,
0 butylene 2\/\1{9
I oxide (BO) O\Q c 11 |0.91 ]|
0 butylene | A oyo -
B oxide (BO) @L@ A 017 | 6.0
0 butylene O%OH;)
SN oxide (BO) \Q\O\ B 014 ] 7.3 170
Ph 3
o ( glycidyl (© methyl .
LA _N_Ph amine &/N glycidyl amine 0.91 | 0.98
(DBAG) b (BMGA)
N,N-dibenzyl
Ph Ivcidvl benzyl
8\,Nr Ph ga),ﬁi'ng 2\/0\/© glycidyl ether | 0.80 | 3.24 |
(DBAG) (BGE)

An analogous survey for copolymerization kinetics according to the monomer active method
can be found in Table 7. Structurally related monomers such as glycidyl ethers (EEGE-
GME/EGE) copolymerize randomly. On the contrary, glycidyl esters as a scarcely investigated
class of monomers are more reactive than glycidyl ethers (GME-GMA, EEGE-GC). This is
attributable to the stronger complexation of the iBusAl catalyst and the resulting lower
activation of the glycidyl ethers. Concerning the copolymerization of ECH and glycidyl ethers
(EEGE/AGE-ECH), resulting in gradient copolymers, the same rationale is valid.
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Table 7. Reactivity ratios obtained for the copolymerization of various glycidyl ethers and

various epoxide derivatives polymerized by monomer activated AROP.

Monomer Monomer Monomer | Monomer name r r Ref
structure 1 name 1 structure 2 2 ! 2 '
A_ ethoxyethyl | glycidyl methyl
0,0 lycidyl eth 185
T j g YE?éEng) erl Ao, ether (GME) 090|111
2\/ ethoxyethyl o} ethyl glycidyl
o._O0 Ivcidvl eth 186
T j g y(clétljz)gét) erf A _o_- ether (EME) 0.98 | 0.95
glycidyl 0 glycidyl
2\/0\ methyl ether %Oj(g methacrylate | 0.37 | 1.24 119
(GME) o (GMA)
0 ethoxyethyl _
LA _o_o el ather || A s s glycidyl Chapter
T j g y(CéEéé) o ?,'/\/@ cinnamate (GC) U2 || 2.3
h
0 ethoxyethyl . . SMOot
L _o_o Ivcidvl eth o epichlorohydrin | gradient 109
T Peger | (ECH) (ECH
faster)
0 allyl glycidyl 0 epichlorohydrin 120
OO0 | ether (AGE) | &Ll (ECH) 14| 66

After this introduction, the following chapters deal with multi-functional PEGs and PGs. In

addition to the synthesis and characterization, the focus was on the possible applications for

these novel materials.
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ABSTRACT

We introduce the novel bifunctional and acid-cleavable ethoxy ally glycidyl ether (EAGE)
monomer. Using the anionic ring-opening polymerization (AROP) PEAGE-b-PEG-b-PEAGE
triblock copolymers were prepared from poly(ethylene glycol) (PEG) macroinitiators with
different molecular weights (Mpes = 2,000-20,000 g mol™?). In addition to a detailed
characterization (SEC, NMR spectroscopy, MALDI-TOF MS, DSC), hydrogels were formed
via thiol-ene photo-click chemistry. To gain a deeper understanding of the materials properties,
the triblock copolymers were crosslinked, while being analyzed on a rheometer. The materials
were optimized regarding their water absorption capacity by varying the PEG block lengths,
leading to swelling ratios up to 5,400%. Additionally, the stability of the hydrogels was
investigated at various pH values in acidic, aqueous solutions. Random PEG-ran-PEAGE
copolymers were synthesized by AROP of EAGE and ethylene oxide (EO). A well-defined and
narrow-distributed copolymer series was synthesized (Mn = 3,800-5,800 g molt, » <1.16) in
which the incorporation ratio of EAGE was varied (5-100 mol%). Real-time *H NMR Kkinetic
measurements revealed a random incorporation of both monomers. Thermal properties were
investigated by DSC. Targeted addressing of the EAGE allylic double bonds was performed

with a cysteine derivative by thiol-ene click chemistry.

Regarding biomedical applications, cleavable and reactive moieties are highly interesting.
Conceivable is the use as a drug delivery system in which therapeutically effective drugs can

be specifically bound to the polymer backbone and released at the appropriate pH range.

TABLE OF CONTENTS
EAGE (\%\l(?/\%\?f)
Functionalization Cleavable Hydrogels
Random Copolymers : Ethoxy Ally Triblock Copolymers:
P(EO-co-EAGE) Glycidyl Ether  P(EAGE-b-EO-b-EAGE)
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INTRODUCTION

Poly(ethylene glycol) (PEG), also known as poly(ethylene oxide) (PEO), is often referred to as
the “gold standard” of biocompatible polymers and displays a unique water solubility.!? This
can be attributed to the distance of the oxygen atoms in the polymer backbone, which is ideal
to form hydrogen bonds with the water molecules.® Due to its remarkable characteristics such
as its low toxicity and immunogenicity,* PEG has a broad field of possible applications>®
especially in the biomedical field. One example is the so-called “PEGylation”, which is a
technique that allows an increase of the circulation time of therapeutically useful peptides or
proteins in the blood.”® Another application is the improvement of the solubility of

hydrophobic drugs. Pegasys®, which is used to treat hepatitis C, is an example of such a drug.°

Because of its outstanding properties and biocompatibility, PEG is an ideal material for
hydrogels.!**2 Hydrogels are insoluble polymeric networks, which can absorb high amounts of
water.™® These polymeric networks can be formed by crosslinking. Different approaches for
crosslinking have been established so far.}* There is a tremendous range of potential
applications for hydrogels, such as carriers for cell transplantation, scaffolds for tissue
engineering or drug depots.™® Particularly noteworthy are stimuli-responsive hydrogels which
react to external stimuli such as changes in temperature, pH or chemical environment, for
example by degradation.’®” In the field of degradable PEG hydrogels, there is a wealth of
different cleavage mechanisms, such as photolytic,'®2° reductive?2 or enzymatic®?. Acid-
degradable PEG hydrogels are particularly interesting in the area of tissue engineering and as
nanogels, in cancer treatment.?®-° The introduction of acid-labile units in PEG hydrogels has
already been realized by various approaches. Messersmith et al. described the crosslinking of
catechol functionalized 4-arm PEG by complexation with 1,3-benzenediboronic acid. Stable
gels were formed at pH 9, which dissolved through acidification.3! Covalently crosslinked,
acid-cleavable PEGs were reported by Kim and co-workers. Here, phosphoesters and
phosphoamides were used as cleavage sites to make the PEG hydrogels degradable and the use
of these gels as drug delivery systems for doxorubicin was successfully demonstrated.?
Hydrogels with acetal cleavage sites were already used as nanocarriers for allergen
encapsulation® or as a promising candidate for the synthesis of bone biomaterials®.

In this work, we introduce the novel acid-cleavable allyl glycidyl ether analogue: ethoxy ally
glycidyl ether (EAGE). EAGE combines the acid-degradable character of 1-(glycidyloxy)ethyl
ethylene glycol ether (GEGE)® or ethoxyethyl glycidyl ether (EEGE)®® with an allyl group,

offering a variety of post-polymerization modification possibilities.3~** Using anionic ring-
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opening polymerization (AROP), random PEG-ran-PEAGE copolymers (Scheme 1A) were
synthesized and functionalized with the cysteine derivative N-(tert-butoxycarbonyl)-L-cysteine
methyl ester by thiol-ene click reactions. PEAGE-b-PEG-b-PEAGE triblock copolymers
(Scheme 1B) were prepared from PEG macroinitiators with varying molecular weights.
Crosslinking was successfully performed by thiol-ene click chemistry to obtain hydrogels

which were optimized in order to achieve a high water uptake.

A) random copolymers

O\/\
~_OH 18-crown-6, KO'Bu \r
o + n O + m 0._0 0]
@/\ /—\/ T ~ X DMSO, 55°C, 1d @ H
O\/\O'<\/O O>’
n

m

B) triblock copolymers

HO%VO;X %OTO\/\ bulegB; 1d §A>/<V M }

x=45-454

Scheme 1. Synthesis strategies for different polyether architectures using EAGE. A) Random
PEG-ran-PEAGE copolymers. B) PEAGE-b-PEG-b-PEAGE triblock copolymers.
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EXPERIMENTAL PART

Instrumentation. All *H NMR spectra were recorded on a Bruker Avance 11 400 (5 mm BBFO
Z-gradient probe and ATM, SampleXPress 60 auto sampler) at 400 MHz. Real-time *H NMR
(400 MHz) kinetic studies, inverse gated *C NMR (100 MHz) and 2D NMR spectra were
measured on a Bruker Avance Il HD 400 spectrometer equipped with a 5 mm BBFO
SmartProbe (Z-gradient probe) and an ATM as well as a SampleXPress 60 auto sampler. The

chemical shifts were internally referred to residual proton signals of the deuterated solvent.

An Agilent 1,100 Series with Polymer Standards Service (PSS) HEMA columns
(300/ 100/ 40 A porosity) was used for size exclusion chromatography (SEC) measurements
with DMF (containing 1 g L™ lithium bromide) as eluent at 50 °C in combination with a Rl and
UV (275 nm) detector. Calibration was achieved using PEG standards by PSS.

Differential scanning calorimetry (DSC) was measured on a Perkin Elmer 8,500 in a
temperature range from -95 °C to 95 °C using heating and cooling rates of 20 K min* (first
cycle) and 10 K min*? (second cycle) under a nitrogen atmosphere. The data points of the

second heating cycle were used for evaluation.

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF
MS) measurements were conducted on a Shimadzu Axima CFR MALDI-TOF mass
spectrometer with a pulsed nitrogen laser (2 = 337 nm, t = 3 ns), employing dithranol as matrix

and potassium trifluoroacetate as cationization reagent.

Hydrodynamic radii were measured by dynamic light scattering (DLS) using a Malvern
Zetasizer Nano ZS. For this purpose, aqueous solutions of the PEAGE-b-PEG-b-PEAGE
copolymers were prepared in PBS buffer solution. The measuring cell holder was equipped
with a Peltier-controlled thermostat. All measurements were carried out in polystyrene
disposable cuvettes made by Brand GmbH at a constant temperature of 25 °C. The solutions
were measured at a laser wavelength of 633 nm and a scattering angle of 173°. Malvern

Zetasizer series software v7.11 was used for the evaluation.

Rheological studies were performed on a stress-controlled modular compact Anton Paar
Physica MCR 302 rheometer with a cone-plate geometry (cone diameter: 25 mm, cone angle:
1°), equipped with the Peltier-temperature-controlled hood H-PTD 200. For irradiation, an
OmniCure S1500 UV light curing system was used, operated with a high pressure 200 W
mercury vapor short-arc lamp. Using the integrated shutter, which was 10% open, the intensity
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of UV radiation was mitigated. The implemented bandpass filter transmitted UV-light between
320-500 nm (irradiance: 23 W cm). UV-light was transferred to the Rheometer by an optical
fiber cable, which was positioned central under the lower, UV-permeable glass plate to ensure

homogenous illumination.

For the post-polymerization modification and crosslinking by thiol-ene click reaction, the UV
lamp XX-15B (Ultra-Violet Products Ltd) was used, which consisted of two UV tubes (model
T-15.M: 312 nm; T-15.L: 365 nm) provided by Vilber Lourmat Deutschland GmbH.

Materials. All reagents and solvents were obtained from common manufacturers, such as Sigma
Aldrich, Alfa Aesar, Tokyo Chemical Industry (TCI) and abcr GmbH. DMSO-ds was purchased
from Deutero GmbH. Dialysis membranes (regenerated cellulose, MWCO = 1,000 g mol™?)
were purchased from Orange Scientific. All chemicals were used without prior purification
unless explicitly mentioned. In the case that purchased allyl vinyl ether (AVE) showed a
brownish color, purification was conducted via flash column chromatography (SiOz, pentane).*?
Initiator reagents were dried by azeotropic distillation of benzene and traces of THF. EAGE

was purified by stirring over CaHz and distillation.

Monomer synthesis (ethoxy allyl glycidyl ether). The synthesis of EAGE was performed
corresponding to the preparation of ethoxyethyl glycidyl ether (EEGE) according to Fitton et
al..*®* 0.9 mL Glycidol (13.5 mmol, 1 equiv) and 4.5 mL allyl vinyl ether (AVE, 42.6 mmol,
4 equiv) were mixed in a round bottom flask and cooled to 0 °C in an ice/water bath.
Subsequently, 25.9 mg p-toluenesulfonic acid monohydrate (p-TsOH, 0.1 mmol, 1 mol% with
respect to glycidol, dissolved in 0.5 mL THF) was added and the mixture was stirred under
further cooling. After four hours, the colorless mixture was extracted twice with an aqueous
solution of sodium bicarbonate (NaHCO3). The organic phase was separated, dried over sodium
sulfate (Na,SO4) and the excess of AVE was removed by distillation under atmospheric
pressure at 80 °C. Afterwards, traces of AVE were removed under reduced pressure at room
temperature. Then, the temperature was raised to 70 °C and EAGE was obtained as a colorless
liquid with a yield of 50%. *H NMR (400 MHz, DMSO-ds): & (ppm) = 1.24 (m, 3H, Hs), 2.53—
2.77 (m, 2H, H1), 3.10 (m, 1H, Hy), 3.23-3.82 (m, 2H, Ha), 3.90-4.14(m, 2H, He), 4.75 (m, 1H,
Ha), 5.13 (dd, 1H, Hs), 5.25 (dd, 1H, Hy), 5.90 (m, 1H, H7). *3C NMR (100 MHz, DMSO-ds):
d (ppm) =19.70 (Cs), 43.60 (C1), 50.30 (Cz), 65.70 (Cs), 66.22 (Cs), 98.90 (Cs), 115.90 (Cs),
135.20 (Cy).
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Poly(ethylene glycol)-ran-poly(ethoxy ally glycidyl ether) (PEG-ran-PEAGE). The described
procedure corresponds to the preparation of PEGge-ran-PEAGE:13 (entry 4, Table 1). Syntheses
of other copolymers were performed analogously, whereby the ratios of EO and EAGE were
varied. 32.7 mL 2-(Benzyloxy)ethanol (0.03 mL, 0.23 mmol, 1 equiv), 18-crown-6 (0.12 g,
0.46 mmol, 3 equiv) and KO'Bu (0.02 g, 0.21 mmol, 0.9 equiv) were transferred into a 100 mL
Schlenk flask. After addition of 3 mL benzene and 2 mL THF, the solution was stirred under
reduced pressure at 60 °C for 30 min. The content of the flask was frozen using liquid nitrogen
and evacuated overnight. In the next step, the flask was flushed with argon and 6 mL dimethyl
sulfoxide (DMSOQ) was injected via syringe. After freezing with a dry ice/ethanol cool bath,
0.45 mL dried EAGE (2.87 mmol, 13 equiv) was added. After evacuation, 0.72 mL EO
(15.87 mmol, 69 equiv) was condensed into the flask. The mixture was heated to 55 °C for 24 h.
Thereafter, the reaction was terminated with addition of 1 mL MeOH. To remove DMSO, the
solution was diluted with 40 mL dichloromethane (DCM) and extracted five times with 10 mL
aqueous NaHCOs solution. For further purification, the concentrated organic phase was
dialyzed against a mixture of MeOH/DCM (2 : 3) for 24 h. To prevent cleavage of the acetal
groups by traces of acids, NaHCO3 was added to the dialysis solution. The polymer was dried

under reduced pressure, leading to a yield of 83%.

Sample preparation for real-time H NMR kinetic studies. 2-(Benzyloxy)ethanol (30 mg,
0.2 mmol, 1equiv), KO'Bu (20mg, 0.18 mmol, 0.9 equiv) and 18-crown-6 (156 mg,
0.59 mmol, 3 equiv) were dissolved in 2 mL of benzene and 1 mL of THF in a 10 mL Schlenk
tube and stirred under reduced pressure for 30 min at 60 °C. The solvents were removed under
reduced pressure over a period of 24 h. Subsequently, 1 mL DMSO-ds was added. A Norell S-
5-400-VT-7 NMR tube was evacuated overnight and then flushed with argon. 0.1 mL was taken
from the initiator solution under a stream of argon and transferred to the NMR tube. The
solution was frozen in liquid nitrogen and 0.5 mL DMSO-ds was added. EAGE was dried over
CaH. and distilled under reduced pressure prior to use. After addition of 78 uL EAGE
(4.93 mmol, 25 equiv) to the NMR tube, vacuum was applied and a targeted amount of 22 puL
EO (4.93 mmol, 25 equiv) was condensed inside the tube. The frozen NMR tube was sealed
with a Teflon plug and after thawing vigorously shaken several times to homogenize the
solution. Next, the NMR tube was placed in a pre-heated NMR spectrometer at 55 °C. After
reaching a stable temperature (~10 min, AT = 0.1 K), the measurement was started. The total
measurement time was six hours, whereby two spectra were recorded every minute with one
scan. Sample spinning was turned off. SI-Figure 1 shows the SEC traces of the isolated
PEGi32-ran-PEAGEz30 copolymer (Mn = 2,500 g mol™; = 1.12).
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Post-polymerization modification: thiol-ene functionalization of random PEG-ran-PEAGE
copolymers. The procedure is based on a procedure of Feldmann and Martin.* 2,2-Dimethoxy-
2-phenylacetophenone (DMPA) (1 wt%) was used as photoinitiator and added to a mixture of
PEGsge-ran-PEAGE 13 (entry 4, Table 1) and N-(tert-butoxycarbonyl)-L-cysteine methyl ester
(BCCME) (ratio ally double bond to thiol = 1 : 10) in MeOH/DCM (1 : 1). After three times
degassing via the freeze pump thaw method, the solution was stirred for two hours under UV
light irradiation. In the next step, the modified copolymer was purified using dialysis against
MeOH/DCM (2 : 3) and subsequent dried under reduced pressure, leading to a yield of 90 %

Poly(ethoxy ally glycidyl ether)-block-poly(ethylene glycol)-block-poly(ethoxy ally glycidyl
ether) (PEAGE-b-PEG-b-PEAGE). The approach shown here relates to the synthesis of
PEAGE3s-b-PEG4s-b-PEAGE:3 (entry 1, Table 4). Preparations of the other triblock copolymers
were performed analogously, wherein the size of the PEG macroinitiators was varied. PEGss
(0.9 g, 0.45 mmol, 1 equiv) and KO'Bu (91 mg, 0.81 mmol, 1.8 equiv) were transferred into a
Schlenk flask and 3 mL benzene and 2 mL freshly distilled THF were added. Subsequently, the
mixture was stirred for 30 min under reduced pressure at 60 °C. The mixture was frozen with
liquid nitrogen and the solvents were removed overnight under vacuum. Then, the
macroinitiator PEGas was melted at 75 °C and dried EAGE (0.57 mL, 3.60 mmol, 8 equiv) was
added. After 24 h, 1 mL MeOH was added and the mixture was dialyzed against MeOH/DCM
(2 : 3). To prevent acetal cleavage by traces of acids, NaHCO3 was added. The polymer was

dried under reduced pressure. The yield was 71%, with the loss being due to dialysis.

Hydrogel preparation and crosslinking. The respective PEAGE-b-PEG-b-PEAGE (1 equiv)
and pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) (2 equiv) were dissolved in PBS
buffer solution (SI-Table 1). A solution of 2-hydroxy-2-methylpropiophenone (HMP) in
ethanol (10 wt%) was added to the mixture (1.5 wt% with respect to the polymer and PETMP).
After mixing, the solution was poured into a mold of aluminum foil, which was covered with a
quartz glass lid and exposed for 30 minutes to UV light. Then, the resulting hydrogel disk was
frozen in the refrigerator at -18 °C and subsequent transferred from the aluminum foil mold in
a screw-top glass filled with PBS buffer solution. The hydrogel was allowed to swell for two
days. After weighing, the gel was again placed in PBS and the weight was re-determined after
one hour until three measured values were obtained. To determine the dry weight, the hydrogels

were dried by lyophilization.

Network characterization. The overlap concentration was determined as*®:
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\ 3+ M,
c T e
4-m-Ry-Ny 1)

where My is the number average molecular weight, Rg is the radius of gyration and Na is the
Avogadro number. Here, Ry was calculated using the relation according to Burchard for a

monodisperse random coil in a good solvent: R, = 1.78 - 708

Hydrogel characteristics were calculated according to the following equations*’—°:

Swelling ratio (SR) = Ws = W
welling ratio = @)
_W
Mass degree (Qm) = Wd (3)
Pp
Volume degree (Qv) =1+ p_ (Qm - 1) (4)

N

where Ws is the weight of the swollen gel, Wy is the weight of the dry gel, p,, is the density of
PEG (p, = 1.12 g mL™)* and p, the density of water (p, =1 gmL™).

To determine the hydrogel mesh size &, first the molecular weight between the crosslinks M
was calculated based on a modified Flory-Rehner theory®* according to Merrill and Peppas.®253

This modification applies to hydrogels prepared in solution.>

L2 () (= va) + v 4,3

M, 1 ()
M. M, Vg, l(Vz,s)é _ (%IVZ’S)l

To simplify the calculation, it was assumed that the triblock copolymers consist of EO units
only. Thus, the resulting error is minimized with increasing size of the PEG macroinitiators.

For Mn, the average molecular weights of the triblock copolymers determined from the *H NMR

spectra were used. v is the specific volume of the polymers and obtained by %, v, Is the
p

polymer volume fraction in the swollen hydrogel and corresponds to the reciprocal value of Q,

V1 is the molar volume of water (18 mL mol™?) and x,; is the polymer-solvent interaction

parameter (for PEG-water interaction: y, = 0.426)%.
The mesh size & was calculated according to Canal and Peppas®®:
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1
—y3.(n.c M),
c=v,i (26 ) ©)
where C, is the characteristic ratio of PEG (Cn =4.0), M is the molecular weight of the

repeating unit (44.05 g mol™* for PEG) and | is the average bond length (0.154 nm).%

For the unperturbed root-mean-square end-to-end distance (FZ) of a freely-jointed polymer

chain, the following expression was used®’:

_ 1 1
R*y=n1-C2-1 7
where n is the number of repeating units.

Rheology measurements. The starting mixtures contained the respective PEAGE-b-PEG-b-
PEAGE triblock copolymer (Table 4), the thiol PETMP, the photoinitiator HMP and PBS
buffer solution in the same concentration as for the hydrogel preparations, which were used for
the water uptake studies. In the first step, strain sweeps were measured before the photogelation.
For this purpose, the sample was equilibrated at an angular frequency of o =1 rads? for
5 minutes at 25 °C. Subsequently, the shear deformation y was varied (1-100%) at a constant
angular frequency (w = 1 rad st). Then, a value for y was selected at which the moduli G' and
G" formed a plateau. For the following frequency sweeps, the chosen value for y was kept
constant and the frequency was varied in a range of 1-50 rad s™. From each measurement, a
value for @ was selected, where the non-crosslinked mixture responded as a viscoelastic liquid.
During the photogelation tests, the temporal changes in the moduli were observed at the
respective constant values for y and w. The samples were given a few minutes lead time before
the UV lamp was turned on. When G' leveled off in a constant plateau, the measurements were
terminated. The following strain and frequency sweep measurements were performed

analogous to the first measurements before photogelation.

Network stability tests. To study the hydrogel stability, the two triblock copolymers PEAGE:3-
b-PEG4s-b-PEAGE:; (entry 1, Table 4) and PEAGE3-b-PEGuss-b-PEAGE3 (entry 5, Table 4)
were used, which consisted of the smallest (Mn=2,000gmoll) and the largest
(Mn = 20,000 g mol!) PEG macroinitiator. After the preparation of the hydrogels, they were
divided into three equal parts in the frozen state. These parts were transferred to a buffered
solution of pH 3, pH 4 and pH 5. The time was measured until the gel dissolved in an optically

clear solution.
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RESULTS AND DISCUSSION
A. Synthesis of EAGE monomer.

The electrophilic addition of glycidol to ally vinyl ether (AVE) was performed with p-
toluenesulfonic acid (p-TsOH) as an acid catalyst (Scheme 2).

o~ 0 p-TsOH
+ B -
770 LN _OH (°C_rt.4h

L\/OTO\/\

Scheme 2. Synthesis of EAGE monomer.

The reason for the preferred conversion of the vinyl ether group is the mesomeric effect. In the
first step of the reaction, the addition of a proton to the vinyl double bond takes place. The
resulting carbenium ion is stabilized by the mesomeric effect of the oxygen atom. In the next
step, the nucleophilic attack of the glycidol takes place. To generate the highest possible yield
with respect to glycidol, AVE was used in excess. The cooling of the reaction is essential, as it
is exothermic. The reaction was optimized regarding the following parameter: reaction time,
amount of catalyst and the ratio of the reactants glycidol/AVE. Crucial is the quantitative
removal of p-TsOH via extraction with saturated NaHCOs solution before distillation,
otherwise the combination of heat and acid traces can lead to acetal interchange.*® The yield
was on average 50% after optimization of these parameters. At temperatures below 4 °C, EAGE
is storage stable for months. The *H NMR spectrum (Figure 1) shows all characteristic signals.
13C NMR and 2D NMR spectra can be found in the Supporting Information (SI-Figures 2—6).
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Figure 1. *H NMR spectrum (400 MHz, DMSO-ds) of EAGE monomer.
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B. Synthesis & characterization of random PEG-ran-PEAGE copolymers, real-time

'H NMR Kkinetics, thermal properties and post-polymerization modification.

Synthesis & characterization. The anionic ring-opening polymerization (AROP) of EO and
EAGE was carried out under vacuum at 55 °C in DMSO. Higher reaction temperatures can lead
to chain transfer reactions of DMSO. 2-(Benzyloxy)ethanol was used as the initiator, which
comprises both an UV-active phenyl and a methylene group. Both signals do not overlap with
other signals in *H NMR and can be used for integration and determination of the absolute
molecular weight. The hydroxyl groups of the initiator were deprotonated with KO'Bu to 90%.
Azeotropic distillation with benzene under vacuum removed traces of water in the reaction
flask. The removal of the DMSO after the polymerization was quantitative by using a

combination of liquid-liquid extraction and subsequent dialysis.

To investigate the random copolymers systematically, the EAGE content was varied from
5 mol% to 100 mol%. The anionic ring-opening polymerization of EAGE and EO resulted in

monomodal molecular weight distributions (Figure 2).

PEG10,_L_‘-r£in-PEA¢.'5E5
PEGBG-ran-PEAGE”
PEI!S‘51 -ran-PEAGE 14
PEG15-ran-PEAGE20

L

17 18 19 20 21 22 23 24 25
elution volume [mL]

Figure 2. SEC traces (DMF, PEG-standard, RI detector) of selected copolymer samples:
PEGio0s-ran-PEAGEs (entry 2, Table 1); PEGgs-ran-PEAGE:3 (entry 4, Table 1); PEGei-ran-
PEAGEu (entry 5, Table 1); PEGis-ran-PEAGE2o (entry 7, Table 1).

Table 1 summarizes the SEC data for the copolymerization of EAGE and EO. The molecular
weights range from 3,800 g mol? to 5,800 g mol* and show dispersities (D =My Mn?)
below 1.17. The comparison of the theoretical molecular weights M,™" with the measured values
of My indicates a deviation with increasing EAGE content up to approximately 60%. This is
attributable to the increasing hydrophobicity of the copolymers, which correlates with the
amount of incorporated EAGE. Consequently, the hydrodynamic radii of the copolymers differ

from those of the PEG-standards used in the SEC measurements in DMF. In addition, Table 1
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clarifies that the difference between theoretical and calculated molecular weights from the
NMR spectra increases with increasing amount of EAGE. This is due to the combination of
reduced pressure and elevated temperature in the polymerization, which exceeded the boiling
point both of EAGE and EO. Since EAGE exhibit a comparatively lower polarity than EO, the
molecule has a higher gas permeability for the permeation through the rubber septum. Thus,
EAGE probably diffused through the septum due to the reaction conditions during the
polymerization. Such a behavior was already observed for the polymerization of 1,2-butylene
oxide and glycidol.>® This issue will be discussed again later in the Kinetic section.

Table 1. Overview of synthesized PEG-ran-PEAGE copolymers.

Mn? /
N EAGE/ Md"/ Mo/ "
No. Composition? gmol- D

mol%?® gmol! gmol! .

1 PEAGE2s 100 5,100 1,500 4,400 1.16
2 PEGigs-ran-PEAGEs 5 5,100 2,800 5,400 1.10
3  PEG72-ran-PEAGEy 11 5,100 2,500 4,600 1.08
4 PEGgs-ran-PEAGE1s 13 5,100 2,500 5,800 1.12
5 PEGei-ran-PEAGE14 19 5,200 2,400 4,900 1.07
6 PEGgzr-ran-PEAGE:s 40 5,100 2,400 4,000 1.07
7 PEGis-ran-PEAGE2o 56 5,000 2,000 3,800 1.06

2 Values calculated by *H NMR spectroscopy. ® Determined by SEC in DMF (PEG-standard).

Characteristic signals of the EAGE could be assigned in the *H NMR spectra of the copolymers.
Based on the initiator signals, the amount of EAGE and EO was also calculated. Figure 3
exemplarily shows the *H NMR spectrum of PEGgs-ran-PEAGE 13 (entry 4, Table 1). Results
of the 3C NMR and 2D NMR investigations are given in the Supporting Information (Sl-
Figures 7-11).
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Figure 3. 'H NMR spectrum of PEGgs-ran-PEAGE;13 (entry 4, Table 1) (400 MHz, DMSO-
de); upper structure: ally structure (main product), lower structure: cis-prop-1-enyl isomer (side

product).

It is known from the literature that the base-catalyzed C=C isomerization of allyl ethers to vinyl
ethers works very well with the system KO'Bu/DMSO0.%%61 Under comparable reaction
conditions, the formation of the cis-isomer is nearly quantitative, presumably due to the
formation of a cyclic transition complex.52%* To prevent this transition state and thus the
isomerization, an excess of 18-crown-6 was used during the reaction. By addition of crown
ether, an allyl content of about 80% was obtained. A quantitative suppression of cis-
isomerization was not possible. In addition, the isomerization was only observed in
combination with the solvent DMSO, which was essential for the copolymerization of EAGE
with EO. In experiments in DMSO without 18-crown-6, almost only the cis-isomer was
obtained, which is shown in the later section on the triblock copolymers. Nevertheless, the
isomerization did not affect the modification via thiol-ene click chemistry (see section post-

polymerization modification).

Real-time *H NMR kinetics. The chemical structure of the comonomers and the polymerization
technique has a strong influence on the microstructure of the resulting copolymers. Previous
studies revealed a random incorporation of glycidyl ethers with ethylene oxide.®>% For this
purpose, real-time *H NMR kinetic measurements were performed in an evacuated NMR tube
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at 55 °C using DMSO-ds as solvent to investigate the copolymerization of EAGE and EO. To
evaluate the monomer incorporation, the decrease of the epoxide integrals of the respective
monomers was monitored. For EAGE, the signal at 2.7 ppm (Figure 4A) was used and for EO
the signal at 2.6 ppm (Figure 4B). In SI-Figure 12, it can be clearly seen that the intensity of
the epoxide signals decreases with the same rate, indicating an ideally random incorporation of

the monomers.

O o)
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"
;é 2‘7 2.64 262 2.60

chemical shift / ppm

| chemical shift / ppm

7 6 5 4 3 2 1
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0 0.2 0.4 0.6 0.8 1
total conversion

Figure 4. Left: 'H NMR spectra of the copolymerization of EAGE and EO (400 MHz, 55 °C,
DMSO-de). Upper right corner: zoom of relevant areas for evaluation. Lower right corner:
Simulated composition plotted versus total conversion of both monomers. The white dots
represent real measurement data, while the color gradient was simulated using reactivity ratios

according to Meyer-Lowry.

The findings were underpinned by the determination of the reactivity ratios for EAGE and EO
according to the methods of Jaacks®” and Meyer-Lowry® (Table 2). The corresponding fits can

be found in the Supporting Information (SI-Figures 13—14).

Table 2. Overview of the reactivity ratios determined by fits of the Jaacks and Meyer-Lowry

equations.

Ideal (Jaacks) Meyer-Lowry

leace 0.95 0.98
l'eo 1.05 1.09

Another important finding is the calculated amount of EAGE (30 units), which almost
corresponds to the theoretical value of 25 units with the inclusion of measuring and weighing

errors. In this case, the highest EAGE incorporation rate was achieved (cf. Table 1). This

83



Preparation of Hydrogels

supports the assumption that the EAGE monomer diffused through the rubber septum, while

the NMR tube was tightly sealed with a Teflon plug.

Thermal properties. The thermal properties of the copolymers were investigated by DSC
measurements. Table 3 shows the glass transition temperatures (T4s) and melting temperatures
(Tms) of the PEG-ran-PEAGE copolymers and PEAGE homopolymer. The Tws increase with
increasing EO content. At lower EO incorporation rates, Tm completely disappears, as the
atactic EAGE units hinders an ordered packing and crystallization of the PEG chains. As
expected, the Tgs decrease with decreasing EO content. The incorporation of flexible EAGE

side chains promotes binding rotation and thus lowers the Tg compared to pure PEG.

Table 3. Thermal properties of the PEAGE homopolymer and PEG-ran-PEAGE copolymers.

mol% Tm/ AH | Tg /

No. Composition?

EAGE °C Jg! °C
1 PEAGE2s 100 - - -68
2  PEGioes-ran-PEAGEs 5 35 81 -59
3  PEG7-ran-PEAGEy 11 9 45 -64
4  PEGge-ran-PEAGE13 13 -11 39 -66
5 PEGei-ran-PEAGE14 19 - - -66
6 PEG2r-ran-PEAGE1s 40 - - -64
7  PEGais-ran-PEAGE2o 56 - - -64

2 Values calculated by *H NMR spectroscopy

Post-polymerization modification. The linkage of the PEG-ran-PEAGE copolymers with the
cysteine derivative N-(tert-butoxycarbonyl)-L-cysteine methyl ester (BCCME) was chosen as
a model reaction to investigate the copolymers as pH-responsive nanocarriers for potential drug

delivery applications (Scheme 3).%°

>LO)IO\NH
(© /\])J\O oA p \(0\/\/5\/#0\
[ A/ %Q/Eo H EOK IVIeOH+DCM [ {\/ X/J:

Scheme 3. Thiol-ene coupling of a random PEG-ran-PEAGE copolymer with the functional
thiol BCCME.
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Thiol-ene click chemistry is a powerful tool to modify polymers.”®’! To this date, there is a
wealth of works, demonstrating the linkage of various functionalities in the polymer backbone
via thiol-ene click chemistry.3%6472-7> Here, the reaction progress was monitored by *H NMR
spectroscopy. The quantitative disappearance of the signals for the EAGE double bonds of the
main and side product confirmed the successful functionalization of the copolymer with
BCCME (Figure5). In addition to the signals for the main product, the signals of the
functionalized cis-isomers could also be assigned in the *H NMR spectrum (SI-Figure 15). The
Supporting Information includes additional *C NMR and 2D NMR spectra (SI-
Figures 16—19).

CHj 41
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chemical shift / ppm

Figure 5. 'H NMR spectrum (400 MHz, DMSO-ds) of precursor PEGgs-ran-PEAGE:3
(entry 4, Table 1) and BCCME-modified copolymer before and after thiol-ene click reaction.

The comparison of the SEC traces of the precursor PEGge-ran-PEAGE 13 (entry 4, Table 1) and
BCCME-functionalized PEGss-ran-PEAGE13 demonstrates a clear und uniform shift of about

1,100 g mol, proving a successful and quantitative modification (SI-Figure 20).
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C. Synthesis of PEAGE-b-PEG-b-PEAGE triblock copolymers, characterization and

crosslinking to acid-labile hydrogels.

Synthesis & characterization. For the synthesis of ABA type PEAGE-b-PEG-b-PEAGE
triblock copolymers, PEG macroinitiators with different molecular weights (2,000, 3,000,
8,000, 10,000 and 20,000 g mol™) were used and deprotonated with KO'Bu (Scheme 1B). The
use of crown ether could be avoided since the reactions were conducted in bulk in contrast to
the copolymerization with EO. Table 4 summarizes the synthesized triblock copolymers in
terms of theoretical and measured molecular weight as well as their dispersities determined by
SEC. It also contains the calculated molar masses from the *H NMR spectra, which are

consistent with the theoretical values except for slight deviations.

Table 4. Overview of synthesized PEAGE-b-PEG-b-PEAGE triblock copolymers.

N Math/ Mg?/ Mn? /
No. Composition? D
gmolt gmolt gmol?
PEAGE3-b-PEG4s-b-PEAGEs 3,300 3,000 2,900 1.03
PEAGE3-b-PEGes-b-PEAGEs 4,300 4,100 3,900 1.03
PEAGE;:-b-PEG1s2>-b-PEAGEs 9,300 10,600 9,300 1.05
PEAGE4-b-PEG227-b-PEAGEs 11,300 12,100 11,300 1.08

PEAGE3-b-PEGss4-b-PEAGEs 21,300 23,900 20,900 1.10

g B~ W N -

®Values calculated by 'H NMR spectroscopy; theoretical composition was as follows:
PEAGE4-b-PEGx-b-PEAGE.. ® Determined by SEC in DMF (PEG-standards).

SEC analysis shows narrow, monomodal distributions (Figure 6). The direct comparison
between unfunctionalized homo-PEG macroinitiators and the EAGE-functionalized PEGs
clearly verifies a shift of the SEC traces, which can be seen in SI-Figure 21. This shift is very
pronounced for the smaller PEGs, since the first sample in Table 4 contains 12 mol% EAGE,

whereas the last sample (entry 5, Table 4) contains approximately 1 mol% EAGE.
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PEAGE :s-b-PEG45 -b-PEAGE 3
PEAGE4-b-PEG182-b-PEAGE4
PEAGE S-b-PEG454-b-PEAGE 3

13 14 15 16 17 18 19 20 21 22
elution volume [mL]

Figure 6. SEC traces (DMF, PEG-standard, RI detector) of selected copolymer samples:
PEAGE3-b-PEG4s-b-PEAGE; (entry 1, Table 4); PEAGEs-b-PEGis:-b-PEAGE4 (entry 3,
Table 4); PEAGE3-b-PEG4s4-b-PEAGEs3 (entry 5, Table 4).

All characteristic signals of the PEAGE-b-PEG-b-PEAGE triblock copolymers could be
assigned in the *H NMR spectrum (Figure 7). Since defined PEG macroinitiators were used,
the number of EO repeating units was known. Thus, the number of EAGE units and the absolute
molecular weights could be calculated. SI-Figures 22—26 show the corresponding **C NMR

and 2D NMR spectra.
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Figure 7. *H NMR spectrum of PEAGE3-b-PEGas-b-PEAGE; (entry 1, Table 4) in DMSO-dg
(400 MHz).
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The 'H NMR spectrum also shows that the formation of the cis-isomer did not occur. As
mentioned above, this formation takes place only in combination with solvent. A test reaction
in DMSO without using 18-crown-6 resulted in an almost quantitative formation of the cis

isomer (SI-Figure 27).

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF
MS) investigations proved the successful formation of triblock copolymers. In Figure 8 each
peak could be assigned to the corresponding copolymer species, demonstrating the absence of
unfunctionalized PEG chains. For the larger triblock copolymers, the measurement did not meet

the resolution criteria, due to the high molecular weights (M, > 8,000 g mol ™).
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Figure 8. Left: MADLI-TOF mass spectra with assigned peaks for PEAGE3z-b-PEGas-b-
PEAGE:; (top, entry 1, Table 4) and PEAGE3s-b-PEGes-b-PEAGE3 (bottom, entry 2, Table 4),
Center: extracted 2D-composition from the mass spectra. Right: 2D distribution of the

monomer distributions.’6-8
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Thermal properties. Table 5 displays the Tgs, Tms and enthalpies of fusion AH of the

synthesized triblock copolymers.

Table 5. Thermal properties of PEAGE-b-PEG-b-PEAGE triblock copolymers.

Tm/ AHI Tgl

°C  Jgt °C
1 PEAGEsb-PEGs-b-PEAGE: 23 59  -69
2 PEAGEs-bh-PEGes-b-PEAGEs 40 79  -63
3 PEAGEsb-PEGis-b-PEAGE, 54 115  -62
4 PEAGEsb-PEGy:-b-PEAGE, 56 121  -56
5  PEAGE:-b-PEGsss-b-PEAGE; 61 136  -53

No. Composition?

2Values calculated by *H NMR spectroscopy

The Tms increase with larger PEG chain length. The packing of longer PEG chains is less
disturbed at higher EO to EAGE ratios, explaining the increase in melting temperature. The TS
exhibit a similar trend as the random PEG-ran-PEAGE copolymers: with decreasing PEG chain
length, the Tgs decrease. Phase separation did not occur due to the small size of the PEAGE
blocks, which is why only a medium T4 of both, the PEG and the PEAGE block was observed.

Network formation. Thiol-ene click chemistry was used for the formation of pH-sensitive
hydrogels based on the PEAGE-b-PEG-b-PEAGE triblock copolymers in combination with
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) as thiol and 2-hydroxy-2-
methylpropiophenone (HMP) as photoinitiator. Parameters such as the irradiation duration,
initiator concentration, water content and thiol concentration were varied such to obtain gels
with maximum water absorbency. In the first step, hydrogel disks were prepared by
photocrosslinking, which were then allowed to swell further to reach their swelling equilibrium.

The drastic swelling of the hydrogels is exemplarily demonstrated in Figure 9:
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Figure 9. Comparison of crosslinked PEAGE3-b-PEGus4-b-PEAGEs3 (entry 5, Table 4) before
and after swelling in water. The grid in the background has a scale of 0.5cm-0.5cm
(1/5 inch - 1/5 inch).

Generally, the approaches were designed to employ a 1 : 1 ratio of PETMP thiol groups to the
allyl double bonds of the triblock copolymers. HMP was added for each experiment with a mass
fraction of 1.5 wt%. All samples were irradiated for 30 min with an UV lamp. The mass
concentration of the triblock copolymers was varied depending on the size of the triblock
copolymers. Exact compositions for the particular hydrogels can be found in the Supporting
Information (SI-Table 1).

To verify whether the selected polymer concentration is sufficient for hydrogel synthesis, the
overlap concentration c* was determined (Equation 1), as compiled in Table 6. Hydrodynamic
radii of the PEAGE-b-PEG-b-PEAGE triblock copolymers were calculated from dynamic light
scattering (DLS)-estimates of their translational diffusivities with the Stokes-Einstein equation
under assumption of spherical shapes and a Newtonian medium (particle distribution can be
found in SI-Figures 28-32).
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Table 6. Overlap concentrations of PEAGE-b-PEG-b-PEAGE triblock copolymers.

b * c b ¥ ooc * d
Rg,PEG cPEG/ Rg,Aggl’. cAggr. / Cgel /

No. Composition?

/ nm gL? /nm  pgmL! gL*
1 PEAGEs3-b-PEG4s-b-PEAGE3 2 56 94 15 200
2 PEAGE3s-b-PEGes-b-PEAGE:3 3 41 152 0.4 200
3 PEAGE;s-b-PEG1s2-b-PEAGE4 5 24 155 1.0 150
4 PEAGE4-b-PEG227-b-PEAGE4 6 20 161 1.1 150
5 PEAGEs3-b-PEG4s4-b-PEAGES3 9 14 171 1.6 150

2Values calculated by *H NMR spectroscopy. ® Radii of gyration of pure PEG samples’ and
EAGE-containing triblock copolymers. ¢Overlap concentrations of pure PEG samples and
EAGE-containing triblock copolymers. ¢ Polymer mass concentration in PBS for crosslinking

experiments.

The first two columns for Rq and ¢ show the characteristics of pure aqueous PEG solutions of
comparable molecular weight analogous to the PEAGE-b-PEG-b-PEAGE triblock copolymers,
which were calculated according to Equation 1.”° In strong contrast are the data of the triblock
copolymers in the next two columns, which differ by several orders of magnitude for ¢”. The
reason for this difference is the formation of aggregates, which entail very large hydrodynamic
particle radii ru and therefore radii of gyration Ry, resulting in very small overlap
concentrations. Independent of what value is more appropriate, the selected concentrations for
the hydrogel preparation (last row) in this work exceed both of them, such that the overlap
concentration was certainly exceeded in each case, ensuring sufficient overlap of the polymer

chains for hydrogel formation.

To gain a deeper understanding of the crosslinking of PEAGE-b-PEG-b-PEAGE triblock
copolymers, the process was investigated rheologically. For this purpose, strain and frequency
sweeps were recorded before the photogelation. Subsequently, the samples were irradiated
directly on the rheometer, and the changes in the moduli were observed. In the last step, the
strain and frequency sweep measurements were repeated for the crosslinked hydrogels. Values
for the shear deformation y and angular frequency w, which were set constant for the respective
tests, are summarized in SI-Table 2. The results of the rheology experiments are exemplified
for PEAGE3z-b-PEGus4-b-PEAGE3 (entry 5, Table 4) in Figure 10 (the remaining data are
shown in SI Figures 33—36).
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Figure 10. Rheological investigation of PEAGEs-b-PEGuss-b-PEAGE3 (entry 5, Table 4): a)
strain sweep before photogelation, b) frequency sweep before photogelation, ¢) photogelation,

d) strain sweep after photogelation, e) frequency sweep after photogelation.

The change in material properties due to photocrosslinking is clearly visible. Before gelation,
the mixtures of the PEAGE-b-PEG-b-PEAGE triblock copolymers, thiol, photoinitiator and
water behaved close to a Maxwell fluid, with a frequency-dependent scaling of the storage and
loss moduli close to G' ~ »'® and G" ~ w8, By irradiation with UV light, the gelation point
was reached within a few seconds for all samples. Beyond that point, upon further irradiation,
G' increased several orders of magnitude above G" in each hydrogel sample, and the moduli
formed a constant plateau within 40 minutes. Strain and frequency sweep measurements after

the photogelation demonstrated that the moduli were several decades above the values of the
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initial measurements and that their frequency-dependence was no longer that one of a Maxwell

fluid, but instead, that one of a gel, with G' ~ w° and G" ~ w®°.

For the study of water absorption, the non-equilibrated photocrosslinked hydrogel discs were
placed in water and allowed to swell for two days. Subsequently, the water absorption capacity
was determined (Figure 11). Here, the increase in water uptake correlates with the length of
the PEG chains and varies between about 900% for sample 1 (entry 1, Table 4) and 5,400% for
sample 5 (entry 5, Table 4). This is due to the larger hydrogel mesh sizes because of the larger
PEG macroinitiators, corresponding to a softer gel that can swell more.

6,000 - 5,400 %

T

5,000 -

4,100 %
4,000 -

3,000 - 2,600 %

2,000 -

Swelling Ratio SR / %

1,100 %

1,000 - 900 %

.

Triblock 1 (EO Triblock 2 (EO Triblock 3(EO Triblock 4 (EO Triblock 5 (EO
rep. units = 45) rep. units = 68) rep. units = 182) rep. units = 227) rep. units = 454)

Figure 11. Overview of the water uptake of the equilibrated hydrogels based on the PEAGE-
b-PEG-b-PEAGE triblock copolymers.

This fact was further clarified by calculating the mesh sizes & of the equilibrated hydrogels
using the Flory-Rehner theory (Table 7).%!

Table 7. Characteristics of the equilibrated hydrogels, including the volume swelling Qy, the

molecular weight between crosslinks Mc, the mesh size ¢ and the root-mean-square end-to-end

distance (Rz) of the PEG precursor polymers used to build the network meshes.

Mc/ &l (RYI

No. Composition? Qv
gmol* nm pmm
1 PEAGE3-b-PEGa4s-b-PEAGE3 11 1,300 49 24
2 PEAGE3-b-PEGes-b-PEAGE:3 13 1,700 6.0 2.8
3 PEAGE4-b-PEGis2-b-PEAGEs 30 4,300 12.7 4.2
4  PEAGEs-b-PEG227-b-PEAGEs 46 5400 165 4.7
5 PEAGE3-b-PEG4ss-b-PEAGE; 61 10,000 245 6.4

2Values calculated by *H NMR spectroscopy
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¢ increases from 5 nm (entry 1, Table 7) to 24 nm (entry 5, Table 7). The same applies to the

molecular weights between the individual crosslinking nodes. By comparing the mesh sizes &

with the root-mean-square end-to-end distances (FZ) of the PEG precursors used to build the
network meshes, it can be seen that the values for & of the first two samples (entries 1/2,
Table 7) are about twice as large as end-to-end distances of the polymer coils. The value for

next sample (entry 3, Table 7) is about three times larger than the theoretical values, whereas &

is approximately four times larger as (FZ) for the last samples (entries 4/5, Table 7). These
findings go hand in hand with the experimental results for water uptake (Figure 11). The

hydrogels from the first two samples (entries 1/2, Table 4) are quite well crosslinked, indicated

by the small deviations between & and (R 2) and the limited water uptake (SR). By doubling the
molar masses of the PEG macroinitiators (entry 3, Table 4), network defects and

inhomogeneity get more significant. This is reflected in the sudden increase in the SRs and

deviations between & and (I_QZ). When re-enlarging the PEG backbone (entries 4/5, Table 4)
analog observations can be made. The mesh size £ and thus the water absorption increases by a
multiple. Due to increasing extent of network defects and inhomogeneities, the deviation

between experimental and theoretical distance is exacerbated.

To investigate the stability of the hydrogels in the acidic environment, the hydrogels based on
the PEG4s and PEGas4 macroinitiator were placed in different buffered solutions (Figure 12).
It is particularly striking that the PEAGE3-b-PEG4s-b-PEAGE3 (entry 1, Table 4) hydrogels
have a significantly higher stability in acidic solutions, regardless of the pH value, compared to
the gels of PEAGE3s-b-PEGuss-b-PEAGES3 (entry 5, Table 4). Thus, the former gel dissolved at
pH 3 after approximately one week, while the latter one required one day. For pH 5, the stability
studies were discontinued after 56 days for the smaller crosslinked triblock because the
hydrogel still had not optically dissolved by that time. These observations can be attributed to
the higher water absorption capacity of the crosslinked PEAGE3z-b-PEG4s4-b-PEAGE:3 (entry 5,
Table 4) triblock copolymer, facilitating the transport of protons to the cleavable acetal groups.
Additionally, the more hydrophobic properties of the PEAGE3-b-PEG4s-b-PEAGE:3 (entry 1,
Table 4) hydrogels also play a role here, due to the significantly higher EAGE to EO ratio.
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Figure 12. Duration until complete dissolution of PEAGE-b-PEG-b-PEAGE hydrogels in
acidic, buffered solutions (pH 3, pH 4 and pH 5), prepared of the triblock copolymers PEAGE:3-
b-PEG4s-b-PEAGE: (entry 1, Table 4) and PEAGEs-b-PEGuss-b-PEAGE3 (entry 5, Table 4).
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CONCLUSION

In this work, we introduced and optimized the synthesis of the novel bifunctional and pH-
sensitive monomer EAGE. Copolymerization of EAGE with EO via AROP led to PEG-ran-
PEAGE copolymers. Random copolymers were obtained in the range from 3,800 g mol™ to
5,800 g mol™* with dispersities up to 1.16 and with EAGE incorporation rates between 5 mol%
and 100 mol%. Despite the complexation of the potassium counterions of KO'Bu by 18-crown-
6 in the copolymerizations, the cis-isomerization of the EAGE allyl double bonds was observed.
Nevertheless, the functionalization of PEG-ran-PEAGE copolymer double bonds with a
cysteine derivative by thiol-ene click reaction was successful and quantitative for the main and
side product. The investigation of the microstructure by real-time *H NMR spectroscopy
revealed a random incorporation of both monomers (reo = 1.1, reace = 1.0). Due to the targeted
incorporation of EAGE, the Tms of the copolymers could be varied between 35 °C to -11 °C,

while Tgs moved in a range from -59 to -68 °C.

The successful synthesis of the PEAGE-b-PEG-b-PEAGE triblock copolymers was confirmed
by NMR, SEC and MALDI-TOF MS analysis. Triblock copolymers with molecular weights up
to 20,900 g mol* and dispersities less than 1.11 were obtained. The investigation of the thermal
properties revealed Tgs between -69 °C to -53 °C, while Tms varied between 23 °C and 61 °C.
Using thiol-ene click chemistry, the triblock copolymers were successfully photocrosslinked to
hydrogels. The rheological analysis of the crosslinking process clearly demonstrated the change
in material properties through gelation. Swelling ratios up to 5,400% were achieved, with mesh
sizes in the range of 5 nm to 24 nm. Additionally, the stability of the hydrogels at different pH

values in aqueous solutions was studied, demonstrating a cleavage between days and months.

The specific design of the novel reactive and acid-labile monomer EAGE provides access to a
variety of cleavable polyether architectures. EAGE is polymerizable via the epoxy functionality
and allows the functionalization via the allyl group. Contemporaneously, EAGE also provides
acid cleavability of the allyl ether structure. These properties make EAGE-polymers highly

interesting as pH-sensitive materials in biomedical applications.
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SI-Figure 1. SEC trace of real-time 'H NMR EO/EAGE copolymerization in DMSO-ds at
55 °C (Mn = 2,500 g mol?, b=1.12).
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SlI-Figure 2. Inverse gated 13C NMR spectrum (100 MHz, DMSO-dg) of EAGE monomer.
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the phase information (red: methine proton, blue: methylene protons).
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SI-Figure 10. *H, *C HMBC NMR of PEGgs-ran-PEAGE3 (entry 4, Table 1) in DMSO-ds.
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SI-Figure 11. 'H DOSY NMR spectrum (400 MHz, DMSO-dgs) of PEGgs-ran-PEAGE:13 (entry 4,
Table 1).
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SI-Figure 13. Ideal (Jaacks) fit for determination of reactivity ratios of the EAGE/EO
copolymerization in DMSO-de at 55 °C.
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SI-Figure 17. H, *H COSY NMR (400 MHz, DMSO-ds) of BCCME-modified PEGgs-ran-
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SI-Figure 18.H, **C HSQC NMR of BCCME-modified PEGgs-ran-PEAGE13 in DMSO-d.
Color of the signals indicates the phase information (red: methine proton, blue: methylene
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SI-Figure 19. 'H DOSY NMR spectrum (400 MHz, DMSO-ds) of BCCME-modified PEGgs-ran-
PEAGE:s.
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SI-Figure 20. SEC traces of precursor PEGge-ran-PEAGE:3 (entry 4, Table 1) and BCCME-
modified copolymer before and after thiol-ene click reaction (before: Mn = 2,500 g mol?, = 1.12;
after: M, = 3,600 g mol?, b =1.17).
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SlI-Figure 21. Shift of the SEC traces of PEAGEz-b-PEG4s-b-PEAGEs (entry 1, Table 4),
PEAGE3-b-PEG4ss5-b-PEAGE3 (entry 5, Table 4) and the respective unfunctionalized PEG

macroinitiators as exemplary representation.

6 o 8
AR
4 O

ho{ A Y2 o) M1 \H
X

047y y

5 9

6)\0/\/

8

8
| 9 ] 7 l 6
1

| N A2l .

40 130 120 110 100 90 80 70 60 50 40 30 20
chemical shift / ppm

SI-Figure 22. 13C NMR spectrum (100 MHz, DMSO-ds) of PEAGE3-b-PEGas-b-PEAGE; (entry 1,
Table 4).
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SI-Figure 23. 'H, 'H COSY NMR (400 MHz, DMSO-ds) of PEAGE3-b-PEGas-b-PEAGE3;
(entry 1, Table 4).
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protons).
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SI-Figure 27. Superimposed *H NMR spectra (400 MHz, DMSO-ds) of PEAGE-b-PEG-b-
PEAGE triblock copolymers, which were prepared in bulk (red spectrum) and in DMSO (black
spectrum) without usage of crown ether.
SI-Table 1. Overview of approaches for the preparation of the acid-cleavable PEAGE-b-PEG-b-
PEAGE hydrogels. The amount of PETMP thiols was always used equivalent to the amount of
EAGE allyl double bonds.

Whmp? / Wpes®/  tirrad® /

No. Composition? )
wt% wt% min

1 PEAGE3-b-PEG4s-b-PEAGE:3 1.5 20 30
2 PEAGE3-b-PEGes-b-PEAGE:3 1.5 20 30
3 PEAGE4-b-PEG1s2-b-PEAGE4 1.5 15 30
4 PEAGE4-b-PEG227-b-PEAGE4 1.5 15 30
5 PEAGE3-b-PEG4ss-b-PEAGE3 1.5 15 30

Values calculated by *H NMR spectroscopy. ® Mass fraction of photoinitiator HMP with respect
to the total amount of polymer and thiol. As a stock solution, HMP was dissolved in absolute ethanol
(10 wt%) and the required amounts were taken from of this solution. © Amount of polymer and thiol

in PBS for crosslinking experiments. ¢ Irradiation duration with the UV lamp
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SI-Figure 28. Intensity based particle size distribution of PEAGE3-b-PEG4s-b-PEAGE3 (entry 1,
Table4):c=5g- L% D,=105.1nm, b =0.33.
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SI-Figure 29. Intensity based particle size distribution of PEAGE3-b-PEGes-b-PEAGE3 (entry 2,
Table4):c=5¢g- L% D,=170.7 nm, P = 0.14.
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SI-Figure 30. Intensity based particle size distribution of PEAGE4-b-PEG1s2-b-PEAGE4 (entry 3,
Table4):c=5¢g- L*? D,=173.8 nm, ® = 0.10.
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SI-Figure 31. Intensity based particle size distribution of PEAGEs-b-PEG227-b-PEAGE4 (entry 4,
Table4):c=5g- L*?, D, =180.4 nm, = 0.20.
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SI-Figure 32. Intensity based particle size distribution of PEAGE3-b-PEG4ss-b-EAGE3 (entry 5,
Table4):c=5g- L% D,=192.1nm, D = 0.22.

SI-Table 2. Rheological key figures: values for the shear deformations y (before and after

photogelation), angular frequencies w and time of the crossover tp.

No. Composition? ol ot G e
% rads! s %
1 PEAGE3-b-PEG4s-b-PEAGE:3 16 4 46 16
2 PEAGE3-b-PEGes-b-PEAGE:3 8 3 40 8
3 PEAGE4-b-PEG1g2-b-PEAGE4 5 2 50 5
4 PEAGE4-b-PEG227-b-PEAGE4 5 5 20 5
5 PEAGE3-b-PEG4s4-b-PEAGES3 7 2 32 7

3 Values calculated by *H NMR spectroscopy. ? Shear deformation values, that were kept constant

for frequency sweep and photogelation tests (Index “bp”: before photogelation, index “ap”: after

photogelation). ¢ Values for the angular frequency, which were kept constant for the photogelation

tests. ¢ Time between the turning on of the UV lamp and the moment of the crossover of G' and G".
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SI-Figure 33. Rheological investigation of PEAGE3-b-PEG4s-b-PEAGE:3 (entry 1, Table 4): a)
strain sweep before photogelation, b) frequency sweep before photogelation, ¢) photogelation, d)

strain sweep after photogelation, e) frequency sweep after photogelation.
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SI-Figure 34. Rheological investigation of PEAGE3-b-PEGes-b-PEAGEs3 (entry 2, Table 4): a)

strain sweep before photogelation, b) frequency sweep before photogelation, ¢) photogelation, d)

strain sweep after photogelation, e) frequency sweep after photogelation.
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SlI-Figure 35. Rheological investigation of PEAGE4-b-PEG1g2-b-PEAGE4 (entry 3, Table 4): a)
strain sweep before photogelation, b) frequency sweep before photogelation, ¢) photogelation, d)
strain sweep after photogelation, €) frequency sweep after photogelation.
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SlI-Figure 36. Rheological investigation of PEAGEs-b-PEG227-b-PEAGE.4 (entry 4, Table 4):

a) strain sweep before photogelation, b) frequency sweep before photogelation, c)

photogelation, d) strain sweep after photogelation, e) frequency sweep after photogelation.
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Functional Poly(ethylene glycol) as a Promising Candidate for

Bioconjugation and Reversible Hydrogels

Kamil Maciol?, Jan Blankenburg®?, Moritz Urschbach?, Daniel Leibig?< and Holger Frey”"

Y Institute of Organic Chemistry, Johannes Gutenberg University Mainz, Duesbergweg 10-14,
55128 Mainz, Germany

$Graduate School Materials Science in Mainz, Staudinger Weg 9, 55128 Mainz, Germany

*E-Mail: hfrey@uni-mainz.de

To be submitted

127



Preparation of Hydrogels
ABSTRACT

Ketone-based polyethers are a promising candidate for biomedical applications and provide a
versatile platform for post-polymerization modification reactions. We report the very first
polyethers with incorporated aliphatic ketone units in a controlled manner synthesized by
anionic ring-opening polymerization. Ketone dioxolane glycidyl ether (KDGE) copolymerized
with ethylene oxide (EO) led to well-defined random copolymers with molecular weights up to
10,700 g mol™ and dispersities below 1.2. In addition to a detailed characterization by SEC and
NMR spectroscopy, thermal properties of both protected and deprotected copolymers were
investigated. The copolymer microstructure was studied by real-time *H NMR Kinetic analysis,
revealing a random incorporation of KDGE moieties into the poly(ethylene glycol) backbone.
As a model reaction for bioconjugation, the KDGE functionalities were deprotected in-situ and
reacted with 2,4-dinitrophenylhydrazine forming hydrazone linkages. Triblock copolymer
architectures were synthesized by polymerization of KDGE starting from bifunctional PEG
macroinitiators. Molecular weights ranging from 7,300 g mol* to 23,500 g mol* (P < 1.2). The
deprotected triblock copolymers were crosslinked by ketoxime ether formation using a
difunctional alkoxyamine. Hydrogels were obtained with swelling ratios up to 3,200% and
mesh sizes ranging from 10 nm to 20 nm. Addition of monofunctional alkoxyamine led to the

dissolution of the gels.
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INTRODUCTION

Ketones are widely used in nature and occur, for instance as 4-(p-hydroxyphenyl)-2-butanone
in raspberries, as cis-jasmone in jasmine beans or as p-damascenone in rose petals.! They
provide the basis for a variety of chemical reactions. Carbon (Grignard reagents, cyanides,
alkyne anions), oxygen (alcohols), or nitrogen (amines, hydrazines) nucleophiles can be reacted
with these carbonyl groups through addition reactions.? The great importance of the Wittig
reaction for the synthesis of organic compounds was the occasion for the award of the Nobel
Prize in 1979, enabling the access to alkenes by reaction of ketones (and aldehydes) with
ylides.? The diversity of ketones has also attracted the attention of polymer science. In many
cases, this was realized via the reversible addition-fragmentation chain-transfer (RAFT)
polymerization.*® Bandyopadhyay et al. prepared a ketone-modified Z-group RAFT chain
transfer agent for the synthesis of amphiphilic block copolymers for potential
theranostic/biotechnological applications. Via this approach, polymer nanoparticle assemblies
were formed by conjugation with hydrazides.® The specific control of the copolymer
morphology of poly-(N,N-dimethylacrylamide) (PDMAC) copolymers with incorporated
diacetone acrylamide (DAAM) is described in the work of Armes and co-worker, including a
constructed phase diagram of the copolymers. Depending on the degree of polymerization and
the ratio of DMAC to DAAM, defined spherical nanoparticles, anisotropic worms or
polydisperse vesicles were detected.'® Besides RAFT, there are also synthetic approaches via
free radical polymerization!!, controlled nitroxide-mediated polymerization (NMP)!2 and post-
polymerization modifications!®. Yang and Weck presented the synthesis of an azide- and
ketone-functionalized copolymer by ring-opening metathesis polymerization (ROMP). These
functionalities could be addressed either selectively via 1,3-dipolar cycloaddition or hydrazone
formation, but also simultaneously through combination of this post-polymerization

modification reactions.*

Ketone-functional polymers provide an innovative basis for biomedical applications. In this
regard, hydrazines and alkoxyamines are particularly suitable as coupling partners for ketones.
Hydrazone formation from ketones and hydrazines play an important role in the field of drug
delivery. Here, they are used as acid-labile cleavage site.’® The cytostatic doxorubicin was
linked in this manner to block copolymers, which subsequently served as pH sensitive micellar
nanocarriers.'®!’ Zhao and co-workers developed a hydrazone-linked polymer-drug conjugate,
which induced considerable cytotoxicity in HeLa cells.*® Hydrazone crosslinks were also used

to stabilize micelles, increasing their thermal and hydrolytic stability in comparison to non-
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crosslinked micelles.?® Hoare et al. pursued a completely different approach for the application
of hydrazone linkages. They developed a fully injectable interpenetrating network, which
comprised of thiosuccinimide-crosslinked poly(vinyl pyrrolidone) and thermoresponsive
hydrazone-crosslinked poly(N-isopropylacrylamide).?® The reaction of ketones with
alkoxylamines to ketoxime ether is an elegant pathway for bioconjugation. Advantages include
the possibility to perform these reactions in aqueous solution, the non-toxic by-product
formation of water and the reversibility of reaction depending on conditions.?* Such reactions
have already been described in detail in the literature.?>-?> Recently, Sumerlin and co-workers,
reported on a crosslinked keto-functional copolymer by oxime formation. As a result, self-
healing hydrogels were obtained, which were studied in detail.?® Hill et al. followed a different
approach. By polymerizing phthalamides-protected O-(4-vinylbenzyl)-hydroxylamine via
RAFT, they obtained protected hydroxylamine moieties in the polyethylene backbone. After
deprotection, the oxime formation was investigated with model aldehydes and ketones.?’

Surprisingly, ketone functionalities are rare in the field of aliphatic polyethers. One reason for
this is the inability of free ketones to polymerize under the harsh conditions of the anionic ring-
opening polymerization (AROP) and the necessity of protecting group chemistry. Only a
benzophenone containing glycidyl ether is known, based on the work of Weinhart and co-
workers.?® However, this monomer can only be polymerized using the activated monomer
strategy.?>*®° Besides the difficulties in the full removal of the amphiphilic initiator and
aluminum-containing catalyst salts, there are ill-defined chain ends®! caused by undesired
initiations from side reactions. Moreover, the copolymerization of glycidyl ethers with ethylene
oxide results in gradient- rather than random copoylmers.®>3* Approaches exist to combine
PEG and ketone moieties in hydrogels as crosslinkers. For this purpose, Cui et al. reacted 3,3'-
dithiodipropionate hydrazide-modified hyaluronic acid (HA) with poly(ethylene glycol)
dilevulinate to HA hydrogels, a promising candidates in bone tissue regeneration applications.®
PEG in particular is the best-known aliphatic polyether and represents an ideal basis for
biomedical applications.®®! This is attributable to the unique properties of PEG*: it has an
exceptionally high water solubility in contrast to other aliphatic polyethers such as
poly(oxymethylene) or poly(propylene oxide), which are insoluble in water.**** Moreover,
PEG exhibits an excellent biocompatibility due to its low immunogenicity and toxicity.*> One
of the limitations of PEG is the lack of functionality along the polyether backbone.
Copolymerization of ethylene oxide with functional epoxide derivatives, glycidyl ethers or
glycidyl amines provides an approach to multifunctional PEGs (mf-PEGSs) and is usually the

method of choice to overcome the known limitations of PEG.*647

130



Preparation of Hydrogels

In this work, we present a strategy for the synthesis of ketone-functionalized polyether
architectures with the novel ketone dioxolane glycidyl ether (KDGE) monomer. The synthesis
of random PEG-ran-PKDGE copolymers by anionic ring-opening polymerization (Scheme
1A) is described. In a model bioconjugation reaction, the ketone moieties were in-situ
deprotected and addressed by hydrazone linkages. Additionally, PKDGE-b-PEG-b-PKDGE
triblock copolymers (Scheme 1B) were also prepared. After removal of the dioxolane

protecting groups, reversible hydrogels were prepared.

o
A) random copolymers Oj
o o KO'Bu 0
o + m/M +ton 0 0 0 H
~"OH L\/O\/>< ] DMSO, 50 °C, 24 h ~0 o
(¢} m n

0}
B) triblock copolymers j
o O
0] KO'Bu
HOf\/ }H + n L\/O o) _ PR . Ho 0 >H
X \/><o] bulk, 75 °C, 24 h 0 0
x =227,454 j n X n

¢}
Scheme 1. Strategies for the synthesis of two polyether architectures. A) Random PEG-ran-
PKDGE copolymers. B) PKDGE-b-PEG-b-PKDGE triblock copolymers.
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EXPERIMENTAL PART

Terminology. Protected ketone dioxolane glycidyl ether units are abbreviated as KDGE units,

deprotected units as KGE (ketone glycidyl ether).

Instrumentation. *H NMR (400 MHz), ¥C NMR (100 MHz) and 2D NMR spectra were
measured on a Bruker Avance Il 400 (5 mm BBFO Z-gradient and ATM, SampleXPress 60
auto sampler). Real-time *H NMR (400 MHz) kinetics were recorded on a Bruker Avance 11l
HD 400 spectrometer (5 mm BBFO SmartProbe with Z-gradient and ATM, SampleXPress 60
auto sampler). For internal referencing, the residual protons of the deuterated solvents were
used.

For SEC measurements in DMF (containing 1 g L™ lithium bromide) an Agilent 1,100 Series
was used at 50 °C, equipped with HEMA columns (300/ 100/ 40 A porosity) provided by
Polymer Standards Service (PSS) and UV (254 nm) and RI detectors. The determined
molecular weights refer to poly(ethylene oxide) standards by PSS.

Thermal properties were investigated on a Perkin Elmer DSC 8,500 in sealed aluminum
crucibles under a nitrogen atmosphere. The measurements were performed in the temperature
range of -95 °C to 95 °C and were measured in two cycles with heating and cooling rates of
20 K mint and 10 K min™. For evaluation the second heating curve was used.

Materials. All reagents and solvents were purchased from commercial distributors (Sigma-
Aldrich, Acros Organics, TCI, abcr, etc.) and used without further purification unless noted
otherwise. Orange Scientific was the manufacturer of the dialysis membranes, which consisted
of regenerated cellulose (MWCO = 1,000 g mol?). Deuterated DMSO-ds, (CD3)2CO and CsDs
were purchased from Deutero GmbH. Generally, initiator solutions were dried by azeotropic
distillation of benzene and a small amount of THF. KDGE was dried over CaH> and freshly

distilled prior to use.

Monomer synthesis: ketone dioxolane glycidyl ether (KDGE). Epichlorohydrin (8.9 ml,
113 mmol, 3 equiv) was added to freshly ground NaOH (1.82 g, 45 mmol, 1 eqiv). The mixture
was cooled in an ice bath and 4.7 mL (37.8 mmol, 1eqiv) 3,3-ethylenedioxy-1-butanol
(according to Deslongchamps et al.*®) was added slowly under vigorous stirring. Further
epichlorohydrin was added to lower the viscosity of the reaction mixture. After stirring for 5
days at room temperature, the mixture was diluted with diethyl ether (30 mL) and the solid was
filtered off. The filtrate was washed twice with saturated NaHCO3z (2 -30 mL), water
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(2 - 30 mL), brine (2 - 30 mL) and dried over NaSOa. The crude product was concentrated under
reduced pressure and the final product was distilled in vacuo to give KDGE as a colorless liquid
in yields of 70%. For more details, see SI-Scheme 1. !H NMR (400 MHz, CsDs):
o (ppm) =3.61-3.45 (6H, m, CHz giycigytether and -O-CH2-CH2-O-). 3.37 (1H, dd,
CH2, giycidyl ether, J = 11.4, 3.0 Hz), 3.07 (1H, dd, CH2 giycidyl ether, J = 11.4, 5.9 Hz), 2.85-2.81
(1H, m, CHepoxide), 2.32 (1H, dd, CH2, epoxide, J = 5.7, 4.1 Hz), 2.19 (1H, dd, CH2, epoxid, J = 5.3,
2.7 Hz), 1.97 (2H, t, CHp, J=7.2 Hz), 1.27 (3H, t, CH3, J=7.2 Hz). 3C NMR (100 MHz,
CeDe):  J (ppm) =109.02  (-CH2-CCH3-(O-CH)2), 71.98  (CHz, giycidyl ether), 67.70
(CH2, giycidyi ether), 64.57 (-O-CH2-CH2-0-), 50.71 (CHepoxide), 43.62 (CHz, epoxide), 39.38 (CH>),
24.61 (CHy).

Copolymer synthesis: poly(ethylene oxide)-ran-poly(ketone dioxolane glycidyl ether) (PEG-
ran-PKDGE). As an example, the synthesis of PEGig7-ran-PKDGE1: (entry 1, Table 1) is
described here. All other random copolymers and PKDGE homopolymer were synthesized in
a similar manner. 2-(Benzyloxy)ethanol (0.014 mL, 9.86 - 102 mmol, 1 equiv) and potassium
tert-butoxide (KO'Bu) (0.010 g, 8.87 - 10 mmol, 0.9 equiv) were placed in a 100 mL Schlenk
flask and dissolved in a mixture of 5 mL benzene and 1 mL THF. The mixture was stirred at
60 °C for 30 minutes. Subsequent, the flask was evacuated overnight to remove the solvents
and traces of water. Then, the flask was filled with argon and 10 mL of dry DMSO were added.
The solution was cooled to -70 °C and KDGE (0.19 mL, 9.86 - 10X mmol, 10 equiv) was
injected via syringe through a septum. Afterwards, the flask was evacuated and EO (0.83 mL,
18.16 mmol, 185 equiv) was introduced to the reactor. The mixture was left to stir at 60 °C for
24 hours. The copolymerization was terminated with 1 mL of MeOH. Subsequent, the solution
was diluted with dichloromethane (DCM) (50 mL) and washed five times with saturated
NaHCO3 solution (10 mL). DCM was removed under reduced pressure and the mixture was
dialyzed against MeOH : DCM (3 : 2). The copolymer was dried under reduced pressure. The
final yield was 90%.

Sample preparation for real-time *H NMR kinetic studies. 0.03 mL (0.20 mmol, 1 equiv) 2-
(Benzyloxy)ethanol and 0.02 g (0.18 mmol, 0.9 equiv) KO'Bu were dissolved in 1 mL THF and
3 mL benzene and stirred at 60 °C for 30 minutes. To remove the solvents, the mixture was
evacuated overnight. The flask was filled with argon and 1 mL DMSO-de was added. 0.1 mL
of this solution was transferred to a Norell S-5-400 VT-7 NMR tube, which was previously
evacuated three times and filled with argon. After cooling the initiator solution to -70 °C,
KDGE (0.06 mL, 0.30 mmol, 15 equiv) and 0.5 mL DMSO-ds were added. Then, the NMR
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tube was evacuated and EO was introduced to the NMR tube under external cooling (-70 °C).
The measurement was performed at 60 °C in a preheated NMR spectrometer. *H NMR spectra
were recorded every 2 minutes for the first hour, for the following three hours every 5 minutes
and finally for fourteen hours every 10 minutes. The number of scans per measurement was 16

over the whole course of the measurement.

Post-polymerization modification: hydrazone formation. The reaction was carried out
analogously to the synthesis protocol in the Organikum.* In the first step, a solution of 0.4 g
2,4-dinitrophenylhydrazin, 2 mL H2SO4, 3 mL H20 and 10 mL EtOH was prepared. Then, 0.1 g
PKDGE27 (entry 5, Table 1) was dissolved in 1.1 mL EtOH and the ethanolic solution was
slowly added dropwise to the hydrazine solution. The precipitated orange solid was filtered off
and washed with water and EtOH. After dialysis in a mixture of MeOH : DCM (3 : 2), the
modified polymer was dried in vacuo, resulting in yields of 89%.

Triblock copolymer synthesis: poly(ketone dioxolane glycidyl ether)-block-poly(ethylene
glycol)-block-poly(ketone dioxolane glycidyl ether) (PKDGE-b-PEG-b-PKDGE). The
synthesis of PKDGE4-b-PEG13s-b-PKDGE4 (entry 1, Table 2) is used as an example hereafter.
PEGaiss (1.6 g, 0.27 mmol, 1 equiv) and KO'Bu (0.054 g, 0.48 mmol, 1.8 equiv) were dissolved
in 5 mL benzene and 1 ml of dry THF in a Schlenk flask. The mixture was heated for 30 minutes
at 60 °C. Afterwards, the solvents were removed under reduced pressure. The solid was
liquified at 75 °C, freshly dried KDGE (0.50 ml, 2.67 mmol, 10 equiv) was added and the
reaction mixture was stirred at 75 °C overnight. The polymerization was terminated by addition
of 1 mL of methanol and the product was purified by dialysis with MeOH : DCM (3 : 2). After

removal of the solvents, the polymer was isolated to give yields of 95%.

Removal of the dioxolane protecting group. The corresponding polymer (1 g) was dissolved in
a mixture of acetone (20 mL) and 10 mL methanolic HCI (5% (w/v)) and stirred at room
temperature for 15 minutes. The solution was concentrated to a volume of 10 mL and diluted
with DCM (50 mL). The organic phase was washed with saturated NaCl solution (30 mL each)
until the aqueous phase showed a pH value of 7. The organic phase was dried over MgSOa.
Next, the deprotected polymer was precipitated in n-hexanes and the residue was dried in vacuo,

leading to quantitative yields.

Hydrogels: preparation and crosslinking. PKDGE-b-PEG-b-PKDGE (0.05 g) was dissolved in
PBS buffer in an Eppendorf tube. A defined amount of a stock solution of O,0'-1,3-
propanediylbishydroxylamine dihydrochloride in PBS buffer was added (see Table 5 for the
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total concentration of PBS solutions). Ketone to alkoxyamine group ratio was 1.2 : 1 for all
approaches. After homogenization, the hydrogels were mechanically shaken on the shaker plate
for 48 hours. The Eppendorf tube was frozen in liquid nitrogen and the solidified hydrogel was
loosened by gentle tapping. To test the swelling properties, the resulting hydrogels were
transferred into PBS buffer filled screw-capped glasses. The hydrogels were equilibrated for
24 hours. Then, the hydrogel was weighed after removing excess water. This procedure was
repeated three times and the average value was calculated. Dry weights of the hydrogels were

ascertained by lyophilization after removal of the water.

Hydrogels: characterization. The following equation was used to calculate the swelling ratio
SR

. . _ Ws - Wd
Swelling ratio (SR) = Td (1)
where W;s is the average weight of the swollen hydrogel and Wy is the weight of the dry hydrogel.
In order simplify the following calculations, the deprotected KGE units were neglected and the
triblock copolymers were considered as pure PEG chains. Equation 2 was used for the

determination of the volume swelling ratio Qu:

p
Volume swelling ratio (Qv) =1+ p—p- (Qm - 1) 2)

N

where p, is the density of PEG (p, =1.12 g mL™)> and p_the density of water (p, =1 g mL™).

Mass swelling Qm was calculated from the ratio of Ws to Wa.

The molecular weight between the crosslinks M was calculated based on a modified Flory-
Rehner theory® according to Merrill and Peppas.>>>* This modification applies to hydrogels

prepared in solutions:>

B e

M, M, vy l(vls)% _ (% . VZ’S)l ©)

Here, M, is the average molecular weight of the triblock copolymers determined by *H NMR

spectroscopy and v the specific volume of the polymers, which is defined as [’%. The polymer
D

volume fraction v, ; in the swollen hydrogel is equivalent to the reciprocal value of Qy. V1 is the
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molar volume of water (18 mL mol™) and X, 1s the PEG-solvent interaction parameter with a

value of y, = 0.426.%°

The equation of Canal and Peppas®’ was used for the calculation of the mesh size ¢

1 1
E=vi, (2G5 (4)
Here, Cy is the characteristic ratio of PEG (Cn = 4.0), My is the molecular weight of the repeating

unit (44.05 g mol™ for PEG) and | is the average bond length (0.154 nm).*®
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RESULTS AND DISCUSSION
A. Synthesis of KDGE monomer and its polymerization.

Ketone dioxolane glycidyl ether. The dioxolane-containing alcohol 3,3-ethylenedioxy-1-
butanol was deliberately chosen for the synthesis of the ketone dioxolane glycidyl ether
(KDGE). Cyclic protecting groups show a substantially higher resistance to hydrolysis than
acyclic protecting groups representatives. The comparison of the relative hydrolysis rates of the
dioxolane protecting group with aryl ketals clarifies that dimethyl ketals hydrolyze about
2,800 times- and diethyl ketals even 24,100 times faster than the analogue five-membered ring
ketals.>® This results in a very long storage life of the KDGE monomer under appropriate

conditions (> 1 year).

Starting from 3,3-ethylenedioxy-1-butanol (SI-Scheme 1), KDGE was prepared in a one-step

reaction with epichlorohydrin (Scheme 2).
0 HO O~ NaOH & 0
+ —_— O
%Cl \/><O] rt,5d \/><Oj

Scheme 2. Synthesis of ketone dioxolane glycidyl ether (KDGE) monomer.

It is known in literature, that in the presence of bases and phase transfer catalysts,
epichlorohydrin tends to form trans-3-chloroallyl 2,3-epoxypropyl ether.>®%° This by-product
cannot be removed by distillation, but only via column chromatographic methods in the case of
KDGE (SI-Figure 2). Therefore, the use of phase transfer catalysts was omitted. In general, a
correlation between the reaction time and yield was observed. The maximum was reached after
about 5 days at 70%. Figure 1 shows the *H NMR spectrum of KDGE (}*C NMR and 2D NMR

spectra are included in the Supporting Information, SI-Figures 3—6).
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Figure 1. *H NMR spectrum (400 MHz, C¢Ds) of KDGE monomer.

Based on KDGE, two different polyether architectures were synthesized (Scheme 1): random
copolymers with ethylene oxide (EO) and triblock copolymers using three differently sized
PEG macroinitiators (Mn = 6,000 / 10,000 / 20,000 g mol™?).

Random PEG-ran-PKDGE copolymers. EO and KDGE were copolymerized by anionic ring-
opening polymerization (AROP) and were studied in detail. The use of 2-(benzyloxy)ethanol
has the advantage that its isolated methylene group in the *H NMR spectrum (SI-Figure 7) can
be used to determine the absolute molecular weights (**C NMR and 2D NMR spectra can be
found in the Supporting Information, SI-Figures 8—11). Using DMSO as a solvent allowed a
successful copolymerization of KDGE and EO in all ratios. The quantitative removal of the

solvent was possible with a combination of liquid-liquid extraction and dialysis.

SEC studies revealed well-defined and monomodal molecular weight distributions (Figure 2).
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Figure 2. SEC traces (DMF, PEG-standard, RI detector) of random PEG-ran-PKDGE
copolymers (entries 14, Table 1) and PKDGE27 homopolymer (entry 5, Table 1).

Summarized analytic results of the synthesized statistical PEG-ran-PKDGE copolymers are
given in Table 1. The amount of KDGE in the monomer mixtures was varied between 5 mol%
and 100 mol%. Molecular weights determined by *H NMR spectroscopy coincide with the
theoretical values and range from 5,200 g mol™ to 10,700 g mol™ with dispersities (P) below
1.2. The minimal deviations between the values are due to weighing errors. It is noticeable that
the molecular weights determined by SEC differ greatly from the theoretical and NMR values.
The deviation increases the more KDGE is incorporated. This can be attributed to the PEG-
standard used for the calibration in the SEC measurements. By incorporation of comonomers
such as KDGE, the hydrodynamic radii of the copolymers behave differently in comparison to

pure PEG homopolymers, resulting in the deviation in the determined molecular weights.

Table 1. Overview of synthesized PEG-ran-PKDGE copolymers and PKDGE homopolymer.

KDGE/ Myth/ M° / M2 /

No. Composition* mol%? gmolt gmol! gmol?

1 PEGigr-ran-PKDGE1; 5 10,000 5,100 10,700 1.19
2 PEGos-ran-PKDGE2; 22 10,000 4,000 9,400 1.20
3 PEGs:-ran-PKDGEzg 43 10,200 3,600 9,700 1.12
4  PEGzo-ran-PKDGEs; 72 10,200 2,600 10,400 1.19
5 PKDGE27 100 5,100 1,700 5,200 1.15

3 Values calculated by *H NMR spectroscopy. ° Determined by SEC in DMF (PEG-standard).

To gain a deeper understanding of the copolymerization of EO and KDGE in terms of the

microstructure, real-time 'H NMR kinetic measurements were performed. A random
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incorporation of the glycidyl ether and EO was expected.®:% The reaction conditions of the
'H NMR kKinetics characterization were analogous to the synthetic approaches. KDGE and EO
were copolymerized at 60 °C in deuterated DMSO in an NMR tube. For the evaluation of the
results the decreasing monomer signals of EO at 2.6 ppm and of KDGE at 3.1 ppm were used

(Figure 3).

2.62 2.60
chemical shift / ppm

75 7.0 65 60 55 50 45 40 35 3.0 25 20 15 1.0 3.15 3.05 295
chemical shift / ppm chemical shift / ppm

Figure 3. Stacked *H NMR spectra (400 MHz, 60 °C, DMSO-dg) for the copolymerization of
KDGE and EO including a zoom of relevant areas for evaluation.

Comparing the decreasing monomer concentration versus the total conversion, it is noticeable
that the decrease of the curves is uniform for both monomers, indicating a nearly random
incorporation of KDGE in the polyether backbone (SI-Figure 12). Based on the Kinetic data,
the reactivity ratios were determined according to the Jaacks® (SI-Figure 13) and Meyer-

Lowry® (SI-Figure 14) method. These are rrpce, = 0.74 for KDGE and reo, = 1.35 for EO,
respectively rxpeemt = 0.66 and reo v = 1.28. The reactivity ratios imply a slightly preferred

incorporation of EO in the polyether backbone resulting in an almost random incorporation of
the comonomers with a weak gradient. Niederer et al. observed analogues for the

copolymerization of EO and catechol acetonide glycidyl ether (CAGE) and attributed this to
steric hindrance.®® Figure 4 illustrates the nearly random composition of the synthesized PEG-

ran-PKDGE copolymer. The color gradient is a simulation based on the reactivity ratios

according to Meyer-Lowry, while the colorless dots are directly derived from measurement

points from the *H NMR Kkinetics.
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Figure 4. Simulated PEG-ran-PKDGE copolymer composition plotted versus total conversion

of KDGE and EO. White dots represent are directly derived from measurement data. The color

gradient was simulated using reactivity ratios according to Meyer-Lowry.

PKDGE-b-PEG-b-PKDGE triblock copolymers. For the crosslinking experiments, which will
be discussed in the next section, a series of PKDGE-b-PEG-b-PKDGE triblock copolymers was
prepared. Various PEG macroinitiators (Mn,pec = 6,000 / 10,000 / 20,000 g mol™) deprotonated
by KO'Bu were used for this purpose. The reactions were performed in bulk at 75 °C. *H NMR
studies clearly demonstrate the presence of KDGE units (Figure 5). The use of defined PEG
macroinitiators and the isolated methylene-, methyl-, and dioxolane moieties outside the
polyether backbone allowed the determination of the absolute molecular weights from the
spectra. For the evaluation, the signals of the KDGE methylene unit at 1.8 ppm were compared
with the polyether signal at 3.5 ppm after the subtraction of the superimposed monomer units.
An overview of the most important key data is given in Table 2. Associated *C NMR and

2D NMR spectra are available in the Supporting Information (SI-Figures 15—-18).
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Figure 5. 'H NMR spectrum (400 MHz, DMSO-ds) of PKDGEs-b-PEG136-b-PKDGE4
(entry 1, Table 2).
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SEC analyses of the triblock copolymers show a narrow and well-defined molecular mass
distribution (Figure 6). The comparison with the pure PEG macroinitiators confirmed the

successful functionalization of the chains ends with KDGE (SI-Figure 19).

PKDGEd-b-PEG“:s‘i-.{)-PKDGE4
PKDGE_In-.b-PEG22]‘,-.vf:a-Pl'(DGE,1':=l
PKDGEs-b-PEG454-b-PKDGE3

PKDGEQ-b-PEG454-.b-PKDl13E9

14 16 18 20
elution volume [mL]

Figure 6. SEC traces (DMF, PEG-standard, RI detector) of PKDGE-b-PEG-b-PKDGE triblock
copolymers (entries 1-4, Table 2).
Generally, a maximum of 10 units KDGE were incorporated per primary PEG hydroxyl group.

The amount of KDGE varies depending on the selected initiator between 1 mol% and 8 mol%.

Table 2. Overview of synthesized PKDGE-b-PEG-b-PKDGE triblock copolymers.

KDGE/ Myh/ My / M2 /

No. Composition? b
mol%?® gmol? gmol! gmol?

1 PKDGE4-b-PEG136-b-PKDGE4 5 7,100 6,900 7,300 1.05

2 PKDGE10-b-PEG227-b-PKDGE10 8 13,800 11,500 13,800 1.11

3 PKDGE3-b-PEGusss-b-PKDGE3 1 21,900 23,600 21,100 1.16

4  PKDGEy-b-PEGuss-b-PKDGEy 4 23,800 22,100 23500 1.20

2 Values calculated by *H NMR spectroscopy. ° Determined by SEC in DMF (PEG-standard).

Release of ketone units by removal of the dioxolane protecting groups. As mentioned above,
dioxolane protecting groups are relatively stable to hydrolysis. Experiments with acidic resins
like Dowex® were not effective. Instead, the dioxolane protecting groups were cleaved in an
acid-catalyzed exchange dioxolanation (SI-Scheme 2).57%8 For this purpose, the copolymers
were quantitatively deprotected with methanolic HCI in acetone. The successful reaction step
for the transformation of PEGie7-ran-PKDGE11 (entry 1, Table 1) to PEGige7-ran-PKGE11
(entry 1, Table 3) is exemplified in Figure 7, while SI-Figures 20—24 show the corresponding
complete assigned *H NMR, 3C NMR and 2D NMR spectra. It can clearly be seen that the
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dioxolane protecting group was quantitatively removed at 3.8 ppm after acid treatment.
Furthermore, a significant shift of the carbonyl methyl- and methylene groups is observed due
to the changed chemical environment. The successful removal process is particularly evident
in the comparison of the 3C NMR spectra considering the ketal carbon at 108 ppm (SI-
Figure 8), which can be found downfield at 207 ppm as carbonyl carbon (SI-Figure 21).
Analogous observations can be made for the PKGE-b-PEG-b-PKGE triblock copolymers,
whose NMR spectra are found in the Supporting Information (SI-Figures 25—29).
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Figure 7. 'TH NMR spectra of protected PEGig7-ran-PKDGE1; (entry 1, Table 1) (top,
400 MHz, DMSO-ds) and deprotected PEGio7-ran-PKGE1:1 (entry 1, Table 3) (bottom,
400 MHz, (CDz3)2CO).

SEC characteristics are summarized in Table 3. Here, it is evident that the removal of the
protective group has almost no influence on the dispersities. Interestingly, the trends in
measured molar masses for the different polyether architectures behave in opposite directions.
While the Mys of the random copolymers (entries 1-5, Table 3) increase almost constantly
compared to their protected species, they decrease slightly for the triblock copolymers

(entries 6-9, Table 3). This effect is due to the different microstructure of the polymers.
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Table 3. Overview of deprotected random PEG-ran-PKGE copolymers, PKGE homopolymer
and PKGE-b-PEG-b-PKGE triblock copolymers.

Mq? /
No. Composition? b
g mol*?

1 PEGy7-ran-PKGE11 6,700 1.16
2 PEGgs-ran-PKGE2y 5500 1.08
3 PEGs;:-ran-PKGEzg 2,800 1.12
4 PEG2o-ran-PKGEs: 3200 1.14
5 PKGE2 2,100 111
6 PKGEs-b-PEG136-b-PKGE4 6,800 1.06
7 PKGE10-b-PEG227-b-PKGE10 11,300 1.13
8 PKGE3z-b-PEG4ss-b-PKGE3 22,200 1.28
9 PKGEg-b-PEGuass-b-PKGEg 20,300 1.26

aValues calculated by *H NMR spectroscopy. ® Determined by SEC in DMF (PEG-standard,
RI detector).

Though it is counterintuitive, graphically, this effect (shown in Figure 8 for a polymer

selection) turns out to be much more pronounced for the random copolymers.

— = =PKDGE,-b-PEG ,.-b-PKDGE
PKGE4-b-PEG136-b-PKGE4
- - _PEG‘I!).',-.!’.an-PKDGE,‘,I

PEG19.',-.v'an-PKGE11
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Figure 8. Selected SEC traces (DMF, PEG-standard, RI detector) of PKGE4-b-PEG13s-b-
PKGE4 (entry 6, Table 3), PEGio7-ran-PKGE1w1 (entry 1, Table 3) and their protected

precursors.

Thermal properties of random and triblock copolymers. Figure 9 shows the glass transition
temperatures (Tgs) of the random PEG-ran-PKDGE copolymers before and after deprotection.

Before removal of the dioxolane protecting groups, the Tgs move between from -55°C
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to -43 °C, after removal from -56 °C to -51 °C. It turns out, that the T4s are lowered by the free
ketone moieties. The trend is most pronounced for the homopolymer. This can be ascribed to
the removal of the bulky dioxolane protecting groups, resulting in a decrease of the main chain
stiffness and thus in an increase of its mobility.®® Generally similar conclusions can be drawn
for the triblock copolymers. The Tgs of PKGE-b-PEG-b-PKGE triblock copolymers are in the
most cases lower than the values for the protected precursors. Possible reasons for the deviation
are metrological nature, since the temperature difference is marginal. In the direct comparison
of the triblock copolymers, it is noticeable that the Ty of PKDGEs-b-PEG136-b-PKDGE4
(entry 1, Table 2) is generally higher than that of PKDGE10-b-PEG227-b-PKDGE30 (entry 2,
Table 2). This is due to the fact that second sample contains 3 mol% more KDGE, which
increase the mobility of the polymer chains here. For PKDGE3-b-PEGass-b-PKDGEs3 (entry 3,
Table 2), a sudden increase of 10 °C can be observed, since only about 1 mol% KDGE is
incorporated here. In contrast, PKDGEg-b-PEG4s4-b-PKDGEg (entry 4, Table 2) contains
about 4 mol% KDGE, causing the Tq to sink again. These general findings also apply to the
respective deprotected species. As the KDGE and KGE moieties are not numerous, phase

separation did not occur and consequently no second Ty was observed for the triblock

copolymers.

-80 1 @PEG-ran-PKDGE -90 1 BPKDGE-b-PEG-b-PKDGE
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Figure 9. Comparison of the Tgs before and after removal of the dioxolane protecting groups.
Left: random PEG-ran-PKDGE and PEG-ran-PKGE copolymers including homopolymer.
Right: PKDGE-b-PEG-b-PKDGE and PKGE-b-PEG-b-PKGE triblock copolymers.

A melting point (Tm) can only be observed for the random copolymer with the smallest amount
of KDGE/ KGE (5 mol%). For PEGig7-ran-PKDGE11 (entry 1, Table 4) Tm is 35 °C and
increases after removal of the dioxolane protecting group to 39 °C. We propose, firstly, that
this is attributable to the increased compactness of the pendant KDE side chains caused by the
removal of the sterically demanding protecting groups. Secondly, dipole-dipole interactions
may also contribute here. From Table 4 it can be seen that the Tms of the PKDGE-b-PEG-b-
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PKDGE triblock copolymers are almost unaffected by deprotection. For PKGEg-b-PEG4ss-b-
PKGEs (entry 5, Table 4) and its protected precursor, a slight increase of the melting
temperature can be observed, which can be traced back to the above-mentioned aspects for the

statistical copolymer.

Table 4. Melting temperatures Tms and -enthalpies AH of protected and deprotected KDGE-

containing polymers.

Tm,prot.b/ AHb/ Tm,depr.c AH®/

No. Composition? oc I Joc I
1 PEGugr-ran-PKDGE1; 35 66 39 81
2 PKDGE4-b-PEG136-b-PKDGE4 49 107 50 94
3 PKDGE10-b-PEG227-b-PKDGE 10 53 108 54 110
4 PKDGE3s-b-PEGass4-b-PKDGEs3 61 135 59 97
5 PKDGEg-b-PEG4ss-b-PKDGEg 54 112 59 112

aValues calculated by *H NMR spectroscopy. ° Tms and AH values for KDGE-containing

polymers. ¢ Tms and 4H values for KGE-containing polymers.

B. Post-polymerization modification and hydrogel formation.

As described above, ketones represent a versatile functional group for a variety of subsequent
post-polymerization reactions. Generally, nucleophilic reagents are useful reactants for
functionalization. These nucleophiles can be for instance amines (imine/enamine formation),
alcohols (acetal formation) or phosphorus ylides (Wittig reaction).®” In the following, two
model reactions for the transformation of the ketone moieties are shown: on the one hand the
in-situ deprotection and reaction of the pendant ketone functionalities with 2,4-
dinitrophenylhydrazine (2,4-DNPH), on the other hand, the crosslinking of deprotected KGE
units by using O,0"-1,3-propanediylbishydroxylamine dihydrochloride (1,3-PDBH) (Scheme
3).
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Scheme 3. Post-polymerization modification of KDGE moieties. A) Phenylhydrazone
formation by in-situ deprotection and reaction of dioxolane-protected ketone groups with 2,4-

DNPH. B) Ketoxime ether formation by reaction of the free ketone groups with 1,3-PDBH.

Nucleophilic addition of 2,4-dinitrophenylhydrazine (2,4-DNPH). 2,4-DNPH was directly
attached to the KDGE units without a separate deprotection step to study the polymers as
potential drug carriers (Scheme 3A). In order to see a difference as large as possible between
the precursor and the modified polymer, homopolymer PKDGE>7 (entry 5, Table 1) was used
for this purpose. After the ethanolic homopolymer solution was added to the acidic 2,4-DNPH
solution, an intense orange solid precipitated. For purification, the product was washed several
times with water and ethanol and subsequently dialyzed against MeOH/ DCM (1 :1). The
comparison of the SEC traces shows a significant increase in the molecular mass of
approximately 2,300 g mol* after phenylhydrazone formation (Figure 10). Additionally, the
SEC trace of the modified homopolymer is shifted uniformly and still narrowly distributed
without any perceptible broadening of the dispersity (P =1.17), indicating a quantitative
conversion of the KDGE moieties.
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- - - - PKDGE_, precursor
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elution volume [mL]

Figure 10. SEC traces (DMF, PEG-standard, RI detector) of precursor PKDGE27 (entry 5,
Table 1) and 2,4-DNPH-modified homopolymer (before: Mn, sec = 1,700 g mol?, b = 1.15;
after: My, sec = 4,000 g mol?, © =1.17).

The findings are in line with the *H NMR spectrum of the 2,4-DNPH modified PKDGE2;
(entry 5, Table1) in Figure1l. The signals of phenylhydrazone groups are clearly
recognizable (11.3—7.8 ppm). Further, it is known that E- and Z isomers are formed by reacting
dinitrophenylhydrazines with asymmetrical ketones.%® In the present case, aratioof 2 : 1 (E : Z)

was found. Additional spectra are given in the Supporting Information (SI1-Figures 30—31).
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Figure 11. H NMR spectrum (400 MHz, CD,Cl;) of 2,4-DNPH modified PKDGE>;

containing E/Z-isomers.
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Nucleophilic addition of O,0’-1,3-Propanediyldifunctional alkoxyamine dihydrochloride (1,3-
PDBH). For further investigations especially in potential biomedical applications, deprotected
PKDGE-b-PEG-b-PKDGE triblock copolymers were crosslinked with 1,3-PDBH (Scheme
3B) and the obtained hydrogels were studied in detail. On the one hand the influence of the
PEG block size was analyzed and on the other hand the number of functional, crosslinkable
ketone groups. To ensure an adequate, mechanical stability of the hydrogels, they were
crosslinked for two days on the mechanical shaker (Figure 12A—B). Subsequently, the
crosslinked hydrogels were removed from the tube and placed in water for further swelling. In
the last step, the swelling ratio SR (Equation 1) was determined. In general, it was observed
that the water uptake reached a maximum at a ratio of [ketone] : [alkoxyamine] = 1.2 : 1, which
is why this ratio was chosen as standard. For the individual approaches, the mass fraction of the
triblock copolymer had to be individually adjusted. Otherwise, the hydrogels dissolved during
the swelling process in water. The results are summarized in Table 5.

Table 5. Parameters for network formation of the PKDGE-b-PEG-b-PKDGE triblock
copolymers, including their swelling ratio SR, their molecular weight between crosslinks Mc

and the calculated mesh sizes &

No. Composition? w? / wt%o SR/ % Mc/gmolt &/nm
1 PKGE10-b-PEG227-b-PKGE10 50 1,100 £ 10 4,300 9.5
2 PKGE3-b-PEG4s4-b-PKGE:3 40 3,200 £ 200 9,300 19.9
3 PKGEg-b-PEGa4s4-b-PKGEg 40 2,800 £ 150 9,800 19.6

2 Here, the mass fraction w is defined as the sum of the respective triblock and 1,3-PDBH in

water.

There are generally two trends observable. On the one hand, the smaller the number of EO
repeating units in each triblock, the more concentrated the initial solution must be before
crosslinking. On the other hand, is conspicuous that the hydrogel of PKGE1o-b-PEG227-b-
PKGE1o (entry 1, Table 5) absorbs about a third less water in comparison to hydrogels based
on PEGass (entries 2—3, Table 5). The reason for this is, firstly, the higher crosslinking density
due to the larger quantity of KGE units (8 mol% vs. 1/4 mol%) and secondly, the smaller mesh
size due to the initiator size (PEGz227 vs. PEGas4).%° While the other two samples (entries 23,
Table 5) formed clear gels in water, the gel of PKGE10-b-PEG227-b-PKGE10 (entry 1, Table 5)
remained very cloudy, which is illustrated in SI-Figure 32. For the same reason the difference
in SRs of PKGE3-b-PEGass-b-PKGE3z (entry 2, Table5) and PKGEg-b-PEG4ss-b-PKGEy
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(entry 3, Table 5) hydrogels can be explained. The latter has three times as many KGE units,

resulting in an increased crosslink density and decreased water absorbency. The results are in

line with the calculated mesh sizes & of gels ranging from 9.5 nm to 19.9 nm.

Figure 12. Hydrogel synthesis via ketoxime ether formation followed by cleavage through
transoximination. A) Deprotected PKGE-b-PEG-b-PKGE dissolved in water. B) Hydrogel
formation after addition of 1,3-PDBH. C) Cleavage of the crosslinks by addition of
monofunctional BHA.

Finally, the reversibility of ketoxime ether formation was studied. For this purpose,
monofunctional O-benzylhydroxylamine (BHA) was added to the crosslinked hydrogel
depicted in Figure 12B. Within an hour, it could be observed that the gel slowly liquefied. After
24 hours the transition to a cloudy liquid was completed (Figure 12C). The turbidity is caused
by the immiscibility of the BHA modified triblock copolymers, which aggregate in the aqueous
solution. The hydrophobic benzyl groups are shielded by the PEG chains. In combination with

the repulsion of the aggregates by repulsive steric interaction, this effect inhibits coalescence.”
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CONCLUSION

In this work, we introduced the novel monomer ketone dioxolane glycidyl ether (KDGE), which
possess both a protected, aliphatic carbonyl group and an epoxide functionality. The anionic
ring-opening polymerization (AROP) of KDGE permitted the access to multi-ketone-functional
polyether architectures.

Random PEG-ran-PKDGE copolymers were obtained through the anionic ROP of ethylene
oxide (EO) and KDGE. The amount of KDGE was varied between 5 mol% and 100 mol% with
molecular weights in the range of 5,200 g mol™ to 10,700 g mol™ (b < 1.2). Real-time *H NMR
Kinetic studies revealed a nearly ideally random incorporation of KDGE and EO with reactivity
ratios of rwpee=0.7 and reo=1.3. Post-polymerization modification with 2,4-
dinitrophenylhydrazine was achieved by in-situ deprotection of the pendant KDGE side chains,
resulting in hydrazone-linked polymer-model drug conjugates. Examination of the thermal
properties demonstrated marginal differences between protected (Tg =-55 °C to -43 °C) and
deprotected (Tg=-56 °C to -51 °C) (co-)polymers, which can be attributed to the bulky

dioxolane protecting groups of the ketone funtionalities.®®

PKDGE-b-PEG-b-PKDGE triblock copolymers of various comonomer compositions were
successfully obtained by AROP, using differently sized PEG macroinitiators (PEG13s, PEG227
and PEGuss). The KDGE incorporation rate was varied between 1 mol% and 8 mol% with
molecular weights up to 23,500 g mol™* and P less than 1.2. The triblock copolymers were
deprotected and examined in detail by NMR, SEC and DSC measurements. Free ketone units
of the PKGE-b-PEG-b-PKGE triblock copolymers were successfully crosslinked by reaction
with a difunctional alkoxyamine via ketoxime ether formation, resulting in reversible
hydrogels. The water uptake varied between 1,100% and 3,200% with mesh sizes of 10 nm to
20 nm, depending on the size of the PEG macroinitiator and amount of KGE groups. Regarding
potential self-healing applications, the reversibility of the oxime formation was demonstrated
through addition of a monofunctional hydroxylamine.

The successful incorporation of ketone functionalities along the polyether backbone provides
the ideal building block for a variety of potential biomedical applications such as

bioconjugation.
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PKDGE; (entry 1, Table 2).
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SI-Figure 17. *H, *C HSQC NMR spectrum (400 MHz, DMSO-dg) of PKDGE4-b-PEG136-b-
PKDGE4 (entry 1, Table 2).
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PKDGE4 (entry 1, Table 2).
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SI-Figure 25. *H NMR spectrum (100 MHz, (CD3)2.CO) of PKGEs-b-PEGi3s-b-PKGE,
(entry 6, Table 3).
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SI-Figure 28. 'H, ¥C HSQC NMR of PKGEs-b-PEGi36-b-PKGE4 (entry 6, Table 3) in
(CD3).CO Color of the signals indicates the phase information (red: methine proton, blue:
methylene protons).
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SI-Figure 29. *H DOSY NMR spectrum (400 MHz, (CD3)2CO) of PKGEs-b-PEG136-b-PKGE4
(entry 6, Table 3).
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SI-Figure 31. *H DOSY NMR spectrum (400 MHz, CD.Cl;) of 2,4-DNPH modified
PKDGE27.
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SI-Figure 32. Comparison of hydrogels: A) cloudy gel prepared of PKGE1o-b-PEG227-b-
PKGEj1o (entry 1, Table 5) in water. B) Typical appearance of the gels of PKGE3-b-PEG4ss-b-
PKGEs (entry 2, Table 5) and PKGEe-b-PEG4s4-b-PKGEs (entry 3, Table 5) in water. C)
Characteristic appearance of hydrogel from B) (entries 2—3, Table 5) without water
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ABSTRACT

The copolymerization of glycidyl cinnamate as a hitherto non-polymerizable photoreactive
epoxide monomer to aliphatic polyether copolymers is described, using the monomer-activated
epoxide ring-opening polymerization. Ethoxyethyl glycidyl ether (EEGE) and glycidyl
cinnamate (GC) were copolymerized via monomer-activated anionic ring-opening
polymerization. Triisobutylaluminum (i-BusAl) was used as a catalyst and tetraoctylammonium
bromide (NOctBr4) as an initiator. The amount of GC was varied from 3 mol% to 100 mol% with
apparent molecular weights in the range of 2,600 g mol™ to 4,600 g mol and polydispersities
(P) below 1.35. The reaction kinetics of glycidyl esters with glycidyl ethers in general has
hardly been investigated to date. Studies of the microstructure by in-situ *H NMR Kinetics
characterization indicated a gradient-like distribution of EEGE and GC (reactivity ratios:
reece = 0.2; roc = 2.9). A tentative explanation relies on different bond lengths in the respective
epoxide rings, as suggested by density functional theory (DFT) calculations. Mild and selective
cleavage of the acetal protecting groups of EEGE was achieved using the acidic ionic resin
Dowex®, leaving the GC ester bonds intact (Mn = 1,900-3,700 g molt, D < 1.35). Thermal
properties of the copolymers were investigated by differential scanning calorimetry (DSC),
revealing Tgs between -60 °C for P(EEGE-co-GC), respectively -13 °C for P(G-co-GC)
copolymers to 21 °C for the PGC homopolymer. P(G-co-GC) copolymers were crosslinked by
UV irradiation and hydrogels were obtained. Characterization of the hydrogels was performed
by analyzing the swelling ratio (SR = 79-220%) and infrared spectroscopy to prove successful

photocrosslinking.
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INTRODUCTION

Crosslinkable monomer units are widely used, for instance acrylates and methacrylates, and are
described in detail in the literature.!® In a recent work, Sumerlin and co-workers described the
synthesis of photoreversible hydrogels derived from coumarin-containing polyacrylates.*
However, polyether structures bearing reactive or polymerizable monomer units have only been
studied to a very limited extent. In this context, glycidyl esters represent a very interesting
platform to generate photocrosslinked polymer networks. Glycidyl esters with a variety of
substituents are known.>® The reason that this class of compounds has hardly been explored to
date with respect to ring-opening polymerization are the harsh, basic conditions of the
conventional oxyanionic polymerization!®, which lead to saponification of the glycidyl esters.
Consequently, one has to resort to other polymerization mechanisms, such as the monomer-
activated anionic ring-opening polymerization (AROP), pioneered by Carlotti and Deffieux!>
18 with the copolymerization of glycidyl methacrylate (GMA)®. Alternatively, these polymer
architectures are also accessible by coordination-insertion polymerization, albeit resulting in

broader molecular mass distributions.?

Glycidyl cinnamate (GC) is the glycidyl ester of cinnamic acid and possesses both a reactive
double bond and an epoxide function.?>?? As a photocrosslinkable monomer, the glycidyl ester
of cinnamic acid is of particular interest, since it represents a bifunctional monomer. GC
possesses a polymerizable epoxide moiety and a photosensitive cinnamoyl group. Cinnamic
acid derivatives undergo a [2 + 2] photocycloaddition, isomerization, or a photo-Fries
rearrangement under UV irradiation.?®-?® Previous access to the cinnamoyl groups in polyethers
was achieved by post-polymerization modification, since the harsh conditions of an AROP
would cleave the ester structure. Trzebicka et al. modified linear poly(ethylene oxide)-b-
polyglycerol linP(EO-b-G) block copolymers using cinnamic acid to nanogels synthesized by
UV irradiation.?” The photoreactivity of the cinnamic acid moiety was already used in various
photoresponsive polymer structures like polyvinyl cinnamic acid ester (PVVCm), which was the
first synthesized photopolymer to be used as negative-tone photoresist.?4222% Application for
drug delivery systems was demonstrated by Shi et al. with the synthesis of degradable,
photoresponsive nanoparticles. Starting from 3,4-dihydroxycinnamic acid (3,4DHCA), 4-
hydroxycinnamic acid (4HCA) and dithiothreitol (DTT), photoresponsive PCA-graft-DTT
nanoparticles were prepared, in which protein encapsulation was achieved during nanoparticle

formation.®°
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Polyglycerol represents a highly biocompatible and hydrophilic material.3**2 Both linear and
branched polyglycerols are water-soluble and show structural similarity to poly(ethylene
glycol) (PEG), but are not restricted in their number of functional groups at the polyether
backbone.® The direct AROP of glycidol is not suitable for the synthesis of linPG due to the
inimer (initiator-monomer) structure of glycidol, which leads to branching.3* The use of suitable
protecting groups allows the formation of linear polyether structures. Ethoxyethyl glycidyl
ether (EEGE)® is common for the synthesis of linPG, capitalizing on the acetal moiety as a
base-stable protecting group.3-4° Each hydroxyl group of linPG offers an anchor point for the
introduction of various functional groups by post-polymerization modification, which renders
the polymer interesting for biomedical application.*! Potential applications for linPG include
the use for drug delivery systems or bioconjugation with proteins (“PGylation”)*?, coatings for
gold surfaces®*#* or star-shaped macroinitiators for star block copolymers with core-shell

structure3*4°,

In this work, we describe the statistical copolymerization of EEGE and GC. To the best of our
knowledge, the anionic polymerization of GC has not been described to date. However, the
conventional AROP is not suitable for the polymerization of GC, since cleavage of the ester
moiety cannot be avoided under basic reaction conditions. However, employing the monomer-
activated AROP, linP(G-co-GC) copolymers were synthesized under mild conditions.
Scheme 1 shows the synthetic strategy for the copolymerization of EEGE and GC. The
copolymers were characterized with regard to selective cleavage of the acetal groups of EEGE
as well as thermal properties and microstructure of the copolymers. In addition,

photocrosslinking and photochemical synthesis of polyglycerol hydrogels were studied.
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Scheme 1. Synthesis of P(G-co-GC) via the monomer activation technique by

copolymerization of EEGE and GC and subsequent acidic cleavage of the protecting groups.
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EXPERIMENTAL PART
Terminology. Linear polyglycerol is hereafter abbreviated as PG.

Instrumentation. *H NMR spectra (400 MHz or 600 MHz) were recorded on a Bruker Avance
11 400 or Bruker Avance I11 600 spectrometer. All spectra are referenced internally to residual
proton signals of the deuterated solvent. In-situ *H NMR Kinetics were measured on a Bruker
Avance I11 HD 400 spectrometer equipped with a 5 mm BBFO SmartProbe (Z-gradient probe)
and an ATM as well as a SampleXPress 60 auto sampler. Size exclusion chromatography (SEC)
measurements were performed on an Agilent 1,100 Series, equipped with a Polymer Standards
Service (PSS) HEMA column (300/ 100/ 40 A porosity), Rl and UV (275 nm) detector.
Dimethylformamide (containing 1 g L™* of lithium bromide) was used as a solvent at 50 °C and
poly(ethylene glycol) standards provided by PSS were employed for calibration. Differential
scanning calorimetry (DSC) measurements were performed on a Perkin Elmer 8,500 in a
temperature range from -80 °C to 80 °C, using heating and cooling rates of 20 K min (first
cycle) and 10 K min*(second cycle). For evaluation, the data points of the second heating cycle
were used. IR spectra were recorded on a Nicolet iS10 Fourier transform infrared spectrometer

(Thermo Fisher Scientific) with attenuated total reflection.

Density functional theory (DFT) calculations. Quantum mechanical calculations were carried
out with the ORCA 3.0.2 software suite.*® All structures were optimized using the B3LYP DFT
hybrid functional with geometrical counterpoise correction (gCP)*’ and dispersion correction
(D3)*84° using def2-TZVP®*5! as basis set and RIJK-COSX®? as approximation. In all cases

frequency analysis was performed and no imaginary frequency was detected.

Reagents. Chemicals and solvents were purchased from commercial suppliers (Acros, Sigma-
Aldrich, Fisher Scientific, Alfa Aesar) and used without prior purification, unless otherwise
stated. Deuterated solvents were obtained from Deutero GmbH. Triisobutylaluminum (i-BusAl,
1.1 M solution in toluene, Acros Organics) and toluene (99.85%, Acros Organics) were used
without further purification. Tetraoctylammonium bromide (NOctsBr, 98%, TCI) was
azeotropically dried with benzene overnight under reduced pressure. Glycidyl cinnamate (GC)
was purified by stirring over CaHz and distillation. Ethoxyethyl glycidyl ether (EEGE) was
synthesized according to Fitton et al.>® and dried analogously. Dialysis membranes (regenerated
cellulose, MWCO = 1,000 g mol™) were obtained from Orange Scientific.

Monomer synthesis (glycidyl cinnamate). Glycidyl cinnamate (GC) was prepared in a two-step
synthesis. For the preparation of potassium cinnamate (PC), cinnamic acid (2 g, 13 mmol,
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1 equiv) was dissolved in THF (20 mL) in a round-bottom flask and heated to 30 °C. Under
stirring freshly ground potassium hydroxide (0.8 g, 13 mmol, 1 equiv) was added to the reaction

solution. After one hour, the solvent was removed in vacuo. Yield: quantitative.

The second reaction step was performed according to a slightly modified procedure of Rusu
etal..? PC (1.5, 8 mmol, 1.0 equiv) and epichlorohydrin (7.9 mL, 101 mmol, 12.5 equiv)
were placed in a reaction flask. Subsequently, tetrabutylammonium bromide (130 mg,
0.4 mmol, 0.05 equiv) was added and the reaction mixture was stirred at reflux at 115 °C for
3.5 h. The clear, orange, solution was diluted with dichloromethane (40 mL) and potassium
chloride was filtered off. After washing twice with a saturated, aqueous NaHCO3 solution
(100 mL), the organic phase was dried over MgSO4 and concentrated using a rotary evaporator.
By distillation of the orange solution under reduced pressure, the product was isolated as a
colorless, viscous liquid. Yield: 85%.'H NMR (400 MHz, CDCls): § (ppm) = 2.67 (dd, 1H, Ha),
2.84 (t, 1H, Ha), 3.26 (m, 1H, Hy), 4.02 (dd, 1H, Hc), 4.53 (dd, 1H, H), 6.45 (d, 1H, Ha), 7.35
(m, 3H, Hf, Hp), 7.50 (m, 2H, Hg), 7.71 (d, 1H, H¢). BC NMR (100 MHz, CDCly):
d (ppm) = 44.64 (Ca), 49.43 (Cb), 65.04 (Cc), 117.30 (Ce), 128.11 (C;), 128.88 (Cn), 130.44 (C)),
134.16 (Cg), 145.50 (Cs), 166.49 (Ca).

P(EEGE-co-GC) — Copolymerization of EEGE and GC. The described protocol was performed
in analogy to the literature procedure for the polymerization of EEGE according to Carlotti and
Deffieux!” and refers to sample P(EEGEo17-c0-GCoss) (entry2, Table 1).
Tetraoctylammonium bromide (0.1 g, 0.09 mmol, 1 equiv) was freeze-dried with benzene
(3 mL) in a Schlenk tube. Anhydrous toluene (5 mL) and the dried monomers GC (0.7 mL,
3.84 mmol, 42 equiv) and EEGE (0.1 mL, 0.91 mmol, 10 equiv) were added to the initiator via
syringe under argon atmosphere. After cooling to -72 °C with an ethanol/dry ice bath, the
polymerization was initiated by injection of the catalyst i-BusAl (0.4 mL, 0.41 mmol,
4.5 equiv), resulting in a strong yellow color that decreased during the reaction. The reaction
mixture was allowed to warm up slowly to room temperature. Termination was carried out after
48 h by addition of Milli-Q water (1 mL). AI(OH)s precipitated as a white solid, which was
removed by filtration. The polymer solution was concentrated in vacuo. For purification, the
copolymer was dissolved in dichloromethane and dialyzed against dichloromethane/methanol
(3:2) for 24 h. Drying under vacuum afforded the copolymer in yields of 90%. *H NMR
(600 MHz, CDClg): & (ppm) = 1.15 (br, Ho), 1.22 (br, Hi), 3.36—4.01 (br, Hg, Hn, Hi, Hj, Hk, Hn),
4.32 (br, Hs), 4.70 (s, Hm), 6.43 (br, He), 7.30-7.45 (br, Ha, Hp, Hc), 7.64 (br, Hg). 3C NMR
(150 MHz, CDCls): 6 (ppm) = 15.28 (Cq), 19.80 (Ch), 60.99 (Cp), 63.71 (Ch, Cj, Ci), 69.51 (Cnm),
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77.74(Ci, C), 99.81 (Co), 117.69 (Cr), 128.17-128.85 (Cp, Cc), 130.33 (Ca), 134.25 (Cq), 145.20
(Ce), 166.69 (Cy).

P(G-co-GC) - Selective deprotection of P(EEGE-co-GC): Removal of the acetal protecting
group under acidic conditions was performed by using the ion exchange resin Dowex® 50WX8.
For this purpose, the copolymer was dissolved in a methanol/toluene mixture (2 : 1, 20 wt%)
and Dowex® was added. In order to shift the reaction equilibrium, the volatile by-products
(acetaldehyde and ethanol) were removed under reduced pressure for 12 h at 30 °C. The resin
residue was filtered and the polymer was dried in vacuo. Yield: 90% to quantitative."H NMR
(600 MHz, CDCI3): 6 (ppm) = 3.48-3.97 (br, Hg, Hn, Hi, Hj, Hk), 4.34 (br, Hy), 6.43 (br, He),
7.30-7.45 (br, Ha, Hb, Hc), 7.60 (br, Ha).23C NMR (150 MHz, CDCls): & (ppm) = 63.62 (Ch, C;j,
Ci), 69.72 (Cwm), 77.74 (Ci, Cx), 117.61 (Cs), 128.21-128.91 (Cy, C¢), 130.37 (Ca), 134.22 (Cy),
145.28 (Ce), 166.75 (Cy).

Sample preparation for in-situ *H NMR Kkinetic studies. In the first step the initiator
tetraoctylammonium bromide (NOctsBr, 50 mg) was dried in a Schlenk tube by dissolving it in
2 mL benzene and stirring under vacuum for 30 min at 60 °C. After removing the solvent under
vacuum for 24 h, 0.5 mL dry toluene-dg were added. A Norell S-5-400-VT-7 NMR tube was
evacuated overnight and filled with argon. 0.1 mL of the initiator solution (NOctsBr, 1 equiv)
was added in the NMR tube, followed by 0.55 mL toluene-ds. Glycidyl cinnamate (GC) and
ethoxyethyl glycidyl ether (EEGE) were dried over CaH; and distilled under reduced pressure.
47 pL GC (15 equiv) and 40 uL EEGE (15 equiv) were placed in the NMR tube. After cooling
with an acetone/dry ice bath for 20 min, 83 pL i-BusAl solution (1.1 M in toluene, 5 equiv) was
injected via syringe. The NMR tube was sealed with a Teflon stop-cock and shaken vigorously
in order to homogenize the solution before placing the tube in the NMR spectrometer with the
probe gas flow adjusted to -20 °C. When a stable temperature in the probe head was reached
(~10 min, 4T =0.1 K), the first spectrum was recorded. Sample spinning was turned off.
Spectra were recorded with 16 scans at intervals of two minutes during the entire measurement.
The measurement was stopped at full conversion (~2h). SEC data of the isolated

P(EEGEq.50-c0-GCo.50) copolymer are shown in SlI-Figure 1.

Crosslinking by UV irradiation and study of swelling behavior. Crosslinking experiments were
performed in small PTFE pans (@ =20 mm). For this purpose, an ethanolic P(G-co-GC)
solution (c = 140 g L) was transferred into the pans. The pans were covered with a quartz glass

slide in order to avoid contamination and rapid evaporation of the solvent. For the irradiation,
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a UV lamp was used, into which UV tubes with wavelengths of 312 nm and 364 nm were

installed. After 180 min, the crosslinked hydrogel films were removed from the pans.

For the study of the swelling properties, the hydrogels were placed in water for 48 h in Milli-Q
water in order to reach equilibrium swelling. Subsequently, the swollen hydrogels were
removed and weighed after removal surface adsorbed water by Kimwipes®. Then, the hydrogels
were allowed to swell in water again for 1 h and the process was repeated three times to
determine the standard deviation. Swelling ratio (SR) was determined using the following

expression:>

W,—Ww
SR:(S d
Wq

) 100 (1)

where ws and wg are the weights of the swollen and dry hydrogels, respectively. The mass

swelling (Qm) was calculated according to:>

Qm =— 2

186



Preparation of Hydrogels
RESULTS AND DISCUSSION
A. Synthesis of GC monomer.

The preparation of glycidyl cinnamate was performed by esterification of epichlorohydrin with
cinnamic acid, which was converted into an activated nucleophile with KOH. Compared to the
literature, the yield could be increased by approximately 17%, which is due to a higher amount
of phase transfer catalyst and longer reaction times employed.?! In general, GC is readily
storable in the refrigerator (4 °C) and shows high storage stability. Temperatures of 150 °C and
a pressure of 1 - 10 mbar are required for the distillation. For the corresponding *H NMR,
13C NMR and 2D NMR spectra, see SI-Figures 2-5.

B. Synthesis of P(EEGE-co-GC) copolymers, characterization, in-situ ‘H NMR

kinetics, deprotection and thermal properties.

Copolymerization of EEGE and GC. The synthesis of the copolymers was performed
employing an initiator/catalyst system consisting of tetraoctylammonium bromide (NOct4Br)
as an initiator and triisobutylaluminum i-BusAl as a catalyst. The catalyst was used in excess
(Scheme 2),1" because besides the “ate”-complex formation with NOctsBr, i-BusAl acts
simultaneously as a monomer activator. Since the initiator/catalyst ratio influences the
propagation rate and molecular weight distributions, the ratio has to be adjusted specifically for
each monomer system. Full removal of the catalyst and the hydrolyzed initiator residues
represents a critical issue. There are different approaches in literature.>** In our work, by
termination with Milli-Q water, i-BusAl was transformed into the amphoteric aluminum
hydroxide and removed by filtration. Subsequent dialysis in dichloromethane/methanol (3 : 2)
removed the residues of the initiator.
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Scheme 2. Reaction mechanism for the copolymerization of EEGE and GC initiated by
NOctsBr: 1) formation of the “ate”-complex 2) activation of the monomers by complexation

and nucleophilic attack of bromide 3) chain growth 4) termination by addition of water 5) acidic
cleavage of the acetals.

Table 1 summarizes the data obtained by SEC (DMF, PEG standards) for the series of
copolymers prepared of GC. Molar masses between 2,200 g mol™* and 4,600 g mol™* were
obtained with polydispersities (D) between 1.09 and 1.34. The SEC traces of all P(EEGE-co-
GC) copolymers and the PGC homopolymer (Figure 1) display monomodal molecular weight
distributions. GC was incorporated in any desired ratio. All batches were targeted molecular
weights of 10,000 g mol™. The main reason for the discrepancies of the molecular weights is
the SEC calibration, carried out using PEG standards, which only gives exact values for pure
PEG. This finding is substantiated by a comparison with the literature. Schomer et al. targeted
a PEEGE homopolymer of 7,500 g mol™* and measured 2,700 g mol™* despite full monomer
conversion.>® An analogous deviation of about 60% between the theoretical and molecular
weight determined by SEC can be observed for sample P(EEGE.97-c0-GCoo03) (entry 8,
Table 1), which shows the lowest content of GC. In general, the deviation increases with the
amount of GC incorporated in the copolymers, since the hydrodynamic radii of the copolymers
increasingly differ from that of pure PEG standards. The overlap of Rl and UV signal proves
homogeneous incorporation of GC and EEGE over the entire molecular weight distribution of

the copolymers (SI-Figure 6).
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The last column of Table 1 indicates the catalyst/initiator ratio, which had to be adjusted for
each copolymerization with different monomer ratios to provide optimal reaction conditions.
For propylene oxide (PO), Carlotti et al. already showed that high catalyst-initiator ratios
caused broadening of the molecular weight distributions and that no polymerization took place
at a ratio < 1.12°7 The high amount of catalyst must be chosen according to the structure of the
reactants. In general, with increasing oxygen content of the monomer structure, higher amounts
of catalyst are required for the copolymerization due to interaction and complexation of the

catalyst (SI-Figure 7).%

Table 1. Copolymerization of EEGE with GC using [i-BusAl]J/[NOct4Br] (synthesis in
toluene, -72°C).

No. Copolymer Theoretical ~ Mn( MnP P [i-BusAll/
composition? composition (g molt) (g mol?) [NOct4Br]

1 PGC 0:100 10,000 2,600 1.19 4.5

2 P(EEGEqo.17-c0-GCo.83) 19:81 10,000 2,200 1.20 4.5

3 P(EEGEqo.27-c0-GCo.73) 30:70 10,100 2,300 1.34 5.0

4 P(EEGEo.70-c0-GCo.30) 69:31 10,200 4,600 1.21 45

5 P(EEGEo.81-c0-GCo.19) 80:20 10,100 3,800 1.19 45

6 P(EEGEo.84-c0-GCo.16) 85:15 10,100 3,400 1.09 5.0

7 P(EEGE0.92-c0-GCo.08) 92:8 10,700 4,500 1.28 5.0

8 P(EEGEo.97-c0-GCo.03) 96 : 4 10,100 4,400 1.11 5.0

3 Obtained from 'H NMR spectra.” Determined by SEC measurements in DMF (RI detector,
PEG standards).

In the absence of a functional initiator, only the incorporation ratios can be determined via
'H NMR, but no molecular weights. Monomer incorporation was in good agreement with the
monomer ratios employed (Table 1). Characteristic signals at 6.4 ppm (proton of GC double
bond) and 4.7 ppm (methine proton of EEGE) from the *H NMR spectrum (Figure 1) were
used for the evaluation. Additional inverse gated **C NMR and 2D NMR spectra are given in

the Supporting Information (SI-Figures 8—10).
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Figure 1. *H NMR spectrum (600 MHz, CDCls) of P(EEGEo.s4-c0-GCo.16) (entry 6, Table 1)
and SEC traces (DMF, PEG standards) of selected P(EEGE-co-GC) copolymers and PGC
homopolymer.

Kinetics. In-situ *H NMR spectroscopy has become an established method for the investigation
of monomer gradients in living copolymerizations. We recently presented in-situ NMR studies
of the monomer-activated AROP to elucidate the microstructure of copolymers.®®* This
method is advantageous, since the copolymerization takes place undisturbed in the NMR tube
without the need for external manipulation, for instance by removal of samples. In this manner,
possible contamination by oxygen or traces of water is avoided. In addition, the safety aspect
is not negligible, since i-BusAl is pyrophoric and reacts violently in air. In the case of
copolymerization with the gaseous, toxic, carcinogenic and mutagenic EO, this technique can
also prevent possible contamination of the environment by undissolved gas, which could occur
when drawing samples for kinetic studies.®® To the best of our knowledge, the reaction kinetics
of glycidyl esters with glycidyl ethers in general has not been investigated to date via real-time
'H NMR spectroscopy. The monomer distribution in copolymers is highly dependent on the
chemical nature of the monomers for the monomer-activated anionic ring-opening
copolymerization. The copolymerization of different glycidyl ethers results in a random
monomer sequence,>*%! while the copolymerization of EO and glycidyl ethers provides strongly
tapered copolymer structures with a preferred incorporation of EO in case of monomer
activation by i-BusAlL>® The same applies to the copolymerization of glycidyl ethers and
propylene oxide (PO). In this case behaves analogously to EO.Y” Comparing now the reactivity

ratios of EO and PO, a higher reactivity of EO can be observed.®’

Relying on the integrals of the signals for the proton of the GC double bond (6.4 ppm) and the
methylene protons of EEGE (3.1 ppm), the decrease of the monomer concentrations was
monitored (Figure 2) via in-situ *H NMR kinetics at -20 °C in toluene-ds.
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Figure 2. *H NMR spectra for copolymerization of EEGE and GC in toluene-ds at -20 °C
employing the monomer activation method, including a zoom of relevant areas of the spectrum

for evaluation (right).

The decrease of the monomer signals can be directly translated to their incorporation into the
copolymer chains formed, since no transfer or termination reactions occur. Figure 3a illustrates
the concentration of EEGE and GC plotted vs. total conversion, indicating a gradient structure

of the copolymers.
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Figure 3. Top (a): monomer concentration plotted vs. total monomer conversion determined
by 'H NMR spectroscopy in toluene-ds at -20 °C, applying the monomer-activated AROP. Blue
line: conversion of EEGE, red curve: conversion of GC. Bottom (b): simulation of P(EEGE-co-
GC) microstructure based on the reactivity ratios determined from Kelen-Tiidés method, white
points represent measured data points.

On the basis of the data obtained in-situ, reactivity ratios were determined by various known

evaluation methods: Meyer-Lowry®?, Mayo-Lewis®®, Fineman-Ross®* and Kelen-Tiidés®
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(Table 2). These methods can be categorized according to the use of the differential form of
the Mayo-Lewis equation or the integrated Meyer-Lowry form. Using the Mayo-Lewis
equation, the collected data must be converted into differentials to evaluate the reactivity ratios.
The Meyer-Lowry equation can be directly fitted to the data of the monomer composition shift

for the full conversion range.

Table 2. Copolymerization reactivity ratios for the monomer-activated AROP of EEGE and
GC in toluene at -20 °C, initiated with NOctsBr and i-BuzAl as catalyst.

Method leece lec Type

Meyer-Lowry | 0.21 | 2.72 integral
Mayo-Lewis 0.24 | 2.86
Fineman-Ross | 0.24 | 3.00 [ differential
Kelen-Tudés | 0.23 | 2.92

The corresponding fits are given in the Supporting Information (SI-Figures 11-14). All
methods provide similar reactivity ratios (reece = 0.2; rec = 2.9) and demonstrate the preferred
incorporation of GC. Based on these reactivity ratios, the average monomer distribution along
the polymer chains can be calculated.®® The result is shown in Figure 3b, revealing a gradient-
like microstructure. The reactivity ratios are consistent with a work by Labbé et al. who were
able to prove that glycidyl methacrylate (GMA) incorporates faster than glycidyl methyl ether
(GME) (rewe = 0.37; roua = 1.24).1°

As an explanation for the EEGE/GC reactivity ratios, steric influence can be ruled out, since
GC is incorporated preferentially, despite the bulky side group. Instead, the pronounced
gradient must be due to the chemical nature of the monomers. To correlate the reactivity ratios
to the molecular structure of EEGE and GC, quantum mechanical calculations (B3LYP-D3-
gCP/def2-TZVP//B3LYP-D3-gCP/def2-TZVP) were performed. As a simplified model, the
bond length of the epoxide C-O bond was investigated, which is attacked during propagation
to form the backbone (for coordinates, see SI-Table 1-3). In the case of EEGE, this bond is
slightly longer (143.4 pm) compared to GC (142.9 pm) or EO (142.8 pm). This leads to an
increased ring strain towards the site for nucleophilic attack in GC compared to EEGE.
Furthermore, the bond lengths in EO and GC show only slight differences, thus similar ring
strain and reactivity can be expected. In a previous report of our group, a gradient was observed
for EO and EEGE copolymerized via monomer-activated AROP (reo = 8.00; reece = 0.125).%8

From the calculated ring geometries, GC can be expected to show similar reactivity as EO
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(Figure 4), which is considerably more reactive in the monomer-activated copolymerization
than EEGE. This is in line with our findings regarding gradient type copolymerization of EEGE
and GC.

142.8 ! 1428 1434
< 1463

Figure 4. Determined bond lengths (in pm) for EO, EEGE and GC via DFT calculations.

Removal of the acetal protective groups to release the free hydroxyl groups. Cleavage of the
acetal group subsequent to the polymerization without affecting the GC ester bonds is not
trivial. For this purpose, the acidic ion exchange resin Dowex® 50WX8 was used for
deprotection. Quantitative removal of the protective groups was achieved by using a
methanol/toluene mixture and reduced pressure. Continuous removal of the cleavage products
acetaldehyde and ethanol resulted in shifting of the reaction equilibrium towards the product
side. As a consequence, a drastic difference in the polarity of the samples could be observed.
While all the protected samples of Table 1 were only soluble in organic solvents such as
dichloromethane, the deprotected samples 11—15 (Table 3) could be dissolved in water, which

is crucial for the preparation of the hydrogels discussed below.

Table 3 gives the SEC data for all deprotected P(G-co-GC) copolymers. Molecular weights are
in the range of 1,900 to 3,700 g mol™* with » below 1.35.
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Table 3. Characterization data of deprotected polyglycerol copolymers.

No.? Copolymer Theoretical ~ Mnp®™ Mn® D¢
composition® composition  (g-mol?) (g-mol?)

9@  P(Gois-co-GCos2)  19:81 9,300 1,900  1.25
100  P(Go20-c0-GCo71)  30:70 8,900 2200  1.33
11®  P(Go70-c0-GCoz0)  69: 31 7,100 3500  1.32
126 P(Gog1-c0-GCo1s)  80:20 6,400 3,700 121
13®  P(Go.86-c0-GCo.14) 85:15 6,100 2,400 1.30
140 P(Go.g2-0-GCo.s) 92:8 6,000 3300  1.34
15@  P(Go.98-c0-GCo.2) 96 : 4 5,400 3,600 1.21

2 Exponent specifies precursor from Table 1. ® Obtained from *H NMR spectra. ¢ Determined
by SEC measurements in DMF (RI detector, PEG standards).

A superposition of selected SEC traces of P(G-co-GC) copolymers is shown in Figure 5 and
demonstrates the monomodal distributions obtained. In direct comparison, all individual
elugrams are shifted in comparison to the precursors. The successful deprotection is also
evidenced by the *H NMR spectrum, shown for the deprotected P(Go.1s-co-GCo.s2) (entry 9,
Table 3) copolymer in Figure 5. The typical signals of the acetal protecting group at 4.7 ppm
and 1.2 ppm are absent, confirming quantitative cleavage. In addition, all characteristic signals
of glycidyl cinnamate are still present. The Supporting Information includes additional
13C NMR and 2D NMR spectra (SI-Figures 15-17).
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Figure 5. *H NMR spectra (600 MHz, CDCls) of P(Go1s-c0-GCos2) (entry 9, Table 3) and
SEC traces (DMF, PEG standards) of selected P(G-co-GC) copolymers.

Thermal properties. Thermal properties of the copolymers were investigated by differential
scanning calorimetry (DSC). Table 4 documents the thermal characteristics for both P(EEGE-
co-GC) and the deprotected P(G-co-GC) copolymers as well as PGC homopolymer, which were
determined from the second heating curve (for DSC diagrams see Sl-Figure 18 and SI-
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Figure 19). The glass transition temperatures (TgS) vary in the range of -60 °C (entry 8,
Table 4) for protected copolymers and -13 °C (entry 15, Table 4) after deprotection, to 21 °C
(entry 1, Table 4). The values increase with increasing amount of GC. As expected, due to the
generally atactic structure of the copolymers, amorphous materials were obtained and no

melting points were observed.

Table 4. Thermal properties of P(EEGE-co-GC)/P(G-co-GC) copolymers and PGC

homopolymer.

No.2  Copolymer composition® Tg/ °C
1 PGC 21
2 P(EEGEo.17-c0-GCo.83) 8
3 P(EEGEo.27-c0-GCo.73) -4
4 P(EEGE0.70-c0-GCo.30) 42
5 P(EEGE01-c0-GCo.15) 46
6 P(EEGE0.84-c0-GCo.16) 53
7 P(EEGEqo.92-c0-GCo.08) -54
8 P(EEGEo.97-c0-GCo.03) -60
9@ P(Go1s-c0-GCos2) 16
100 P(Go2s-c0-GCo71) 16
11®  P(Go.70-c0-GCo.30) 9
126 P(Go.81-c0-GCo.19) 1
139 P(Goss-c0-GCo.14) 9
140 P(Gos2-c0-GCoys) 16
156) P(Go.98-c0-GCo.02) -13

2 Exponent specifies precursor 2—8. ® Obtained from *H NMR spectra.

In Figure 6, the linear relationship between the glass transition temperature of the acetal
protected P(EEGE-co-GC) copolymers, the deprotected P(G-co-GC) copolymers and the PGC
homopolymer are plotted as a function of their GC content. Please note that the Tys, of PEEGE
and PG homopolymers were taken from literature and amount to -67 °C% and -14 °C%,
respectively. The Tgs of the copolymers are within these limits. The nearly linear trend for the
P(EEGE-co-GC) copolymers demonstrates the effect of the incorporation of the comonomers

EEGE and GC, supporting the absence of a very pronounced gradient structure.
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Figure 6. Glass transition temperatures of P(EEGE-co-GC)/P(G-co-GC) copolymers and
PG/PEEGE/PGC homopolymers as a function of the GC content, including fits for the modified

Jenckel-Heusch (blue curve) and Fox equation (red curve).

The systematic increase of the glass transition with increasing GC content is due to the
substituent effects. Bulky side chains, such as the sterically demanding cinnamic acid ester
groups impede mobility of the main chain and thus lead to an increase of the T4.% Upon release
of the hydroxyl groups, a general increase of the Tgs in the series of P(G-co-GC) copolymers is
observed (ATs_.;s = 47 °C), which is due to hydrogen bond interaction.®® This effect becomes
smaller with increasing GC content (AT.—.o = 8 °C), since the large, sterically demanding GC

side groups have the major impact on the molecular mobility here.

For evaluation, the linear plot of Fox equation’ (3) and the simple, linear combination based

on the empirical Jenckel-Heusch equation’® (4) were used:

i _ _XEEGE/G + XGc 3)
Tg TQPEEGE/PG TQPGC
Ty = XgegE/G " TgPEEGE/PG + X6e " Typgc (4)

Here, x is the mole fraction of the monomer units EEGE/G and GC, whereas T, and

9PEEGE/PG

T

) Telo]

approach, which does not take specific interaction terms into account.”? Direct comparison

correspond to the respective homopolymer. These equations here represent a simplified
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demonstrates that the measured Ty values for the protected P(EEGE-co-GC) copolymers
coincide very well with the course of the Fox and modified Jenckel-Heusch equation. Thus, the
glass transitions can be predicted for arbitrary P(EEGE-co-GC) copolymer compositions, using
these equations. For the deprotected P(G-co-GC) copolymers, a positive deviation from the
course of the fits is observed, which reaches its maximum at a composition of 40-50 mol% GC.
This behavior can be attributed to interactions and the considerations of the chemical nature of
the comonomers.” As a consequence of the hydrogen bonding between the ester function of
GC and the hydroxyl groups of the glycerol moieties, the free volume of the copolymers

decreases, resulting in a reduction of the chain mobility that translates to higher Tgs.’*™

C. Photocrosslinking of P(G-co-GC) copolymers.

Polyether copolymers with cinnamic acid functionality possess intriguing potential for the use
as photosensitive materials.”®®° The reactive double bond in the cinnamic acid side chain
permits photodimerization, and thus crosslinking of the copolymers is possible, as shown in SI-
Figure 20. In general, photocrosslinking of cinnamate derivatives requires UV radiation with
2> 280 nm (here 312 nm and 365 nm).?*"°8% As a result, cinnamate units exhibit a substantial
advantage, since no auxiliary reagents such as photoinitiators are required for crosslinking. The
following section discusses the photodimerization-based crosslinking of the synthesized P(G-

co-GC) copolymers by employing UV irradiation, resulting in hydrogel formation.8283

Direct crosslinking via photodimerization in water failed, which could be attributed to the
gradient-like microstructure of the copolymers that could lead to shielding of the insoluble
glycidyl cinnamate units by the polar polyglycerol chains. A series of experiments were
performed, varying both the concentration and UV irradiation times. Finally, the use of ethanol
as a solvent turned out to be the best option, since also P(G-co-GC) copolymers possessing a
GC content below 30% were soluble. The copolymers were successfully photocrosslinked
while the solvent evaporated slowly. For successful formation of hydrogels, the GC content in
the copolymer must exceed 2 mol% (cf. entry 15, Table 5). After irradiation of the soft and
adhesive (“sticky”) starting material, a non-sticky hydrogel was formed. Striking differences in
the material properties of the hydrogels were observed depending on the amount of GC in the
copolymers employed. While photocrosslinking of P(Go.e2-c0-GCoos) (entry 14, Table 3)

resulted in a yellow, elastic material, the hydrogels with higher amount of GC were brittle.
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To confirm the successful photodimerization, IR spectroscopy was conducted as a qualitative
method due to the insolubility of the hydrogels. SI-Figure 21 shows the superimposed,
normalized IR spectra of the P(G-co-GC) hydrogels. In particular, the wave number range of
1,800 to 1,600 cm™ demonstrates successful crosslinking of the P(G-co-GC) copolymers. In the
case of the non-crosslinked polymers, the unsaturated ester carbonyl band appears at
ve=o = 1,709 cm™?, and the C=C stretching mode at vc=c = 1,636 cm™ (Figure 7). The IR
spectrum of the corresponding hydrogel shows a strong decrease of the C=C stretching mode
caused by the photodimerization and a shift of the carbonyl band to 1,731 cm™. According to
Coleman et al., the shift between the unsaturated C=0 and the saturated carbonyl stretching
band is the consequence of the formation of saturated C—C crosslinks from the cinnamoyl
double bonds (cf. SI-Figure 20).84
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Figure 7. Normalized IR Spectra of P(Go.92-c0-GCo.08) (entry 14, Table 3) before and after

photocrosslinking, including a zoom in on the GC double bond region.

For the characterization of the hydrogels, the equilibrium swelling ratio (SR, Equation 1, see
Experimental) and mass swelling (Qm, Equation 2, see Experimental) were examined. Table 5
summarizes the SR and Qnm results for the P(G-co-GC) hydrogels.
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Table 5. Swelling behavior of the P(G-co-GC) hydrogels.

No.2  Copolymer composition® SR /% Qm
11®  P(Go.70-c0-GCo.0) 79 1.8
126)  P(Gog1-€0-GCo.19) 172 2.7
13®  P(Gogs-c0-GCo14) 175 2.8
140 P(Gog2-c0-GCos) 220 3.2

15®  P(Gogs-c0-GCo.02) - )

2 Exponent specifies precursor. ® Obtained from *H NMR spectra.

The SR was calculated using Equation 1 and varies from 220% to 79%. However, the mass
swelling (Equation 2) decreases from 3.2 to 1.8, which is illustrated in the Supporting
Information (SI-Figure 22). As expected, with increasing the GC content the water uptake
decreases due to the increase of crosslink density. The hydrogels exhibit rather low water uptake
compared to PEG hydrogels.>88 This behavior is tentatively attributed to the microstructure of
the P(G-co-GC) copolymers. According to the in-situ *H NMR Kinetic measurements the
copolymer chains show a gradient-like distribution and consequently no uniformly distributed
GC units. A large water uptake capacity requires rather long hydrophilic segments, leading to
a large mesh size.® Instead, the crosslinks are concentrated in the GC-rich segments due to the
gradient, resulting in a decreased mesh size and in reduced water uptake.%.
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CONCLUSION

In this work, we presented the copolymerization of glycidyl cinnamate (GC) and ethoxyethyl
glycidyl ether (EEGE), capitalizing on the monomer-activated AROP. The results demonstrate
that such reactive glycidyl esters as a hardly studied class of epoxide monomers are amenable
to ring-opening polymerization reactions, if the monomer activation technique is employed.
The amount of incorporated GC in the polymers was varied from 3 mol% to 100 mol% by using
an excess of triisobutylaluminum (i-BusAl) as a catalyst in combination with
tetraoctylammonium bromide (NOctsBr) as an initiator. The obtained P(EEGE-co-GC)
copolymers showed apparent molecular weights ranging from 2,600 g mol™ to 4,600 g mol?,
with dispersities (P) below 1.35. Detailed characterization of the microstructure using in-situ
'H NMR kinetics demonstrated a gradient in the incorporation of the comonomers (reece = 0.2;
rec = 2.9). DFT calculations confirmed similar ring strain of GC and EO, for which a strong
monomer gradient in the monomer-activated copolymerization with EEGE was recently

demonstrated by our group.>®

Selective cleavage of the acetal protecting groups, avoiding ester hydrolysis of the GC units
was achieved by using Dowex® ion exchange resin. The molecular weights of the resulting
deprotected P(G-co-GC) copolymers varied from 1,900 g mol? to 3,700 g mol™, while the
dispersities P were in the range of 1.21 to 1.34. An investigation of the thermal properties
demonstrated the effect of hydrogen bonds of the P(G-co-GC) copolymers. The glass transition
temperatures (Tgs) ranged between -13 °C (deprotected polyethers) and -60 °C (protected
polymers) to 21 °C for the PGC homopolymer. Photocrosslinking via UV irradiation led to
hydrogels with a water uptake capacity of up to 220%. When gradually increasing the GC

content and thus the crosslink density, the expected decrease of the swelling ratio was observed.

These characteristics render P(G-co-GC) copolymers interesting candidates for biomedical
applications, particularly since these hydrogels are accessible without the addition of further
crosslinking agents.®® Obviously, the results of this work are of a general nature for the
polymerization and copolymerization of the hitherto scarcely studied monomer class of glycidyl
esters. By esterification of carboxylic acids with glycidol, a vast variety of different substituents

is conveniently accessible, enhancing the structural diversity of polyethers.
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SI-Figure 1. SEC trace of in-situ 'H NMR EEGE/GC copolymerization in toluene-ds at -20 °C,
initiated with NOct4Br and i-BusAl as catalyst in a ratio of 1:5 (M, = 4,800 g mol?, b = 1.57).
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SI-Figure 2. 'H NMR spectrum (400 MHz, CDCls) of GC monomer.
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SI-Figure 3. Inverse gated *3C NMR spectrum (100 MHz, CDCIs) of GC monomer.
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SI-Figure 4. 'H, *H COSY NMR (400 MHz, CDCls) of GC monomer.
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SI-Figure 5. *H, *C HSQC NMR of GC monomer in CDCls. Color of the signals indicates the
phase information (red: methine proton, blue: methylene protons).
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SI-Figure 6. Superposition of Rl and UV SEC traces (DMF, PEG standards) of P(EEGEo.97-
c0-GCo.03) (entry 8, Table 1).
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SI-Figure 8. Inverse gated 3C NMR spectrum (150 MHz, CDCls) of P(EEGE s4-c0-GCo.16)
(entry 6, Table 1).
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SlI-Figure 10. 'H, **C HSQC NMR of P(EEGEoss-c0-GCo.6) (entry 6, Table 1) in CDCls.
Color of the signals indicates the phase information (red: methyl / methine protons, blue:

methylene protons).
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SI-Figure 11. Meyer-Lowry fit for determination of reactivity ratios of the EEGE/GC
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SI-Figure 13. Fineman-Ross fit for determination of reactivity ratios of the EEGE/GC
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copolymerization.

218



SI-Table 1. Coordinates of EEGE determined by DFT calculations.
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Atom x-coordinate / A y-coordinate / A z-coordinate / A
C 0.69584981142474 0.84182649059141 -1.03107832274989
C 0.42981516495779 0.21584505479512 0.26257517591876
0] -0.12812296774754 1.49293957588247 -0.05453477669552
C 1.45880795221720 0.21325638344053 1.35976590845917
0] 2.16677195136227 -1.00875156121085 1.28298101449223
C 3.02666777561716 -1.28337895116299 2.38702579090515
0] 3.21348783973886 -2.65764414083924 2.46498997650405
C 4.38567036339129 -0.63573609258626 2.21012280384129
C 2.04801880911782 -3.40507129981717 2.81219289968290
C 2.44511658437132 -4.85949341043869 2.95450155567497
H  0.17305546222837 0.49261903789476 1 9171150210205
H 1.66178696549529 1.30865834491411 -1.20650387103057
H -0.29145578782194 -0.59808468382258 0.30545833376616
H 0.96044176506465 0.30890150646022 2.33632318786057
H 2.12092580710598 1.08059921940065 1.23562302828957
H 2.52718708007306 -0.91571177530558 3.30247398450397
H 4.85626768621454 -1.03009223937041 1.30778849674470
H 5.02160336040333 -0.85461194592223 3.06982857081610
H 4.28739932293439 0.44765469873491 2.11669141773896
H 1.28540790008215 -3.28056038353306 2.03706989583049
H 1.63764771061152 -3.01711913858508 3.75629480802924
H 2.85289196297729 -5.23788350293126 2.01456782068160
H 1.57415517409974 -5.46370249991122 3.22135791098450
H 3.20307230608072 -4.98054868667757 3.73172941077219
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SI-Table 2. Coordinates of GC determined by DFT calculations.

220

Atom x-coordinate / A y-coordinate / A z-coordinate / A
O  -0.63743073564652 1.15529059165816 4 12941905076104
C  -0.62173586316986 0.76400418923727  1.39626953789804
C  -1.20484670835902 10.11160688515434  0.37781043256633
C  -0.46832829793232 11.33105400167112  -0.09317985977775
O  -0.75730180385400 11.62306215761769  -1.47236068990558
C  -1.89294714509388 12.32045098774670  -1.71944074706016
C  -2.12673720832304 2.56580140328495  -3.14926653268838
O  -2.63931832801341 12.70248131511905  -0.84535192027636
C  -1.34126435906610 12.10473931478058  -4.13167493731495
C  -1.51083453696762 12.30005965501353  -5.56701755694803
C  -0.59916384887576 11.71182802115374  -6.44321490772268
C  -071982033105174 ~ ~L86330178354815 7 81800182412858
C  -1.76672330042854 2.61037331058614  -8.34408842467079
C  -2.69080074669560 13.20400862776017  -7.48586521924545
C  -2.57029266422073 13.05223886793990  -6.11464389996768
H  -1.27670859853479 1.32993327191481  2.05306479868901
H  0.36165709572494 0.53648267038497  1.80184299114385
H  -2.28711571483062 10.15815989913302  0.29096645929856
H  -0.73239395660564 12.19256226773700  0.52353479270632
H  0.60665926350744 -1.15752340905865  -0.06005760399875
H  -3.01597150925769 3.15257184927557  -3.33994216640572
H  -0.47618057869667 [151528478208048  -3.84642134016552
H  0.21762053165213 11.12803486533876  -6.03418646449563
H  0.00270253468236 11.30838470575047  -8.47769527307597
H  -1.86508505084331 2.73176005232042  -9.41509467931321
H  -3.50805765813041 13.78795429617893  -7.89187090408974
H  -3.20676047196960 -3.52178926314585 5 46397401181220
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SI-Table 3. Coordinates of EO determined by DFT calculations.

Atom x-coordinate / A y-coordinate / A z-coordinate / A
C -5.31580396045005 0.27719546241736 0.04380125578157
C -3.85555007036381 0.26289014833930 -0.04533378755923
0] -4.57367475955722 1.49666204477178 -0.00099855972908
H -5.79699492011848 0.06301107826540 0.99345396308603
H -5.90893046174849 0.06375792121888 -0.84045280077650
H -3.37864572963725 0.03897063013281 -0.99490329451112
H -3.26671009812471 0.03822271485447 0.83900322370834
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SI-Figure 15. Inverse gated **C NMR spectrum (150 MHz, CDCls) of P(Go.1s-c0-GCos2) (entry
9, Table 3).
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SI-Figure 16. *H, 'H COSY NMR (600 MHz, CDCl3) of P(Go1s-co-GCos2) (entry 9, Table 3).
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SI-Figure 17. *H, 3C HSQC NMR of P(Gg.1s-c0-GCos2) (entry 9, Table 3) in CDCls. Color of

the signals indicates the phase information (red: methine protons, blue: methylene protons).
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SI-Figure 18. DSC results for PGC homopolymer and P(EEGE-co-GC) copolymer samples
(entries 1-8, Table 1).
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SI-Figure 19. DSC results for PGC homopolymer and P(G-co-GC) copolymer samples (entries
1 & 9-15, Table 1).
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SI-Figure 20. Dimerization of P(G-co-GC) copolymers by photocrosslinking.
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SI-Figure 21. Superimposed, normalized IR spectra of P(G-co-GC) hydrogels with various
comonomer ratios.
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SI-Figure 22. Swelling ratio (SR) of P(G-co-GC) copolymers as a function of GC content.
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ABSTRACT

The novel bifunctional epoxide derivative ethoxy butoxy vinyl glycidyl ether (EBVGE) was
developed to introduce both acid-cleavable acetal and reactive vinyl ether groups along the
poly(ethylene glycol) (PEG) backbone. Anionic ring-opening polymerization (AROP)
provided well-defined statistical PEG-ran-PEBVGE copolymers through copolymerization
with ethylene oxide (EO) and mPEG-b-PEBVGE block copolymers using mPEG
macroinitiators with systematically varied amount of EVBGE (2—100 mol%) in a molecular
weight range of 2,600-11,700 g mol (D = My Mn? < 1.17). Copolymerization kinetics by
'H NMR spectroscopy proved an ideal, random incorporation of the comonomers with
reactivity ratios of reoesvee = 1.0. Studies of the thermal properties revealed glass transition
temperatures (Tg) around -60 °C and melting points (Tm) between 33 °C and 53 °C. Besides the
examination of the thermoresponsive behavior of the random copolymers, the self-assembly of
the block copolymers into acid-degradable micelles in water was investigated. In this context,
cytotoxicity was studied against mouse fibroblast L929 and human HEK-293T cells in the
concentration range of 10—1,000 pg mL™, confirming excellent biocompatibility. Furthermore,
core-crosslinking of the well-defined micelles by thiol-ene click chemistry and targeted
cleavage under acidic conditions was examined using static- (SLS) and dynamic light scattering
(DLS) and fluorescence correlation spectroscopy (FCS). Apart from the copolymers
synthesized via AROP, EBVGE vinyl ether groups were reacted with maleic anhydride (MA)
and N-phenylmaleimide (PM) by free-radical polymerization, demonstrating the bifunctionality

of this monomer.

TABLE OF CONTENTS GRAPHICS

A random T>T,
0.__0O 0
Q\/ \r e g s Y I VAN COpO ymers ‘@g@m Toud &
point
Ethoxy Butoxy Vinyl block M e
G >
Glycidyl Ether (EBVGE)| ™ ™" - [ copolymers ~ \S\ﬂ

micelle core-
formation crosslinking

unimers

230



Preparation of Crosslinkable Micelles

INTRODUCTION

In recent years, drug nanocarriers have become popular, since they permit to improve the
pharmacological and pharmacogenetic properties of active ingredients.! Without suitable
encapsulation and shielding, the therapeutic margin of a drug is often negatively influenced by
the metabolism and the immune system.? A wealth of different materials has been established
that are potentially suitable as nanocarriers: polymer-drug conjugates, polymeric micelles?,
dendrimers, liposomes, virus nanoparticles and carbon nanotubes.* Stimuli-responsive
polymers also play an important role in this area in recent years. In the respective structures an
external stimulus causes an abrupt change of the properties, which triggers the release of active
ingredients in the targeted tissue. Stimuli can be physiological (pH change, redox potential,
enzymatic activity) or of external nature (temperature, light, electric and magnetic fields,
mechanical forces).> The system responds with abrupt changes in its properties, releasing the

encapsulated active agent via precipitation, degradation, swelling or conformational changes.®’

In this context, nanotechnology may well play a key role in the treatment of cancer in the future.
Tumor tissue shows deficiencies in the vascular structure and also the lymphatic system due to
their rapid cell growth. The resulting higher permeability of the tumor blood vessels compared
to healthy tissue allows nanoparticles to diffuse more easily into the tumor tissue. Due to the
deficient lymphatic system, nanoparticles accumulate in the tumor tissue, which is known as
the enhanced permeation and retention (EPR) effect.® As a consequence of the overproduction
of lactic acid, the extracellular pH in the tumor tissue is around 6.5, which can be exploited for
cancer treatment by acid-labile nanoparticles.® Within the cells, the conditions are further
tightened. Uptake of the nanoparticles into the cells takes place via endocytosis. The resulting
endosomes fuse with lysosomes, which show a significantly reduced pH value (4—5) compared
to the physiological conditions (7.4).1° Consequently, acid-cleavable, polymeric micelles would

be predestined for this application.!* 4

Its outstanding biocompatibility and aqueous solubility renders poly(ethylene glycol) (PEG),
also referred to as poly(ethylene oxide) (PEO), an excellent hydrophilic component for such
micelles. PEG belongs to the class of aliphatic polyethers and can be synthesized by anionic
ring-opening polymerization (AROP). The low toxicity, immunogenicity and antigenicity are
important properties of PEG compared to other polymers.’®-8 In addition to medicine,
pharmaceutics and cosmetics, PEG-based polymers are broadly used as non-ionic surfactants
and are even used for preservation.®2° Conventional PEG possesses only two functional groups

(hydroxyl groups) on each chain end. For many applications, such as bioconjugation, specific
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functional groups are required. By using appropriate initiators, endcapping- or functionalization
reagents, these groups can be modified. In contrast, the copolymerization of EO with epoxide
derivatives allows the introduction of functional groups into the polymer backbone, resulting

in multi-functional PEGs.?*2® In this manner, the properties of PEG can be tuned and expanded.

There are various approaches for the hydrophobic block. Recently, Kim et al. reported on the
synthesis of acid-cleavable PEG-b-PTGE block copolymers, containing the novel hydrophobic,
pH-responsive epoxide monomer tetrahydropyranyl glycidyl ether (TGE). In addition to a
detailed characterization, they demonstrated that block copolymers containing the cyclic TGE
moieties generally showed superior properties (stability, capacity, controllable degradation,
etc.) compared to block copolymers with its acyclic analogue, ethoxyethyl glycidyl ether
(EEGE).?" In contrast, Yang et al. installed an acid-labile acetal cleavage site exactly between
the hydrophilic PEG and the hydrophobic polylactide (PLA) block. Degradation could already
be demonstrated at pH 6.5, which increased with decreasing pH value. Paclitaxel-loaded
micelles showed an enhanced antitumor efficacy in in vivo and in vitro studies.?® To enhance
the stability of micelles, crosslinking is the means of choice.?®=! In this regard, Zhong and co-
workers crosslinked the micellar core by using photo-crosslinkable acryloyl groups in order to
stabilize a diblock copolymer with acid-labile acetal moieties. Successful crosslinking was
demonstrated in DLS studies. Additionally, the crosslinking had no significant influence on

intracellular paclitaxel release.®?

In this work, we present a novel bifunctional monomer for the synthesis of multi-functional
PEGs: ethoxy butoxy vinyl glycidyl ether (EBVGE). EBVGE combines the acid lability of
EEGE® or 1-(glycidyloxy)ethyl ethylene glycol ether (GEGE)3* with a highly reactive vinyl
group as in ethoxy vinyl glycidyl ether (EVGE)*. Random PEG-ran-PEBVGE copolymers
were obtained by AROP from EBVGE and EO (Scheme 1A). In addition, we present the
orthogonal copolymerization of electron-rich EBVGE vinyl ether groups with electron
acceptors by free-radical copolymerization (Scheme 1B). mPEG-b-PEBVGE block copolymers
were also synthesized and characterized in detail (Scheme 1C). In this context, we examined
the self-assembly behavior of block copolymers in aqueous solution regarding their

biocompatibility and their ability to form crosslinkable and pH-sensitive micelles.
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Scheme 1. Synthetic route for different polymer architectures. A) Anionic copolymerization of
EO and EBVGE vyielding random PEG-ran-PEBVGE copolymers. B) Free-radical
copolymerization of MA/PM and EBVGE. C) Synthesis of mPEG-b-PEBVGE block

copolymers using mPEG macroinitiators.
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EXPERIMENTAL PART

Materials. All chemicals and solvents were purchased from common suppliers such as Sigma-
Aldrich, Acros Organics, Fluka or Roth. Unless otherwise stated, all chemicals were used
without further purification. EBVGE was dried over CaH2 and freshly distilled into a Schlenk
tube, which was loaded with molecular sieve (3 A). Suitable storage conditions (refrigerator,
exclusion of light, inert gas) ensured that EBVGE could be kept stable and dry. After one year
storage time the monomer was unchanged, which was evidenced by immediate polymerization
without further purification procedures. Deuterated solvents were acquired from Deutero
GmbH. Dialysis membranes (regenerated cellulose, MWCO = 1,000 g mol) were obtained

from Orange Scientific.

Instrumentation. *H NMR and *3C NMR spectra, as well as two-dimensional spectra (COSY,
HSQC, HMBC and DOSY) were recorded on a Bruker Avance 11 400 (5 mm BBFO head with
Z-gradient and ATM, SampleXPress 60 autosampler) at frequencies of 400 MHz (*H) and
100 MHz (*3C). Chemical shifts (6) are given in ppm and calibrated on an internal standard
according to the residual proton signals of deuterated solvent. An Avance 111 HD 400 from
Bruker was used for real-time *H NMR kinetic experiments, which was equipped with a5 mm
BBFO-SmartProbe (Z-gradient probe) and an ATM as well as a SampleXPress 60.

SEC measurements were conducted in DMF (containing 1 g L™ lithium bromide as additive)
on an Agilent 1,100 Series with a Polymer Standard Service (PSS) HEMA column
(300/100/40 A porosity), using Rl and a UV (275 nm) detectors. The analyses were performed
at a flow rate of 1 mL min't at 50 °C. All elugrams display the respective signal of the RI
detector. Molecular weights were determined by calibration with linear PEG standards provided
by PSS.

To determine the glass transition temperatures (Tgs) and melting points (Tms), DSC curves were
recorded using the Perkin Elmer 8,500 differential scanning calorimeter. Here, a temperature
range of -90 °C to 100 °C was used with a heating rate of 20 K min™ and a cooling rate of
10 K min. A second heating cycle was performed at a heating rate of 10 K min™*, which was

used for evaluation.

Turbidity measurements for the quantification of the cloud points were performed on a JASCO
V-640 spectrometer, equipped with a Jasco ETC-717 Peltier element. Here, the optical

transmittance (4 =500 nm) was measured using a quartz cuvette. The concentration of the
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aqueous solution was 10 g L™t at pH 7. The heating rate was 1 K min within a temperature
range of 10-90 °C.

Radical copolymerization and crosslinking experiments were performed via an UV lamp (XX-
15B) from Ultra-Violet Products Ltd. The UV lamp was equipped with two UV tubes of the
manufacturer Vilber Lourmat Deutschland GmbH of different wavelengths: 312 nm (T-15.M)
and 365 nm (T-15.L).

The influence of block copolymers on the metabolic activity of cells was studied by MTT assays
(Promega, Heidelberg, Germany). Mouse fibroblasts (L929) and human embryonic kidney cells
(HEK-293T) were used as cell lines. 5,000 cells per well (100 uL) were seeded in 96-well cell
culture plates. On the following day, the cells were incubated with different concentrations of
MPEG-b-PEBVGE block copolymers (10-1,000 pug mL™). Negative controls were performed
with 10% DMSO in medium. After the incubation period of 24 hours, MTT was introduced to
each cell containing wells. Solubilization/stop solution was added after further incubated for
3-5 hours. The quantity of formed formazan was determined on an ELISA plate reader
according to the manufacturer's protocol. Measured values shown in the histograms (Figure 10)
are average values from at least three wells with corresponding standard error of the mean
(SEM) as error. The results are normalized to the PBS control (10 vol%, corresponding to the

highest block copolymer concentration of 1,000 pug mL™).

A DCAT 11 EC tensiometer (Dataphysics GmbH, Filderstadt, Germany) was used to measure
the critical micelle concentration (CMC). The device was equipped with a TV 70 temperature
control unit, a LDU 1/1 liquid dosing and refill unit and a Du Nouy ring RG 11. The ring was
annealed with a Bunsen burner before the measurement. All solutions were stirred for 120 s
with a stirring rate of 50%. After a rest period of 360 s, three surface tension measurements
were recorded and averaged. For this purpose, an aqueous solution of MPEG114-b-PEBVGE 13
(entry 6, Table 4) with a concentration of 2 g L™* was used for the analysis. By plotting the
surface tension against the surfactant concentration, the CMC could be determined by

extrapolation of corresponding linear fitting curves at the intersection (S1-Figure 29).

Fluorescence correlation spectroscopy (FCS) measurements were performed using a Leica TCS
SP8 AOBS SMD on a confocal microscope Leica DMi8CEL equipped with a HC PL APO
63x/1.20 W CORR CS2 water immersion objective optimized for FCS. Here, useable laser
wavelengths of an argon-ion laser were 458, 476, 488, 496 and 514 nm (50 mW), with a DPSS-
laser 561 nm (20 mW) or with a helium-neon laser 633 nm (10 mW). Two HyD detectors
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(imaging) and one photomultiplier (PMT) tube for photon counting were employed. For FCS
measurements the PicoHarp 300 Time-Correlated Single Photon Counting (TCSPC) module
with the software SymPhoTime 64 (PicoQuant) for data evaluation was used. Low molar mass
dyes used for calibration of the confocal volume were free Nile red in water (D = 313.0 pm2 s,
Vet = 0.403, x=5.266, T=293 K) and free Rhodamine B in water (D =418.5um2s7,
Vet = 0.344, k = 5.325, T = 293 K) with 561 nm excitation at a concentration of 2-5 nM and
detection wavelength of 571-700 nm. All FCS measurements were performed in FCS well
plates (u-Slide 8 well glass bottom by ibidi GmbH, ordering no. 80827) as aqueous solutions
of identical dye concentrations for calibration (2—5nM). mPEG114-b-PEBVGE13 (entry 6,
Table 4) was used at a concentration of 1 g L™ to ensure that its critical micelle concentration
of 84.2 mg L™ was always exceeded. 1 M hydrochloric acid was used for acidification to
investigate the mechanism of dye release from the micelles. Data evaluation followed standard
procedures provided with the SymPhoTime 64 software. The diffusion coefficients determined
in the FCS measurements were used to calculate hydrodynamic radii using the Stokes-Einstein

equation®®3':

kB'T

Ry =———

where kg is the Boltzmann's constant (1.38 1072 JK™)®, T is the absolute temperature

(293 K), 7 is the dynamic viscosity of water (1.0016 mPa)* and D is the diffusion coefficient.

Static (SLS) and dynamic light scattering (DLS) measurements were performed on an ALV
spectrometer using aqueous solutions of the block copolymer mPEG114-b-PEBVGE 13 (entry 6,
Table 4) with a concentration of 2 g L. The device was equipped with a goniometer and an
ALV-5004 multiple-tau full-digital correlator (320 channels), which allows measurements over
an angular range from 20° to 150°. A helium-neon laser operating at a laser wavelength of
632.8 nm was used as light source. For temperature-controlled measurements the light
scattering instrument was equipped with a thermostat from JULABO GmbH. Diluted samples
were filtered through PTFE membrane filters with a pore size of 0.45 pum (LCR syringe filters).
Measurements were performed at 20 °C at different angles ranging from 30° to 150°.

A Malvern Zetasizer Nano ZS equipped with a Peltier-controlled thermostat was used to
determine the particle sizes in the crosslinking studies of the micelles. Measurements were
performed in disposable cuvettes from Brand GmbH & Co. KG. The measurement was

conducted at a wavelength of 633 nm and a scattering angle of 173° at 25 °C. Samples were
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filtered through a size of 0.45 um LCR syringe filter to remove dust prior to measurement.

Evaluation of the data were performed with Malvern Zetasizer series software v7.11.

Monomer synthesis (ethoxy butoxy vinyl glycidyl ether). The reaction protocol is inspired by
the work of Fitton et al. on the synthesis of ethoxyethyl glycidyl ether (EEGE).*° 1.8 mL
(27.0 mmol, 1 equiv) Glycidol was added with 12.8 mL (81.0 mmol, 3 equiv) 1,4-butanediol
divinyl ether (BDE) in a 100 mL flask and the mixture was cooled in an ice/water bath to 0 °C.
The reaction was started by addition of 51 mg (0.3 mmol, 1 mol% with respect to glycidol,
dissolved in 1 mL THF) p-toluenesulfonic acid monohydrate (pTSOH) and the mixture was
allowed to warm up to room temperature. After four hours, pTSOH was removed by washing
the solution three times (3 - 20 mL) with an aqueous solution of sodium bicarbonate NaHCO:3.
After separating and drying of the organic phase over potassium carbonate K>CO3, excess of
BDE was removed at 55 °C under reduced pressure. In the subsequent step, the temperature
was raised and EBVGE was distilled at 84 °C and collected as a colorless liquid with a yield of
69%. 'H NMR (400 MHz, CDCls): 6 (ppm) = 6.40 (1H, dd, CHyinyi ether, J = 14.4, 6.8 Hz), 4.70
(1H, p, CHacetal, J = 5.4 Hz), 4.13 (1H, d, CH2, vinyl ether, J = 1.9 HZ), 4.09 (1H, d, CHz, vinyi ether,
J=19Hz), 3.80-3.24 (6H, m, -O-CH»-), 3.13-3.01 (1H, m, CHepoxice), 2.74 (1H, ddd,
CH2, epoxide, J =5.4, 4.1, 1.4 Hz), 2.57 (1H, ddd, CHa, epoxice, J = 15.6, 5.1, 2.7 Hz), 1.75-1.55
(4H, m, -acetal O-CH2-CH2-CH2-CH,-0-), 1.26 (3H, dd, CH3, acetar, J = 6.2, 5.3 Hz). *°C NMR
(100 MHz, CDCls): ¢ (ppm) = 151.88 (CHuvinyiether), 99.80 (CHacetal), 86.28 (CH2, vinyiether), 67.66
(-CH2-O-CH=CH), 65.81-64.96 (-CH2-O-acetal), 50.81(CHepoxide), 44.50 (CH2, epoxide), 26.38
(-CH2-CH2-O-CH=CH), 25.94 (-CH2-CH2-CH>-O-CH=CH>), 19.60 (CH3, acetal).

Poly(ethylene glycol)-ran-poly(ethoxy butoxy vinyl glycidyl ether) (PEG-ran-PEBVGE). In the
following, the described approach exemplifies the synthesis of sample PEG1e-ran-PEBVGEu4
(entry 4, Table 1). All other copolymers (entries 1-3, Table 1) and PEBVGE3z: homopolymer
(entry 5, Table 1) were prepared in a similar fashion with correspondingly adapted ratios.
14.0 uL (0.1 mmol, 1 equiv) 2-(Benzyloxy)ethanol, 52.1 mg (0.2 mmol, 2 equiv) 18-crown-6
and 0.9 equiv (10 mg, 0.1 mmol) of potassium tert-butoxide (KO'Bu) were introduced in a
100 mL Schlenk flask. In the next step, 1 mL THF and 6 mL benzene were added and the
solution was stirred for 30 minutes in an inert argon atmosphere at 60 °C. Then, the solution
was frozen and the flask was evacuated for 12 hours to remove traces of water. The flask was
filled with argon and loaded with 10 mL of dry dimethyl sulfoxide (DMSQO) and 0.9 mL
(4.3 mmol, 44 equiv) of dried EBVGE. The solution was frozen with an ethanol cold bath
(approximately -70 °C) and evacuated. In the subsequent step, 15 equiv (67.1 uL, 1.5 mmol) of
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ethylene oxide (EO) were first condensed into an ampule to determine the volume and then into
the reaction flask. After thawing, an oil bath preheated to 60 °C was placed under the flasks and
the mixture was heated for 24 hours. The copolymerization was terminated by the addition of
1 mL methanol. To remove DMSO, 50 mL dichloromethane (DCM) was added, followed by
five times washing with aqueous NaHCO3 solution (5 - 20 mL) and subsequent dialysis against
MeOH/DCM (3: 2). To prevent hydrolysis of the cleavable EBVGE side groups, traces of
NaHCO3 were added to the dialysis solution. After drying under reduced pressure, PEG1s-ran-

PEBVGE.44) was obtained as a viscous liquid with a yield of 80%.

Sample preparation for real-time *H NMR kinetics. To facilitate handling, an initiator stock
solution was used. For this purpose, ten times of the required amount of 2-(benzyloxy)ethanol
(23.3 pL, 0.2 mmol, 1 equiv), 18-crown-6 (86.8 mg, 0.3 mmol, 2 equiv) and KO'Bu (16.6 mg,
0.1 mmol, 0.9 equiv) were dissolved in 3 mL benzene and 0.5mL THF and stirred for
30 minutes in an inert argon atmosphere at 60 °C. After the removal of the solvents overnight
under reduced pressure, the initiator salt was dissolved in 1 mL dry DMSO-ds. 0.1 mL of this
solution and 50.8 pL (2.5 mmol, 15 equiv) of freshly dried EBVGE were transferred to a Norell
S-5-400-VT-7 NMR tube, which was evacuated overnight and subsequently filled with argon.
The solution was frozen in an ethanolic cold bath (-70 °C) and 0.5 mL dry DMSO-de was added,
which was also frozen. Once the NMR tube was evacuated, 29.8 pL (6.6 mmol, 40 equiv) EO
was directly condensed into it. Then, the tube was sealed with a Teflon plug. After shaking for
homogenization, the NMR tube was inserted into the preheated NMR spectrometer at 60 °C.
When the temperature stabilized (~10 min, AT =0.1 K), the measurement was started. The
sample rotation was turned off during the entire measurement period. Over a total period of six
hours, two spectra were recorded each minute with one scan. A composition of PEGs;-ran-
PEBVGE2y was derived from the final 'H NMR spectrum, which shows a quantitative
conversion of comonomers. The associated SEC trace can be seen in Sl-Figure 1
(Mn = 2,400 g mol!; p = 1.25).

Poly(maleic anhydride-alt-ethoxy butoxy vinyl glycidyl ether) (P(MA-alt-EBVGE)). The free-
radical copolymerization of MA and EBVGE described here (entry 1, Table 3) was performed
analogously with N-phenylmaleimide (PM (entry 2, Table 3). 0.4 mL (1.8 mmol, 1 equiv)
EBVGE was dissolved together with MA (0.3 g, 2.7 mmol, 1.5 equiv) and 20.2 mg (0.1 mmol,
3wt% regarding to EBVGE and MA) of the photoinitiator 2,2-dimethoxy-2-
phenylacetophenone (DMPA) in 10 mL of pure THF. The solution was degassed three times

with the freeze-pump-thaw technique. Subsequently, the solution was stirred under irradiation
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of UV light for two hours. The copolymer was precipitated in cold methanol and dialyzed

against DCM. Typical yields were in the range of around 60%.

Methoxy poly(ethylene glycol)-block-poly(ethoxy butoxy vinyl glycidyl ether) (mPEG-b-
PEBVGE). The synthesis for mPEGas-b-PEBVGE;1s (entry 4, Table 4) is described below. All
other block copolymers (entries 1-3/5-6, Table 4) were prepared with correspondingly
adapted equivalents. 0.4 g (0.2 mmol, 1 equiv) mPEGass was mixed with 17.7 mg (0.2 mmol,
0.9 equiv) KO'Bu and 92.5 mg (0.4 mmol, 2 equiv) 18-crown-6 in a flask and stirred in 6 mL
of a mixture of benzene and THF (6 : 1) at 60 °C for 30 minutes. Then, the solution was frozen
with liquid nitrogen and the flask was evacuated for 12 hours, allowing to warm up to room
temperature. In the next step, the flask was filled with argon and 5 mL dry DMSO was injected
into the flask via a syringe. The mixture was heated to 75 °C. After a homogeneous solution
was formed, dried EBVGE (0.5 mL, 2.6 mmol, 15 equiv) was injected. After 24 hours, the
polymerization was terminated by addition of 1 mL MeOH. For the removal of DMSO, 40 mL
DCM was added and the solution was washed five times with aqueous NaHCO3 solution
(10 mL at a time). Subsequently, dialysis was performed against a mixture of DCM and MeOH
(2 :3). To prevent hydrolysis of the cleavable EBVGE side groups, traces of NaHCO3s were
added to the dialysis solution. Drying in vacuum led to typical yields over 80%.

Micelle preparation and crosslinking. Crosslinking experiments were divided into two different
series (A: crosslinked micelles, B: non-crosslinked micelles) for comparability. Particle sizes
were investigated in four environments: pure water, water with addition of a drop trifluoroacetic
acid (TFA), pure methanol and methanol containing TFA (and traces of water). A) 34.0 uL
(8.9 - 10 mmol) pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) and 12.2 mg
(4.8 - 10> mmol, 5 wt% regarding to EBVGE and PETMP) DMPA were dissolved in 1 mL of
2-methyltetrahydrofuran (MTHF). 0.1 mL of this solution was added to a solution of mMPEG114-
b-PEBVGE13 (entry 6, Table 4), containing 20 mg (2.5 10° mmol) of dissolved block
copolymer in 0.1 mL MTHF. Subsequently, this mixture was slowly diluted with Milli-Q water
to 20 mL, which corresponded to a surfactant concentration of 1 g L™* containing 1% (v/v)
MTHF. After 30 minutes of sonication, the solution was left to rest in a drying oven at 40 °C
for 12 hours: Then, the solution was exposed to a UV lamp for two hours. Afterwards, the
solution was filtered through a 0.45 um LCR syringe filter. For aqueous experiments, two
aliquots of 2 mL each were taken. Both were diluted with 2 mL Milli-Q water (c=0.5g L),
whereby a drop of TFA was added to one of the aliquots. For experiments in organic solvent,

two aliquots (each 2 mL) were taken from the crosslinked stock solution and the Milli-Q water
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was removed by lyophilization. Both aliquots were diluted with 4 mL MeOH (c=0.5g L?)
after drying, whereby a drop of TFA and traces of Milli-Q water were added to one sample.
Then, the samples were placed in a drying oven at 40 °C for 12 hours. B) Non-crosslinked
micelles were prepared in the same way as described above, without the addition of
PETMP/DMPA and irradiation with UV light.
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RESULTS AND DISCUSSION
A. Synthesis of KDGE monomer.

The drawbacks of our recently introduced acid-cleavable monomer ethoxy ally glycidyl ether
(EAGE) was overcome by using a C4 spacer between the acetal group and the vinyl
functionality.** As a consequence, EBVGE was copolymerized and incorporated in any ratio
with ethylene oxide (EO), as the monomer no longer evaporates through the septum due to the
higher boiling point during the copolymerization. In addition to a higher monomer yield, the
starting materials are conveniently available commercially. Analogous to our EAGE work, the
electrophilic addition of 1,4-butanediol divinyl ether (BDE) to glycidol was catalyzed by p-
toluenesulfonic acid (pTSOH) (Scheme 2).

0 pTsOH
N\ /\/\/O\/ + P (0] O
Ze %OH 0°C -rt.4 h % T O TN R

Scheme 2. Synthesis of EBVGE monomer.

It is important that BDE is used in excess due to its two equally reactive functionalities.
Otherwise, reaction of the double electrophilic addition of glycidol to both vinyl ethers of BDE
would significantly reduce the yield of the EBVGE monomer. Moreover, pTsSOH must also be
dissolved in an organic, unreactive solvent before addition to BDE and glycidol, as the catalyst
is not soluble in the reagents. The catalyst can be removed by agueous NaHCO3 solution after
the reaction. Under suitable conditions, the monomer can be kept for at least a year without
degradation, which was evidenced by immediate polymerization without further purification
procedures. Anhydrous conditions (for instance by addition of molecular sieve), exclusion of
light and reduced temperatures are recommended. The analysis by *H NMR spectroscopy
proves unequivocally the successful synthesis of EBVGE (Figure 1), which is further

underpinned by additional NMR studies in SI-Figures 2—6.
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Figure 1. *H NMR spectrum (400 MHz, CDCls) of EBVGE monomer.

B. Synthesis of random PEG-ran-PEBVGE copolymers, *H NMR kinetics and studies

of the solution behavior.

It is well-known that crown ethers have a strong influence on the reaction rate of an alkoxide-
based polymerization.*>* 18-Crown-6 in combination with potassium counterions enables the
incorporation of glycidyl ethers into a polyether backbone in almost any ratio. Full conversion
is only possible with the use of crown ethers in certain cases.***® For the aforementioned
reasons, this system was chosen. Best results for the copolymerization of EO and EBVGE were
obtained in dimethyl sulfoxide as a solvent. Utilization of 2-(benzyloxy)ethanol as an initiator
enabled the determination the absolute molecular weight from H NMR spectra. The
copolymerization conditions (elevated temperature, reaction times) were comparable to those

already published in previous work 234649

Ethoxy butoxy vinyl glycidyl ether (EBVGE) and ethylene oxide (EO) were copolymerized by
anionic ring-opening polymerization (AROP), and a series of copolymers was prepared with
systematically varied monomer ratios. Figure 2 displays the recorded SEC traces of the

copolymers and confirms their well-defined and narrow molecular weight distributions.
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Figure 2. SEC traces (DMF, PEG-standard, RI detector) of all synthesized PEG-ran-PEBVGE
copolymers (entries 1-4, Table 1) and PEBVGEs: homopolymer (entry 5, Table 1).

The incorporation ratio of EBVGE was systematically varied between 2 mol% and 100 mol%.
Table 1 summarizes the complete synthesis results. Absolute molecular weights derived from
'H NMR spectroscopy range between 6,700 g mol* and 10,200 g mol™* with dispersities less
than 1.18. The determined molecular weights obtained by NMR agree well with the theoretical
values. A strong deviation of the SEC molecular weights from the theoretical values is noted.
This effect increases with increasing incorporation ratio of the EBVGE moieties. In the case of
PEBVGEa: (entry 5, Table 1) homopolymer, it reaches a maximum deviation of 59%. The
reason for this is the PEG-standard used for the SEC measurements. This has also been observed
previously for other PEG copolymers with large side chains.®® Due to the different
hydrodynamic radii of PEG-ran-PEBVGE copolymers compared to pure PEG, the molecular
weights obtained by SEC differ from the theoretical/calculated ones. In contrast to the recently
reported EAGE monomer, the incorporation of more than 20 repeating units is possible for
EBVGE.* This is attributable to the butoxy spacer, which raises the boiling point clearly above

the polymerization temperature and thus prevents monomer diffusion through the septum.
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Table 1. Overview of synthesized PEG-ran-PEBVGE copolymers and PEBVGE

homopolymer.

M/ My Mg
No. Composition? " " " D
gmolt gmol' gmol!

1 PEGigs-ran-PEBVGEs 10,100 6,300 9,600 1.07
2 PEGy7e-ran-PEBVGE23 10,000 4,500 8,500 1.08
3 PEGao-ran-PEBVGE3y 10,200 4,000 10,100 1.17
4 PEGie-ran-PEBVGE44 10,200 3,800 10,200  1.10
5 PEBVGEa: 6,500 2,700 6,700 1.10

3 Values calculated by *H NMR spectroscopy. ® Determined by SEC in DMF (PEG-standard).

Figure 3 shows the corresponding *H NMR spectrum of PEGie-ran-PEBVGE4s (entry 4,
Table 1) including the complete assignment of all signals. As mentioned at the very beginning,
the reliable molecular weights were calculated from the NMR spectra. For this purpose, the
methylene group of the initiator (4.48 ppm) was used as a reference and compared with the
integral of the isolated EBVGE acetal moieties (4.64 ppm) and the polyether backbone at 3.76—
3.18 ppm. In the SI-Figures 7—11 the associated 13C NMR and 2D NMR spectra can be found.

1 1 2 3 o 3 3 30
e J%/\O%/ Ju n7
r " 3N40 2 2 9
1 1 (6] O\/\/\O)\rﬂ
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— 2.50 DMSO-d6

5

chemical shift / ppm

Figure 3. 'H NMR spectrum (400 MHz, DMSO-ds) of PEGie-ran-PEBVGE4s (entry 4,
Table 1).
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Real-time 'H NMR kinetics was employed to examine the microstructure of PEG-ran-
PEBVGE copolymers. In agreement with previous findings, a random incorporation of the
glycidyl ether EBVGE and EO was assumed.?*45952 T verify this assumption, EBVGE and
EO were copolymerized directly in an NMR tube at 60 °C and *H NMR spectra were recorded
in narrow time intervals. Overlayed NMR kinetic spectra are shown in Figure 4. The integrals
of the epoxide protons of EBVGE at 3.12-3.03 ppm (Figure 4A) and EO at 2.62 ppm
(Figure 4B) were compared for evaluation. Considering the decreasing concentration of the
comonomers with increasing polymerization time (SI-Figure 12), it can be observed that both
monomers are consumed in an ideally random fashion. This clearly proves random
incorporation of both monomers into the copolymers, as was generally observed before for

other glycidyl ethers.?350

¢
§
;

A 3.10 3.05 2.63 2.6l 2.59
chemical shift / ppm chemical shift / ppm chemical shift / ppm

Figure 4. Left: Every 30" spectrum of the real-time *H NMR kinetics of the copolymerization
of EBVGE and EO (400 MHz, 60 °C, DMSO-ds). Right: Zoom of the characteristic monomer
areas from the spectra used for the evaluation of the kinetic data and simulated copolymer
composition as a function of the total monomer conversion. The color gradient was simulated
based on the reactivity ratios according to Jaacks.>®> White dots are derived from real

measurement points of the *H NMR kinetic studies.

To quantify the results, the reactivity ratios were calculated according to Jaacks.>® As the
comonomers are ideally randomly incorporated and no compositional shift is observed, other
methods such as those of Meyer-Lowry®* or Fineman-Ross®> cannot be used. Reactivity ratios
of resvee = 0.99 for EBVGE and reo = 1.01 for EO were determined from the measured data.
The microstructure of the synthesized PEGs:-ran-PEBVGE29 copolymer is graphically shown

in Figure 4 and was determined by means of these ratios.

245



Preparation of Crosslinkable Micelles

Differential scanning calorimetry (DSC) was used to examine the thermal properties of PEG-
ran-PEBVGE copolymers (entries 1-4, Table 2) and PEBVGE3z1 homopolymer (entry 5,

Table 2) more closely. All results are summarized in Table 2:

Table 2. Thermal properties of PEG-ran-PEBVGE copolymers and PEBVGE homopolymer.
mol%  Tm AH/ Ty

No- Composition* EBVGE /°C Jg' /°C
1 PEGiwu-ran-PEBVGEs 2 44 87  -60
2  PEGye-ran-PEBVGE23 22 - - -63
3 PEGye-ran-PEBVGEs37 43 - - -63
4  PEGie-ran-PEBVGE44 73 - - -63
5 PEBVGE3 100 - - -64

2 Values calculated by *H NMR spectroscopy

The glass transition (Tg) of pure PEG with a comparable molecular weight is -60 °C.% While
PEBVGEa: (entry 5, Table 2) homopolymer exhibits a slightly lower T4 of -64 °C, the Tgs of
the copolymers (entries 1-4, Table 2) vary between these two values. This is attributable to the
flexible side groups of the pendant EBVGE groups, which increase the free volume for the
polymer chains.>” A melting point (Tm) of 44 °C was only observed for PEG1g4-ran-PEBVGEs
(entry 1, Table 2). Since the real-time *H NMR kinetics showed an ideal, random incorporation
of the comonomers, the average size of the PEG segments within the copolymer chains can thus
be estimated. Crystallization of PEG homopolymer requires approximately 13 EO repeating
units (PEG-600), whereas PEG-400 (9 EO units) is already a non-volatile liquid at room
temperature.%® Transferred to the copolymers shown here, PEGios-ran-PEBVGEs (entry 1,
Table 2) possesses PEG segments with an average length of 39 EO units, while PEG7e-ran-
PEBVGE:23 (entry 2, Table 2) contains only 3 EO units on average and therefore ten EO repeat
units less compared to PEG-600.

Thermal (and pH) responsiveness in a polymer is promising for instance in gene delivery and
tissue engineering applications.>® Schmaljohann wrote a very detailed and informative review
on stimuli-responsive polymers in drug delivery applications.® By incorporating EBVGE into
a polyether backbone, both stimuli can be combined in one copolymer. As only PEG19s-ran-
PEBVGEs:s (entry 1, Table 1) was still water-soluble due to the low EBVGE mole fraction, this
sample was examined in detail. Figure 5 shows the results of turbidimetry to determine the
cloud point (T¢):
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Figure 5. Temperature-dependent solution behavior of PEGig-ran-PEBVGEs (entry 1,

Table 1). Left: clear copolymer solution below the T.. Middle: precipitated copolymer above
the Tc. Right: irreversible cleavage of the hydrophobic side groups by acidification and the
resulting re-solubilization of the polyether residues.

The T¢ was defined as the turning point of the curve and is 55.2 °C. The left and middle pictures
illustrate the drastic difference in the solution behavior. Acidification of the sample led to a
clarification of the solution, which is shown in the picture on the right. This is caused by the
cleavage of the hydrophobic pendant EVBGE groups, leading to the formation of the water-
soluble linear polyglycerol copolymer PEG-co-PG and the soluble by-products acetaldehyde
and 1,4-butanediol.

C. Radical copolymerization of EBVGE.

Epoxy functionalities are highly relevant for industrial applications in the form of resins.®® The
mechanical properties and temperature resistance of uncured epoxy resins can be improved by
crosslinking with polyfunctional primary amines as hardeners.5! In this context, the bifunctional
EBVGE monomer is a promising candidate, since the polymerization of its vinyl ether
functionalities would provide access to acid degradable epoxy resins. However, vinyl ethers are
well known for not homopolymerizing by free-radical polymerization. The reason for this is
their electron donor nature due to their electron-rich double bond and the low stability of
radicals formed.? In order to stabilize vinyl ethers, other methods, such as Friedel-Crafts-type
catalysts, must normally be used. An elegant way to polymerize vinyl ethers under free-radical

conditions is the polymerization with electron acceptors such as maleic anhydride.%® To
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demonstrate the radical copolymerization, EBVGE was copolymerized with MA and PM
(Scheme 3).

A) P(MA-alt-EBVGE)

— O
m O[O\AO + m L\/OTO\/\/\O/\ DMPA OmOJ\
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Maleic anhydride hv
(MA)
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B) P(PM-al-EBVGE)
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Scheme 3. Copolymerization of EBVGE and maleic anhydride (MA, A) and N-
phenylmaleimide (PM, B) via free-radical polymerization.

Figure 6 depicts the monomodal molecular weight distributions obtained from SEC

measurements.

P(MA, ,-alt-EBVGE, ,)
P(PM, .-alt-EBVGE )

14 16 18 20 22 24 26 28
elution volume [mL]

Figure 6. SEC traces (DMF, PS-standard, RI detector) of synthesized P(MAos-alt-EBVGEqo )
(entry 1, Table 3) and P(PMos-alt-EBVGEqos) (entry 2, Table 3) copolymers.

Table 3 summarizes the overall synthesis results. The relative broad dispersities of 1.57 and
1.92 are common for free-radical polymerization. Molecular weights shown here are in the
range of 3,400—9,200 g mol™, calibrated with polystyrene standards. The absence of integrable
initiator signals prevented the determination of absolute molecular weights by NMR

spectroscopy. Nevertheless, the comonomer ratios could be determined. The equimolar ratios
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of the comonomers determined by NMR spectroscopy support at an alternating
copolymerization of the donor-acceptor monomer pair described above, which has to be
quantified by a precise investigation of the reaction kinetics. The thermal properties are fully in
line with theoretical expectation. Due to the bulky side groups, the mobility of the main chain
is generally limited. As a result, the Tgs are far above those of the random PEG-ran-PEBVGE
copolymers. These effects are enhanced by the additional phenyl group in P(PMos-alt-
EBVGEos) (entry 2, Table 3), leading to an increase of 60 °C compared to P(MAgs-alt-
EBVGEos) (entry 1, Table 3). A comparison of the Ty of P(MAos-alt-EBVGEgs) (entry 1,
Table 3) with poly(methyl vinyl ether-alt-maleic anhydride)s reveals differences of more than
100 °C.%* This can be attributed to the flexible EBVGE side groups, increasing the mobility of
the main chain. However, if a comparable structure like poly(dodecyl vinyl ether-alt-N-phenyl

maleimide) is considered , the difference is only about 10 °C.%

Table 3. Synthesis results for the EBVGE-maleic anhydride (MA), respectively N-

phenylmaleimide (PM) copolymers by free-radical polymerization.

MpP / Tq

No. Composition? b
g mol*? /°C

1  P(MAos-alt-EBVGEos) 9,200 157 26
2 P(PMos-alt-EBVGEos) 3,400 192 86

2Values calculated by *H NMR spectroscopy. ? Determined by SEC in DMF (PS-standard).

The successful copolymerization was further proven by *H NMR spectroscopy, as shown in
Figure 7 for P(MAos-alt-EBVGEgs) (entry 1, Table 3). In the *H NMR spectrum, all units
were clearly identified and assigned, such as the acetal units (4.67 ppm) or the epoxy groups
(3.08—2.56 ppm) of the EBVGE moieties. Corresponding *C NMR and 2D NMR spectra can
be found in SI-Figures 14—17. The same applies to the spectra in SI-Figures 18—22 of P(PMos-
alt-EBVGEs) (entry 2, Table 3).
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Figure 7.'H NMR spectrum (400 MHz, CDCl,) of P(MAs-alt-EBVGEqss) (entry 1, Table 3).

D. Synthesis of MPEG-b-PEBVGE block copolymers, characterization and studies of

the micellar behavior.

The stability of polymeric micelles is a major problem regarding their use for the transport of
drugs. Thus, the dilution in the bloodstream or the interaction with plasma proteins such as
albumin may lead to the dissolution of micellar structures.®® In this context, the formation of
pH-sensitive and crosslinkable micelles from mPEG-b-PEBVGE block copolymers is
discussed in detail below. A series of well-defined block copolymers was prepared with
systematically varied EBVGE mole fraction and macroinitiator size. The superimposed SEC
traces of the mPEG4s-b-PEBVGE block copolymers including the pure macroinitiator mPEGas
are shown in Figure 8, those for mPEG114-b-PEBVGE.3 (entry 6, Table 4) and mPEG114 are

shown in SI-Figure 23.
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Figure 8. SEC traces (DMF, PEG-standard, RI detector) of all synthesized mPEGas-b-
PEBVGE block copolymers (entries 1-5, Table 4) and pure mPEGus.

An overview of all samples can be found in Table 4. The molecular weights range from
2,600 g mol™ to 11,700 g mol™ with dispersities below 1.17. The deviation between the SEC
and NMR molecular weights which was observed for the random PEG-ran-PEBVGE
copolymers is also observed here. In analogy to the previous elaborations, the difference
increases with increasing EBVGE incorporation ratio, due to the differing hydrodynamic radii
of the functional block copolymers compared to the pure PEG standard. Within the error range,

the desired comonomer ratios were generally achieved also for the block copolymers.

Table 4. Overview of synthesized mPEG-b-PEBVGE block copolymers.
M/ M/ Mg?

gmol?' gmol? gmol?

No. Composition?

1 mPEGus-b-PEBVGE; 2,500 2,300 2,600 1.06
2 mMPEGuss-b-PEBVGE4 2,600 2,400 2,800 1.05
3  mMPEGuss-b-PEBVGEs 3,100 2,700 3,300 1.07
4 mPEGss-b-PEBVGE:s 5,200 3,600 5,200 1.05
5 mMPEGuss-b-PEBVGEss 11,700 3,700 11,700 1.16
6 mPEGu4-b-PEBVGE1s 7,800 6,100 7,900 1.04

2 Values calculated by *H NMR spectroscopy. ® Determined by SEC in DMF (PEG-standard).

Figure 9 shows the *H NMR spectrum of mPEG4s-b-PEBVGE;s (entry 4, Table 4). Further
details are available in the Supporting Information (SI-Figures 24-28). Any characteristic

signals, such as the acetal or double bond protons of the EBVGE units at 6.74-3.93 ppm, can
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be uniquely assigned. The isolated methoxy unit at 3.24 ppm of the mPEG macroinitiator allows
absolute molecular weights to be calculated (cf. Table 4). For this purpose, this signal was used
as a reference and the integrals of the acetal proton (4.64 ppm) were compared with those of
the polyether backbone (3.75-3.25ppm). It is worth noting that the PEBVGE signals
superimposed by the mPEG backbone have to be subtracted.
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Figure 9. H NMR spectrum (400 MHz, DMSO-ds) of mPEGus-b-PEBVGEis (entry 4,
Table 4).

The examination of the thermal properties (Table 5) is also completely in line with the findings
for the random PEG-ran-PEBVGE copolymers. T4s vary between -61 °C and -64 °C. With the
increasing amount of flexible pendant EBVGE groups, the mobility of the main chain increases,
reducing the Tq. This is evident for both the mPEG4s-b-PEBVGEx (entries 1-5, Table 5) block
copolymer series as well as for mMPEG4s-b-PEBVGE33 (entry 6, Table 5). Tws vary in the range
between 33 °C to 53 °C depending on the used mPEG macroinitiator size. With an increasing
amount of EBVGE, Tm decreases, since the PEG crystal lattice is disturbed by the flexible
PEBVGE side chains.*
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Table 5. Thermal properties of mMPEG-b-PEBVGE block copolymers.

mol% Tm AH/ Ty

No. Composition?
EBVGE /°C Jg! /°C

1  mPEGuss-b-PEBVGE3 3) 49 118 -61
2  mMPEG4s-b-PEBVGE4 8 45 103 -61
3 MPEGas-b-PEBVGEs 12 45 93 -61
4 mPEGus-b-PEBVGE1s 25 35 49  -64

MPEGu4s-b-PEBVGE4s 50 33 28 -63
6 mMPEGiu4-b-PEBVGE13 10 53 98 -64

2 Values calculated by *H NMR spectroscopy

PEG is characterized by its excellent biocompatibility.®” With regard to drug delivery
applications, multi-functional PEGs have to retain this property. For this purpose, MTT assays
were performed on the cell lines L929 and HEK-293T in the concentration range of
10-1,000 ug mL1. L929 cell line are mouse fibroblasts, HEK-293T cells originate from human
embryonic kidney cells. Water-soluble mPEGas block copolymers with the lowest and highest
amount of EBVGE (entries 1/4, Table 4) were used as test samples, as well as mPEG114-b-
PEBVGE1s (entry 6, Table 4). The analysis was conducted after an incubation period of
24 hours. The results are given in Figure 10. Concerning the L929 cell line, none of the sample
induced cytotoxicity up to a concentration of 1,000 pg mL™. All three samples show only
minimal fluctuations below 5% around their respective mean value. The result is different for
HEK-293T cells, which are more sensitive towards treatment with the different mPEG4s block
copolymers. Here, only mPEGas-b-PEBVGEs (entry 1, Table 4) is biocompatible over the
entire concentration range. At high concentrations of 500 pg mL™?, the cells show a moderately
decreased metabolic activity (< 80% of solvent control) for mPEG4s-b-PEBVGE3s (entry 4,
Table 4) and mPEG114-b-PEBVGE13 (entry 6, Table 4). Compared to the L929 cells, the
relative standard deviation of 2% to 13% is also somewhat larger. In conclusion, mPEG-b-
PEBVGE block copolymers with 5—25 mol% EBVGE are highly biocompatible.
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Figure 10. Overview of MTT assays for cell lines L929 (mouse fibroblasts) and HEK-293T
(human embryonic kidney) tested with block copolymers mPEGu4s-b-PEBVGE3s (entry 1,
Table 4), mPEGa4s-b-PEBVGE1s (entry 4, Table 4) and mPEGiis-b-PEBVGE13 (entry 6,
Table 4).

Amphiphilic mPEG-b-PEBVGE block copolymers tend to self-assemble in aqueous milieu. In
terms of drug delivery applications, three aspects were studied: 1) analysis of the surfactant
structure, 2) the cleavability of the EBVGE side chains from non-crosslinked mPEG-b-

PEBVGE micelles and 3) crosslinking and the cleavage of the hydrophobic micellar core.

For this purpose, mMPEG114-b-PEBVGE 13 (entry 6, Table 4) was used as a model compound. At
first, the critical micelle formation concentration was determined (84.2 mg L), which is in the
same order of magnitude as for other PEG block copolymers with similar degree of
polymerization (SI-Figure 29).2 The surfactant architecture was investigated for further
characterization by static (SLS) and dynamic light scattering (DLS) (SI-Figures 30—32). An
aqueous solution of pure mPEGi114-b-PEBVGE313 (entry 6, Table 4) was examined and
compared with aqueous solutions of the block copolymer loaded and subsequently crosslinked
with the photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA) and the thiol
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP). As shown in Table6, the
hydrodynamic radius R increases by a factor of approximately four from 16 nm to 58 nm as
result of the loading and crosslinking with PETMP and DMPA. In contrast, the differences of
3nm between loaded (non-crosslinked) and crosslinked micelles are negligible. The
characteristic ratio p provides information on the topology of the mPEGi114-b-PEBVGE13
(entry 6, Table 4) particles. Interestingly, from a theoretical point of view, for pure aqueous
solutions of the block copolymer a value of 1.0 is obtained, indicating a vesicle-like structure.
A similar characteristic ratio was reported by Herzberger et al. for mPEG block copolymers
with pendant di(n-alkyl)amine moieties.®® Loaded and crosslinked micelles, on the other hand,

are close to the expected value 0.75 for homogeneous spheres.®® This distinction can be
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attributed to the loading of the aggregates with PETMP and DMPA, since all other parameters

were identical in all three approaches.

Table 6. Overview of hydrodynamic (Rn) and gyration radii (Rg) from static and dynamic light
scattering for aqueous solutions of MPEGi14-b-PEBVGE13 (entry 6, Table 4) (c =2gL?).pis
the characteristic ratio and defined as p = Ry Rn. Indices are as follows: u = unloaded,

| = loaded, | + ¢ = loaded and crosslinked.

Rhu/ Rgul Rni/  Rgi/ Rh,itc/  Rg 1+c/

Pu A Pl+c
nm nm nm nm nm nm

157 161 10 610 480 08 582 40.6 0.7

Based on these findings, fluorescence correlation spectroscopy (FCS) measurements were used
to investigate the solubilization of the hydrophobic, fluorescent dye Nil red as a model active
substance by the non-crosslinked polymeric micelles (c = 1 g L™). In addition, the release by
treatment with 1 M HCI was also investigated. Figure 11 summarizes these results. Here, the
normalized autocorrelation curves before and after the addition of HCI are depicted. All
measurement curves can be found in the Supporting Information in SI-Figures 33—-36. A
significant decrease in the delay time r after acidification was detected. Qualitatively, this
process is exemplified by the two illustrations in Figure 11. Before acidification, the water-
insoluble Nile red is solubilized by the hydrophobic core of mMPEG114-b-PEBVGE:3 (entry 6,
Table 4) micelles, resulting in the pink solution color. By lowering the pH value, the EBVGE
side arms are cleaved and the micelles irreversibly disassemble to their corresponding water-
soluble mPEG114-b-PG13 block copolymers unimers and the soluble side products, leading to
almost non-fluorescent aggregates (precipitation) of the dye.
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Figure 11. Normalized autocorrelation curves of Nile red loaded MPEGi14-b-PEBVGE13
(entry 6, Table 4) micelles including manual assay. Blue curve and illustration on the right side:

before acidification. Red curve and illustration on the left side: after acidification.

These results are validated by evaluation of the fitting functions of the autocorrelation curves
(Table 7). Encapsulation of the dye led to a longer diffusion. After acidification, D was
increased the sixfold and correlated with pure Nile red in water. Thus, the encapsulation and
release of the dye is clearly proven. Hydrodynamic radii Rn can be obtained from the Stokes-
Einstein relation (Equation 1). Here, a significant decrease from 4.1 nm to 0.7 nm can be
overserved as a consequence of the removal of the EBVGE side arms. This is contributed to the

transition from micelles to unimers and the consequent release of Nile red.

Table 7. FCS results for Nile red (NR) labeled mPEG114-b-PEBVGE13 (BC, entry 6, Table 4)
block copolymers: diffusion coefficients D and hydrodynamic radii Rns before and after
addition of 1 M HCI.

DNR, H20 / DBC, H20 / DBC, H20+HCI / Rh, H20 / Rh, H20+HCI /
pum2 st umz2 st um2 st nm nm
313.0 51.7 292.0 4.1 0.7

The successful photo-induced crosslinking of the micellar core was proven by DLS studies both
in aqueous and organic media.”®"® MPEG114-b-PEBVGE;13 (entry 6, Table 4) was loaded with
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PETMP and DMPA and crosslinked by irradiation with UV light using thiol-ene click
chemistry. The hydrodynamic radii were compared in aqueous solutions of neutral and acidic
pH. To prove the increased stability of the crosslinked micelles, non- and crosslinked aqueous
solutions of MPEG114-b-PEBVGE1s (entry 6, Table 4) were freeze-dried, subsequently
dissolved in neutral and acidic methanol and then investigated by DLS. The hydrodynamic radii
were compared with Rn of mPEG114-b-PEBVGE13 (entry 6, Table 4) in water. The results are
displayed in Figure 12.

——non-crosslinked micelle (water) - - =non-crosslinked micelle (MeOH)
—crosslinked micelle (water) - - =crosslinked micelle (MeOH)
crosslinked micelle (water and TFA) crosslinked micelle (MeOH and TFA)
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Figure 12. Particle size distribution based normalized intensity of mPEG114-b-PEBVGE13
(entry 6, Table 4) micelles in H20 (solid) or MeOH (dashed) with ¢ = 0.5 g L. Blue curves:
non-crosslinked micelles of pure block copolymer. Black curves: crosslinked micelles by using
PETMP and DMPA. Orange lines: decomposed crosslinked micelles after acidification with

TFA.

Disassembly of the non-crosslinked micelles into free unimers reduces Ry from 20 nm to 5 nm
due the solvent change form water to methanol (Figure 12, blue plot). With 77 nm, Rn remains
constant for the crosslinked micelles after changing the solvents, proving the successful particle
stabilization (Figure 12, black plot). After adding trifluoroacetic acid (TFA), the crosslinked
micelles disassemble irreversibly (Figure 12, orange plot). Consequently, no more scattering
was observed in both H>O and MeOH, indicating the absence of nanoparticles.
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CONCLUSION

With this work, we opened a new avenue for the synthesis of multi-pH-responsive and vinyl
ether-functional PEGs introducing the novel bifunctional monomer EBVGE that bears a vinyl
ether group as well as an epoxide moiety. In addition, it is acid labile, permitting to cleave the
side chains.

The anionic ring-opening (co)polymerization of EBVGE and EO allowed access to random
PEG-ran-PEBVGE copolymers and to PEBVGE31 homopolymer. These were obtained with
dispersities up to 1.17 and molecular weights between 6,700—10,200 g mol™. EBVGE could be
quantitatively incorporated into the polyether backbone in any ratio (2—100 mol%). In-situ
NMR studies proved an ideally random incorporation of the copolymers (reo esvee = 1.0). The
Tgs were little influenced by copolymerization and remained in between that of pure PEG
(-60 °C®%) and PEBVGE3s; homopolymer (-64 °C). Only the copolymer with 2 mol% EBVGE
showed a melting point Tr of 44 °C and also exhibited thermoresponsive behavior in water with

a cloud point at 55 °C.

To demonstrate the bifunctional nature of the EBVGE monomer and the potential application
as acid-cleavable epoxy resins, the free-radical copolymerization of electron-rich vinyl units
from EBVGE monomer was accomplished by copolymerization with electron acceptors.
Copolymers with maleic anhydride and N-phenylmaleimide resulted in molecular weights of
9,200 g mol™? and 3,400 g mol* (b < 2.0; SEC). The polymers were further characterized by
NMR spectroscopy and DSC measurements, revealing Tgs of 26 °C and 86 °C.

Well-defined mPEG-b-PEBVGE block copolymers with varying EBVGE content
(5-50 mol%) were synthesized by using mPEG4s and mPEGz114 macroinitiators. Molecular
weights ranged between 2,600 g mol™ and 11,700 g mol* (D < 1.16). Studies of the thermal
properties showed that T4s almost overlapped with those of the PEG-ran-PEBVGE copolymers,
but Tms could be precisely tailored between 33—53 °C according to the amount of EBVGE.
Detailed studies concerning micelle formation in aqueous solutions (CMC = 84 mg L) were
carried out as well, aiming at using the polymers for acid-labile micellar nanocarriers. In this
context, their biocompatibility was investigated using MTT assays. Minor effects on the
metabolic activity of L929 and HEK-293T cells were observed in concentration ranges up to
1,000 pg mL? depending on the PEBVGE block size. In general, mPEG-b-PEBVGE block
copolymers with 5—25 mol% EBVGE were observed to be highly biocompatible. In-depth SLS
and DLS studies were used to characterize the non- and core-crosslinked micelles, proving
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increasing values for Rn (non-crosslinked: 16 nm, crosslinked: 58 nm) as a result of the loading
with PETMP and DMPA. Crosslinking of the micelles in aqueous solution was conducted by
thiol-ene click chemistry. FCS measurements confirmed the encapsulation of the dye Nile red
by the non-crosslinked micelles, which could be released by acidification. The successful
crosslinking of the micelle core was evidenced by DLS studies in aqueous and organic solvents.
While the switch from water to methanol resulted in the transformation of the non-crosslinked
micelles (Rn = 20 nm) to the unimers (Rn = 5 nm), the crosslinked micelles retained their shape
(Rn, both = 77 nm).

To sum up, this fundamental work has shown that the novel epoxide monomer EBVGE
combines in a unique manner three features: (i) polymerization via the epoxide moiety; (ii)
crosslinking or functionalization via the vinyl group and (iii) acid cleavability of the vinyl ether
structure. Due to these characteristics, this bifunctional monomer is a promising candidate for

micellar nanocarriers in nanomedicine.
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SI-Figure 1. SEC trace of real-time *H NMR EO/EBVGE copolymerization in DMSO-ds at
60 °C (Mn = 2,400 g mol?, = 1.25).
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SI-Figure 2. *C NMR spectrum (100 MHz, CDCls) of EBVGE monomer.

267



Preparation of Crosslinkable Micelles

L1
—j o 0
g o @
i)
= o 48 g
-_— 0 [] '3 \Q*
¢ " &
8 0 “ 4 B
® Ts
; 2
€]
s 5
<
Q
L6
— ® @8
26,7. L7
| /{7 26,7.26}CDCI3
7 6 5 4 3 2 1
chemical shift / ppm
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SI-Figure 4. 'H, C HSQC NMR of EBVGE monomer in CDCls. Color of the signals
indicates the phase information (red: methine proton, blue: methylene protons).
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SI-Figure 6. 'H DOSY NMR (400 MHz, CDCl3) of EBVGE monomer.
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SI-Figure 7. 3C NMR spectrum (100 MHz, DMSO-ds) of PEGis-ran-PEBVGE.4 (entry 4,
Table 1).
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Table 1).
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SI-Figure 10.H, 3C HMBC NMR of PEG1s-ran-PEBVGEu4 (entry 4, Table 1) in DMSO-ds.
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SI-Figure 16. *H, 3C HSQC NMR of P(MAs-alt-EBVGEqgs) (entry 1, Table 3) in CD.Clo.
Color of the signals indicates the phase information (red: methine proton, blue: methylene

protons).
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SI-Figure 19. *C NMR spectrum (100 MHz, CD:Cl,) of P(PMos-alt-EBVGEgs) (entry 2,
Table 3).
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SI-Figure 20. *H, *H COSY NMR (400 MHz, CD,Cl,) of P(PMos-alt-EBVGEgs) (entry 2,
Table 3).
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SI-Figure 22. 'H, *C HMBC NMR of P(PMos-alt-EBVGEqs) (entry 2, Table 3) in CD.Cl..
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SI-Figure 23. SEC traces (DMF, PEG-standard, RI detector) of mPEGu114-b-PEBVGE13

(entry 6, Table 4) and its macroinitiator MPEG114.
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SI-Figure 24. 3C NMR spectrum (400 MHz, DMSO-ds) of MPEGus-b-PEBVGE:s (entry 4,
Table 4).
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SI-Figure 25. 'H, 'H COSY NMR (400 MHz, DMSO-ds) of mPEGas-b-PEBVGE3s (entry 4,

Table 4).
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SI-Figure 26. 'H, 3C HSQC NMR of mPEGus-b-PEBVGEs (entry 4, Table 4) in DMSO-ds
Color of the signals indicates the phase information (red: methine proton, blue: methylene

protons).
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SI-Figure 27. *H, 3C HMBC NMR (400 MHz, DMSO-ds) of mPEGus-b-PEBVGE;s (entry 4,
Table 4).
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SI-Figure 28. 'H DOSY NMR (400 MHz, DMSO-ds) of mPEGus-b-PEBVGE1s (entry 4,
Table 4).
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SlI-Figure 29. Plot of surface tension y vs. concentration ¢ of aqueous surfactant solution of
MPEG114-b-PEBVGE 13 (entry 6, Table 4) including regression straight lines for determination
of the critical micelle concentration (CMC = 84.2 mg L ™).
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SI-Figure 30. DLS and SLS characterization of non-crosslinked mPEG114-b-PEBVGE;3
(entry 6, Table 4) micelles in water (c=2 g L?).

282



Preparation of Crosslinkable Micelles

5 Ex10” DLS results
o 2.0x107 -
-
c
@ 15x10%4
Rh =61 nm
1.0x107 T T T T T T T T T ] T ] T
0 1x10" 2x10 3x10™ 4x10™ 5x10" 6x10™ 7x10™
q2/ m2
4.0x10° SLS results
G
& 35x10 1
O
X
Rg =48 nm
3.0x10™ —

! | | ! | ! | !
0 1x10"*  2x10"  3x10™ 4x10™ 5x10™  6x10™
qz I m?

SI-Figure 31. DLS and SLS characterization of non-crosslinked and loaded (PETMP and
DMPA) mPEG114-b-PEBVGEj3 (entry 6, Table 4) micelles in water (c =2 g L?).
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SlI-Figure 32. DLS and SLS characterization of crosslinked mPEG114-b-PEBVGE33 (entry 6,
Table 4) micelles in water (c = 2 g L) by using PETMP and DMPA.
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SI-Figure 33. Autocorrelation curve, fitting curve and residuals of free Rhodamine B in water
(D = 418.5 um2 5%, Vet = 0.344, = 5.325).
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SI-Figure 34. Autocorrelation curve, fitting curve and residuals of free Nile red in water
(D =313.0 um2 s, Vet = 0.403, x = 5.266).
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SI-Figure 35. Autocorrelation curve, fitting curve and residuals of mPEGi114-b-PEBVGE;3
(entry 6, Table 4) in water before acidification (D = 51.7 um2 s, Vet = 0.403, x = 5.266).
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SI-Figure 36. Autocorrelation curve, fitting curve and residuals of mMPEG114-b-PEBVGE13
(entry 6, Table 4) in water after acidification (D = 292.0 um?2 s, Vet = 0.403, « = 5.266).

286



Preparation of Crosslinkable Micelles

3.2. Epoxy Undecane Methacrylate: A Symbiosis of Methacrylates and
Poly(ethylene glycol)

Kamil Maciol?, Tatjana Dénzer?, Jennifer Keth?, Jan Blankenburg®® and Holger Frey®*

Institute of Organic Chemistry, Johannes Gutenberg University Mainz, Duesbergweg 10-14,
55128 Mainz, Germany

b Graduate School Materials Science in Mainz, Staudinger Weg 9, 55128 Mainz, Germany

*E-Mail: hfrey@uni-mainz.de

To be submitted

287



Preparation of Crosslinkable Micelles
ABSTRACT

A novel methacrylate-containing alkyl epoxide is presented: epoxy undecane methacrylate
(EUMA). This orthogonal monomer is prepared in a two-step reaction sequence and is suitable
for both anionic and radical polymerization. Monomer-activated anionic ring-opening
copolymerization of ethylene oxide (EO) and EUMA allowed access to multi-functional PEG-
grad-PEUMA gradient copolymers with molecular weights up to 20,500 g mol™. Besides the
detailed characterization via NMR spectroscopy and the investigation of thermal properties
(Tg<-57°C, Tm<50°C), the reaction Kinetics were studied by real-time H NMR
spectroscopy and revealed reactivity ratios of reo =9.43 and reuma =0.10. These strongly
tapered copolymer structures were used for the preparation of crosslinkable micelles in aqueous
solutions. The reversible addition-fragmentation chain transfer (RAFT) polymerization enabled
the design of epoxide-bearing side chains along the methacrylate backbone by the
copolymerization of EUMA with 2-hydroxyethyl methacrylate (HEMA) and methyl
methacrylate (MMA). This approach led to well-defined copolymers with molecular weights
ranging from 8,300—14,900 g mol™. For the formation of organogels, the pendant epoxide
moieties were crosslinked with an amine curing agent. The formed networks exhibited a

dichloromethane uptake of approximately 1,000%.
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INTRODUCTION

The highly reactive double bond of methacrylates renders them, together with acrylates, to one
of the most versatile and important class of monomers for the synthesis of polymers.X* Owing
to their properties, methacrylates would be eminent candidates as highly reactive side chains in
a poly(ethylene glycol) (PEG) backbone for post-polymerization crosslinking reactions. PEG
belongs to the class of polyethers and can be considered as the gold standard for many
pharmaceutical and medical applications due to its excellent biocompatibility, very low toxicity
and exceptional solubility in water.>° The U.S. Food and Drug Administration (FDA)
approved PEG as a polymer for medical use.!! There are multiple routes for the synthesis of
PEG by polymerization of the epoxide ethylene oxide (EO). Here, polymerization techniques
such as anionic ring-opening polymerization (AROP)*2, monomer-activated polymerization®

and cationic polymerization are included.!*%°

Apart from numerous studies on the radical polymerization of the bifunctional monomer
glycidyl methacrylate (GMA),'-2% approaches already exist for the successful incorporation of
pendant methacrylate groups in a polyether backbone via its epoxide functionality by cationic
polymerization.?*2® However, these polymerization techniques are limited due to transfer
reactions.?” In view of the harsh reaction conditions of the AROP, it is not surprising that there
is nearly no literature on the direct polymerization of methacrylate-containing epoxide
derivatives. Instead, post-polymerization modification such as end-group functionalization
must be considered. In this context, there is a wealth of works about poly(ethylene glycol)
dimethacrylate (PEGDMA).%-3! Aside from numerous studies in the field of hydrogels,
PEGDMA can also be used for the stabilization of poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-co-HFP) nanofibers®? or as polymer electrolytes®. As recently
reported, PEGDMA can be expanded with acetal®**® or ketal® cleavage sites to ensure the

biodegradability of the polymer chains.

However, there is a possible solution for the direct incorporation of methacrylate moieties into
a polyether backbone: the above-mentioned activated monomer method developed by Deffieux
and Carlotti.>” This method is based on a monomer-activated mechanism using an
initiator/catalyst system. Organic salts such as tetraoctylammonium bromide (NOctsBr) are
used as initiators in combination with Lewis acid catalysts such as triisobutylaluminum
(iBusAl). As a result of monomer activation, polymerizations can be conducted under milder
reaction conditions. In this manner, high molecular weight poly(propylene oxide) (PPO)* was
achieved and monomers like epichlorohydrin (ECH)*¥°, epicyanohydrin (EPICH)*, glycidyl
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methyl ether (GME)*>** and fluoroalkyl glycidyl ethers*“® were polymerized, which is

challenging or impossible under conventional AROP conditions.

In this work, we report on a novel methacrylate-containing epoxide derivative: epoxy undecane
methacrylate (EUMA). This bifunctional monomer was selectively reacted via its epoxide and
methacrylate functionality using anionic (Scheme 1A) and radical (Scheme 1B)
polymerization techniques. As a result of the determined microstructure, the PEG-grad-
PEUMA gradient copolymers were investigated regarding their self-assembly behavior. The
radical copolymerization of EUMA led to poly(methacrylate)s with pendant epoxide groups,
providing an ideal platform as organogels after crosslinking with amine curing agents. In

addition, each type of copolymer was characterized and investigated in detail.

A) Monomer-activated anionic ring-opening polymerization

5 0 OY& iBu;Al/NOct;Br _
m + n
AN IMTHF & MCB H
0°C-25°C,24h

+ MeOH

B) Reversible addition-fragmentation chain transfer polymerlzatlon (\/\/\/\/AO
O O
X
m -~ + n
Yko dloxane

70 °C, 24 h

Scheme 1. Synthesis strategies for the monomer-activated anionic and the controlled radical
copolymerization using the bifunctional epoxy undecane methacrylate (EUMA) monomer.
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EXPERIMENTAL PART

Materials. Chemicals were purchased from general suppliers (Sigma-Aldrich, Acros Organics,
Fluka, Carl Roth, etc.). Enzymatic transesterification of vinyl methacrylate was conducted with
CALB (Lipase B from Candida antarctica, immobilized on Immobead 150, recombinant from
Aspergillus oryzae), which was obtained from Sigma-Aldrich. Unless otherwise stated, all
chemicals were used without further purification. Deuterated solvents were acquired by
Deutero GmbH. Dialysis membranes (regenerated cellulose, MWCO = 1,000 g mol™?) were

purchased from Orange Scientific.

Instrumentation. *H NMR (400 MHz), C NMR (100 MHz) and two-dimensional NMR
spectra (COSY, HSQC, HMBC and DOSY) were recorded on a Bruker Avance Il HD 400
spectrometer equipped with 5 mm BBFO-SmartProbe (Z-gradient) and an ATM as well as a
SampleXPress 60 auto sampler. For real-time *H NMR kinetic studies a Bruker Avance 11 HD
400 (5 mm BBFO-SmartProbe with Z -gradient and ATM, SampleXPress 60 autosampler) was
used. All recorded spectra were referenced internally to residual proton signals of the deuterated

solvent.

SEC measurements were performed on an Agilent 1,100 Series equipped with a refractive index
(RI) and ultraviolet (UV) detector. For measurements in DMF (containing 1 g L™ LiBr as
additive) HEMA columns (300/100/40 A porosity) from Polymer Standards Service GmbH
were used at 50 °C. For measurements in THF, the PSS column set SDV (108/10%/10% A
porosity) was used at 30 °C. The flow rate was always 1.0 mL min™. The calibration was
conducted with PEG and poly(methyl methacrylate) standards from PSS. All shown SEC traces

show the signal of the RI detector.

A Perkin Elmer 8,500 was used to investigate the thermal properties (Tg, Tm) in a temperature
range of -95 °C to 95 °C. The heating rate of the first cycle was 20 K min™ as was the cooling

rate. The second heating cycle was again conducted at 20 K min™ and used for evaluation.

The critical micelle concentration (CMC) was determined using a DataPhysics DCAT 11 EC
tensiometer equipped with a TV 70 temperature control unit, a LDU 1/1 and a Du Nody ring
RG 11, which was annealed with a burner before the measurement. The solutions were stirred
for 120 s at a stirring rate of 50%. After a subsequent rest period of 10 s, the surface tension
was measured and averaged three times. Aqueous solutions of PEGqes-grad-PEUMA.04

(entry 1, Table 1) with a concentration of 1 g L™* were used for the measurement. The point of
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intersection, which was obtained by extrapolation of the two linear regression lines, described
the CMC (SI-Figure 15).

The self-assembly behavior of PEG-grad-PEUMA copolymers was analyzed by dynamic light
scattering on a Malvern Zetasizer Nano ZS, whose measuring cell holder was equipped with a
Peltier-controlled thermostat. As laser wavelength of 633 nm was used in combination with a
scatter angle of 173°. Measurements were performed at a constant temperature of 25 °C either
in disposable cuvettes from Brand GmbH & Co. KG (aqueous solutions) or in UV quartz
cuvettes from Carl Roth GmbH + Co. KG (organic solutions). For the evaluation, the software
Malvern Zetasizer Software 7.11 from Macromedia was used.

Transmission electron microscopy (TEM) images were recorded with a FEI Tecnai 12
microscope equipped with a LaB6-cathode (120 kV acceleration voltage, nominal
magnification: 68,000; nominal underfocus: 0.5-1.5 mm). For sample preparation, carbon grids
for TEM applications were negatively glow discharged at 25 mA for 30 s in an Emitech K100X
glow discharge system. An aqueous solution of crosslinked PEGo g6-grad-PEUMA 04 (entry 1,
Table 1) micelles with a concentration of 50 mg L was used for analysis. A droplet of the
sample (5 pL) was placed on the grid and incubated for 30 s. The grid was dried with Whatman
filter paper No. 4 by side-blotting.

10,11-Epoxyundecan-1-ol. The synthesis was performed in a slightly modified fashion to the
protocol of Marshall and Sabatini and is shown in SI-Figure 1.4 8 g (47.0 mmol, 1 equiv) 10-
undencen-1-ol was introduced in 50 mL benzene in a three-necked flask equipped with KPG
stirrer and cooler and the solution was cooled with an ice bath to 0 °C. Then, 14.2 g (82.2 mmol,
1.4 equiv) meta-chloroperoxybenzoic acid (m-CPBA) was carefully added in portions to this
solution. Residues of m-CPBA were flushed down with approximately 40 mL benzene. The
solution was stirred for 24 h, allowing it to warm up to room temperature. Saturated NaHCO3
solution was subsequently added until the precipitate had dissolved. The organic phase was
separated and washed three times with NaHCOs3 solution (3 - 30 mL). Next, the organic phase
was washed three times (3 - 30 mL) with aqueous sodium metabisulfite (Na2S20s) solution and
in the last step again three times with NaHCO3 solution (3 - 30 mL). After drying with Na>SOg,
10,11-epoxyundecan-1-ol was obtained with a yield of 92%.

Monomer synthesis: epoxy undecane methacrylate (EUMA). Synthesis of EUMA was
conducted in the same fashion as recently reported by our group.3® A mixture of 5 g (27.2 mmol,
1 equiv) 10,11-epoxyundecan-1-ol and 4.91 g (40.8 mmol, 1.5 equiv) vinyl methacrylate were
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introduced in a 100 mL flask, containing 100 mg CALB and a small amount of hydroguinone
(HQ). 50 mL benzene and traces of water were added to this mixture. The mixture was stirred
for 2 days at 50 °C under exclusion of light. Subsequent, the mixture was concentrated under
reduced pressure. Purification of the product was achieved by flash chromatography on silica
gel in a mixture of dichloromethane (DCM) and pentane (1 : 4) containing traces of HQ. In the
last step, solvents and the residues of vinyl methacrylate were removed under reduced pressure.
After filtration over neutral aluminum oxide (AlOx), EUMA was isolated as a yellowish oil in
yields of 62%. The monomer was stored unstabilized over molecular sieve (3 A) in an argon-
filled flask at temperatures of -20 °C to -30 °C, at which EUMA crystallized. *H NMR
(400 MHz, CD2Cl): ¢ (ppm) = 6.05 (1H, m, C=CH), 5.53 (1H, p, C=CHz, J = 1.7 Hz), 4.10
(2H, t, -CH2-OCO-, J=6.7 Hz), 2.84 (1H, m, CHepoxide), 2.67 (1H, dd, CH2, epoxid, J = 5.2,
4.0 Hz), 2.39 (1H, dd, CHy, epoxid, J = 5.1, 2.7 Hz), 1.91 (3H, t, Ho.C=CCH3s, J = 1.3 Hz), 1.65
(2H, p, -CH2-CH2-OCO-, J = 6.8 Hz), 1.54-1.14 (14H, m, CH2, aikyl chain). *C NMR (100 MHz,
CsDs): 0 (ppm) = 167.74 (C=0), 137.33 (C=CHy), 125.20 (C=CH), 65.25 (-CH»-OCO-), 52.61
(CHepoxide), 47.27 (CHz, epoxide), 33.11 (H2COCH-CH>), 30.05-26.56 (CH2, aikyi chain), 18.66
(H2C=CCHs).

Poly(ethylene glycol)-grad-poly(epoxy undecane methacrylate) (PEG-grad-PEUMA). The
following approach refers to sample PEGo.96-grad-PEUMA.04 (entry 1, Table 1). PEGo.o1-
grad-PEUMAgo9 (entry 2, Table 1) was synthesized in the same fashion with adapted
equivalents. 64 mg (0.1 mmol, 1equiv) Tetraoctylammonium bromide (NOctsBr) was
dissolved in 5 mL benzene and dried overnight in vacuum at room temperature. Afterwards,
dried EUMA (0.25mL, 1.0 mmol, 8equiv) and 12mL of a 1:1 mixture of dry
2-methyltetrahydrofuran (2MTHF) and chlorobenzene (MCB) were introduced to the flask.
When the mixture was cooled to approximately -70 °C with a liquid nitrogen/ethanol cooling
bath, 1.2 mL (24.0 mmol, 205 equiv) ethylene oxide (EO) was condensed into an ampule for
volumetric determination and afterwards into the flask. After switching to an ice bath, the flask
was carefully filled with argon and polymerization was started by adding 0.4 mL (4 equiv)
iBusAl. The reaction mixture was stirred for 24 h and allowed to warm up to room temperature,
before termination with 1 mL methanol. For purification, the solution was concentrated,
precipitated five times in a mixture of diethyl ether and pentane (1 :4) and subsequently
dialyzed against MeOH/DCM (3 : 2). To prevent crosslinking side reactions, traces of HQ were
added in each step. After drying in a vacuum, PEGo.9s-grad-PEUMAg.04 (entry 1, Table 1) was
obtained as a slightly brownish solid with a yield of 69%.
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Sample preparation for real-time *H NMR kinetics. To ensure a safe handling with EO for
'H NMR kinetic measurements, a special NMR tube equipped with a valve was used (Norell
S-5-400-VT-7). In the first step, a stock solution of NOct4Br in toluene-ds was prepared for an
easier handling. For this purpose, ten times the required initiator quantity (0.1 g, 0.18 mmol)
was weighed, dissolved in 2 mL benzene and dried overnight under reduced pressure. Next, the
residue was dissolved in 1 mL toluene-ds. Using a liquid nitrogen/ethanolic cooling bath, the
NMR tube was cooled to approximately -70 °C and a small amount (~32 pL, 0.64 mmol,
35 equiv) of EO was condensed. The tube was then filled with argon and 0.1 mL (1 equiv) of
the initiator solution and 41 pL (0.16 mmol, 9 equiv) EUMA were injected under continuous
cooling. Afterwards, 0.8 mL toluene-ds and the catalyst iBusAl (50 pL, 0.05 mmol, 3 equiv)
were introduced. Before the kinetic measurement was started, the so prepared NMR tube was
shaken strongly for homogenization and then transferred to the pre-cooled (T =0 °C) NMR
spectrometer. After stabilization of the thermal parameters (~10 min, A7 =0.1 K) the
measurement was started automatically. Two spectra were recorded per minute with one scan

each and sample spinning switched off.

Poly(hydroxyethyl methacrylate-co-epoxy undecane methacrylate) (P(HEMA-co-EUMA)). The
synthesis of P(HEMA126-co-EUMA) (entry 1, Table 3) is described below. All other radical
copolymers were similarly performed with adapted monomer ratios. 14 mg (0.06 mmol,
1 equiv) of the RAFT agent 2-cyano-2-propyl benzodithioate was dissolved together with
0.1 mL (0.39 mmol, 6 equiv) EUMA, 0.9 mL (7.47 mmol, 117 equiv) HEMA and 1 mg
(0.01 mmol, 0.2 equiv) azobisisobutyronitrile in 1.5 mL dioxane in a Schlenk tube. After three
freeze-pump-thaw cycles, the solution was stirred at 70 °C for 24 h. The polymerization was
terminated by ventilation of the Schlenk tube with air and rapid cooling. For purification, the
copolymer was precipitated five times in cold diethyl ether (respectively methanol for P(MMA-
co-EUMA) copolymers). After drying in a vacuum oven, P(HEMA126-c0-EUMAy) (entry 1,
Table 3) was obtained as reddish solid in a yield of 81%.

Micelle preparation. PEGo.ge-grad-PEUMA. 04 (entry 1, Table 1) was used as surfactant for the
self-assembly examinations since it was still water soluble. For the removal of possible
insoluble particles, 18 mg of the copolymer was dissolved in 2 mL THF, filtered (0.45 um,
LCR syringe filters) and dried with a stream of nitrogen. The residue was used to prepare two
solutions: A) 1 mg of the residue was dissolved in 0.2 mL THF and slowly diluted with 20 mL
Milli-Q water. The solution was immersed in an ultrasonic bath for 30 min and then placed on

a mechanical shaking plate for 24 h. B) A photoinitiator stock solution was prepared for the
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crosslinking of PEGo.gs-grad-PEUMA0.0s (entry 1, Table 1). For this purpose, 2 mg 2,2-
dimethoxy-2-phenylacetophenone was dissolved in 10 mL THF. At the same time, 1 mg
PEGo.9s-grad-PEUMAG .04 (entry 1, Table 1) was dissolved in 0.1 mL THF and subsequent
mixed with 0.1 mL of the photoinitiator stock solution described above. The preparation of the
micelles was analogous to A). Afterwards, the solution was exposed to UV light for one hour
to crosslink the micellar core. For the experiments in organic medium and the determination of

dry weights, the water was removed by lyophilization.

Crosslinking of a P(MMA-co-EUMA) copolymer and investigation of the swelling behavior.
Copolymer P(MMAg1-co-EUMAS) (entry 4, Table 3) was chosen as model compound in
combination with m-phenylenediamine as curing agent. 50 mg of the copolymer was mixed
with 1.2 mg amine and dissolved in a mixture of 2MTHF (1 mL) and DCM (0.1 mL) in an
Eppendorf reaction vessel. Then, the solution was placed in a drying oven (70—80 °C) for 48 h,
where the solvent slowly evaporated and the crosslinking started. Characterization was
conducted by swelling studies in DCM. For this purpose, the organogel was placed in 5 mL
DCM for 24 h to reach its equilibrium state. After removal of the excess solvent, the weight of
the swollen gel was determined. The procedure was repeated three times, whereby the
reswelling time between the individual measurements was 90 minutes. The solvent uptake (SU)

was determined as follows:

SU = (WS_Wd
Wa

) 100 (1)

where ws and wq are the weights of the swollen and dry organogel.
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RESULTS AND DISCUSSION
A. Synthesis of EUMA monomer.

Epoxy undecane methacrylate (EUMA) was synthesized in two steps from 10-undecen-1-ol. In
the first step, the terminal ethenyl group of the alkenol was converted with meta-
chloroperoxybenzoic acid (m-CPBA) to the corresponding epoxide in a Prilezhaev reaction (S1-
Figure 1).*® Subsequently, the enzyme-catalyzed transesterification of vinyl methacrylate with
the alcohol group was conducted with Candida antarctica lipase B (CALB), as shown in
Scheme 2.4

0 L O \H/K CALB, benzene=
NN 50 °C, 48 h
O
O
%/\/\/\/\/O\H/&
O

Scheme 2. Synthesis protocol for the preparation of the orthogonal monomer epoxy undecane
methacrylate (EUMA).

The use of benzene as solvent greatly facilitates the purification in both the first and second
reaction step. If the dichloromethane (DCM) is used as solvent for the epoxidation of 10-
undecen-1-ol, a milky solution was obtained by quenching excess m-CPBA with aqueous
Na2S20s. Here, the separation of the phases took at least 24 h instead of several minutes in case
of benzene. Similar to DCM, benzene can also be easily removed quantitatively under reduced
pressure at room temperatures, which is crucial for the prevention of crosslinking side reactions
in the purification of EUMA. Moreover, the use of hydroquinone (HQ) as inhibitor instead of
butylated hydroxytoluene (BHT) is also essential in the transesterification reaction step.
IH NMR (SI-Figure 2) studies showed that BHT could not be separated from the monomer by

filtration via aluminum oxide (AlOXx).

EUMA was obtained as a yellowish oil, which can be stored at temperatures around -20 °C
without stabilization. Figure 1 displays the *H NMR spectrum of the monomer including
complete assignment of the signals. Further spectra (**C NMR and 2D NMR spectra) can be

found in Supporting Information SI-Figures 3—6.
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Figure 1. *H NMR spectrum (400 MHz, CD,Cl,) of EUMA monomer.

B. Monomer-activated anionic ring-opening of EO and EUMA.

EUMA was copolymerized with ethylene oxide (EO) via its epoxide functionality using the
activated monomer method. This technique involves an initiator/catalyst system consisting of
tetraoctylammonium bromide (NOctsBr) as initiator and triisobutylaluminum (iBusAl) as
catalyst. The latter is used in excess, whereby one equivalent of the catalyst forms an “ate”
complex with NOctsBr and excess catalyst acts as monomer activator. The initiation step is a
nucleophile attack of the “ate” complex at the activated monomer. Here, the bromide ion of
NOctsBr initiates the polymerization and the monomer is inserted followed by further

propagation. This mechanism is depicted in Scheme 3.
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Scheme 3. Reaction mechanism for the monomer-activated anionic copolymerization of EO

and EUMA initiated by NOct4Br: formation of the “ate” complex, activation of the monomers
by complexation, nucleophilic attack of bromide, chain growth and termination by addition of

methanol.

EUMA was specifically incorporated into the polyether backbone at low incorporation rates to
guarantee water solubility. The copolymerizations were conducted in iBusAl quantities of
4 equivalents. In contrast to toluene as the “standard solvent” for the activated monomer
method, a mixture of 2-methyltetrahydrofuran (2MTHF) and chlorobenzene (MCB) was
applied. For EUMA as well as for experiments with glycidyl methacrylate as model compound,
a gelation of the reaction mixture was observed during the copolymerization which could not
be dissolved again, indicating crosslinking side reactions. This observation was not made in the
mixture mentioned above. The most important key data are summarized in Table 1.

Table 1 Copolymerization of EO with EUMA using [iBusAl]/[NOctsBr] in a mixture of
2MTHF and MCB (0 °C).

No. Copolymer composition®  Theoretical ~ My®™/  Mp°/ pP
composition gmolt g molt

1 PEGo.96-grad-PEUMA0 04 95:5 11,100 19,600 1.65

2 PEGo.91-grad-PUMA0 09 90:10 10,200 20,500 1.33

2Obtained from *H NMR spectra. ® Determined by SEC measurements in THF (RI detector,
PEG standards).

Molecular weights of PEG-grad-PEUMA gradient copolymers are about 20,000 g mol™ with
dispersities of less than 1.7. It is striking that the molecular weights determined from the SEC
deviate strongly from the theoretical molecular weight, which is due to the used PEG standards
and the associated different hydrodynamic radii. While monomodal distributions were obtained

in THF (Figure 2), multimodal distributions were observed in DMF (SI-Figure 7), as a result
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of the aggregation of the PEG-grad-PEUMA copolymers in polar solvents. By only evaluating

the main signals, almost the targeted theoretical molecular weights are obtained.

PEG ,,-grad-PEUMA,

PEG, ,,-grad-PEUMA .

1l8 19 20 2I1 2I2 2I3 24 2I5 2I6
elution volume [mL]
Figure 2. SEC traces (THF, PEG standards) of PEG-grad-PEUMA copolymers (entries 1-2,
Table 1).

Figure 3 shows the H NMR spectrum of PEGogs-grad-PEUMAocs (entry 1, Table 1)
including the complete assignment of the signals. *C NMR spectra, as well as the two-
dimensional NMR investigations can be found in SI-Figures 8—12. Due to the absence of an
integrable initiator signal, only ratios can be determined from the NMR spectra. The ratio
corresponds almost to the target ratio of 95:5 for PEGo.96-grad-PEUMA 04 (entry 1, Table 1).
The methylene signal at 1.64 ppm was compared with the signal of the polyether backbone at

3.58 ppm after subtraction of the overlapping EUMA protons.

—5.32 CD2CI2

SRy

60 56 52 48 44 40 36 32 28 24 20 16 12
chemical shift / ppm

Figure 3. 'H NMR spectrum of PEGoges-grad-PEUMAgos (entry 1, Table 1) (400 MHz,
CD.Cly).

299



Preparation of Crosslinkable Micelles

As already shown in previous works, real-time *H NMR spectroscopy is excellently suited to
investigate the microstructure of copolymers, thus also being used here.*3°%-%2 For this purpose,
the copolymerization was carried out in an NMR tube similar to the approaches in the flask and
'H NMR spectra were recorded at defined intervals. Due to lack of availability, toluene-ds was
used as solvent instead of the mixture of 2MTHF and MCB. As described above, the
copolymerization in toluene is very demanding and sensitive with regard to the used iBusAl
catalyst quantities. Excessive quantities led to the gelation of the entire reaction solution during
the copolymerization, caused by crosslinking side reactions. Three equivalents of iBusAl
proved to be the means of choice in terms of reaction time and controllability for the kinetic
studies. In addition, it was found that copolymerization only starts at 0 °C, whereas at -20 °C
almost no polymerization took place. A similar observation was also made by Herzberger et al.
in the case of the copolymerization of EO and ethoxyethyl glycidyl ether (EEGE).*® The
evaluation was based on the signals at 2.16 ppm for EO and 2.83 ppm for EUMA. A selection

of the recorded *H NMR spectra with an enlargement of the relevant areas is shown in Figure 4.
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Figure 4. Selection of superimposed *H NMR spectra (400 MHz) from the copolymerization
of EO and EUMA in toluene-ds. Areas relevant for the evaluation are shown as an enlargement.

The consideration of the decrease in EO and EUMA monomer concentrations during
copolymerization clearly indicates the formation of a relatively hard gradient within the
PEG-grad-PEUMA copolymers (Figure 5, top). This is also proved by the quantitative
evaluation of the *H NMR kinetic data. The reactivity ratios were determined by fits of the
Jaacks®® (reo = 9.49, reuwa = 0.10) and the Meyer-Lowry® (reo = 9.43, reuwa = 0.10) equations.
The respective plots can be found in the Supporting Information (SI-Figures 13—14). Assuming
a living-like character, these results indicate a pronounced tapered copolymer structure. While
there are almost exclusively rich EO segments in the area of the initiator, the chain ends consist

of rich EUMA segments. Similar observations were made for the copolymers of EO and
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glycidyl propargyl ether (GPgE) and PO using the monomer activation technique.>>* On the
basis of reactivity ratios according to Meyer-Lowry, the microstructure of the
PEG-grad-PEUMA copolymers was simulated, emphasizing the above findings once again
(Figure 5, bottom).>®

091 - EUMA

08rf \
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06} \

05} \
04t \ \
03t \

0.2f

M]/M,]

01F

0 0.2 0.4 0.6 0.8
total conversion

—_

0 0.2 0.4 0.6 0.8
total conversion

-

Figure 5. Top: concentration of comonomers EO (blue) and EUMA (red) plotted against total
monomer conversion. Bottom: simulated PEG-grad-PEUMA copolymer composition plotted
versus total conversion of EO and EUMA. The color gradient was simulated with the reactivity
ratios according to Meyer-Lowry, whereas the white points are derived directly from the
measured data.

Thermal properties of PEG-grad-PEUMA copolymers were studied by dynamic differential
calorimetry (DSC) measurements and are given in Table 2. Glass transition temperatures (TgS)
of both copolymers are almost identical with approximately -57 °C and are in the order of
magnitude of pure PEG with a similar molecular weight.>” In contrast, there is a difference in
the melting points (Tms). These values are between 43 °C and 50 °C. The long flexible EUMA
alkyl side chains interfere with the PEG crystal lattice, resulting in a decrease of the Tms.
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Table 2. Thermal properties of PEG-grad-PEUMA copolymers.

No. Copolymer composition® Tn/°C  AH/Jg* T4/ °C

1 PEGo.96-grad-PEUMA.04 50 66 -57

2 PEGo.91-grad-PEUMA.09 43 68 -58

2 Obtained from *H NMR spectra.

Since the copolymerization of EO and EUMA led to a pronouncedly tapered block
microstructure consisting of hydrophilic PEG and hydrophobic PEUMA regions, the surfactant
properties of the PEG-grad-PEUMA were examined in detail. In this context, the crosslink-
ability of the hydrophobic, reactive EUMA micelle core was a central point. For this purpose,
PEGo.gs-grad-PEUMAG.04 (entry 1, Table 1) was used, which was still water soluble. Higher
amounts of incorporated EUMA (> 4 mol%) in the copolymers no longer allowed a quantitative
dissolution in water. In this context, the critical micelle formation concentration (CMC) was
determined at 6.1 mg L first (SI-Figure 15). The detection of a CMC further verifies the found
copolymer tapered block microstructure by the *H NMR kinetic experiment. The hydrophobic,
poorly water-soluble dye Nile red was used as model compound to study and visualize the
encapsulation behavior of the PEGo.96-grad-PEUMAo.0s (entry 1, Table 1) micelles. While
undissolved Nile red was present at the bottom of the reaction vessel in the blank sample
containing pure Milli-Q water (Figure 6a), the dye was encapsulated and mobilized by the

micelles, resulting in homogeneous discoloration of the aqueous solution (Figure 6b).

a) b)

Figure 6. Solubilization of Nile red in PEGo.g6-grad-PEUMAo.04 (entry 1, Table 1) micelles. a)
Blank sample with pure Milli-Q water and Nile red. b) Aqueous solution of PEGq.gs-grad-
PEUMAo.04 (entry 1, Table 1) including Nile red. The color change of the aqueous solution

demonstrates the encapsulation of the dye.
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In order to increase the stability of the micelles, the hydrophobic EUMA core was crosslinked.
For this purpose, the micelles were loaded with the photoinitiator 2,2-dimethoxy-2-
phenylacetophenone and afterwards exposed to UV light. To proof the extended stability, the
water was removed via lyophilization and the (non-)crosslinked micelles were redissolved in
THF, which is suitable for the dissolution of both EO and EUMA moieties. The crosslinking of
the EUMA methacrylate groups inside the micelle core was investigated via dynamic light
scattering (DLS) and transmission electron microscopy (TEM). Figure 7 displays the
distribution of the PEGo.ge-grad-PEUMA.04 (entry 1, Table 1) micelles in water and in THF.
The particle radius of the non-crosslinked micelles was 59 nm. Due to the loading with the
photoinitiator, the diameter increased to 197 nm. The removal of water by lyophilization and
the re-dissolving in THF had a drastic effect on the size of the micelles. No defined distribution
was observed for the non-crosslinked PEGo.96-grad-PEUMAG 04 (entry 1, Table 1). Even within
each run during the measurement, the distribution changed, indicating a very dynamic system.
In contrast, only swelling was observed in case of the crosslinked micelles (r, = 743 nm), as
reported in literature for PEG-based core-crosslinked pH-sensitive degradable micelles.*® After
the removal of the organic solvent and the dissolution of the crosslinked micelles in water again,
the particle radius (82 nm) was approximately the same as the non-crosslinked PEGo g6-grad-
PEUMAG.04 (entry 1, Table 1) micelles.

a) —non-crosslinked micelles - -crosslinked micelles, b) . . . .
—crosslinked micelles redissolved —non-crosslinked micelles —crosslinked micelles
1.0 1.0
=08 508
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=06 =06
[+ ©
04 €04 1
2 2
0.2 0.2 -
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Figure 7. Distributions of non-crosslinked (blue) and crosslinked (red) PEGo.gs-grad-
PEUMAG.04 (entry 1, Table 1) micelles in Milli-Q water (a) and in THF (b) measured by DLS.
The micelle concentration was constant at 50 mg L.

In contrast to these results, the TEM results in Figure 8 of the crosslinked PEGo.gs-grad-
PEUMAG.04 (entry 1, Table 1) micelles show a different picture regarding the particle size. For
two different evaluation areas, a diameter of approximately 9 nm was obtained for the spherical
micelles, which is significantly smaller compared to the results of the DLS measurements. The
reason for this is the nature of both measurement methods. In DLS, hydrodynamic diameters

are derived from an equivalent hard sphere with the same diffusivity as the micelles.>® Here,
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the micelle size also includes the hydration shell around the micelle. In addition, larger micelles
are also given more weight, as the scattering intensity (1) increases with the particle radius (R)

as | ~R®. Consequently, the values obtained by DLS are greater than those of the TEM

measurements.
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Figure 8. TEM images of two different sections and corresponding distribution of crosslinked

PEGo.g6-grad-PEUMA.04 (entry 1, Table 1) micelles including most important key data.

C. RAFT Copolymerization of methacrylates and EUMA.

RAFT (reversible addition-fragmentation chain transfer) polymerization is a relatively new
method established by the CSIRO group in 1998.%° This controlled radical polymerization
technique enables the synthesis of polymers with controllable molecular weights and narrow
distributions.8¥% Using the RAFT polymerization technique, a series of EUMA-containing
copolymers with methyl methacrylate (MMA) and 2-hydroxyethyl methacrylate (HEMA) were

prepared, with the key data summarized in Table 3.
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Table 3 Overview of synthesized P(HEMA-co-EUMA) and P(MMA-co-EUMA) copolymers

including SEC data and thermal properties.

No. Copolymer composition® EUMA/  Mq@/ MnP / DP Ty /
mol% gmolt  gmol? °C

1 P(HEMA126-co-EUMA) 7 14,900 5,300 1.23 87

2 P(HEMA70-co-EUMAG) 7 8,300 3,800 1.37 76

3 P(MMAgs-co-EUMA 1) 11 11,000 9,100 115 76

4 P(MMAg-co-EUMAS) 6 10,500 9,000 114 87

3 Obtained from *H NMR spectra. ° Determined by SEC measurements in THF (RI detector,
PMMA standards).

EUMA was incorporated up to 11 mol% and copolymers with molecular weights in the range
of 8,300—14,900 g mol* and moderate dispersities (1.14—1.37) were obtained. The explanation
for the deviation of the SEC molecular weights described in the previous section is also valid
here and can be traced back to the PMMA standards. The SEC traces in Figure 9 show a
monomodal shape, confirming the well-controllable character of the polymerization.

- - - -P(HEMA_, .-co-EUMA )
P(HEMAm-co-EUMA

- = = .P(MMA__-co-EUMA )
P(MMA,, -co-EUMA )

5)

20 22 24 26 28 30
elution volume [mL]

Figure 9. SEC traces (THF, PMMA-standards) of P(HEMA-co-EUMA\) (entries 1-2, Table 3)
and P(MMA-co-EUMA) (entries 3—4, Table 3) copolymers.

In contrast to the PEG-grad-PEUMA (entries 1-2, Table 1) copolymers synthesized via the
monomer-activated anionic polymerization, the number of comonomer units and the absolute
molecular weights can be determined from the NMR spectra. Figure 10 shows the *H NMR
spectrum of P(HEMA70-co-EUMASs) (entry 2, Table 3). The signals for the EUMA epoxide
groups at 2.86—2.42 ppm and the HEMA methylene groups at 3.89—3.57 ppm are clearly

visible. By normalization to the signals of the chain transfer agent in the aromatic region
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(7.82—7.46 ppm), the repeating units were determined on the basis of the signals of the EUMA
epoxide methine group at 2.86 ppm and HEMA methylene group at 3.57 ppm. Other spectra
(*3C NMR and 2D NMR) can be found in the Supporting Information in the SI-Figures 16—20,
as well as those for the MMA-containing copolymers (SI-Figures 21-26), as shown
exemplarily for P(MMAg:1-co-EUMAG:) (entry 4, Table 3).
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Figure 10. *H NMR spectrum (400 MHz, DMSO-ds) of P(HEMA7o-co-EUMASs) (entry 2,
Table 3).

The analysis of the thermal properties provides two insights. Firstly, according to the Flory-Fox
equation®®, the Tgs shift with decreasing molecular weight to lower temperatures, which can be
observed for the P(HEMA-co-EUMA) (entries 1-2, Table 3) copolymers. Here, the Tgs sink
from 87 °C to 76 °C as a result of the decrease in molecular weight by approximately
6,600 g mol™*. Secondly, the alkyl side chains of the EUMA moieties act as flexible chain
elements and consequently increase the mobility of the polymer main chain, thus reducing the
Tgs of the P(MMA-co-EUMA) (entries 3—4, Table 3) from 87 °C to 76 °C with increasing
amount of EUMA.?’

Epoxy resins play an important role in the field of adhesives. Their synthesis is based on a
nucleophilic substitution curing reaction of epoxide-containing precursors and amines. This

principle was applied to prepare organogels by ring-opening of the pendant epoxide groups of

306



Preparation of Crosslinkable Micelles

the EUMA side chains. Copolymer P(MMAg:1-co-EUMA:) (entry 4, Table 3) was used as a
model compound in combination with m-phenylenediamine. The copolymer, which was
previously soluble in DCM, had become insoluble because of the crosslinking, as can be seen
in SI-Figure 27. According to Equation 1, the solvent uptake (SU) of DCM was determined.
In this context, an uptake of 1,000 + 10% dichloromethane was determined, proving the
successful formation of an organogel.
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CONCLUSION

The successful synthesis of epoxy undecane methacrylates (EUMA) yielded a storage-stable
and in handling unproblematic, bifunctional monomer. EUMA was used for orthogonal anionic
and radical polymerizations. The epoxide units were reacted by monomer-activated anionic
ring-opening polymerization using the initiator/catalyst system NOctsBr/iBusAl, whereas
reversible addition-fragmentation chain transfer (RAFT) polymerization was employed for the

methacrylate functionalities.

The latter was used for the preparation of organogels. For this purpose, EUMA was
copolymerized with methyl methacrylate (MMA) leading to well-defined structures with
molecular weights up to 11,000 g mol™. Subsequently, the pendant epoxide groups were
reacted with a primary amine curing agent. Furthermore, hydrophilic copolymers
(Mn = 8,300—14,900 g mol'Y) were obtained by copolymerization of EUMA and 2-
hydroxyethyl methacrylates (HEMA), which were also characterized in detail.

The anionic copolymerization of EUMA with EO via the monomer-activated technique led to
water-soluble PEG-grad-PEUMA copolymers of molecular weights up to 20,500 g mol™. Due
to their gradient structure, as demonstrated by real-time H NMR Kkinetics (reo = 9.43,
reuma = 0.10), PEG-grad-PEUMA surfactants were obtained directly in a one-pot synthesis. As
a result of the crosslinking of the micelle cores, a significant improvement in the particle

stability was achieved and proved by DLS studies.

By virtue of its bifunctionality, EUMA unites the world of polyethers and polymethacrylates
and thus opens up a wide variety of potential applications, such as hydro- and organogels, drug
delivery or scaffolds for tissue engineering. We believe that this novel monomer is a very

interesting candidate for these biomedical applications.
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SI-Figure 1. Preparation of the starting compound 10,11-epoxyundecan-1-ol for the synthesis

of epoxy undecane methacrylate (EUMA) monomer.
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SI-Figure 2. *H NMR spectrum (400 MHz, DMSO-ds) of an unsuccessful attempt to remove
BHT from EUMA using AIOx.
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SI-Figure 3. *C NMR spectrum (100 MHz, CDCl) of EUMA monomer.
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SI-Figure 4. H, *H COSY NMR (400 MHz, CD2Cl;) of EUMA monomer.
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SI-Figure 5. 'H, 13C HSQC NMR of EUMA monomer in CD,Cl.. Color of the signals indicates

the phase information (red: methine proton, blue: methylene protons).
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SI-Figure 6. *H, 13C HMBC NMR of EUMA monomer in CD2Cl..
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SI-Figure 7. SEC traces of PEG-grad-PEUMA copolymers (entries 1-2, Table 1) in DMF
showing the formation of aggregates. Characteristics of the main signals are:
Mn = 12,600 g mol?*with D =128 for PEGogs-grad-PEUMAgos (entry 1, Table 1) and
M, = 9,900 g mol™*with D = 1.24 for PEGo.e1-grad-PEUMA o9 (entry 2, Table 1).
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SI-Figure 8. C NMR spectrum (100 MHz, CD,Cl) of PEGo.gs-grad-PEUMAo 04 (entry 1,
Table 1). :-CH»>-OH of chain ends.
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SI-Figure 10. *H, *C HSQC NMR of PEGogs-grad-PEUMAg 04 (entry 1, Table 1) in CD,Cl,.
Color of the signals indicates the phase information (red: methine proton, blue: methylene
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SI-Figure 12. *H DOSY NMR (400 MHz, CD:Cl,) of PEGogs-grad-PEUMAqs (entry 1,
Table 1).
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SlI-Figure 13. Jaacks fit for determination of reactivity ratios of the copolymerization of EO
and EUMA via the activated monomer strategy in toluene-ds.
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SI-Figure 14. Meyer-Lowry fit for determination of reactivity ratios of the copolymerization

of EO and EUMA via the activated monomer strategy in toluene-ds.
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SI-Figure 15. Plot of surface tension vs. concentration of aqueous surfactant solution of
PEGogs-grad-PEUMAgos (entry 1, Table 1) including regression straight lines for

determination of the critical micelle concentration (CMC = 6.1 mg L™Y).
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SI-Figure 16. *C NMR spectrum (100 MHz, DMSO-ds) of P(HEMA70-co-EUMAS) (entry 2,
Table 3).
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SI-Figure 17. H, *H COSY NMR (400 MHz, DMSO-ds) of P(HEMA7o-co-EUMAS) (entry 2,
Table 3).
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SI-Figure 18. H, *C HSQC NMR of P(HEMA7-co-EUMAG) (entry 2, Table 3) in DMSO-
de. Color of the signals indicates the phase information (red: methine proton, blue: methylene

protons).
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SI-Figure 19. 'H, 3C HMBC NMR of P(HEMA7,-co-EUMAG) (entry 2, Table 3) in DMSO-
ds.
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SI-Figure 20. 'H DOSY NMR (400 MHz, DMSO-ds) of P(HEMAz-co-EUMAS) (entry 2,
Table 3).
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SI-Figure 21. *H NMR spectrum of P(MMAg:1-co-EUMAs) (entry 4, Table 3) (400 MHz,
CDCla).
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SI-Figure 22. BC NMR spectrum (100 MHz, CDCls) of P(MMAgi-co-EUMASs) (entry 4,
Table 3).
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'H, 3C HSQC NMR of P(MMAg1-co-EUMASs) (entry 4, Table 3) in CDCls.

Color of the signals indicates the phase information (red: methine proton, blue: methylene

protons).
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SI-Figure 25. H, *C HMBC NMR of P(MMAg:-co-EUMA) (entry 4, Table 3) in CDCls.
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SI-Figure 26. 'H DOSY NMR (400 MHz, CDCls) of P(MMAgi-co-EUMASs) (entry 4,
Table 3).
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SlI-Figure 27. Organogel of crosslinked P(MMAGg:1-co-EUMASs) (entry 4, Table 3) during
swelling in DCM.
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4. Preparation of Surface Coatings
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ABSTRACT

The introduction of perfluoroalkyl chains into a poly(ethylene glycol) backbone was achieved
by the copolymerization of the commercially available fluoroalkyl glycidyl ether
3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl glycidyl ether (TDFOGE) using the monomer
activation technique according to Carlotti and Deffieux. Methyltriphenylphosphonium bromide
(MePPh3Br) served as initiator in combination with triisobutylaluminum (i-BuzAl) as catalyst.
TDFOGE (10-97 mol%) was co- and terpolymerized with catechol acetonide glycidyl ether
(CAGE, 2-4 mol%) and allyl glycidyl ether (AGE, 46—98 mol%), respectively ethoxyethyl
glycidyl ether (EEGE, 48—97 mol%). Terpolymers with molecular weights between 8,700 and
17,200 g mol* and narrow distribution (Mw Ma! < 1.28) were synthesized. AGE units were
addressed by thiol-ene click chemistry, introducing amino and carboxyl groups. Furthermore,
EEGE units could be selectively deprotected before the catechol moieties, resulting in linear
polyglycerol structures. Characterization was conducted by SEC measurements and NMR
spectroscopy. Thermal properties were investigated by differential scanning calorimetry (DSC),
revealing a linear relationship between glass transition temperatures (Tgs) and TDFOGE
incorporation rates (Tg, PAGE polymers = -55 °C t0 -71 °C, Ty, linpG polymers = -32 °C to -2 °C). CAGE
unites served as adhesive anchor for the coating of surfaces after the removal of the acetonide
protective groups. Glass slides were coated with the perfluoroalkyl-bearing polymers, leading

to contact angles of up to 120°.
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INTRODUCTION

Organofluorine compounds exhibit special properties, which can be attributed to the carbon-
fluorine bond.? As a consequence of the strong polarization, the C-F bond is one of the
strongest bonds in organic chemistry, resulting in bonding energies up to 546 kJ mol™2.34
Consequently, organofluorine compounds show a very high thermal stability.> Characteristic is
also their chemical resistance. The most significant property of fluorine compounds is their
extremely low surface energy, due to their low polarizability.® The anionic ring-opening
polymerization (AROP) makes it possible to synthesize defined and narrowly distributed
polymers.”® Accordingly, it would be extremely interesting to transfer these unusual properties
of fluorocarbons to polyethers and thus prepare polymers with a defined structure and a low
polydispersity. Such polymers could be used for instance as emulsifiers for fluorine-containing
active ingredients in medicine. The use of fluorine-containing surfactants for the stabilization
of the volatile anesthetic Sevoflurane has already been reported in the literature.® Another field
of applications are fuel membranes, sealings and electronic devices. Ameduri et al. published
here very detailed review articles.!®*? By combining with other glycidyl ether derivatives,
additional properties can be modeled. Thus, by copolymerizing fluoroalkyl-containing glycidyl
ethers with glycidyl propargyl ether (GPE), dyes could be attached to the alkyne bonds by azide-
alkyne click chemistry and biological processes can be studied.*®* Due to the anti-stick and
anti-corrosive properties of the fluorine groups, coatings of surfaces are very interesting and it
would be desirable to transfer these properties to polyethers.’® However, the oxyanionic
polymerization has the disadvantages, that CH-acidic or less reactive compounds cannot be
polymerized under these harsh conditions, which applies to perfluoroalkyl-substituted glycidyl
ethers. Thanks to the monomer activation according to Carlotti and Deffieux, polymerization
under mild reaction conditions is possible due to the low temperatures and the use of weak
nucleophiles.!® This broadened the spectrum of monomers for the AROP, which could not be
polymerized under classical conditions. For example, high molecular weight poly(propylene
oxide) (PPO)Y" and aliphatic polyethers based on glycidyl methyl ether (GME)*®!® or

epicyanohydrin (EPICH)?° were obtained in this manner.

3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctyl glycidyl ether (TDFOGE) is a glycidyl ether
derivative bearing a fluoroalkyl group. In general, there are only a few publications on the direct
polymerization of fluorine-containing glycidyl ethers. Fluorinated thermoplastic polyurethane
elastomers were prepared based on a fluorine-containing polyether, which was synthesized by

cationic polymerization from a fluoroalkyl glycidyl ether.?! Especially 3,3,3-trifluoro-1,2-
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epoxypropane (TFEP) and its copolymers were the focus of attention.?? Sakakibara et al.
synthesized a variety of homopolymers from various fluoroalkyl glycidyl ethers including

TDFOGE by using the monomer activation technique.?>*

In this work, novel polyether co- and terpolymers were prepared in a one-step synthesis based
on the fluoroalkyl glycidyl ether TDFOGE. Activated monomer polymerization technique was
used, allowing a mild polymerization under reduced temperatures (-20 °C to 25 °C). To the best
of our knowledge, TDFOGE has never been co- and terpolymerized before. Just homopolymers
were synthesized hitherto.?> TDFOGE was terpolymerized with catechol acetonide glycidyl
ether (CAGE) and allyl glycidyl ether (AGE), respectively ethoxyethyl glycidyl ether (EEGE)
(Scheme 1). Protecting groups were released selectively without affecting the polyether
backbone. The extraordinary properties of fluoropolymers are a central point in the present
work. Therefore, these polymers are highly interesting for surface modifications. Here, we

examined this point more closely via contact angle measurements.
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Scheme 1. Synthetic route for the terpolymerization of TDFOGE and CAGE with AGE (top)

or EEGE (bottom) via the activated monomer method.
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EXPERIMENTAL PART

Terminology. According to the literature, poly(catechol acetonide glycidyl ether) (PCAGE) is
designated as poly(catechol glycidyl ether) P(CaGE) after the release of the acetonide
protecting group.? Poly(ethoxyethyl glycidyl ether) PEEGE is hereinafter referred to as linear
polyglycerol (linPG) after deprotection.?® The name “terpolymer” is used for P(AGE-co-
TDFOGE-co-CAGE) (entries 2-6, Table 1) and linP(G-co-TDFOGE-co-CAGE) (entries 2—6,
Table 3) structures. The term “copolymers” refers to samples P(AGEo.gs-c0-CAGEo.2)
(entry 1, Table 1), linP(Go.97-co-CAGEo03) (entry1l, Table3) and P(TDFOGEy.97-cO-
CAGEo.3) (entry 7, Table 1). “Polymers” generally relates to co- and terpolymers.

Instrumentation. *H NMR (400 MHz), *C NMR (100 MHz), °F NMR (377 MHz) and
2D NMR spectra were recorded on a Bruker Avance Il HD (400 MHz, 5 mm BBFO-
SmartProbe with Z-gradient and ATM, SampleXPress 60 sample changer) and referenced
internally to the proton signal of the deuterated solvent. Size exclusion chromatography (SEC)
were conducted with Polymer Standards Service (PSS) SDV columns (100/1,000/10,000 A
porosity) and tetrahydrofuran (THF) as eluent at 25 °C, using a Rl and UV (275 nm) detector.
Calibration was carried out using poly(ethylene glycol) standards provided by PSS. Differential
scanning calorimetry (DSC) measurements were performed under a nitrogen atmosphere using
a PerkinElmer DSC 8,500 in the temperature range of -90 °C to 30 °C. Hereby, heating rates of
20 K min~t and 10 K min~! were used for the first and the second heating run, respectively. The
values of the second heating cycle were applied for analysis. Contact angle measurements were
performed on a Contact Angle System OCA 20 (DataPhysics Instruments GmbH), using Milli-
Q water as probe liquid. For analysis, the software SCA 20 was used. For the post-
polymerization modification via thiol-ene click reaction, the UV lamp XX-15B (Ultra-Violet
Products Ltd) was used, which consisted of two UV tubes (model T-15.M: 312 nm; T-15.L:
365 nm) provided by Vilber Lourmat Deutschland GmbH.

Materials. Triisobutylaluminium (i-BuzAl, 1.1 M solution in toluene, Acros Organics) was used
without further purification. Methyltriphenylphosphonium bromide (MePPh3zBr, 98%, Acros
Organics) was azeotropically dried with benzene overnight under reduced pressure. Toluene
was dried over sodium and stored under reduced pressure. 3,3,4,4,5,5,6,6,7,7,8,8,8-
Tridecafluorooctyl glycidyl ether (TDFOGE, >96%, TCI) and allyl glycidyl ether (AGE, 99%,
Acros Organics) were freshly dried over CaH> and distilled under reduced pressure prior to use.
Ethoxyethyl glycidyl ether (EEGE) was synthesized according to Fitton et al.?” and purified by

stirring over CaH> and subsequent distillation. Catechol acetonide glycidyl ether (CAGE) was
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synthesized according to Niederer et al.>® and azeotropically dried with benzene overnight
under reduced pressure. Ethylene oxide (EO, >99,5%, Sigma-Aldrich) was used as received.
Dialysis membranes (regenerated cellulose, MWCO = 1,000 g mol™?) were obtained from

Orange Scientific.

Polymer synthesis. A general synthesis is described for P(AGEq.s7-co-TDFOGE.11-co-
CAGEo.2) (entry 2, Table 1). Other AGE as well as EEGE approaches were performed
analogously with correspondingly adjusted equivalents. MePPhsBr (1 equiv) was dried in a
flask with benzene overnight under reduced pressure. The flask was filled with argon, followed
by the addition of dried CAGE (4 equiv), AGE (86 equiv), TDFOGE (10 equiv) and 10 mL
anhydrous toluene via syringe. Then, the mixture was cooled using an ice/salt bath (-20 °C) and
the polymerization was initiated by the careful addition of i-BuszAl (3 equiv). The reaction was
allowed to slowly warm up to room temperature and stirred for 24 h. Subsequently, the reaction
was stopped by addition of 1 mL methanol. For purification, a dialysis was conducted in a
methanol/dichloromethane  (DCM) mixture (3:2) using regenerated cellulose
(MWCO = 1,000 g mol™). In order to prevent excessive foaming during the removal of the
solvent, the solution was frozen with liquid nitrogen and the solvents were removed under

reduced pressure for 20 h. Typical yields: 60—80%.

Removal of the protecting groups. For AGE containing polymers, 1 mL water, 1 mL acetonitrile
and 5 mL trifluoroacetic acid (TFA) were added to 1 g polymer. The solution was stirred at
500 mbar and 40 °C. After two hours, CHCIs was added and the organic layer was neutralized
by washing with saturated NaHCO3 solution. Removal of the solvent under reduced pressure at

room temperature led to a quantitative yield.

For EEGE containing polymers, the procedure was analogous. By applying this approach, both
acetonide (CAGE) and ethoxyethyl (EEGE) protecting groups were cleaved simultaneously.
Here, dialysis (regenerated cellulose, MWCO = 1,000 g mol™?) in a methanol/DCM mixture
(3 : 2) was used for purification.

Polymer modification: thiol-ene functionalization. The respective terpolymer was dissolved in
methanol/dichloromethane mixture (1 : 1) and 10 equiv thiol per AGE double bond were added.
In order to achieve a quantitative conversion, the literature procedure was optimized by using
1 wt% DMPA instead of 0.1 wt%.?® After three freeze-pump-thaw cycles, the mixture was

irradiated with an UV lamp for 2 h. For purification, the modified terpolymer was dialyzed
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against methanol/DCM (1 : 1) using regenerated cellulose (MWCO = 1,000 g mol?) and dried

under reduced pressure.

Sample preparation for contact angle measurements. Contact angles were measured by the
sessile drop method wherein the static contact angle measurement was used. Since the static
contact angle is time-dependent due to sedimentation and evaporation, the measurement was
started five seconds after dropping and repeated until a consistent value was reached to
guarantee identical conditions. For the coating of the glass slides, the polymers (100 mg) were
dissolved in 2 mL dichloromethane. The glass slides were immersed in these solutions, which
were previously placed for 12 h in concentrated hydrochloric acid, cleaned with isopropanol
and dried overnight in a vacuum oven (40 °C). The coated glass slides were removed from the
polymer solutions after 24 h and washed with DCM to remove excess polymer, which did not
adhere to the surface. After drying for 24 h at room temperature under reduced pressure, the so
prepared slides were used for the contact angle measurements.
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RESULTS AND DISCUSSION
A. Synthesis and characterization of P(AGE-co-TDFOGE-co-CaGE).

The monomer-activated anionic ring-opening polymerization (AROP) according to Carlotti and
Deffieux and co-workers represents an important alternative to the conventional AROP.16:1729
An organic salt such as MePPhsBr is used as initiator, which is combined with an excess of a
Lewis acid (i-BusAl). The initiator reacts with the catalyst, forming an “ate” complex.*° Excess
catalyst activates the monomer by complexation, resulting in an increased electrophilic
reactivity towards nucleophiles. Chain growth occurs due to insertion of further monomers.
Termination of the reaction is performed by addition of protic solvents such as MeOH.
Consequently, a polymerization under mild reaction conditions is possible via the activated

monomer technique. The mechanism is displayed in Scheme 2.
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Scheme 2. Terpolymerization of TDFOGE, CAGE and AGE, respectively EEGE initiated by
MePPhsBr and catalyzed by i-BuzAl.

AGE was co- and terpolymerized with TDFOGE and CAGE via the monomer-activated AROP.
The polymers were addressed on the one hand by thiol-ene click chemistry and on the other
hand used as coatings for glass surfaces after removal of the acetonide protecting group.
Table 1 summarizes the SEC results for deprotected co- and terpolymers of AGE, TDFOGE
and CAGE
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Table 1. Terpolymerization of AGE, TDFOGE and CAGE. Initiated with a
[i-BusAl]/[MePPhsBr] ratio of 3 : 1 in toluene (T = -20 °C).

N Theoretical ~ Mp®™ MpP
No. Composition? o
composition (g molt) (g mol?)

1 P(AGEo.9s-co-CaGEo.02) 97:0:3 12,400 12,800 1.19
P(AGEog7-co-TDFOGEg.11-co-

2 86:10:4 15,600 8,700 1.28
CaGEo.02)
P(AGEo.79-co-TDFOGEq.19-CO-

3 78:19:3 18,300 13,400 1.21
CaGEo.2)
P(AGEo.63-co-TDFOGEg 35-C0-

4 67:29:4 21,700 14,700 1.11
CaGEo.02)
P(AGEss-co-TDFOGEg 40-cO-

5 58:39:3 24,800 17,200 1.10
CaGEo.2)
P(AGEo.46-c0-TDFOGEq 52-co-

6 48:49:3 27,200 13,700 1.17
CaGEo.2)

7 P(TDFOGEq.97-co-CaGEo.03)° 0:97:3 42,700 42,600 1.19

2Values calculated by *H NMR spectroscopy. ® Determined by SEC in THF (RI detector, PEG
standards). ¢ Determined by SEC in HFIP (RI detector, PMMA standards).

The molecular weights are in a range between 8,700 g mol™* and 42,600 g mol! with
dispersities (D = Mw Mn?) of less than 1.28. The discrepancy between M,™ and Mh is attributed
to the PEG calibration. Especially higher amounts of TDFOGE cause a decrease of the
measured molecular weights as a consequence of the strongly deviating hydrodynamic radii of
terpolymers (cf. entry 6, Table 1). Similar observations were made by Obermeier et al. for
P(EO-co-AGE) copoylmers.3 SEC measurements revealed a narrow and monomodal
distribution (Figure 1). For P(TDFOGEo.97-co-CaGEo.03) (entry 7, Table 1) see Supporting
Information Figure S1. The successful co- and terpolymerization is additionally supported by

the fact that the Rl and UV signal distribution are superimposable (Figure S2).
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no. 1 (0% TDFOGE)
no. 2 (11% TDFOGE)
no. 3 (19% TDFOGE)
no. 4 (35% TDFOGE)
no. 5 (40% TDFOGE)
no. 6 (52% TDFOGE)

20 21 2.2 2l3 24 25 ) 26 27
elution volume [mL]
Figure 1. SEC traces (THF, PEG standards) of P(AGE-co-TDFOGE-co-CaGE) (entries 2—6,
Table 1) terpolymers with a varied amount of TDFOGE and P(AGEo.9s-c0-CaGEo.02) (entry 1,
Table 1) copolymer.

Incorporation rates were calculated from *H NMR spectra, which is shown exemplified for
protected P(AGEo.46-c0-TDFOGEos2-c0-CAGEo02) (entry 6, Table 1) in Figure 2. For this
purpose, the signals of the methylene groups of the AGE (5.3-5.1 ppm), TDFOGE (2.4—
2.3 ppm) and CAGE (2.6-2.5 ppm) moieties were compared, giving the ratio showed in
Table 1. The isomerization of the AGE double bonds reported by Lee et al. was not observed,
which can be attributed to the mild polymerization conditions in combination with the absence

of potassium ions and polar solvents such as DMSO.%2
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Figure 2. 'H NMR spectrum (400 MHz, CDCls) of protected P(AGEg.4s-co-TDFOGEgs,-Co-
CAGEo.02) (entry 6, Table 1).
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In contrast to literature, the quantitative removal of the protecting group was not successful
using hydrochloric acid.? Instead, an excess of trifluoroacetic acid (TFA) in acetonitrile was
used (Figure S3). By extraction with aqgueous NaHCOs3 solution, TFA could be removed from
the AGE-containing terpolymers. Quantitative conversion for the removal of the acetonide
protecting groups was monitored by *H NMR spectroscopy according to the absence of the
signal of the acetonide protecting group at 1.6 ppm. Figure 3 shows the *H NMR spectra before
and after removal of the acetonide protecting groups of the AGE-containing terpolymers
(**C NMR, ®FNMR and 2D NMR spectra are available in the Supporting Information,
Figures S4-7). In the lower spectrum, no signal can be seen at 1.6 ppm. Instead, a change in

the aromatic region can be observed, due to the release of the catechol hydroxyl functions.

l 12
A
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69 68 67 66 65 64 6.3
chemical shift / ppm

R 3
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chemical shift / ppm

Figure 3. 'H NMR spectra (400 MHz, CDCls) of precursor P(AGEo.79-co-TDFOGEq 19-CO-
CAGEo.2) (entry 3, Table 1) before (top) and after (bottom) acidic removal of the acetonide

protecting groups.

Post-Polymerization Modification via Thiol-ene Click Chemistry. Thiol-ene coupling (TEC) is
a powerful tool to modify double bonds with any desired functionality. For example, free
amines cannot be polymerized in the AROP, since initiation by the amine would occur.®® By
using TEC, functional groups can be applied directly without resorting to protecting group

chemistry. Common methods for functionalizing of the pendant AGE moieties are based on the
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use of radical initiators such as N,N-azobisisobutyronitrile (AIBN) or photoinitiators such as
2,2-dimethoxy-2-phenylacetophenone (DMPA).3*

Two different commercially available thiols were used for the modification of the precursor
P(AGE-co-TDFOGE-co-CaGE) (Scheme 3).

t X j:< ) hv %QOO
PN
+ T T E——
R SH Thiol-ene click

O O SR
H,N (0]
2 \/\SH )J\/SH
HO
Cysteamine Thioglycolic acid

Scheme 3. Thiol-ene modification of P(AGE-co-TDFOGE-co-CaGE) precursors with thiols.

Based on of P(AGEo.79-co-TDFOGEo.19-c0-CaGEo02) (entry 3, Table 1), cysteamine
hydrochloride (CA) was attached to the AGE double bonds. Thioglycolic acid (TA) was used
for P(AGEqs8-co-TDFOGEQ.40-c0-CaGEq.02) (entry 5, Table 1). The results of the SEC analysis
are given in Table 2.

Table 2. Synthesized derivatives of P(AGE-co-TDFOGE-co-CaGE) terpolymers by thiol-ene

coupling.

N Mnb Mnc
No. Composition R-SH? DP b°
(g mol™) (g mol™)

P(AGEo.79-co-TDFOGEg.19-CO-

A CA 13,400 1.21 N/A N/A
CaGEo.02)
P(AGEo.58-co-TDFOGE.40-CO-

B TA 17,200 1.10 11,900 1.17
CaGEo.02)

4 CA = cysteamine hydrochloride, TA = thioglycolic acid. ® Data for P(AGE-co-TDFOGE-co-
CaGE) precursors, determined by SEC (THF, RI detector, PEG standards). ¢ Data for functional
derivatives, determined by SEC (THF, RI detector, PEG standards).

The combination of the hydrophobic perfluoroalkyl chains with very polar substances such as
CA or TA expands the field of application. In this regard, the use in the area of microarrays is
conceivable.*® For CA-functionalized P(AGEg.79-co-TDFOGEg19-c0-CaGEo02) (entry A,

Table 2), SEC analysis was not successful due to the insolubility of the modified polymer in
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THF. SEC analysis for the TA-modified P(AGEqss-co-TDFOGE.40-c0-CaGEo.02) (entry B,
Table 2) showed a shift of the traces compared to the unmodified precursors (Figure S8). A
molecular weight difference of approximately 5,300 g mol™ was observed here with nearly no
change in the polydispersity. *H NMR spectroscopy proved a quantitative functionalization of
the AGE double bonds, which is here exemplified for the TEC modification with thioglycolic
acid (Figure 4). The characteristic signals of allyl units at 4.0 ppm, 5.2 ppm and 5.9 ppm
disappeared after the modification and signals for the introduced thiol functionalities were
observed. The corresponding COSY NMR spectrum for TA, as well as 'H NMR and
COSY NMR spectra for CA are given in the Supporting Information in Figures S9-11.
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Figure 4. Relevant sections of *H NMR spectra (400 MHz, CDCls) of precursor P(AGEg ss-Co-
TDFOGEp40-c0-CaGEoo2) (entry 5, Table 1) and TA-functionalized derivative (entry B,
Table 2).

B. Synthesis of linP(G-co-TDFOGE-co-CaGE).

In order to obtain direct access to hydrophilic-hydrophobic structures, EEGE was
terpolymerized with TDFOGE and CAGE. Such structures are interesting as antibacterial
surfaces.®® Beside the thermal properties, the surface properties of the polymers were in the
foreground. SEC analysis of the multi-functional linPGs revealed molecular weights in a range
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of 11,900-14,500 g mol* with D up to 1.26. Here, the discrepancy between theoretical and
measured values also increases with higher TDFOGE incorporation. This can be attributed to
the PEG calibration analogous to the AGE-based terpolymers.®” Table 3 summarizes the

compositions, molecular weights and polydispersities.

Table 3. Terpolymerization of EEGE, TDFOGE and CAGE. Initiated with a
[i-BusAl]/[MePPh3Br] ratio of 3 : 1 in toluene (T = -20 °C).

N Theoretical ~ My Mp?
No. Composition® o
composition (g molt) (g mol?)
1 1linP(Gg,-co-CaGE, ;) 97:0:3 15400 12,900 1.19
linP(G, 4,-co-TDFOGE,, , -co-
2 88:9:3 18,400 11,900 1.24
CaGEO.O3)
linP(G,, ,,-co-TDFOGE, ,-co-
3 78:19:3 21,100 13,400 1.26
CaGEO.O4)
linP(G,, (.-co-TDFOGE, ,,-co-
4 ' ' 68:29:3 23,900 12,100 1.19
CaGE, )
linP(G, .,-co-TDFOGE,, ,.-co-
5 58:39:3 26,500 13,200 1.15
CaGE, ,,)
linP(G, ,,-co-TDFOGE, _ -co-
6 48:49:3 29,700 14500 1.15
CaGEo.oz)

2 Values calculated by *H NMR spectroscopy. ? Determined by SEC in THF (RI detector, PEG

standards).

All SEC traces displayed monomodal polymer distributions (Figure 5). In addition, Rl and UV
signal of the distribution were superimposable, demonstrating a uniform incorporation of the

comonomers (Figure S12).
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no. 1 (0% TDFOGE)
no. 2 (10% TDFOGE)
no. 3 (19% TDFOGE)
no. 4 (31% TDFOGE)
no. 5 (39% TDFOGE)
no. 6 (50% TDFOGE)

20 21 22 23 24 25 26
elution volume [mL]

Figure 5. SEC traces (THF, PEG standards) of linP(G-co-TDFOGE-co-CaGE) (entries 2—6,

Table 3) terpolymers with varied amount of TDFOGE and linP(G 4,-co-CaGE, ) (entry 1,

Table 3) copolymer.

The incorporation ratios of the linPG-containing polymers were obtained from the *H NMR
spectra of the respective protected species. Signals at 1.3-1.2 ppm (EEGE), 2.3 ppm
(TDFOGE) and 2.6-2.5 ppm (CAGE) were used for evaluation (Figure 6). Minor catalyst
residues in the range of 3-2ppm could be identified despite dialysis in a
methanol/dichloromethane (DCM) mixture (3 : 2).
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Figure 6. *H NMR spectrum (400 MHz, CDCls) of protected P(EEGEg.4s-co- TDFOGEg s0-Co-
CAGEo.02) (entry 6, Table 3).
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In order to use the catechol functionalities as an adhesive anchor for the coating of glass slides,
the acetonide group must be removed quantitatively. The EEGE/CAGE-containing polymers
distinguish the particular characteristic that the ethoxyethyl acetal protecting groups can be
removed selectively before the acetonide groups to release linear glycerol units with free
hydroxyl groups.®® *H NMR studies proofed that the ethoxyethyl acetal protecting groups were
quantitatively removed by using 1 M hydrochloric acid at 60 °C over a period of 24 h (Figure 7,
middle). Characteristic signals of EEGE at 4.7 and 1.2 ppm disappeared, while the signal of the
acetonide protecting group at 1.6 ppm was left. By using TFA for two hours at 40 °C under
reduced pressure, the removal of the acetonide protecting groups took place (Figure 7).
Assigned 'H NMR, 3C NMR, **F NMR and 2D NMR spectra can be found in the Supporting
Information (Figures S13-17). In contrast to the AGE-containing terpolymers, linPG-based
polymers are water-soluble, especially those with a high amount of linear glycerol moieties.
Therefore, these polymers were dialyzed in contrast to the AGE-containing polymers
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Figure 7.*H NMR spectra (400 MHz) of precursor P(EEGE, ,,-co-TDFOGE, -co-CAGE, ,)

(entry 2, Table 3) before (top, CDCI3) and after acidic treatment with hydrochloric acid
(middle, CD30D), respectively trifluoroacetic acid (bottom, CD30D).
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C. Thermal properties

Conclusions can be drawn about structural properties of the polymers by the characterization
of the thermal properties, whereby parameters such as the melting points, the heat capacities
and the glass transitions can be analyzed. As a result of the lack of tacticity and the bulky
substituents, no melting points and hence no crystalline domains were observed neither for the
AGE, nor for the linear glycerol-containing polymers. Determined glass transition temperatures

(Tgs) obtained by differential scanning calorimetric measurements (DSC) are listed in Table 4.

Table 4. Thermal properties of P(AGE-co-TDFOGE-co-CaGE) and linP(G-co-TDFOGE-co-
CaGE) terpolymers, including corresponding copolymers.

No. Composition? To
C)
1 P(AGEo.9s-c0-CaGEo.02) -71
2 P(AGEo g7-co-TDFOGEo.11-c0-CaGEo.02) -69
3 P(AGEo.79-co-TDFOGEo.19-c0-CaGEo.02) -65
4 P(AGEo 63-c0-TDFOGE 35-c0-CaGEo.02) -60
5 P(AGEos8-c0-TDFOGE 40-c0-CaGEo.02) -60
6 P(AGEo 46-c0-TDFOGE52-c0-CaGEo.02) -55
7 P(TDFOGEq.97-c0-CaGEo.03) -44
8  linP(G, ,-co-TDFOGE  -co-CaGE ) -32
9 linP(G, .,-co-TDFOGE, ,.-co-CaGE, ,) -24
10 linP(G,,-co-TDFOGE_ , -co-CaGE ) -15
11 linP(G, .-co-TDFOGE ,,-co-CaGE, ) -8
12 linP(G ,.-co-TDFOGE_ , -co-CaGE, .) -2
13 linP(G ,.-co-CaGE,j .) )

2 Values calculated by *H NMR spectroscopy.

P(AGE-co-TDFOGE-co-CaGE) terpolymers show Tgs between -69 °C and -55 °C (entries 2—
6, Table 4). For the copolymer P(AGEo.9s-c0-CaGEo.02) (entry 1, Table 4) the Ty is -71 °C,
which is in agreement with the literature value of PAGE homopolymer (Tq = -77 °C).3%° For
P(TDFOGEq.97-c0-CaGEo03) (entry 7, Table 4) a glass transition of -44 °C was detected.
Thermal properties of TDFOGE-containing polymers have not been analyzed yet. The more
flexible AGE units increase the free volume of the polymer chain. Consequently, the Tgs
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decrease with increasing amount of AGE. On the other side, the “stiffer” perfluoroalkyl chains
of TDFOGE cause a hindrance to the binding rotation of the main chain, resulting in an increase
of the Tgs.42%? For linPG homopolymer, literature values for Tq move in a range of -8 °C and -
27 °C depending on the molecular weight.*® Measured Tgs for linPG-containing co- and
terpolymers are in a range between -2 °C and -32 °C (entries 8-13, Table 4). With growing
number of linear glycerol moieties, Tgs increase steadily. Due to polar glycerol substituents,
hydrogen bonds are formed, whereby the bond rotation is hindered, resulting in an increase of
the Tgs. Figures 8—9 graphically depict the glass transitions depending on the amount of
TDFOGE, both for AGE and linPG-containing terpolymers (DSC heating curve as flowcharts
available in the Supporting Information, Figures S18—19). The almost linear course of the Tgs
represents a nearly ideal behavior for amorphous polymers, indicating a random incorporation
of the comonomers along the polyether backbone.** This is noteworthy, since access to random
copolymers via the monomer activation technique is only guaranteed through the
copolymerization of glycidyl ether derivatives.**® In contrast, the copolymerization with
ethylene oxide leads to strongly tapered copolymer structures.*’

07« P(AGE-co-TDFOGE-co-CaGE)

linear fit

-45

-50 4

'55 N )

T /°C

= -60 .

-65 4

-70

-75 T T T T T T T T T 1
0 20 40 60 80 100

TDFOGE content / mol%

Figure 8. Glass transition temperature vs. TDFOGE content in P(AGE-co-TDFOGE-co-
CaGE) terpolymers (entries 2-6, Table 4) and corresponding copolymers (entries 1/7,
Table 4).
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Figure 9. Glass transition temperature vs. TDFOGE content in linP(G-co-TDFOGE-co-CaGE)
terpolymers (entries 8-12, Table 4) and corresponding copolymers (entries 7/13, Table 4).

D. Surface properties

Each polymer has a specific wettability. To determine this intrinsic wettability, contact angle
measurements can be measured by placing a drop of water on the surface, which was coated
with the corresponding polymer. In general, differentiation is made between hydrophobic and
hydrophilic surfaces. Surfaces are considered to be hydrophobic, if the contact angle is greater
than 90° against water.*® Besides high contact angles, characteristics of a hydrophobic surface
are low adhesion, low wettability and a small free surface energy, while hydrophilic surfaces

represents the opposite.*®

In order to determine the influence of the perfluoroalkyl chains on the surface properties of the
polymers, contact angle measurements were performed. The deprotected CaGE units served as
an adhesive anchor for the coating of glass slides. In Figure 10 the contact angles were plotted
against the amount of incorporated TDFOGE.
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Figure 10. Contact angles of the AGE and linPG-containing polymers coated on glass slides.
Note: 0 mol% TDFOGE corresponds to the two copolymers P(AGEo.9s-c0-CaGEo.o2) (entry 1,

Table 1) and linP(G, 4.-co-CaGE, ) (entry 1, Table 3).

A significant change in the contact angles was observed. Due to the increasing amount of
TDFOGE, the contact angles increased constantly. In case of untreated glass slides, the contact
angle was 55° and increased to the maximum value of 120° for P(TDFOGE.97-c0-CaGEo.03)
(entry 7, Table 1). Literature values for PTDFOGE are unknown. Comparable materials, such
as PTFE show contact angles for water of 112—117°.5° Values of the terpolymers were between
these limits. The fluoroalkyl substituents are responsible for the sharp increase. They are
characterized by a low polarizability and thus a low surface energy. Due to the non-stick
properties of the surface, water can hardly adhere here. Contact angles of P(AGE-co-TDFOGE-
co-CaGE) were on average higher than the values of linP(G-co-TDFOGE-co-CaGE). This is in
line with expectations, since the free hydroxyl groups of the linear glycerol units increase the
hydrophilicity.
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CONCLUSION

Motivated by the special anti-adhesive surface properties of fluoropolymers, the monomer
activating technique was used for the co- and terpolymerization of 3,3,4,4,5,5,6,6,7,7,8,8,8-
tridecafluorooctyl glycidyl ether (TDFOGE). To the best of our knowledge P(AGE-co-
TDFOGE-co-CAGE) and linP(G-co-TDFOGE-co-CAGE) terpolymers were synthesized for
the first time. Based on the initiator/catalyst system [i-BusAl]/[MePPhsBr] (3 : 1), terpolymers
were obtained with molecular weights between 8,700—17,200 g mol™ and dispersities up to
1.28. The incorporation rate of CAGE was kept constant at 2—4 mol%, whereby the amount of
TDFOGE was varied between 0—97 mol%, which was proofed by *H NMR analysis. Glass
transition temperatures (TgS) were adjustable between -69 °C and -55 °C for AGE-, respectively
-2 °C and -32 °C for linPG-containing terpolymers and indicated a random distribution of the
comonomers along the polymer backbone. P(AGE-co-TDFOGE-co-CAGE) terpolymers were
addressed by thiol-ene click chemistry, whereby amino and carboxyl groups were introduced.
It could be shown for the linPG-based polymers, that the pendant, linear glycerol units could
be selectively released from the catechol units. The catechol functionalities served as adhesive
anchors for the coating of glass slides after the release of the acetonide protecting groups.
Investigations of surface properties revealed both a successful coating and a correlation between
anti-adherent behavior towards water and amount of TDFOGE. Contact angles could be varied
up to 120°.

Due to their non-stick properties, fluoropolymers are very interesting as coating protection
against biological contamination. For instance, adhesive forces of marine life are caused by
secretion of proteins or glycoproteins of hydrophilic or hydrophobic nature.®® Both linear
poly(glycerol)s, as well as TEC modified poly(ally glycidyl ether)s and fluoropolymers show
antifouling properties.®>> By combining hydrophilic and hydrophobic properties, they would

be a promising candidates as non-stick coating.*

In summary, the incorporation of organofluorine compounds into an aliphatic polyether

backbone provokes exceptional properties.
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Figure S1. SEC trace (HFIP, PMMA standards) of P(TDFOGEj.g7-co-CaGEos) (entry 7,
Table 1).
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Figure S2. SEC traces (THF, PEG standards) of superimposed RI1 (blue) and UV (green) signals
of of P(AGEqo.46-co-TDFOGEo52-c0-CaGEo.02) (entry 6, Table 1).
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Figure S3. Removal of acetonide protecting group.
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Figure S4. 13C NMR spectrum (100 MHz, CDCls) of P(AGEo.79-co-TDFOGEq.19-c0-CaGEq.02)

(entry 3, Table 1) after the removal of acetonide protecting groups.
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Figure S5. F NMR spectrum (377 MHz, CDCls) of P(AGEo.79-co-TDFOGEq.19-c0-CaGEq.02)
(entry 3, Table 1) after the removal of acetonide protecting groups. TFA was added to CDCl3
as external reference and set to -75.39 ppm according to Tian and co-workers.! Assignment of

signals is based on literature.?
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Figure S6. 'H, 'H COSY NMR spectrum (400 MHz, CDCls) of P(AGEg.7e-co-TDFOGEq 1¢-

co-CaGEo.02) (entry 3, Table 1) after the removal of acetonide protecting groups.
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Figure S7. 'H, *C HSQC NMR spectrum (400 MHz, CDCls) of P(AGEg.79-co-TDFOGEq 19-
co-CaGEo.02) (entry 3, Table 1) after the removal of acetonide protecting groups. Color of the

signals indicates the phase information (red: methine proton, blue: methylene protons).
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no.5 (40% TDFOGE)
no.5 (40% TDFOGE) modified with TA
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elution volume [mL]

Figure S8. SEC traces (THF, PEG standards) of precursor P(AGEgoss-co-TDFOGEg 40-co-
CaGEo.2) (blue, entry 5, Table 1) and thioglycolic acid-functionalized derivative (green,
entry B, Table 2).
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Figure S9. H, *H COSY NMR spectrum (400 MHz, CDCls) of thioglycolic acid-modified
P(AGE.58-c0-TDFOGE.40-c0-CaGEo.02) (entry B, Table 2).
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Figure S10. Relevant sections of H NMR spectrum (400 MHz, CDsOD) of cysteamine
hydrochloride-modified P(AGEo.79-co-TDFOGE.19-c0-CaGEo.02) (entry A, Table 2).
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Figure S11. H, *H COSY NMR spectrum (400 MHz, CD3OD) of cysteamine hydrochloride-
modified P(AGEo.79-co-TDFOGEo 19-c0-CaGEo.02) (entry A, Table 2).
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Figure S12. SEC traces (THF, PEG standards) of superimposed RI (blue) and UV (green)

signals of of linP(G, ,,-co-TDFOGE . -co-CaGE ) (entry 6, Table 1).
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Figure S13. H NMR spectrum (400 MHz, CD3OD) of linP(Go.4s-co-TDFOGEqs0-CO-
CaGEo.02) (entry 6, Table 3) after the removal of the protecting groups. TFA was added to the

solution to suppress turbidity.
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Figure S14. 3C NMR spectrum (100 MHz, CD3OD) of linP(Go.s-co-TDFOGEqs0-CO-
CaGEo.02) (entry 6, Table 3) after the removal of the protecting groups. TFA was added to the

solution to suppress turbidity.
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Figure S15. ®F NMR spectrum (377 MHz, CD3;OD) of linP(Go.4s-co-TDFOGEq so-Co-
CaGEo.02) (entry 6, Table 3) after the removal of the protecting groups. TFA was added to the
solution to suppress turbidity and as external reference and set to -75.39 ppm according to Tian

and co-workers.? Assignment of signals based on literature.?
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Figure S16. 'H, 'H COSY NMR spectrum (400 MHz, CD30D) of linP(Gg.4s-co-TDFOGEq s0-
co-CaGEo.2) (entry 6, Table 3) after the removal of the protecting groups. TFA was added to

the solution to suppress turbidity.
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Figure S17. *H, 13C HSQC NMR spectrum (400 MHz, CD3s0D) of linP(Gg.4s-co-TDFOGEq so-
co-CaGEo.o2) (entry 6, Table 3) after the removal of the protecting groups. TFA was added to

the solution to suppress turbidity. Color of the signals indicates the phase information (red:

methine proton, blue: methylene protons).
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ABSTRACT

Two novel epoxide monomers 3,3-dimethoxy-propanyl glycidyl ether (DMPGE) and 3,3-
dimethoxy-2,2-dimethylpropanyl glycidyl ether (DDPGE) for the introduction of multiple
aldehyde functionalities into the poly(ethylene glycol) (PEG) backbone were developed. The
acetal protecting group for the aldehyde-functionality is stable against the harsh, basic
conditions present during the anionic ring-opening polymerization (AROP). Both monomers
could be homopolymerized as well as copolymerized statistically with ethylene oxide (EO) in
a controlled fashion. Polymers with molecular weights (Mn) in the range of 4,500 g/mol to
20,100 g/mol and low dispersities (Mw/Mn) between 1.06 and 1.14 have been synthesized. The
polymers were characterized by SEC, *H NMR and regarding their thermal properties.
Furthermore, the controlled character of the polymerization was verified by MALDI-TOF. To
study the distribution of the acetal functionalities along the polyether chain, the
copolymerization with ethylene oxide was monitored by real-time *H NMR kinetic experiments
for both monomers. These measurements revealed almost random distribution of the
comonomers with reactivity ratio pairs reo = 0.96, rompce =1.04 and reo = 1.20, rpppce = 0.83.
The acetal functionalities of DMPGE-polymers could be successfully addressed by hydrazone-
formation. DDPGE-copolymers could be successfully deprotected in acidic media and further
transformations yielded aldehyde-, ester-, and nitrile-functionalized PEG while maintaining a
dispersity below 1.1. Consequently, these monomers are a highly interesting building blocks

for the synthesis of multi-functional PEG.
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INTRODUCTION

The extraordinary properties of polyethylene glycol (PEG) such as high biocompatibility and
water solubility render it an ideal candidate for biomedical applications.® Furthermore, the
flexible polyether backbone and low glass transition fit the requirement for the soft segment
component in polyurethane foams perfectly.? A drawback for bioconjugation or tailoring
material properties is the chemically inert polyether backbone of PEG, which is resistant to post
polymerization reactions. To overcome these limitations, only the terminal hydroxyl groups are
available for modification reactions. In the past, this lack of functionality has been increased by
copolymerizing ethylene oxide (EO) with functional epoxide monomers to create multi-
functional PEGs.3# In this manner, many functionalities could be introduced into the polyether
backbone and the polymer properties thereby customized for the targeted application. However,
challenging for this strategy are the harsh, basic conditions employed in the anionic ring-
opening polymerization (AROP), which need to be tolerated by the functional group without
side reactions. Only a few functionalities fulfill this requirement and therefore lead to well-
defined polymers. Successfully established for the AROP are monomers containing vinyl and
allyl ethers, tertiary amines, acetals and thioethers.*® Acetals have been proven to be a good
choice for masking hydroxyl groups during the polymerization. In this way monools’, diols®
and catechols® can be liberated in acidic conditions after the polymerization. A strategy to
incorporate other functionalities, is the monomer-activated method carried out under milder
conditions according to Carlotti and Deffieux.'®*2 This expands the scope of tolerated
functionalities extensively. As reported by Herzberger et al. epicyanohydrin could be
(co)polymerized and its nitrile functionalities transformed by post polymerization reactions into
amides, amines and carboxylates.'®* Drawbacks of the monomer-activated method are the use
of cytotoxic aluminum salts, a broadened distribution and non-uniform end groups. Therefore,
block copolymers are usually not accessible. Furthermore, copolymerization of a glycidyl ether
with EO leads to strong gradient in the case of the activated monomer mechanisms. In contrast,
the same copolymerization via AROP vyields a perfect random distribution of the
functionalities.’* For these reasons, the AROP of EO and other epoxide derivatives is still the
best choice to get a well-defined polyether with defined architectures.*>® Motivated by this
fact, this work aimed to expand the compatible functionalities for AROP.

Aldehyde functional polymers are interesting due to their high reactive aldehyde moiety e.g.
for bioconjugation. Sokolovskaya et al. synthesized in a 4-step synthesis a protected aldehyde

epoxide-monomer with a photolabile acetal group. However, the degree of polymerization was
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limited and broad distributions were obtained otherwise.!” PEG with aldehyde terminus has
been used for the PEGylation of drugs via imine formation with the N-Terminus of proteins.8
A direct employment of aldehydes in the AROP would lead to side reactions as aldol
condensations or acetal formation and therefore undefined products. By using an acetal
protected aldehyde as an initiator in AROP and subsequent deprotection a terminal aldehyde
functionality could be introduced.® Multiple aldehyde functionalities in polymers are of

interest as cross linkable hydrogels and for post-polymerization modification.?%22

In this work we present two novel monomers with acetal protected aldehydes which can be
polymerized in a controlled manner in the conditions of the AROP. Statistical copolymers with
EO and homopolymers were synthesized with narrow dispersities (Mw/My) in the range of 1.06
and 1.14 (Scheme 1). The acetal functionality of DMPGE polymers could be addressed via
hydrazone formation. It could be shown that the deprotection of polymers of the DMPGE lead
to undesirable side products, which was the motivation of a further improvement of the
monomer and the development of the second monomer DDPGE. This improvement allowed
the aldehydes to be liberated in acidic conditions from the acetal protecting groups and to be
oxidized in acidic media to ester functionalities. The released aldehyde moieties could be

successfully transformed into nitrile functionalities.

0

K+
AROP o/\/o{\/\oh O}H

O/\/O' <+ m &) +n © —— 8 "
~N ~

0 R =H, Me
0" o

Scheme 1. Synthesis strategy of homopolymers and copolymer with EO of DMPGE and
DDPGE.
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EXPERIMENTAL SECTION

Reagents. Solvents and reagents were generally purchased from Acros Organics, TCI, Sigma-
Aldrich, or Fluka and used as received, unless otherwise stated. Deuterated solvents were

received from Deutero GmbH.

Instrumentation. *H NMR (400 MHz), *C NMR (100 MHz) were recorded on a Bruker Avance
Il 400 (400 MHz, 5 mm BBFO-SmartProbe with z-gradient and ATM, SampleXPress 60
sample changer) and referenced internally to the proton signal of the deuterated solvent. Solid
K2COs was added to CDCIls when measuring acetal containing compounds to prevent
hydrolysis of the protective groups by acid traces. For real-time *H NMR Kkinetic experiments
an Avance Il HD 400 from Bruker was used, which is equipped with a 5 mm BBFO-
SmartProbe (Z-gradient probe), ATM and SampleXPress 60.

Size exclusion chromatography (SEC) was performed at 50 °C in dimethylformamide (DMF)
with 1 g/L lithium bromide as an eluent on an Agilent 1100 Series equipped with Polymer
Standards Service (PSS) HEMA columns with 300/100/40 A porosity, using a Rl detector.

Molecular weights were determined by calibration with polyethylene glycol standards by PSS.

Differential scanning calorimetry (DSC) measurements were carried out under a nitrogen
atmosphere using a PerkinElmer DSC 8500 in the temperature range of —95 °C to 95 °C, with
heating rates of 20 °C/min for the first and 10 °C/min for the second heating run. The heat flow

of the second heating cycle was used for the analysis.

MALDI-TOF Measurements were performed on a Shimadzu Axima CFR MALDI-TOF or a
Bruker Rapiflex. Samples were prepared with alpha-cyano-4-hydroxycinnamic acid (CHCA)
or trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) as matrix

and potassium trifluoroacetate as cationization agent.

3-3-Dimethoxy-propan-1-ol (1): 3-3-Dimethoxy-propan-1-ol was synthesized from 3-3-
dimethoxy-propionic acid methyl ester in a slightly modified known procedure.? 9.22 g
Lithium aluminum hydride (0.25 mol, 1.2 eq.) was suspended in 250 mL diethyl ethyl ether and
stirred. The flask was cooled in an ice/water bath to 0 °C and a solution of 30 g 3-3-Dimethoxy-
propionic acid methyl (0.2 mol, 1 eq) in 100 mL diethyl ether was added dropwise. After the
complete addition, the mixture was stirred for an hour, allowing the mixture to reach room
temperature. The reaction was then quenched by slow addition of 25 mL 1 M aqueous sodium

hydroxide solution and stirred for 30 minutes. The white solid was removed by filtration and
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washed several times with diethyl ether. The organic phase was dried with Na,SO4 and the
solvent removed under reduced pressure, to give the product with sufficient purity in 95 %
yield. *H NMR (400 MHz, CDCls): & (ppm) 4.55 (t, J = 5.6 Hz, 1H, -CH(OMe)2), 3.75 — 3.68
(m, 2H, -CH2-OH), 3.36 (s, 6H, C(OCHz3)2), 1.87 (g, J = 5.6 Hz, 2H, -CH>-CH2-CH(OMe)>).

3-3-Dimethoxy-propanyl glycidyl ether (DMPGE): 10 g of 3-3-Dimethoxy-propan-1-ol (1)
(83 mmol, 1 eq) and 13.1 mL epichlorohydrin (167 mmol, 2 eq) were added to 100 mL 50 wt%
aqueous sodium hydroxide. The reaction mixture was heated to 40 °C and stirred vigorously
for 24 h. The reaction mixture was extracted three times with 50 mL diethyl ether. The organic
phase was washed with brine until the washings were neutral, dried with Na.SO4 and the solvent
removed under reduced pressure. DMPGE was obtained in high purity by distillation in high
vacuum in a yield of 56 % and stored over molecular sieves 4 A. *H NMR (400 MHz, CDCls):
d (ppm) 4.53 (t, J = 5.8 Hz, 1H, -CH(OMe)z), 3.71 (dd, J = 11.5, 3.0 Hz, 1H, ring—CH2.0-),
3.55 (qt, J = 9.4, 6.5 Hz, 2H, -OCH>CH>), 3.37 (dd, J = 11.6, 5.9 Hz, 1H, ring—CH>;0-), 3.33
(d, J = 0.6 Hz, 6H, C(OCHj3).), 3.14 (ddt, J = 5.8, 4.1, 2.8 Hz, 1H, CHring), 2.79 (dd, J = 5.0,
4.2 Hz, 1H, CHoaayring), 2.60 (dd, J = 5.1, 2.7 Hz, 1H, CHabing), 1.89 (td, J = 6.4, 5.8 Hz, 2H, -
CH2-CH2-CH(OMe),).

3-Hydroxy-2,2-dimethylpropanal (A): 3-Hydroxy-2,2-dimethylpropanal was prepared in
slightly modified procedure of Acerbis et al..?* 81,8 mL of a 37% aqueous formaldehyde
solution (1.1 mol, 1.1 eq.) and 91.3 mL isobutyraldehyde (1 mol, 1 eq.) were mixed and cooled
in ice water bath to 0 °C. 69.1 g K>COs (0.5 mol, 0.5 eq.)was carefully added to keep the
temperature below 20 °C. The reaction was then stirred at room temperature for 2 hours. The
solidified mixture was dissolved in chloroform and the organic layer washed with brine. The
organic layer was dried with Na;SO4 and the solvent removed under reduces pressure. The
product was obtained in 79% vyield as a colorless liquid. Note, that solidification on standing is
due to dimerization of the product by formation of the cyclic hemiacetal?®. The reversible
dimerization did not interfere with the following steps. *H NMR (400 MHz, CDCls): § (ppm)
9.52 (s, 1H, CHO), 3.62 (s, 2H, -CH>-), 1.10 (s, 6H, -CH3)

3,3-Dimethoxy-2,2-Dimethylpropanol (B): 3,3-Dimethoxy-2,2-dimethylpropanol was prepared
analogously to the procedure of Johnson et al..?® 50 g of 3-Hydroxy-2,2-dimethylpropanal (A)
(0.49 mol, 1leq), 107 mL of trimethyl orthoformate (0.98 mol, 2eq.) and 4.22g p-
toluenesulfonic acid (24 mmol, 0.05 eq.) were dissolved in 350 mL Methanol and stirred for
24 hours. The mixture was brought to basic pH by addition of 20 mL concentrated aqueous

K2COs solution and diluted with 80 mL brine. Methanol was removed in vacuo and the product
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extracted with diethyl ether. The organic phase was washed with brine, dried with Na.SO4 and
the solvent removed under reduced pressure. The crude liquid product was obtained in 66 %
yield and could be used without further purification. *H NMR (400 MHz, CDCl3): § (ppm) 4.02
(s, 1H, -CH(OMe)z), 3.53 (s, 6H, C(OCHBa)2), 3.43 (s, 2H, -CH>-), 0.92 (s, 6H, C(CHs3)2).

3,3-Dimethoxy-2,2-propanyl  glycidyl ether (DDPGE): 259 3,3-Dimethoxy-2,2-
dimethylpropan-1-ol (B) (0.17 mol, 1eq.) and 2.23 g 18-crown-6 (8 mmol, 0.05 eq) were
dissolved in 50 mL Benzene. 50 mL of aqueous KOH solution (50 wt%) and 26.5 mL
epichlorohydrin (0.34 mol, 2 eq.) were added. The mixture was then vigorously stirred for 4 h
at room temperature. The product was extracted three times with 100 mL diethyl ether. The
combined extracts were washed with brine until the washings were neutral. The organic layer
was dried with NaxSO4 and the solvents removed under reduced pressure. The crude product
was distilled in high vacuum to yield 53 % liquid DDPGE in high purity. The product was
stored over molecular sieves 4 A. *H NMR (400 MHz, CDCls): § (ppm) 4.09 (s, 1H, -
CH(OMe),), 3.67 (dd, J =11.7, 2.9 Hz, 1H, ring—CH2,:0-), 3.48 (d, J = 1.2 Hz, 6H, C(OCHa)z>),
3.33(dd, J = 11.7, 5.8 Hz, 1H, ring—CH2,,0-), 3.24 (q, J = 8.7 Hz, 2H, -CH>-), 3.11 (ddt, J =
5.7, 4.1, 2.8 Hz, 1H, CHiing), 2.77 (dd, J = 5.1, 4.2 Hz, 1H, CHaaring), 2.58 (dd, J = 5.1, 2.7 Hz,
1H, CHabyring), 0.88 (s, 6H, C(CH3)2).

Preparation of the initiator solution: To reduce working steps one initiator solution for several
copolymerization was prepared. First, 100 mg of 2-(Benzyloxy)ethanol (0.66 mmol, 1 eq.) was
mixed with 6.4 mg of KO'Bu (0.59 mmol, 0.9 eq.) and dissolved in a 6 mL benzene/methanol
5:1 mixture and dried overnight at room temperature under reduced pressure while stirring. The

flask was then flushed with argon and dissolved in 30 mL dry dimethyl sulfoxide.

Statistical copolymerization for P(EO-co-DMPGE) and P(EO-co-DDPGE) copolymers: In the
following, an exemplary synthesis protocol for the P(EO3z9-co-DDPGE43) copolymers is
described. 10 ml of the previously prepared initiator solution (corresponds to 33 mg 2-
(Benzyloxy)ethanol (0.22mmol, 1 eq.) was added under argon flow in a dry Schlenk flask.
Then, 1.8 g of DDPGE (8.7 mmol, 40 eq.) (or DMPGE respectively) were added via syringe,
the solution immediately frozen in a cooling bath of liquid nitrogen and ethanol to -100 °C and
then the flask was evacuated. 0.4 mL ethylene oxide (8.7 mmol, 40 eq.) was distilled under
vacuum into a graduated ampule cooled to -100 °C and subsequently into the reaction flask.
The valved flask was closed and heated to 40 °C. The copolymerization was carried out under
stirring for 24 h at 40 °C to ensure complete conversion of the comonomers. Then 10 mL brine

and 30 mL dichloromethane were added to the reaction mixture. The aqueous phase was
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separated and washed four more times with brine. The organic phase was dried with K.COs and
the solvent removed under reduces pressure. Last traces of DMSO were removed by stirring at
60 °C in high vacuum for 24 h. Typical yields of the liquid to solid products after isolation were
>90%.

'H NMR Kinetics: A solution of 30 mg partially deprotonated 2-(Benzyloxy)ethanol in 1 mL
DMSO-ds was prepared following the protocol from above. 0.1 mL of this solution was
transferred via syringe into a dried Norell S-500-VT-7 NMR tube (equipped with a Teflon stop-
cock). The solution was frozen in liquid nitrogen and 0.5 mL DMSO-ds added. Then, 20 eq. of
DMPGE (or DDPGE) were introduced to the NMR tube. The frozen NMR tube was evacuated
and 40 eq. of EO were distilled in the cold. The NMR tube was sealed and allowed to reach
room temperature. To homogenize the mixture, it was shaken vigorously before placement in
the NMR spectrometer. Spectra were measured on a Bruker Avance Il HD spectrometer
equipped with a 5 mm BBFO SmartProbe and an ATM as well as a SampleXPress 60 auto
sampler. The sample temperature was set to 40 °C and a spectrum recorded every 30 s with one

scan until the complete disappearance of the epoxide signals.

Homopolymers PDMPGE and PDDPGE: 50 mg 2-(Benzyloxy)ethanol (0.33 mmol, 1 eq.) and
18.4 mg KO'Bu (0.16 mmol, 0.5°eq) was dissolved in 6 mL of a benzene and methanol 5:1
mixture. While stirring at room temperature high vacuum was applied. After removal of the
solvents, the mixture was stirred overnight in high vacuum at room temperature. 20 eq. of
DMPGE or DDPGE were then added and the polymerization carried out at 60 °C for 24 h in
bulk. The products were slightly yellow viscous oils in yields >95 %.

Acidic hydrolysis of acetal groups to aldehydes: A slightly modified procedure adopted from
Danishefsky et al. was used to hydrolyze the acetal groups to aldehydes in the copolymers.?’
The procedure is shown here exemplary on the copolymer P(EO160-co-DDPGE;17). 50 mg
(1 eq.) copolymer (Meq = Mn/ n(DDPGE)) and 100 mg pyridinium p-toluenesulfonate (5 eq.)
were dissolved in a mixture of 5 mL acetone and 0.5 mL water. The solution was stirred at
50 °C for 20 h. 5 mL concentrated NaHCO3 was added and the solution concentrated with a
nitrogen stream. The residue was extracted with 20 mL DCM. The organic phase was washed
twice with 5 mL of brine, dried with Na2SO4 and the solvent removed under reduced pressure.
The product was dried in high vacuum, yielding 70 % of the deprotected polymer. 'H NMR
confirmed the quantitative conversion of the acetal groups to aldehydes.
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Oxidation of acetal groups to methyl ester groups: The general procedure for oxidation of
aldehydes in acidic conditions was directly applied to the protected polymers.?2?° The
procedure is shown here exemplary on the copolymer P(EO160-co-DDPGE17). 100 mg (1 eq.)
of the copolymer (Meq = Mn / n(DDPGE)) and 276 mg Oxone (5 eq.) were dissolved in 4 mL
methanol. The solution was stirred at 50 °C for 20 h. 5 mL concentrated NaHCO3 was added.
The residue was extracted with 40 mL dichloromethane. The organic phase was washed twice
with 10 mL of Brine, dried with Na2SO4 and the solvent removed under reduced pressure. The
product was dried in high vacuum. *H NMR-spectroscopy proofs the quantitative oxidation of
the acetal group, the yield was >80 %.

Transformation of acetal groups into hydrazone functionalities: Brady’s test®® was directly
performed with the acetal protected polymers.3! 400 mg of 2,4-dinitrophenylhydrazine was
dissolved in concentrated sulfuric acid. While stirring, 3 mL water was added slowly and the
solution diluted with 10 mL absolute ethanol. 100 mg Polymer was dissolved in 1 mL absolute
ethanol and added to the solution. The precipitated solid was separated by filtration and washed
several times with cold absolute ethanol. After drying in vacuum, orange-red powder could be

recovered in typically yields around 30 %.

Oxidation of aldehyde groups to nitrile groups: The direct transformation of aldehydes into
nitriles was applied to aldehyde functionalized PEG which was yielded from the procedure
above.®? 20 mg of deprotected P(EO160-co-DDPGE317) was dissolved in a mixture of 0.4 mL
ammonia solution (28 %) and 0.05 mL Tetrahydrofuran. 12 mg lodine were added and the
mixture stirred until the brownish color almost completely disappeared (1 hour). Then a
solution of 10 mg Na»S;03 in 0.2 mL water was added and the mixture thoroughly mixed.
10 mL dichloromethane and 2 mL were added. The organic phase was separated, dried with

Na>SO4 and the solvent removed to yield the nitrile product in quantitative yield.

Angeli-Rimini test for aldehydes®3: 20 mg of deprotected P(EO160-co-DDPGE;17) was dissolved
in 1 mL methanol. 12 mg of benzenesulfohydroxamic acid and 0.07 mL 2 N sodium hydroxide
solution were added while stirring. The solution was stirred for 15 minutes and then 0.1 mL
2 N hydrochloric acid were added. Addition of aqueous FeCls solution produced a deeply red
colored solution, which confirmed the conversion of the aldehyde functionalities into

hydroxamic acid groups.
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RESULTS AND DISCUSSION
A. Monomer synthesis

Acetal groups are well established for AROP of epoxides to protect hydroxyl groups during
polymerization. Ethoxyethyl glycidyl ether (EEGE) and 1,2-isopropylidene glyceryl glycidyl
ether (IGG) are monomers which can be polymerized a controlled way and release hydroxyl
groups under acidic treatment.”® Both monomers release a low molecular weight carbonyl
compound as side product during acidic hydrolysis. The previous shown stability and easy
cleavage inspired the development of an acetal containing epoxide which can liberate an
aldehyde group which stays bound to polymer backbone. This concept has been already
established for the initiation of the polymerization of EO with an acetal protected aldehyde
alcohol.®® In this work, DMPGE was the first design of an epoxy monomer with an acetal
protected aldehyde group. The monomer was synthesized according to Scheme 2. In the first
step the dimethoxy ester was reduced to the corresponding alcohol 1. The alcohol was treated
with Epichlorohydrin under basic conditions to yield the monomer DMPGE. The reaction with
a phase transfer catalyst produced a side product due to an elimination reaction of
epichlorohydrin, which showed to be problematic to separate due to similar boiling points of
product and side product.®* By refraining from using phase transfer catalyst no side product due
to elimination reactions was formed. *H and *C NMR spectra of the purified monomer by

distillation are shown Figure S1 and Figure S2.

O

“ A N
i Cl
/O\[(\(O\ LiAIH,4 HO\/\(O\ O\/\O(O\
~N

O 0O ONQ 50% NaOH
I DMPGE

Scheme 2: Synthetic route for DMPGE.

DMPGE could be successfully employed in homo- and copolymerization with EO under
conditions of AROP. However, attempts to hydrolyze the acetal group in the polymer directly
led to side reactions as described in detail later. These side reactions are connected to the
tendency of the deprotected aldehyde to tautomerize into the enol form and therefore can be
successfully prevented for aldehydes without acidic alpha protons. This was the motivation for
the development of DDPGE, which is a slightly modified version of the DMPGE, with two

methyl groups instead of protons in alpha position to the aldehyde.
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Scheme 3. Synthetic route of DDPGE.

As DDPGE does not possess acidic alpha protons, cross-linking via aldol condensation in its
deprotected state is not possible. Furthermore, a reverse oxa-michael addition is also
prevented.®® The synthesis strategy is outlined in Scheme 3, starting from the aldol condensation
of formaldehyde and isobutyraldehyde. The synthesized aldol adduct A is transformed into the
dimethoxy acetal by trimethyl orthoformate. The dimethoxy alcohol B is then used to synthesize
the corresponding glycidyl ether DDPGE under basic conditions with the phase transfer catalyst
18-crown-6. In contrast to the DMPGE glycidyl ether synthesis, phase transfer catalysis is
required due to the nonpolar nature of the alcohol. As described above, phase transfer catalysis
may lead to an elimination side reaction of epichlorohydrin. The side reaction could be
repressed by using crown ether instead of tributyl ammonium bromide.®* The product could be
isolated in high purity by distillation, as confirmed by *H and *3C NMR (Figure S3 and Figure
S4). As predicted, the deprotection problems experienced in the case of DMPGE polymers
could be successfully prevented with the development of DDPGE.

B. Anionic ring opening (co)polymerization

To synthesize multifunctional PEGs with acetal functionalities statically distributed along the
polyether chain, copolymerization with ethylene oxide (EO) were performed according to
Scheme 1. Partly deprotonated 2-(benzyloxy)ethanol with potassium as counter ion was chosen
to ensure molecular weight determination via end group analysis in *H NMR. DMSO was used
as a solvent for the statistical copolymerization. The copolymerization was performed with both
monomers in various ratios from 5-57 mol% and molecular weights between 9,800 and
20,100 g/mol with dispersities below 1.1. Additionally, both monomers could be
homopolymerized without a solvent to yield polymers with molecular weights of 5700 and 4500
g/mol and dispersities below 1.2. These results strongly indicate that both monomers can be
polymerized in a controlled fashion. The characterization data of these polymers is summarized

in Table 1 and the corresponding SEC traces are shown in Figure 1. Exemplary *H NMR spectra
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of the copolymers are shown in Figure S5 and Figure S6. The molecular weights determined
by SEC are underestimated in comparison the molecular weights determined by end group
analysis in *H NMR. This is due to the different elution behavior of the PEG standards and the
copolymers. The thermal properties of the synthesized polymers were studied by DSC
measurements. The determined glass transition temperatures T4 and melting points Trm of the
polymers are summarized in Table 1. As apparent from the PDMPGE17 homopolymer the glass
transition temperature of the DMPGE units is very similar to these of PEG. Consequently, all
glass transition temperatures of the DMPGE copolymers are in the narrow range between -
62 °C and -64 °C. The additional methyl groups of DDPGE monomer increase the glass
transition of the PDDPGE2: homopolymer to -46 °C well above the Ty of PEG. This result in
glass transition temperatures of the DDPGE copolymers in the range between -52 °C and -
45 °C. Only the copolymers with a comonomer content below 10 % exhibit a melting point of
the PEG domain. For higher comonomer ratios the PEG segments are too disturbed to pack into

ordered crystalline domains.

Table 1. Characterization data of synthesized polymers.

ratio / Mn Mn Mn Mw/ Tg/ Tml/

polymer sample mol%?3 /gmoll®™ /gmolt® /gmoll# Mn#* °C °C
P(EO173-co-DMPGE11) 6 10300 9800 6400 106 -62 14
P(EO179-co-DMPGE20) 10 11600 11600 6100 106 -62 24
P(EO214-co-DMPGEso) 22 15600 20100 8500 1.09 -63 /
P(EQ42-co-DMPGEss) 57 11600 11900 6900 1.10 -64 /
PDMPGE17 100 3700 3200 1300 112 -68 /
P(EO193-c0-DDPGE11) 5 10600 10900 4700 1.08 -52 36
P(EO160-co0-DDPGE17) 10 9400 10700 4600 1.08 -54 20
P(EO39-co-DDPGE43) 52 10100 10600 3700 1.08 -45 /
PDDPGE-2:1 100 4300 4500 2200 113 -46 /

SDetermined by *H NMR (400 MHz, CDCl; or DMSO-dg); *determined by SEC (eluent: DMF, calibration: PEG)
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Figure 1. SEC traces (DMF, PEG-calibration) of synthesized (co)polymers of DMPGE (left)
and DDPGE (right).

To further proof the controlled character of the polymerization of the two monomers mass
spectrometry was used. MALDI-TOF of the homopolymers could be assigned to the expected
peaks of the 2-(benzyloxy)ethanol-initiated chains as described in recent work (Figure 2).%® The
possible assignment of the signals confirms the controlled polymerization of both monomers
with defined end groups takes place. The determined degree of polymerization by the
assignment of the peaks is slightly smaller compared to the one determined by NMR due to
mass discrimination effects. On the other hand, the determined weights are higher than the
molecular weights determined by SEC with PEG-calibration. This also underlines the different

elution behavior of these copolymers in comparison to PEG.

385



Appendix

—_ PDMPGE”:
Assignment: BnEtOH—DMF’GEg_4
= M : 1803 g/mol; £: 1.04
mean Precision: 0.016 g/mol

+
—K BnEtOH-DMF’GE4_ 18

AR T T (PO T T TR 1 |L!. e

500 1000 1500 2000 2500 3000 3500
M/Z

S PDDPGE21:
Assignment: BnEtOH-DDPGEm3
. Mn: 3064 g/mol; B: 1.04
Precision: 0.257 g/mol

N
4 .K BnEtOH-DDPGE5 o5

’

.I] e

1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
M/Z

Figure 2: MALDI TOF spectra of PDMPGE;17 (top) and PDDPGE:2; (bottom) homopolymers

with assignment of the peaks.

C. Kinetic investigation

The copolymerization of the two monomers with EO were investigated by in-situ *H NMR
kinetic studies to gain a deeper understanding of the copolymer microstructure. The epoxide
signals which are highlighted in Figure S7 and Figure S8 were monitored during the full
conversion of the copolymerization. Reactivity ratios can be evaluated from this data as shown
in previous works.®3" As the reactivity ratios are very close to one, the composition shift is
minimal in the case of the copolymerization of EO and DMPGE. Therefore, only the non-
terminal model could be applied.® The resulting reactivity ratios of the Jaacks fit are reo= 0.96
and romece = 1.04 (Figure S9).%° This implies a random incorporation of EO and DMPGE in
the copolymerization. The bulkier DDPGE showed a little deviation from these results. The

reactivity ratios determined by Jaacks-fit are reo= 1.20 and rpprce = 0.83 (Figure $10).% In this
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case a composition shift was observed and the terminal Meyer-Lowry model could be fitted to

the conversion data. The determined reactivity ratios from the Meyer-Lowry fit are reo= 1.19

and roprce = 0.83 (Figure S11) are in very good agreement with the Jaacks-fit.** The slightly
higher reactivity of DMPGE compared to the bulkier DDPGE probably due to sterically
hinderance. Similar reactivity ratios were observed by Niederer et al. for the bulky Catechol

Acetonide Glycidyl Ether (CAGE) in the copolymerization with EO.® However, both

monomers are very close to an ideal random copolymerization as shown in the

copolymerization diagrams (Figure 3). The simulated distribution of functionalities along the

polymer chain shows an almost randomly distribution for both cases (Figure S12).

1

09F
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determined copolymerization [

— = ideal random copolymerization

0.2
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fDIVIF‘GE

evaluated interval (integral)
determined copolymerization

= = ideal random copolymerization

0.2

0.4 0.6 0.8
f

DDPGE
Figure 3. Copolymerization diagrams obtained by *H NMR kinetic experiments of EO and
DMPGE (left) and EO and DDPGE (right).
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D. Post polymerization modification reactions.
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Scheme 4. Possible side reactions occurring during the acidic deprotecting of DMPGE-

polymers.

As mentioned before the hydrolysis of the (co)polymers of DMPGE to yield defined multi
aldehyde functional polyether was not successful. For this purpose, different deprotection
methods were attempted. By using pyridinium p-toluene sulfonate?’ no soluble product could
be recovered from the reaction mixture, due to crosslinking via aldol reactions catalyzed by the
acidic conditions (Scheme 4). A high molecular weight distribution due to crosslinking could
be observed in the deprotection attempt of a block copolymer (Figure S13). Similar observation
of aldol reactions were made previously for multi aldehyde functional polyoxazolines by Taton
and coworkers.?’ In a very mild deprotecting route with iodine in acetone,** the formation of
acrolein could be observed in the *H NMR spectrum (Figure S14). This confirms the occurrence
of a reverse oxa-Michael addition as shown in Scheme 4.342 However, under acidic conditions
which form the aldehyde in-situ, the acetals in the PDMPGE-homopolymers could be
successfully transformed by the reaction with dinitro phenyl hydrazine. The formation of the
polyhydrazone product causes a large shift in molecular weight distribution in SEC (Figure 4)

and was confirmed further in the corresponding *H NMR spectrum (Figure S15).
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Figure 4: Top: Transformation of Acetal functionalities into hydrazone. Bottom: Shift in SEC

traces of transformed PDMPGE homopolymers.
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Figure 5. Left: Reaction scheme of post polymerization modification reactions. Right: SEC
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traces of corresponding polymers.

The mentioned side reactions motivated the shift of focus to polymers of the second developed
monomer DDPGE, where no undesired side reactions were observed. The synthesized P(EO160-
co-DPPGE;17) was used to show possible post-polymerization reactions. These reactions were
performed according to the Scheme in Figure 5. The *H NMR spectra which verify the
modification are shown in Figure S16. The corresponding SEC traces are shown in Figure 5
and confirm that the monomodal distribution of the copolymers stays below a dispersity of 1.1
for all modifications. In contrast to the DMPGE polymers, the acetals of the P(EO-co-DDPGE)
copolymers could be hydrolyzed by treatment with pyridinium p-toluene sulfonate to release
the aldehyde functionalities.?” The *H NMR spectrum in Figure S16 shows clearly the shift of
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the single proton next to the acetal (labeled d) at 4.0 ppm to 9.5 of the corresponding aldehyde.
The release of the aldehyde moieties shifts the protons at the two methyl groups in alpha
position (labeled ¢) from 0.9 to 1.0 ppm. The IR spectrum shows the vibration of the carbonyl
bond at 1728 cm™ (Figure S17). Aldehydes are also known to be easily oxidized to the
corresponding carboxylic acid.?® Due to the acidic conditions of the Oxone oxidation, the acetal
functionality can be directly transformed into the carboxylic acid methyl ester. This can be seen
in the *H NMR spectra in Figure S16 by the disappearance of the single proton (labeled d) and
the shift of methyl groups (labeled c) from 0.9 to 1.2 ppm. The IR spectrum proofs the presence
of a carbonyl group with the vibration at 1731 cm™ (Figure S17). The previously described
aldehyde functional PEG could be oxidized in a second post-polymerization reaction to the
nitrile in a mixture of ammonia and iodine.*? In this case as for the ester the peak of the single
proton d disappears and the methyl-groups (labeled c) shift from 1.0 to 1.3 ppm (Figure S16).
The IR spectrum shows the nitrile group with the vibration at 2237 cm™ (Figure S17).
Herzberger et al. have shown that multi nitrile-functional could be synthesized by
copolymerization of EO and epicyanohydrin via the activated monomer mechanism and could
be transformed into amide and amine functional PEG.'® These post-polymerization reactions
could be also applied in the future to the nitrile functional PEG synthesized in this work, and
so make these functionalities accessible via AROP. As aldehydes are highly reactive many more
post polymerization reactions are possible. A chemical test for the presence of aldehydes is the
Angeli-Rimini reaction, which oxidizes the aldehyde to the corresponding hydroxamic acid.
The hydroxamic acid forms deep red colored complexes with Iron(111).3® The positive test
solution of the aldehyde functionalized PEG is shown in Figure S18, where some of the formed
complexes of Iron and hydroxamic acid functionalized PEG could be transferred to the organic

layer of dichloromethane.
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CONCLUSION

In this work the two monomer DMPGE and DDPGE were developed with the aim to introduce
multiple aldehyde functionalities into a PEG backbone. Both monomers are based on acetal

protected aldehyde connected to an epoxide, which can be polymerized by AROP.

It could be shown that homo- and copolymerization of both monomers in various ratio with EO
were successful and yielded well-defined polymers with low dispersity (Mw/Mn < 1.2). The
microstructure of the copolymers was investigated by real-time *H NMR kinetics, revealing an
almost random copolymerization in both cases. It became evident that the deprotection of
DMPGE polymers was difficult due to side reactions, leading to cross-linking and degradation
of the polymers. Nevertheless, DMPGE acetal functionalities could be successfully addressed
by hydrazone formation. These results motivated further development of the monomer DDPGE
which could repress the side reactions. The deprotected form does not possess acidic alpha-
protons and thus preventing the side reactions. This enabled the quantitative deprotecting of
DDPGE copolymers, while maintaining low dispersities (Mw/My < 1.1) and paved the way to
various other post polymerization reactions. Besides the deprotection to the aldehyde, the acetal
could be successfully oxidized to the methyl ester and the aldehyde-functionalities transformed
into multi-nitrile functional PEG.

The insights in the structural features needed to incorporate multiple aldehyde functionalities
into PEG will be also highly valuable for bioconjugation. The use of this system in biomedical
application will be part of the future work. Furthermore, the new monomer DDPGE offers the
possibility to introduce many functionalities into PEG which before were not easily accessible
via AROP.
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ABSTRACT

Well-defined poly((ketone dioxolane glycidyl ether)-co-(propylene) carbonate) (P(KDGEC-
co-PC) gradient terpolymers, with adjustable ketone dioxolane glycidyl ether (KDGE) content
in the range of 2 — 100%, are prepared using (R,R)-(salcy)-Co(II)Cl as catalyst in a solvent-
free synthesis, based directly on carbon dioxide and tailored epoxides. After cleavage of the
acid-labile ketal protecting groups, a novel aliphatic polycarbonate is obtained (poly((ketone
glycidyl  ether)-co-(propylene) carbonate) (P(KGEC-co-PC)). The materials are
comprehensively investigated by various NMR spectroscopy methods, SEC, DSC and TGA.
The polycarbonates have molecular weights up to 14,200 g-mol with moderate size
distributions of 1.11 — 1.55. Glass transition temperatures between 31 °C and —14 °C represents
the high amorphous character. Thermal degradation studies reflect the huge stability effect of
the glycidyl ethers. The free ketones were investigated with respect to their successful
addressability with carboxylic acid hydrazides.
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INTRODUCTION

Carbon dioxide is non-toxic, non-flammable, economical and easily acquirable in industrial
scale in high purity. It can be used as C; feedstock in the organic chemistry. Due to its stability
and low reactivity its usage is limited.1? Since the discovery of the immortal CO/epoxide
polymerization by Inoue et al. in 1969 aliphatic polycarbonates directly based on carbon
dioxide and epoxides are producible.®* Aliphatic polycarbonates are biocompatible and
biodegradable. The most known polycarbonates made from CO. are poly(propylene oxide)
(PO) and poly(cyclohexene oxide) (CHO). Important applications of aliphatic polycarbonates
in general are ceramic binders, coatings, packing materials, adhesives and their use in the
biomedical area, due to their biodegradability to non-toxic substances.>® Therefore, aliphatic

polycarbonates could be ideal systems for drug delivery applications.

However, their scope of application is limited, because of their low degree of functiona-
lization.”® This limitation can be solved by incorporation of functional groups via tailored
epoxides.®>*3 Furthermore, the range of functional groups can be increased drastically by
polymer analogous conversions, which is a powerful synthetic tool in the polymer
chemistry.}*#1> Ketones and aldehydes are an important functional group for covalent
attachment in a post polymerization reactions. Due to their high reactivity, many different
successful modifications with molecules, e.g. drugs and others, are possible.*522 However,
ketone or aldehyde functional aliphatic polycarbonates are rare in the literature. More precisely,
only aldehydes are existing in the side chains using the polymerization of six membered cyclic
carbonates.??? Zelikin et al. developed a synthesis of aliphatic polycarbonates based on six
membered cyclic carbonates with ketones in the backbone.?® The ketone groups are protected
by methyl ketals during the polymerization and are deprotected subsequently.?®2® The
addressing is also possible in the backbone.?®?"2 To the best of our knowledge, aliphatic
polycarbonates directly based on carbon dioxide and epoxides, functionalized with aldehydes

or ketones, are unknown in literature so far.

Here we synthesized novel, aliphatic ketone functionalized polycarbonates in a solvent-free
polymerization of carbon dioxide and KDGE (ketone dioxolane glycidyl ether) as a protected
ketone-functional glycidyl ether (Figure 1). Furthermore, PO was used to tailor the thermal
behavior, the thermal stability and the degree of functionalization. In addition to that, com-
prehensive deprotection studies in acidic solution were done without any degradation of the
acid-labile polycarbonate backbone. The free ketones groups were addressed with benzyl

hydrazide in a proof of principle study.
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Figure 1. Synthesis of P(KDGEC-co-PC) based on ketone dioxolane glycidyl ether, propylene
oxide and carbon dioxide and concluding acid cleavage of the dioxolane protecting group to
obtain P(KGEC-co-PC).
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EXPERIMENTAL SECTION

Materials, instrumentation and further synthetic procedures are described in the Supporting

Information.

Synthesis of P(KDGEC-co-PC). General procedure: KDGE and PO were distilled over CaH>
under reduced pressure prior to use. A 100 mL Roth autoclave was dried under vacuum at 40
°C for 24 h. Propylene oxide (0.74 mL, 10.6 mmol), KDGE (0.4 mL, 2.3 mmol), (R,R)-(salcy)-
Co(lINCI (6.8 mg, 0.011 mmol) and [PPN]CI (6.1 mg, 0.011 mmol) were mixed with a stir bar
inside the autoclave under inert gas atmosphere. The mixture was stirred under CO> pressure
of 50 bar at 30 °C for 23 h. The crude product was dissolved in 8 mL benzene and was washed
with 2 mL aqueous 5% HCI solution. Before separation, 2 mL brine were added. The organic
layer was separated and precipitated in cold methanol three times. The colorless product was
collected by centrifugation and dried under reduced pressure; yield 78%. *H NMR (CDCls,
400 MHz): 6 (ppm) = 4.99 — 4.84 (CH backbone), 4.23 — 3.97 (CH2 backbone), 3.88 — 3.76
(OCH2CH20), 3.57 - 3.41 (CH20OCHy), 1.88 — 1.80 (CH2CH2C), 1.30 -1.14 (CHsz PPC +
PKDGEC), 1.14 — 1.08 (CH3; PPC terminal unit). **C NMR (CDCls, 100 MHz): § (ppm) =
154.43 — 154.12 (C=0), 108.85 (CCHs3), 74.39 (CH PKDGEC), 72.45 (CH PPC), 69.25 (CH>
backbone PKDGEC), 69.06 (CH2 backbone PPC), 68.54 (CHCH20), 67.67 (OCH2CH>), 64.60
(OCH2CH:0), 38.57 (OCH2CHy), 24.41 (CHsC), 16.27 (CH3sCH).

Deprotection of P(KDGEC-co-PC). General procedure: For the Deprotection P(KDGEC-co-
PC) (100 mg) was dissolved in 4 mL acetone and 2 mL 5% HCI/MeOH solution were added.
The mixture was stirred for 15 min. The mixture was precipitated in cold methanol and the solid
product was collected by centrifugation. The product P(KGEC-co-PC) was precipitated three
times and dried under reduced pressure; the deprotection was nearly quantitative. *H NMR
(CDCls, 400 MHz): 6 (ppm) = 5.03 — 4.91 (CH backbone), 4.42 — 4.03 (CH. backbone), 3.72 —
3.65 (OCH2CHy), 3.63 - 3.56 (CHCH:0), 2.67 — 2.60 (OCH2CHy), 2.13 (CH3C=0), 1.32 — 1.26
(CHs PPC), 1.19 — 1.15 (CH3 PPC terminal unit). *C NMR (CDCls, 100 MHz): & (ppm) =
206.81 (CH3C=0), 154.27 (OC=0), 74.24 (CH backbone PKGEC), 72.42 (CH backbone PPC),
69.05 (CH2 backbone PPC), 68.77 (CHCH20), 66.55 (OCH.CH>), 65.91 (CH2 backbone
PKGEC), 43.46 (OCH2CHpy), 30.53 (CH3sC), 16.24 (CHsCH).

Functionalization with Benzyl hydrazide. The functionalization was done according to Yang
et al..!® For the functionalization P(KGEC1s%-c0-PCagse) (100 mg) (Table 1, sample 4), benzyl
hydrazide (37.8 mg) and DMF (2 mL) were mixed with a stir bar overnight. Then the mixture
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was heated up to 60 °C for 1 h. The solution was precipitated two times in cold methanol,
collected by centrifugation and dried under reduced pressure over night. 'H NMR (CD:Cly,
400 MHz): & (ppm) = 7.86 — 7.74 (arom. 0-H), 7.58 — 7.39 (arom. m/p-H), 5.09 — 4.87 (CH
backbone), 4.44 — 3.97 (CH. backbone), 3.84 — 3.65 (OCH2CHy), 3.63 — 3.54 (CHCH.0),
2.71 - 2.54 (OCH2CH?), 2.19 — 2.03 (CH3C=N), 1.41 - 1.20 (CH3PPC), 1.19 - 1.10 (CH3 PPC
terminal unit).
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RESULTS AND DISCUSSION
A. Synthesis and Characterization

In the current work, the one-pot synthesis of well-defined aliphatic polycarbonates is described.
The incorporation of ketone groups in the side chains after deprotection is reported. To the best
of our knowledge, this is the first time that ketones are incorporated in an aliphatic
polycarbonate directly using carbon dioxide and epoxides via immortal CO2/epoxide poly-
merization. The catalyst system (R,R)-(salcy)-Co(III)CI and bis(triphenylphosphine)iminium
chloride ([PPN]CI) was chosen because of the alternating incorporation of CO> and epoxide,
and very narrow size-distributions.?® The protected ketone functional epoxide is ketone
dioxolane glycidyl ether (KDGE) and was developed in our group.*® Its characterization data
are in the Supporting Information (Figure S2-3). Beside KDGE, PO was chosen, because of
being a standard monomer for the polymerization with carbon dioxide and the described
catalyst system, and its absence of functional groups.2?%3° Furthermore, the comonomer PO
and its aliphatic polycarbonates are well known and well investigated.3¥32 By varying the ratio

of KDGE and PO, the number of protected ketone groups was adjustable.

— P(KDGEC,,,-co-PC,, )
— P(KDGEC ;,,-co-PC,,,,)
— P(KDGEC, ,,.,-¢c0-PC,,,)

16 18 20 22

Elution Volume / mL
Figure2. SEC results of representative P(KDGEC-co-PC) samples (Table 1,

samples 3, 8 and 9) using DMF as eluent and PEG calibration.

All reactions were performed under 50 bar CO pressure for 23 h at 30 °C in a solvent-free one-
pot synthesis. Using FT-IR measurements the existence of aliphatic polycarbonates and the
cyclic side product could be determined using the carbonyl stretch vibrations at 1798 cm™

(cyclic carbonate) and 1747 cm™ (linear carbonate) (Figure S4). The crude polymer could be

403



Appendix

purificated by precipitation. A colorless product was received (Figure S5). These polymers are
soluble in common organic solvents like acetone, acetonitrile, methylene chloride, chloroform,
THF, DMSO, DMF or benzene. They are insoluble in polar solvents like water, methanol or
ethanol and nonpolar solvents like diethyl ether or pentane. Molecular weights between
4,000 g-mol and 14,200 g-mol* determined by SEC were obtained. The polymers have
moderate size distributions of 1.22 — 1.47 and are bimodal (Figure 2 and Figure S6). A bimodal
distribution is typical for this kind of polymerization and is already described by several
groups.?>343" The comparatively low molecular weights using 100% glycidyl ether as epoxide
monomer are according to the literature.’ Table 1 summarizes the SEC results and the
composition of the prepared polycarbonates. The composition was calculated using *H NMR

spectroscopy.

Table 1. Overview of all characterization data for all P(KDGEC-co-PPC) copolymers.

Sample Composition @ Mn /g molt? PP
1 PPC 9,400 1.26
2 P(KDGEC2%-c0-PCos%) 14,200 1.29
3 P(KDGECgy%-c0-PCo1%) 9,700 1.24
4 P(KDGECs%-c0-PCas%) 10,600 1.35
5 P(KDGEC2206-c0-PC78%) 10,300 1.47
6 P(KDGEC26%-C0-PC74%) 9,700 1.36
7 P(KDGEC39%-c0-PCés1%) 5,700 1.29
8 P(KDGECuss-c0-PCs20) 7,300 1.31
9 PKDGEC 4,500 1.22

3 Terminology: Indices represent the percent of the respective repeating unit (rounded to
integer), determined by *H NMR spectroscopy, ? determined by SEC in DMF calibrated with
a PEG standard.

The samples were comprehensively investigated with H, 3C and 2D NMR spectroscopy
(Figure 3 and Figure S7-10). The incorporation of ether-defects can be excluded, because of
the absence of further signals around 3.0 ppm in the *H NMR spectrum. Therefore, an
alternating incorporation of epoxides and carbon dioxide can be proven by *H NMR. Besides
the signals of the polycarbonate backbone at 4.99 — 4.84 ppm (methine group (i +j)) and
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4.23 — 3.97 ppm (methylene group (g + h)) the signals of the KDGEC side chain are clearly
visible. The signal of the protecting group appears at 3.88 — 3.76 ppm (f) and the signal of the
methylene group at the ketal shifts to 1.88 — 1.80 ppm (c). The shifts of the methylene units at
the ether group appear at 3.57 —3.41 ppm (d +e). Both methyl groups have signals at
1.30 — 1.14 ppm (a + b). 3C and 2D NMR spectroscopy also confirm the successful synthesis
of P(KDGEC-co-PC) polymers. The carbonate signal at 154.43 —154.12 ppm is clearly
detectable. The distribution of KDGEC and PC units in the polycarbonates were also
investigated using *H NMR spectroscopy. Several polymerizations were performed using the
same reaction mixture (KDGE:PO, 1:9), but were stopped after different reaction times. In the
first two hours, the incorporation of KDGE is much higher than expected (up to 42% instead of
10%) (Figure S11). However, after 23 h only 9% KDGEC was incorporated. The
microstructure of the obtained aliphatic polycarbonates is a clear gradient with a perfect
alternation of epoxide and carbon dioxide.
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g+h ° a+b
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Figure 3. 'H NMR spectrum of P(KDGECgy-c0-PCa1%) (Table 1, sample 3) (400 MHz,
CDCly).
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Figure 4. Online *H NMR deprotection study of P(KDGECgy%-c0-PCa1%) (Table 1, sample 3)
with 2.3% DCI in DMSO-ds (400 MHz). A) Overlay of spectra of the *H NMR kinetic study.
B) Zoom in, showing the decrease of the ketal signal (black dot) and the increase of the diol

signal (red dot). C) Comparison of the protection group ketal (black) and the cleaved diol (red)

depending on the reaction time.
For deprotection of the ketone group a work up under weak acidic conditions was performed.
A detailed investigation of this step is important because of the acid-labile carbonate backbone
structure. Figure 4A shows the online H NMR spectroscopy study of the deprotection. The
sample was measured each 5 min after a starting period of 7 min. A zoom in (B) shows the
decreasing of the protecting group (black dot) and the increasing of the diol group (red dot)
more detailed. A half-life period (t12) of 50 min in DMSO-ds was calculated (Figure 4C). The
reaction slows down with conversion. The intensity of both backbone signals do not change

during the whole reaction period. Furthermore, no signals of cyclic carbonates appears during

the reaction. This indicates that no depolymerization of the backbone occurs.
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Figure 5. SEC traces of P(KDGECg%-c0-PCo1%) (Table 1, sample 3) in comparison with
P(KGECog%-c0-PCo1%) (Table S1, sample 3) using DMF as eluent and PEG calibration.

A comprehensive investigation of the deprotected ketone functional polycarbonates (P(KGEC-
co-PC)) was performed using NMR spectroscopy and is shown in the Supporting Information
(Figure S12-16). Due to deprotection, a clear shift of the methyl group’s signal to 2.13 ppm is
detectable. FT-IR measurements give a further hint for the successful deprotection by appearing
of a new carbonyl signal (Figure S17). The SEC results of the deprotected polycarbonates are
a further proof for a stable backbone (Figure S18). Hydrolysis of the carbonate groups is a
second degradation possibility besides depolymerization. Hydrolysis increases the size
distribution to higher elution volumes. Figure 5 illustrates the SEC traces of a protected and
unprotected sample. Both have a similar distribution. The acidic conditions do not result neither

in depolymerization nor in hydrolysis of the polycarbonate backbone.

All characterization data of all deprotected polycarbonates are summarized in Table S1.
Polymers with molecular weights between 3,100 g-mol~ and 14,000 g-mol~ were prepared.
Moderate narrow size distributions of 1.11 to 1.55 were obtained. After purification, the ketone
functional polycarbonates are colorless and solid materials (Figure S5). The solubility in

various solvents is comparable to the protected pendants.
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B. Thermal Properties and Stability

The thermal behavior of the protected and deprotected ketone functional polycarbonates were
studied using differential scanning calorimetry (DSC). The DSC results are summarized in
Table 2 and the DSC curves are shown in the Supporting Information (Figure S19-20). As
expected, no melting point was detectable. This aliphatic polycarbonates have a high

amorphous character.

Table 2. Overview of the glass transition temperatures (left: protected; right: unprotected) and
the thermal degradation temperatures (protected).

Sample Composition @ Tg/°CP | Tg/°C?O
1 PPC 31 225
2 P(KGEC2%-c0-PCosx%) 16 | 28 249
3 P(KGECgy%-c0-PCa1%) | 14 | 26 268
4 P(KGEC15%-C0-PCss%) | 11 | 20 269
5 P(KGEC2206-CO-PCra%) | 14 | 19 | 270
6 P(KGEC26%-c0-PC7a%) | 10 | 17 270
7 P(KGEC39%-c0-PCs19%) 2 1 266
8 P(KGEC4s%-c0-PCs2%) 3 |5 274
9 PKGEC -2 | -14 291

3 Terminology: Indices represent the percent of the respective repeating unit (rounded to
integer), determined by *HNMR spectroscopy, ® determined by differential scanning
calorimetry (DSC) with a heating rate of 10 K-min; left: protected; right: unprotected, ©

determined by thermogravimetric analysis (TGA) with a heating rate of 10 K-min ™.

In Figure 6 the glass transition temperatures of P(KDGEC-co-PC) (black) and P(KGEC-co-PC)
(red) copolymers are plotted against the percent of KDGEC and KGEC units, respectively. The
Tg values of the protected polymers decreases with increasing amount of KDGEC units from
31 °C (0% KDGEC) down to -2 °C (100% KDGEC). The gradient slows down up to 100%
KDGEC. Also, the T4 of the deprotected polymers decreases with higher KGE content from
31 °C (0%) to —14 °C (100%). The gradient is steeper compared to the gradient of the protected
counterparts, and regardless of the composition. The decreasing in both materials can be

explained by the loss of dipole-dipole interactions of the polycarbonate backbones because of
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bulky side chains. The higher glass transition temperatures of KGE containing polycarbonates
compared to their protected counterparts up to 50% KGEC units illustrates the rise of dipole-
dipole interactions of the ketone groups. Obviously, the effect of additional dipole-dipole
interactions is less pronounced compared to the effect of bulky side chain group over 50%
KGEC. Due to the bulky side chain group of the ketone is less bulky compared to the ketal, the
Ty of PKDGEC homopolymer is higher than PKGEC homopolymer. Furthermore, it has to be

mentioned that the Tgs are additionally influenced by the molecular weight.3®
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Figure 6. Glass transition temperatures (Tg) of all P(KDGEC-co-PC) (black) and P(KGEC-co-

PC) (red) samples (Table 2, samples 1-9) depending on the amount of KDGEC or KGEC units.

Beside the thermal behavior also the thermal degradation was studied. Table 2 gives an
overview of the degradation temperatures (Tq) of all KDGEC samples. The degradation
temperature under nitrogen increases from 225 °C to 291 °C with increasing KDGE content.
Representative TGA curves are shown in Figure S21 and the Tgs are plotted vs. percent of
KDGEC units in Figure S22. The T4 has a steep rise with low amount of KDGE (225 °C for 0%
until 268 °C for 9%), followed by a less steep increase until 291 °C for 100%. An increase was
expected. It is already well known that the thermal degradation of aliphatic 1,2-polycarbonates
is depending on the stiffness, the length and flexibility of the side chain, intermolecular dipole
interactions, degree of alternation and the number of repeating units.>*° In the current work
the length and flexibility of the side chains play the most important role. The thermal
degradation of short polycarbonates (around 26,900 g-mol™?) is dominated by deploy-
merization via backbiting of the OH-endgroup.®® The formation of five membered rings on this
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way is suppressed by bulky side chains like KDGEC units. Obviously, a small amount is already
essential. Increasing thermal stability was also observed by Gu et al. for glycidyl ether

containing aliphatic polycarbonates.

C. Functionalization with Benzyl Hydrazide

Aliphatic polycarbonates based on carbon dioxide and tailored epoxides are an interesting
research field for many applications, e.g. in surface coatings or biomedical purposes, because
of their biocompatibility and biodegradability. However, established polycarbonates like
poly(propylene carbonate) or poly(cyclohexane carbonate) are unfunctionalized and therefore
limited in their use. Functional groups can be used as smart points of attack to change several
properties of the polymer.>13-154142 The addressability of ketone groups was confirmed by
functionalization with benzyl hydrazide as a model compound. P(KGEC15%-c0-PCgs%)
(Table S1, sample 4) was dissolved in DMF with benzyl hydrazide and stirred overnight at
room temperature. Purification was done by precipitation in cold methanol after 1 h at 60 °C.
The conversion was proved by *H NMR spectroscopy and SEC. Figure S23 shows the *H NMR
spectrum of functionalized P(KGEC15%-c0-PCagsy%) in methylene chloride. Additional signals of
the aromatic group appears at 7.80 ppm and 7.49 ppm. Furthermore, a shift of the adjacent
methyl group is visible (1.97 ppm). Figure S24 illustrates the SEC elugram of the same sample
based on both RI and UV detector. Usually aliphatic polycarbonates are not UV active.
However, due to the attached phenyl groups, the multifunctional polycarbonate generates an
UV signal. It is obviously that every single polymer chain is addressed, due to the overlapping
of the RI and the UV signals detected elugram. The *H NMR spectroscopy and the SEC
measurement together verify addressing of the ketone groups in the side chains. Using this
method many different systems, for instance dyes or drugs, could be linked to the

polycarbonates in a smooth and gentle way.

410



Appendix
CONCLUSION

Ketone functional aliphatic polycarbonates were synthesized via immortal CO/epoxide
polymerization. To the best of our knowledge, this is the first time that ketone groups were
incorporated in aliphatic polycarbonates formed directly from carbon dioxide and tailored
epoxides. First, ketal functionalized polycarbonates were prepared using carbon dioxide,
propylene oxide and ketone dioxolane glycidyl ether in a solvent-free one-pot procedure. The
polymers had a perfectly alternating structure of epoxide and carbon dioxide, and a gradient
regarding the used epoxides. The amount of ketal side chains was adjusted by varying the
comonomer ratio of PO and KDGE. Polymers with molecular weights between 4,000 g-mol
and 14,200 g-molt and moderate size distributions of 1.22 —1.47 were obtained. The
incorporation of glycidyl ethers increased the thermal stability significantly. In the second step,
the ketal protecting group was removed using slightly acidic conditions to obtain the free ketone
groups. Detailed deprotection kinetics proofs the successful conversion without degradation of
the acid-labile backbone. The protected and unprotected polycarbonates were characterized
comprehensively by 'H, 3C and various 2D NMR spectroscopy techniques, SEC and FT-IR
measurements. Furthermore, their thermal behavior was studied regarding the comonomer
amount and the functional group. The glass transition temperatures were adjusted between
31 °C and —14 °C. In a proof of principle study, the ketone groups were addressed successfully
by benzyl hydrazide. This general method opens the pathway for attachment of many different
dyes, drugs and other molecules to the biodegradable polycarbonates. The additional facile
deprotection in smooth acidic solution expand the scope of application of aliphatic

polycarbonates in the area of surface coatings, biomedicine purposes and drug delivery.
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We introduce a two-step strategy for the synthesis of linear polyglycerols (linPG-OHx/OMey) with an
adjustable degree of methylation (y = %‘"ﬁ). Ethoxy ethyl glycidyl ether (EEGE) and glycidyl methyl ether
(GME) were copolymerized via the “activated monomer” polymerization technique, using tetraocty-
lammonium bromide (NOct4Br) as an initiator and triisobutylaluminum (i-BusAl) as a catalyst under mild
conditions. Subsequent acidic cleavage of the acetal protective groups generates linear polyglycerols with
different degree of methylation (DM) by varying the GME comonomer content between 10 and 91%. Size
exclusion chromatography (SEC) evidenced good control over molecular weight and narrow to moderate
polydispersity (PDI = 1.2—1.8). H NMR spectroscopy confirmed ideally random copolymerization of
EEGE and GME (in situ 'H-NMR kinetics) and provided perfect agreement of the comonomer content
with the targeted values. Thermoresponsive behavior in solution and lowering of cloud points with
increasing degree of methylation was observed. Furthermore, the differently methylated polyglycerols
were investigated with respect to their rheological properties in the melt. Comparison with the fully
hydroxylated and permethylated polyglycerol provides new insights into the dynamic behavior of
functional polyethers. A tremendous influence of DM on zero-shear viscosity and differences of up to 5
decades were observable at the same reference temperature (273 K). The trend of glass transition
temperature and zero-shear viscosity in dependency of degree of methylation was described by mixing
rules. To understand the changes in zero-shear viscosity, the “sticky” Rouse model was applied and led to
an estimated association lifetime of stickers, i.e. hydroxyl groups of 75 = 4.9+1.8 us.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction hyperbranched analogue, hbPG [2,3] linPG-OH will be mainly

considered for specialty applications [1]. Taton et al. [4] reported

422

In the past decade, linear polyglycerol (linPG-OH) has attracted
interest in both academia and industry as a high potential
biocompatible material [1]. The high number of functional groups
combined with excellent aqueous solubility and biocompatibility
renders linPG a good alternative to poly(ethylene glycol) (PEG),
which is widely used in cosmetics, pharmaceutical and biomedical
applications. Due to the more demanding synthesis of [inPG that
relies on protected glycidol derivatives, compared to its
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uni-mainz.de (H. Frey).
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0032-3861/© 2017 Elsevier Ltd. All rights reserved.

the first synthesis of linPG with M, up to 30 kg/mol via anionic ring
opening polymerization of ethoxyethyl glycidyl ether (EEGE),
which is prepared by the addition of a vinyl ether to glycidol ac-
cording to Fitton et al. [5] Acidic cleavage of the protective group
subsequent to polymerization results in linear polyglycerol.
Furthermore, protected glycidyl ethers, like tert-butyl glycidyl ether
(tBGE), allyl glycidyl ether (AGE) and trimethylsilyl glycidyl ether
(TMSGE) were polymerized to obtain 1inPG after deprotection [1].
EEGE is established as the most suitable monomer, since acidic
cleavage of protective groups is easily achieved. Moller et al. [6]
prepared copolymers with the different protected glycidyl ethers,
which are selectively cleavable using different deprotection
methods, respectively. Using two orthogonal protective groups,



they were able to control the number of hydroxyl groups and de-
gree of functionalization in selective post polymerization reactions.
In a further study the same group investigated the harsh reaction
conditions of the alkali metal alkoxide initiated glycidyl ether
polymerization. Side reactions as a consequence of the high ba-
sicity, leading to the formation of allyl alkoxides, limit molecular
weights (P(EEGE) < 14 000 g/mol) [7]. A major advance for this
polymerization was presented by Deffieux, Carlotti et al. [8] Their
approach is based on a monomer activating catalyst, i.e. triisobu-
tylaluminum (i-BusAl), and an ammonium halide (e.g., NOct4Br) as
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a weakly basic initiator. Due to the activation of the epoxide, bro-
mide as a rather weak nucleophile is capable of initiating the
polymerization under mild reaction conditions, i.e., at tempera-
tures below 0 °C. Thus, side reactions are avoided and preparation
of linPG with molecular weights up to 85 kg/mol via polymerization
of EEGE is possible [9]. A recent review article summarizes several
applications of this polymerization technique, enabling polymeri-
zation of less reactive and sterically hindered epoxides [10].

Polymerization of methylated glycidol, glycidyl methyl ether
(GME) by the activated monomer strategy provides the fully per-
methylated linear polyglycerol P(GME), whereas the anionic ring-
opening polymerization of GME leads only to molecular weights
up to 3000 g/mol [11,12]. Labbé et al. presented the first homo-
polymerization affording high molecular weight (100 000 g/mol)
P(GME) via the activated monomer polymerization and investi-
gated its lower critical solubility temperature (LCST) behavior in
water [13]. Beside some studies concerning the thermoresponsive
behavior [12,14,15] and biocompatible surface coating properties
[11,16,17], hardly any research concerning the GME homo- and
copolymerization has been reported. Miiller et al. [18] synthesized
a series of thermoresponsive poly(glycidylmethyl ether-co-
ethylene oxide) copolymers P(GME-co-EO) via the monomer acti-
vated strategy. Incorporating different GME comonomer contents,
it was possible to tune the melting point and the degree of crys-
tallization of PEG. Furthermore, the LCST of the different co-
polymers could be varied in the range of 55 °C—98 °C. In a recent
publication, Heinen et al. found a random incorporation of the
monomers for copolymers of (GME) and ethyl glycidyl ether (EGE)
synthesized by the activated monomer polymerization and inves-
tigated the thermoresponsive properties [ 19].

The thermorheological properties of P(GME), i.e. methylated
linear polyglycerol (linPG-OMe), together with the linear poly-
glycerol (linPG-OH) were investigated in a broad range of molecular
weights in our recent publication [20]. In this study, permethylated
[inPG-OMe was prepared in post polymerization reactions via
methylation of linPG-OH. However, partial methylation of linear
polyglycerol employing the common methylation under phase
transfer conditions is not possible [20—22].

Due to the amorphous structure and the low glass transition, the
pair of linPG-OH and its permethylated analogue offers an ideal
model system to investigate the thermal behavior of hydrogen
bonding polymers and their non-associating counterparts. The as-
sociation interactions cause a delay in relaxation times, which can
be described by the sticky Rouse or sticky reptation models
[23-25]. In this model the lifetime and number of stickers affects
the mobility of the chains and therefore determines the thermo-
rheological properties. While most studies devoted to the sticky
Rouse model were performed in solution [26-28], only little
research has been performed in the melt state [29,30].

In this work we present a further development of our recent
thermorheological study of linear polyglycerol [20] and its meth-
ylated counterpart by providing linear polyglycerols with adjust-
able degree of methylation (DM). For this purpose, we synthesized
P(EEGE)-co-P(GME) with defined comonomer content and gener-
ated linear polyglycerol with varied DM after subsequent acidic

Scheme 1. Synthesis of P(EEGE-co-GME) via the activated monomer polymerization.
Acidic cleavage of the protective groups results in linear polyglycerol copolymers with
deliberately varied degree of methylation (DM).

cleavage, as illustrated in Scheme 1.

2. Experimental part
2.1. Instrumentation

TH NMR spectra were recorded on a Bruker AC300 (at 300 MHz)
or Bruker Avance-I1 400 (400 MHz) and are referenced internally to
residual proton signals of the deuterated DMSO-dg solvent. In situ
copolymerization kinetics were measured on a Bruker Avance III
HD 400 spectrometer equipped with a 5 mm BBFO SmartProbe (Z-
gradient probe) and an ATM as well as a SampleXPress 60 auto
sampler. For SEC measurements in DMF (containing 0.25 g L~ ! of
lithium bromide as an additive), an Agilent 1100 series was used as
an integrated instrument including a PSS HEMA column (106/10%/
102 A porosity) and an UV and Rl detector. Calibration was achieved
with polystyrene standards provided by Polymer Standards Service
(PSS). DSC diagrams were recorded on a NETZSCH DSC 204 F1 in the
range of —80 to 0 °C at a rate of 10 K min~. Cloud points were
determined in deionized water at a concentration of 5 mg/mL and a
heating rate of 1 K/min C using a Jasco V-630 photo spectrometer
containing a Jasco ETC-717 Peltier element. The relative intensity of
transmitted light (A = 500 nm) was measured in dependence of
temperature (1 point per 0.1 K). The cloud point was determined as
the onset of transmission breakdown.

The glass transition temperature (T;) was determined from the
maximum of the first derivative of heat flow during the second
heating process. Samples were dried for 48 h at 80 °C in vacuum
before measurements. Rheological properties were measured on an
Anton Paar Physica MCR-301 under nitrogen atmosphere with an
8 mm plate-plate geometry. Temperature-dependent oscillatory
measurements were carried out in a frequency range between 0.1
and 100 rad/s with deformations of 10% for the highest tempera-
tures down to 0.01% at temperatures close to T,. The temperature
range was individually chosen for every sample, starting at +25 °C
down to temperatures close to the individual T, of the samples.
Temperature steps were 10 K at high temperatures, whereas steps
of 2 K were chosen at temperatures close to T,. Master-curves were
constructed by shifting of isotherms relative to a reference tem-
perature (here T; + 50 K) using the commercially available IRIS
Rheo-Hub 2008 software [31].

2.2, Materials

All reagents and solvents were purchased from Acros Organics,
Sigma-Aldrich and TCI and used as received, unless otherwise
mentioned. Ethoxy ethyl glycidyl ether (EEGE) was prepared as
described by Fitton et al. [5] Toluene was dried over sodium and
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was kept in a flask under vacuum until usage. Triisobutylaluminum
(i-BusAl, 1 M in toluene, Aldrich) was used without further purifi-
cation. Tetraoctylammonium bromide (TOAB) (NOct4Br, >99%,
Aldrich) was used without further purification and dissolved in dry
toluene (0.22 M). Glycidyl methyl ether (GME, >85%, TCl) was
distilled twice over CaH; at reduced pressure using a Vigreux col-
umn and stored in a fridge. EEGE and GME were purified by cryo-
transfer over calcium hydride (CaH) directly prior to use. All
polymerization reactions were performed under inert gas
atmosphere.

2.3. Sample preparation for in situ "H NMR kinetic studies

50 mg tetraoctylammonium bromide (TOAB) was dissolved in
2 mL benzene in a dried 10 mL-Schlenk tube and stirred under
vacuum for 30 min at 60 °C. The solvents were removed under high
vacuum for 24 h. Then, 0.5 mL dry toluene-dg were added. 0.1 mL of
the initiator solution (TOAB, 1 equiv.) was added under argon at-
mosphere in a dried Norell S-5-400-VT-7 NMR tube, followed by
0.9 mL toluene-dg. Subsequently, 41 uL GME (25 equiv.) and 66 pL
EEGE (25 equiv.) were then added, which were previously dried
over CaH, and distilled. The mixture was cooled down with an
acetone/dry ice bath for 15 min and 83 pL i-BusAl solution (1.1 M in
toluene, 5 equiv.) was injected via syringe. After sealing with a
Teflon stop-cock, the cooled tube was repeatedly shaken vigorously
to homogenize the solution before placing in the NMR spectrom-
eter with the probe gas flow adjusted to —20 °C. After the tem-
perature in the probe head was stable (~10 min, AT = 0.1 K), the first
spectrum was recorded. Sample spinning was turned off. Spectra
were recorded with 16 scans at 2 min-intervals. The measurement
was stopped after full conversion (1.5 h). SEC data of the isolated
copolymer are shown in SI-Fig. 4.

24. Synthesis of P(EEGE-co-GME) random copolymers

In a Schlenk flask equipped with a magnetic stirrer, the desired
amount of EEGE and GME (16 vol %) was dissolved in dry toluene.
The reaction mixture was cooled down to —20 °C and the initiator
TOAB (1 mL, 0.22 M in dry toluene) was added. Under vigorous
stirring the catalyst i-BuzAl (0.8 mL, 1 M in toluene) was slowly
added via syringe. The mixture was allowed to warm up to room
temperature. After 19 h the reaction was stopped by adding
methanol (5 mL). The solvent was removed under reduced pressure
and the polymers were obtained as colorless, highly viscous liquids.

2.5. Deprotection of P(EEGE-co-GME) random copolymers to obtain
linPG-OH/OMe

A 20 wt.-% solution of the copolymer in methanol was stirred
with the anionic exchange resin Dowex 50WX8 at room tempera-
ture for 5 d to cleave the acetal protective groups. After filtration
and removal of the solvents, the polymer was dissolved in meth-
anol and precipitated twice into diethyl ether.

3. Results and discussion
3.1. Synthesis and molecular characterization

In Scheme 1, the synthetic route employed for linear poly-
glycerol with different degrees of methylation is shown. The
copolymerization of EEGE and GME with subsequent acidic cleav-
age of the acetal protective group leads to a linear polymer struc-
ture consisting exclusively of linear hydroxylated and methylated
glycerol units. The degree of methylation depends on the incor-
porated amount of GME.

The polymerization was carried out according to the activated
monomer polymerization strategy [9], which is illustrated in
Scheme 2. The mixture of the monomers together with the initiator
TOAB in dry toluene was cooled down to —20 °C and the catalyst i-
BusAl was added to start the reaction. In contrast to a literature
procedure for P(EO-co-GME) copolymers [18], the ratio of catalyst
(i-BusAl):initiator(TOAB) 4:1 could be kept constant for all como-
nomer compositions providing very good reaction control. The re-
action mixture was allowed to warm up to room temperature, and
after 19 h the addition of methanol was used to terminate the
polymerization. As described by Miiller et al. [ 18], removal of the
hydrolyzed initiator NOct4OH subsequent to the polymerization
represents a challenge. Since column chromatography or precipi-
tation, as described in literature [ 18] was not suitable for the series
of EEGE/GME copolymers, accurate dialysis against methanol led to
the best results, i.e., no initiator salt was observable by 'H NMR
spectroscopy. Acidic removal of the acetal protective group pro-
vided linPG-OH/OMe with different degrees of methylation in de-
pendency of incorporated GME. The subscript numbers of the
polymer description indicate the ratio of EEGE/GME and OH/OMe
groups, respectively in mol %.

Table 1 lists all P(EEGE-co-GME) copolymers with their molec-
ular weights and comonomer composition. The composition of the
copolymers reflected the monomer fractions of the feed. Co-
polymers with monomodal molecular weight distribution and low
polydispersity (1.2—1.4) were obtained and the monomer content
of GME was continuously varied between 10% and 90%. The ratio of
monomer to initiator (100:1) was kept constant for all co-
polymerizations. Since the EEGE monomer exhibits a higher molar
mass than GME, the theoretical molecular weights of the co-
polymers decrease with increasing amount of GME incorporated.
Molecular weights were determined by SEC (DMF, PS standards),
and all SEC traces were monomodal, as shown in Fig. 1 (left). The
molecular weights obtained are slightly higher than the calculated
values. This is explained by the different hydrodynamic radius of
the copolymers compared to the polystyrene standard. Moreover,
after acidic cleavage of the protective groups, SEC measurements of
samples containing different amounts of hydroxyl groups were
only comparable to a very limited extent, no matter which standard
was used. Polymer-solvent and polymer-polymer interactions are
affected by hydrogen bonding, and hydroxyl groups influence the
hydrodynamic radius and thereby the retention time in the column.
Therefore, the molecular weights of the deprotected copolymer
samples were calculated on the basis of the protected precursor
materials by 'H NMR spectroscopy. Molecular weights of the [inPG-
OH/OMe samples are summarized in Table 2.

Determination of exact molecular weights by 'H NMR spec-
troscopy is not possible, because in the activated monomer
approach precise calculation of the chain length based on a func-
tional initiator is not possible due to the lack of end group fidelity of
the method. Nevertheless, 'TH NMR spectroscopy allows to follow
the successful acidic cleavage of the protective groups. Fig. 1 (right,
top) shows the spectra of a typical copolymer before and after the
removal of the protective groups. The methyl groups ab
(1.25—-1.00 ppm) and the acetal proton (4.65 ppm) disappear
completely and no side products, i.e. ethanol or acetaldehyde, are
observable. Furthermore, the amount of EEGE/GME and OH/OMe
groups after acidic cleavage can be calculated using 'H NMR
spectroscopy by comparison of the signal of the methyl group with
the acetal protons or the hydroxyl groups. The determined
composition of the copolymers by 'H NMR spectroscopy is in
excellent agreement with the comonomer content in the monomer
feed. The composition of all polymers is shown as subscript
numbers in the sample names in Table 2. Fig. 1 (right, bottom)
shows the 'H NMR spectra of deprotected linPG-OH/OMe with
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Scheme 2. Reaction mechanism of the activated monomer anionic polymerization [9]. a) Monomer activation, “ate” complex formation and nucleophilic attack of bromide. b)
Monomer insertion steps ) The addition of methanol stops the reaction. d) Subsequent acidic cleavage provides linPG-OH with different degrees of methylation that are determined

by the amount of GME incorporated.

Table 1
P(EEGE-co-GME) copolymers with their composition, targeted values, molecular
weight, and PDI.

no. Composition® EEGEuheo) GME(heo) Ma (theo) Ma® PDI”

[g/mol]  [g/mol]
1 P(EEGEg 99-co-GMEgq 19) 90 10 14000 15400 1.2
2 P(EEGEjg-co-GMEg ) 80 20 13500 13300 1.3
3 P(EEGEge-c0-GMEy3;) 70 30 12900 13700 13
4  P(EEGEpg4-co-GMEq3s) 60 40 12300 14200 1.2
5  P(EEGEqa4s-co-GMEgss) 50 50 11700 15000 1.2
6 P(EEGEg.40-co-GMEqg0) 40 60 11100 12500 1.3
7 P(EEGEy4-c0-GMEqg) 30 70 10600 13300 1.4
8  P(EEGEggg-co-GMEog;) 10 90 9400 12400 1.3

2 Composition determined via 'H NMR by integration of acetal group (c)
compared to methyl group (d) of GME as shown in Fig. 1 (top,right).

b Molecular weight and molecular-weight distribution characterized by SEC
(DMF, PS standards).

Table 2
linPG-OH/OMe copolymers with molecular weight, degree of methylation (DM), PDI
and glass transition temperature.

no.  Composition® M,° Mo heo) PDI DM Ty
[g/mol]  [g/mol] %] (K]
i linPG-OHog0/OMeg10 12800 8300 12 10 253
ii linPG-OHog0/OMegoo 12600 7600 13 20 253
i linPG-OHgge/OMegs, 13100 8300 13 31 246
iv 1inPG-OHo 64/OMeg 35 14 100 9200 14 36 244
v linPG-OHy.45/OMeg 55 12 100 10 400 13 55 234
Vi linPG-OHg4/OMegge 10200 9300 14 60 234
vii 1inPG-OHo 31/OMeq 69 12 400 10 600 14 69 232
viii 1inPG-0OHo 00/OMep a1 8800 11 400 18 91 221

a Composition determined via 'H NMR by integration of hydroxyl group (g)
compared to methyl group (d) of GME as shown in Fig. 1 (top,right).

Y Molecular weight and molecular-weight distribution characterized by SEC
(DMF, PS standards).

© Theoretical molecular weight was calculated on the basis of the EEGE content
determined by '"H NMR and the molecular weight of the P(EEGE-co-GME).

varying amounts of GME. When increasing the incorporated
amount of GME, the signal of the methyl group d (3.25 ppm) in-
creases and the hydroxyl group g (4.50 ppm) disappears.

Good agreement between targeted and measured values was
found, evidencing control over molecular weight and comonomer
content. However, random comonomer incorporation is vital to
provide comparable structures for the ensuing thermorheological
investigations. In a recent work of Herzberger et al. [32] on the
kinetics of the monomer-activated anionic ring opening

copolymerization by in situ "H NMR spectroscopy strongly tapered
copolymer structures for EO and EEGE were observed. In the cur-
rent work two similar glycidyl ethers, i.e. GME and EEGE were
employed. Thus, the reactivities are most likely similar. Recent re-
sults of Heinen et al. [ 19] revealed a truly random copolymerization
of GME and GEE (glycidyl ethyl ether) via the monomer-activated
polymerization technique. To study the microstructure of P(EEGE-
co-GME) copolymers, in situ '"H NMR kinetics measurements were
performed at —20 °C. For the evaluation, the integral ratios of the
signals for the acetal group of EEGE (4.56 ppm) and the methoxy
group of GME (3.09 ppm) were compared (for the exact calculation,
see SI-Fig. 1). Fig. 2 shows the plotted monomer concentration
against the monomer conversion, indicating nearly ideally random
incorporation of both comonomers. It also shows that GME is
incorporated slightly faster. From the data, the r-parameters
(reactivity ratios) were determined according to Jaacks [33]
(rGME = 111, regcg = 0.90) and Kelen-Tiidos [34] (r(;ME =133,
reece = 1.02), which can be found in SI-Table 1 and SI-Figure. 2 and
3. The results are consistent with the previous observation, and
both methods show an almost ideal random incorporation of the
comonomers. Oxophilicity and thus complexation of the i-BuszAl
catalyst by EEGE can may be responsible for the slightly faster
incorporation of GME [9,32].

These results are confirmed by the triad sequence analysis by
13C NMR spectroscopy according to a literature procedure for P(EO-
co-GME) [18]. Fig. 3 shows the *C NMR spectra of 3 differently
methylated samples (10, 55, 91%). In contrast to P(EO-co-GME), the
signals of all triads overlap due to the very similar backbone
structure. Nevertheless, a signal assignment of the homo-triads can
be achieved. M represents the signals of GME, while H is used as an
abbreviation for the glycerol unit. Unfortunately, quantitative
determination of signals intensities of the homo-triads is not
possible due to the overlap with the hetero-triads. The probability
of homo-triads like H-Hp-H decreases with increasing the GME
content. The enlarged sections in Fig. 3 show that with increasing
the GME content the intensity of triad H-Hp-H decreases, accom-
panied by a clear change of signal shape and a slight field shift,
indicating clear disappearance of the homo-triad. Similar obser-
vations are made for the GME triads (M-Myp-M and M-M,-M). Even
the methylene signal apart from the backbone (H.) and the
methoxy group (Mq) show a slight high field shift.

3.2. Thermoresponsive properties in aqueous solution

In a recent publication Miiller et al. [18] investigated the
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Fig. 1. SEC traces (DMF, PS standards) of all P(EEGE-co-GME) polymers (left, top) and of the corresponding linPG-OH/OMe polymers (left, bottom) after acidic cleavage. The subscript
numbers represent the respective comonomer content in mol%. 'H NMR spectra in DMSO-ds of P(EEGEq 45-co-GMEq 55) (right, top) and the resulting linPG-OHg 45/OMeg 55 co-
polymers after acidic cleavage are shown as well. '"H NMR spectra in DMSO-d; of all linPG-OH/OMe with varying amounts of GME are also displayed (bottom, right).
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Fig. 2. Monomer concentrations in the copolymerization of GME and EEGE plotted
against total monomer conversion determined by 'H NMR in toluene-dg at —20 °C,
applying the monomer-activated anionic ring-opening polymerization.

thermoresponsive behavior of P(GME-co-EO) copolymers in
aqueous solution. Since linear glycerol moieties may be viewed as
functional analogues of ethylene glycol units, the temperature
dependent solubility of the series of linPG-OH with different degree
of methylation was intriguing. Fig. 4 (top) shows the temperature
dependency of the intensity of transmitted laser light for the two
highest methylated (90 and 69%) linPG-OH samples, exhibiting
cloud points of 61 and 91 °C, respectively. As expected, an increase
of the degree of methylation leads to lowering of the cloud point. In
contrast to P(GME-co-EO) copolymers, which still exhibit LCST
behavior with GME contents as low as 42%, no cloud point below
100 °C was observable for our samples with degrees of methylation
below 69%, due to the high aqueous solubility of the glycerol units.

Due to the high polarity and the H-bond formation of hydroxyl
groups, all linPG-OH samples are very well soluble in water, even
with rather high degree of methylation. Fig. 4 (bottom) illustrates a
comparison of our data with cloud points of P(GME-co-EO) found
by Miiller et al. [ 18] The 90% methylated polyglycerol fits well into
the linear dependency of cloud points from P(GME-co-EO). Inter-
estingly, the small amount of hydroxyl groups in this material does
not show a significant effect on the cloud point compared to the
P(GME-co-EO), whereas the 69% methylated linPG-OH samples
exhibits a significantly higher cloud point, indicating enhanced
solubility of this polymer in water as a result of hydrogen bonds of
the hydroxymethyl group.
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Fig. 3. '*C NMR spectra of 3 samples of linPG-OH/OMe in DMSO-dg with varying amounts of GME (91, 55, and 10%). Glycidol units are referred to as H, 1, and GME units correspond

to Mapje.

3.3. Glass transitions

In Fig. 5 the glass transition temperature is shown in de-
pendency of the degree of methylation. The data show monoto-
nous, linear character. From our previous publications we provide
the Tg-data for the full hydroxylated linear polyglycerols (blue data
point) and its methylated counterpart (orange data point) [20]. The
Ty decreases linearly upon increasing the degree of methylation
and drops by 50 K overall, as observed for a similar pair of polymers,
i.e. poly(vinyl alcohol) (PVA - T, = 304 K [35]) and poly(vinyl
methyl ether) (PVME - Tg = 240 K [36] to 250 K [37]).

A linear dependency of T; on the amount of hydrogen bonding
side groups was also described by Lewis et al. [38] who investigated
several carboxylate functionalized poly(n-butyl acrylate) polymers.
They correlated the steepness of the slope with the strength of
hydrogen-bonding. As we found a significantly smaller slope, the
strength of hydrogen-bonding arising from hydroxyl groups is
clearly lower than the strength arising from carboxylate

interactions. This fact is also supported by recent calculations of
Miao et al. [39].

Usually the dependence of T, on the composition of random
copolymers is described by mixing rules such as the Gordon-Taylor
or Fox equations [40,41|. These mixing rules correlate with the
weight comonomer content and lead to a nonlinear relationship. In
the present case the degree of methylation represents the molar
fraction of GME. Although, the molar mass of repeating units of
glycidol (74 g/mol) and GME (88 g/mol) is rather similar, the latter
equations (Gordon-Taylor or Fox) do not describe the dependency
well. In contrast, the Di Marzio-Gibbs equation [42] correlates the
Ty with the molar fraction of flexible bonds in the comonomer
backbone. Zhang et al. [43] used the DM equation (1) for the special
case that both repeating units exhibit equal numbers of flexible
bonds in both monomers, which results in the following linear
mixing rule for Ty :

Tg = XTgpy + YTgou. (1)
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random incorporation of the comonomers, which is in agreement
with the NMR results. For block structures one would expect two
separate glass transition temperatures corresponding to the
respective homopolymers [44].

3.4. Linear viscoelasticity

In the following, we investigate the impact of hydroxyl groups
and the degree of methylation on the thermorheological properties
of the partially methylated linear polyglycerol samples. For this
purpose, rheological measurements were performed for all samples
and Booij-Palmen-Plots (BPP) (top) and the resulting master curves
(bottom) are shown in Fig. 6 for low degree of methylation (10%)
and highly (69%) methylated linear polyglycerol. As reported in our
previous publications [20,45], the isotherms overlap well in the
terminal zone, allowing us to construct master curves. The choice of
a reference temperature of 50 K above the glass transition tem-
perature appears to be optimal for that purpose and enables to
compensate for Ty effects in the analysis of material parameters.

A considerable violation of time—temperature superposition is
observed in the transitional region, which corresponds to module
values between 1 and 100 MPa. This failure is attributed to the
temperature dependence of segmental relaxation, which is
different from that of terminal relaxation [46,47] and is not related
to the presence of hydroxyl groups, as already discussed for lin and
hb polyglycerols [20,45]. All samples exhibit a distinct minimum of
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Fig. 5. Glass transition temperature T, in dependence of degree of methylation. The
data was fitted by Di Marzio-Gibbs equation (1), solid line. The dotted line represents
the fit of the Fox equation.

In this equation, x and y represent the mole fraction of the co-
monomers, and Tg,, and Ty, are the respective glass transitions of
the homopolymers. Due to the similarity of both comonomers in
our case having 3 flexible bonds, this equation can be applied to our
data as well. The excellent agreement supports applicability of this
mixing rule and is an indication of the good reaction control and

the 6(|G"|) curves, which is in the range between the fully hy-
droxylated linPG-OH and its permethylated counterpart.
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Fig. 6. Booij-Palmen-Plots of a 10% and 69% methylated copolymer sample (top) and
master curves together at T, +50 K (bottom, by = 1).
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The scatter observed in Fig. 6 (top) has almost no impact on the
presentation of data in the double logarithmic plot, for which
reasonable master curves could be constructed. Fig. 6 (bottom)
shows the result for the two samples. The terminal flow region
(G ~ w?,G" ~ w')atlow frequencies is followed by an intermediate
region with slopes of G and G in the range of 0.5, pointing to the
presence of Rouse behavior. This fact is in accordance with the
course of tan(¢) being always >1, indicating the absence of entan-
glements, which was expected based on the molecular weight
regime studied.

3.5. Temperature dependence of dynamic response

According to the time temperature superposition principle, the
isotherms measured by oscillatory rheometry were horizontally
shifted to a master curve. The influence of vertical shifting is
described in our recent publications [20,45] and is negligible
compared to the results of horizontal shifting only. In Fig. 7 all WLF-
parameters together with the data for the fully hydroxylated linear
polyglycerol (blue data) and the methylated counterpart (orange
data) is shown in dependence of the degree of methylation at a
reference temperature of 50 K above the individual T, of each
polymer. A non-monotonous transition from neat [inPG-OH to
linPG-OMe is observed. For associating polymers, the viscosities
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Fig. 7. Dependence of ¢§, (top) and cd(bottom) on the degree of methylation at T, + 50
K. The dotted lines are plotted in order to guide the eye. The blue data point represents
the value of linPG-OH, and the orange data point represents the data of linPG-OMe
[20].

and relaxation times, and therefore shift factors and WLF-
parameters do not only depend on free volume, i.e. packing ef-
fects, but also on associative interactions between the hydroxyl
groups, i.e. energetic effects. By applying a modified WLF Equation

(2)[45,48,49], we discuss modified WLF-parameters ¢, and cj,, at
a reference temperature Tp.
(T =To)
logar = —3" —— (2)
om +T—To
. E;, To-T,

(3)
The modified WLF-parameter c{,, considers both the de-

pendency of packing effects by free volume represented by c‘,’f and

an interaction energy expressed by c?E [45,48,49]. These factors are
additive and can hardly be separated. Upon an increase of the de-

gree of methylation, c‘,’m becomes equal to C?[' as the permethylated

sample cannot interact via hydrogen bonds. The cg — parameter
remains unchanged by this modification.

Fig. 7 (top) shows the c?m values in dependency of DM at T + 50
K. Surprisingly, ¢, decreases strongly up to a DM of 40%, where a
slight minimum is followed by a plateau region. If we assume that
the free volume and packing frustration is not affected by
increasing the DM, c?f in Equation (3) remains constant, i.e., the
contribution of the interaction energy is of a non-linear character.
For degrees of methylation from 40 to 90% we do not observe a
significant change in interaction energy. On a molecular scale, this
fact can be explained on basis of inter- and intramolecular in-
teractions. We assume that for the DM exceeding 40% no inter-
molecular hydrogen bonds are formed, whereas for low DM < 40%
the formation of intermolecular hydrogen bonds becomes possible.
Therefore, the difference between the plateau and the value for the
fully methylated sample can be understood as an interaction en-
ergy for the intramolecular hydrogen bonds. As mentioned before,
the factors influencing c{,, can hardly be separated, thus an esti-
mation of E; for intramolecular interactions is not possible in a
general way. Based on the determination of activation energy,
which will be described later, a rough estimation has been carried
out.

A similar trend can be observed for the course of ¢, which is
shown in Fig. 7 (bottom). Here again, a strong decrease in the ¢
value up to a DM of 40% is observable. The mentioned minimum is
more pronounced in this case, but within the error of the data a
plateau can be observed for ¢ as well. In a recent publication,
Dudowicz et al. [50] demonstrated the universality of the WLF
parameters. Applying their findings that the cg parameter corre-
lates with cohesive molecular interactions and the degree of chain
stiffness, expressed by the backbone bending energy, we can
explain the course of ¢} in an analogous manner to ¢, . Obviously
the effectivity of hydrogen bonding becomes significantly lower
upon increasing the degree of methylation. This fact is already
observable for a low degree of methylation. As mentioned before,
the possibility to form intramolecular hydrogen bonds decreases,
inducing higher flexibility of the chains.

3.6. Activation energy

A key parameter derived from the modified WLF model is the
activation energy at infinite temperature EQ = 2.303-R-c{,,&3. In
Fig. 8 the activation energy is shown in dependency of the DM.

As the ¢§,, and ¢ values decrease by increasing the degree of
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Fig. 8. Activation energy at infinite temperature in dependency of degree of methyl-
ation. The dotted lines are plotted in order to guide the eye.

methylation, the product of both multiplied with 2.303:R shows
the same trend with a strong decrease up to a DM of 40% followed
by a plateau region. In literature, Miiller et al. [51] and McKee et al.
[52] found also higher activation energies at infinite temperature of
their associating polymers compared to their non-associating
counterparts. Applying equation (3) for the description of c‘l)m, we
can estimate an interaction energy E; by calculating difference in
activation energy of the fully hydroxylated and its permethylated
analogue, which amounts to = 8 kJ/mol. For strongly hydrogen
bonding copolymers of n-butyl acrylate and a 2-ureido-4{1H]-
pyrimidinone values up to 20 kj/mol were found by Feldman et al.
[29].

The differences in EY® of the “plateau”-value and the value for
the permethylated PGME sample can be traced back to the inter-
action energy for intramolecular hydrogen bonds, as mentioned in
the previous section. Therefore, we estimate the contribution of
intramolecular hydrogen bonds to approximately 1.5 kJ/mol.

3.7. Characteristic material parameter: the zero shear viscosity ng

The zero shear viscosity 7q is the limiting value of 7'(w) at
vanishing frequencies, as defined in equation (4). By fitting the data
with the Carreau-Yasuda-equation (5) [53,54], the zero shear vis-
cosity could be determined for all samples, even those, for which
the plateau is not fully developed.

e Y _ae GY@,T)
no(T) = (yg%n (w,T)= (yg}) — (4)
q=—"0 5)

1+ am“)‘?

a, o, B are the Carreau-Yasuda parameters. For a given reference
temperature, the zero shear viscosity depends on molecular weight
and the degree of methylation. To determine the functional
dependence of the zero shear viscosity on the degree of methyl-
ation only, one has to fix the molar mass of all polymers at a certain
reference value, Mrer. We choose My, = 10 000 g/mol, and ac-
cording tony = K-Mg with a=1 for unentangled polymers we
obtain a corrected viscosity value:

M
Moy =Mo" 1 (6)

n

degree of methylation [%]

Fig. 9. Zero-shear-viscosity at 273 K in dependency of the degree of methylation. The
values were corrected according to equation (6) with M, = 10 000 g/mol.

In Fig. 9, the corrected zero-shear-viscosities of all samples
together with the data for the linear polyglycerol homopolymer
(blue data) and the methylated counterpart are shown in depen-
dence of the degree of methylation at a constant temperature of
273 K. For this comparison, we have chosen a reference tempera-
ture common to all samples (273 K) to illustrate the massive effect
of hydrogen bonds on the samples viscosity. At this reference
temperature 7, drops by over 5 decades in a non-linear manner.
The course of the zero-shear-viscosity with increasing degree of
methylation is described quantitatively on the basis of a nonlinear
quadratic mixing rule (equation (7)), which was recently applied by
Zhang et al. [43].

log(119) = x log(ng,,) +y 10g(ng,,,) +x-y log(n,,) )

In this equation x and y are the mole fractions of the hydroxyl
and methylated hydroxyl groups with their corresponding zero-
shear-viscosities 7o, and ng,,.. 1o, represents a “mixing” term,
which amounts to 7, = 1-10?Pa-s.

For high degrees of methylation (60—100%) only the course of
the zero-shear viscosity may be considered as linear. This obser-
vation is in accordance to other polymers containing different
hydrogen-bonding moieties, i.e. carboxyl functionalized poly(n-
butyl acrylate) polymers, for which the increase in viscosity was
even more pronounced [38]. This can be attributed to the stronger
interaction of the carboxyl groups in comparison to the hydroxyl
groups. Moreover, these polymers were investigated with respect
to the Cross relaxation time 74(= 2m-a'/%). For this purpose the
authors fitted their complex viscosity n* data by the empirical Cross
model [55], equation (8), which is closely related to the Carreau-
Yasuda-equation (5).

7 = "l—om (8)
1+ (%)

In Fig. 10, the dependency of the Cross relaxation time 74 on the
degree of methylation at 273 K is given. The linear trend observed is
in good qualitative agreement with the literature results for
carboxyl functionalized poly(n-butyl acrylate) polymers [38].
Again, the increase in this time with DM is much stronger for
carboxylate functionalized polymers in comparison to the series of
polyglycerols in question. Furthermore, we are able to show vis-
cosities and times in a complete range of mole fractions, going from
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Fig. 10. Cross relaxation time 7, in dependency of DM at 273 K. A dotted line is shown
in order to guide the eye.

0 to 100 mol % of H-bonding monomers, confirming their trend for
low degrees of methylation and for the fully hydroxylated homo-
polymer sample as well.

In the following we examine the zero-shear viscosity at a
reference temperature of 50 K above the glass transition to
compensate for Ty effects in the analysis of material parameters. As
can be seen from the comparison of results presented in Fig. 11, here
as a relative viscosity, with those from Fig. 9, the Tg-effect is
tremendous: In the first case the viscosity increases by more than 5
decades, while in the second case the increase is in the range of two
decades only. Moreover, the comparison at equal distance to Ty
breaks the monotonicity of the curve and leads to the appearance of
a maximum at around DM = 20-30%. This maximum can be un-
derstood, if one uses an empirical nonlinear mixing rule for the
relative viscosity:

log<M> = [ag-(l —y)+dly+a-(1 —y)-y]"
N0oue

9)

with ag = IOg(nrel,y=0)~ a = lOg(Wrel\y=l)' a = 108 (e i), and
y= %"{'j. The corresponding fit curve is presented in Fig, 11 in purple
with ag = 137 + 026, a; = 0.0 = 024, a = 5.0 + 2.3 and
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Fig. 11. Zero shear viscosity (T, - 50 K) in dependency of the degree of methylation.

B = 0.66 + 0.26. Even though the fit is satisfactory in the whole
composition range, this kind of description lacks a sound structural
basis.

For associating polymer systems, the dependency of the zero-
shear viscosity on the DM can be described with the sticky Rouse
model, at least in a certain DM-range [28]. This model considers the
dynamics of the formation and break of temporary network points
induced by stickers, in our case OH-groups. Neglecting entangle-
ment effects Chen et al.[56] derived an expression for the shear
relaxation modulus G(t) of associating chains (Equation (10)),
considering that stickers exhibit an association lifetime 75, which
causes a delay in terminal relaxation time of the polymer compared
to the non-modified polymer.

o Nq | A
Glr]SS(t) — / W(M)-%— Ze (pM()
0 p=1

S

2
N oo
+ Ze D(”) dm

N;+1

(10)

In this equation Ns = {é’} is the number of (Rouse-)strands be-
tween stickers, i.e., hydroxyl-groups of a chain having a molecular

weight M. M; = M, is the average molecular weight of a
pp(1-om

strand between hydroxyl groups, and W(M) is molecular weight
distribution. My represents the molecular weight of the elementary
Rouse segment, N = Mm and 7o is the monomer relaxation time.
According to equation (9) and simplifying the equation for mono-
disperse polymers M = Mj, the zero-shear viscosity can be written
as:

® M My

- - pRT | & M, 2 o M, \2
Ny = / Gr¥(t)dt = My ZTs oM + - 70\ Mg
0 p p:MVI]

(11)

We consider only the leading terms to the sums to obtain the
simplest expression for the zero-shear-viscosity

2
2
ﬂo*ﬁl Ts(%) +7o - T
" N (MM—:+1>M0

For non-associating polymers (75 =0and Ms — o) the first
term becomes zero and we obtain:

PRT _ /Mp\?
Noome = W'TO WO

and for associating polymers

2
)
0o = 1" | TS\ s o\>7—— N #

Mp Mg (%‘:+1>-M0

Correlating both equation (13) by dividing 7o, through ng,,,
and expressing Ms by the degree of methylation DM (mole fraction
of methyl groups), we obtain:

(12)

(13)
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ABSTRACT

A highly efficient stoichiometric coupling of sterically hindered polystyryllithium (PS-Li)
chain ends was achieved using tetra[3-(chloro-dimethylsilyl)propyl]silane (TCDMSPS) as the
linking agent. Based on the disparate reactivities of isoprene (I, ri=11.0) and styrene (S,
rs = 0.049) in the anionic copolymerization in nonpolar media, poly(isopreneos-grad-styreneos)
(P(los-grad-Sos)) tapered 4-arm star copolymers were synthesized in only two steps. The
tapered 4-arm star copolymers (M2 = 40 to 160 kg mol™) were synthesized with high star
functionalities f (Mw,star/Mw,arm = 3.68 — 3.98), low dispersities (b = 1.08 —1.15) and minimal
residual precursor content (2-8 wt%) without fractionation or other purification methods.
Coupling kinetics measurements revealed that for the synthesis of poly(styrene) (PS) 4-arm
stars (12 kg mol™?) a coupling efficiency of 98% was already achieved within just 2 minutes.
Nanofibers were processed via electrospinning. All star polymers were analyzed by size
exclusion chromatography (SEC) viscometry with universal calibration (UC) as well as NMR

spectroscopy.
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INTRODUCTION

Star-shaped polymers represent an outstanding class of materials as they intrinsically exhibit an
extraordinary set of properties (e.g.: low viscosity in melt and solution, lower melting
temperatures) compared to their linear analogs® rendering them suitable for many commercial
applications. In the field of thermoplastic elastomers, star-shaped polymers are highly
established for commercial products such as Solprene® (Phillips)? and Styrolux® (BASF).2 Both
materials are based on specially designed polymer architectures, combining properties like high

stiffness, sufficient toughness and transparency.

Relying on anionic living polymerization, the so-called “arm-first” method is a versatile and
well-established synthetic route towards complex star polymer architectures. The alternative
“core-first” method requires multifunctional anionic initiators, which to date do not meet the
strict requirements for the synthesis of well-defined star polymers.* Therefore, established
procedures oftentimes rely on multifunctional di- or tri-chlorosilane moieties (with a number
of x functional groups) as an electrophilic linking agent for the coupling reaction of living
polymer chains.® In 1962 Morton and coworkers were the first to demonstrate the feasibility of
this concept.® Whereas the coupling with chlorosilanes is known to proceed with almost no side
reactions benzyl bromide or chloride linking agents suffer from problems like metal-halogen
exchange, benzyl proton abstraction and single electron transfer reactions.” Anyhow the
coupling step is generally very slow and prone to impurities.>® In order to obtain star polymers
with high functionality (f = x) usually a large excess (typically 100%) of the living polymer
chains and a very low concentration of the coupling agent solution is needed. Due to these major
drawbacks these coupling reactions always yield a mixture of products with different numbers
of arms (x > f > 1). Consequently, the resulting star polymers have to be subjected to repeated
fractionation in order to isolate the desired star-shaped polymer.® By means of this established
procedure star polymers with a variety of different architectures have been synthesized.*® For
many star polymer syntheses, polyisoprenyllithium (PI-Li)!! or polybutadienyllithium (PB-
Li)*>*2 was utilized to increase the coupling efficiency based on the reduced steric hindrance of
the polymer chain ends. Therefore, a typical synthesis strategy involves the end capping of the
living polymer chains with a few units of butadiene* right before the coupling step in order to
increase the coupling efficiency. Via this approach Fetters, Roovers, Hadjichristidis and others
prepared star-branched polymers with arm numbers ranging from 4 to 128 via coupling with
multifunctional chlorosilanes.?'2'®> Anyhow, so far very long reaction times (up to 8 weeks)*?

were always necessary for a quantitative coupling in such complex syntheses. Register and
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coworkers recently reported that the coupling of PI-Li with 2,2,4,4,6,6-hexachloro-2,4,6-
trisilaheptane can be dramatically accelerated by the addition of small amounts of
tetrahydrofuran (THF).1®

In contrast, quantitative coupling of PS-Li'"!8 still presents a considerable challenge due to the
steric demand and the more pronounced charge delocalization at the polymer chain end
compared to PI-Li originating from the phenyl ring. Hence, long reaction times (more than 2
weeks) have been reported for the coupling of PS-Li with 1,2-bis(methyldichlorosilyl)ethane
and higher reaction temperatures (48 °C) combined with demanding glass blowing techniques
(break seal) were so far indispensable.® Therefore, a synthetic strategy for the rapid and direct
coupling of PS-Li is very desirable as this would result in three major accomplishments: (i)
avoiding an additional step of introducing butadiene prior to coupling, (ii) visual color tracking
of the proceeding coupling reaction due to the orange colored PS-Li chain ends and (iii) the
rapid synthesis of block like tapered star copolymers as a one-pot reaction in only two steps

(initiation of the comonomer mixture and stoichiometric coupling).

As this approach allowed to circumvent exceedingly long coupling times high vacuum
procedures, break seal and fragile glasbulb techniques would no longer be the only method to
access complex model star polymers.
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EXPERIMENTAL PART
Reagents

Chemicals and solvents were purchased from commercial suppliers (Acros, Sigma-Aldrich,
Fisher Scientific, Alfa Aesar). Deuterated solvents were obtained from Deutero GmbH.
Isopropyl alcohol and methanol were used as received without further purification.

Instrumentation

'H NMR spectra (400 MHz) were recorded on a Bruker Avance 11 400 spectrometer equipped
with a 5 mm BBFO-SmartProbe with z gradient and ATM, as well as a SampleXPress 60
sample changer. All spectra are referenced internally to residual proton signals of the deuterated
solvent. For in situ *H NMR Kkinetics measurements a Bruker Avance 111 HD 400 spectrometer
equipped with a 5 mm BBFO SmartProbe (Z-gradient probe) and an ATM as well as a
SampleXPress 60 auto sampler was used.

Size exclusion chromatography (SEC) measurements were performed using a SECurity 1260
Series, equipped with a SDV column set from PSS (PSS SDV 5um ID 8.0 mm x 50 mm, PSS
SDV 5um (1 000A, ID 8.0 mm x 300 mm), PSS SDV 5um (100 000A, 1D 8.0 mm x 300 mm),
PSS SDV 5Sum (1 000 000A, ID 8.0 mm x 300 mm). A SECurity 1260 isocratic pump and a
SECurtiy GPC 1260 standard autosampler was used. Tetrahydrofuran (THF) was used as the
mobile phase (flow rate: 1 mL min™) and as the solvent. The measurements were carried out at
23 °C with a SECurity GPC 1260 UV-VIS detector (275 nm) and a SECurity on-line viscometer
DVD 1260 detector. Poly(styrene) standards PSS-psskitd-06) were provided by PSS for
calibration. The reported molecular weights and molecular weight distributions were calculated
by universal calibration (UC). All samples were allowed to dissolve for 8 hours at 23 °C prior
to the injection of 100 pl. Every sample was injected thrice. The results were evaluated without
any correction for instrumental spreading. The software PSS WinGPC UniChrom 8.3 was used
for the data analysis.

For the sample preparation for scanning electron microscopy (SEM) analysis, a SEM specimen
stub was covered with adhesive carbon tape (NEM Tape, Nisshin EM. Co. Ltd.). A small piece
of the 4-arm star copolymer nonwovens were glued onto the tape and coated twice for 2 minutes
each with a thin layer of gold using a sputter coater (D11-29030SCTR Smart Coater, JEOL).
The microscopic examinations of the fiber morphologies were conducted on a JEOL JSM-
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6010PLUS/LV scanning electron microscope with an acceleration voltage of 7 kV (secondary
electron imaging mode, working distance: 10 mm, spot size: 50). To calculate the fiber diameter
distribution, diameters of 100 fibers were determined using the software ImageJ and evaluated

with OriginPro 9.0 (OriginLab Corporation).

Linking agent synthesis: Tetra[3-(chloro-dimethylsilyl)propyl]-silane

The linking agent tetra[3-(chloro-dimethylsilyl)propyl]silane (TCDMSPS) as synthesized

according to a literature procedure from Muzafarov and coworkers.*®

To the stirred solution of dimethylchlorosilane (41.10 g, 473 mmol) and 0.1 mL Karstedt’s
catalyst (2% in xylene) in anhydrous n-hexane (75 mL) was added dropwise a solution of
tetraallyl silane (7.0 g, 36.4 mmol) in anhydrous n-hexane (15 mL). The conversion of the
reaction was monitored by 1H NMR spectroscopy by the disappearance of the signals of the
allyl protons (& (ppm) = 4.841 (t, 2H) and 5.741 (m, 1H)). When the conversion reached 100%
the reaction mixture was concentrated under reduced pressure and the residue was fractionated
under vacuum to yield tetra[3-(dimethyl-chlorosilyl)propyl]silane as a colorless oil.
Yield: 16.55 g, (80%).

IHNMR (400 MHz, CDCI3) & (ppm)=1.54—1.38 (m,8H,Hc), 0.92 (t, 8H, Hb),
0.69 - 0.59 (m, 8H, Hd), 0.43 (s, 24H,Ha). 13CNMR (100 MHz, CDCI3) 3
(ppm) = 23.75 (Cb), 17.93 (Cc), 16.76 (Cd), 1.99 (Ca).

Synthesis of poly-(styrene) and poly(isoprene-grad-styrene) 4-arm star polymers

All polymerizations were carried out in 100 mL Schlenk flasks sealed with a teflon stopper in
dry cyclohexane at room temperature in an argon-filled glovebox (MBraun UNILAB, <0.1 ppm
of Oz and <0.1 ppm of H20). Cyclohexane was purified by stirring over diphenylhexyllithium
(adduct of sec-butyllithium and 1,1-diphenylethylene) and vacuum transferred into the
polymerization reactor. Styrene (or styrene together with isoprene, 50:50 molar ratio) was dried
by stirring over CaH; for 24 h followed by distillation into the polymerization flask. The flask
was transferred into a glovebox and the monomer/solvent (20 wt%) mixture was initiated by
sec-butyllithium (1.3 M in cyclohexane/hexane 92/8) via 1 mL syringe. The solution was stirred

overnight to ensure full monomer conversion. The next day a small amount of the linear
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polymer precursor was sampled out via glass pipette and terminated with methanol (degassed
with argon for 1 h prior to use). According to the removed amount, the linking agent was
weighted out carefully (0.25 eq. based on the amount of initiator used) and was added dropwise
as a stock solution in THF (dried over sodium benzophenone ketyl and vacuum transferred)
(100 eq. / eq. (L)) to the living polymer. The coupling reaction was let run until decolorization
occurred and then terminated by adding 1 mL of degassed methanol by a syringe. To precipitate
the polymer the mixture was added dropwise into a 10-fold excess of isopropyl alcohol with a
small amount of BHT for stabilization. The precipitate was separated by filtration and dried

under reduced pressure.

(a) tapered copolymer synthesis

\
s-BulLi, cyclohexane, r.t,
L
® ®

Fsoprene = 11.0 Tstyrene = 0.049

(b) coupling reaction

e TCDMSPS
1
\
~si 5{-(:|
N
8.
100 eq. THF * J/‘\j
e Si
s -
oy s

3! tapered 4-arm star copolymer
Scheme 1 (a) One-pot synthesis of tapered copolymers from isoprene/styrene and resulting
microstructure; (b) coupling reaction with TCDMSPS towards tapered 4-arm star tapered

copolymers.

Preparation of 4-arm star copolymer nanofibers

The P(lo.s-grad-Sos) 4-arm star copolymer (118.8 + 2.0 kg mol™) was dissolved in a mixture of
THF and DMF (80:20, v/v) with a concentration of 30% w/w at room temperature. A rotating
drum was used as collector (diameter: 2 cm, length: 13 cm), which was attached with an
aluminium foil. The distance between needle tip (type 23G) and collector was 10 cm.
Electrospinning was performed horizontally at a voltage of 17 kV, a flow rate of 1.75 mL h**
and a collector rotation speed of 292 rpm. The low rotation speed did not result in alignment of

the fibers. During the process the temperature was 22.9 °C and the humidity 36 £ 5%.
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RESULTS AND DISCUSSION

In this work we report the use of novel tetra-functional, mono-chlorosilyl-based coupling agents
for the ultra-fast linking of living carbanionic polymer chains. To the best of our knowledge to
date the use of multifunctional mono-chlorosilanes have not been reported for the synthesis of
star-branched polymers (except carbosilane dendrimers'®) via the “arm-first” approach
although coupling of living polymer chains with many different multifunctional di- or tri-
chlorosilanes has been exploited intensively over the past decades. We demonstrate the one-pot
synthesis of PS and P(los-grad-Sos) 4-arm star tapered copolymers (Scheme 1) based on near
quantitative, stoichiometric coupling of living PS-Li chain ends with TCDMSPS as a linking
agent. The extraordinary high coupling speed and efficiency is governed by three parameters:
(i) the maximized reactivity of the chlorosilane compound by using mono-chloro-dimethyl
functional groups, (ii) the separation of the reactive chlorosilyl moieties by alkyl spacers and
(iii) addition of the linking agent as a stock solution in THF to facilitate the dissociation of the
PS-Li dimer complexes formed in nonpolar media.?° Capitalizing on these principles, defined
star polymers with high functionality (f =3.68 + 0.1 to 3.98 + 0.1) were synthesized in high
yields (> 90%), avoiding demanding purification, with a low amount of residual precursor
(2-8 Wt%).

The statistical copolymerization and coupling reaction were carried out in all-glass reactors
with teflon stopcocks at 23 °C in cyclohexane in a glove box. To prepare PS 4-arm star
polymers or P(los-grad-Sos) 4-arm star tapered copolymers, styrene or a I/S mixture of the
desired monomer ratio was initiated by sec-butyllithium. In case of the tapered copolymer
synthesis, the characteristic color change of colorless PI-Li to the orange PS-Li marks the
successful crossover from one living chain end to another. Once full monomer conversion was
attained, the precursor was sampled out (see experimental part for details) and the successive
coupling reaction was performed by adding TCDMSPS as the linking agent dropwise via
syringe, dissolved in 100 eq. of THF (calculated with regard to the amount of used s-BuL.i). It
is important to note, that the dropwise addition yielded more defined star polymers than the
simple batch addition. The titration method for polyisoprenyllithium introduced by Register
and coworkers'® was also examined for the coupling of polystyryllithium. In this case a lower
coupling efficiency and star functionality was attained even when adding the coupling agent
over a very long period (5 hours) via a syringe pump. When the orange color of the PS-L.i chains
had disappeared the reaction mixture was terminated with degassed methanol to ensure

quenching of residual chlorosilane moieties. The addition of methanol is essential to react
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potential leftover Si-Cl groups to Si-O-Me, to prevent coupling into Si-O-Si bonds after
hydrolysis with H>O to Si-OH in the precipitation step. After precipitation of the star polymer
in isopropanol no further fractionation or purification was applied. All stars and linear polymers
were characterized by SEC-viscometry with UC in THF with each sample being injected thrice
and the obtained molecular weights (Mw) averaged. The results indicate that all star polymers
within error range exhibit a high star functionality f immediately after the coupling reaction,
which for many applications renders further purification redundant. For the PS linear precursor
(Table 1, sample 1) and the PS 4-arm star (Table 1, sample 2) the measured molecular weights
(Mw) were found to be close to those targeted. A star functionality of 3.98 + 0.1 was achieved

directly after the coupling reaction without further fractionation, subsequent to polymer

precipitation.

Table 1 Synthesis results of PS linear and 4-arm star polymers coupled with TCDMSPS

Sample M 2rgeted Mw? f? b
/kgmol?t  /kg mol?
1 3 41+01 - 1.03
2 12 16.3+0.1 3.98+0.1 1.08

3 Determined by SEC (averaged triple inject) viscometry in THF (UV signal) and UC, °star
functionality calculated by f = Mwstar / Mw,arm, © determined by SEC in THF (UV signal).

The SEC traces (Fig. 1) reveal that based on the very high coupling efficiency virtually no
intermediate materal is formed. Low dispersities (P =1.03 —1.08) for the linear polymer
precursor as well as for the resulting star polymer were obtained. Here, a small increase in
dispersity can be observed, which is attributed to a low (< 2 wt% by numerical integration)

amount of uncoupled linear precursor polymer.

PS targeted 3 kg mol™
= = —PS 4-arm star targeted 12 kg mol™

— e — = A

26 27 28 29 30 31 32 33 34 35
elution volume [mL]

Fig. 1 SEC traces (THF, UV signal); dashed line PS 4-arm star targeted 12 kg mol, solid line

PS precursor, targeted 3 kg mol™.
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According to the measured amount of residual precursor based on numerical integration by
GPC, the H NMR characterization (Figure S7) is in good agreement with the coupling
efficiency. Based on the integral of the methyl protons (0 =-0.14to - 0.47 ppm) from
TCDMSPS the efficiency was calculated to be 98% for the coupling reaction.

The coupling kinetics was investigated in a detailed manner by sampling out aliquots from the
proceeding coupling reaction with glass pipettes and successive termination of the living
polymers with degassed methanol in a glove-box. The samples were analyzed via SEC-
viscometry and UC in THF and the star functionality (f = Mwsta/Mw.am) Was plotted as a
function of coupling time (Fig. 2).
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Fig. 2 Coupling kinetics for the synthesis of PS 4-arm star polymer (targeted 12 kg mol™?) using
TCDMSPS and MDCSB as the linking agent

To our surprise, this kinetics analysis revealed that already after 2 minutes a remarkably high
coupling efficiency (98%) was reached and even after long reaction times (20 h) no further
increase was observed. Small variations of the star functionality are attributed to the signal to
noise ratio of the viscometer signal. It is interesting to note that after 2 minutes coupling time
the solution remained slightly colored (light yellow), however strong turbidity from precipitated
LiCl indicated the coupling reaction. The faint color vanished only after several days, indicating
that the very few leftover living polymer chains were still active before being terminated. We
propose that a very small amount of residual chlorosilyl moieties at the centre of the star
polymers is highly sterically shielded after coupling of the living polymer chains to the core. In
comparison, the coupling reaction of polystyryllithium (same molecular weight) with 1,4-
Bis(methyldichlorosilyl)butane (MDCSB) as a commercially available di-chlorosilane linking
agent resulted in a decrease in star functionality of 17% (Fig. 2) although all coupling conditions
were kept the same as for the coupling with TCDMSPS. Although the coupling kinetics were
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found to be equally fast to TCDMSPS the SEC analysis (Figure S9) revealed a significant low
molecular weight shoulder doubtlessly resulting from star polymer side products with
intermediate functionality (4 >f>1). The molecular weight dispersity of the resulting star

polymer increased to 1.15 and an averaged star functionality of 3.30 £ 0.1 was only achieved.

From these results we conclude that TCDMSPS is a highly reactive linking agent, permitting
ultra-fast coupling of sterically demanding, living PS-Li chain ends when added as a stock
solution in THF. This fact can be explained by the high reactivity of the mono-chloro dimethyl
silane groups that are separated from each other by alkyl spacers and thereby are more reactive
for the subsequent linking of living carbanionic polymer chains. Based on these findings, P(lo.s-
grad-Sos) 4-arm star tapered copolymers with molecular weights ranging from 50.0 £ 1.1 to
118.8 +2.0 kgmol? and low dispersities (P =1.06—1.15) (Table 2, sample 1-6) were
synthesized to confirm applicability of the concept for the synthesis of more complex polymer
architectures with higher molecular weights. The linear gradient copolymer precursors were
synthesized based on the disparate reactivity ratios of isoprene (I, r =11.0) and styrene (S,
rs=0.049) in apolar media, which we recently investigated in detail.?! Similar to the
synthesized PS 4-arm star, it was found that the measured molecular weights (Mw) were close
to those targeted and high star functionalities (f = 3.68 £ 0.1 to 3.98 + 0.1, Table 2, samples 2,

4, 6) were rapidly achieved.

The SEC traces of the P(los-grad-Sos) 4-arm star tapered copolymers (Fig. 3) showed only a
very low amount of residual precursor after the finished coupling reaction.

Table 2, entry no. 1
= = —Table 2, entry no. 3
————— Table 2, entry no. 5
.......... Table 2, entry no. 2
Table 2, entry no. 4
— — —Table 2, entry no. 6

22 24 26 28 30 32 34 36
elution volume [mL]

Fig. 3. Elution traces from SEC viscometry with universal calibration (UC) (THF, UV signal)
of P(los-grad-Sos) 4 arm star tapered copolymers targeted 40 - 120 kg mol™ (left) and P(lo.s-
grad-Sos) linear precursors targeted 10 - 30 kg mol™ (right).
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The star polymer with 118.8 + 2.0 kg mol-1 (Table 2, sample 6) is the only sample for which a

small low molecular weight shoulder was observed in the SEC trace (Fig. 3).

Table 2 Synthesis results of P(los-grad-Sos) 4-arm star tapered copolymers (50/50 molar ratio).

Sample MWtargeted M2 fb pe
/ kg mol? / kg mol?

1 10 122 +0.1 - 1.09
2 40 500+1.1 398+0.1 1.15
3 15 203+0.1 - 1.08
4 60 747+1.2 3.68+0.1 1.06
5 30 31.6 +0.3 - 1.11
6 120 118.8+2.0 392+01 1.08

2 Determined by SEC (averaged triple inject) viscometry in THF (UV signal) with UC, ®star
functionality calculated by f = Mwstar / Mw,arm, © determined by SEC in THF (UV signal).

Further, the star polymers (Table 2, sample 2, 4, 6) showed a small feature at low SEC elution
time when the viscosity detector was utilized. This effect was neither observed for the tapered
precursors (Table 2, sample 1, 3, 5), nor for pure PS or pure Pl star polymers, thus hinting at a
particular effect originating from the tapered copolymer microstructure. Furthermore, this

effect was not present when only standard SEC detectors (UV, RI) were used (Figure S12).

Based on the introduced 4-arm star tapered copolymers many more complex macromolecular
architectures are thinkable. Expanding this synthetic approach to thermoplastic elastomers
(TPEs) in the end also requires an applicable processing method for this special type of
polymers. Typical thermal processing procedures represent a convenient method once
polydienes have been hydrogenated. Whereas the hydrogenation step is well established for
many kinds of linear macromolecules it represents a considerable challenge for star polymers.
Postpolymerization modification protocols such as catalytic hydrogenation are known to
degrade the star architecture at the core (Si-C bond scission).?? Thus, a processing procedure
which excludes this additional and problematic step is very desirable. Therefore, the
synthesized gradient star copolymers were subjected to electrospinning as an alternative
processing method.?® In contrast to thermal processing, electrospinning represents a gentle
method for preventing thermo-oxidative degradation of polydienes as it can be operated at room

temperature. Defined fibers with an averaged diameter of 0.99 um were obtained from a

444



Appendix

30 wt% THF/DMF (80:20, v/v)?* solution (Fig. 4) when the P(los-grad-Sos) 4 arm star tapered
copolymer (Table 2, sample 6, My = 118.8 + 2.0 kg mol™) was used.

Number of fibers

Fig. 4 SEM image of electrospun P(los-grad-Sos) 4 arm star tapered copolymer nanofibers
(Table 2, sample 6, My = 118.8 + 2.0 kg mol™), zoom (top left corner) and distribution of the

fiber diameters (dmean = 0.99 pm, ostd.nev. = 0.88 pm) (top right corner).
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CONCLUSIONS

In conclusion, we report a scalable one-pot synthesis of defined PS and P(10.5-grad-S0.5) 4-
arm star tapered copolymers without the need for glass blowing techniques (break seal) or
demanding purification, relying on the ultra-fast coupling of PS-Li chain ends with the tetra-
functional TCDMSPS as a highly reactive linking agent. In principle, only two reaction steps
(initiation of the comonomer mixture and stoichiometric coupling) are required, rendering the
established additional introduction of a few units of butadiene or isoprene redundant. Since the
conversion of this coupling reaction can be visually tracked by the decrease of the orange color
of the PS-Li chain ends, this synthetic approach holds great promise. Not only for the coupling
of many other living polymers but also for a variety of industrial applications as the typically
reported long reaction times for the coupling of PS-Li can be drastically reduced from weeks
to minutes. Extending this general principle for the successful coupling of multiblock
copolymers?® to multiblock stars is a topic of ongoing research in our group. As these materials
exhibit excellent material properties, originating from a high bridging fraction (v») of chains
that link together the microdomains, they become suitable for many applications in the field of

thermoplastic elastomers (TPEs).2¢
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