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Motivation and Objective

Poly(ethylene glycol) (PEG), also known as poly(ethylene oxide) (PEO) in case of higher
molecular weights, belongs to a group of aliphatic polyethers and consists of ethylene
glycol repeat units with a hydroxyl group at both termini. In contrast to polyoxymethylene
(POM) or polytetrahydrofuran (PTHF), PEG possesses excellent solubility not only in
organic solvents but also in water. Moreover, PEG’s high chain-flexibility, chemical
inertness together with its biocompatibility render it valuable for a range of applications.*
In everyday products, PEG and its derivatives are used as soft components in polyurethane
foams, e.g. mattresses or car seats, as stabilizers/surfactants in edibles, e.g. ice cream and
as solvents/surfactants in a variety of body care products, e.g. shampoos or body lotion.? A
more sophisticated application is the covalent attachment of PEG chains to proteins and
peptides to increase blood circulation, which is known as PEGylation and has become a

multi-billion-dollar market.?

However, the inherently low backbone functionality of PEG is the limiting factor for certain
applications and many researchers are seeking strategies for improvement.* °> As an
illustrative example, consider the possibility of attaching several active molecules to one
PEG chain; this dramatically increase its loading capacity while maintaining its water-
solubility. Consequently, these multifunctional PEGs might serve as scaffolds for polymer-
supported catalysis, but are also promising candidates for biomedical applications. In
particular, an active drug, a target moiety and a label might be tethered to one single PEG

chain.

Not only is the introduction of “active” functional groups of high interest, distributing
multiple pendent groups along the polyether backbone is important for tailoring physical

and chemical properties. For example, PEG’s water solubility and crystallinity can be tuned



by incorporating several methyl groups into the polymer backbone by copolymerization of
ethylene oxide (EO) with propylene oxide (PO).® Such modified PEGs exhibit a
thermoresponsive character, meaning that at a specific temperature (<100 °C), a reversible
coil-to-globule transition occurs and PEG precipitates.” Thermoresponsive materials are of
interest for surface functionalization e.g. cell sheet engineering.® Additionally, PEG-b-PPO
block copolymers consisting of a hydrophilic PEG block and a rather hydrophobic PPO

block represent nonionic surfactants.

Besides simple methyl groups, many other interesting moieties are imaginable to be
incorporate into PEG. In particular, by careful choice of functionality, smart, multi-stimuli

responsive PEGs can be prepared.

To address the need of increasing the functionality of PEG and to tailor its properties, this
thesis describes the synthesis of novel epoxide monomers and their utility in preparing
multifunctional PEGs (mf-PEGS). Substituted epoxides are (i) copolymerized with EO to
yield statistical copolymers or (ii) polymerized with methoxyPEG (mPEG) as a

macroinitiator to obtain block copolymers (Scheme 1).

Multifunctional PEG

0 . o]
(if) methoxyPEG (AN
PR L) Al L S
block statistical
copolymer synthesis copolymerization

block copolymer statistical copolymer
substituted epoxide

» addressable via stimulus
» covalent attachment of active molecules

Scheme 1. Strategy to prepare multifunctional PEG by (co)polymerization of substituted
epoxides.



Specifically, this thesis addresses the following questions:

1) Can we prepare stimuli-responsive PEGs with tailored epoxide monomers via anionic

ring opening polymerization (AROP)?

Monomers based on glycidyl amine and glycidyl ether derivatives are explored for their
use in anionic ring opening (co)polymerization (AROP) with ethylene oxide (EO). The
main focus is the design of epoxide building blocks bearing pendent groups which i) do not
interfere with the polymerization reaction and ii) offer PEG responsivity (to pH,
temperature or oxidation agent) or possible post-polymerization modification. With the aim
of achieving “smart” PEGs, first a thioether-functional epoxide is designed to realize
oxidation-sensitive PEG. Intriguingly, thioether-functional PEG block copolymers form
micelles in water, which then transform into unimers induced by an oxidation agent. These
structures are promising candidates as nanocarriers for anti-inflammatory treatment
(Chapter 2). Additionally, pH- and thermo-responsive PEGs are prepared by incorporation
of tertiary amino-groups. The influence of glycidyl amine derivatives bearing hydrophobic
alkyl chains on PEG’s water-solubility are investigated on the nano- and macroscale with

regard to temperature and pH changes (Chapter 3.2).

2) Can we expand the limited range of functional epoxide monomers by utilizing monomer-

activated AROP?

Monomer-activated AROP has been studied as a mild polymerization alternative for
sensitive epoxides in this thesis. It is utilized to generate nitrile- and alkyne functional PEGs
from (co)polymerization of epicyanohydrin (EPICH) (Chapter 3.4) or glycidyl propargyl
ether (GPgE) (Chapter 4) with EO, respectively. Both monomers are not polymerizable by
conventional oxyanionic ROP because of the harsh reaction conditions. Nitrile-functional

PEG gives access to amino, amide and carboxyl-functional PEG via facile post-



polymerization modification and alkyne-functional PEG represents a versatile scaffold to

decorate PEG via quantitative click reaction.

3) What kind of polymer structure is obtained by statistical copolymerization of ethylene

oxide with such functional epoxides?

New insights regarding the copolymer (micro)structure explains bulk thermal properties
and behavior in aqueous solution. First, **C triad analysis is conducted to gain information
about the comonomer distribution of all synthesized mf-PEGs. For a better understanding,
the copolymerization of ethylene oxide and (i) glycidyl amines (Chapter 3.2) or (ii) glycidyl
ethers (Chapters 2 and 4) is monitored in-situ by *H NMR spectroscopy to quantify
reactivity ratios of the comonomers. This technique is further utilized to investigate
differences in the reactivity behavior of EO and glycidyl ethers under conventional

oxyanionic ROP and monomer-activated AROP conditions (Chapter 5).
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Zusammenfassung

Im Rahmen dieser Arbeit wurden neuartige multifunktionelle Poly(ethylenglykol)e (mf-
PEG) durch die Copolymerisation von Ethylenoxid mit unterschiedlichen, funktionellen
Epoxidmonomere hergestellt. Mit dem gezielten Einbau eines geringen Anteils an
Epoxidbausteinen kénnen die Eigenschaften von PEG maligeschneidert werden. Mittels
tertidarer amino- oder thioetherfunktioneller Epoxide wurde mf-PEG erhalten, welches auf
Oxidationsreagenzien, Temperatur- oder pH-Wert-Anderungen mit einer definierten
Eigenschaftsanderung reagiert, also responsive Charakteristika besitzt. Weiterhin konnte
mit dem Einbau eines nitrilhaltigen Epoxids PEG mit mehreren primédren Amin-, Carboxyl-
oder Amidgruppen durch polymeranaloge Modifikation hergestellt werden. Durch die
Copolymerisation eines alkinhaltiges Epoxids mit Ethylenoxid wurde multifunktionelles
PEG erhalten, welches durch Click-Chemie mit verschiedenen Bausteinen versehen
werden kann. Abbildung 1 zeigt die verwendeten zentralen Epoxidmonomere im
Uberblick, zusammen mit moglichen Anwendungsbeispielen bzw. deren besonderen

Eigenschaften.



Epoxide zur Herstellung (/\0}(*\[0)

multifunktioneller PEGs

v’ Steuerbar mittels
Temperatur und pH-Wert

(0]
AN P
~ S - Einstellbare Wasserldslichkeit

v" Adressierbar mit

Oxidationsreagenzien O B
- Gezielter Wirkstofftransport R/N
/ .. R
v Click-Chemie Quaternisierung
- Zugang zu geladenen = Zugang zu geladenen
Sulfoniumstrukturen Ammoniumstrukturen
o

0 N

%o \/ ﬁ:u
¥' Funktionalisierung nach der N
Polymerisation

¥ Kupferkatalysierte ;
Azid-Alkin-Cycloaddition = Zugang zu amino-, carboxyl-
und amidfunktionellem PEG
—>Funktionalisierung mittels

Click-Chemie

Abbildung 1. Ubersicht der verwendeten Epoxidmonomere zur Darstellung
multifunktioneller PEGs.

Im einflhrenden Kapitel 1 werden die besonderen Eigenschaften von PEG naher
beleuchtet. Weiterhin beschreibt dieses Kapitel die im Rahmen dieser Arbeit verwendeten
Syntheserouten. Hierbei werden die klassische oxyanionische ring6ffnende Polymerisation
(AROP) und eine Alternativmethode, die monomeraktivierte AROP erldutert. Das Kapitel
schlieRt mit einer Ubersicht von multifunktionellen PEGs und deren Eigenschaften. In
diesem Zusammenhang wird auf das Reaktionsverhalten substituierter Epoxide bei der

statistischen Copolymerisation mit Ethylenoxid (EO) eingegangen.

Kapitel 2 beschreibt die Synthese von thioetherfunktionellen PEGs ausgehend von einem
neuen Epoxidmonomer, 2-(Mehtlythio)ethylglycidylether (MTEGE). Das Besondere

dieser  Strukturen ist ihre  Adressierbarkeit mittels  Oxidationsreagenzien:



Thioetherfunktionelle Blockcopolymere bilden in wéssriger Losung definierte Mizellen.
Bei Zugabe eines Oxidationsmittels wird das hydrophobe Thioethersegment zu einem
hydrophilen Sulfoxid oxidiert. Durch diesen Prozess werden hydrophile, vollstandig
wasserlosliche Polymere erhalten, und die Mizellen I6sen sich auf. Dieses Verhalten wurde
mittels NMR Spektroskopie, Lichtstreuung, Tribungsmessungen und
Fluoreszenzspektroskopie im Detail untersucht. Zelltests zeigen eine hohe Vertréglichkeit
der Thioether-PEGs und deren oxidierten Spezies. Die gezielte Adressierbarkeit und
Auflosung von Mizellstrukturen durch Oxidation ist fur die Behandlung von
Entziindungsherden im Korper von Interesse. Hierbei kann ein Wirkstoff in der
Polymermizelle eingeschlossen werden. Im Idealfall wird dieser zum Entziindungsherd
transportiert und dort durch Oxidation mit korpereigenen Oxidationsreagenzien gezielt
freigesetzt. AbschlieRend wurden positiv geladene Sulfoniumstrukturen ausgehend von

thioetherfunktionellen PEGs in einer click-artigen Reaktion hergestellt.

Kapitel 3 behandelt aminofunktionelle Polyether. Zun&chst wird eine kurze Einleitung zu
deren Synthese gegeben. Hierbei werden Strategien zur Darstellung primarer, sekundarer
und tertidarer Amine beleuchtet. Dieser Abschnitt (3.1) ist aus einem verdffentlichten,
umfassenden Ubersichtsartikel entnommen und wurde von der Autorin dieser Dissertation
geschrieben (Herzberger, J.; Niederer, K.; Pohlit, H.; Seiwert, J.; Worm, M.; Wurm, F. R,;
Frey, H. Chemical Reviews, 2016, 116, 21702243 “Polymerization of Ethylene Oxide,
Propylene Oxide, and Other Alkylene Oxides: Synthesis, Novel Polymer Architectures,

and Bioconjugation”).

Im Unterkapitel 3.2 wird die Synthese von tertidren aminofunktionellen PEGs ausgehend
von  Glycidylaminen  beschrieben.  Hierfir wurden drei aminofunktionelle
Epoxidmonomere synthetisiert: N,N-Di(n-butyl)glycidylether (DButGA), N,N-Di(n-

hexyl)glycidylether (DHexGA) und N,N-Di(n-octyl)glycidylether (DOCctGA). Diese



wurden mit Ethylenoxid copolymerisiert um statistische Copolymere zu erhalten und
ausgehend von mMPEG wurden Blockcopolymere hergestellt. Mittels 'H NMR
Kinetikstudien konnte gezeigt werden, dass die statistische Copolymerisation zu
gradientenartigen Strukturen fuhrt, wobei EO bevorzugt eingebaut wird. Ferner wurde das
Verhalten der hergestellten aminofunktionellen PEGs in wéssriger Losung untersucht und
der Einfluss von Temperatur- und pH-Wert im Detail betrachtet. Hierbei gaben
Tribungsmessungen Aufschluss uber das Verhalten dieser Strukturen auf makroskopischer
Ebene, wobei Elektronenspinresonanz (EPR) Spektroskopie eingesetzt wurde, um eine
Aussage zu den Phasentbergangen auf der Nanometerskala zu erhalten. Zuséatzlich wurde
mittels Lichtstreuung die Grofle der gebildeten Aggregate bestimmt. Tribungspunkte
konnten mit einem Gehalt von weniger als 15 mol% Glycidylamin zwischen 21 °C und

93 °C prézise eingestellt werden und mittels pH-Wert manipuliert werden.

Im Unterkapitel 3.3 wurden aminofunktionelle Polyetherstrukturen (PEG-co-PDBUtGA)
quaternisiert und somit positiv geladen. Die Quaternisierung erfolgte mittels Benzylbromid
oder Methyliodid, wodurch die resultierenden Polyelektrolyte eine extrem hohe
Glasubergangstemperatur (Tg) aufwiesen (zwischen 6 °C und 83 °C). Durch einen
Anionenaustausch mit einem ,,weichen Anion, Bis(trifluoromethylsulfonyl)imide (TFSI),
wurden polyionische Flussigkeiten erhalten. Im Gegensatz zu den Polyelektrolyten mit
Halogenid-Gegenion, sind diese nun wasserunldslich, gut 16slich in THF und zeigen
niedrigere Tqs im Bereich von -33 °C bis 18 °C. Dieses Kapitel ist in Zusammenarbeit mit
Prof. Daniel Taton, Laboratoire de Chimie des Polyméres Organiques, Université de
Bordeaux, IPB-ENSCBP, Pessac Cedex, Frankreich, im Rahmen eines

Forschungsaufenthaltes entstanden.

Im Unterkapitel 3.4 wird Epicyanohydrin (EPICH) als Epoxidmonomer vorgestellt.

Dieses erscheint auf den ersten Blick eher auRergewohnlich, da die Nitrilgruppe in



Nachbarschaft zum Epoxidring zu einem starken Elektronenzug fuhrt. Hierdurch ist EPICH
nicht Gber herkdmmliche oxyanionische ringdffnende Polymerisation polymerisierbar,
jedoch ermdglicht die milde monomeraktivierte AROP eine erfolgreiche Polymerisation.
Copolymere von EO und EPICH dienen zur weiteren Funktionalisierung, insbesondere um
Polyether mit primaren Amin-, Carboxyl- und Amidgruppen zu erhalten. Amin- und
carboxylfunktionalisierte PEGs sind aufgrund ihres Polyelektrolyt-Charakters von
Interesse. Weiterhin kdnnen Uber diese Gruppen bioaktive Molekiile kovalent an das

Polymer angebracht werden.

Im Kapitel 4 werden alkinfunktionelle PEGs vorgestellt. Diese wurden durch die
Copolymerisation von Glycidylpropargylether (GpgE) mit EO erhalten. Fir eine
erfolgreiche Synthese wurde die milde monomeraktivierte AROP verwendet. Hierdurch
konnte eine zeitaufwendige ,,Schiitzung® der Alkingruppe umgangen werden. In der
herkémmlichen  oxyanionischen  Polymerisation wirde das Alkinproton zu
Nebenreaktionen und unerwiinschte Vernetzung fithren. Uber *H NMR Kinetikstudien
konnte gezeigt werden, dass unter diesen Bedingungen GPQE deutlich langsamer
polymerisiert als EO. Auf das Verhalten von Glycidylethern unter monomeraktivierten
Bedingungen wird im ndchsten Kapitel genauer eingegangen. Die hergestellten
alkinfunktionellen Polymere wurden tiber kupferkatalysierte Click-Chemie mit a-Mannose
versehen. Solche zuckerfunktionalisierten PEGs sind fur Wechselwirkungsstudien mit
Lektinen von Interesse. Zusammenfassend bieten alkinfunktionelle PEGs eine vielseitige

Plattform zur Konjugation interessanter Bausteine.

Im letzten Kapitel, Kapitel 5, wird die Copolymerisation von EO mit Glycidylethern und
der Einbau der Monomere in das Polymerriickgrat ndher untersucht. Hierbei wurde die
Copolymerisation von Ethoxyethylglycidylether (EEGE) und EO unter (i) herkdbmmlichen

oxyanionischen und (ii) monomeraktivierten Bedingungen im NMR Rd&hrchen untersucht.



Kinetikstudien zeigten, dass das Reaktionsverhalten der beiden Monomere stark von den
gewéhlten Polymerisationsbedingungen abhdngt. Wahrend bei der herkdmmlichen
oxyanionischen Polymerisation EEGE und EO gleich schnell reagieren (reo = reece), ist bei
der monomeraktivierten AROP erstaunlicherweise EO stark bevorzugt (reo=8.0 und
reece = 0.125). Somit kann mit der Wahl der Reaktionsbedingungen die Verteilung der
Monomere im Polymer beeinflusst und gesteuert werden, um beispielsweise in einem
Schritt Block-Copolymer ahnliche Strukturen zu erhalten. Die Ergebnisse dieses Kapitels

wurden in Zusammenarbeit mit Daniel Leibig erarbeitet.

Im Anhang Al. werden weitere Polymerisationsstrategien vorgestellt, die zum Erlangen
hoher Molekulargewichte bei der Polymerisation substituierter Epoxide, eingesetzt werden
kénnen. Dieser Abschnitt ist aus einem veroffentlichten Ubersichtsartikel entnommen und
wurde von der Autorin dieser Dissertation geschrieben (Herzberger, J.; Niederer, K.; Pohlit,
H.; Seiwert, J.; Worm, M.; Wurm, F. R.; Frey, H.Chemical Reviews, 2016, 116, 2170—2243
“Polymerization of Ethylene Oxide, Propylene Oxide, and Other Alkylene Oxides:

Synthesis, Novel Polymer Architectures, and Bioconjugation”).

In A2. wird thioetherfunktionelles, hochverzweigtes Polyglycerol vorgestellt. Durch die
gezielte Copolymerisation von MTEGE und Glycidol werden hochverzweigte Strukturen
erhalten, welche orthogonal funktionalisiert werden kénnen. Wahrend ausschlief3lich die
Hydroxylgruppen mit Isocyanaten zu Urethanen reagieren, koénnen die Thioether
anschlieBend unter sauren Bedingungen mit Epoxiden zu Sulfoniumstrukturen umgesetzt
werden. Dieses Kapitel zeigt die Ergebnisse, welche in einer Zusammenarbeit mit Dr. Jan

Seiwert erhalten wurden.

Im Anhang A3. werden nitrilhaltige Poly(tetrahydrofurane) (PTHF) vorgestellt. Diese
wurden ausgehend von Cyanoethylenoxid (CEO) und THF hergestellt. Analog zu EPICH

ermoglicht die polymeranaloge Modifikation von CEO die Darstellung von amin- und



carboxylfunktionellem PTHF. Dieses Kapitel ist das Ergebnis einer Zusammenarbeit mit

Dr. Eva-Maria Christ.

Anhang A4. In Zusammenarbeit mit dem Institut fur Anorganische Chemie wurden
catecholinitiierte PEGs als Liganden fiir Ni@y-Fe>Os Superpartikel eingesetzt. Hierbei

ermdoglicht PEG eine universelle Dispergierbarkeit der Partikel in wéssriger Losung.



Abstract

This thesis addresses the need for novel epoxide building blocks that allow for the synthesis
of well-defined multifunctional PEGs. The introduction of only a few pendent groups along
the polyether backbone can have a strong impact on the properties of PEG. Temperature,
pH or redox-responsive PEG is prepared with tertiary amino- or thioether functional
epoxides, respectively. Furthermore, synthetic strategies are provided to prepare
multifunctional PEGs which are then suitable for post-polymerization modification without
the need of protecting group chemistry. An overview of the epoxides introduced and

utilized is illustrated in Scheme 1, and properties/possible applications are briefly listed.
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Chapter 1 provides a brief background of PEG’s outstanding property profiles as well as
the synthetic concepts and polymerization methods, required to understand the following
chapters. Classical oxyanionic ring opening polymerization (AROP) and monomer-
activated AROP are explained. After understanding the properties of PEG and the applied
synthetic concepts, the need for additional functionality is highlighted. In this context, the
chapter provides an overview of so-called “smart” and multifunctional PEGs (mf-PEGS)
and concludes with a list of reactivity ratios determined for the copolymerization of EO and

substituted epoxides under AROP conditions.

In Chapter 2 the synthesis of thioether-functional PEGs is demonstrated. Random and
block copolymers are prepared, capitalizing on the copolymerization of the novel 2-
(methylthio)ethyl glycidyl ether (MTEGE) and EO or homopolymerization of MTEGE
starting from a PEG macroinitiator. Their most intriguing feature is oxidation-
responsiveness: MPEG-b-PMTEGE block copolymers form defined micelles in water and
treatment with an oxidation agent leads to oxidation of the hydrophobic thioether to
hydrophilic sulfoxide units. Subsequently, disassembly of the micelles to unimers takes
place. Their response to oxidative agents is studied via NMR, light scattering, turbidity and
fluorescence spectroscopy. Release studies with Nile Red illustrate their potential as
oxidation-responsive nanocarriers. High cell viability render applications in the biomedical
field possible. Due to their oxidation-response and biocompatibility, these structures might
be suitable candidates for anti-inflammatory treatment. The versatility of thioether-
functional PEG is further demonstrated by synthesizing sulfonium-functional materials by
treating thioether-functional PEG with (i) alkyl halides and (ii) epoxides under acidic

conditions.

Chapter 3 is introduced by a short overview of synthetic strategies to prepare amino-

functional PEGs with the main focus on the direct copolymerization of nitrogen containing



functional epoxide monomers. Glycidyl amine derivatives are discussed as a suitable
monomer class for AROP. This section (Chapter 3.1) was published as a part of Chemical
Reviews, 2016, 116, 2170—2243 “Polymerization of Ethylene Oxide, Propylene Oxide, and
Other Alkylene Oxides: Synthesis, Novel Polymer Architectures, and Bioconjugation” and
was contributed by the author of this thesis. In Chapter 3.2, glycidyl amines bearing
hydrophobic alkyl chains are presented for synthesis of tertiary amino-functional PEGs.
Three different glycidyl amine derivatives, namely N,N-di(n-butyl) glycidyl amine
(DBUtGA), N,N-di(n-hexyl) glycidyl amine (DHexGA) and N,N-di(n-octyl) glycidyl amine
(DOctGA) are synthesized and (co)polymerized statistically with EO or initiated with
methoxyPEG to yield block copolymers. Online *H NMR Kinetic studies reveal a gradient
like structure for the statistical copolymers. In a complementary study, the behavior of
tertiary-functional PEGs in water is investigated on the nano- (continuous wave-electron
paramagnetic resonance (CW-EPR) spectroscopy, light scattering) and macroscale
(turbidity). Their response to temperature and pH-changes highlights their multi-stimuli
responsive character. Cloud point temperatures are tunable from 21 to 93 °C with
comonomer ratios <15 mol%, while fully water-soluble structures are maintained at
slightly acidic pH. In Chapter 3.3, polyelectrolytes are generated by quaternization of the
tertiary amine moieties in diblock, triblock and gradient copolymers based on N,N-di(n-
butyl)amino functional PEGs. Quaternization with methyl iodide or benzyl bromide
produces water-soluble polymers, which exhibit high glass transition temperatures (Tgs of
6 °C to 83 °C). Anion exchange with bis(trifluoromethylsulfonyl)imide (TFSI) leads to a
switch in properties: Polymers are water-insoluble but THF-soluble and possess Tgs in the
range of -33 °C to 18 °C, despite their charged nature. This work was performed in
collaboration with Prof. Daniel Taton, Laboratoire de Chimie des Polymeéres Organiques,

Université de Bordeaux, IPB-ENSCBP, Pessac Cedex, France.



In Chapter 3.4, a rather unusual nitrile containing monomer, epicyanohydrin (EPICH), is
used in a simple strategy to prepare primary amino-functional PEG. The strong electron
withdrawing effect of the nitrile group requires mild polymerization conditions, realized by
monomer activation with a Lewis acid. Most important, the EPICH monomer gives access
to carboxyl, amide- and primary amino-functional PEG via facile post-polymerization
modification. These structures represent positively and negatively charged PEG
polyelectrolytes and also offer potential to tether pharmaceutically active compounds to

PEG.

Chapter 4 illustrates alkyne-functional PEGs as a platform for click-functionalization via
copper(l) catalyzed azide-alkyne cycloaddition (CuAAC). Direct copolymerization of EO
with glycidyl propargyl ether (GPgE), without protection of the propargyl moiety, serve to
introduce multiple alkyne moieties along the backbone. The key for a successful
polymerization is mild reaction conditions, as realized by the monomer-activated AROP.
Surprisingly, *H NMR kinetic studies revealed that EO reacts much faster than GPgE with
reactivity ratios of reo = 14.8 and repge = 0.076, leading to block-like structures. PEG based
glycopolymers are prepared by decorating the alkyne units with mannopyranosyl azide.
Additionally, mannose-functionalized PGPgE homopolymer is prepared. Overall, alkyne-
functional PEGs provide a platform for conjugation of bioactive molecules, dyes or other

functional moieties.

The copolymerization differences of glycidyl ethers via conventional oxyanionic ROP and
monomer-activated AROP with an aluminum Lewis acid are elucidated in Chapter 5.
Copolymerization of ethoxy ethyl glycidyl ether (EEGE), a model glycidyl ether, with EO
is monitored in situ via *H NMR spectroscopy. Unexpectedly, while conventional
oxyanionic AROP leads to random copolymers with reo = reece, monomer activation

produces tapered structures, with EO rich segments close to the initiator and EEGE rich



segments close to the terminus (reo = 8.00 and reece = 0.125). These results demonstrate
that tailored copolymer structures can be realized in a one-pot synthesis by simple choice
of initiator system. The results presented in this chapter were obtained in collaboration with

Daniel Leibig.

In Appendix Al. alternative polymerization techniques to prepare PEG and high molecular
weight derivatives are described, ranging from initiation with metal-free phosphazene bases
or N-heterocyclic carbenes (NHC) to the use of heterogeneous double metal cyanide
(DMC) catalysts. This chapter is a part of a published review article, Herzberger, J.;
Niederer, K.; Pohlit, H.; Seiwert, J.; Worm, M.; Wurm, F. R.; Frey, H. Chemical Reviews,
2016, 116, 2170—2243 “Polymerization of Ethylene Oxide, Propylene Oxide, and Other
Alkylene Oxides: Synthesis, Novel Polymer Architectures, and Bioconjugation”, and was

contributed by the author of this thesis.

A2. Thioether-functional hyperbranched polyglycidol (hb-PG) is presented. Polymers are
synthesized from glycidol and MTEGE and give access to orthogonal functionalization of
hb-PG. In particular, the hydroxyl groups react exclusively with isocyanates and form
urethane linkages, while the thioether moieties are modified with epoxides leading to
charged sulfonium moieties. The result presented in this chapter are of a collaborative effort

with Dr. Jan Seiwert.

Inspired by epicyanohydrin and the use of nitrile groups as precursors for amines or
carboxylic acids, in A3. nitrile-functional polyTHF is described, starting from cyano
ethylene oxide (CEO) and THF, prepared via cationic copolymerization. This chapter is the

result of a collaborative effort with Dr. Eva-Maria Christ.

A4. In collaborative work with the Institute of Inorganic Chemistry, catechol-initiated
PEGs are applied as ligands for inorganic Ni@y-Fe-O3 superparticles to render them water

dispersible.



Graphical Abstract

Chapter 2.1:

Oxidation-Responsive and “Clickable” Poly(ethylene glycol) via Copolymerization of

2-(Methylthio)ethyl Glycidyl Ether

e )y T e

Chapter 3.2:

Stimuli-Responsive Tertiary Amine-Functional PEGs Based on N,N-Dialkyl Glycidyl
Amines

Thermo- and pH-responsive




Chapter 3.3:

Structure-Property Study of Novel Copolyethers Based on PEG with Pendant Quaternary

Ammoniums Obtained by Post-Polymerization Modification of Poly(glycidyl amine)

Precursors
.‘ \3
oJd’ Y
oSN Y
n’ m
o N Q0 ((
- 9 _© .87 sl
= I, Br, FCT%5 g CFs 'ﬁ(g:/_'/
Chapter 3.4:

Epicyanohydrin: Polymerization by Monomer Activation gives Access to Nitrile, Amino

and Carboxyl-Functional Poly(ethylene glycol)

/ Mog,.
0 K
oA
0 f 5,
0
& o R e e
2 4
¢ oI NH,

&, .
'O’CYanohyd\"“ r’J /\NH2 F coo
OH

Monomer Activation




Chapter 4.1:

“Clickable PEG” via Anionic Copolymerization of Ethylene Oxide and Glycidyl Propargyl

Ether
iBu {Bu Alkyne-functional PEG
igu-Al Bu AL .gs  Monomer-activated
Aigy . 4\
. \ AROP
./_X + Q\/o\/
W \\
lﬁﬁ CuAAC
!
Mannose-functional PEG Click!
Chapter 5.1:

Conventional Oxyanionic versus Monomer-Activated Anionic Copolymerization of

Ethylene Oxide with Glycidyl Ethers: Striking Differences in Reactivity Ratios

.. convem
opening 4
polymerization ,
VSIS o s
o} ? ot n m

o I
\0( monomer- m...
T actiy




1 Introduction

21



In this chapter, an introduction to poly(ethylene glycol) (PEGs) and its exceptional property

profile is given, and synthetic strategies to prepare well-defined PEGs are presented.

1.1 Properties and Applications of PEG

Poly(ethylene glycol) (PEG) belongs to the class of aliphatic polyethers and consists of
ethylene glycol repeat units and one hydroxyl group at each chain end. Note that PEG with
higher molecular weights is also called poly(ethylene oxide) (PEO), which refers to its
origin, the ethylene oxide (EO) monomer. In contrast to other aliphatic polyethers such as
polyoxymethylene (POM) or polytetrahydrofuran (PTHF), PEG shows excellent solubility
in both organic solvents and water.! The origin of PEG the outstanding water solubility of
PEG is still not fully understood. However, many experimental and theoretical studies
suggest that the high aqueopus solubility arises from two factors (i) conformational
behavior in aqueous solution with a preferred trans-gauche-trans (helical like)
conformation? and (ii) the distance of oxygen atoms in the repeat units (CH2CH0). Both
allows for beneficial hydrogen bonding interactions with water molecules and the

formation of an organized water structure around the polymer chain (Figure 1).3#
Secondary Hydrated
Water Molecules

,,,,,,,,, l Primary Hydrated
Water Molecules

Hydrogen Bond

Ethylene Oxide
Maonomer Unit of PEO

Figure 1. Schematic illustration of a hydrated ethylene oxide unit of PEG at the hydration
number of meo = 4 at T <30 °C. Adapted with permission from Shikata, T; Okuzono, M;
Sugimoto, N. Macromolecules, 2013, 46, 1956-1961.# Copyright 2013 American Chemical
Society.



However, when an aqueous solution of PEG is heated, at a certain temperature this “water-
cage” becomes entropically disfavored and a polymer coil-to-globule transition takes place.
Consequently, PEG precipitates and a turbid solution results. This phenomenon is referred
to as lower critical solution temperature (LCST), which is around 100 °C for PEG with
sufficiently high molecular weights.? It should be mentioned, that the LCST reflects the
lowest point of the miscibility gap in the phase diagram and depends on both the molecular
weight and the concentration of the polymer solution. Mostly, researchers report cloud
point temperatures of a given system and do not determine the exact LCST. Possibilities to
tune and adjust PEG’s cloud point temperature are discussed in the introductory section

“multifunctional PEGs”.

In addition to PEG’s outstanding aqueous solubility, it possesses low immunogenicity and
toxicity, which render it highly valuable for biomedical applications in general.® In the
context of pharmaceuticals, “PEGylation”, defined as the covalent attachment of PEG
chains to bioactive substances has attracted immense attention and protein PEGylation has
become a billion-dollar-market.® Unfortunately, PEG is not biodegradable, but if applied
in the body, PEGs with molecular weights below 30,000 g-mol™ can be easily cleared by

the kidneys and no accumulation in the liver is observed.



Regarding its bulk properties: PEG is a flexible, semi-crystalline polymer with a glass
transition temperature (Tg) in the range of -50 °C to -60 °C and a melting temperature
reaching 66 °C with high molecular weight around 10,000 g-mol™.” In particular, PEGs
with molecular weights around 600 g-mol™ are still liquids at room temperature and are
used as solvents and wetting agents in body lotions. PEG with 1000 g-mol™ appears waxy
at room temperature, and solid material is obtained starting with molecular weights around

2000 g-mol* (Figure 2).

PEG 600 PEG 1000 PEG 2000

Figure 2. PEG with different molecular weights (600 g-mol?, 1000 g-mol*and
2000 g-mol™Y). Polymers were purchased from Merck (600 g-mol?) and Fluka
(1000 g-mol™ and 2000 g-mol™?), respectively.

The peculiar property profile of PEG renders it attractive for numerous applications ranging
from commodity products to highly sophisticated pharmaceuticals. For example, PEG
derivatives are applied as nonionic surfactants in edibles and cosmetics.® Polyether polyols
based on propylene oxide (PO) and ethylene oxide (EO) serve as soft segments in
polyurethane foams.® In the context of energy storage devices, PEG is one of the most
important solid polymer electrolytes for lithium ion batteries.'® Regarding pharmaceuticals,

PEG chains can be covalently attached to therapeutic peptides or proteins to enhance blood



circulation times dramatically.® 1! Note that Dingels et al. provided a great overview of

PEG’s diversity and applications (article in German language).®

1.2 Polymerization Techniques

Various reviews cover the different synthetic strategies to prepare PEG and its
derivatives.'?*° In the following, only a short overview is given to describe the synthetic
concepts required to understand the next chapters. PEG can be prepared employing
different polymerization types, e.g. cationic, catalytic or anionic ring opening
polymerization of ethylene oxide (EO). From these synthetic methods, the anionic ring
opening polymerization (AROP) of EO is the most common route, being cost-effective,
while leading to well-defined polymers due to its living character. In this thesis, classical
ARORP initiated with metal alkoxides and a slightly modified monomer-activated technique
have been applied, which will be explained in the following section. Other polymerization

strategies are explained in Appendix Al.

1.2.1 Anionic Ring Opening Polymerization (AROP)

The oxyanionic ring opening polymerization of EO dates back to 1863, first mentioned by
Wurtz!® and revisited by Staudinger and Schweitzer.'” In 1940, Flory showed that the base
initiated polymerization of EO leads to polymers with a Poisson distribution.*® The high
ring strain of EO (~114 kJ/mol) renders a nucleophilic ring-opening via Sy2 mechanism
possible.’® To obtain narrow molecular weight distributions, water traces have to be
removed and the polymerization should be performed in vacuum or in inert atmosphere to
minimize the risk of impurities. Suitable initiators are strong nucleophiles, such as alkali
metal alkoxides, hydrides, alkyls, aryls, hydroxides, and amides. Polymerization can be

either conducted in bulk (solvent free) or in a polar but aprotic solvent, such as THF, DMSO



or 1,4-dioxane. While the absence of irreversible side reactions is indispensable for a living
process, reversible termination is allowed when Kreversible termination >> Kpropagation. This
prerequisite is valid for the AROP of ethylene oxide. Partial deprotonation of an alcohol is
sufficient to initiate and conduct the polymerization, due to a fast proton exchange

(kproton exchange >> kpropagation) and a” pOIymer ChaInS gI’OW SimUItaneOUSIy (SCheme 1)
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Scheme 1. Mechanism of the anionic ring opening polymerization (AROP) of ethylene
oxide (EO).

In solution, the growing chain end might consist of the alkoxide and counterion as free ions,

ion pair, or aggregates can be present (Scheme 2).
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Scheme 2. Conformation of active chain end in solution: Aggregated chains (left), ion pairs
(middle) and free ions (right).

In general, bulky and “soft” alkali metals such as potassium and cesium show low tendency
to aggregate and are the most suitable counterions. In contrast, “hard” lithium ions form
strong aggregates with the “hard” oxygen anion of the alkoxide initiator and impede
polymerization. However, the polymerization kinetics are quite complex and are described

in more detail elsewhere.?

Addition of a protic/acidic solvent terminates the anionic polymerization. a-w-Bifunctional
PEGs can be prepared by choice of a functional initiator and terminating agent.?° In
summary, the characteristics of living AROP are (i) strong bases as initiators (ii) well-
defined polymers possessing Poisson distribution (iii) access to mono or bi-functional

structures by choice of initiator and terminating agent.

1.2.2 Activated Monomer Strategy

The activated monomer technique is suitable to increase molecular weights of polyethers
based on mono-substituted epoxides or to polymerize either (i) sensitive or (ii) unreactive
epoxides. The following section is a contribution by the author of this thesis that was
published as a part of Chemical Reviews, 2016, 116, 21702243 (Special Issue: Frontiers
in Macromolecular and Supramolecular Science), titled: “Polymerization of Ethylene
Oxide, Propylene Oxide, and Other Alkylene Oxides: Synthesis, Novel Polymer

Architectures, and Bioconjugation”.



In this section we give an overview of the “activated monomer mechanism” for the
polymerization of epoxide monomers, developed by Carlotti and Deffieux, which
represents a major breakthrough for many functional epoxides.® %! In 2013, Carlotti et al.
published a detailed review regarding polyether syntheses based on such activated or metal-
free anionic ring-opening polymerizations of epoxides.'* The “controlled” high speed
anionic polymerization of PO by the monomer-activation technique was introduced in
2004.%! Remarkably, this represents the first method that permits to obtain high molecular
weight PPO (M, up to 170,000 g/mol).? Inspired by the work of Inoue and co-workers??
26 and Braune and Okuda,?” monomer activation results from the interaction of a Lewis acid
with the epoxide ring, reducing the electron density in the epoxide ring, thereby facilitating
subsequent ring-opening. The initiation proceeds through formation of an “ate complex”
between the Lewis acid (catalyst) and a weak nucleophile (initiating species), as illustrated
in Scheme 3. Chain growth results exclusively in head-to-tail (H-T) linkages with no
appearance of H-H or T-T junctions, and for racemic epoxides an atactic microstructure is
obtained, indicating a coordination type mechanism.?: 28

The first initiating systems of this type were based on alkali metal alkoxides with trialkyl-
aluminum species, resulting in an enhanced polymerization rate and little occurrence of
transfer reactions compared to conventional AROP.?! Improved initiator systems are based
on organic salts, containing non-coordinating cations such as tetraalkyl ammonium halides
or phosphonium salts combined with triisobutylaluminum as a catalyst, which fully
suppress transfer reactions.?! 2832 However, besides the desired initiation via the respective
halide anion, concurrent ring opening via hydride or iso-butyl groups is reported, which
may lower molecular weights and lead to a fraction of ill-defined chain ends (Scheme 3e).3%
33

Suitable solvents for the activated monomer approach are aprotic and should preferably

possess no complexing oxygen atoms. For example, THF complexes the aluminum



compound and thereby impedes activation of the epoxides. A suitable alternative solvent
for THF is 2-methyltetrahydrofuran (MeTHF).3* Further, the use of cyclohexane, toluene,

dichloromethane, chlorobenzene* and fluorinated benzene was reported in literature.?! 2®

32, 33, 36, 37
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Scheme 3. Reaction mechanism of the “activated monomer” technique, exemplified for the
polymerization of propylene oxide (PO).% 2832

Note that the ratio of Lewis acid (catalyst) to the actual initiator has to exceed unity to
ensure the formation of the “ate”-complex and simultaneously implement an activation of
the epoxide ring, resulting in successful polymerization. Monomers with strong
coordination capability require higher amounts of the catalyst to overcome strong
interactions with the Lewis acid (Scheme 4). However, low ratios are preferred, to ensure

narrow molecular weight distributions.? 28
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Scheme 4. Complexation of triisobutylaluminum by oxygen atoms. Interaction of
triisobutylaluminum with EO, GME and EEGE (from left to right).

Strong activation of the epoxide ring brings about several advantages: (i) polymerizations
can be carried out under mild reaction conditions (low temperatures, -30°C to room
temperature) and (ii) with weak nucleophilic “ate” complexes as initiator and propagating
species. Consequently, molecular weight limiting transfer-to-monomer reactions are
suppressed, and high molecular weight polyethers are accessible, while the molecular
weight distribution remains narrow. Additionally, polymerization rates are dramatically

increased and the reactions can be carried out in hydrocarbon solvents (Figure 3).2% 28.36.38
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Figure 3. Conversion plotted versus time for PO polymerization initiated by i-PrONa,
NBu4Cl, NOctsBr and PBu4Cl in cyclohexane with the respective Lewis acid to initiator
ratio and degrees of polymerization around 170-192. Adapted with permission from Labbé
A, Carlotti S, Billouard C, Desbois P, Deffieux A, Macromolecules 40: 7842-7847
(2007).28 Copyright 2007 American Chemical Society.



Within less than 2 hours, PPO samples with remarkably high molecular weights of
170,000 g-mol™ and rather low PDI =1.34 were accessible.?l: 2Note that the use of
conventional alkali metal initiators restricts the molecular weight of PPO to about
6000 g-mol,3 and even the use of soft counterions such as cesium or the addition of crown
ethers still limits the molecular weight to about 15,000 g-mol™.4% 4! Further, the authors
demonstrated the applicability of this method by preparing a number of high molecular
weight polyethers such as high molecular weight PEEGE (up to 85,000 g-mol™?),3” PEG
(up to 36,000 g-mol™) and PPO-PEG copolymers.®® The fascinating synthetic options
created by this method permitted to study the molecular weight dependence of the
viscoelastic properties of linear polyglycerol (IinPG) in the entire molecular weight range
of 1 kg-mol™ to 100 kg-mol™. Detailed rheological features of linPG and its permethylated
analogue (linPG-OMe) were reported, demonstrating the effect of a hydrogen bonding
network from non-entangled to well-entangled chains.*

In general, the strong activation of the epoxide ring enables to polymerize a broad family
of less reactive and sterically hindered epoxides, such as epoxides bearing hydrophobic
alkyl chains (1,2-butene oxide, 1,2-hexene oxide, 1,2-octadecene oxide) and glycidyl
methyl ether.****" In addition, with the controlled polymerization of epichlorohydrin
(ECH), Carlotti and co-workers demonstrated the high tolerance of this method towards
functional groups. Interaction of the active species with the chloromethyl function was not
observed, and homopolymers of PECH with molecular weights up to 80,000 g-mol* and
PDIs below 1.25 were realized.*® This strategy gives access to a library of novel polymers,
based on post-polymerization modification of the chloride groups of PECH. Lynd and co-
workers presented hydrolytically degradable PEG by copolymerizing ECH with EO. The
copolymers were treated with potassium tert-butoxide to obtain poly(methylene ethylene
oxide) units, leading to degradation at slightly acidic pH.*® Also starting from PECH, Meyer

et al. prepared poly(glycidyl amine).>® Recently, Baker et al. reported the synthesis of a



polyether-based poly(ionic liquid) by derivatizing the chlorides of PECH with 1-
butylimidazol, followed by anion exchange with lithium bis(trifluoromethane-
sulfonyl)imide.>! The modified polymers showed conductivities of 10° S cm™ at 30 °C and
102 S cm™ at 90 °C. Other challenging epoxides such as glycidyl methacrylate, fluorinated
epoxides, allyl glycidyl ether and epicyanohydrin® were also successfully polymerized.>
33, 45, 46, 52

In 2010, Carlotti and coworkers demonstrated that the activation of ethylene oxide even
enables lithium salts to polymerize epoxides. In particular, this strategy permits the
synthesis of PS-b-PEO and PI-b-PEO block copolymers in a one-pot reaction.> Further,
the monomer activation with a Lewis acid can be combined with initiation via phosphazene
alkoxides. Molecular weights of PPO up to 80,000 g-mol™* were obtained in this case.
However, a certain extent of transfer reactions yielding unsaturated chain ends was still
observed.®

Recently, Babu and Muralidharan expanded the ,,activated monomer approach* towards
the activation of the epoxide ring via Zn(Il), Cd(I1) or Cu(ll) complexes of 2,5-bis(N-(2,6-
diisopropylphenyl) iminomethyl)pyrrole.® The authors demonstrated successful
polymerization of various phosphate based epoxides in THF at 70 °C by using

tetrabutylammonium bromide as the actual initiator (Scheme 5).
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Scheme 5. Synthesis of phosphate-containing linear polyethers based on monomer
activation.>*



Very recently, Roos and Carlotti demonstrated the use of Grignard reagents as
deprotonating agents for PO polymerization.3* The authors deprotonated 1-butanol with
various Grignard reagents and observed successful polymerization of PO in the presence
of triisobutylaluminum as an activator. Molecular weights ranged from 2,500 to 10,000
g-mol?, while PDIs remained moderate (1.20-1.37). The formation of allylic end groups
was completely suppressed; however initiation via various species was detected. MALDI-
ToF measurements revealed initiation by (i) 30 % desired alkoxide magnesium halide (RO
"MgX), (ii) 20 % hydride initiation from triisobutylaluminum (H*MgX) and (iii) 50 %

halide initiation from the alkoxide magnesium halide (X" "MgOR), as illustrated in Scheme

6.
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Scheme 6. Proposed initiation species for Grignard/alcohol/triisobutylaluminum system.*

Despite its fundamental advantages, the “activated monomer technique” also bears some
challenges. To obtain low PDIs, the catalyst to initiator ratio has to be kept at a minimum
and needs to be adjusted for each monomer system with respect to the targeted molecular
weight. Further, removal of the residual initiator counterions, i.e., the tetraalkyl ammonium

salts is often difficult and time-consuming. Simple precipitation of the polymer often leads



to unsatisfactory results. Column chromatography or long term dialysis can be performed,
albeit with reduction of the polymer yield.*> More hydrophobic polyethers, such as PEEGE,
can also be purified by consecutive washing with saturated NaHCOs solution, NaCl
solution (10 %) and water.*?

Direct calculation of the absolute M, via *H NMR spectroscopy using *H NMR signals of
the initiator is generally not possible for the activated monomer approach, given the nature
of the initiator species (bromide, chloride, azide). In literature, molecular weights are
determined by SEC measurements (refractive index signal or UV signal). However,
molecular weights analyzed by a general SEC set-up are not absolute values. Alternatively,
end-group functionalization or absolute methods, such as static light scattering, have to be
performed. Even though the formation of unsaturated end-groups can be mainly
suppressed, undesired initiation by hydride or iso-butyl groups was also reported (Scheme
3e).28.32

In summary, the “activated monomer mechanism” has become a well-established
alternative to the conventional AROP within the last decade and is a crucial method, both
to prepare high molecular weight polyethers and to polymerize a broad family of epoxides

bearing functional groups to generate novel functional polyethers.

1.3 Multifunctional PEGs (mfPEGs)

PEG’s properties are specifically tailored by distributing functionalities or pendent groups
along the polyether backbone by copolymerization of ethylene oxide with monosubstituted
epoxides. The simplest example is the statistical copolymerization of EO with propylene
oxide (PO). The introduction of an “innocent” methyl group allows for adjusting or fully

suppressing the crystallinity of PEG and tailoring its solubility in aqueous solution.>>>’

In 2011, Obermeier et al. published a comprehensive review regarding mf- PEGs, giving

synthetic guidelines and possible applications. Mangold et al. further highlighted potential



functional epoxides suitable for AROP.® Recent advances have been discussed in a review
published elsewhere.r® Here, only a brief overview is provided with the main focus on
epoxide monomers leading to stimuli-responsive PEG. Note that in-chain modification via
polycondensation/addition or copolymerization of EO with other strained rings bearing
heteroatoms is not discussed in this thesis.

1.3.1 Anionic Ring Opening Polymerization of Monosubstituted
Epoxides

Before the properties and possible applications of mf-PEGs are discussed, a short overview
on their polymerization and related challenges is given. First, it should be mentioned that
epoxides bearing substituents in o- and B-position or large, sterically hindered groups
directly at the oxirane ring are not suitable for AROP. However, oxiranes bearing alkyl
groups, such as propylene oxide (PO) and butylene oxide (BO) are polymerizable, but their
reactivity decreases with increasing alkyl chain length.>® Additionally, various derivatives
of epichlorohydrin or glyicdol can be utilized. An overview of various epoxide monomers

is illustrated in Scheme 11 in the next section.

In general, the ring-opening of monosubstituted epoxides can proceed at two different
positions of the oxirane ring, which leads to a different polymer structure (head-to-tail,
head-to-head or tail-to-tail), as shown in Scheme 7. Due to steric reasons, AROP of

monosubstituted epoxides mainly results in regioregular head-to-tail connections.®
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Scheme 7. Anionic ring opening of substituted epoxides: attack at the methylene position
(left) or methine position (right).



In contrast to ethylene oxide, inherent side reactions can occur when substituted epoxides
are polymerized. For example, during the polymerization of PO, proton abstraction by the
growing chain end/initiator leads to a transfer of the negative charge to a monomer and the
simultaneously formation of a double bond with subsequent generation of a new initiating
species (Scheme 8). Consequently, targeted molecular weights decrease and full end group
functionalization is lost. This is the reason why molecular weights of PPO in the base
initiates AROP are limited to 6,000-15,000 g-mol™. Note that the molecular weight limit
varies with the counterion employed (e.g. Cs versus K).1% ®% 62 Strong complexing agents,
such as cryptands or crown ethers can be added to facilitate dissociation of the growing
chain end and counterion. Therefore, the polymerization is accelerated, lower

polymerization temperatures are necessary and transfer reactions are minimized.'* %

Scheme 8. Proton abstraction by strong base (initiator or active chain end), leading to
double bond formation and generation of a new initiating species.

This described side reaction is a general problem of substituted epoxides. For example, the
molecular weight of poly(ethoxy ethyl glycidyl ether) (PEEGE) homopolymer is limited to
~30,000 g-mol? in the base initiated AROP.%* In addition, formation of carbonyl groups

was reported for the polymerization of glycidyl phenyl ether (Scheme 9).%°
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Scheme 9. Chain transfer to glycidyl phenyl ether with formation of carbonyl groups.®

To lower or suppress the described side reactions, other initiating systems or
polymerization techniques can be applied. For example, the use of double metal cyanide
(DMC) catalysts (see Appendix Al) or posphazene bases as deprotonation agent (see
Appendix Al). Further, activation of the epoxide ring with a Lewis acid allows for
polymerization under mild reaction conditions. The latter is often called “activated

monomer technique”, as explained in the previous section.

1.3.2 Monomer Synthesis and Properties of mfPEGs

In general, a facile and low cost synthesis is crucial for the future applicability of substituted
epoxides as monomers. Herein, two major strategies are applied (i) oxidation of allylic
structures or (ii) conversion of epichlorohydrin with (a) alcohols to yield glycidyl ethers or
(b) amines to glycidyl amines under basic conditions. Additionally, (iii) ethoxy ethyl
glycidyl ether (EEGE) is generally synthesized from glycidol and ethyl vinyl ether in

analogy to a literature procedure®® (Scheme 10).
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Scheme 10. Synthetic strategies for substituted epoxides, suitable as monomeric building

blocks in AROP.

One major challenge is the design of epoxides bearing useful functional/pendent groups,
while the functional groups do not interfere with the successive polymerization. Often
times, protecting group chemistry is indispensable, e.g. protic groups need to be protected.
A selection of suitable epoxide monomers is illustrated in Scheme 11, together with

resulting properties or possible applications. Monomers highlighted with a red asterisk

were studied in this thesis.
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Scheme 11. Overview of substituted epoxides, which have been copolymerized with EO
to yield mf-PEGs with listed “specialties” of each monomer group.

1.3.2.1 Thermoresponsive PEG

Thermoresponsive polymers are suitable for surface functionalization, which is important
for cell tissue engineering®” or on-demand drug delivery.%® In particular PEG’s high
biocompatibility renders it promising as a thermoresponsive material for biomedical
applications. The incorporation of hydrophobic moieties into PEG leads to a decrease of
both the number of water molecules bound to the PEG backbone and their configurational
entropy. The latter results in a large entropy gain associated with the release of water
molecules, and therefore in an entropy-driven coil collapse upon heating. Consequently,
distributing hydrophobic moieties along the PEG backbone allows for tailoring its

solubility in aqueous solution and leads to a lowered LCST. Suitable monomers range from



alkylene oxides, such as propylene oxide (PO)* and butylene oxide (BO)®° to glycidyl
ethers bearing hydrophobic substituents. In 2011, Mangold et al. studied various
thermoresponsive mf-PEGs based on glycidyl ether comonomers and showed that the cloud
point temperature of PEG can be adjusted between 9 °C-82 °C.”® Further, Miller et al.
demonstrated that poly(ethylene glycol)-co-poly(glycidyl methyl ether) (PEG-co-PGME)
with GME ratios of 42-100 mol% show cloud point temperatures in the range of 55-
98 °C.*5 In this context, it should be mentioned that the distribution of the hydrophobic
groups in the copolymer chain is crucial for their properties. For example, block
copolymers with a short hydrophobic block can self-assemble to defined micelles. If the
same amount of hydrophobic units is randomly distributed, a strong decrease in the cloud

point temperature might occur, however, ordered solution structures are absent.

1.3.2.2 pH and thermoresponsive PEG

If an additional pH responsiveness is desired, for instance amino groups can be
incorporated into PEG based polymers. Recently, Su and Jiang published a comprehensive
review on multi-stimuli responsive amine-containing polyethers.’* In particular tertiary
alkyl amines can be directly introduced via copolymerization of either (i) glycidyl amine
derivatives’? 3or (ii) glycidyl ethers bearing an additional amino group in the side chain,
such as N,N-diisopropyl ethanolamine glycidyl ether (DEGE).”* At slightly basic pH
values, the nitrogen is deprotonated and the tertiary amino moiety possesses hydrophobic
character. Consequently, a strong impact of the hydrophobic amino groups on the cloud
point temperature is observed. In contrast, at pH values below the pKa, the amine group is
protonated and the polymer is fully water-soluble. Also, primary amino groups provide a
pH responsiveness.”® Challenges and possibilities related to the introduction of amino

groups into PEG are discussed in more detail in Chapter 3.



1.3.2.3 Redox and thermoresponsive PEG

Copolymerization of EO with ferrocenyl glycidyl ether (fcGE) leads to thermo- and redox
responsive PEG. Tonhauser et al. showed that with the incorporation of 2.8-10.6 mol%
fcGE, the cloud point of PEG can be adjusted from 7 °C to 82 °C.”® In addition to the
thermoresponsiveness, oxidation to charged ferrocenium-PEGs leads to fully water-soluble
structures. In follow-up work, Alkan et al. presented triple-responsive PEGs, based on
copolymers of EO and vinyl ferrocenyl glycidyl ether (VfcGE): VfcGE leads to
thermoresponsiveness, due to its hydrophobicity, to a redox-responsiveness thanks to the
(Fe(11)/Fe(lN) pair) and gives access to thiol-ene functionalization, which was used to

introduce a pH responsive amine group.

1.3.2.4 Clickable PEG's

PEGs bearing clickable units give access to a variety of functionalization possibilities at
ambient conditions and the loading capacity of PEG can be greatly increased. The most
prominent example is the commercially available allyl glycidyl ether (AGE), which can be
functionalized after polymerization via thiol-ene click or hydrosilylation.”” @ A
disadvantage of AGE is the rearrangement of the allylic double bonds to vinyl groups and
also the occurrence of crosslinking during thiol-ene click reaction. As an alternative, ethoxy
vinyl glycidyl ether (EVGE) can be applied.” 8 In case of EVGE, no rearrangement takes
place, and the vinyl ether moiety is stable under click conditions. EVGE can be further
functionalized with an alcohol moiety similar to the synthesis of EEGE to achieve acid

sensitive acetal units, which give access to acid-triggered release of a payload.



1.3.2.6 Hydroxyl-functional PEG

The most prominent comonomer to increase the hydrophilicity of PEG and to provide
hydroxyl groups along the polyether backbone is ethoxyethyl glycidyl ether (EEGE).
EEGE was first described by Fitton et al.%® and in 1994 Taton et al. showed the successful
homopolymerization of EEGE under AROP conditions.8! After polymerization, the
protecting group can be easily cleaved under acidic conditions, releasing hydroxyl groups.
EEGE has gained considerable attention, e.g. leading to biocompatible linear poly(glycerol)
after deprotection.®? Li and Chau demonstrated the versatility of PEG-co-linPG by post-
polymerization modifications starting from the hydroxyl group.® In follow up work, Chau
and co-workers applied PEG-co-linPG as polymeric drug carrier of cisplatin. In contrast to

neat PEG, a four times higher loading capacity was achieved.

Alternatively, allyl glycidyl ether or tert-butyl glycidyl ether can be applied as comonomers
to release one hydroxyl group after removal of the protecting group. Deprotection is
achieved via palladium catalyst or trifluoroacetic acid, respectively.®® If two vicinal
hydroxyl groups are desired, 1,2-isopropylidene glyceryl glycidyl ether (IGG) can be
copolymerized with ethylene oxide, yielding protected P(EG-co-1GG).8¢ Intriguingly, after
deprotection of the IGG units, molecules bearing aldehyde or ketone functionality can be

attached and subsequently released under acidic conditions.

1.3.3 Monomer Distribution in mfPEGs

Understanding the monomer distribution in mf-PEGs is important to predict and explain
the properties of the resulting copolymers. In particular, statistical copolymerization can
lead to different copolymer structures, e.g. random, gradient, tapered or block structures,

depending on the relative reactivity of the comonomers and the applied reaction conditions



(e.g. temperature, solvent, counterion, etc.).8” In particular, copolymers with different
monomer composition possess different properties, as it is discussed in detail in Chapter 2,
3.2 and 5. Taking a look at monosubstituted epoxide monomers, alkylene oxides (Figure
4), glycidyl ethers (Figure 6) and glycidyl amines (Figure 7) possess different electronic
and steric properties and consequently different reactivity behaviors are expected, when
they are copolymerized with EO. Various techniques can be employed to assess the
comonomer distribution or the respective reactivity ratios of the comonomers, which is
explained in detail elsewhere (see also Chapter 5).2° In particular, in-situ monitoring of the
copolymerization by IR,28% Raman,® % UV % and NMR spectroscopy is instrumental
to determine reactivity ratios in a single experiment. In recent years, noninvasive, online
'H and C NMR spectroscopy have gained much attention to monitor epoxide

copolymerizations in sealed NMR tubes.%¢-%

In the following, general trends for each monomer class are described, referring to the
copolymerization with EO. Table 1 lists reported reactivity ratios and non-quantitative
observations, obtained by *C triad analysis or bulk thermal properties. Note that the
determined reactivity ratios can vary, depending on the analysis or calculation method

applied, which has to be considered when absolute values are compared.

Alkylene Oxides
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Figure 4. General structure of alkylene oxides, propylene oxide (PO) and butylene oxide
(BO).

Alkylene oxides are monosubstituted oxiranes bearing an alkyl chain. Electronically,

alkylene oxides do not strongly differ from EO. However, the steric bulk of the alkyl chain



leads to a strong steric effect, and generally EO possesses a higher reactivity in the
copolymerization of alkylene oxides under base-initiated oxyanionic ROP conditions. The
copolymerization of EO and PO is of industrial relevance and was therefore studied
extensively by various groups. In 1991, Heatley and co-workers reinvestigated the
reactivity ratios of EO and PO, which is shown in Table 1.% The authors reported reactivity
ratios of reo = 2.8 and rpo = 0.25, calculated by the least squares method. Notably, Carlotti,
Deffieux and co-workers observed that applying the monomer-activated AROP, the
reactivity of PO is further lowered.® It is proposed that the sterically demanding growing
chain end (‘ate’ complex) impedes facile attachment of the larger PO compared to the small

EO molecule (Figure 5).
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Figure 5. Proposed ‘ate’ complex in the monomer-activated AROP.**Exemplarily shown
for a EO-based growing chain with tetra(n-octyl)bromide as initiator and
triisobutylaluminum as Lewis acid.

Increasing the alkyl chain length from propyl to butyl (PO to BO), the reactivity of the
respective monomer decreases in the copolymerization with EO, producing a stronger
monomer compositional drift.>® Allgaier and co-workers provided detailed *H NMR kinetic

studies on the copolymerization of EO and BO, the reactivity ratios are listed in Table 1.9



Glycidyl Ethers
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Figure 6. General structure of glycidyl ethers, allyl glycidyl ether (AGE) and ethoxyethyl
glycidyl ether (EEGE).

Taking a look at glycidyl ethers, one would expect a lower reactivity when copolymerized
with EO, due to their bulkiness in analogy to alkylene oxides. Surprisingly, for the base-
initiated oxyanionic copolymerization of EO and glycidyl ethers, both monomers react
similar and random structures are obtained, as reported repeatedly.’ 8 1% Even glycidyl
ethers bearing extremely large substituents, e.g. catechol acetonide glycidyl ether
(CAGE)'® or 1,2-isopropylidene glyceryl glycidyl (IGG)® ether show reactivity ratios
close tor = 1, when copolymerized with EO. These results can be explained by the presence
of an additional oxygen atom in the monomer. In contrast to EO, glycidyl ethers can act as
multidentate ligand for the respective counterion. This interaction and the increased Lewis
basicity of glycidyl ethers, lowers their transition state energy of the ring opening, the latter

being facilitated (Scheme 12).80: 102



0 0.-K?
(a) SK® RO o
rROK T AV
0 ® *
© @ %O\R R’OQ‘ L o-R
e R
H

Scheme 12. Transition state structures proposed by Lynd and co-workers for the ring
opening of (a) EO and (b) glycidyl ethers. DFT calculations revealed a lower transition
state energy for the ring opening of the glycidyl ethers.®

The reactivity of glycidyl ethers copolymerized with ethylene oxide under monomer-

activated AROP will be investigated in Chapter 4 and 5.

Glycidyl Amines

DBAG

Figure 7. General structure of glycidyl amines, N,N-dietyhl glycidyl amine (DEGA) and
N,N-dibenzyl amino glycidol (DBAG).

While the oxygen atom of glycidyl ethers facilitates the C-O bond cleavage and thereby
their ring opening, similar effects are not observed for glycidyl amines. In the 1970ies in a
very early work, Ponomarenko et al. studied the copolymerization of N,N-diethyl glycidyl

amine (DEGA) with PO and observed a higher reactivity of PO.1% These observations are



surprising, because the polar nitrogen atom was expected to facilitate ring opening, in
analogy to glycidyl ethers. The authors proposed that the low reactivity of DEGA must
result from a steric factor. Our group investigated the copolymerization of various glycidyl
amine derivatives (N,N-Dibenzyl amino glycidol (DBAG),*® N,N-diallyl glycidyl amine
(DAGA),1 DEGA)"? with EO and observed the formation of gradient copolymers with
preferred incorporation of EO. It can be assumed, that the substituents attached to the
nitrogen atom shield the latter sufficiently, and no activating interaction with the counterion
can takes place. In Chapter 3.2 we investigate how large alkyl chains on the nitrogen atom

impacts reactivity of glycidyl amines.

Table 1. Comonomers, copolymerized with ethylene oxide, reactivity ratios and applied
conditions and analysis. Rows highlighted in blue indicate reactivity ratios and monomer
structures, which were investigated in this thesis.

Monomer Reactivity | Conditions of AROP Ref. Analysis/
ratios/ Calculation
Copolymer method
structure
* reo=2.8 Initiator: potassium or 9 Termination at
reo=0.25 sodium salt of 1-methoxy 2- low
o propanolate conversion
L_S\ Solvent: bulk conditions (< 10%),
T=60°C Calculated by
least squares
PO method
reo=2.05 Initiator: i-BusAl/NOct,Br | 3¢ Termination at
rr0=0.013 Solvent: Toluene low
T=25°C conversion
(< 10%),
Calculated by
Kelen-Tudos
reo=6.46 Initiator: potassium 2(2- o1 In-situ *H
o reo=0.148 methoxyethoxy)ethanolate NMR,
Additive: 18-crwon-6 Calculated by
Solvent: Toluene-ds least squares
T=10°C method
BO
o) Gradient, Initiator: i-BusAl/NOct,Br | % 13C triad
/—\ EO Solvent: Toluene analysis, bulk
o preferred T=-15°CtoRT thermal
™~ properties
GME




Eo= 1.20

Initiator: Potassium

100

Termination at

2\ reece= 0.76 | triethylene glycolate low
Solvent: THF/DMSO conversion
°\|/ T=60°C (< 10%),
o] calculated by
D YBR method
EEGE reo=1.05 Initiator: Potassium 2- Chapter In-situ *H
reece=0.94 | benzyloxyethonolate 51 NMR,
Solvent: DMSO-ds calculated in
T=40°C analogy to
Lynd and co-
workers®
reo=1 Initiator: 2- Chapter In-situ *H
reece=1 benzyloxyethoxide/K 51 NMR
Additive: 18-crwon-6
Solvent: DMSO-ds
T=35°C
reo=8.0 Initiator: i-BusAl/NOctsBr Chapter In-situ H
reece=0.125 | Solvent: Toluene-ds S NMR,
Temperature: -15 to RT calculated in
analogy to
Lynd and co-
workers, %
2 Random Initiator: 86 In-situ *H
L\O Cesium N,N-di(p- NMR,
methoxybenzyl)-2- 13C triad
o aminoethanolate analysis and
° Solvent: DMSO-ds bulk thermal
IGG T=25°C,50°C, 70 °C properties
0 reo=0.82 Initiator: Potassium benzyl | ™ HNMR
%°\/‘Nﬁ/ roece=1.28 | alcoholate spectroscopy:
\ﬁ Solvent: THF monitoring
DEGE T=45°C ir_1itiation and
first
propagation
step
- reo=0.92 Initiator: Cesium 2- Chapter 2 | In-situ *H
£ _0_~g- | rurece=1.06 | propoxyethonolate 106 NMR,
Solvent: DMSO-ds calculated in
MTEGE T=40°C analogy to
Lynd and co-
workers,04
13C triad
analysis and
bulk thermal
properties
0 Random Initiator: & In-situ H
g\/o\/? Cesium benzyl alcoholate NMR, 3C
= Solvent: DMSO-ds triad analysis
T=40°C and bulk
fcGE thermal

properties




0 reo=1.14 Initiator: 1ot In-situ 'H
L\ rmrece=0.88 | 2-propoxyethoxide/Cs NMR
° Solvent: DMSO-dg/ THF-ds
mixture
T=60°C
o
CAGE
o reo=0.54 Initiator: 80 'H NMR
Q\ race=1.31 benzylalkoxide/K spectroscopy:
o Solvent: THF monitoring
1 T=45°C initiation and
x first
AGE propagation
step
Random Initiator: 78 In-situ 'H
2-methoxyethoxide/Cs NMR,
Solvent: DMSO-ds 13C triad
T=25°C, 40 °C analysis, bulk
thermal
properties
0 reo=0.32 Initiator: 80 'H NMR
L\ revee=3.50 | benzylalkoxide/K spectroscopy:
01 Solvent: THF monitoring
T=45°C initiation and
07 first
EVGE propagation
step
Random Initiator: N,N-di(p-methoxy- | ”° 13C triad
benzyl)-2-amino analysis, bulk
ethoxide/Cs thermal
Solvent: THF properties
T=90°C
0 reo=14.8 Initiator: i-BusAl/NBual Chapter 4 | In-situ 'H
L\/O\/// rerge=0.076 | Solvent: chlorobenze-ds NMR,

GPgE T=0-15°C 13C triad
analysis and
bulk thermal
properties

o = Gradient, Initiator: 9% In-situ *H
L\N benzyl EO 2-methoxyethoxide/Cs NMR,
ROR preferred Solvent: DMSO-ds 13C triad
T=25°C, 50 °C, 60 °C, analysis, bulk
70 °C thermal
properties
R=allyl | Gradient, Initiator: 108 In-situ *H
EO 2-benzyloxyethoxide/Cs NMR,
preferred Solvent: DMSO-ds 13C triad
T=40°C analysis, bulk
thermal

properties




R=ethyl | Gradient, Initiator: 2 In-situ H
EO 2-benzyloxyethoxide/Cs NMR,
preferred Solvent: DMSO-ds 13C triad
T=40°C analysis, bulk
thermal
properties
R=butyl | reo=1.84 Initiator: Chapter In-situ *H
Ioeuca=0.49 | Cesium 2- 3.2107 NMR,
(methoxy)ethanolate calculated by
Solvent: THF-ds/DMSO-ds Fineman-Ross
(5/1 mixture) 13C triad
T=80"°C analysis, bulk
thermal
properties
R= hexyl | Gradient, Initiator: Chapter In-situ 'H
EO Cesium 2- 3.2107 NMR,
preferred (methoxy)ethanolate 13C triad
Solvent: THF-dg/DMSO-ds analysis, bulk
(5/1 mixture) thermal
T=80°C properties
R=octyl | reo=1.78 Initiator: Chapter In-situ 'H
I'ooctca=0.42 | Cesium 2- 3.2107 NMR,
(methoxy)ethanolate calculated by
Solvent: THF-ds/DMSO-ds Fineman-Ross
(5/1 mixture) analysis,
T=80°C 13C triad
analysis, bulk
thermal
properties
“ Random Initiator: i-BusAl/NBual Chapter | ©°C triad
VANG-ch Solvent: Chlorobenzene 3.4% analysis, bulk
= -15 to room temperature thermal
EPICH properties,
backbone
cleavage
studies

“Several groups analyzed the copolymerization of EO and PO under conventional oxyanionic
AROP conditions with varying initiator systems. A list of the different reactivity ratios, reported up
to 1991 was given by Heatley and co-workers.*®
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2.1.1 Abstract

Poly(ethylene glycol) (PEG) is a widely used biocompatible polymer. We describe a novel
epoxide monomer with methyl-thioether moiety, 2-(methylthio)ethyl glycidyl ether
(MTEGE), which enables the synthesis of well-defined thioether-functional poly(ethylene
glycol). Random and block mPEG-b-PMTEGE copolymers (Mw/Ms = 1.05-1.17) were
obtained via anionic ring opening polymerization (AROP) with molecular weights ranging
from 5,600 to 12,000 g-mol™. The statistical copolymerization of MTEGE with ethylene
oxide results in a random microstructure (reo=0.92 +0.02 and rmrece= 1.06 £ 0.02),
which was confirmed by in-situ *H NMR kinetic studies. The random copolymers are
thermoresponsive in aqueous solution, with a wide range of tunable transition temperatures
of 88 °C to 28 °C. In contrast, MPEG-b-PMTEGE block copolymers formed well-defined
micelles (Rn= 9-15 nm) in water, studied by detailed light scattering (DLS and SLS).
Intriguingly, the thioether moieties of MTEGE can be selectively oxidized into sulfoxide
units, leading to full disassembly of the micelles, as confirmed by detection of pure unimers
(DLS and SLS). Oxidation-responsive release of encapsulated Nile Red demonstrates the
potential of these micelles as redox-responsive nanocarriers. MTT assays showed only
minor effects of the thioethers and their oxidized derivatives on the cellular metabolism of
WEHI-164 and HEK-293T cell lines (1-1000 pg-mL™?). Further, sulfonium PEG
polyelectrolytes can be obtained via alkylation or alkoxylation of MTEGE, providing

access to a large variety of functional groups at the charged sulfur atom.



2.1.2 Introduction

In recent years, there has been an emerging interest in aliphatic thioether-functional
polymers.t At first glance, thioethers may seem rather unreactive and unspectacular,
particularly compared to their thiol or disulfide analogues and thus have often been
overlooked as a functional group by themselves. However, in contrast to regular ethers, the
nature of sulfur provides the possibility to functionalize thioethers via oxidation, alkylation
and alkoxylation*™ which can lead to interesting material properties. In the 1970ies,
Ringsdorf and co-workers demonstrated that oxidized poly[2-(methylsulfinyl)ethyl
acrylate] and —methacrylate can serve as polymeric resorption enhancing alternatives to
low molecular weight DMSO.%® 30 years later, Hubbell, Tirelli and co-workers recognized
the potential of polythioethers as redox-responsive nanocarriers for inflammation
targeting.” In the oxidative milieu of inflamed tissue, hydrophobic thioethers are oxidized
to more polar sulfoxides or sulfones, leading to a change in the hydrophobic/hydrophilic
balance with disassembly of the nanostructure. This remarkable work inspired the design
of various oxidation-responsive nanocarriers based on thioether-functional polymers.®-°
Additionally, the nucleophilicity of sulfides allows for sulfonium salt formation with alkyl
halides, similar to the quaternization of amines. Deming and co-workers demonstrated the
suitability of thioether moieties as precursors for a variety of stable, water-soluble and
highly functional polypeptide sulfonium derivatives, by click-type “quaternization” of
poly(L-methionine).> * 2 Furthermore, their analogy to nitrogen-based polyelectrolytes
inspired Long and co-workers to study sulfonium-functional PMMA derivatives as
nonviral nucleic acid delivery agents.?! Similar structures have also been investigated for
siRNA complexation, confirming their high potential as drug delivery vehicle in biological

environment.??



For biomedical applications, hydrophobic thioethers are often combined with poly(ethylene
glycol) (PEG) as a hydrophilic block to provide aqueous solubility. PEG is a highly water-
soluble, biocompatible polyether with low immunogenicity, antigenicity and toxicity.?
However, for most of the strategies mentioned above, the nature of the thioether-block
differs strongly from PEG or is based on step-growth polymerization,}” 1° which are

accompanied by broad molecular weight distributions.

Here, we present the synthesis of a novel epoxide building block, 2-(methylthio)ethyl
glycidyl ether (MTEGE), which is broadly applicable to generate thioether functional PEGs

via anionic ring opening polymerization (AROP) (Scheme 1).
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Scheme 1. Anionic ring opening (co)polymerization (AROP) of MTEGE with EO or with
mPEG as macroinitiator, yielding random and block copolymers. Functionalization can be
performed via oxidation, alkoxylation or alkylation.

We believe that MTEGE represents a useful alternative to episulfide/propylene sulfide,
acrylate-based monomers or thiol-ene click chemistry, because it leads to well-defined

polymers with a mere polyether backbone and S-methyl moieties as side chains. Most



important, AROP of epoxides is a well-established industrial process. To date, similar
structures have only been reported by post-polymerization modification of
polyepichlorohydrin with sodium alkanethiolates.?* Additionally, we demonstrate the
suitability of thioether-PEGs for (1) oxidation-responsive structures and (2) functional

sulfonium-PEG polyelectrolytes (Scheme 1).

2.1.3 Experimental Part

Monomer synthesis. 2-(Methylthio)ethyl glycidyl ether was synthesized in analogy to
N,N-diisopropylglycidylether.?> 2-(Methylthio)ethanol (1 eg, 10 ml) was introduced to a
round bottom flask and crushed sodium hydroxide pellets (1 eq, 4.6 g) were added. The
mixture was cooled to 0 °C and epichlorohydrin (2 eq, 18 mL) was added dropwise,
followed by vigorously stirring for 48 h. Afterwards, the mixture was placed in a centrifuge
(15 min, 4500 rpm) and the organic phase was collected and dried over MgSQOas. The
product was purified via fractionated vacuum distillation (p = 0.006 mbar, T, = 60 °C).
Repeated distillation resulted in yields of 50-60 %. p (23 °C) =1.10 g-mL. 'H NMR
(CDCLs, 400 MHz, 9): 3.78 (dd, 1H, ring-CH2,,0-, J = 11.6, 2.9 Hz); 3.77-3.58 ppm (m,
2H, -OCH2CH>); 3.40 (dd, 1H, ring-CH2.0-, J =11.6, 5.9 Hz); 3.15 (ddt, 1H, CHiing,
J=57, 41, 2.8Hz), 2.79 (dd, 1H, CHabrng, J=5.0, 4.2 Hz); 2.69 (t, 2H, -CH:S,
J=6.7 Hz); 2.61 (dd, 1H,CHzaying, J = 5.0, 2.7 Hz); 2.14 (s, 3H, -CHs,). 3C NMR (CDCLs,
100 MHz, 6): 71.73 (ring-CH0-), 70.79 (-OCH2CH), 50.93 (CHiring), 44.32 (CHa,ring),

33.67 (-CH2S), 16,19 (-CHa).

FDMS m/z: [M™] calc. for C¢H120-S, 148.06; found, 148.2.

All information on additional reagents, methods and reaction conditions are detailed in the

Supporting Information.



2.1.4 Results and Discussion

A. Monomer synthesis, (Co)polymerization of MTEGE with EO, Characterization

and Thermal Properties.

Monomer synthesis. MTEGE was synthesized in a one-step procedure starting from
epichlorohydrin and 2-(methylthio)ethanol (both commercially available) (Scheme 2), in

analogy to the literature known N,N-diisopropyl ethanolamine glycidyl ether (DEGE).?®

O s NaOH Q
- =
-H,0 |

Scheme 2. Synthesis of the thioether functional epoxide monomer 2-(methylthio)ethyl
glycidyl ether (MTEGE).

Purification was performed via repeated fractionated distillation under reduced pressure,
lowering the overall yield to 50-60 %. However, unreacted reagents can be recollected.
Note that column chromatography (silica and aluminum oxide) should be avoided due to
occurring side reactions, most likely due to catalyzed ring-opening of the epoxide by the
thioether unit. Detailed characterization by *H, **C and 2D NMR is given in the Supporting

Information (Figure S1-S4).

PEG-ran-PMTEGE, mPEG-b-PMTEGE and PMTEGE (co)polymers. The thioether-
functional epoxide MTEGE, can be polymerized via anionic ring opening polymerization
(AROP) in a one-step procedure. Here, we synthesized multi-thioether functional PEG with
random or block-type structures by either i) statistical copolymerization of MTEGE with
EO (PEG-ran-PMTEGE) or ii) initiation of MTEGE with mPEG (mPEG-b-PMTEGE)
(Scheme 1). Further, PMTEGE homopolymer was successfully prepared. All (co)polymers

show monomodal distributions and narrow PDIs (1.05-1.17) with molecular weights in the



range of 5,000-12,000 g-mol(Figure 1, Table 1). The block copolymers show a clear shift
to smaller elution volumes (higher molecular weights) with increasing MTEGE units,

compared to the macroinitiator mPEG-5000 (Figure 1, right).

The molecular weights of the block copolymers were found to be slightly lower than
anticipated (Table 1). Chain transfer to the monomer via proton abstraction can occur,
which is a common side reaction for glycidyl ethers.?® This leads to the formation of new
initiating species, which generates homopolymer impurities and lowers the targeted
molecular weight. However, side products were easily removed via precipitation of the
block copolymers into diethyl ether (Figure S5). Note, that no double bonds were detected
for the random copolymers and proton abstraction can be excluded. A slight discrepancy
of the targeted comonomer content might be due to small differences in measuring liquid

EO.

— 5.1 mol% mPEG, , macroinitiator
—10.1mol% ..... mPEG, .-b-PMTEGE,
—18.0mol% —_mpEG, -6PMTEGE,
——23.7 mol%

»»»»» mPEG,,,-6-PMTEGE,
—— mPEG, ,-6-PMTEGE,,
----- mPEG, .-b-PMTEGE,,
—— mPEG, .-6-PMTEGE,,
----- PMTEGE,, homopolymer

: : : ‘ | : . : T T T T 1
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. elution volume / mL
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Figure 1. SEC elution traces (DMF, PEG standard, RI detection) of random PEG-ran-
PMTEGE copolymers (left) and mPEGius macroinitiator, mPEG-b-PMTEGE block
copolymers and PMTEGE homopolymer (right).

Number averaged molecular weights were determined from *H NMR spectra, referring all
signals to the resonance of the initiator (Figure 2, S6 and S7). The slight discrepancy

between M, obtained by NMR and SEC is caused by the hydrophobic thioether side chains,



leading to a different hydrodynamic volume of PEG-PMTEGE (co)polymers compared to
PEG (SEC in DMF, PEG standards). This trend is most distinct for the random PEG-ran-
PMTEGE copolymers and is frequently observed for multi-functional PEGs.?”2®
EO/MTEGE ratios were also calculated from *H NMR spectra comparing the signal of the
methyl group (-SCHj3) at 2.15 ppm to the polyether backbone signal at 3.4-3.8 ppm (Figure
2 and S7). Overall, ratios were varied from 3-24 mol%, yielding water-soluble polymers
while preserving PEG’s outstanding properties, and increasing its functionality (Table 1).
The PMTEGE homopolymer is water-insoluble, but soluble in THF, benzene and DMSO.
Detailed 'H and 3C NMR characterization of the block and homopolymers are shown in

the Supporting Information (Figure S6-S8).



Table 1. Characterization data for the series of random PEG-ran-PMTEGE, mPEG-b-
PMTEGE block copolymers, mPEG and PMTEGE homopolymer.

Sample® MTEGE? MTEGEP Mnb/ Mn¢/ PDI® Ty Tw/ AH/ Te/
g'mol?  g'mol? °C °C Jg! °C

MPEGu13 0 0 5000 4700 105 -53 64 186 -

PEGaiso-ran- 5 5.1 7800 4900 1.06 -61 35 82 88

PMTEGE:s

PEGji7s-ran- 10 10.1 10,800 4900 115 -64 22 40 60

PMTEGE20

PEGu37-ran- 15 16.0 10,000 4700 1.15 -64 7 30 46

PMTEGE26

PEGuss-ran- 25 23.7 12,200 4560 117 -63 - - 28

PMTEGE..

MPEGu113-b- 4.2 3.4 5590 4980 1.08 -57 57 150 -

MTEGE:

MPEGu113-b- 5.0 5.0 5890 5130 1.08 -58 56 142 -

MTEGEs

MPEGu113-b- 8.1 7.4 6330 5890 115 -58 55 125 -

PMTEGE,

MPEGui13-b- 9.6 8.9 6630 5820 109 -59 55 123 -

PMTEGEu1

MPEGui13-b- 15.0 14.4 7810 5940 1.10 -61 53 109 -

PMTEGE:9

MPEGui13-b- 20 18.7 8850 6840 109 -62 51 91 95

PMTEGE:s

PMTEGE.2 100 100 6330 3300 1.14 -62 --- --- insoluble

aTargeted comonomer content

 Comonomer content determined via *H NMR spectroscopy

¢ Determined via SEC measurements (DMF, RI signal, PEG standard)
Tg: Glass transition temperature

Tm: Melting temperature

AH: Melting enthalpy

Tc: Cloud point temperature determined via turbidity for ¢ = 5 mg- mL%
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Figure 2. *H NMR spectrum (400 MHz, DMSO-ds) of PEG-ran-PTMEGE with 5.1 mol%
MTEGE.

To gain further information about the resulting microstructure of PEG-ran-PMTEGE, we
monitored the copolymerization of EO and MTEGE in a vacuum sealed NMR tube. Both
monomers are consumed constantly throughout the polymerization, with full conversion
after 10 h (Figure 3 (bottom) in DMSO-des at 40 °C). Measurements revealed random
copolymerization of MTEGE and EO with reactivity ratios of reo =0.92 £0.02 and
rmtece = 1.06 £ 0.02 and a product of reo X rmtece = 0.98. The values were determined
from Figure 3 (top) by applying a nonterminal model of chain copolymerization recently
introduced by Lynd and co-workers.®® We propose that the slightly higher reactivity of
MTEGE results from both an increased coordination to the cesium counter ion and an
increased Lewis basicity of the epoxide ring compared to EO, as reported for other glycidyl

ethers.! See the Supporting Information for characterization details (Figures S9 and S10).
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Figure 3. Top: Single monomer concentration versus total monomer conversion. Lines
represent fits to the experimental data using the nonterminal model of chain
copolymerization, proposed by Lynd and co-workers.>® Bottom: Monomer conversion
versus time. Statistical copolymerization was performed in DMSO-ds at 40 °C with the
initial mole fractions neo=0.585 and nvTece=0.415.

Inverse gated '3C triad analysis further substantiates random microstructure of the
copolymers. For simplicity, EO repeating units were abbreviated with E and MTEGE units
with S, whereas a and b denote the methylene and methine carbon atom, respectively.
Figure 4 illustrates a zoom-in of the characteristic region of the S, signal of PMTEGE
homopolymer, mPEG-b-PMTEGE block copolymer and various random copolymers.

Focusing on the random copolymers, additional triads occur with increasing MTEGE



content (E-Sp-S, S-Sp-E and S-Sp-S) while the intensity of the E-Sy-E triad leads to the most
prominent signal for all compositions. As expected, the E-Sp-E triad is absent for the block

and homopolymer.

homopolymer

S-S,-S

E-S,-E

block copolymer

23.7 mol%

16.0 mol%

10.1 mol%

5.1 mol%

78.6 78.4 78.2 78.0 77.8 77.6 774
Chemical Shift / ppm

Figure 4. Zoom-in of the IG C NMR spectra (DMSO-ds, 100 MHz) of PMTEGE
homopolymer, mPEG-b-PMTEGE block copolymer and various PEG-ran-PMTEGE
copolymers, displaying the characteristic region of the Sy signal.

The region of EO centered triads is shown in Figure S11. Note that we refrained from
assigning detailed triads in this region, due to a strong overlap of the EO- and Sa-centered
triads with the signals of the MTEGE side chain (see also Figure S8). Nevertheless, the
random copolymers possess more complex spectra than the block- and homopolymer,

supporting the random microstructure.

The difference between random and block structures is also reflected by their thermal

properties in bulk (Table 1). PEG itself is a highly crystalline polymer with a melting



temperature approaching 65 °C, when molecular weights exceed 2000 g-mol*3% 33
Randomly distributed MTEGE units along the PEG backbone strongly inhibit its
crystallization, leading to a significant decrease of the melting temperature and enthalpy
with increasing MTEGE content. For example, only 5.1 mol% MTEGE is required to cause
a drop in the melting temperature by 30 °C. Completely amorphous structures are detected
when 23 mol% MTEGE is present. In contrast, for mPEG113-b-PMTEGE, only a marginal
influence of the MTEGE amount on the melting temperature and enthalpy of the PEG block
was detected (Table 1). In this case, the block structure still allows PEG chains to align and
crystallize. As expected, the atactic PMTEGE homopolymer is fully amorphous with a Ty
of -62 °C. For the random copolymers, glass transition temperatures are in the range of -
61 °C to -64 °C, similar to other multi-functional PEGs bearing nonpolar side groups.®*
Interestingly, we only detected one Tq for all block copolymers. This suggests rather poor
phase separation due to the structural similarity of both blocks and the relatively short

PMTEGE block.

B. Properties in aqueous solution. For future biomedical applications, it is important to
understand the behavior of thioether-functional PEG copolymers in aqueous solution and
to determine potential self-assembly and aggregation. Random PEG-ran-PMTEGE
copolymers with MTEGE ratios of 5-24 mol% are water soluble at room temperature, but
turbid solutions are observed when samples are heated to a specific temperature. This so
called “thermoresponsiveness” is a common feature of multi-functional PEGs, that bear
hydrophobic units distributed along the polymer backbone, rendering them attractive for
drug delivery applications.?® ® PEG itself is fully water-soluble up to ~ 100 °C, due to the
specific bond distance of its oxygen atoms, which allows for beneficial hydrogen bonding
with water.®® The incorporation of hydrophobic moieties leads to a decrease of both the

number of water molecules bound to PEG and their configurational entropy; the latter



results in a large entropy gain associated with their release, and therefore in an entropy-
driven coil collapse upon heating. Polymers that exhibit phase transitions slightly above

body temperature are interesting for medical applications such as therapeutic hypothermia.

With the incorporation of hydrophobic MTEGE units, one can tailor the aqueous solubility
of PEG-ran-PMTEGE between 88 °C and 28 °C (5.1-23.7 mol%), as determined by
turbidity measurements (Table 1, Figure 5). From Figure 5, one can conclude that MTEGE
ratios between 16 and 20 mol% would be beneficial to cover the range near human body
temperature. Repeated heating/cooling cycles show sharp phase transitions, complete
reversibility and little to no hysteresis (Figure S12). In contrast, the described mPEG-b-
PMTEGE block copolymers with molar fractions of MTEGE below 14 mol% show no
cloud point temperatures in the range of 0-100 °C at concentrations of 5 mg-mL™. Only
MPEG113-b-PMTEGE2s, the block copolymer with the highest amount of MTEGE, reveals
a cloud point of 95 °C. In analogy to PEG-co-polysulfides and PEG-b-poly(butylene oxide)
diblocks, block copolymers of MPEG113-b-PMTEGE with n > 9 show micellar gelation in
water at high concentrations (20 wt%) at 25 °C.1% 37 In contrast, no gelation is observed for

random copolymers, and the solutions turn opaque when heated.

These results suggest that mPEG-b-PMTEGE block copolymers exhibit completely

different aggregation behaviors in water in comparison to their random counterparts.
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Figure 5. Cloud point temperatures plotted versus MTEGE content of PEG-ran-PMTEGE
copolymers (solid spheres) and mMPEG113-b-PMTEGE2s (hollow spheres). Error margins
have been calculated from the standard deviation of the averaged values and are less than
1°C.

To further elucidate their unique solubility behavior in water, we conducted dynamic light
scattering (DLS) measurements. For the PEG-ran-PMTEGE copolymers, polydisperse
samples at room temperature were observed, with the occurrence of unimers and larger
aggregates. This can be attributed to a temperature-dependent association of PEG-ran-
PMTEGE copolymers, already at temperatures below their respective cloud point (data not

shown). Similar results were reported for other thermoresponsive polymers.3&43

In contrast to the random copolymers, block copolymers showed no strong
thermoresponsiveness, suggesting well-defined self-assembly in water. We first conducted
DLS in methanol, to ensure monomodal samples and to evaluate their respective
hydrodynamic radius. For all samples, pure unimers were detected, showing an increase in
the hydrodynamic radius with increasing MTEGE block length (Table S1). Intriguingly,
when the block length of the hydrophobic block exceeds 6 units, aggregation of the block

copolymers is forced by switching to an aqueous solution. For mPEG-b-PMTEGE, with



the longest hydrophobic block (n = 26 MTEGE units), a micelle size of roughly 30 nm can
be observed with a low polydispersity (the largest particles being nearly monodisperse
(12<0.05)). From Figures S13-16, one can observe that all experimental diffusion
coefficients show no scattering angle dependency and low polydispersities as typical for
micellar like assemblies. Fluorescence spectroscopy (with pyrene as a probe) was
conducted to determine the CMC of all block copolymers, which still show self-assembly
at a concentration of 1 g-L%, and are listed in Table S1. The CMCs range from 100 mg-L
1t0 1.5 mg-L* for mPEG113-b-PMTEGE, with n = 9 and 26, respectively. These are in the
range of values reported for PEG-b-poly(butylene oxide) diblock copolymers with similar

hydrophobic block length* *° and other PEG-based diblocks.*® 4

To gain further insight into the topology and aggregation number of the samples, we
performed static light scattering (SLS) (Figure S17-18). Measurements in methanol and
water prove that all samples show no angular dependency of the scattering intensity,
indicating a radius of gyration (Rg) below 10 nm (Table S1). Hence, for the block
copolymers with 19 and 26 MTEGE units, the rho-ratios p (p = “Rg/Rn” = (Rg?)*%/
(1/Rn); 1) are below 1, which is in accordance with the micellar hypothesis (phard
spheres=0.775)*8. From these results, we calculated the aggregation number Z (Kc/R in
methanol versus Kc/R in water, see Supporting Information for details) (Table S1). One
can observe a strong increase in Z with increasing MTEGE block length, also reflected by
the increase of the hydrodynamic radius. Correspondingly, mPEG-b-PMTEGE block
copolymers follow the scaling laws developed by Forster et al. for block copolymer
micelles, which substantiates the micellar hypothesis.*® This is clearly reflected by Figure
6, which summarizes the experimental results in agreement with the scaling behavior

introduced by Forster et al.
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Figure 6. Scaling behavior of the aggregation number Z (a) and the hydrodynamic radius
Rn (b) for mPEG113-b-PMTEGE block copolymers with the block length Na, as deduced
from the polymer/low molar mass micellar aggregation theory by Forster et al.; exponents
from theory 2 resp. 0.4, exp. found 2.1 resp. 0.39.

The aggregation number Z depends on the block length Na of the hydrophobic block with
an exponent of 2 (exp. 2.1), whereas the hydrodynamic radius (Rn) scales with the exponent
of 0.4 on Na (exp. 0.39), both determined from double logarithmic representation of the

experimental results described in detail in the Supporting Information.

CryoTEM measurements further show the formation of micelles and support the light
scattering results (Figure S19). However, a detailed analysis was not possible owing to the
poor contrast of PEG, leading to rather diffuse images. SANS or SAXS measurements
would be necessary to gain further information of the copolymers’ morphology and inner

structure.

C. Oxidation-sensitivity. Thioether can be selectively oxidized to sulfoxide or sulfone
moieties, which leads to a strong increase in their dipole moment.> %° Consequently, we
expect a significant change in the polarity of PEG-PMTEGE copolymers upon oxidation
of their MTEGE units, which should be reflected in their solubility properties in aqueous

solution. To gain insight into the redox-sensitivity of MTEGE, we first monitored the



oxidation of mMPEG-b-PMTEGE with H20> in a NMR tube. Experiments were performed
in D20 (296 K) with 1wt% H20> solution and in deuterated buffer solution
(NaD,PO4/Na,DPO4; pD = 7.46°%; 310 K), to predict the behavior at body temperature.
Figure 7 shows a zoom-in of the important section of *H NMR spectra for oxidation in
buffered solution. The oxidized polymer species is observed after a few minutes by the
formation of sulfoxide groups: First, the singlet of the methyl group (-SCHs3) at 2.25 ppm
shows a splitting, indicating the occurrence of adjacent oxidized moieties, followed by
complete disappearance. Meanwhile, a new singlet appears at 2.78 ppm, representing the
methyl group next to the sulfoxide group (-SOCHs3). Further, the methylene group (-
CH2SCHs3) at 2.74 ppm shifts downfield to 3.07 ppm-3.27 ppm and a new resonance at
3.95 ppm appears, corresponding to the neighboring methylene group (-CH>CH>SOCH?3).
The signal integrals of the decreasing methyl group (-SCHz3) and the increasing methylene
group (-CH>SOCHs) versus time, are illustrated in Figure 7 (right). Oxidation at
310 K (buffer solution) shows full conversion after 2.5 hours. In contrast, room temperature
(296 K) slows down the reaction to 6 hours (Figure S22). Figure S23 depicts the respective
SEC traces, which show a slight shift to lower molecular weights after oxidation. We
attribute this observation to the change in polarity, leading to a different hydrodynamic
volume. Furthermore, *H NMR spectroscopy confirmed preservation of the polymer
backbone (M, and MTEGE ratio remain constant after oxidation and dialysis). Notably,
only sulfoxide moieties were detected (via NMR) under both 296 K and 310 K oxidation
conditions, demonstrating that no further oxidation to sulfone groups occurs (Figure S24-
25). These observations are in line with results reported by Tirelli and co-workers for
poly(propylene sulfide) (PPS)*" 1° and others,> who reported the selective oxidation of

thioethers moieties to sulfoxides by treatment with diluted H20:..



Hypochlorite (OCI") is another biological oxidant generated during inflammatory
processes™ and was investigated as an additional oxidation agent. In contrast to hydrogen
peroxide, treatment of mPEG-b-PMTEGE with 1 wt% sodium hypochlorite (NaOCI)
solution leads to the formation of sulfone groups (Figure S26-S27). Note that the
occurrence of additional signals in the *H NMR spectrum and a broadening in the SEC
trace might indicate side reactions, such as polyether cleavage (Figure S28). Analogous

results were reported by Tirelli and co-workers for oxidation of poly(propylene sulfide).!!
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Figure 7. Selection of time-resolved *H NMR spectra (buffered D20, 400 MHz) of the
oxidation of MPEGu113-b-PMTEGE2s with 1 wt% H>O> (left). Signal integral of the
methyl signal (-SCH3) and methylene signal (-CH2SOCH?3) plotted versus reaction time
for the oxidation of MPEG113-b-PMTEGE26 with H20: in buffered D20 at 310 K (right).

The changes in polarity from a nonpolar thioether to polar sulfoxide or sulfone units
strongly influences the glass transition temperature. While mPEG113-b-PMTEGE2s shows
aTgof-61 °C, the emerging dipole-dipole interactions cause a Tg of -33 °C for the sulfoxide
derivative (MPEG113-b-PMSOEGE26) and a further increase to -15 °C for the sulfone
derivative (MPEG113-b-PMSO2EGE26). Sarapas and Tew reported similar results for linear

poly(ether-thioethers) and their oxidized counterparts.®?



After understanding the oxidation process on a molecular level, the question arises of how
oxidation of the thioether units influences the solubility behavior of PEG-PMTEGE
copolymers in water. First, we followed the oxidation process of the random PEG-ran-
PMTEGE copolymers via turbidity measurements. An aqueous PEG-ran-PMTEGE
solution (5 mg-mL™1) with a cloud point of 28 °C was tempered to 37 °C and H2O; solution
was added under stirring. Directly after H.O2 addition, the transmitted laser light intensity
increases, indicating the dissolution of aggregates due to increasing hydrophilicity of the
oxidized species (Figure S29). After 8 minutes, an optically clear solution is observed with
complete disappearance of aggregates. Similar results were reported by Chen and co-
workers for linear poly(B-thioether ester).!” Additionally, turbidity measurements of
oxidized copolymers (PEG-ran-PMSOEGE) show fully water-soluble polymers and no

cloud points were detected.

In particular, we were interested in the behavior of mPEG-b-PMTEGE block copolymers
in aqueous solution with H>O, treatment to investigate their potential as oxidation-
responsive nanocarriers. 2 To this end, we monitored the oxidation process of MPEGu13-
b-PMTEGE26 via DLS measurements in real-time. After the sample heating to 37 °C, H.O>
was added to the sample, followed by fast mixing (Ctotar = 1 Wt% H20>). The temperature
was kept at 37 °C during the measurement. Figure 8 shows the scattering intensity time

traces versus time on a logarithmic scale.
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Figure 8. Angular dependent scattering intensity time traces (from multi-angular
goniometer setup) for in-situ oxidation of MPEGi113-b-PMTEGE2s (buffer solution,
37 °C, 1 wt% H20.), shown on a logarithmic scale. The obvious change of the slope after
5 min is due to thermal equilibration.

After a thermal equilibration period of about 5 min, a linear decrease of the scattering
intensity time traces can be observed. We attribute this linear decay to the oxidation of the
nonpolar sulfides to polar sulfoxide groups, which leads to micelles with lower aggregation
numbers (decrease in scattering intensity) and the formation of unimers (Scheme 3). Similar
observations are reported for the disassembly of other H2O> responsive or pH sensitive
micelles. 174253 Unfortunately, it was not possible to detect “spike” free intensity traces
for oxidation times exceeding 20 min. This may be caused by several effects, e.g., formed
oxygen bubbles may perturb the measurement, but also impurities of the H.O> solution (not
filtered) or the liberation of encapsulated impurities could lead to sudden increases in the
scattering intensity. Huang et al. reported similar observations for DLS kinetic studies of
acid sensitive polymeric micelles after complete hydrolysis. The authors observe bimodal
distributions consisting of unimers and loose associates.*? In analogy, Zhang et al.
monitored the oxidation-responsiveness of phenylboronic acid-based polymers in DLS and

described the formation of polymeric associates with a loose structure.
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Scheme 3. Schematic of the micelle formation of MPEG113-b-PMTEGE- block copolymers
in water, followed by disruption upon treatment with H>O». The hydrodynamic radii were
determined by DLS measurements (Table S1 and Table S2).

To confirm our hypothesis of micelle dissociation and unimer formation, we performed
DLS measurements of oxidized mPEG-b-PMSOEGE with 11 and 26 MSOEGE units. For
both polymers, we detected pure unimers in water with hydrodynamic radii similar to their
precursor polymers in methanol (Table S2). With the oxidation of MTEGE, the
hydrophilic/hydrophobic balance of MPEGii3-b-PMTEGE, changes and leads to
disassembly of the micelles into single polymer chains, as schematically shown in Scheme
3. Similar results were reported for the disassembly of PEG-polypropylene sulfide-PEG
vesicles,” the dissolution of PEG-b-oligo(ethylene sulfide) fibrils> and the oxidation of

OEGylated poly-L-cysteine.*

Having demonstrated successful disassembly of micelles as a consequence of the treatment
with hydrogen peroxide, we investigated their potential as responsive nanocarriers. Nile
Red, a hydrophobic fluorescence dye, was encapsulated in the micelles and their response

to hydrogen peroxide (1 wt%) was studied.
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Figure 9. Intensity of fluorescence emission of Nile Red, monitored as a function of time
after addition of H20; solution to a block copolymer solution (Cpolymer = 0.5 g-L?, CH,0,=
1 wt%, T =25°C).

Figure 9 shows the intensity of the fluorescence emission of Nile Red recorded over time
after addition of H,O2 to a block copolymer solution (Cpotymer = 0.5 g-L). Control
measurements without H,O> demonstrate stability of the micelles over the investigated
timeframe, and no significant loss of Nile Red is observed (Figure S30). With the addition
of hydrogen peroxide, the fluorescence intensity of Nile Red decreases, indicating release
of the dye due to its insolubility in aqueous solution. Complete release was detected after 1
or 2 hours, for mPEG113-b-PMTEGE, with n=11 and 26, respectively. For mPEG113-b-
PMTEGE26 the intensity decrease follows a sigmoidal shape, which we attribute to an
autoaccelerating character of the response in analogy to recent results by Tirelli and co-
workers.!® Significantly, the presented micelles respond faster to hydrogen peroxide than
similar PEG (co)polysulfides (~8-24 h)!3 16 structures and PEG-poly(B-thioethers) (~7 h).1°
Although the biologically relevant concentration of H2O- for inflamed tissue is in the range
of ~100 uM®>%8, this is a first demonstration of the response of polyether based polysulfide

analogs. Detailed concentration dependence will be investigated in the future. Overall, we



believe that mMPEG-b-PMTEGE block copolymer architectures show potential as future

redox-responsive drug vehicles and could be suitable for inflammation targeting.

D. Cell viability studies. PEG possesses excellent biocompatibility, very low
immunogenicity, antigenicity and toxicity.>” Low cytotoxicity is a crucial criterion for
potential biomedical applications, and modification of PEG with thioether units may have
an impact on these properties. Therefore, we conducted MTT assays to determine the
effects of PEG-PMTEGE structures on the cellular metabolic activity of two different cell
lines, HEK-293T cells (human embryonic kidney cells) and WEHI-164 cells (skin
fibroblasts cells from mice), respectively. In a comparative study, mPEG itself and two
samples of block and random PEG-PMTEGE copolymers with the highest amount of
MTEGE were applied to seeded cells in concentrations of 1-1000 pg-mL™. MTT assays
were performed after an incubation time of 24 h. Results are displayed in Figure 10.
Focusing on the random copolymers and HEK-293T cells, PEG137-ran-PMTEGE2¢ with
16 mol% MTEGE affected the metabolic activity by less than 20% up to rather high
concentrations of 100 ug-mL™. With an increase of MTEGE to 23.7 mol%, which
corresponds to 51 wt% MTEGE, cellular metabolic activity is slightly reduced. For a
concentration of 1000 pg-mL™, both samples drop below 80 % of metabolic activity of the
control. Notably, both random copolymers showed no significant effect on the cellular

metabolism of WEHI-164 cells, even at high concentrations of 1000 pg-mL™.
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Figure 10. MTT assay of HEK-293T and WEHI-164 cells incubated with PEG-PMTEG
random and block copolymers. For each type of polymer, copolymers with the highest
amount MTEGE were tested. Results of mPEGu113 are shown for a better comparison. The
metabolic activity of cells treated with 10 % PBS buffer corresponding to the highest
volume of copolymer solution added to samples was set to 100 %. Graphs are

representative of 2 independent experiments performed in triplicates. Data denote the
mean+SEM of triplicates.

For the respective block copolymers, mPEG113-b-PMTEGE1s (14.1 mol%) showed
biocompatibility up to 1000 pg-mL™ for HEK-293T cells (Figure 10). The incorporation
of 26 MTEGE units (18.7 mol%) at concentrations above 75 pg-mL™? reduced cellular
metabolic activity below the threshold of 80% of the control group. In comparison to HEK-

293T, WEHI-164 cells were more sensitive towards the block copolymers.

With respect to envisaged inflammation targeting applications, it is particularly important,
to which extent the oxidized products of mPEG-b-PMTEGE exert cytotoxic effects. To
study this, we investigated the block copolymer with the highest amount of MTEGE.
MPEG113-b-PMTEGE2¢ and its oxidized derivatives showed similar effects on HEK-293T

cells as mPEGuu3 itself (Figure 11). Regarding WEHI-164 cells, an inhibition of cellular



metabolic activity at high concentrations (1000 pg-mL™) was observed for mPEGais-b-
PMTEGE2s and its sulfone derivative. In contrast, WEHI-164 cells incubated with
MPEG113-b-PMSOEGE2 (sulfoxide units) exceeded 80% of metabolic activity of the
control group, even at high concentrations (1000 pg-mL™Y), similar to neat mPEGi1s. To
sum up, MPEG113-b-PMTEGE2¢ and its oxidized derivatives had only marginal effects on
the cellular metabolism of HEK-293T and WEHI-164 cells in the range up to

1000 pg-mLt, which is key for biomedical applications.
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Figure 11. MTT assay of HEK-293T and WEHI-164 cells incubated with mPEGu13,
MPEG113-b-PMTEGE2s and its oxidized derivatives, mMPEG113-b-PMSOEGE32s (sulfoxide)
and mPEG113-b-PMSO2EGE>s (sulfone). The metabolic activity of cells treated with 10 %
PBS buffer corresponding to the highest volume of block copolymer tested was set to
100 %. Graphs are representative of 2 independent experiments performed in triplicate.
Data denote the mean+SEM of triplicates.

E. Post-Polymerization modification.

To highlight in a comprehensive manner the potential of MTEGE and thioether-functional
PEGs, we further demonstrate their use as precursors for highly-functional sulfonium
structures via click-type alkylation and alkoxylation. Positively charged sulfonium-PEGs
are potential candidates for DNA/RNA complexation and represent an interesting polymer

class themselves.

Alkylation. In contrast to common ethers, the sulfur in thioethers is nucleophilic and can

react with alkyl halides to form sulfonium salts. Recently, Kramer and Deming applied this



concept to obtain various highly-functional and stable sulfonium derivatives based on
poly(L-methionine).* 2% %8 Here, we “quaternized” the MTEGE units of mPEG-b-PMTEGE
with bromoacetic acid or bromoacetamide to demonstrate their potential as precursors for
highly functional sulfur-based polyelectrolytes (Figure 12, left). After modification, FT-IR
spectra show new bands, that can be assigned to the carboxyl-group (1620 cm™) or the

amide-group (1682 cm™ (amide 1) and 1624 cm™ (amide 11)), respectively (Figure 12,

right).
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Figure 12. Left: Alkylation scheme. Right: FT-IR spectra of mPEG-b-PMTEGE (blue),
carboxyl functionalized mPEG-b-PMTEGE (black) and amide functionalized block
copolymer (red).

Successful modification can also be followed by *H and 3C NMR spectroscopy. Figure
S31 shows the *H NMR spectrum of amide-functional mPEG-b-PMTEGE. The methyl
group at the sulfonium moiety shifted downfield to 3 ppm and a new resonance at 4 ppm
appeared (-OCH2CH2S+). All other signals overlap with the backbone signal. Further,
Figure S32 gives the respective 3C NMR spectra: Both carbon atoms next to the sulfur

atom shift downfield and two additional signals occur at 64.9 ppm (-OCH.CH>S+) and



166.3 ppm (-CONH_>). In analogy, the spectrum for carboxyl-functionalized polymer is
shown in Figure S33. The introduction of highly polar functional groups further influence
the thermal properties of the block copolymers. In DSC measurements, we observe a strong
increase in Tq after alkylation (Table S3). We attribute the high Tg’s to the introduced
charges and the emerging hydrogen bonds between the carboxyl and amide groups,
respectively. Interestingly, the Tq of carboxyl-functionalized polymers is higher than the
respective amide-functionalized polymers, which is unexpected,>® but might be caused by
additional ionic interactions of the acid groups with the charged sulfonium moieties.
Furthermore, TGA measurements show that sulfonium-PEG derivatives decompose around
temperatures of ~130 °C (Figure S34). At high temperatures, primarily dealkylation occurs,
as deduced from *H NMR spectra after heating of the samples (not shown). Yet, alkylated
MPEG-b-PMTEGEs are stable under ambient conditions. The significance of sulfonium
polyelectrolytes was demonstrated by Long and co-workers and Matyjaszewski and co-
workers, who explored the use of methylated sulfonium poly(methyl)methacrylates for
DNA and siRNA delivery.?!: 22 We believe that PEG-based sulfonium derivatives could be
suitable alternatives to the above mentioned polymers, and their complexation and transport

efficiencies need to be tested.

Alkoxylation. Recently, Gharakhanian and Deming demonstrated successful
functionalization of thioethers with various epoxides as an alternative strategy to their
alkylation (section Alkylation).® In an analogous manner, we can manipulate the reactivity
of MTEGE by pH: At high pH, the nucleophilicity of the sulfide is not sufficient to ring-
open an epoxide, and controlled AROP of the monomer can proceed, while at low pH the
epoxide is activated and the sulfur(l1) species is able to attack the epoxide ring. We studied

this concept by addition of epichlorohydrin (ECH) (Figure S35), allyl glycidyl ether (AGE)



(Figure S36) and glycidyl propargyl ether (GPE) to mPEG-b-PMTEGE block copolymers.

Figure 13 illustrates the *H NMR spectrum of GPE-functionalized mPEG-b-PMTEGE.
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Figure 13. *H NMR spectra (DO, 400 MHz) of mPEGi13-b-PMTEGE1s and GPE-
functionalized mPEG113-b-PMTEGE 9 (left). TGA trace of GPE-functionalized mPEG113-
b-PMTEGE;y (right).

The methyl-group at the charged sulfur atom shifts from 2.19 ppm to 3.04 ppm and
additional signals at 4.03 ppm (-OCH2CH>S+), 4.29 ppm (HC=CCH-) and 4.37 ppm
(-CH2CHOCH>) appear. Note that the alkyne proton signal overlaps with the broad
polyether backbone signal, which is not uncommon.®® However, one can detect the
characteristic signals of the alkyne group in the FT-IR spectrum (Figure S37). The
respective HSQC spectrum of GPE-functionalized PEG-PMTEGE shows signal splitting
of signals in close proximity to the sulfur atom (Figure S38). This phenomenon is explained
by the use of racemic epoxides. After alkoxylation, a chiral sulfonium center is formed, and
detected resonances might depend on the stereo information of the attached epoxide (R- vs

S-). Alkoxylation with optically pure epoxides was not performed.

Similar to the alkylated derivatives, TGA measurements showed dealkylation at 120-
130 °C, which is exemplarily shown for GPE functionalized mPEG-b-PMTEGE (Figure
13, right). Dealkylation or elimination during work-up of the reaction have not been

observed. In summary, alkoxylated PEG-PMTEGE copolymers are stable at ambient



temperatures similar to the reported alkoxylated poly(L-methionine)® and enlarge the

toolbox for highly functional sulfonium polyelectrolytes with polar polyether backbone.

2.1.5 Conclusion

We present a convenient synthesis of a novel epoxide monomer, 2-(methylthio)ethyl
glycidyl ether (MTEGE), which can be copolymerized via AROP to yield well-defined
thioether-functional PEGs. In a comprehensive study, synthesis and properties of random
and block copolymers with PEG have been studied. The statistical copolymerization of
MTEGE with EO was monitored via real-time *H NMR Kinetics in DMSO, revealing an
ideally random microstructure (reo=0.92 +0.02, rmtece=1.06 £0.02). The random
copolymers with 5-24 mol% MTEGE are water-soluble, with tunable cloud points in the
range of 28-88 °C. In contrast, DLS studies show that mPEGi113-b-PMTEGE, block
copolymers with n > 9 form defined micelles in water. Notably, disassembly of the micelles
occurs when oxidized with 1 wt% H.O», and pure unimers were detected. Hydrogen
peroxide oxidizes the nonpolar thioethers-moieties to more polar sulfoxide groups, leading
to a change in the hydrophilic/hydrophobic balance. Fluorescence studies with Nile Red
show successful encapsulation and controlled release upon addition of dilute H.O; after 1-
2 hours, supporting the redox-responsive characteristics of the micellar nanocarriers. The
oxidation-responsiveness represents the most intriguing feature of the mPEG-b-PMTEGE
block copolymers and demonstrates their potential for future inflammation targeting. MTT
assays employing HEK-293T and WEHI-164 cell lines demonstrated excellent

biocompatibility of the thioether-PEGs and their oxidized derivatives.

Further, we demonstrated the use of thioether-PEGs as a precursor for sulfur-based
polyelectrolytes. Alkylation and alkoxylation in aqueous solution render multi-functional

sulfonium-derivatives bearing carboxyl-, amide-, chloro, allyl- or propargyl groups. These



tertiary sulfonium-PEGs are stable in aqueous solution under ambient temperatures. In
conclusion, the presented thioether PEGs and their derivatives possess potential for a
variety of applications, ranging from redox-sensitive nanotransporters and inflammation

targeting, 12 °0:°6. .62 t5 nolyion complexes?! 22 and surface modification.53%
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2.1.8 Supporting Information

Terminology. Oxidized MTEGE is abbreviated as MSOEGE (corresponding to sulfoxide

units) and as MSO-EGE for the oxidation to sulfone groups.

Materials. EO, 2-(methylthio)ethanol and pyrene (for fluorescence, GC > 99.0 %) were
purchased from Sigma Aldrich. Poly(ethylene glycol) monomethyl ether (mPEG5000, M
= 5000 g-mol™) was purchased from Fluka. Nile Red was received from Apollo Scientific.
All other reagents were purchased from Acros Organics. Deuterated solvents were received
from Deutero GmbH. All reagents were used as received if not otherwise stated. THF was
stored over sodium, containing benzophenone and freshly distilled before each reaction.
MTEGE was dried over CaH> and freshly distilled before polymerization. Dialysis bags

(regenerated cellulose membranes, 1000 MWCO) were purchased from Orange Scientific.

Instrumentation. *H NMR spectra (400 MHz) and 3C NMR spectra (100 MHz) were
recorded using 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.
All spectra are referenced internally to residual proton signals of the deuterated solvent. *H
NMR kinetic studies for copolymerization were conducted on a Bruker Avance II1 HD
spectrometer equipped with a 5 mm BBFO SmartProbe and an ATM as well as a
SampleXPress 60 auto sampler. Dried monomer was dissolved in DMSO-ds and transferred
to a Norell S-500-VT-7 NMR tube (equipped with a Teflon stop-cock) under argon flow.
The solution was cooled to -80 °C, followed by addition of the initiator solution (in DMSO-
ds) and pure DMSO-ds, before EO was cryo-transferred into the tube. The polymerization
was followed at 40 °C. For the first hour, proton NMRs were recorded every 2 min
(16 scans). For the next 3 hours, measurements were conducted every 5 min (16 scans),

followed by recording every 10 min for 14 h (16 scans).



SEC measurements were performed in DMF (containing 0.25 g L™ lithium bromide as an
additive) or in THF. For SEC measurements in DMF, an Agilent 1100 Series was used as
an integrated instrument, including a PSS HEMA column (300/100/40 - 1071° porosity) as
well as a UV (275 nm) and a RI detector. Alternatively, SEC measurements in THF (flow
rate 1 mL-min~') were performed with a MZ-Gel SD plus column (10%10%100 g mol™) at
20 °C, using a UV (254 nm) and RI detector. All calibrations were carried out using
poly(ethylene glycol) standards purchased from Polymer Standards Service. DSC
measurements were conducted under nitrogen atmosphere using a PerkinElmer DSC 8500
with PerkinElmer CLNZ2 in the temperature range of — 90 °C to 100 °C, at heating rates of

20 and 10 K- min! for the first and the second heating run, respectively.

Thermogravimetric analysis (TGA) was carried out under nitrogen using a PerkinElmer
TGA 6 thermogravimetric analyzer in the temperature range of 30—600 °C, with heating
rates of 15 °C min~'. Cloud point measurements were performed on a Jasco V-630
photospectrometer with a Jasco ETC-717 Peltier element through a 1 cm sample quartz
cell. Copolymers were dissolved in Milli-Q water with a concentration of 5 mg-mL™. The
optical transmittance of a light beam at 500 nm was observed and the transmitted laser light
intensity was plotted versus the temperature of the sample cell. The cloud point
temperatures were defined as inflection point of the turbidity profiles. Heating/cooling rates
were 1 K-min and values were recorded in 0.1 K steps. For CMC measurements, aqueous
polymer stock solutions of 1 g-L* were prepared and further diluted to obtain solutions of
0.1g-L*% 00.1g-Land 0.001 g-L%, respectively. For each measurement, first, a solution
of pyrene in acetone was added to a vial, followed by evaporation of the acetone. Secondly,
a calculated amount of stock solution and distilled water (Milli-Q) was added to obtain a
final concentration of pyrene of 6-107 M in each sample. The samples were allowed to mix
overnight, to completely solubilize the pyrene by the micelles. Overall, solutions in the

concentration range of 1-1-10* g-L block copolymer were prepared in nested interval



steps. CMC measurements were performed on a Jasco FP-6500 fluorescence spectrometer
through a 1x1 cm quartz cell, recording the emission spectra of pyrene. The following
parameters were chosen: excitation wavelength Aex=339 nm, slitem = 1 nm (for mMPEG113-b-
PMTEGEw: 3nm), slitek=1nm (for mPEGi113-b-PMTEGE: 3nm), wavelength
range = 320-460 nm, scan speed =50 nm-min*, data interval =0.2 nm, gain = high,
response = 0.5-1 sec. The intensity ratio of 11 = 373 nm and I3 = 383.5 nm and the relative
intensity were used to estimate the CMC. The CMC of mPEG113-b-PMTEGE2s was
measured on a Varian Cary Eclipse spectrometer with the following parameters:
Lex=339 nm, slitem= 1.5 nm and slitex =5 nm, gain = high, wavelength range = 320-460 nm,

scan speed = 60 nm-min, data interval = 0.5 nm, response = 0.5 sec.

Nile Red release studies were performed in analogy to literature. 2A stock solution of Nile
Red in acetone was prepared with a concentration of ¢ =6-10* M. 10uL of this stock
solution was added to a vial, followed by evaporation of the acetone. Afterwards, 4 mL of
aqueous polymer solution (c = 1g-L™ in MilliQ water) was added and mixed overnight, to
solubilize the Nile Red by the micelles. For each release study, 1.5 mL of this aqueous
polymer solution (c=1g-L"*) was mixed with 1.5 mL 2 wt% H2O2 solution, to obtain a final
polymer concentration of 0.5g-L! and 1wt % H.0,. Subsequently the intensity of
fluorescence emission of Nile Red at 611 nm was recorded over time at room temperature
(no stirring). The following measurement parameters were chosen: Aex = 557 nm, gain =
490 V* or high, response =1 sec, Slitem = 5nm, slitex=5nm, data invervall = 2 sec.
Fluorescence spectra without added hydrogen peroxide were measured as controls. * for

MPEG113-b-PMTEGE26

Static (SLS) and dynamic light scattering (DLS) were performed at 293.15 °C utilizing an
ALV 3000 correlator, an ALV-SP86 goniometer equipped with an ALV High QE APD

Avalanche photodiode fiber optical detection system, and a He-Ne laser (Uniphase, 22



mW, 1=632.8 nm). For the unimer solutions in methanol and water (mPEG113-b-
PMTEGEx with x <6) with hydrodynamic radii well below 10 nm and therefore without
angular dependency of the apparent diffusion coefficient, DLS was performed at angles of
30° (setup 1). Self-assembling samples in aqueous solutions were analyzed by DLS using
a multi-angular detection goniometer (ALV-CGS-8F SLS/DLS 5022F) equipped with a
He/Ne Laser (Uniphase, 25mW, A=632.8nm), eight simultaneously working ALV7004
correlators connected to eight ALV high QE APD avalanche photodiode fiber optical
detectors; detectors are separated by 17°, two independent simultaneous sets of
measurement separated by 9° resulting in 16 angular dependent values covering an angular
range from 30 to 158° thus allowing extrapolation to scattering angle zero with respect to
polydispersities effects on diffusion coefficient. All measurements were performed at
20£0.1°C with the help of external ultra-thermostats (Lauda RKS 6C). Diffusion
coefficients were determined from intensity autocorrelation functions after Siegert
transformation  (g1(t)=sqrt(abs((gz(t)-A)/A))*sign(gz2(t)) with A the experimentally
measured baseline) by a non-linear fitting (Simplex algorithm) of the field autocorrelation
function by applying mono- or biexponential fit functions. Hydrodynamic radii were
calculated by applying the Stokes-Einstein equation. Static light scattering was conducted
from 6=30° to #=150° in steps of 2.5 or 5 degrees using the ALV SP-86 goniometer
(setup 1) allowing the determination of the apparent squared radius of gyration <Rg>>; >
10 nm; aggregation numbers were evaluated by the intensity ratios of the self-assembled
systems in water extrapolated to zero scattering angle and the unimers in methanol (no
angular dependency), which is allowed due to isorefractive solvent conditions. For samples
with  mPEGu13-b-PMETEGx x>11, both, concentration dependencies and critical
aggregation concentration (cac) influences are neglected due to low concentration limit

conditions (unimer) and cac well below 0.1g-L? for the aggregates, see CMC



measurements. For the sample mMPEGi13-b-PMTEGEy with a CMC of 0.1 g-L?, ¢ was
corrected by c(CMC).

Samples were prepared in methanol (5mM LiBr), in water (5mM NaCl) and PBS-buffer
solution with a concentration of 1 g-L™.. If not noted elsewhere, methanol solutions were
passed through VWR Anatop filters (0.02 um) and aqueous solutions were passed through
VWR Anatop filters (0.02 um) (for samples with Ry < 3 nm) or Millipore Millex-VV filters
(0.1 um) (for samples with Rn>3 nm) into dust free cuvettes. Filtration loss was well
below 10 %, as proofed by gravimetrical control.

Monitoring direct oxidation of mPEG-b-PMTEGE block copolymers via DLS: The block
copolymer was dissolved in phosphate buffer (PBS, pH =7.4, ¢=1g-L ") and filtered
through a Millex-VV filter (0.1 pm) into a dust free cuvette. The sample was tempered at
37 °C for 30 min, followed by addition of H20 solution (not filtered) to obtain a total
concentration of 1wt% H20. in the solution. After short mixing, light scattering
measurements were performed at 37 °C with the multi-angular set up. Measurements were
immediately started; after an equilibration time of 5 min, a linear intensity time dependency

could be observed for each angular monitoring channel.

CryoTEM measurements. Cryogenic TEM imaging was performed by means of a Zeiss
Libra® 120 under liquid N, cryo conditions on holey carbon-coated copper grids after
freezing the solution with a Leica EM GP in liquid ethane at -180°C. The microscope was
used at 120 kV acceleration voltage and the images were taken with a Gatan

UltraScan® ccd camera.

MTT assays. Cytotoxic effects of polymer treatment were evaluated by MTT assay
(Promega, Heidelberg, Germany). Cells from a fibroblast cell line (WEHI-164, 5 x 10°)

and human embryonic kidney cell line (HEK-293T, 5 x 10%) were seeded in wells (100 xL)



of 96-well cell culture-treated plates. On the next day, copolymer was applied at different
concentrations (1-1000 xg-mL™") to triplicates. Samples treated with the cytotoxic agent
DMSO (10%) served as negative controls. After 24 h, metabolic activity of the cells was
assessed by sequential addition of MTT substrate and stop solution, followed by
quantification of formazan products in an ELISA plate reader as recommended by the
manufacturer. Values shown are averages from at least 3 wells with the corresponding SEM
as error bar. All values are normalized to the control (10% PBS buffer, equivalent to the
highest volume of polymer solution added to samples).

Statistical copolymerization of EO and MTEGE. Copolymerization was performed in
analogy to other literature-known PEG-glycidyl ether copolymers.® Cesium hydroxide
monohydrate (1 equiv.), benzene (10 mL) and 2-propoxyethanol (1.05 equiv) were added
into a dry Schlenk flask under argon atmosphere. The mixture was stirred and heated to
60 °C for 30 min, to generate the alkoxide species. Afterwards, benzene was removed under
reduced pressure overnight at 50 °C to ensure a water-free environment. The next day, dry
THF (~25 mL) was cryo-transferred into the flask and dry DMSO (3 mL) was added via
syringe. Subsequently, the mixture was cooled to -80 °C with an ethanol/liquid nitrogen
bath and EO was cryo-transferred from a graduated ampule into the reaction mixture,
followed by addition of MTEGE via syringe. The polymerization was performed at 60 °C
for 2 days. After cooling the flask to room temperature, termination was conducted with an
excess of methanol. The solvents were removed under reduced pressure and the copolymers
dialyzed against water to remove traces of DMSO and salts (MWCO = 1000 g-mol™?),

followed by drying via lyophilization.

Block copolymerization in bulk. Block copolymer synthesis was performed starting from
mPEG-5000 as macroinitiator, as described for similar block copolymers.* Under an argon

atmosphere, mMPEG-5000 (1 equiv.) was added to a dry Schlenk flask, followed by cesium



hydroxide hydrate (0.9 equiv.) and benzene 10 mL. The mixture was stirred for 30 min at
60 °C, followed by removal of benzene under reduced pressure at 90 °C overnight. The
next day, dry MTEGE was syringed into the flask and the polymerization was performed
in bulk at 70 °C under vacuum for 2 days. After the flask was cooled down to room
temperature, an excess of methanol was added. The block copolymers were dissolved in
methanol and precipitated into ice cold diethyl ether. After drying under high-vacuum, the
block copolymers were obtained in quantitative yield > 90 %. Salts were removed via
dialysis in water (MWCO =1000 g-mol?), afterwards the polymer was dried via

lyophilization.

'H NMR Kkinetics of oxidation process. Oxidation of MPEGi13-b-PMTEGE2s was
monitored via *H NMR spectroscopy. 20 mg of the block copolymer were dissolved in
0.68 mL D20 or deuterated phosphate buffer (pD = 7.46, pH = 7.01)° respectively. After
addition of 20 uL H20. solution (~35 %, aq) (to obtain 1% solution) and short mixing, the
tube was placed in the NMR setup. The oxidation in D,O was performed at 296 K, and in
buffer solution at elevated temperature (310 K), to predict a more biological surrounding.
For the first hour, NMR spectra (16 scans) were recorded every 2 min, followed by every

5 min for 3 hours, afterwards the intervals were extended to every 10 min for 6 h.

Oxidation with H202-solution. Oxidation was conducted in 1wt% aqueous H2O>-solution
for 24 h, followed by purification via dialysis against water (1000 MWCO) and freeze-

drying. Yield after oxidation was > 95 %, with some small loss due to dialysis.

Oxidation to sulfone groups. Oxidation to sulfone groups was performed in 1wt%
aqueous NaOCI-solution for 24 h. Afterwards, the sample was dialyzed against water

(1000 MWCO), followed by freeze-drying. Yields > 90 %.

Post-polymerization functionalization via alkylation. A literature-known procedure was

applied.® Exemplarily, 100 mg of mPEG-b-PMTEGE1s was dissolved in 5 mL Milli-Q



water and alkylating agent (bromo acetic acid or bromo acetamide, 3 eq per MTEGE unit)
was added. The reaction was stirred for 24 h at room temperature. Afterwards, the
functionalized polymer was purified via dialysis against 0.1 M NaCl (for anion exchange),
followed by water and drying via lyophilization. Small losses due to dialysis were observed

(yield > 90%)).

Post-polymerization functionalization with epoxides. The reaction was performed in
analogy to literature described by Gharakhanian and Deming.” 100 mg copolymer was
dissolved in acetic acid (glacial), followed by addition of the epoxide (3 eq per MTEGE
unit). The reaction was pursued at room temperature for 24 h, followed by removal of the
acetic acid via dialysis against 3mM HCI with an additional dialysis against water.
Afterwards, polymers were tried via lyophilization. Small losses due to dialysis were

observed (yield > 90%)
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Figure S1. 'H NMR spectrum (400 MHz, CDCls) of 2-(methylthio)ethyl glycidyl ether
(MTEGE).
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Figure S2. *H-'H COSY NMR spectrum (CDCl3) of MTEGE.
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Figure S3. HSQC NMR spectrum (CDCI3) of MTEGE. Phase information is given by
coloration of cross peaks (red: methylene, blue: methine).
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Figure S4. 3C NMR spectrum (100 MHz, CDCls) of MTEGE.
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Figure S5. SEC elution traces (DMF, RI signal, PEG standard) of mMPEG113-b-PMTEGE 19
bevor (red line) and after precipitation (black line). We attribute the shoulder at higher
elution time (lower molecular weight) to homopolymer formation, due to proton abstraction
and double bond formation.®
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Figure S6. *H NMR spectrum (400 MHz, benzene-ds) of PMTEGE homopolymer.
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Figure S7. 'H NMR spectrum (400 MHz, CDCls;) of mMPEGii3-b-PMTEGE block
copolymer.
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Figure S8. Important section of the 3C NMR spectrum (100 MHz, benzene-ds) of
PMTEGE.

IH NMR kinetic studies

IH NMR spectra were recorded for 14 hours. Monomer consumption was followed by the
respective protons at the epoxide ring (ethylene oxide, 4H, 2.62 ppm; MTEGE, 1H,
3.10 ppm) (Figure S9). Note, that the EO protons overlap with the methylene protons of
MTEGE (-CH2SCHa), which have to be subtracted from the signal integral. With
proceeding copolymerization, the highlighted proton signals of the epoxide rings decrease
and the signal for the polymer backbone (3.4-3.6 ppm) increases. Integration of the
highlighted signals allows to determine the exact monomer concentration for each spectrum

and the copolymerization can be analyzed as illustrated in Figure 3.
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Figure S9. Selection of time-resolved *H NMR spectra (400 MHz, DMSO-dg) for the

statistical copolymerization of EO with MTEGE (mole fractions: ngo = 0.585,

nmtece = 0.415) at 40 °C. The relevant signals are highlighted. Red: single proton of

MTEGE (3.10 ppm); blue: protons of EO (2.62 ppm). Note, that the EO protons overlap

with the methylene protons of MTEGE (-CH2SCHz). The shown spectra are a selection of

126 measured spectra, which were recorded in a period of 16 h.
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Figure S10. SEC elution trace (DMF, RI signal, PEG standard) of PEG-ran-PMTEGE
copolymer; copolymerized in a NMR tube to study the reactivity of both monomers.
EO/MTEGE (mole fractions: neo = 0.585, nmtece = 0.415) in DMSO-ds at 40 °C. SEC

data: M, = 2700 g-mol?, PDI = 1.12.
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Figure S11. Enlargement of the 1G 3C NMR spectra (DMSO-ds, 100 MHz) of PMTEGE
homopolymer, mPEG-b-PMTEGE block copolymer and various random PEG-ran-
PMTEGE copolymers, displaying the characteristic region of EO- and S,-centered triads.
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Figure S12. Transmitted laser light intensity versus temperature for PEG-ran-PMTEGE
with 23.7 mol% MTEGE content (3 heating/cooling cycles).



Light scattering measurements

Table S1. Results of the light scattering experiments (DLS and SLS) and fluorescence
spectroscopy of mPEG-b-PMTEGE block copolymers and mPEG homopolymer.

MPEGu3-b- MTEGE/ MTEGE/ Rpchsony  Rnzoy  Magzo) z (Kc/R)g=0" (Kc/R)g=o" Ccmc*
PMTEGE, mol % w % nm nm in CH;OH/ in H,O/ (mg-L?h)
mol-g* mol-g*
0 0 0 21 23
4 34 11 2.1 2.6 - 0.66 6.98-10° 1.06-10*
6 5.0 15 23 24 - 0.88 7.70-10° 8.71.10°
9 74 21 23 9.3 0.12 9.6 6.07-10° 6.29-10° 100
11 8.9 25 25 104 0.09 18.0 5.95.10° 3.30-10°® 30
19 14.4 36 25 11.7 <0.05 48.7 5.43.10° 1.12.10° 8
26 18.7 44 2.6 14.7 <0.05 109.6 4.44.10° 4.05-107 15

*)c=1.0g-L%; dn/dc = 0.1 mL-g?; Ry < 10 nm, #*Calcuated from fluorescence spectroscopy

Rn:  hydrodynamic radius, po: normalized second cumulant, Z: aggregation number
with Z = (K¢/R)meon / (KC/R)water = Mapp(water)/ Mapp(MeOH) with the following assumption:
specific refractive index increment dn/dc is identical for MeOH and water as a solvent;
dn/dc(PEG) = 0.135 mL-g?, dn/dc(MTEGE) = 0.22 mL-g* (calculated).®



Dynamic light scattering
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Figure S13. Dapp Versus g? for mPEG113-b-PMTEGEs in H.O (5mM NaCl) (left) and
experimental autocorrelation function (right).
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Figure S14. Dapp Versus g for MPEG113-b-PMTEGE11 in H20 (5mM NacCl) (left) and
experimental autocorrelation function (right).
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Static light scattering

Details/assumptions for data analysis:

1. Contrast factor (dn/dc) for each sample in methanol and water is roughly identical,
which holds for PEG within 5% (refractive indices for water and methanol are 1.333
and 1.3288, respectively).

2. Concentration dependency of the scattering intensity is negligible (at a
concentration of ¢ = 1g-L%, unimers in methanol are measured at a high dilution
limit, giving scattering intensities only twice as large as the pure solvent itself. In
contrast, for micelles in aqueous solution, A is expected to diminish, and therefore
concentration dependence can also be neglected).

3. To ensure correct analysis, it is important, that concentration dependencies can be
neglected; meaning that the concentration (c) has to be significantly higher than the
respective critical aggregation concentration (cac, cmc). For mPEG-b-PMTEGE
with 9 MTEGE units and a CMC of 0.1 g-L™, the solution concentration ¢ had to
be corrected by the factor c(CMC). For all other block copolymers, the CMC is low
enough (<0.03 g-L1) and can be neglected (see section CMC measurements, Figure

S20 and S21 and Table S1).
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Figure S17. K(c — ccuc)/R plotted versus q> for mPEGiis-b-PMTEGE, block
copolymers (with n=9 (green), 11 (red), 19 (blue), 26 (black) in methanol (hollow spheres)
and water (solid spheres). For mPEG113-b-PMTEGE,, the solution concentration ¢ was
corrected by the CMC ccmc = 0.1 g-L™. For the other block copolymers with n> 11, the
CMC is <0.03 g-L* and can be neglected. All (dn/dc) values are set to 0.1 mL-g™.
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Figure S18. Aggregation number Z ( (Kc/R) ¢y, o | (K€ — ccmc/R)ig) plotted versus
g? for the block copolymers mPEGi13-b-MTEGE, (with n= 6 (light blue), 9 (green), 11
(red), 19 (dark blue), 26 (black)). For mPEG113-b-PMTEGEs, the solution concentration ¢
was corrected by the CMC ccmec = 0.1 g-L™. For the other block copolymers with n> 11,
the CMC is < 0.03 g-L* and can be neglected.



Scaling laws developed by Forster et al.1?

Forster et al. developed a simple theory of block copolymer micelle formation
corresponding to the behavior of low molar mass surfactants ending up with two scaling

law representations given by equation (1) and (2)
(1) Z oc Ng%8-Na?
(2) D o Zl/S_NBB/S

with Z: aggregation number, Na block length of core (MTEGE) , Ng block length of corona

polymer (PEG), D: aggregate dimension = hydrodynamic diameter

with (1) entering (2) equation (3) is obtainable including the corona contribution into

constant
(3) D/2 == Rh o« Na?®

Including all contributions from the corona as a constant (same PEG for all samples) scaling
behavior can be easily checked by plotting Z vs Na (Figure 6a) and Rn vs Na (Figure 6b)
with double logarithmic scaling, yielding exponents of 2.1 and 0.39 vs. 2 and 0.4 from

theory, clearly supporting the micellar assumption.

DLS results for oxidized mPEG-b-PMTEGE and DLS kinetic studies of the oxidation

process are shown in the section below.



Figure S19. CryoTEM micrographs of mPEG113-b-PMTEGE1s in aqueous solution
(1 g-L*, 5mM NaCl).

CMC measurements

Pyrene was used as a fluorescent probe to determine the CMC of the block copolymers
which are still showing self-assembly in water at a concentration of 1 g-L* (determined by
DLS, Table S1). CMCs were calculated by plotting the intensity ratio(lratio = I1/13) of the
two characteristic vibrational bands of pyrene (I1=373 nm, I3=383.5nm, emission
spectrum) or the relative intensity versus the concentration of the block copolymer in
water.!* Two examples are depicted in Figures S20 and S21 and one can determine values
of 0.1g-L? for mPEGu13-b-PMTEGEs and 0.03g-L* for mPEGii3-b-PMTEGE;1s,

respectively. The CMC values of all block copolymers are listed in Table S1.
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Figure S20. Relative intensity plotted versus concentration for the block copolymer
MPEG113-b-PMTEGEs with a pyrene concentration of 6-107 mol-L™. The CMC was
determined to 0.10 g-L™2.
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Figure S21. Relative intensity plotted versus concentration for the block copolymer
MPEG113-b-PMTEGE1: with a pyrene concentration of 6:107 mol-L™t. The CMC was
determined to 0.03 g-L ™.



Oxidation-responsiveness
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Figure S22. Signal integral of the methyl signal (-SCH3) and methylene signal (-

CH2SOCH:?3) plotted versus reaction time for the oxidation of mMPEG113-b-PMTEGE2s with
H202 (1wt%) in D20 at 296 K.
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Figure S23. SEC elution traces (DMF, RI signal, PEG standard) of mMPEG113, MPEG113-b-
PMTEGE2s block copolymer and oxidized species (MPEGi113-b-PMSOEGE2). The

oxidized block copolymers (oxidized in D.O or deuterated buffer) show identical elution
traces.
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Figure S24. 'H NMR spectra (400 MHz, D,0) of MPEG113-b-PMTEGE26 block copolymer

before (top) and after oxidation (bottom) to sulfoxide units.
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Figure S26. 'H NMR spectra (400 MHz, D,0) of mPEG-b-PMTEGE block copolymer
before (top) and after oxidation with H20, (middle) and NaOCI-solution (bottom).
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Figure S27. *3C NMR spectra (100 MHz, D,0) of mPEG-b-PMTEGE block copolymer
before (top) and after oxidation with H202 (middle) and NaOCI-solution (bottom).
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Figure S28. SEC elution traces (DMF, Rl signal, PEG standard) of mPEG113-b-PMTEGE26
and the oxidized derivatives MPEGi113-b-PMSOEGE2s (oxidized to sulfoxide) and
MPEG113-b-PMSO2EGE2s (0xidized to sulfone).
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Figure S29. Monitoring the oxidation process of PEG-ran-PMTEGE in buffer solution at
37 °C via turbidity measurements. The graph shows the transmitted laser light intensity
versus time after addition of H.O> (1 wt%). A clear solution is detected after about 500
seconds.



Table S2. DLS data of mPEG-b-PMTEGE and their oxidized derivatives (mPEG-b-
PMSOEGE) in water and methanol.

Sample Rh (CH30H)/nm Rnh (H20)/nm
MPEG113-b-PMTEGE 11 2.5 10.4
MPEG113-b-PMSOEGE11 2.6 2.6
MPEG113-b-PMTEGE26 2.6 14.7
MPEG113-b-PMSOEGE26 24 2.6

Rn: hydrodynamic radius
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Figure S30. Intensity of fluorescence emission of Nile Red, monitored as a function of time
for aqueous block copolymer solutions mMPEGi113-b-PMTEGE, with n=11 and 26,
respectively (c = 0.5 g-L1). Measurements show stability of micelles, when no H,O; is
added. (For oxidative release, see Figure 9, main manuscript).



Post-polymerization modification

1. Alkylation
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Figure S31. 'H NMR spectra (400 MHz,
functionalized block copolymer, respectively.

D20) of mPEG-b-PMTEGE and amide
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Figure S32. BC NMR spectra (100 MHz, D,0) of mPEG-b-PMTEGE and amide
functionalized block copolymer, respectively.
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Figure S33. 'H NMR spectra (400 MHz, MeOD) of mPEG-b-PMTEGE and carboxyl
functionalized block copolymer, respectively.



Table S3. DSC data of alkylated block copolymers.

Sample functionalization Tg(°C) Tm (°C) AH J-g?)
MPEG113-b-PMTEGEs  --- -58 95 142
MPEG113-b-PMTEGEs  bromoacetic acid -34 56 124
MPEG113-b-PMTEGEs  bromoacetamide  -42 54 111
MPEGi113-b-PMTEGE19 --- -59 53 93
MPEG113-b-PMTEGE19 bromoacetic acid -16 54 91
MPEG113-b-PMTEGE1s bromoacetamide  -22 50 76

Tg: glass transition temperature; Tm: melting temperature; AH: melting enthalpy.
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Figure S34. TGA traces of mPEG-b-PMTEGE1s (blue) and respective alkylated
derivatives.



2. Alkoxylation
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Figure S35. 'H NMR (400 MHz, MeOD) of mPEG-b-PMTEGE functionalized with
epichlorohydrin (ECH).
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Figure S36. *H NMR (400 MHz, MeOD) of mPEG-b-PMTEGE functionalized with allyl
glycidyl ether (AGE).
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Figure S37. FT-IR spectra of mPEG-b-PMTEGE (blue) and GPE functionalized mPEG-
b-PMTEGE (red).
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Figure S38. HSQC NMR (D20) of mPEG-b-PMTEGE functionalized with glycidyl

propargyl ether (GPE). Phase information is given by coloration of cross peaks (red:
methylene, blue: methine).
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3.1 Glycidyl Amine Comonomers and Polyethers

with Pendant Amino Groups

The following section is a contribution by the author of this thesis that was published as a
part of Chemical Reviews, 2016, 116, 2170-2243 (Special Issue: Frontiers in
Macromolecular and Supramolecular Science), titled: “Polymerization of Ethylene Oxide,
Propylene Oxide, and Other Alkylene Oxides: Synthesis, Novel Polymer Architectures,

and Bioconjugation”.

Only very recently, multi amino-functional polyethers are increasingly studied, since they
are promising candidates for a variety of applications ranging from surface modification to
biomedicine.! While primary amino groups permit conjugation of biomolecules or low
molecular weight compounds,>® the value of tertiary amino groups should not be
underestimated. Ordinary tertiary amine moieties permit triggering the polyethers’
properties via the pH-value.®-8 Further, their substituents can be modified, leading to tailor-
made polyethers.2 In addition, if a positively charged polyelectrolyte is desired, the
tertiary amino groups can be simply quaternized. These cationic PEG-based polyethers may
be promising polymer vectors for gene delivery.!!

Different strategies can be pursued to introduce multiple amino functionalities at the
polyether backbone. In general, different synthetic methods have to be applied for primary
or tertiary amino groups. In this section, we focus on synthetic approaches based on post-
polymerization reactions and direct copolymerization of EO/PO with glycidyl amine
derivatives. A detailed overview of multiple amino-functional polyethers, including

poly(meth)acrylate derivatives and their potential applications, was given by Wilms et al.*



3.1.1 Introduction of Primary Amino Groups

Obviously, the direct polymerization of epoxide monomers bearing primary amino groups
is not feasible, since the nucleophilic nitrogen atom attacks the epoxide ring. Hence, post-
polymerization strategies or the introduction of suitable protecting groups for amine-
functional epoxide monomers are necessary. Koyama et al. were the first to obtain PEG
with multiple primary amino moieties via copolymerization of ethylene oxide (EO) with
allyl glycidyl ether (AGE) followed by thiol-ene coupling of 2-aminoethanethiol to the
allylic groups of AGE (Scheme 1).# The authors further demonstrated the suitability of

these amino-functional PEGs for DNA complexation.?
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Scheme 1. Modification of PEG-co-PAGE copolymers with 2-aminoethanethiol.*

Another post-polymerization approach was reported by Li and Chau who synthesized a
library of multifunctional PEGs by modifying the hydroxyl groups of linPG-co-PEO.*3 The
glycerol units were reacted with phthalimide potassium, followed by conversion into
primary amines. However, this route shows a limited overall conversion for amino
functions of only 34 %. Alternatively, Moller and coworkers applied the “activated
monomer mechanism” to homo- and copolymerize epichlorohydrin (ECH) with

ethoxyethyl glycidyl ether (EEGE), followed by the conversion of the chloride atoms of



ECH to azide groups. Eventually, the glycidyl azide segments were reduced, using

triphenylphosphine to obtain primary amines at the polyether backbone (Scheme 2).?

NOct,Br / 1.PPh;
0 i-BugAl o NaN; 0y, 2.H,0 0J.
—_— —_— B e
n %Cl Br g\nH I’j(\[ nH Brk\[ nH
Cl N3 NH,

Scheme 2. Synthesis scheme for poly(glycidyl amine) (PGA) starting from epichlorohydrin
(ECH).2

In general, postpolymerization modifications are often time-consuming and can suffer from
a limited overall conversion. To overcome this problem, glycidyl amine derivatives bearing
suitable protecting groups can be used as monomeric building blocks for the direct
copolymerization with EO or PO. Our group introduced a protected glycidyl amine,
dibenzyl amino glycidol (DBAG) (Scheme 3, left), accessible by a simple two-step
transformation of epichlorohydrin with dibenzyl amine.** Copolymerization of 2-15 mol%
of DBAG with EO yielded copolymers with a tapered microstructure containing EO rich
segments near the initiator and DBAG rich segments near the chain terminus. Liberation of
the primary amino groups was performed by catalytic hydrogenation, albeit requiring
prolonged reaction times (1-8 days, Pearlman’s catalyst). Only limited copolymer yields of
30-50 % were achieved due to interaction of the primary amino groups with the carbon-
supported catalyst. In particular, this strong adhesion precluded the recovery of block
copolymers. This strategy was improved by introduction of N,N-diallyl glycidyl amine
(DAGA) (Scheme 3, middle).*® This approach enabled the polymerization of well-defined
gradient copolymers as well as block copolymers with DAGA ratios of 2.5-24 mol%.
Furthermore, the time for cleavage of the protecting group was reduced from 1-8 days to
several hours and yields were increased from 30-50 % to 85 % copolymer. In a following

publication, the suitability of this comonomer as anchor for dye functionalization or for



drug conjugation was demonstrated.*® In 2015, Satoh and Kakuchi et al. re-investigated the
homopolymerization of DBAG to obtain poly(glycidyl amine) after release of the benzyl
groups.® While the degree of polymerization of PDBAG was limited in the common
AROP,** well-defined homopolymers with molecular weights ranging from 6200 g-mol*
to 50,400 g-mol™ and PDIs of 1.09-1.22 were obtained with the strong phosphazene base
t-BuP4 as a deprotonation agent. The authors attribute the high molecular weights to the
mild reaction conditions (room temperature), which suppress weight limiting transfer
reactions.!” Cleavage of the benzyl protecting groups was performed under hydrogen
atmosphere in a tetrahydrofuran/methanol mixture with palladium on carbon (Pd/C) as
catalyst. This hydrogenation method allowed reducing the reaction time from 8 to 4 days.
In contrast to the previous method described by Frey and coworkers,'* no yield limiting
interaction of the released amino groups with the catalyst surface was observed. Successful
release of the amino groups was also reflected by the thermal properties of the
homopolymers, whereas PDBAG reveals a Tg of 4.6 °C, the primary amino groups of PGA
cause an extremely high T4 0f 68.2 °C.

Further, polyethers with combined amino- and hydroxyl functionalities were obtained by
copolymerization of DBAG with benzylglycidylether (BnGE) in a sequential and statistical
manner and subsequent deprotection to PGA-IinPG copolymers. This strategy is superior
to previous results by Méller et al,? since only two reaction steps were required. Monomer
reactivity ratios were determined to rpeac=0.8 and rece= 3.24, indicating a strong
compositional drift, with DBAG rich segments near the terminus. From these results and
other reported reactivity ratios of glycidyl amine derivatives, an overall lower reactivity of
glycidyl amines compared to glycidyl ethers can be concluded.58141518 Additionally, the
authors described the homopolymerization of the optically pure (S)-DBAG, vyielding

amino-functional polyethers with an exclusive isotactic sterosequence.’
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Scheme 3. Suitable monomers to obtain PEG with primary amino functionalities. N,N-
Dibenzyl amino glycidol (DBAG),'* N,N-Diallyl glycidyl amine (DAGA)® and
epicyanohydrin (EPICH).%

Epicyanohydrin (EPICH) (Scheme 3, right) is a suitable alternative to the introduced
protected glycidyl amine derivatives. This monomer allows the synthesis of amino-
functional PEG by simple hydrogenation of the nitrile-group. In contrast to the glycidyl
amine derivatives, EPICH cannot be polymerized by conventional AROP.%% 2! Recently,
our group demonstrated the successful incorporation of 4-16 mol% EPICH into PEG by the
“activated monomer” method. However, the nitrile group is a strong electron withdrawing
functional group and supports the transfer to monomer reaction described in the

Introduction (Chapter 1.3.1) of this thesis, resulting in unsaturated chain ends.*®

3.1.2 Secondary Amino Groups

Inspired by DBAG, Satoh and Kakuchi et al. very recently introduced a glycidyl amine
derivative bearing only one cleavable substituent: N-benzyl-N-methylglycidylamine
(BMGA) (Scheme 4).° Secondary amino-groups are obtained, after polymerization and
subsequent cleavage of the benzyl-protecting group. The authors described homo-, block-
as well as statistical (co)polymers of BMGA and DBAG, utilizing the phosphazene base t-

BuP4 as deprotonation agent and BuOH as initiator. Investigations on the monomer



incorporation revealed similar reactivity ratios for DBAG (rpeac=0.91) and BMGA

(remca = 0.98), resulting in a random monomer distribution.

Ve

%N\
N-benzyl-N-methylglycidylamine

(BMGA)

Scheme 4. Suitable glycidyl amine derivative for secondary amino groups along the
polyether backbone. N-benzyl-N-methylglycidylamine (BMGA).®

3.1.3 Tertiary Amino Groups

In contrast to primary amino groups, tertiary amino moieties do not interfere in the
polymerization of epoxides as long as the nitrogen atom is shielded by its substituents.
Considering alkyl glycidyl amine derivatives, the most simple one, N,N-dimethyl glycidyl
amine, cannot be polymerized in a controlled manner, since the methyl groups do not
sufficiently shield the nucleophilic nitrogen atom, which results in polycondensation
reactions caused by the nucleophilic attack of the nitrogen at the epoxide ring.?? In an
interesting work Dhal and co-workers presented an indirect route to poly(N,N-dimethyl
glycidyl amine) by nucleophilic substitution of poly(epichlorohydrin) (PECH) with
dimethylamine.?® The authors proposed that these polymers may show high potential as
bile acid sequestrant after quaternization of the amino moieties with hydrophobic alkyl
halides.

Expanding the alkyl chain of glycidyl amines from methyl to ethyl already permits
successful controlled polymerization due to effective shielding of the nitrogen atom by the

ethyl substituents. In this context, Ponomarenko et al. long ago already described the



copolymerization of PO and N,N-diethyl glycidyl amine (DEGA) (see Scheme 5) and
calculated the copolymerization parameters using the Fineman-Ross equation, resulting in
rr0=1.90 and rpeca=0.30.18 However, no further characterization of the resulting polymers
was reported.

Reuss et al. introcuced the copolymerization of DEGA with EO. Well-definded tapered and
block copolymer structures were obtained with DEGA ratios up to 29 mol%.° The block
copolymers were shown to be suitable as dual reducing and capping agent for gold
nanoparticle formation. Furthermore, these structures act as a precursor for cationic
polyelectrolytes, simply obtained by quaternization of the amino moieties with methyl
iodide. Most interesting, PEG-co-PDEGA copolymers showed temperature and pH-
responsive behavior in aqueous solution, similar to the structurally related poly(N,N-
dialkylaminoethyl methacrylates).?* To elucidate the temperature-induced inverse phase
transition, the authors measured the occurrence of nanoaggregates by continuous wave
electron paramagnetic resonance (CW-EPR) spectroscopy and compared it to the
macroscopic cloud points. Interestingly, stable nano-aggregates were formed long before
macroscopic changes were detectable.”?® Following this strategy, Frey and coworkers
expanded the library of alkyl glycidyl amines and synthesized derivatives with longer alkyl
chains, N,N-di(n-butyl) glycidyl amine (DButGA), N,N-di(n-hexyl) glycidyl amine
(DHexGA), N,N-di(n-octyl) glycidyl amine (DOctGA) (Scheme 5).8 The authors
investigated the influence of the alkyl chain length on the relative reactivity in the
copolymerization with EO and the copolymers’ thermal behavior in aqueous solution.
Interestingly, real-time *H NMR Kinetic studies showed no dependence of the relative
reactivity on the alkyl chain length. All copolymers showed lower relative reactivity than
EO, resulting in r-parameters of reo= 1.84, reuica= 0.49; reo=1.78, rocca=0.42.8 These
results document the formation of gradient structures with increasing glycidyl amine

segments towards the chain end.



A highly hydrophobic glycidyl amine derivative, glycidyl-didodecylamine (GDDA), was
introduced by Rangelov and Tsvetanov (Scheme 5).2° However, to date, successful

polymerizationof GDDA has not been achieved.
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Scheme 5. Glycidyl amine derivatives based on tertiary amines. N,N-Diethyl glycidyl
amine (DEGA),® N,N-di(n-butyl) glycidyl amine (DButGA),® N,N-di(n-hexyl) glycidyl
amine (DHexGA),® N,N-di(n-octyl) glycidyl amine (DOCctGA),® glycidyl di(n-dodecyl)
amine  (GDDA),?®  N,N-bis(2-methoxyethyl)glycidylamine (BMEGA)° and N-
glycidylmorpholine (GM).°

As mentioned before, 2015, Satoh and co-workers presented more hydrophilic tertiary
glycidyl amine derivates, N,N-bis(2-methoxyethyl)glycidylamine (BMEGA) and N-
glycidylmorpholine (GM) (Scheme 5, bottom).® Unlike their hydrophobic counterparts,
BMEGA and GM can be successfully homopolymerized. The authors report water-soluble

polymers with degrees of polymerizations up to 200 and narrow PDI (< 1.18).

3.1.4 Other Polyether Derivatives Bearing Nitrogen Moieties

In 2009, Long and co-workers presented two imidazole-substituted epoxides, 1-
tritylimidazole-2-epoxide and 1-tritylimidazole-4-epoxide (Scheme 6).2 The trityl-

protecting group allowed for polymerization by conventional AROP with tert-butoxide as



an initiator and facile removal by treatment with trifluoroacetic acid, yielding water-soluble
homopolymers with degrees of polymerization up to 90. The polymers showed a buffering
range within the pH ranges of 3 and 6.5 and are candidates for electroactive devices or
biological complexation for nucleic acid binding. The strategy also offers access to

polyether-based polymeric ionic liquids (PIL) with polar polyether backbone.
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Scheme 6. Imidazole-substituted epoxides. 1-tritylimidazole-2-epoxide and 1-tritylimi-
dazole-4-epoxide.?’

Recently, Baker and co-workers reported poly(ionic liquids) (PILs) based on imidazolium
ionic liquids grafted onto PEG.?® The authors modified poly(epichorohydrin) with
1-butylimidazole, followed by an anion exchange  with lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) to obtain a polyether based PIL (Scheme 7).
The described homopolymers showed a conductivity of around 10 S-cm™ at 90 °C, which
dropped to around 10°to 10 S-cm™ at 30 °C, which is not sufficient for practical use.?
This approach was improved by cationic copolymerization of 2-((2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)methyl)oxirane  with epichlorohydrin, followed by
modification of the ECH units. Copolymers with a 1:1 ratio of the mentioned monomers

showed an improved conductivity of 10* S.-cm? compared to the described

homopolymers.®
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Scheme 7. Postpolymerization modification of PECH to obtain a polyether based PIL.?

Hawker and co-workers demonstrated the use of another imidazole derivative, histamine,
for pH-responsive hydrogels. PAGE-b-PEO-b-PAGE triblock copolymers were modified
with thiol-functional histamine units by thiol-ene-click chemistry.3! A clear gel to sol
transition was reported upon lowering the pH from 7 to 6.6, rendering this material suitable
for drug delivery applications with pH as an active trigger.

Starting from PEG-b-PAGE copolymers, in 2005 Ulbrich and coworkers showed the
introduction of multiple hydrazide functionalities at PEG. The allyl group of the AGE units
were reacted with methyl sulfanyl acetate via click chemistry, followed by transformation
of the methyl ester to the hydrazide with hydrazine hydrate (Scheme 8).2? The hydrazide
functionality reacts specifically with aldehydes, forming reversible hydrazone linkages
under ambient conditions. This concept is particularly interesting for drug delivery based
on aldehyde-containing drugs, such as doxorubicin or for glyco-targeting.®® 34 Further,
Sokolovskaya et al. applied the high reactivity of the hydrazide group to form acid-labile

PEG-based hydrogels, suitable for controlled release applications.®®
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Scheme 8. Introduction of hydrazide functions into the polyether backbone.®?
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3.2.1 Abstract

Amine-functional poly(ethylene glycol) (PEG) copolymers have been prepared that exhibit
thermo- and pH- responsive behavior in aqueous solution. Three novel tertiary di(n-alkyl)
glycidyl amine monomers have been introduced for anionic ring opening copolymerization
(AROCcP) with ethylene oxide (EO): N,N-di(n-butyl) glycidyl amine (DButGA), N,N-di(n-
hexyl) glycidyl amine (DHexGA) and N,N-di(n-octyl) glycidyl amine (DOctGA). Via
controlled AROCcP we synthesized well-defined (Mw/Mn = 1.05-1.14), water-soluble block-
and gradient-type PEG copolymers, containing up to 25 mol% of the respective dialkyl
glycidyl amine comonomer. Molecular weights ranged from 4900 to 12000 g-mol™.
Detailed in-situ *H NMR kinetics and *3C triad analyses elucidate the microstructures of
the copolymers and the relative reactivity of the novel comonomers. Notably, the n-alkyl
chain length had no significant influence on the relative reactivity of the glycidyl amine
comonomers. Calculated reactivity ratios ranged from reo=1.84, rpeuca =0.49 to
reo = 1.78, rpoctea = 0.42, manifesting the formation of gradient copolymers. Thermo- and
pH-responsive properties of these copolymers are precisely tunable by the comonomer
ratio, and cloud points in aqueous solution can be adjusted between 21 °C and 93 °C.
Electron paramagnetic resonance (EPR) spectroscopic studies with TEMPO as a spin-probe
were conducted to elucidate host-guest interactions of the copolymers. Unexpectedly, the
n-alkyl chain length of the different glycidyl amine comonomers only influences the
inverse phase transition of the gradient copolymers, but not of the block copolymers on the
nanoscale. Self-assembly of the block- and gradient-type copolymers in aqueous alkaline
solution by both static and dynamic light scattering has also been investigated after

confirming the existence of pure unimers in methanol.



3.2.2 Introduction

Poly(ethylene glycol) (PEG) is an extremely versatile material that distinguishes itself from
other common simple polyethers, like poly(oxymethylene) (POM) or poly(propylene
oxide) (PPO) by its remarkably high solubility in water,® high chain flexibility and
biocompatibility.> 3 This unique combination of properties renders PEG a valuable
compound in a vast variety of fields, e.g., for pharmaceutical and biomedical applications,*

% nonionic surfactants® or soluble polymeric supports in phase transfer catalysis.’

The properties of PEG can be systematically expanded and manipulated by the
incorporation of other epoxide-based comonomers into the polyether backbone. This is
achieved by anionic ring opening copolymerization (AROCP) of ethylene oxide (EO) with
various other comonomers.® ° For example, thermo-responsive PEGs with adjustable cloud
points can be generated by incorporating more hydrophobic comonomers, such as ethoxy
vinyl glycidyl ether (EVGE)® ! or allyl glycidyl ether (AGE)*? into the PEG backbone.

Recently, our group reported well-defined, amine-functional PEGs, which combine
thermo- and pH-responsive behavior.® 318 The copolymerization of EO with N,N-diethyl
glycidyl amine (DEGA) leads to temperature- and pH-responsive copolymers in the range
between 42 °C and 97 °C with the main focus on prospective use in modern drug delivery
strategies.'® * Tsvetanov et al. introduced an even more hydrophobic glycidyl amine
derivative, i.e., glycidyl di(dodecyl)amine (GDDA\) to introduce high solubilizing power
towards extremely hydrophobic drugs. However, to date successful polymerization of
GDDA has not been achieved.!” Besides the use for drug delivery strategies, Lynd and co-
workers recently reported pH-responsive hydrogels prepared from symmetric triblock
copolymers, based on N,N-diisopropyl ethanolamine glycidyl ether (DEGE) and PEG.

These PDEGE-b-PEG-b-PDEGE hydrogels showed pH-sensitivity in a physiologically



relevant pH window and could be used for controlled drug release or as cell carriers.*®
Overall, amine-functional PEGs may represent promising candidates for biomedical
applications, utilizing pH as their active trigger together with PEG’s established

biocompatibility.®
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Scheme 1. Polymerization strategy for the concurrent copolymerization of EO and the
respective DXGA monomer. For the block copolymerization, monomethoxy-PEG5000
(mPEGa113) was used as a macro-initiator. 2-Methoxyethanol was used as an initiator for the

concurrent copolymerization.

In this work, we present the synthesis of novel water-soluble polyethers comprising
different hydrophobically substituted, tertiary amine moieties, which can be used as a new
and simple handle in tuning temperature- and pH-response of such polymers. To this end,
we introduce three comonomer building blocks for concurrent AROcP with EO: N,N-di(n-
butyl) glycidyl amine (DButGA), N,N-di(n-hexyl) glycidyl amine (DHexGA) and N,N-
di(n-octyl) glycidyl amine (DOctGA) (Scheme 1). In the following, the glycidyl amine
derivatives will be referred to as DXGA with X = But, Hex or Oct, respectively. We focus
on a systematic study of the effect of the different n-alkyl chain lengths at the tertiary amine
moiety and the consequent variation in the hydrophilic-hydrophobic balance on thermo-
and pH-responsiveness of the aqueous polymer solutions. We demonstrate that inverse
phase transition temperatures can be precisely triggered by the system pH due to the protic

nature of the amines and thus can be adjusted by the respective n-alkyl chain of the amine.



Moreover, we utilize light scattering experiments to provide insight on the self-assembly
of the copolymers in aqueous alkaline solution, which is expected to depend not only on
the block length ratio but also on the copolymers’ microstructure and their hydrophobicity,

e.g. the chain length of the alkyl-substituent.

3.2.3 Experimental Section

All methods employed and the sources of all reagents used are given in the Supporting
Information document.

Monomer synthesis (DXGA). The procedure described by Hovland et al.'® for DButGA
and DOCctGA was modified. Epichlorohydrin (1.2 eq), water (0.15 eq, deionized) and the
respective secondary amine (1.0 eq) were added to a round-bottom flask and stirred
overnight at room temperature. After extraction of the mixture with 20 % aq K.COs
solution, 36 % aqueous NaOH was added to the organic phase, followed by stirring at room
temperature overnight. The organic phase, separated from the solids by centrifugation, was
then dried over MgSO4 and washed with diethyl ether. Filtration and fractional distillation
under reduced pressure (p = 6-10 mbar) gave the respective product (yields 80-90 %) as
a colorless liquid.

N,N-Di(n-butyl) glycidyl amine (DButGA)

Purification by distillation: p = 6-10 mbar, Tp = 54 °C

'H NMR (300 MHz, Chloroform-d): §[ppm]: 3.09-3.03 (m, 1H, CHring), 2.78-2.70 (m, 2H,
CH’-H”’ ting), 2.60-2.42 (m, 6H, N-CHz), 1.49-1.25 (m, 8H, -CH.-CH>-), 0.94-0.89 (t,
7.2 Hz, 6H, -CHs). 3C NMR (75 MHz, Chloroform-d): 5[ppm]: 56.78, 54.34, 50.97, 45.38,
29.12, 20.62, 14.05.

N,N-Di(n-hexyl) glycidylamine (DHexGA)

Purification by distillation: p = 6-10 mbar, Tp = 82 °C



'H NMR (300 MHz, Chloroform-d): 8[ppm]: 3.09-3.04 (m, 1H, CHring), 2.79-2.71 (m, 2H,
CH’-H’’ ring), 2.60-2.42 (m, 6H, N-CH>), 1.50-1.38 (m, 4H,-N-CH>-CH>), 1.37-1.29 (m,
12H, -(CH2)s-), 0.91-0.87 (t, 7.0 Hz, 6H, -CH3). *C NMR (75 MHz, Chloroform-d):
§[ppm]: 56.81, 54.70, 51.00, 45.38, 31.81, 27.18, 26.96, 22.65, 14.05.

N,N-Di(n-octyl) glycidylamine (DOctGA)

Purification by distillation: p = 6-102 mbar, T, = 100 °C

'H NMR (300 MHz, Chloroform-d): [ppm]: 3.09-3.04 (m, 1H, CHring), 2.80-2.74 (m, 2H,
CH’-H’’ ring), 2.61-2.43 (m, 6H, N-CH>), 1.55-1.40 (m, 4H,-N-CH>-CH>), 1.33-1.22 (m,
20H, -(CH2)s-), 0.91-0.86 (t, 6.9 Hz, 6H, -CHs). 3C NMR (75 MHz, Chloroform-d):
S[ppm]: 56.81, 54.68, 51.00, 45.40, 31.84, 29.55, 29.31, 27.51, 27.00, 22.65, 14.08.

Block copolymer synthesis in bulk. The typical procedure is based on previous work**
and is exemplified for mPEG113-b-PDBuUtGAs. 2 g of mPEGS5000 (1 eq), 60 mg cesium
hydroxide monohydrate (0.9 eq) and 10 mL benzene were added into a dry 100 mL Schlenk
flask under argon atmosphere. The mixture was stirred for 30 min at 60 °C. Evaporation of
the solvent under reduced pressure at 90 °C overnight afforded the partially (90 %)
deprotonated initiator. After the required amount of the dry DXGA (0.37 g DButGA) was
added via syringe, the reaction was stirred overnight at 70 °C. The reaction mixture was
allowed to cool down to room temperature prior to termination with methanol (0.3 mL).
The polymer was precipitated from methanol in cold diethyl ether. Filtration and drying in
vacuum afforded the block copolymer in quantitative yields.

Concurrent copolymerization of EO and DXGA. Copolymerization was performed as
previously described by Reuss et al.}* Cesium hydroxide monohydrate (1 eq), benzene
(10 mL) and 2-methoxy ethanol (1.05 eq) were added into a dry Schlenk flask under argon
atmosphere. Stirring the mixture for 30 min at 60 °C followed by removing the solvent
under reduced pressure overnight at 60 °C afforded the initiator. Dry THF (~ 25 mL) and

DMSO (5 mL) were added to the reaction mixture. The mixture was cooled to -80 °C, and



the desired amount of EO was cryo-transferred from a graduated ampule into the reaction
mixture. The respective, dry DXGA was syringed into the flask and the polymerization was
performed for 24 h (DButGA) to 48 h (DHexGA, DOctGA) at 60 °C. After cooling to room
temperature, methanol (0.3 mL) was added. The reaction mixture was precipitated into cold
diethyl ether. Filtration and drying in vacuum afforded a gradient-like copolymer in almost
quantitative yields (>95 %). Copolymers containing amounts of more than 10 % of DXGA

were dissolved in methanol and purified by dialysis (MWCO = 1000 g-mol™).

3.2.4 Results and Discussion

A. Monomer synthesis and copolymerization with EO

Monomer (DXGA) synthesis. The di(n-alkyl) glycidyl amine derivatives (DXGA) can be
synthesized in a modified two-step procedure. The synthesis was originally developed by
Hovland et al. for DBUtGA and DOCtGA and is described in the Experimental Section.®
Mixing epichlorohydrin with the respective secondary amine leads to ring opening in the
presence of water. Addition of sodium hydroxide solution affords the desired product by
recyclization of the epoxide ring. We refrained from excessive heating during all reaction
steps (to 30-70 °C)* to avoid condensation reactions.” The achieved yields of the DXGASs
were in the range of 80 % to 90 %. Small losses are due to polymeric by-products, which
are generated during distillation of the glycidyl amines due to nucleophilic attack of the
amine at the epoxide ring. This side reaction has previously been observed for DEGA as
well.1* However, this undesired polymerization only occurs at elevated temperatures. At
lower temperatures, it is prevented by the sterically demanding, long alkyl chains. As
reported long ago, N,N-dimethyl glycidyl amine is not stable at room temperature due to

the limited steric bulk and small shielding effect of the methyl groups.?° Stable N,N-di(n-



alkyl) glycidyl amines are accessible only with ethyl or longer alkyl chains. On the other
hand, purification by distillation obviously becomes more challenging with increasing
chain length.

Concurrent copolymerization of EO and DXGA. AROCcP copolymerization of DXGA
was carried out with 3.8-25 mol% comonomer content, while the theoretical degree of
polymerization (DPn) was kept constant at n =113 (see Table 1). Since we targeted
copolymers exhibiting solubility in aqueous solution, higher contents of the DXGA
comonomers were not explored in this work. The desired DXGA content is adjustable by
the monomer feed ratio and was determined by *H NMR spectroscopy. Gel permeation
chromatography (GPC) indicates well-defined copolymers with low polydispersity indices
(Mw/Mj =1.05-1.14) and monomodal molecular weight distributions (Figure S4a,
Supporting Information). With increasing content of the hydrophobic DXGA, the relative
hydrodynamic volume decreased, and the molecular weights determined by GPC (DMF,
calibrated with PEG standards) differed increasingly from the absolute molecular weight
obtained from NMR data (see Table 1). This is a well-known phenomenon for amine
functional PEGs also observed in previous works in our group.® ¥4 1° Eventually, absolute
number average molecular weights (Mn) can be determined via *H NMR spectroscopy with
an error of £10 % due to signal overlap between the proton signals of the methoxy-group

(initiator) and the backbone protons of PEG.3



Table 1. Characterization data for the series of PEG-co-PDXGA copolymers.

Composition? DXGA content!  MyY/g-mol? Mi?/g-mol?  Mw/My?
PEGog2-co-PDBUtGA4 4.2 % 4790 5360 1.07
PEGgs-co-PDBUtGAs 6.0 % 5160 5180 1.09
PEGai36-c0-PDBUtGA11 75% 8020 4570 1.12
PEGo1-co-PDBUtGA15 14.2 % 6780 3470 1.13
PEGss-co-PDBUtGA21 19.3% 7760 3880 1.14
PEGi17-co-PDBUtGAsg 25.0 % 12360 3560 1.14
PEGu100-co-PDHexGA4 3.8% 5400 5440 1.07
PEGgs-c0-PDHexGAs 6.0 % 5630 5380 1.07
PEG107-co-PDHexGAg 7.8% 6900 4490 1.11
PEG10s-c0-PDHexGA10 8.6 % 7100 4320 1.13
PEGais1-co-PDHexGAss3 154 % 15900 3020 1.13
PEG194-c0-PDHexGAs:1 20.8 % 20800 2620 1.12
PEGoy-co-PDOCtGA4 3.9% 5500 4630 1.05
PEG114-c0-PDOCtGA7 5.8% 7170 4820 1.06
PEGai3s-c0-PDOCtGA14 9.2% 10230 3800 1.10

1 Obtained from *H NMR spectra; 2 Determined by GPC measurements in DMF (Rl signal)

Block copolymerization of mPEG and DXGA. We also prepared copolymers with
DXGA comonomer fractions ranging from 4.2 to 15.0 %, showing low dispersity indices
(1.05-1.09) and monomodal weight distributions (see Table 2 and Figure S4b). GPC traces
illustrate distinct shifts to higher molecular weights in comparison to the molecular weight
of the macro-initiator mPEG5000. The achieved degrees of polymerization were slightly
lower than anticipated, which we explain by chain transfer reactions to the monomer (Table
2 and Scheme S1, Supporting Information). This is a well-known limitation in alkali metal
mediated AROCcPs of epoxides.?> ® Concerning this reaction, a detailed *H,!H-COSY
(correlation spectroscopy) NMR spectrum is shown in the Supporting Information (Figure

S5). In general, the transfer reaction can be efficiently suppressed by lowering the reaction



temperature. For this block copolymerization, a temperature of 70 °C has been observed to
be suitable to minimize these transfer reactions.

Table 2. Characterization data for the series of PEG-b-PDXGA block copolymers.

Composition? DXGA DXGA M,/ Mn?/ Mu/Mp?
content! content(th) g-mol? g-mol?
MPEG113-b-PDBUtGAs 4.2 % 4.2 % 5930 5570 1.05
MPEG113-b-PDBUtGAs 6.6 % 8.1% 8480 6030 1.06
MPEGi13-b-PDBUtGA17  13.1 % 15.0% 8150 5770 1.07
MPEGu113-b-PDBUtGA2 15.0 % 18.1 % 8700 5730 1.09
MPEG113-b-PDHexGAs 4.2 % 4.2 % 6200 5800 1.06
MPEGui13-b-PDHexGAs 6.6 % 8.1% 6930 6000 1.06
MPEGu113-b-PDHexGA1s  11.7 % 15.0% 8620 5150 1.09
MPEG113-b-PDOCctGAs 4.2 % 4.2 % 6490 5560 1.06
MPEG113-b-PDOCtGA7? 5.8% 8.1% 7080 5610 1.07
L Obtained from *H NMR spectra; 2 Determined by GPC measurements in DMF (RI

signal)

13C NMR triad analysis. 3C NMR spectroscopy based triad analysis provides first insights
into the microstructure of the copolymers generated by concurrent AROCcP. The analyzed
triads (i.e., sequences of three subsequent monomer units) were labeled as recently
described for tapered EO/DEGA copolymers,®* and as established for EO/PO
copolymers.?22* Peak assignment was achieved by comparison with amine-functional
PEGs!* 31 recently synthesized in our group, other block copolymer structures and various
calculated spectra. Figure 1 shows the relevant region of the *C NMR spectrum of PEG-
co-PDBuUtGA with 6.0 % DBuUtGA. The signals at 77.6 ppm, 71.7 ppm and 68.7 ppm found
in the spectra of the random copolymers are absent in the >*C NMR spectrum of the block
copolymer (see Figure 2) and can be assigned as the E-Dy-E, E-Da-E and D-Ea-D triads,
respectively (E refers to the EO repeating unit and D refers to the DXGA repeating unit, a

indicating the first methylene group and b the second of the central monomer unit). With



increasing DXGA content, the signal at 77.6 ppm broadens, indicating additional triads like
D-Dy-E, while the signal of E-Dy-E remains the strongest resonance (see Figure 2). Note
that no quantitative determination of the triad abundance was possible, however simple
block structures could not be observed for the random copolymers. Similar results were
also obtained for PEG-co-PDXGA copolymers with DHexGA and DOCtGA. 'H NMR
kinetic studies were performed to elucidate the exact microstructure of the copolymers and

the comonomers” reactivity ratios.
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Figure 1. Relevant section of the 3C NMR spectrum (75 MHz, DMSO-ds) of PEG-co-
PDButGA copolymer with a fraction of 6.0 % DButGA.



DBuUtGA -centered E-E,-D, D-E,-E,
triads D-E,-|

m
m
o

)
Qo

i

1

: I I
L L |5 w E | o -
4 ® ®
® 1 4
>

._.
I
w
®

ui’ E-E,-D,
t_jn;f-j; Sa E-E,-E
[a1o] 3 E-E,-E MeO-
o block Q 3

78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 61 60 59 58
Chemical Shift / ppm

Figure 2. Relevant sections of the 13C NMR spectra (75 MHz, DMSO-dg) of MPEG113-b-
PDBuUtGA2 and PEG-co-PDBuUtGA copolymers with 4.2 %, 6.0 %, 7.5 %, 14.2 % and
19.3 % DButGA fraction. The copolymer with 25.0 mol% DButGA showed poor solubility
in DMSO-ds and could therefore not be employed for 3C NMR measurements in this

solvent.

'H NMR in situ Kinetic studies. To compare the properties of the different PEG-co-
PDXGA copolymers, it is important that the functional group distribution at the backbone
is known. *H NMR spectroscopy was used to investigate the relative monomer reactivity
by monitoring the different copolymerization reactions.® 12 2° The reactions were carried
out under reduced pressure in a solvent mixture of THF-ds and DMSO-ds (5:1) at 80 °C
using 2-methoxy ethoxide as initiator. A higher reaction temperature compared to the
reactions in flask (60 °C) is reasonable, since the lack of stirring can be expected to slow
down the reaction time dramatically. Yet, this difference in reaction temperature does not
affect the relative monomer reactivities.® 2% 2* The NMR tubes were prepared as described
earlier,® > 14 measurements were conducted every 30 s and with increasing reaction time
every 15 min. The monomer consumption was followed via integration of the decreasing

signal areas of the monomer resonances at 2.55 ppm (methylene protons of EO (4 H),



highlighted in purple) and at 2.93 ppm (protons of the respective DXGA (1 H), highlighted
in red). The area under the signals of the alkyl protons (butyl, hexyl or octyl) remained
constant throughout the reaction. Therefore, these signals were used as an internal
reference. Simultaneously, the growing polyether backbone was monitored by integrating
the signal at 3.6 ppm (highlighted in green). Figure 3 shows the relevant section of the time-

resolved *H NMR spectra for the copolymerization of EO and a DHexGA fraction of 10 %.
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Figure 3. Time-resolved *H NMR spectra (400 MHz) for the copolymerization of EO and
DHexGA (10 %) at 80 °C. The relevant signals are highlighted. Green: polymer backbone,
red: single proton of DHexGA, purple: protons of EO. The shown spectra were recorded
after 30 sec, 1 min, 2 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 7 h and 8 h, respectively.

The polymerization rates are influenced by the steric bulk of the different DXGA
comonomer (see Figure S6 in the Supporting Information). At a reaction temperature of
80 °C copolymerization of DButGA requires 30 min to achieve full monomer

consumption. For DHexGA complete conversion was observed only after 8 h, and 23 h



were required to achieve full monomer consumption for the copolymerization of DOctGA

and EO.

Figure 4 illustrates monomer consumption with increasing total conversion. Faster
incorporation of EO into the growing polymer chain with progressing conversion can be
observed, resulting in a distinct compositional drift, with EO enriched segments near the
initiator and DXGA enriched segments near the terminus of the chains. Similar gradient
copolymer structures are observed for all three DXGA monomers (Figure 4). Note that in
analogy to these findings gradient structures were reported for other glycidyl amine
derivatives polymerized in DMSO-ds, such as N,N-dibenzyl amino glycidol (DBAG)?,
N,N-diallyl glycidyl amine (DAGA)®® and DEGA.!* For a better understanding of the
AROCP, based on the NMR-data the monomer reactivity ratios (r-parameters) for the
DXGA comonomers and EO were calculated using the Fineman-Ross formalism (Figure
S7, Supporting Information).?” Values for DBuUtGA and DOCtGA of reo=1.84,
roButca = 0.49 and reo = 1.78, rpoctea = 0.42 reflect the higher reactivity of EO compared to
the DXGA monomer and the similarity of the different reactivity ratios for all DXGA
monomers. From these results, we can conclude that a similar gradient microstructure for
all different DXGA copolymers is obtained. This is of importance, since this demonstrates
— maybe in contrast to the chemist’s intuition - that the alkyl chain length of the tertiary
amine does not strongly influence the reactivity and microstructure by steric shielding, as
opposed to the copolymerization of ethylene oxide with various alkyl oxiranes?® 23-2° and
as reported for several other epoxide monomers.?® 2 Already in the 1970s, the
copolymerization of PO and DEGA was investigated in terms of their relative reactivities
based on the steric demand and the polarity of the respective substituents.?® Unexpectedly,
for the copolymerization of PO with DEGA reactivity ratios of rro = 1.9 and rpeca = 0.3

using the Fineman-Ross method were calculated. From these results, the polarity of the



nitrogen atom did not appear to increase the reactivity of DEGA, in analogy to our results.
In contrast, for glycidyl ethers, a multi-dentate coordination of the additional oxygen atom
with the counter-ion was proposed, which enhances the Lewis basicity of the monomer,
resulting in a similar 25 12 or even higher relative reactivity compared to EO! 8and PO.%®
Consequently, we suppose that a similar multi-dentate coordination of the glycidyl amine
comonomers with the counter-ion (here Cs*) does not occur, based on the general shielding
of the nitrogen in the tertiary amine derivatives. This assumption is also supported by
results reported by Lynd et al. discussing a cation-coordination mechanism. They
investigated the copolymerization of EO with several glycidyl ethers with the following
observations: N,N-diisopropyl ethanolamine glycidyl ether (DEGE) (two oxygen atoms,
one nitrogen atom) and allyl glycidyl ether (AGE) (two oxygen atoms) show quite similar
reactivity ratios: rpece = 1.28+0.14, reo = 0.82+0.1 and race = 1.31 £0.26, reo = 0.54 +0.03,
whereas ethoxy vinyl glycidyl ether (EVGE) (three oxygen atoms) shows a higher
reactivity ratio revee = 3.50+0.90 and reo = 0.32+0.1.> ! From these results one can deduce

that the additional nitrogen atom in DEGE does not increase reactivity.

In summary, the nitrogen atom of glycidyl amine derivatives does not appear to decrease
the transition-state energy by coordination with the cation and therefore does not enhance
the reactivity of the comonomer. Nevertheless, the AROCP is strongly influenced by the
choice of the counter-ion as well as the polarity of the reaction solvent; consequently any

comparison of different copolymer systems has to be handled with care.*
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Figure 4. Fraction of initial monomer concentration of EO and the DXGA comonomer (10-
15 %) versus total conversion for copolymerization at 80 °C, measured in a THF-ds and
DMSO-ds (5:1 ratio) mixture.

B. Properties of the copolymers in bulk and solution

The thermal properties of the copolymers in bulk were studied by differential scanning
calorimetry (DSC), aiming at differences between block- and gradient copolymers. PEG
homopolymer with molecular weights exceeding 2000 g-mol™ is a highly crystalline
material with a melting temperature approaching 65 °C.3! Copolymerization strongly
affects the degree of crystallization. Thermal characteristics are also determined by the
respective microstructure, as reported previously for other PEG-copolymers.?? 3 1532 For
gradient copolymers obtained from concurrent copolymerization of DXGA and EO, a
decreasing melting temperature and melting enthalpy with increasing DXGA content is
observed (Table 3). We attribute this to destabilization of the crystal structure®? by the bulky
tertiary amines. Intriguingly, an incorporation of as little as 4 % of any DXGA in a gradient
copolymer already decreases the melting temperature by ~ 20 °C. In comparison, for the

block copolymers no significant influence of the DXGA content on the melting temperature



of the PEG block could be observed (Table 4), which indicates nanosegregation of both
blocks. On the other hand, these results again confirm the conclusion that the gradient

copolymers show no block-like structure and consequently no nanosegregated domains.

Table 3. Characterization data of PEG-co-PDXGA gradient copolymers from DSC.

Composition DXGA content Tg¢/°C Tm/°C AH/J-g?
PEGg2-co-PDBUtGA4 4.2 % -66 45 83
PEGgs-co-PDBUtGAs 6.0 % -68 42 74
PEGui3s-co-PDBUtGA11 7.5% -68 37 72
PEGo1-co-PDBUtGA15 14.2 % -72 15 32
PEGss-co-PDBUtGA21 19.3% -72 21 31
PEG117-co-PDBuUtGAs9 25.0 % -73 15 26
PEGi00-co-PDHexGA4 3.8% -71 46 80
PEGos-co-PDHexGAs 6.0 % -74 42 71
PEGio7-co-PDHexGAg 7.8% -74 38 72
PEGui0s-co-PDHexGA10 8.6 % =17 35 64
PEGais1-co-PDHexGAs3 15.4 % -76 30 38
PEGi94-co-PDHexGAs:1 20.8 % -78 12 25
PEGgy-co-PDOCtGA4 3.9% -70 49 92
PEGu13-c0-PDOCtGA7 5.8 % -75 45 81
PEGai33-c0-PDOCtGA14 9.2% -74 43 57

Tg: glass transition temperature
Tm: melting temperature
AH: melting enthalpy



Table 4. Characterization data of mMPEG113-b-PDXGA block copolymers obtained by DSC.

Composition DXGA content Tg/°C Tw/°C AH/J-g?
MPEGu113 0% -53 64 186
MPEG113-b-PDBuUtGAs 4.2 % -60 S7 139
MPEG113-b-PDBuUtGAs 6.6 % -69 54 125
MPEGa113-b-PDBuUtGA17 13.1% -72 54 92
MPEG113-b-PDBuUtGA20 15.0 % -73 55 88
MPEGi13-b-PDHexGAs 4.2 % --- 56 131
MPEGai13-b-PDHexGAs 6.6 % -79 94 114
MPEG113-b-PDHexGA15 11.7 % -78 56 89
MPEG113-b-PDOCtGAs 4.2 % -71 57 143
MPEGui13-b-PDOCtGA7 5.8% -76 95 113

Tg: glass transition temperature

Tm: melting temperature

AH: melting enthalpy

Stimuli-responsive behavior in aqueous solution. Recently we established an approach
that combines macroscopic turbidity measurements with intrinsically local electron
paramagnetic resonance (EPR) techniques to thoroughly describe the phase transition of
LCST-exhibiting polymers.33-3 ¢ This approach exploits the fact that turbidimetry
provides information on large-scale aggregation of polymers (leading to aggregates that are
large enough to scatter incident light, i.e., > 0.5 um), while spin-probing continuous wave
(CW) EPR spectroscopy complementarily investigates the local (on length scales of a few
nm) collapse behavior of a polymer of interest.3*-% 16 For PEG-co-PDEGA copolymers,
this approach has already revealed quite complex phase transition modes.'® While the
gradient copolymer shows cooperative coil-to-globule transitions on the nanoscale at
temperatures below the macroscopically observable (by turbidimetry) cloud point, a block
architecture facilitates a slowly percolating collapse, i.e., dehydration of the polymers that
eventually leads to aggregation at the cloud point (see Figure 9). Interestingly, in both cases

of block and gradient polymers, the onset of the nanophase separation observed by CW



EPR and the cloud point turned out to merge with increasing solution pH and consequently
decreasing degree of protonation of the DEGA base.

Turbidimetric Characterization. PEG itself is known for its cloud point temperature of
about 100 °C , which is dependent on its molecular weight in aqueous solutions.*® The
cloud point can be systematically lowered and tuned by copolymerization with hydrophobic
comonomers.3? Recently, our group introduced various amine-functional PEGs with cloud
points ranging from 22 °C up to 97 °C.2> !4 The cloud points were shown to depend on the
incorporated comonomer content, the microstructure of the copolymer, the pH and the
nature of the amine moieties. Here, we complementarily investigate how the length of alkyl
side chains attached to tertiary amine moieties affects the cloud point of gradient and block
copolymers. We systematically increase the alkyl chain length from n-butyl, to n-hexyl and
n-octyl, but keep the degree of polymerization of the copolymers constant. Note that
varying the length of the alkyl chain on the tertiary amine has a strong influence on the pKa
of a polymer with given comonomer ratio. It decreases with increasing steric demand of
the alkyl chains from 9.6 (PEG-co-PDButGA) to 7.6 (PEG-co-PDHexGA) to 5.6 (PEG-co-
PDOCctGA) as determined by titration (Figure S9 and Figure S10, Supporting Information).
For PEG-co-PDEGA a pK, of 9.9 was reported.'® The varying pKa values might well result
in different hydration energies of the polymers that in return determine the LCSTs/cloud
points.t®

Figure 5 displays the cloud points as a function of comonomer content for the different
gradient copolymer series with no adjustment of the pH. Cloud points were measured at a
concentration of 20 mg-mL* of an aqueous polymer solution. Measurements were repeated
several times per copolymer, and the displayed cloud points are averaged values. Errors are
calculated from the standard deviation of the averaged values and are less than 1 °C.
Furthermore, heating and cooling cycles were monitored to study the occurrence of a

hysteresis. For all copolymers, a thermal hysteresis between the heating and the cooling



profile can be observed. (Table S1 and Figure S8, Supporting Information). With an
increasing ratio of hydrophobic to hydrophilic comonomers a significant shift of the cloud
points occurs (Figure 5). At low comonomer ratios, the cloud point temperatures of PEG-
co-PDXGA appear to be mainly influenced by the hydrophilic PEG segment, showing little
influence by the alkyl chain lengths. Interestingly, with increasing comonomer ratio, a
significant influence of the alkyl chain length can be observed, clearly resulting in lower
cloud point temperatures.

Generally, PEG-co-PDButGA copolymers show lower cloud point temperatures than their
PEG-co-PDEGA copolymer counterparts reported in literature.’* Incorporating 14.2 %
DBuUtGA into PEG lowers the cloud point from 100 °C to 24 °C. Thus, cloud points at
human body temperature are easily accessible with a low comonomer content, which is an
attractive feature for future drug delivery applications. In contrast, a fraction of 15 %
DEGA lowers the cloud point temperature to only 68 °C. Even an incorporation of 29 %
DEGA leads to a transition temperature of only 55 °C.1*® A cloud point in the range of the
human body temperature is only accessible at high pH (pH = 14, Tc = 42 °C) for DEGA-
copolymers and therefore not applicable in vivo. In general, the longer n-alkyl chain in
DBuUtGA (in comparison to DEGA) leads to increasing hydrophobicity of the DBUtGA-
based copolymers and, hence, decreasing cloud points. This feature is essential for the use
in future biomedical applications, since one can rely on the unique, biocompatible PEG
structure with tailor-made cloud points, albeit with only subtle structural alteration. A
comparison of the gradient copolymers of DHexGA and DOctGA shows that with higher
amount of incorporated DXGA the difference in the cloud point temperatures is even more
significant. For instance, PEG-co-PDOCctGA with a fraction of only 9.2 % DOCctGA already
shows a turbid solution at 0°C. In comparison, PEG-co-PDHexGA leads to a turbid solution

at 0 °C with a comonomer ratio of 15.4 %.
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Figure 5. Cloud point temperatures as a function of the comonomer content. Black: PEG-
co-PDEGA (data taken from Reuss et al.}*) Red: PEG-co-PDBuUtGA. Blue: PEG-co-
PDHexGA. Green: PEG-co-PDOctGA. Note that the connecting lines are only to guide
your eye. PEG-co-PDBuUtGA with a comonomer ratio of 19.3 %, PEG-co-PDHexGA with
15.4 mol% DHexGA and PEG-co-PDOCctGA with a comonomer fraction of 9.2 % show

already turbid solutions at 0 °C.

To study the impact of pH, turbidity measurements were performed at different pH values
as well. Cloud points were measured at pH 9, 11 and 14 for each gradient copolymer. The
results are shown in Table 5, including the degree of protonation of the amines at a given
pH (see Table 6). Figure 6 shows the correlation between pH and cloud point for the PEG-
co-PDBuUtGA copolymers (data for PEG-co-PDHexGA and PEG-co-PDOCtGA see Figure
S11 and Figure S12, Supporting Information). With increasing pH, the tertiary amine
moieties become deprotonated and increasingly insoluble in agueous solution, therefore the

cloud point temperature decreases.



Table 5. Cloud point data at a given pH for PEG-co-PDXGA gradient copolymers.

No. Composition DXGA Tc/°C Tc/°C Tc/°C (pH=14)
content (pH=9) (pH=11)

1  PEGg>-c0o-PDBUtGA4 4.2 % 100 78 71
2  PEGgs-co-PDButGAs 6.0 % 100 76 69
3 PEGis-co-PDBUtGAL; 7.5% 86 59 53
4 PEGgi-co-PDBUtGA;s 142 % 37 24 21
5 PEGaigo-co-PDHexGA4 3.8% 81 79 74
6 PEGgs-co-PDHexGAs 6.0 % 80 78 76
7 PEGig7-co-PDHexGA 7.8% 63 61 59
8  PEGios-co-PDHexGA1o 8.6 % 52 51 45
9  PEGgs-c0-PDOCtGA, 39% 90 89 87
10 PEGui14-c0-PDOCtGA; 5.8 % 77 75 69

Tc: cloud point temperature

Table 6. Degree of protonation of the respective amine moieties at a given pH.

Copolymer pKa Degree of Degree of Degree of
protonation at protonation at protonation at
pH=9 pH=11 pH=14

PEG-co-PDBuUtGA 9.6 76 % 3% 0.03 %
PEG-co-PDHexGA 7.6 4 % 0.04 % 0.004 %

PEG-co-PDOCctGA 5.6 0.04 % 0.004 % 0.0004 %
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Figure 6. Cloud point temperature plotted versus pH for the series of PEG-co-PDBUtGA

copolymers with varying DButGA fraction.

A comparison with the block copolymers is instructive: all PEG-b-PDXGA with 4.2 %
DXGA fraction show no cloud point below 100 °C as well as PEG-b-PDButGA with 6.6 %
DBuUtGA fraction. Interestingly, all other PEG-b-PDXGA block copolymers with a DXGA
fraction above 4 % yield turbid solutions already at 0 °C. Therefore, no diagram is shown
for the block copolymers. This different behavior of aqueous copolymer solutions (gradient
copolymers vs. block copolymers) once again supports the conclusion that no simple block

structures are obtained by concurrent copolymerization of EO with DXGA.

CW EPR measurements. Figure 7 shows temperature profiles derived from turbidity
measurements and from CW EPR spectroscopy on the amphiphilic spin-probe TEMPO
(2,2,6,6-tetramethylpiperidin-1-)oxyl) in solutions of PEG-co-PDButGA and PEG-co-
PDHexGA, respectively. Note that the EPR-derived profiles are based on the quantity ya.
Here, ya is defined as the fraction of TEMPO probes diffusing freely in the aqueous
polymer solutions. Correspondingly, 1-ya denotes the fraction of TEMPO probes

incorporated into collapsed, i.e., dehydrated and compacted PEG-co-PDBUtGA or PEG-



co-PDHexGA. The experimental details that lead to the ya functions have been described
in detail.>3> 16 Spin probing CW EPR is sensitive for length scales below ~ 5 nm,* and
thus one can state that a decreasing y coincides with an advancing collapse of the polymers
on nanoscopic length scales below approximately 5 nm.

From Figure 7, one can deduce that for PEG-co-PDButGA and PEG-co-PDHexGA the
temperature difference between the onset of the nanoscale (EPR; xa < 1) transition and the
observable cloud point of the solutions increases with increasing content of the
hydrophobic comonomers DButGA and DHexGA. Similar trends can be observed as for
PEG-co-PDEGA.* This is a consequence of stronger hydrophobic interactions between the
polymers at higher DXGA content that shift the cloud point to lower temperatures. In
contrast, the onset of the nanoscale transition is not as markedly influenced by the
hydrophobic content of the polymers. Their architecture on length scales below
approximately 5 nm can be viewed as similar segments of a few DXGA monomers at any
comonomer ratio, which dominate the nanoscale behavior (see references®-2 ¢ for details
on this phenomenon). At high DXGA content, the two transitions almost merge (see Figure
7a), 14.2 % line). Most importantly, for PEG-co-PDBuUtGA with a PDBuUtGA content
between 10 and 15 %, the two transitions fall into the medically relevant temperature range
around body temperature (see Figure 7).

One can furthermore observe that on average more TEMPO spin probes interact with PEG-
co-PDEGA® than with PEG-co-PDButGA and PEG-co-PDHexGA. This trend of
diminishing interaction between TEMPO and the polymers with increasing side chain
hydrophobicity is continued even for PEG-co-PDOCtGA (see the Supporting Information
for the corresponding data). This can be explained as follows: Earlier EPR and fluorescence
studies on similar systems as the ones studied herein (aqueous solutions of amphiphilic

copolymers with strongly hydrophobic side chains at one type of monomer, i.e.,



polysoaps®”:%8) suggest that PEG-co-PDXGA copolymers form intramolecular micelles
with the hydrophobic alkyl chains clustered in a micellar core (see Figure 9). This
morphology will be increasingly fostered and more frequently adopted at lower
temperatures with growing side chain length, as the hydrophobic micellar core becomes

increasingly water-depleted (this is also reflected in our earlier study on PEG-co-

PDEGA).1
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Figure 7. a) Fraction of TEMPO not incorporated into collapsed PEG-co-PDBuUtGA
domains, xa, as a function of temperature for different comonomer ratios (symbols
connected by dashed lines). The corresponding turbidity measurements of the solutions
(normalized transmitted light intensity, 1/1o) are shown as solid lines; b) fraction of TEMPO
not incorporated into collapsed PEG-co-PDHexGA and corresponding turbidity profiles for
different comonomer ratios. All measurements were performed using 1 wt.% polymer

concentration.

Hence, as we observed on other PEG-based systems previously, the strongly dehydrated
apolar regions formed by PEG-co-PDXGA are less likely to interact with TEMPO with
increasing side chain hydrophobicity and dense packing of the alkyl chains. This rationale
also explains why in PEG-co-PDHexGA, the copolymer with the highest DHexGA fraction
(8.6 %, see Figure 7b)) actually hosts a lower amount of spin probe at any given

temperature than the copolymer with 7.8 % DHexGA. These results suggest that this is near



an optimum percentage for copolymer structures of DHexGA when thermally addressable
(by small molecule probes) nanoscopic structures are intended.

Figure 8 shows data for the block analogues of PEG-co-PDButGA versus PEG-co-
PDHexGA (mPEG-b-PDBUtGA versus mPEG-b-PDHexGA). For the block copolymers
(Figure 8), similar general trends can be observed. For mPEG-b-PDBuUtGA with increasing
fraction of hydrophobic comonomer, the percentage of aggregate-incorporated TEMPO

molecules at a given temperature increases (Figure 8a).
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Figure 8. a) Fraction of TEMPO not incorporated into collapsed mPEG-b-PDButGA
domains, ya, as a function of temperature for different comonomer ratios; b) fraction of
TEMPO not incorporated into collapsed mPEG-b-PDHexGA domains, ya, as function of

temperature for different comonomer ratios.

As in the case of gradient copolymers, the hexyl side chain bearing mPEG-b-PDHexGA at
higher fractions of DHexGA (already above 6 %) actually hosts a lower amount of spin
probe molecules at any given temperature than the copolymer with only 4 % DHexGA.
This corroborates the above assumption that DHexGA at high monomer fractions forms
nanoscopic structures that - due to high density - cannot take up TEMPO spin probes. Since
the hydrophobic side groups are now concentrated in a block, it is not surprising that the

optimum monomer fraction for small molecule uptake is significantly reduced from ~8 %



in the gradient-like copolymer to ~4 % in the block copolymer. This observation
emphasizes the importance of the copolymers™ microstructure for their thermal behavior.
We do not observe a significant decrease of ya with increasing side-chain length (when
comparing mPEG-b-PDButGA and mPEG-b-PDHexGA see Figure 8b). This again might
be a consequence of different (micellar) aggregate morphology® of block copolymers as
compared to gradient-like copolymers (see Figure 9). Interestingly, we do not observe
substantial differences in shapes of the ya profiles when the polymer architecture is altered
from gradient to block structures for butyl and hexyl-side chain based copolymers.
However, these differences in shape can be observed with ethyl-side chain based PEG-co-
PDEGA and mPEG-b-PDEGA. Thus, increased side-chain hydrophobicity of the DXGA
comonomers and the consequently fostered intramolecular micellization of the analogues
gradient copolymers might prevent the cooperative nanoscale transition that was observed
in gradient PEG-co-PDEGA, leading to similar profiles for both block- and gradient
architectures. The assumption of intramolecular micellization below the cloud point is also
in accordance with the fact that we did not observe significant pH-dependences of the ya
profiles of MPEG-b-PDBuUtGA and mPEG-b-PDHexGA (see the Supporting Information),
while a strong pH-dependence was reported for mPEG-b-PDEGA.* Yet, for the more
hydrophobic side chains (hexyl), clustering in a micellar core might lead to a decreasing
influence of the degree of amine base protonation, lowering its influence on the phase
transition mode significantly. However, due to the rather low fractions of TEMPO taken
up by polymers with longer, more hydrophobic side chains, it is difficult to make conclusive
statements (see the Supporting Information for the corresponding data) concerning the pH

dependence on their transition.
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Figure 9. Proposed temperature transition mechanisms (according to Kurzbach et. al)*® and

micelle morphologies for 1) gradient copolymers and 2) block copolymers.

Note that some of the ya profiles in Figure 7 and Figure 8 show a steep decrease or an
increase in ya at higher temperatures for some polymers. This has been observed earlier for
PNiPAam hydrogels®® and is a consequence of disproportionation of the TEMPO probes

due to local acidic conditions, which catalyze redox reactions between two TEMPO probes.

Light scattering experiments. For a better understanding of the copolymers™ self-
assembly in aqueous solution we also carried out light scattering experiments. First, DLS
measurements were conducted in methanol to evaluate the hydrodynamic radius (Rn) of
single copolymer chains and to ensure monomodal samples, without the presence of
aggregates or traces of contamination. The hydrodynamic radii of the single copolymer
chains ranged between 2 — 3 nm as expected for their range of molar masses (see Table S2
and S3 in the Supporting Information). The self-assembly studies were performed in an
aqueous Na,CO3/NaHCO3 buffer solution (pH = 10.8) to guarantee a consistent pH and

degree of deprotonation of the tertiary amine moieties. DLS studies were combined with



SLS to further determine the topology and aggregation number of the assembled objects.
From these experiments, well-defined structures were generally verified for the block
copolymers with DXGA ratios below 5 mol% at a concentration of 1g-L™ (Figure S13-S15
and Table S2, Supporting Information). For mPEG113-b-PDBuUtGAs, the dimensions of
diffusing objects suggest a micelle-like structure (p = 0.775). More interestingly, for
MPEG113-b-PDHexGAs and mPEG113-b-PDOctGAs, we propose a vesicle-like structure
based on the p ratio (p ~ 1) and the number of aggregation, which yields values of densities
in an appropriate range (0.1-0.2 g-cm™).*° We note that with high DXGA content (>
5 mol%), larger aggregates (> 150 nm) are detected for all block copolymers at the given
concentration of 1 g-L™t. At the moment it is unclear, whether these sizes correspond to
primary particles or are the result of secondary aggregation processes.

In comparison, for gradient copolymers formed by random/concurrent copolymerization,
well-defined solution structures are detected up to a DXGA fraction of 14.2 mol% (Table
S3 and Figure S16-S20, Supporting Information). Note that for some gradient copolymers,
a minor contribution of larger particles (= 100 nm) can be detected (not shown). This
phenomenon has been already observed for PEG-co-PDEGA.1® We assume that the minor
contribution of larger particles is a consequence of impurities leading to further
aggregation. This is supported by DLS of the samples in methanol (Table S3, Supporting
Information).

Without discussing details, the block copolymers show the expected behavior concerning
their self-assembly*!; increasing volume fraction of the hydrophobic blocks forces the
transition from single micelles with low aggregation numbers (Nagg. = 30) to vesicles with
aggregation numbers of roughly Nagg. = 600. In comparison, equivalent gradient
copolymers exhibit lower aggregation numbers and dimensions at comparable
compositions. Furthermore the gradient copolymers allow considerably higher contents of

hydrophobic constituents to form singular self assembled aggregates without secondary



aggregation compared to the block copolymers (Table S2 and S3, Supporting Information).
These results support the proposed scheme (Figure 9), which was established by Kurzbach
et. al for PEG-co-PDEGA copolymers based on computational studies and light scattering
and refers to the structural similarity of PEG-co-PDXGA to polysoaps. However, to gain
further inside into the morphology and inner structure SANS or SAXS measurements

would be necessary.

3.2.5 Conclusion

Several new amine-functional PEG copolymers with pendant di(n-alkyl) amine moieties at
the polyether backbone have been presented. Inspired by well-known, stimuli-responsive
polybases, such as poly(N,N-dimethylaminoethylmethacrylate) (PDMAEMA) and
poly(N,N-diethylaminoethylmethacrylate) (PDEAEMA)* based on vinyl monomer
structures, we have introduced three N,N-di(n-alkyl) glycidyl amine comonomers
(DBUtGA, DHexGA, DOctGA) and demonstrated successful copolymerization with
ethylene oxide. PEG-copolymers with 3.8-25.0 mol% n-alkyl amine moieties were
obtained. *H NMR Kkinetic studies, 3C NMR triad analysis and differential scanning
calorimetry confirmed a gradient microstructure for all PEG-co-PDXGA copolymers,
albeit with no influence of the n-alkyl chain length on the monomers” reactivity in the
copolymerization with EO. Calculated r-parameters ranged between reo=1.84,
roeutca = 0.49 and reo = 1.78, rooctea = 0.42. Light scattering experiments were conducted
to study the self-assembly of the copolymers, where all block copolymers showed the
formation of large aggregates when the content of DXGA (c = 1 g-L™?) exceeded 5 mol%.
Thermo- and pH-responsive behavior in aqueous solution represents the most intriguing
feature of the novel polyether copolymers. This feature can be tailored and tuned by the

comonomer ratio and has been analyzed in detail by both turbidity measurements and EPR



spectroscopy, studying the macroscopic and microscopic behavior, respectively. PEG-co-
PDButGA with a comonomer ratio between 10 and 15% showed an inverse phase transition
at the medically relevant temperature range around human body temperature. The thermal
collapse and the related polymer-rich nanoscopic regions depend on the pH (amine-
moieties), side chain length and copolymer architecture (block vs. gradient-like) in a
complex manner. This renders these novel copolymers remarkably tunable, on both
macroscopic and nanoscopic length scales. It is a promising feature that the novel glycidyl
amine comonomers employed can be used to generate PEG copolymers with cloud points
at physiological temperatures based on the incorporation of only a small fraction in a PEG
structure. Altogether, we conclude that amine-functional PEG-based copolymers are a
versatile class of pH-responsive polyethers that is promising not only for applications in

drug targeting and delivery, but also for complex polyelectrolyte architectures in general. >
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3.2.8 Supporting Information

Instrumentation. 'H NMR spectra (300 MHz) and 3C NMR spectra (75 MHz) were
recorded using a Bruker Avance |11 HD 300 spectrometer equipped with a 5 mm BBFO Z-
gradient probe with an automated tuning and matching device (ATM) as well as a B-ACS
60 auto sampler. Kinetic studies using *H NMR spectroscopy were investigated on a Bruker
Avance Il HD 400 apparatus operated at 400 MHz with a 5 mm BBFO-SmartProbe (Z-
gradient) and an ATM as well as a SampleXPress 60 auto sampler. For Kinetic studies, a
'H NMR spectrum with 8 scans was recorded every 30 seconds at elevated temperatures of
80 °C. The reaction conditions for the kinetic studies were equivalent to the conditions in
flask to obtain comparable data. All spectra were referenced internally to residual proton
signals of the deuterated solvent (CDCls, DMSO-ds or THF-dg). GPC measurements were
performed in DMF (containing 0.25 g-L* lithium bromide as an additive). An Agilent 1100
Series was used as an integrated instrument, including a PSS HEMA column (108/10°/10*
A) a UV (275 nm) and a RI detector. Calibration was carried out using poly(ethylene

glycol) standards purchased from Polymer Standards Service.

DSC measurements were performed under nitrogen atmosphere using a PerkinElmer DSC
8500 with PerkinEImer CLN2 in the temperature range from — 100 °C to 100 °C at heating
rates of 20 and 10 K-min™ for the first and the second heating run, respectively.

Cloud points were determined in Milli-Q water at a concentration of 20 mg-mL™ and
observed by optical transmittance of a light beam (A = 670 nm). Transmitted laser light
intensity was plotted versus the temperature of the sample cell. The cloud point
temperatures were determined as inflection point of the turbidity profiles. The
measurements were performed on a Jasco V-630 photospectrometer with a Jasco ETC-717

Peltier element or a Tepper turbidimeter TP1 through a 1 cm sample quartz cell. The



heating/cooling rate was 1 K min~!, and values were recorded in 1 K steps. The different
pH values were adjusted by adding conc. HCI (aqg.) or 50w% NaOH solution via Eppendorf
pipettes. Titrations of the polyethers were performed using 0.1 mol-L* HCI (ag.) or 0.1
mol-Lt NaOH (aq.) were repeated three times for each copolymer. pH measurements were
performed by using a pH electrode from HANNA instruments.

Static (SLS) and dynamic light scattering (DLS) were performed at 293.15 K utilizing an
ALYV 3000 correlator, an ALV-SP86 goniometer equipped with an ALV High QE APD
Avalanche photodiode fiber optical detection system, and a He-Ne laser (Uniphase,
22 mW, 1=632.8 nm). For the unimer solutions in methanol with hydrodynamic radii well
below 10 nnm and therefore without angular dependency of the apparent diffusion
coefficient DLS was performed at angles of 20° or 30° (setup 1). Self-assembling samples
in aqueous solutions were analyzed by DLS using a multiangular detection goniometer
(ALV-CGS-8F SLS/DLS 5022F) equipped with a He/Ne Laser (Uniphase, 25 mW,
A=632.8 nm), eight simultaneously working ALV7004 correlators connected to eight ALV
high QE APD avalanche photodiode fiber optical detectors; detectors are separated by 17°,
two independent simultaneous sets of measurement separated by 9° resulting in 16 angular
dependent values covering an angular range from 30 to 158° thus allowing extrapolation to
scattering angle zero with respect to polydispersities effects on diffusion coefficient. All
measurements were performed at 20+0.1 °C with the help of external ultra-thermostats
(Lauda RKS 6C). Diffusion coefficients were determined from intensity autocorrelation
functions after Siegert transformation (g1(t)=sqrt(abs((gz(t)-A)/A))*sign(g2(t)) with A the
experimentally measured baseline) by a non-linear fitting (Simplex algorithm) of the field
autocorrelation function by applying mono- or biexponential fit functions, and the
polydispersity was evaluated by cumulant analysis in terms of the normalized second
cumulant p2 (Figure S21). Hydrodynamic radii were calculated by applying the Stokes-

Einstein equation. Static light scattering was conducted from 6= 30° to &= 150° in steps of



2.5 or 5 degrees using the ALV SP-86 goniometer (setup 1) allowing the determination of
the apparent squared radius of gyration <R¢?>;; aggregation numbers were evaluated by the
intensity ratios of the self-assembled systems in water extrapolated to zero scattering angle
and the unimers in methanol (no angular dependency), which is allowed due to isorefractive
conditions; both, concentration dependencies and citrical aggregation concentration (cac)
influences are neglected due to low concentration limit conditions (unimer) and cac well
below 0.1 g-L* for the aggregates, which has been tested for the most hydrophilic sample
(not shown) by DLS.

Samples were prepared in methanol (25mM LiBr), in 0.1 M HCL solution and in
Na2COs/NaHCO3 buffer solution (pH = 10.8) with a concentration of 1 g-L™. If not noted
elsewhere, methanol solutions were passed through Millex-LG filters (0.2 um) and aqueous
solutions were passed through Acrodisc GHP filters (0.2 um or 0.45 um pore size) into dust
free cuvettes.

Continuous wave (CW) EPR spectra at X-band (~9.4 GHz) were measured on a
Magnettech (Berlin, Germany) MiniScope MS200 benchtop CW EPR spectrometer with a
variable-temperature cooling/heating unit. The sample volume was always large enough to
fill the complete resonator volume in the probehead (>300 uL). Each sample was left at the
particular temperature for exactly 5 minutes to equilibrate. Changes in mole fractions of
species A or B after longer periods of time were not detected. Typical experimental
parameters were: modulation amplitude of 0.06 mT and sweep width of 10 mT. Details on
data analysis and EPR sample preparation are summarized in the section of EPR CW
measurements.

Reagents. Poly(ethylene glycol) monomethyl ether (MPEG5000, M, = 5000 g-mol) was
purchased from Fluka. N,N-Di(n-butyl) amine, epichlorohydrin (99 %), sodium hydroxide

and ethylene oxide (99.5 %) were purchased from Aldrich. Chloroform-d, DMSO-dg, THF-



ds, NaOD and DCI were purchased from Deutero GmbH. N,N-di(n-hexyl) amine was

purchased from Abcr. All other solvents and reagents were ordered from Acros Organics.
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Figure S1. *H NMR spectrum (300 MHz, CDCls) of PEG-co-PDBUtGA.



3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 0.8
Chemical Shift / ppm

Figure S2. *H NMR spectrum (300 MHz, CDCls) of PEG-co-PDHexGA.
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Figure S3.*H NMR spectrum (300 MHz, CDCls) of PEG-co-PDOCtGA.
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Figure S4. GPC elution traces (DMF, RI detection, PEG standards) of (left) PEG-co-
PDOCctGA and (right) mPEG-b-PDOCctGA.
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Scheme S1. Chain transfer to monomer.
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IH NMR kinetic studies
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Figure S6. Monomer conversion versus time plots for copolymerization of EO and the
different DXGA monomers (ca. 10-15 %) at 80 °C.
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Cloud point measurements

100 W 100 ' ' ' " heating|]
cooling ‘ cooling|

80 | 804

60 60
404 40 -

204 20

transmitted laser light intensity / %
transmitted laser light intensity / %

40 50 60 70 80 90
Temperature / °C Temperature / °C

T T T T T
40 50 60 70 80 90

Figure S8. Heating and cooling cycles of PEG-co-PDHexGA with 3.8 % (left side) and
7.8 % (right side) DHexGA content. The diagrams show the transmitted laser light intensity
plotted versus the temperature.

Copolymers T¢/°C heating T¢/°C cooling
PEGg2-co-PDBUtGAs 78 76
PEGos-co-PDBuUtGAs 77 77
PEGai3s-co-PDBUtGA11 59 60
PEGoi-co-PDBUtGA1s 24 22
PEGui00-co-PDHexGAs 79 78
PEGgs-co-PDHexGAs 78 79
PEGu107-co-PDHexGAy 61 57

PEG10s-co-PDHexGA1w0 52 —

PEGog-co-PDOCctGA4 90 87
PEGi14-co-PDOCtGA7 77 78

Table S1. Cloud points of heating and cooling cycles. The aqueous solution of PEG10e-C0-
PDHexGA1o stayed turbid for several hours after cooling back to room temperature.
Therefore, no Te, cooling IS provided.
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Figure S9. pH titration profiles of PEG-co-PDBuUtGA, PEG-co-PDHexGA and PEG-co-
PDOCctGA at 5wt % with 0.1M HCI solution. Titrations were repeated three times for each
copolymer. Here, a representative titration curve for each copolymer class is shown. The
pKa’s can be estimated to be 9.6, 7.6 and 5.6 respectively.
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Figure S10. pH titration profiles of PEG-co-PDBuUtGA (upper left), PEG-co-PDHexGA
(upper right) and PEG-co-PDOCctGA (bottom) at 5wt % with 0.1M NaOH solution, after
acidification. Titrations were repeated three times for each copolymer. One representative



titration curve for each copolymer class is shown. In general, the copolymers show a
buffering capacity to where pH = pKa.
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Figure S11. Cloud point temperature plotted versus pH for the series of PEG-co-PDHexGA
copolymers with varying DHexGA fraction.
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Figure S12. Cloud point temperature plotted versus pH for the series of PEG-co-PDOCtGA
copolymers with varying DOCtGA fraction.



Light scattering measurements

Table S2. Results of the light scattering experiments for the mPEG-b-PDXGA block

copolymers.
Polymer DXGA content  Solvent Rn/ M2 Rg/ Nagg.
! % nm nm
MPEG113 0 Methanol 2.2
MPEG113-b- 4.2 Methanol 2.7
PDButGAs
Buffer 10.3 0.08 <10 34
solution
MPEGi13-b- 4.2 Methanol 2.3
PDHexGAs
Buffer 26 0.16 335 360
solution
MPEGi13-b- 4.2 Methanol 2.3
PDOCctGAs
Buffer 48 0.2 48.1 590
solution

Rn = hydrodynamic radius Ry = radius of gyration p> = normalized second cumulant

Nagg. = number of aggregation



Table S3. Results of the light scattering experiments for the PEG-co-PDXGA gradient
copolymers.

Polymer DXGA content  Solvent Ran/nm 2 Rg/ Nagg.
| % nm
PEGgs-co- 6.0 Methanol 2.2
PDBuUtGAs
Buffer 6 0.15 <10 7
solution
PEGo1-co- 14.2 Methanol 3.5/
PDBUtGA:s 1159
Buffer 7/1009  --- 25D
solution
PEGogs-co- 6.0 Methanol 2.1
PDHexGAs
Buffer 11.2 0.2 173 56
solution
PEGi07-co- 7.8 Methanol 2.3
PDHexGAg
Buffer 8.1 0.1 13 36
solution
PEG106-CO- 8.6 Methanol 2/45 %
PDHexGA1o
Buffer 10/1109 0.1 34P 60
solution
PEGge-CO- 3.9 Methanol 2.1
PDOCtGA4
Buffer 1.7 <10
solution
PEG114-CcO- 5.8 Methanol 2.3
PDOCtGA;
Buffer 24 0.17 34.9 190
solution

Rn = hydrodynamic radius Rq = radius of gyration 2 = normalized second cumulant
Nagg. = number of aggregation
4 Bimodal distribution with a minor contribution of large particles.

b Apparent radius of gyration, which is related to a bimodal distribution detected by DLS.
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Figure S13. Static light scattering (Na.CO3s/NaHCOs-buffer, c =1 g-L™?)
of MPEG113-b-PDBuUtGAs (no angular dependency of DLS (not shown)).
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Figure S14. Dynamic and static light scattering (Na,COs/NaHCOs-buffer,c =1 g-L™)
of MPEGu13-b-PDHexGAs.

1,0 L L L L L L 2,0
1,84
o 084 2
NE o
o E 16
% "
o 0,6-/&/‘2"’”’_ o
-~ -~ 14
g . «
o 04 L8
1,2
0,2 T T T T T T 1,0 T T T T T T
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
2 10 -2 r
q°710"-cm q°110™-cm?

Figure S15. Dynamic and static light scattering (Na,COs/NaHCOs-buffer,c =1 g-L ™)
of MPEG113-b-PDOCtGAs.
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Figure S16. Static light scattering (Na,COs/NaHCOs-buffer,c =1 g-L?)
of PEGgs-co-PDBuUtGAs (no angular dependency of DLS (not shown)).
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Figure S17. Dynamic and static light scattering (Na;CO3/NaHCOs-buffer, c =1 g-L %)
of PEGos-co-PDHexGAs.
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Figure S18. Dynamic and static light scattering (Na;COs/NaHCOs-buffer, ¢ = 1 g-L %)
of PEG107-co-PDHexGAG.
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Figure S19. Dynamic light scattering (Na,CO3s/NaHCOs-buffer, ¢ = 1 g-L 1) of PEGa0s-Co-
PDHexGA10with a bimodal distribution corresponding to micelles of Rh=10 nm and larger
aggregates with Rh=100 nm; static light scattering not shown due to physical meaningless.
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Figure S20. Dynamic and static light scattering (Na2COs/NaHCOs-buffer, c = 1 g-L?) of
PEG114-c0-PDOCtGA;.
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Figure S21. Comparison of the experimental autocorrelation functions (universal reduced
plot with respect to different experimental conditions) of MPEG1i3-b-PBUtGAs in
methanol, aqueous acidic and aqueous alkaline solution plotted (¢ = 1 g-L™); data in
methanol and acidic water are normalized to the experimental intercept of the AKF from
alkaline water).



CW EPR measurements

Sample Preparation.

In all cases, 0.2 mM aqueous TEMPO solutions were freshly prepared and the required
amount of polymer was dissolved subsequently in the TEMPO solution to yield 1 wt%
polymer concentration. Afterwards, the solution was transferred to 3 mm outer diameter
quartz tubes. All substances not newly reported herein are commercially available and were
used without further purification.

EPR Spectroscopy.

CW EPR spectra at X-band (~9.4 GHz) were measured on a Magnettech (Berlin, Germany)
MiniScope MS200 benchtop CW EPR spectrometer with a variable-temperature
cooling/heating unit. The sample volume was always large enough to fill the complete
resonator volume in the probehead (>300 pL). Each sample was left at the particular
temperature for exactly 5 minutes to equilibrate. Changes in mole fractions of species A or
B after longer periods of time were not detected. Typical experimental parameters were:
modulation amplitude of 0.06 mT and sweep width of 10 mT.

Data Analysis.

All spectral simulations were performed with home-written programs in MATLAB (The
MathWorks, Inc.) employing the EasySpin toolbox for EPR spectroscopy.! Simulations of
CW EPR spectra in fluid solution were performed by using a model, which is based on the
fast-motion theory and a program developed by Freed and Fraenkel as implemented in
EasySpin.? These simulations can account for the effect of intermediate or slow rotational
diffusion of the radical on the EPR spectra. All reported values for hyperfine-coupling
parameters and spectral fractions were obtained from simulating the experimental CW EPR
spectra. The hyperfine-coupling constants are given in MHz throughout this article. 1 MHz
corresponds to 0.0357 mT at a magnetic field of 336 mT. The evolution of the spin-probe
concentration over time was determined by double integration of the spectra. Typical
simulation values were, depending on pH, temperature and polymer architecture: Qiso,A =

2.0056 — 2.0059; Aiso,a = 47.6 — 48.7 MHz; tc,a = 0.01 — 0.02 ns; giso = 2.0061 — 2.0062;

Aisos = 44.5 - 46.75 MHZz; tcg = 0.16 — 0.25 ns.



The errors of the ya values stem from uncertainties in the spectral simulations. The
simulations include a scaling of the two spectral components, A and B. The overall
normalized spectrum is simulated as S = ya-A+(1-ya)-B. ya is fitted to optimize the
computational reproduction of the experimental spectra. The error bars in the ya functions
represent the uncertainty of the fitting process. The errors include the maximum variance

of the ya values.

pH Dependence.
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Figure EPRS1. High field transitions of the different polymers under investigation at pH
9. c(TEMPO) = 0.2 mM; c(polymer) = 1 wt%. The colors display the different temperatures
of the measurements going from 10 °C (blue) to 90 °C (red) in steps of 5 °C.
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Figure EPRS2. High field transitions of the different polymers under investigation at pH
11. ¢(TEMPO) = 0.2 mM; c(polymer) = 1 wt%. The colors display the different
temperatures of the measurements going from 10 °C (blue) to 90 °C (red) in steps of 5 °C.
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Figure EPRS3. High field transitions of the different polymers under investigation at pH
14. ¢(TEMPO) = 0.2 mM; c(polymer) = 1 wt%. The colors display the different
temperatures of the measurements, going from 10 °C (blue) to 90 °C (red) in steps of 5 °C.
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3.3.1 Abstract

Quaternary ammonium-functional polymers constituted of a copolyether backbone,
featuring bis(trifluoromethylsulfonyl)imide (TFSI) counterions were synthesized in a two-
step procedure, from neutral copolymers based on PEG and poly(glycidyl amine)s
involving post-polymerization modification followed by an anion exchange reaction. Such
cationically charged copolyehers with mobile TFSI anions, represent a novel class of
poly(ionic liquid)s (PILs). Neutral precursor polymers, namely, diblock, triblock and
gradient PEG-co-poly(N,N-di(n-butyl) glycidyl amine)s (PEG-co-PDBuUtGA and PEG-b-
PDButGA) copolymers with molecular weights in the range of 4,300-11,300 g-mol and
DBuUtGA ratios up to 53 mol% were prepared by anionic ring opening polymerization
(AROP) and exhibited low polydispersity (PDI < 1.16). Quaternization of tertiary amino
groups of PEG-co-PDBUtGA and PEG-b-PDBUtGA structures was carried out in presence
of benzyl bromide or methyl iodide. Thermal behavior and stability of the different
copolymers were assessed by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). After quaternization with either reagent, polyether-type
polyelectrolytes showed an increased glass transition temperatures (Tgs) in the range of 6-
83 °C (compared to -71 °C to -73 °C for the parent neutral copolymers) and a thermal
degradation around Tgswis ~ 150-200 °C. After anion exchange with LiTFSI, the Tq of the
resulting copolyethers significantly decreased (-33 °C to 18 °C) as expected, while showing
an increased thermal stability (T4 swm%~250-330 °C). Overall, polymers bearing methyl units
showed superior thermal stability compared to their benzyl counterparts, and possessed
lower Ty’s. Yet, PILs with benzyl moieties are expected to exhibit a higher mechanical
stability. These results prove promising and open possibilities to apply ammonium-
functionalized copolyethers, for instance, as single-ion solid polymer electrolytes, and in

this respect, ion conductivity measurements are ongoing.



3.3.2 Introduction

Poly(ethylene glycol) (PEG) is one of the most studied polymer for solid polymer
electrolytes (SPEs). This is due to the fact that PEG exhibits a high thermal stability while
possessing an extremely flexible backbone, which leads to high ion mobility. Further, its
ability to dissolve and complex ionic species render it highly valuable as a SPE.** Mixtures
of PEO and lithium salts show an ionic conductivity as high as 10 S-cm™ at 90 °C, which
is still several magnitudes lower than the respective ion conductivity of liquid molecular
electrolytes.® However, safety concerns, such as solvent leakage or flammability shift the
interest from liquid electrolytes to SPEs. Consequently, researchers have been developing
strategies to increase the ion conductivity of polymeric materials, to provide non-volatile
and safe alternatives. As potential candidates, poly(ionic liquid)s (PILs) have attracted
considerable attention in the last decade.®® PILs can be deemed as polymeric versions of
molecular ionic liquids (ILs). In PILs, however, cations or anions of each monomer unit
are covalently tethered to the polymer backbone, only the counterions being mobile, in
contrast to ILs. In PILs, cations (e.g. imidazolium, pyridinium, pyrrolidinium,
phosphonium, triazolium) and anions (e.g. CI°, Br-, BF4", CH3SO3", (CF3SO2).N" = TfoN)
can be judiciously combined using tools of polymer chemistry. Various PIL structures have
thus been investigated as SPEs for energy application devices. They are mainly based on a
rigid hydrocarbon backbone, though, this is not favorable for ionic transport.® 1 A general
strategy to increase the ion mobility of PILs is to introduce flexible ethylene glycol or short
oligo(ethylene glycol) units to the IL moiety.}-2* Alternatively, Drockenmuller and co-
workers demonstrated high ion conductivity for a 1,2,3-triazolium-based ionene-type main
chain polymer, consisting of flexible triethylene glycol repeating units.'® Surprisingly, only
a handful of studies have described PILs based on a true PEG-type (polyether) backbone

with side-chain charged functionalities, which is likely to cause synthetic complications.



Recently, Hu et al. have synthesized imidazolium-based structures by post-polymerization
functionalization of polyepichlorohydrin (PECH). The authors report ion conductivities
reaching 10° S-cm™ at 30 °C.1® The conductivity was further increased to 10 S-cm™when
additional oligo(ethylene glycol) units were incorporated via copolymerization of
epichlorohydrin and a glycidyl ether derivative.!” Consequently, neutral and flexible
glycidyl ether units allow for increasing ion mobility by likely acting as spacers for the
charges. Further, Ikeda et al. have investigated PIL structures based on glycidyl triazole
units, giving anhydrous ion conductivities in the range of 1.1-1.5-10° S cm™ at 30 °C 1819
In a follow-up work, the same authors demonstrated that glycidyl triazole polymers bearing
quaternary ammonium moieties exhibit lower ion conductivities than their imidazolium

counterparts (9.8:10 S cm™ at 30 °C).%°

In this work we introduce a novel class of PILs consisting of a flexible polyether backbone.
Based on our expertise in the design of functional PEG derivatives by anionic ring opening
polymerization (AROP), we prepared unprecedented ammonium-functional copolyethers
via quaternization of PEG-co-poly(N,N-di(n-butyl) glycidyl amine) (PEG-co-PDButGA
and PEG-b-PDButGA) copolymers. We rely on a simple two-step post-polymerization
modification involving quaternization and anion exchange reaction. Di-, triblock and
gradient copolymers were designed with cationic moieties constituting up to 53 mol% of
the repeating units. Neutral precursor polymers were synthesized by AROP, possessing low
PDIs (< 1.16). Quaternization was conducted in the presence of benzyl bromide or methyl
iodide, forming the corresponding quaternized copolyethers quantitatively. After anion
exchange with LiTFSI, the resulting TFSI-containing copolymers were characterized by
various techniques. Given their molecular features and thermal properties, these
copolymers might be candidates as SPEs, their ion conductivity being planned to be

investigated in the near future.



3.3.3 Experimental Section

Nomenclature. N,N-di(n-butyl) glycidyl amine is abbreviated as DBUtGA. After
quaternization, the cationic segment is abbreviated as QDBuUtGA, while QBnDBuUtGA
indicates quaternization with benzyl bromide and QCHsDBuUtGA quaternization with

methyl iodide, respectively.

Materials. Methyl iodide and benzyl bromide were purchased from Sigma Aldrich. Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) was received from TCI. Deuterated solvents

were purchased from Euriso-Top GmbH.

Instrumentation. *H and *C NMR spectra were recorded on a Bruker Avance 400
spectrometer equipped with a 5 mm Bruker multinuclear direct cryoprobe. Thermo-
gravimetric analyses (TGA) were conducted on a TA instruments Q50 from 30°C to 600°C
with a heating rate of 15 °C-min under nitrogen flow. The weight loss was recorded as a
function of temperature. Differential scanning calorimetry analyses (DSC) were performed
on a DSC t/T modulation LN heating from -90 °C to 130 °C with a heating/cooling rate of
10 °C-mint. Molar masses of all samples were determined by size exclusion
chromatography (SEC) in THF, containing 10 mmol-L™ LiTFSI, as the eluent, using light
scattering (LS) and refractive index (RI) signals. For LS analysis, dn/dc value were set to

0.185 mL-g™.

Gradient and block PEG-PDBUtGA copolymers. The synthesis of PEG-PDButGA gradient

and block copolymers is described elsewhere.?

Quaternization with benzyl bromide or methyl iodide. 500 mg PEG-PDBuUtGA gradient or
block copolymer were dissolved in a mixture of methanol and tetrahydrofuran (3:1).
Subsequently, 3 equiv (per amino group) benzyl bromide or methyl iodide were added and

the quaternization was performed at 60 °C for 12 h. Subsequent to cooling to room



temperature, the polymer was precipitated twice in diethyl ether (room temperature).

Drying under high vacuum gave the quaternized product in yields of 80 %.

Anion exchange with LiTFSI. A modified literature procedure was applied.?? 200 mg of
quaternized polymer was dissolved in methanol (2 mL), 2.5 equiv LIiTFSI (per amino
group) dissolved in methanol (2 mL) were added, and the mixture was stirred for 12 h at
room temperature. Purification was conducted via dialysis. The methanol solution was
added to a dialysis bag (MWCO =1000, regenerated cellulose) and dialyzed against DI
water (24 h, 6 solvent changes), to remove salts. All polymers precipitated during the
dialysis procedure, indicating successful ion exchange. After drying in high vacuum, the

product was obtained in quantitative yields.

3.3.4 Results and Discussion

Tertiary amino-functional PEGs were prepared via AROP of ethylene oxide (EO) and
N,N-di(n-butyl) glycidyl amine (DButGA) or by homopolymerization of DBUtGA applying
a PEG macroinitiator, according to a literature procedure.? In particular, gradient, di- and
triblock copolymers were synthesized and polymers with low PDIs (< 1.16) and molecular

weights in the range of 4,300-11,300 g-mol* were obtained (Table 1).

Table 1. Characterization data of neutral dialkyl-amine functional precursor copolymers,
synthesized via AROP.

Precursor Mn? MpP Mw’/g-mol- Mw/Mn? T¢¢/°C  Tm/°C
polymers? /g-mol*  /g-mol?t !

MPEG4s-b- 6600 4150 4800 1.16 -72 40
PDBuUtGA2s

PEGas-(b- 11300 5020 5260 1.05 -72 22
PDBuUtGA2s)2

PEGzss-co- 4300 2570 2620 1.02 -71 4
PDBuUtGA1s

PEG2s-co- 5700 3210 3370 1.05 -73 ---
PDBuUtGA2s

?Calculated by *H NMR spectroscopy.
®Determined by SEC (THF/10 mM LiTFSI, MALLS detector with dn/dc of polystyrene).
¢Obtained by DSC measurements.



Quaternization was conducted using benzyl bromide or methyl iodide, followed by anion
exchange with bis(trifluoromethane)sulfonimide lithium (LiTFSI), yielding copolyether-
based PILs (Scheme 1). Characterization data are summarized in Tables 2 and 3.
Quaternization was performed in a mixture of methanol/THF. The addition of THF was
necessary to fully solubilize the parent neutral copolymers. After quaternization, the
resulting samples featuring chloride or iodide counter anions proved to be water-soluble.
In contrast, the TFSI-containing PEG-PQDBuUtGA derivatives obtained after anion

exchange did not dissolve in water, but were found to be soluble in THF.

3 7

N @ Br® N ® eNTf2

Iy ©i‘.’ e .

CHgl L|TFSI

ob f«io}H w e

Scheme 1. Quaternization of PEG-co-PDBUtGA copolymers with benzyl bromide and
methyl iodide, respectively, followed by anion exchange with
bis(trifluoromethane)sulfonimide lithium (LiTFSI).

The quaternization step was monitored by *H NMR spectroscopy (Figure 1). After reaction,
the resonances of the methylene groups (-NCH>-) in direct neighborhood to the nitrogen
atom of DBuUtGA segments shifted downfield to 3.24 ppm. Further, the adjacent methylene
groups CH>-CH,-CHs, showed a distinct splitting at 1.34 ppm and 1.79 ppm, respectively.
After quaternization with benzyl bromide, characteristic signals of the benzyl group
appeared at 7.5-8.0 ppm. In analogy, after quaternization with methyl iodide the methyl

group is detected at 3.36 ppm.
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Figure 1. 'H NMR spectra (400 MHz) of (PDBUtGAs).-b-PEG before (top, CDCls) and
after quaternization (bottom, MeOD). Quaternized with benzyl bromide (left) and methyl

iodide (right), respectively.

13C NMR spectroscopy confirmed the successful modification. Indeed, the resonances of
the benzyl group appeared at 129-134 ppm (Figure S1), while a new resonance at 50.9 ppm
was detected, which was assigned to the methyl group in PEG-co-PQCH3;DBUtGA (Figure
S1). Characterization of neutral amino-functionalized PEG derivatives by regular SEC in
THF with DBuUtGA ratios above 25 mol% was not possible, likely due to strong interaction
with the column materials of the SEC set up. Consequently, we analyzed the parent
polymers and ammonium-functionalized copolyethers using a SEC set-up under conditions
established by Matyjaszewski et al.?® The results are listed in Tables 1-3. Exemplarily,
Figure 2 shows SEC traces of PEG-co-PDBUtGA copolymers and the TFSI-containing
charged counterparts. After quaternization, the SEC signal shifted to shorter elution times,
that was, to a higher molecular weight. Also, PEG-co-PQDBUtGA quaternized with benzyl
moieties eluted faster than homologues with methyl moieties, indicating higher molecular

weights. Note that the listed molecular weight values in Tables 1-3 are not absolute values,



and were obtained using the refractive index increment (dn/dc) of polystyrene. SEC traces

of the other polymers are shown in the Supporting Information (Figure S2).
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Figure 2. SEC traces (THF/10 mM LiTFSI, RI signal) of PEG2s-co-PDButGA2s and
quaternized derivatives (left) and mPEGss, mPEGus-b-PDBuUtGA2s and quaternized
derivatives (right).

Table 2. Characterization data of charged PEG-co-PQCH3DBUtGA samples.

Charged samples Tg/°C Tm?/°C T&°C  Tw¥°C  Mi®g-mol’  Mrfg-molt PDI

(lodide)  (lodide) (TFSI) (TFSI) (TESI)
MPEG.s-b- Tp=-58, 6 18 --- 7000 3530 1.19
PQCH3:DBuUtGAzs Tgp=53
PEGus-(b-PQ 83 1 --- 12000 5070 1.05
CH3;DBUtGAs),
PEG3s-c0-PQ 6 -33 --- 4540 2510 1.06
CHsDBUtGAls
PEG2s-c0-PQ 53 -15 --- 6100 2530 1.06
CHsDBUtGA2s

aDetermined via DSC measurements.
bCalculated from *H NMR spectrum.
°Obtained via SEC (THF/1 mM LiTFSI, LS signal, dn/dc 0.185 mL-g™?)



Table 3. Characterization data of charged PEG-co-PQBnDBuUtGA samples.

Charged samples  Tg/°C Tn¥/°C T@/°C  Twmd/°C Mn°/g-mol* Mrn¢/g-mol*  PDI

(Br) (Br) (TFSI)  (TFSI) (TFSI)
MPEG4s-b- Tg1=-55, --- 45 8900 5580 1.05
PQBNDBUtGAzs  Tg=15
PEGas-(b- 25 22 15800 8560 1.03
PQBnDBUtGAzs)z
PEGzs-co- 32 -6 5680 2950 1.06
POBNDBuUtGA;s
PEG2s-co- 79 9 8000 3760 1.03
PQBNDBUtGA2s

aDetermined via DSC measurements.
bCalculated from *H NMR spectrum.
Obtained via SEC (THF/1 mM LiTFSlI, LS signal, dn/dc 0.185 mL-g™)

FT-IR spectroscopy confirmed the successful anion exchange (Figure 3). The IR spectrum
of LiTFSI showed characteristic bands in the region of 1000-1400 cm™, which can be
assigned to the asymmetric and symmetric stretching vibration of the SO structure,
respectively.?* 2 After anion exchange, these characteristic bands appeared in the spectrum
of PEG25-co-PQCH3DBuUtGA2s TFSI, indicating the presence of TFSI anions. Note that the
characteristic bands of the copolyether are weak compared to the vibrations of the TFSI

counterion.

——LiTFS
——PEG,-_-PQCH,DBUtGA ,_ TFSI

—— PEG,,-co-PQCH,DBUtGA,, iodide
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Figure 3. FT-IR spectra (absorbance) of LiTFSI, PEG2s-co-PDBuUtGA2s (cyan) and after
quaternization PEG25-c0-PQCH3DBuUtGA25 with iodide (blue) or TFSI (red) as
counterion.



Bulk thermal properties. The thermal stability of all copolyether-based PILs was
investigated by TGA. Figure 4 shows the thermograms of PEG2s-co-PDBUtGA>s,
quaternized PEG-co-PQDBuUtGA with CHsl and BnBr, respectively, and after anion
exchange with LiTFSI. Neutral PEG-co-PDButGA showed thermal degradation at around
370 °C (thermal decomposition at 5% weight loss), which is marginally lower than neat
mPEG2000 (Tq = 380°C). After quaternization with benzyl bromide, however, the thermal

stability dropped to ~150 °C.
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Figure 4. TGA traces of PEG2s-co-PDBUtGA2s and quaternized derivatives. Left: Initial
polymer (black), after quaternization with benzyl bromide (red) and after anion exchange
(blue). Right: Initial polymer (black), after quaternization with methyl iodide (red) and
after anion exchange (blue).

This can be explained by the degradation of the quaternized copolyether by debenzylation
at this temperature.?® The PEG2s-co-PQBNDBuUtGA2s was heated to 200 °C and the
resulting sample was analyzed by *H NMR spectroscopy. After heating, additional signals
of released benzyl bromide were detected, indicating that the reverse Menschutkin reaction

did occur upon heating (Figure S3).



W

o}\f\j% "
Y

Scheme 2. Proposed release of benzyl bromide and formation of neutral PEG-co-PDButGA
after heating of PEG-co-PQBNDBUtGA.
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The degradation mechanism likely occurs by the attack of the bromide counterion onto the
a-carbon, regenerating benzyl bromide and uncharged PEG2s-co-PDBUtGAs, as illustrated
in Scheme 2 (see Figure S3, middle). However, Hofmann elimination and other degradation
pathways cannot be ruled out.?® After heating the polymer to 320°C, almost full
debenzylation occurred and the amount of amino groups decreased as well (Figure S3,
bottom). Notably, after anion exchange with LiTFSI, the thermal stability of the charged
polymer increased to 270 °C. In contrast, PEG2s-co-PQCH3DBUtGA:s, quaternized with
methyl iodide, showed a higher initial thermal stability, the first degradation being detected
around 200°C. After anion exchange with LiTFSI, the thermal stability of PEG2s-co-
PQCH3DButGA2s increased to 330°C. TGA traces of all other polymers showed a similar

behavior and are shown in the Supporting Information (Figure S4-S6).

Bulk thermal properties of all samples were further investigated by differential scanning
calorimetry (DSC). The flexible amino-functional PEG-based copolyethers showed a glass
transition temperature in the range of -71 to -73°C (Table 1), in analogy to literature
values.?! For the di- and triblock copolymer, no second T4 of the PEG segment was detected
and the melting temperature of PEG was slightly lowered (Tm= 40 and 20, respectively),

likely due to a solvating effect of the PDBUtGA block on PEG. As expected, the gradient



copolymers showed a stronger influence of the amino-functionality on the melting
temperature of PEG. PEG-co-PDBuUtGA with 30 mol% DButGA revealed a melting
temperature of 4 °C, while 50 mol% DButGA led to a completely amorphous structure.
After quaternization, a strong increase in Tg was noted (Tables 2 and 3). For example,
PEG25-co-PQBNDBuUtGA2s exhibited a Tq of 79 °C. Quaternization with methyl iodide led
to a Ty of 53°C. Unfortunately, the T4 valued of the di- and triblock copolymers were
difficult to detect. The general trend was that a strong increase in Tq with quaternization
was observed, due to the introduced charges. After anion exchange, from iodide/bromide
to the bulky and strongly delocalized TFSI™ counterion, a decrease in Tq was noted. As an
example the Ty of PEG25-co-PQDBuUtGA2s droped from 79 °C (PEG2s-co-PQBnDButGA2s
Br) to 9°C (PEG2-co-PQBnDBUtGA2s TFSI) and from 53 °C(PEG2s-co-

PQCH3DBULGA2s I) t0 -15 °C (PEG25-c0-PQCH3DBUtGAs TFSI).

3.3.5 Conclusion

We have introduced quaternized ammonium-functional PEG-based copolyethers deemed
as a novel family of poly(ionic liquid)s. Tertiary amino-PEGs (PEG-co-PDBUtGA, PEG-
b-PDBuUtGA), with a gradient, di- and triblock copolymer structure were investigated as
precursor polymers that were subjected to a quaternization reaction with benzyl bromide or
methyl iodide. Regarding the different quaternization agents (BnBr or CHzsl), a higher
thermal stability of ammonium-functional PEGs with methyl substituents was observed,
reaching Tdswm%~330 °C for PEG-PQCH3DBUtGA bearing TFSI counterions. Further, a
lower Ty of the methyl-functionalized structures is detected. However, PILs based on
benzyl moieties might provide a better mechanical stability. Overall, these structures show
promising thermal stability together with rather low Tgs, which holds great promise for a

use of these materials as solid polymer electrolytes with high ion mobility.
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Figure S1. ¥C NMR (100 MHz) spectra of PEG3s-co-PDBuUtGA;s (top, DMSO-ds) and
PEGzs-co-PQDBUtGA 15 quaternized with benzyl bromide (middle, MeOD) and PEG3s-co-
PQDBuUtGAss quaternized with methyl iodide (bottom, MeOD).
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Figure S2. SEC traces (THF/10 mM LiTFSI, RI signal) of PEG3s-co-PDBuUtGA1s and

quaternized derivatives (left) and mPEGas, PEGus-b-(PDBuUtGAzs)2 and quaternized
derivatives (right).
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Figure S3. *H NMR spectra (400 MHz, MeOD) of PEG2s-co-PQBNDBuUtGAzs (top), after
heating to 200 °C (middle) and after heating to 320 °C (bottom).
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3.4.1 Abstract

Both homo- and copolymerization of the hitherto non-polymerizable epoxide monomer
epicyanohydrin (EPICH) with ethylene oxide (EO) have been studied, employing the
monomer activation technique. Tetraoctylammonium bromide or tetrabutylammonium
iodide were used as initiators, combined with i-BusAl to activate the EPICH monomer. The
EPICH content was varied from 4-16 mol%, yielding well-defined PEG-co-PEPICH
copolymers with molecular weights M, (SEC) ranging from 3,700 to 8,800 g-mol™. The
nitrile groups of the resulting polyethers were further reduced or hydrolyzed to introduce
amino-, amide- or carboxyl groups at the polyether backbone, respectively, circumventing
protecting group chemistry. Successful transformation of the functional groups was proven
by SEC measurements, *H NMR, *C NMR and FT-IR spectroscopy. These carboxyl-
functional PEG copolymers are anionic polyelectrolytes consisting only of purely aliphatic
polyether structures with carboxyl groups. The hydrolyzed PEPICH homopolymers
represent the first polyether based analogues of poly(acrylamide) and poly(acrylic acid). In
pronounced contrast to poly(acrylic acid), carboxyl-functional PEPICH shows excellent

aqueous solubility even at low pH.



3.4.2 Introduction

Poly(ethylene glycol) (PEG) is a widely used material that is implemented in an immense
variety of biomedical and pharmaceutical applications® 2 as well as in large-scale industrial
processes, for instance as a segment of non-ionic surfactants or in polyols for polyurethane
foam production.® Conventional PEG is a simple polyether with ethylene glycol repeating
units and one hydroxyl group at each chain end, which is highly soluble both in water and
in many organic solvents. Yet, the low functionality of poly(ethylene glycol) (PEG) can be
a limiting parameter for its use in specialty applications such as drug delivery, * °
bioconjugation®’ or polymer-supported catalysis.® The need for PEG with higher
functionality has motivated intense research efforts to synthesize novel components, either
via appropriate initiator and terminating agents® or via epoxide building blocks.® The latter
can be copolymerized with ethylene oxide (EO) and yield multi-functional PEG (mf-PEG)
with high loading capacity.'** Here, we present a simple strategy to introduce nitrile-,
amino- , amide- or carboxyl groups at the PEG backbone by copolymerization of EO with
an unusual epoxide monomer, epicyanohydrin (EPICH), followed by post-polymerization
reactions.

Ammonium- or carboxyl groups at the polyether backbone are desirable to generate
polyether-based polyelectrolytes, which have hardly been investigated to date. In this
context, copolymerization of allyl glycidyl ether (AGE) with ethylene oxide (EO) has been
exploited to generate a platform for post-polymerization modification via thiol-ene
coupling.***® Following this approach, amino- or carboxyl groups can be coupled to the
PEG backbone, which are attractive for further bioconjugation purposes. Alternatively,
protected amino-functional epoxides can be directly polymerized to release multi-amino
functional polyethers,'®2! or a detour via copolymerization of epichlorohydrin can be

applied.?



In this work, we introduce the polymerization of the challenging epoxide monomer
epicyanohydrin (EPICH). This monomer enables direct access to nitrile-, amino-, amide-
or carboxyl functional PEG without the use of odorous thiol compounds or extensive
protecting group chemistry. The first report on EPICH dates back to 187023 24 and first
attempts to polymerize EPICH were described by Wei and Butler in the 1970ies.?® The
authors report EPICH to be a non-polymerizable monomer due to a proposed “dimer”
formation. In 1973, Cantor et al. confirmed that EPICH was non-polymerizable, using a
catalyst system developed by Vandenberg et al.?® The strong electron-withdrawing
character of the nitrile group next to the methylene group increases the positive character
of the carbon atom and weakens the C-H-bond. This favors the formation of double bonds
over the ring-opening reaction. In the current work, we applied the activated-monomer
technique?”? to achieve polymerization of this epoxide, aiming at both PEPICH

homopolymers and copolymers of EO and EPICH (Scheme 1).

Al(i-Bu)g | Al(j-Bu)s /

NBuyl o) NBuyl (0]
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Scheme 1. Synthetic strategy for the copolymerization of EPICH and EO (left) and the
synthesis of PEPICH homopolymer (right) via the activated monomer technique.



3.4.3 Experimental Part

Terminology. In this work, amino-, amide- and carboxyl-functional polyethers are named
according to the underlying theoretical monomers and abbreviated as follows: “2-
oxiraneethanamine” (OEA) in poly(2-oxiraneethanamine), ‘“2-oxiraneacetamide” (OAm)
in poly(2-oxiraneacetamide) and “2-oxiraneacetic acid” (OAa) in poly(2-0xiraneacetic
acid). The homopolymer poly(epicyanohydrin) is named according to the monomer
“epicyanohydrin”, which is generally abbreviated as EPICH.?3 26

Reagents. Allyl cyanide was purchased from TCI, meta-chloroperoxybenzoic acid
(mCPBA) (77% in water), ethylene oxide, mPEG5000, PEG1500, dichloromethane and
hydrogen peroxide-urea adduct were purchased from SigmaAldrich. All other solvents and
reagents were ordered from Acros Organics. The Raney cobalt catalyst (Grace 2724, in
slurry) was purchased from Grace Catalysts Technologies. Deuterated solvents were
received from Deutero GmbH. Dialysis membrane tubings were purchased from Sigma
Aldrich or Orange Scientific, respectively. For dialysis in chloroform, a membrane of
regenerated cellulose (benzoylated) was used. For dialysis in protic solvents, regular
regenerated cellulose membranes were applied.

Instrumentation. *H NMR spectra (400 MHz) and *C NMR spectra (100 MHz) were
recorded using 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.
All spectra are referenced internally to residual proton signals of the deuterated solvent
(CDCl3, DMSO-ds or D20O). SEC measurements were performed in DMF (containing
0.25 g-L* lithium bromide as an additive) or THF, respectively. For SEC measurements in
DMF, an Agilent 1100 Series was used as an integrated instrument, including a PSS HEMA
column (300/100/40), a UV (275 nm) and a R1 detector. Alternatively, SEC measurements

in THF (flow rate 1 mL-mint) were performed with a MZ-Gel SD plus column



(10°/10%/100 g-mol™) at 20°C, using a UV (254 nm) and RI detector. All calibrations were
carried out using poly(ethylene glycol) standards purchased from Polymer Standards
Service. DSC measurements were performed under nitrogen atmosphere using a
PerkinElmer DSC 8500 with PerkinElmer CLN2 in the temperature range from -100 °C to
100 °C at heating rates of 20 and 10 K-min? for the first and the second heating run,
respectively.

FT-IR measurements were recorded on a Thermo Scientific Nicolet iS10. Matrix-assisted
laser desorption/ionization-time-of-flight (MALDI-ToF) measurements were performed on
a Shimadzu Axima CFR MALDI-ToF mass spectrometer equipped with a nitrogen laser
delivering 3 ns laser pulses at 337 nm. 2',4',6'-Trihydroxyacetophenone monohydrate
(THAP) was used as a matrix.

Monomer synthesis (Epicyanohydrin). Epicyanohydrin (EPICH) was synthesized as
described in literature, applying minor changes.®® 3! 12 mL of allyl cyanide were dissolved
in 300 mL of dichloromethane and stirred for 14 days at room temperature. Within the first
three days, 20 g of mMCPBA were added each day to the stirred solution. At full conversion,
the precipitated meta-chlorobenzoic acid was filtered off, and the excess of mMCPBA was
removed by slow addition of a saturated aqueous solution of NaHSOz3 to the cooled solution.
Subsequently, the organic phase was separated and washed with a saturated aqueous
solution of NaHCO3 followed by drying over MgSQOas. The product was purified by
distillation under reduced pressure. p =1 mbar, b.p. = 59 °C, 70 % yield. The monomer
was stored in the dark at -18 °C and dried over CaH> directly before use.

IH NMR (400 MHz, CDCls, 8): 3.24-3.20 (m, 1H, CH), 2.90-2.88 (t, 1H, CHaaying J = 4.4
Hz), 2.76-2.74 (m, 3H, CH2b ring , -CH2CN);

13C NMR (100 MHz, CDCls, 8): 115.60 (CN), 46.78 (CHazyring), 46.22 (CHring), 21.21

(CH:CN).



Homopolymerization (PEPICH). Epicyanohydrin (EPICH) was polymerized similar to a
literature protocol described for ethoxyethyl glycidyl ether applying the monomer
activation technique.® As a typical procedure, tetraoctylammonium bromide or tetra-
butylammonium iodide (1 eq) was freeze-dried with benzene overnight, and the flask was
backfilled with argon. Chlorobenzene was added under argon atmosphere via syringe
(c =1 mol-L™Y). The solution was cooled to 0 °C before the dry monomer was syringed in,
followed by i-BusAl (5 eq) solution in toluene. The solution was slowly warmed up to
25°C and terminated after 24 h by addition of ethanol. The crude polymer was
subsequently dissolved in THF and precipitated into methanol (room temperature). This
purification step was repeated twice to ensure complete removal of the ammonium salts,
which was confirmed by NMR.

Copolymerization of EO with EPICH (PEG-co-PEPICH). Here, an exemplary synthesis
protocol is described for the synthesis of the PEG190-co-PEPICH10 copolymer with 5 mol%
EPICH content. 77.5 mg of tetrabutyl ammonium iodide (1 eq) was dissolved in 5 mL
benzene and freeze-dried under vacuum to remove residual water. The flask was backfilled
with argon and 15 ml of chlorobenzene were added via syringe. For the transfer of EO into
the flask, vacuum was applied and 2 mL (190 eq) of ethylene oxide were distilled into a
graduate ampoule in the cold and subsequently into the reaction flask, using an
ethanol/liquid nitrogen cooling bath (-80 °C). The flask was sealed, backfilled with argon
and 0.16 mL (10 eq) of freshly distilled EPICH was introduced by syringe via septum. The
reaction was initiated at -15 °C by addition of i-BusAl solution in toluene (2 eq, 0.42 mL)
and slowly allowed to warm up to room temperature. After 24 h, termination was
performed by addition of an excess of ethanol (1 mL), and the polymer was precipitated
into ice cold diethyl ether. Dialysis in chloroform (MWCO = 2000 g-mol™) was performed
to remove residual tetrabutylammonium salts. Drying under high vacuum at 40 °C afforded

the copolymer in yields of ca. 80-90 %.



Derivatization of the hydroxyl groups with phenyl isocyanate. The dried polymer (100 mg)
was dissolved in anhydrous THF (3 mL) and heated to 50 °C under argon atmosphere.
Subsequently, an excess of phenyl isocyanate (0.5 mL) was added. The solution was stirred
for 12 h and cooled to room temperature. Excess of phenyl isocyanate was removed by
addition of methanol. The solution was precipitated into ice cold diethyl ether and the
modified polymer was additionally purified by dialysis against methanol

(MWCO = 1000 g-mol™). The yields were in the range of 85-90 %.

Synthesis of poly(ethylene glycol)-co-poly(2-oxiraneethanamine) (PEG-co-POEA). A
modified literature procedure, analogous to the procedure reported for the poly(propylene
imine) dendrimer synthesis was applied.>® 100 mg of the copolymer were dissolved in
20 mL DI water and placed in a pressure vessel. After addition of a Raney cobalt catalyst
(Grace 2724, in slurry), the hydrogenation was carried out under stirring at 40 °C and
100 atm H for 7 days. The catalyst was removed by filtration, and the solution was
acidified with 2 mL of 1 M HCI and nitrogen was bubbled through the solution for 1 day.
Then the solution was purified by dialysis for 1 day against DI water
(MWCO = 1000 g-mol™) to remove hydrochloric acid traces. A small loss of product due
to dialysis was observed. Yield > 80 %.

Derivatization reaction of the amino groups with acetic anhydride. The derivatization was
carried out in THF according to a literature procedure, reported by our group.*®* PEG-co-
POEA with OEA ratios above 13 mol% were dissolved in DMF instead of THF, caused by
poor solubility in THF.?2 The product was purified by dialysis against methanol
(MWCO = 1000 g-mol™). Yield > 85 %.

Synthesis of poly(ethylene glycol)-co-poly(2-oxiraneacetamide) (PEG-co-POAm) and
poly(2-oxiraneacetamide) (POAm). A published procedure for the mild conversion of

nitrile groups to amide groups was applied.®* 400 mg of PEG-co-PEPICH with 6 mol%



EPICH units were dissolved in 10 mL water/acetone (1:1). 150 mg of hydrogen
peroxide-urea adduct (4 eq), and 20 mg of anhydrous potassium carbonate were added to
the reaction flask and the mixture was stirred for 1-2 days at room temperature. After
complete conversion, the solvents were removed under vacuum and the polymer was
isolated by extraction with dichloromethane. The conversion was quantitative. POAm
homopolymers were not soluble in dichloromethane and were purified via dialysis against
DI water (MWCO = 1000 g-mol™). A small loss of product due to dialysis was observed.

Yield > 85 %.

Synthesis of poly(ethylene glycol)-co-poly(2-oxiraneacetic acid) (PEG-co-POAa) and
poly(2-oxiraneacetic acid) (POAa). The amide containing (co)polymer (200 mg) was
dissolved in 6 M HCI (10 mL) and stirred for 7 days at room temperature to ensure a
complete hydrolysis.® After complete conversion of the amide groups into carboxyl
groups, the solvent was removed by vacuum and the polymer was dialyzed against DI water
(MWCO = 1000 g-mol). A small loss of product due to dialysis was observed.
Yield > 90 %.

Cleavage of the copolymer and homopolymer backbone. 100 mg of the (co)polymer was
dissolved in anhydrous THF (3 mL), and an excess of sodium ethoxide (150 mg) was added
to the reaction mixture. Subsequently, the solution was heated to 70 °C for 12 hours. After
the mixture was cooled down to room temperature, the excess of sodium ethoxide was
quenched by addition of DI water and the solution was neutralized by addition of aqueous
HCI solution. The solvent was removed by rotary evaporation and the residual polymer
characterized without further purification; characterization data are discussed in the main

text. Yields were not determined.



3.4.4 Results and Discussion

A. Monomer Synthesis and (Co)polymerization of EPICH and EO.

Monomer (EPICH) Synthesis. The synthesis of EPICH was accomplished by facile
oxidation of commercially available allyl nitrile with mCPBA. Minor modifications of a
literature procedure yielded 70 % of the monomer after purification by distillation. We did
not observe formation of the 4-hydroxybut-2-enenitrile contaminant, which was mentioned
by some authors.®® 3! 'H and 3C NMR spectra confirmed the purity of the product (Figure
S1 and Figure S2). We recommend to avoid extensive heating of the monomer and storage
at -18 °C to prevent isomerization to 4-hydroxybut-2-enenitrile.

Homopolymerization of EPICH. According to literature, EPICH is non-polymerizable, due
to the strong electron withdrawing character of the cyano group and the resulting acidic
characteristics of the methylene protons.?> 2 However, we assumed that the “activated
monomer” technique, introduced by Deffieux and Carlotti et al. in 2004, might permit
successful polymerization of EPICH, since in this case no strongly basic alkoxide initiators
are employed and low reaction temperatures are chosen.?” 2 The reaction mechanism is
illustrated in Scheme 2. Triisobutylaluminum (catalyst) forms a nucleophilic “ate” complex
with tetrabutylammonium iodide (initiator) (step 1). In addition, excess triisobutyl-
aluminum reduces the electron density of the epoxide ring via coordination (step 2).
Subsequently, initiation proceeds through nucleophilic attack of the “ate” complex at the
activated epoxide ring (step 3). Chain growth continues until all monomer is consumed
(step 4). Addition of excess ethanol terminates the reaction (step 5). The polymerization

was carried out in chlorobenzene, as discussed below.
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Scheme 2. (Co)polymerization mechanism of EPICH and EO; (1) formation of the “ate”-
complex; (2) activation of the epoxide ring through complexation with
triisobutylaluminum; (3) initiation through nucleophilic attack; (4) chain growth; (5)
termination with excess ethanol.

PEPICH homopolymers with molecular weights Mn up to 2,500 g-mol™* (DP = 30) were
obtained, while PDIs ranged from 1.08 to 1.14. Molecular weights have been determined
via SEC measurements and by *H NMR spectroscopy after derivatization of the terminal
hydroxyl group with phenyl isocyanate (Table 1 and Figure 1). Detailed NMR
characterization showed that the molecular weights of the homopolymers are limited due
to precipitation of the product during polymerization and the occurrence of transfer to the
EPICH monomer, resulting in unsaturated chain ends (Scheme 3), despite the absence of

strong bases in the polymerization.
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Scheme 3. Side reaction induced by base (B), resulting in PEPICH homopolymer with an
unsaturated chain end.



The side reaction shown in Scheme 3 is a common molecular weight limiting pathway for
epoxide derivatives and usually occurs under harsh reaction conditions (strong bases, high
reaction temperatures).®® In our case, the use of dichloromethane as an alternative solvent
with higher polarity than chlorobenzene appeared to facilitate this side reaction, and only
short oligomers (Mn < 1000 g-mol™) of PEPICH with very broad PDIs (Mw/M, > 3) were
obtained. An alternative solvent to chlorobenzene that on the one hand prevents
precipitation of the PEPICH homopolymer, on the other hand does not facilitate the
undesired proton abstraction was not found.

In general, the activated monomer technique is a well-known approach to suppress the
described side reaction and thereby to achieve high molecular weight polyethers.?” 2832 37~
39 Even epoxide derivatives bearing electron withdrawing groups, such as chlorinated or
fluorinated oxirane monomers can be successfully polymerized with this powerful
technique.?? 444 Yet, the extremely strong electron withdrawing character of the nitrile
group in EPICH and the emerging mesomeric stabilization enable even weak bases to
abstract a proton from the methylene group adjacent to the nitrile group. Consequently, an
unsaturated alkoxide is formed, which acts further as an initiator, strongly lowering
molecular weights in comparison to the targeted values (Scheme 3). This proton abstraction
was confirmed by the occurrence of double bonds in *H and 3C NMR spectra (Figure S3
and Figure S4). Furthermore, MALDI-ToF measurements confirmed two main distribu-
tions for PEPICH, both polymer initiated via iodide and via unsaturated alkoxide species
(Figure S5, Supporting Information). Note, that the variety of possible initiating species
and counterions impede a complete assignment of the subdistributions in MALDI spectra.
To minimize the described proton abstraction, low catalyst/initiator ratios have to be chosen
and low temperatures and weak bases should be used as initiators. Based on this rationale,
we favored tetrabutylammonium iodide as an initiator over the more common

tetraoctylammonium bromide. The tetrabutylammonium ion is less sterically hindered than



its tetraoctylammonium analogue. Therefore we assume that it attaches stronger to the
polymer chain end and may aid to impede proton abstraction. Additionally, iodide is a
weaker base than bromide albeit a stronger nucleophile and may thus lower proton
abstraction. Nevertheless, NMR studies showed that the obtained PEPICH samples are only
initiated to about 40-50 % by the chosen initiator and the other 50-60 % of the chains are
initiated by the described unsaturated species.

Concurrent Copolymerization of EPICH and EO. The copolymerization of EO and EPICH
was performed in analogy to the described homopolymerization of EPICH (Scheme 2).2"
28 Copolymers with molar fractions of 4-16 mol% EPICH were synthesized, aiming at
water-soluble materials with a minority fraction of the EPICH comonomer. The EPICH
ratios were calculated by comparing the proton signals of the CH2CN methylene group
(2.60-2.85 ppm) with the polyether backbone signals (3.40-3.80 ppm), as shown in Figure

1.



2.50 DMSO-d6

-CH,CN

310 3.00 290 280 270 260 250 240
| Shift / ppm

emical

—3.8 %
o 6.1 %
e 7.7 %
e 13.1 %
—16.0 %
—100 %

18 20 22 24 26 28 30 32
elution volume / mL

Figure 1. *H NMR spectrum (400 MHz, DMSO-ds) of PEG-co-PEPICH with 6.1 mol%
EPICH (top); SEC elution traces (THF, RI detection, PEG standards) of PEG-co-PEPICH
copolymers with varied EPICH content and PEPICH homopolymer (bottom).

Molecular weights of the EO/EPICH copolymers were determined by SEC (THF, PEG
standards) and ranged from 3,700 to 8,800 g-mol™* with moderate PDIs (1.24-1.35) (Figure
1 and Table 1). Due to the nature of the applied initiator, *H NMR spectroscopy can not be
used to calculate absolute molecular weights of the copolymers. Hence, we derivatized the
terminal hydroxyl groups of the PEG-co-PEPICH copolymers with phenyl isocyanate to
obtain an integrable end group for *H NMR spectroscopy (Figure S6). Determined
molecular weights confirmed the data obtained by SEC and are also listed in Table 1. Still,
these values only represent absolute molecular weights, if full conversion is realized and
no hydroxyl initiated species occurred during the polymerization process. Further, the

iodide initiator is a good leaving group and additional hydroxyl end groups could have been



formed during the workup process of the polymers. Consequently, we assume that the listed
molecular weights most likely underestimate the actual molecular weights.

In general, we adjusted the catalyst to initiator ratio for each copolymer composition. Full
monomer conversion was proven by monitoring residual EO and EPICH signals via
'H NMR spectroscopy. A higher catalyst amount for high EPICH ratios was necessary to
ensure full conversion (Table 1). As observed for the homopolymerization, the described
side reaction leading to unsaturated end groups lowered the estimated molecular weight of
the copolymers (Scheme 3). For PEG-co-PEPICH copolymers with low EPICH content,
less than 10 % of the polymer chains were initiated by the unsaturated species. For EPICH
ratios exceeding 7 mol%, we observed that about 80 % of the polymer chains were initiated

by tetrabutylammonium iodide and up to 20 % due to side reaction (see Table 1).

Table 1. Copolymerization of EO with EPICH using [i-BusAl]/[NBusl] (chlorobenzene, -
15°C, ceo= 3 mol-L%).

No. [i-BusAll/ EPICH Copolymer ~ MgP Mn® Mw/Mn?  AEGY
[NBusl]  content composition®  (g-mol?t) (g-mol?) (%)
(mol%)?

1 2 3.8 PEG1s.-co- 8800 7200 1.24 5
PEPICHs

2 2 6.1 PEGa3s-CO- 7300 6800 1.31 7
PEPICHyg

3 3 7.7 PEG144-cO- 6100 7300 1.35 20
PEPICH12

4 5 13.1 PEG79-CO- 5000 4500 1.30 22
PEPICH12

5 5 16.0 PEGss-co- 3700 3500 1.27 18
PEPICH11

6 5 100 PEPICH2s 1800 2200 1.10 60

30btained from *H NMR spectra.

bDetermined by SEC measurements in THF (RI signal, PEG standards).

°Calculated by *H NMR spectra after derivatization of the hydroxyl end group with phenyl
isocyanate.

dAEG = Percentage of chains with an allylic end group (AEG). Calculated in analogy to
Moeller and coworkers by *H NMR spectra after derivatization of the hydroxyl end group
with phenyl isocyanate.3®



13C NMR Triad Analysis. *C NMR triad analysis was performed to gain a qualitative
insight into the microstructure of the synthesized PEG-co-PEPICH copolymers. For this
purpose, we recorded inverse gated (1G) 3C NMR spectra of PEG, PEPICH and PEG-co-
PEPICH with various EPICH content. We assigned the triads relying on 2D NMR spectra
and literature spectra of random EO based copolymers.®4>-47 In Figure 2, EPICH centered
triads are labeled with N and EO centered triads with E, whereas a and b denote the first
and second carbon atom. The IG 3C NMR spectrum of PEPICH shows four main
resonances, corresponding to the branch nitrile (118.30 ppm), the backbone methine
(74.20 ppm), backbone methylene (69.36-70.09 ppm) and the branch methylene carbons
(19.93 ppm) (Figure S4). The observed signals show further splitting into higher
stereosequences, similar to atactic polyepichlorohydrin synthesized by the activated
monomer technique.*°

Figure 2 shows the important section of the IG *3C NMR spectrum and the respective triad
assignment of PEG-co-PEPICH with 13.1 mol% EPICH. For a better interpretation, we
listed the different IG 3C NMR spectra of PEG, PEG-co-PEPICH and PEPICH (Figure 3).
The increasing signal intensity of the E-N-E triad with increasing EPICH content and the
remaining low intensity for N-E-N or N-N-N triads indicate a rather random or gradient

microstructure, respectively, and a blocky structure of the copolymers can be excluded.
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Figure 2. Relevant section of the 1G **C NMR spectrum (100 MHz, DMSO-ds) of PEG-
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For further investigation of the microstructure, the polymer backbone was deliberately
cleaved by retro-Michael addition (Scheme S1, Supporting Information) with sodium
ethoxide in THF, and the fragments were analyzed by SEC measurements (Figure S7,
Supporting Information). PEG-co-PEPICH with 7 mol% EPICH and a molecular weight of
M, = 4,800 g-mol™ showed, after treatment with sodium ethoxide in THF, a molecular
weight of about 700 g-mol™, indicating a nearly random distribution of the nitrile groups
along the polymer backbone (Figure S7, Supporting Information). Note, that cleavage can
occur at any EPICH segment within the polymer, both at isolated N-N-N triads as well as
random E-N-E units, respectively. The PEPICH homopolymer was also treated with
sodium ethoxide to demonstrate almost complete cleavage of the polymer backbone (Figure
S8, Supporting Information). As control experiment, commercial mPEG5000 without
EPICH units shows no alteration after treatment with sodium ethoxide (Figure S9,
Supporting Information). In summary, these results can be taken as an indication for a

random microstructure rather than a pronounced monomer gradient.

Thermal Properties of PEPICH and PEG-co-PEPICH (co)polymers. We conducted DSC
measurements to investigate the effect of nitrile groups on melting behavior and the glass
transition temperature (Tg) of PEG-co-PEPICH (co)polymers (Table 2).

The atactic PEPICH homopolymer is an amorphous material with a glass transition
temperature of Tg = -14 °C. The Ty of PEPICH is in good agreement with other polyethers
bearing polar side groups, e.g. poly(epichlorohydrin) (Tq = -25 °C to -20 °C)?% % 4° or the
nitrile functional poly(3-(2-cyano ethoxy)methyl-3’-methyloxetane) with Ty = -18 °C.>°
For the copolymers, we observed a strong influence of the EPICH content on the melting
temperature and melting enthalpy. Figure 4 shows the melting temperatures of PEG-co-
PEPICH copolymers plotted as a function of the content of incorporated EPICH. Fitting of

the experimental data and interpolation to a comonomer content of 0 %, i.e., PEG



homopolymer, results in a melting temperature of about 61 °C, which is in good agreement
with the known melting temperature for mPEG5000 (Tm = 64 °C). If a block-type structure
had been obtained, one would expect a melting temperature for the PEG segments close to
the melting temperature of mPEG itself. Thus, our results are in line with a random or
gradient distribution of EPICH within the polyether backbone and are consistent with the
data obtained via *C triad analysis and cleavage experiments. The thermal properties of

the post-modified (co)polymers are listed in the respective section.

Table 2. Characterization data of PEG-co-PEPICH copolymers and PEPICH homopolymer
obtained by DSC measurements.

No. EPICH content/ % Tg¢/°C Tc/°C Tw/°C AH/J-g?
mPEG5000 0 53 - 64 186
1 3.8 -48 - 44 84
2 6.1 -49 - 36 58
3 7.7 48 - 28 60
4 13.1 52 -11 5 20
5 16.0 -46 - -
6 100 -14 - -

Tg: glass transition temperature
Tm: melting temperature
AH: melting enthalpy



70

| O PEG-co-PEPICH
60 +. linear fit
50 e
40 |
9
':E 30 |
20
104
0 T T T T T T T T
0 2 4 6 8 10 12 14

EPICH content / %

Figure 4. Melting temperature (Tm) of PEG-co-PEPICH copolymers versus EPICH content
and linear fit (black line).

B. Post-Polymerization Modification.

The nitrile groups of PEG-co-PEPICH and PEPICH (co)polymers can be directly converted
into amino or carboxyl groups via amide groups, respectively. The simple transformation
of the incorporated nitrile units to various multi-functional PEGs reflects the promising
potential of the EPICH monomer and gives access to merely polyether-based

polyelectrolyte structures.

Amino groups. Amino-functional PEG was obtained by hydrogenation of PEG-co-PEPICH
using a Raney cobalt catalyst (Scheme 4). The reaction was carried out in water at 40 °C
for 7 days. The hydrogenation of nitriles into primary amines is a complex reaction, which
can be accompanied by side reactions. The formation of secondary and tertiary amines is
often observed in literature, caused by the interaction of primary amines with residual
nitriles.3® 5 Therefore, the reaction conditions have to be carefully chosen. The applied
procedure in the current work is well-known for the synthesis of poly(propylene imine)
dendrimers and suitable for hydrogenation of nitrile groups.®® We observed the formation

of ammonium carbamate species during the hydrogenation process. This is tentatively



attributed to reaction of the formed primary amines with dissolved CO> in the DI water
(Scheme S2). The reversible formation of ammonium carbamates is a literature-known
phenomenon and represents the principle of CO2-stimuli responsive amino-functional
materials.>* ° Here, these ammonium carbamate structures act as protecting group for the
amino groups and prevent further reaction with the residual nitrile groups. Consequently
no secondary or tertiary amines can be formed. After removal of the Raney cobalt catalyst,
the ammonium carbamate functional PEG was dissolved in 1 M hydrochloric acid and the
amino groups were released by bubbling nitrogen through the aqueous polymer solution.
Successful release of the amino moieties was proven by *H and **C NMR spectroscopy
(Figure S10-S12). After acidic treatment, the characteristic signal of the carbamate species
in the C NMR spectrum at 170.8 ppm vanished and the resonances for the methylene
groups next to the amino-group at 28.2 ppm and 37.2 ppm appeared (Supporting
Information, Figure S10). Further NMR spectroscopy revealed the cleavage of the iodide
initiator, resulting in proton signals at 1.09 ppm and 3.5 ppm and **C signals at 14 ppm and

66 pm, caused by the formed methyl-group (Scheme 4).
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Scheme 4. Reaction scheme to obtain amino-functional PEG (PEG-co-POEA) through
hydrogenation with cleavage of the iodide initiator.

Successful conversion was also confirmed by FT-IR spectroscopy (Figure S13). After
hydrogenation, the absorption band of the nitrile group (2247 cm™) disappeared and
characteristic bands of primary amines in the region of 3400 cm™ to 3100 cm™ appeared,
corresponding to the symmetrical and asymmetrical stretching of the N-H bond. A new

absorption band at 1609 cm™ corresponds to the N-H bend. The measured peaks are in good



agreement with reported literature values of poly(glycidyl amine).?? Additionally, the
amino-functions were derivatized with acetic anhydride as a model reaction (Scheme 5).
SEC measurements of the derivatized species confirm a monomodal distribution with a
slight shift to lower molecular weights, attributed to a change in hydrodynamic volume and

slight interactions of the secondary amide groups with the column material (Figure 5).
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Scheme 5. Derivatization of PEG-co-POEA with acetic anhydride.*°
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Figure 5. SEC elution traces (THF, RI detection, PEG standards) of PEG-co-PEPICH
(dashed line) and PEG-co-Poly(2-oxiraneethanacetamid) (solid line) with 16 mol% EPICH.

Thermal Properties of PEG-co-POEA. The thermal properties of PEG-co-POEA
copolymers are listed in the Supporting Information (Table S1). Copolymers with 3.8-
6.1 mol% OEA show no change in melting temperature to their nitrile analogues. For PEG-
co-POEA with 7.7 mol% OEA, an increased melting temperature (Tm = 34 °C) compared

to the respective PEG-co-PEPICH (Tm = 28 °C) was detected. A similar trend is described



in literature for poly(ethylene glycol)-co-poly(glycidyl amine) (PEG-co-PGA).%
Obermeier et al. observed an increased melting temperature for PEG-co-PGA copolymers
compared to the respective precursor polymers, e.g., poly(ethylene glycol)-co-
poly(dibenzyl amino glycidol) (PEG-co-PDBAG). This was explained with the occurrence
of hydrogen bonds between the amino groups. In our case, the 2-oxiranethanamine unit
possesses an additional methylene group, compared to the glycidyl amine unit. Therefore,
we propose that the increase in chain flexibility compensates for the occurrence of
hydrogen bonds for samples with low molar fractions of OEA. The occurrence of hydrogen
bonding within the polymer structure also influences the glass transition temperatures.?! In

particular PEG-co-POEA with 13.1 and 16.0 mol% OEA show a jump in Tg of ~ 25°C.

Amide and Carboxyl Moieties. The direct conversion of nitrile units into carboxylic acid
units, as described by Zhang et al. for nitrile-functional initiators, is not possible for PEG-
co-PEPICH.>* Harsh alkaline conditions induce g-elimination reactions at the glycidyl
nitrile unit, followed by subsequent cleavage of the polymer backbone. Furthermore,
strongly acidic conditions at elevated temperatures induce cleavage of the polyether
backbone. Consequently, we chose a different approach and synthesized amide groups first,

followed by conversion into carboxyl groups (Scheme 6).
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Scheme 6. Post-polymerization modification scheme to obtain carboxyl and amide
functional (co)polymers: Mild oxidization of the nitrile group with hydrogen peroxide urea
complex to obtain amide functional PEG-co-POAmM or POAm (co)polymers is followed by
hydrolysis of the amide group in aqueous hydrochloric acid solution.



Use of the hydrogen peroxide — urea adduct permits mild and simple conversion of nitriles
into amides.® Subsequently, the amide groups of the (co)polymers were successfully
converted into carboxyl groups by hydrolysis in hydrochloric acid solution at room
temperature. 'H and ¥C NMR measurement confirmed successful and quantitative
reactions (Figure 6 and Figure S14). Figure 6 shows the 'H NMR of PEG-co-PEPICH,
PEG-co-POAmM and PEG-co-POAa. The methylene group adjacent to the functional group
shows a clear shift from 2.85 ppm (CH2CN) to 2.53 ppm (CH2CONH>) and finally to
2.6 ppm (CH2COOH). These results were confirmed by *C NMR spectroscopy (Figure
S14). After treatment with the hydrogen peroxide-urea complex, the CN-resonance at
118.9 ppm vanished and a new resonance for the CONH: at 176.0 ppm occurred.
Additionally, the carbon atom of the methylene group showed a clear shift from 19.7 ppm
(CH2CN) to 37.5 ppm (CH2CONHy>). After complete hydrolysis to the carboxylic acid, the
resonance of the carbonyl-group shifted from 176.0 ppm (CONH>) to 175.2 ppm (COOH)
and the methylene group from 37.5 ppm (CH2CONH_) to 36.5 ppm (CH2COOH). Similar
results were observed for the respective PEPICH homopolymers (Figures S15-S18, Supp.

Inf.).
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Figure 6. Relevant region of the *H NMR spectra (400 MHz, D,0) of PEG-co-PEPICH
(yellow), PEG-co-POAm (red) and PEG-co-POAa (blue).



Together with SEC measurements, the results confirm that the integrity of the PEG-co-
POAmM copolymers was maintained. Figure 7 shows the SEC traces of PEG-co-PEPICH
with 16.1 mol% EPICH and the respective PEG-co-POAmM. Note, that the slight shift is
probably due to interactions of the primary amide groups with the column material and the
overall change in hydrodynamic volume after post-polymerization modification.
Interestingly, the POAmM homopolymer showed no solubility in common organic solvents
and only turbid solutions in water were obtained, which we attribute to strong hydrogen
bonding interaction between the polymer chains. Thus, no SEC measurements of the
POAmM homopolymer could be conducted. Further, no SEC traces of carboxyl acid
functional (co)polymers were recorded, due to interactions of the acid groups with the

column material.

Interestingly, in contrast to the amide functional POAm homopolymers, the acid functional
POAa homopolymers show excellent water solubility in the whole pH range of water (even
in 1M HCI, pH < pKs). This behavior differs from the known solubility behavior of
poly(acrylic acid), which only possesses good water solubility in the salt state. We assume
that the low molecular weight of POAmM homopolymers in combination with the
hydrophilic and extremely flexible polyether backbone lead to good water solubility, even

at low pH.

Additionally, FT-IR spectroscopy was carried out to confirm successful hydrolysis. Figure
7 shows the conversion of PEG-co-PEPICH to PEG-co-POAmM and PEG-co-POAa. After
treatment of PEG-co-PEPICH with the urea-H»0- adduct, the adsorption at 2247 cm™ (-CN
group) disappeared and a new peak at 1670 cm™ and three new absorption bands at
3210 cmt, 3345 cm™* and 3428 cm™ appeared, due to the carbonyl group of the amide and
the N-H stretching. The characteristic absorption band for the polyether backbone

(1094 cm™) showed no alteration. After hydrolysis, the carbonyl frequency shifted to



1729 cm™, confirming successful conversion of amide groups to carboxyl groups. IR
spectra for the respective homopolymers are depicted in the Supporting Information (Figure
S19) and show similar results.
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Figure 7. Left: SEC elution traces (DMF, RI detection, PEG standards) of PEG-co-POAmM
(solid trace) and PEG-co-PEPICH (dashed trace) with 16 mol% functional group. Right:
FT-IR spectra of PEG-co-PEPICH (black line), PEG-co-POAm (red line) and PEG-co-
POAa (blue line).

Additional MALDI-ToF MS measurements demonstrate successful modification of the
PEPICH homopolymer to POAm and POAa, respectively, as shown in Figures S20-S21.
However, the variety of initiating species and counterions impedes complete peak
assignment of the modified homopolymers. Nevertheless, the main distribution confirms a

successful conversion and reflects the respective repeating units.

Thermal Properties of PEG-co-POAm, PEG-co-POAa, POAm and POAa. We studied the
thermal behavior of the respective mf-PEGs in order to evaluate the influence of the amide
and carboxyl functional group on the polymer structure (Table S2). A pronounced change
of the thermal properties can only be observed with high molar fractions (>13 mol%) of
incorporated functional comonomer. In particular, for PEG-co-PEPICH with 16 mol%
EPICH, the Ty increases from -46 °C (nitrile) to -30 °C (amide). This trend is even stronger

for the respective homopolymer. While PEPICH shows a glass transition temperature



of -14 °C, POAm, the poly(acrylamide) analogue reveals a Tg of 55 °C. This extremely
high Tg is explained by strong hydrogen bonding between the respective amide groups.
After hydrolysis to POAa, the T4 drops from 55°C to 29 °C, reflecting weaker molecular

interactions, in analogy to poly(acrylamide) (Tg=165°C) and poly(acrylic acid)

| %j/o}nH | %j/o>nH

~
~
\

(Tg =105 °C) (Scheme 7).%°

1
NH, OH

poly(2-oxiraneacetamide) poly(2-oxiraneacetic acid)
POAmM POAa

Scheme 7. Modified PEPICH homopolymers, poly(2-oxiraneacetamide) (POAm) and
poly(2-oxiraneacetic acid) (POAa) and carbon-backbone based analogues:
poly(acrylamide) and poly(acrylic acid), respectively.

3.4.5 Conclusion

Both the poly(epicyanohydrin) (PEPICH) homopolymer and a variety copolymers of
epicyanohydrin and ethylene oxide have been prepared by applying the “activated
monomer” approach. For the random copolymers, the EPICH ratio was varied between
4-16 mol% and molecular weights ranging from 3,700 to 8,8000 g-mol with rather narrow
molecular weight distributions (Mw/Mn =1.24 — 1.35) were obtained, albeit molecular
weight limiting transfer reactions could not be completely suppressed. Note that in this
work deliberately low molar fractions of EPICH (4-16 mol%) were chosen to maintain
PEG’s outstanding properties while extending its functionality. From detailed **C NMR
triad analysis, cleavage experiments and thermal properties, a random or slightly gradient-

like distribution of EPICH in PEG-co-PEPICH was derived.



To the best of our knowledge, PEG-co-PEPICH copolymers represent the first functional
PEG derivatives containing nitrile groups at the polymer chain. To date, only nitrile based
initiators have been applied to synthesize heterobifunctional PEG. >* % >In facile post-
polymerization reactions multiple amino, amide or carboxyl groups at the polyether chain
were accessible. The respective homopolymers represent polyether based analogues of
poly(acrylamide) and poly(acrylic acid), albeit with higher hydrophilicity than their carbon
backbone analogues.

PEPICH and PEG-co-PEPICH (co)polymers could also be promising candidates as
polymer matrix for lithium batteries, as reported for similar oxetane based structures.>® %
% The novel multi-functional polyethers offer intriguing potential regarding polyion
complexes, layer-by-layer assembly and may also be suitable multifunctional linkers for

pharmaceutically active compounds.®%-%°
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Figure S1. *H NMR spectrum (400 MHz, CDClIs) of epicyanohydrin (EPICH).
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Figure S2. 3C NMR spectrum (100 MHz, CDCls) of EPICH.



(o3
—2.50 DMSO-d6

- C 0\
a
~
] AN 2 3
unsaturated chain end N “o/\d
1o
cis trans “N
g h b a
H N H ¢
NS
fH o O. N \\2\/0‘ N
e d
Ii H
N f
)
c
s methanol
h 9 f i e dg 1

70 6.8 6.6 6.4 6.2 6.0 5.8 5.6 54 52 5.0 48 46 44 42 40 3.8 3.6 34 3.2 3.0 2.8 2.6 2.
Chemical Shift / ppm

Figure S3. *H NMR spectrum (400 MHz, DMSO-ds) of PEPICH homopolymer.
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Figure S4. Important section of the IG *C NMR spectrum (100 MHz, DMSO-dg) of PEPICH
homopolymer; “N” is an abbreviation for the EPICH unit.
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Figure S7. SEC elution traces (DMF, RI detection, PEG standards) of PEG-co-PEPICH copolymer
(7 mol% EPICH) before cleavage (black line) and after cleavage at 70 °C (blue line).
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Figure S8. SEC elution traces (DMF, RI detection, PEG standards) of PEPICH homopolymer
before cleavage (black line) and after cleavage at 70 °C (red line).
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Figure S9. SEC elution traces (DMF, RI detection, PEG standards) of mPEG5000 before cleavage
(black line) and after treatment with sodium ethoxide solution at 70 °C (red line).
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Figure S10. 3C NMR (100 MHz, D,0) of PEG-co-POEA with 6.1 % OEA.
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Table S1. Thermal properties of PEG-co-PEPICH and PEG-co-POEA obtained from differential
scanning calorimetry (DSC) measurements.

Copolymer 8FG content/ % Tg/°C Tm/°C  Tr/°C  AH/J-g?
PEG-co-PEPICH 3.8 -48 44 87
PEG-co-POEA 3.8 -43 44 78
PEG-co-PEPICH 6.1 -49 36 58
PEG-co-POEA 6.1 -40 36 61
PEG-co-PEPICH 1.7 -48 28 63
PEG-co-POEA 1.7 -44 34 -13 47
PEG-co-PEPICH 131 -52 5 -11 20
PEG-co-POEA 131 -27 -
PEG-co-PEPICH 16.0 -46 -
PEG-co-POEA 16.0 22 -

8FG = functional group

Tg: glass transition temperature

Tm: melting temperature
AH: melting enthalpy
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Figure S14. 3C NMR spectra (100 MHz, D,0) of PEG-co-PEPICH (top), PEG-co-POAm and
PEG-co-POAa (bottom), respectively.
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Figure S15. Important sections of *H NMR spectra (400 MHz, D,0) of poly(2-oxiraneacetamide)
(POAM) (top) and poly(2-oxiraneacetic acid) (POAa) (bottom).



Chemical Shift / ppm

90

41403938373.63534333.2313.0292827262524232221201.9
Chemical Shift / ppm
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Figure S17. 3C NMR spectrum (100 MHz, D,O) of poly(2-oxiraneacetamide) homopolymer. 2-
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oxiraneacetic acid unit is abbreviated as “A”.
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Figure S20. Expanded MALDI-ToF mass spectrum of amide functional POAm homopolymer
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black arrow.
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Figure S21. Expanded MALDI-ToF mass spectrum of carboxyl functional POAa homopolymer
(linear mode, matrix: THAP). The repeating unit mass difference for OAa (102 g-mol™) is marked
by a black arrow.



Table S2. Thermal properties of PEG-co-PEPICH, PEG-co-POAmM and PEG-co-POAa copolymers
obtained from differential scanning calorimetry (DSC) measurements.

Copolymer  2FG content / % Tg/°C Tm/°C  Tre/°C AH/J-g?

PEG-co-PEPICH 3.8 -48 44 87
PEG-co-POAmM 3.8 -48 38 -27 57
PEG-co-POAa 3.8 -37 42 71

PEG-co-PEPICH 6.1 -49 36 58
PEG-co-POAM 6.1 -48 32 -24 53
PEG-co-POAa 6.1 -55 29 -37 63

PEG-co-PEPICH 7.7 - 48 28 63
PEG-co-POAmM 7.7 -48 29 -23 53
PEG-co-POAa 7.7 -52 28 -32 60

PEG-co-PEPICH 131 -52 5 -11 20
PEG-co-POAmM 131 -40 ---
PEG-co-POAa 13.1 -45

PEG-co-PEPICH 16.0 -46
PEG-co-POAM 16.0 -30
PEG-co-POAa 16.0 -36

PEPICH 100 -14
POAmM 100 55
POAa 100 29

aFG = functional group

Tg: glass transition temperature
Tm: melting temperature
AH: melting enthalpy



Table S3. Thermal properties of PEG-co-PEPICH, PEG-co-POAmM and PEG-co-POAa copolymers
obtained from differential scanning calorimetry (DSC) measurements.

Copolymer 3G content / % To/°C Tn/°C  Trc/°C  AH/J-g?

PEG-co-PEPICH 3.8 -48 44 87
PEG-co-POAM 3.8 -48 38 -27 57
PEG-co-POAa 3.8 -37 42 71

PEG-co-PEPICH 6.1 -49 36 58
PEG-co-POAM 6.1 -48 32 -24 53
PEG-co-POAa 6.1 -55 29 -37 63

PEG-co-PEPICH 1.7 - 48 28 63
PEG-co-POAmM 7.7 -48 29 -23 53
PEG-co-POAa 7.7 -52 28 -32 60

PEG-co-PEPICH 13.1 -52 5 -11 20
PEG-co-POAM 13.1 -40
PEG-co-POAa 13.1 -45

PEG-co-PEPICH 16.0 -46 ---
PEG-co-POAM 16.0 -30
PEG-co-POAa 16.0 -36

PEPICH 100 -14 ---
POAmM 100 55
POAa 100 29

3G = functional group

Ty: glass transition temperature
Tm: melting temperature
AH: melting enthalp
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4.1.1 Abstract

A straight forward synthesis of poly(ethylene glycol) (PEG) with multiple alkyne units
distributed along the polymer chain is presented. Direct access to clickable PEG is achieved
by the monomer-activated anionic ring-opening copolymerization (AROP) of ethylene
oxide (EO) with glycidyl propargyl ether (GPgE). Notably for successful polymerization
no protection of the alkyne unit is required owing to the mild reaction conditions. Defined
PEG-co-PGPgE and PGPgE (co)polymers with PDIs of 1.18-1.60 and molecular weights
of Mn=3,000 - 9,500 g-mol™? were prepared. In-situ *H NMR Kinetic studies revealed
remarkably disparate reactivity ratios of reo =14.8 and repge = 0.076, representing a
pronounced compositional drift with EO rich segments close to the initiator and GPgE units
near the chain terminus, i.e. copolymers with a steep monomer gradient. Copper(l)-
catalyzed azide-alkyne cycloaddition (CUAAC) with mannopyranosyl azide leads to PEG-
based glycopolymers and highlights the potential of alkyne-functional PEGs as a universal

scaffold for a range of biomedical applications.



4.1.2 Introduction

Poly(ethylene glycol) (PEG) is a highly valuable polymer for biomedical and
pharmaceutical applications due to its non-toxicity, non-immunogenicity, resistance to
protein absorption and extremely high water-solubility.: Commercially available products
include PEG derivatives as food additives in ice cream, as surfactants in cosmetics or as a
shielding component in drug delivery systems.? The latter implements the covalent
attachment of active molecules to PEG and in this context, many synthetic routes are
described to design specific a,o-bifunctional PEGs to achieve quantitative coupling
reactions.> However, an increased number of functionalities is an appealing approach to
increase the loading capacity of PEG. For example, the attachment of a targeting
functionality as well as therapeutic and diagnostic agents to one multifunctional polymer
would then be possible. Besides, increasing the amount of pendant groups along the PEG
backbone allows for tailoring of physical and chemical properties for specific purposes,
e.g. incorporating simple methyl groups via glycidyl methyl ether or propylene oxide
copolymerization suppresses PEGs crystallinity and its water-solubility can be adjusted.*®
The preparation of multi-functional PEGs is often tedious, requiring specific synthetic
strategies starting from substituted epoxide monomers that are compatible with the applied
polymerization reaction.® Consequently, monomers bearing clickable moieties are eligible
alternatives, giving access to versatile functionalization opportunities via post-
polymerization modification. For example, a library of active molecules or dyes is
commercially established for copper(l)-catalyzed azide-alkyne cycloaddition (CuUAAC)
and many synthetic strategies have been reported for the preparation of alkyne functional

polymers as universal scaffolds.’



In the context of the synthesis of PEG, anionic polymerization of alkyne functional
epoxides, such as glycidyl propargyl ether (GPgE), is challenging due to the acidity of the
acetylenic proton, interfering with the living mechanism. Thus, PEGs bearing multiple
alkyne units have only been described via post-polymerization methods starting from linear
polyglycerol.2® However, this method is rather time-consuming, requiring first the
polymerization of protected glycidol, followed by deprotection to generate hydroxyl groups
and further conversion with propargyl bromide. Importantly, Schill et al. demonstrated that
direct anionic ring-opening polymerization (AROP) of GPgE is possible when
copolymerized with glycidol applying the so-called ,,slow monomer addition“.!® Low
monomer concentrations and a decrease of the local basicity are the key features to prepare
alkyne-functional hyperbranched structures. Regarding linear multi-functional PEGs, a
decreased basicity of the growing chain end can be realized by employing the monomer-
activated AROP.! Initiation with an ammonium halide/Lewis acid complex and activation
of the epoxide ring allow for polymerizations at low temperatures (0-25 °C) in hydrocarbon
solvents. Because of the low basicity of the living species, this method is well-established
for substituted epoxides bearing sensitive or strongly electron withdrawing moieties, such
as epichlorohydrin,*? fluorine-containing epoxides,*®* epicyanohydrin'* and glycidyl

methacrylate.'®

Herein, we introduce an approach to prepare alkyne-functional PEGs that are suitable for
copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC). The monomer-activated
technique enables the direct anionic copolymerization of glycidyl propargyl ether (GPgE)
with ethylene oxide (EO) (Scheme 1). Both monomers are commercially available and no
protection of the alkyne moiety of GPgE is necessary. Further, the attachment of
mannopyranosyl azide highlights their potential as scaffolds for bioactive molecules and

diverse applications.
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Scheme 1. Alkyne-functional PEG (PEG-co-PGPgE) and PGPgE homopolymer, directly
accessible via monomer-activated anionic (co)polymerization of GPgE and EO.

4.1.3 Results and Discussion

PEG-co-PGPgE copolymers and PGPgE homopolymers with PDIs of 1.18-1.6 and
molecular weights in the range of M, = 3,000 - 9,500 g-mol* were prepared via monomer-
activated AROP (Figure 1, Table 1). For a successful polymerization, purification of
commercially available GPgE via simple cryogenic distillation was sufficient (Figure S1-
2). Overall, we varied the GPgE content from 2.0 to 15.6 mol% and generated PGPgE
homopolymers. Comonomer ratios were calculated from *H NMR spectra by comparing
the proton resonance of the methylene group (-CH2.C=CH, & =4.20 ppm) to the broad

polymer backbone signals (6 = 3.40-3.82 ppm).

backbone

a — 2.2 mol%
\b ——3.7mol%
o —— 4.9 mol%
H —— 6.3 mol%
|(/V°%\Lj\o’f —— 8.3 mol%
n m v
—15.6 mol% | [|
—— 100 mol%
18 20 22
67.4727.06866646260585654525048464.44.24.03.83.63.4323.028262422 Elution Volume / m L
Figure 1. (a) *H NMR spectrum (400 MHz, CDCls) of PEG-co-PGPgE and (b) SEC elution
traces (THF, RI signal, PEG standard) of various PEG-co-PGPgE copolymers and PGPgE

a) b) — 2.0 mol%
— 3.8 mol%
— 9.8 mol%
cocl, / N
b a — =
24 26 28
Chemical Shift / ppm
homopolymer.



The comonomer ratios in the polyethers formed are in good agreement with theoretical ones
and vary marginally due to the difficulty in measuring liquid EO. It should be noted that in
some deuterated solvents such as D.O and DMSO-ds, the resonance of the acetylenic
proton appears in the same range as the broad polymer backbone signal and is not clearly
distinguishable. The maximum content of GPgE in PEG-co-PGPgE copolymers is limited
due to the reactivity differences of both monomers. The presence of an additional oxygen
atom in GPgE requires an increased amount of catalyst (‘BusAl), however this induces a
very high reactivity of EO, which leads to a broadening of the molecular weight
distribution. Consequently, defined copolymers are accessible with GPgE ratios up to
15 mol%. This phenomenon is repeatedly observed for other comonomer systems and a
limiting factor if the reactivity of both comonomers differs strongly.® Catalyst to initiator
ratios of 3 are sufficient to generate GPgE homopolymers with DP = 30, while higher
molecular weights require an increased amount of catalyst (4-5 equiv). Figure S3 shows a
'H NMR spectrum of the homopolymer. PGPgEso is well soluble in THF, DMF,
chloroform, benzene and DMSO, but insoluble in water and methanol. In contrast, all
copolymers are soluble in aqueous solution at room temperature. A thermo-induced coil-
to-globule transition and precipitation of the copolymer occurs at 75 °C for PEG-co-PGPgE

with the highest amount of GPgE (15.6 mol%) at a concentration of 5 mg-mL™.



Table 1. Characterization data of PEG-co-PGPgE copolymers and PGPgE homopolymers
generated with ['BusAl}/[TBAI] in chlorobenzene.

No. [BusAll/ GPgE" GPgE* M’ Mw/Mr® Tg/°C Tm/°C  AHm/J-g*

[TBAI]  /mol% /mol%

1 1.4 2.0 2.0 7140 119 -52 52 126
2 1.5 2.5 2.2 7540 1.20 -50 o1 118
3 1.8 4.0 3.7 7770 1.23 -51 50 106
4 2 4.0 3.8 6900 1.34 -50 48 112
5 3 5.0 4.9 8100  1.59 -48 49 93
6 2.2 5.0 6.0 6200 1.25 -50 42 78
7 3 9.0 8.3 9530 1.56 -47 43 79
8 2.5 10.0 9.8 7290 151 -44 43 74
9 3 15.0 15.6 9130 1.37 -51 37 55
10 3 100 100 3030 1.18 -39 --- ---

30btained from *H NMR spectra

bDetermined via SEC (THF, RI signal, PEG standard)
Tg: Glass transition temperature

Tm: Melting temperature

AHm: Melting enthalpy

Recent in situ *H NMR Kinetic studies of the copolymerization of EO with ethoxy ethyl
glycidyl ether (EEGE) under monomer-activated AROP conditions showed a lowering of
the reactivity of EEGE, leading to strongly tapered structures.!” These results encouraged
us to investigate the reactivity ratios of the current EO/GPgE system in the same manner.
Details on the sample preparation and data analysis are given in the Supporting Information
(Figures S4-S7). After ~160 min (at T = 10 °C), EO was fully reacted, while only 40 % of
GPgE was incorporated into the polymer chain (Figure S5b). Total monomer conversion

was reached after 280 min at T = 15 °C. From the collected NMR data, reactivity ratios



were calculated, applying the nonterminal model of chain copolymerization, introduced by
Lynd and co-workers.'® Reactivity ratios of reo = 14.8 and repqe = 0.076 (reo-ropge = 1.12)
reveal a tapered structure, with EO rich segments close to the initiator and GPgE rich
segments near the terminus (Figures S5a and S6). To visualize the reactivity ratios and to
demonstrate the tapered nature of PEG-co-PGPgE copolymers, we illustrate the monomer
compositional drift schematically in two hypothetical copolymers with (a) 50 mol% GPgE
(Scheme 2 a) and 10 mol% GPgE (Scheme 2 b). The latter reflects the tapered structure of
the synthesized copolymers with comonomer ratios in the range of 2-15.6 mol% GPgE

(Table 1).

Scheme 2. lllustration of the monomer distribution of a PEG-co-PGPgE copolymer

P(EO-co-GPgE) with Teo = 14.8 and rgpge = 0.076
a) b)

50 mol% GPgE 10 mol% GPgE

consisting of a) 50 mol% GPgE and b) 10 mol% GPgE. GPgE is depicted in red and EO in
blue. “I” denotes the initiator and “T”” implies the terminus of the polymer chain.

These results are in analogy to our previous studies on the copolymerization of EO with
EEGE. When copolymerized under monomer-activated conditions with EO, GPgE and
EEGE behave similar (reo = 8.0 and reece = 0.125).1” We assume that the attachment of the
larger glycidyl ethers (GPgE and EEGE) to the growing ‘ate’ complex is sterically hindered
compared to the small EO molecule. Consequently, the relative reactivity of EO is much
higher. In analogy, Muller et al. reported gradient-like structures for poly(ethylene glycol-
co-glycidyl methyl ether) (PEG-co-PGME) copolymers, based on bulk thermal properties

and *3C triad analysis.®



The monomer compositional profile is also confirmed by 3C NMR spectroscopy (see
Supporting Information for details and Figures S8-S9). The G-Gp-G triad appears already
at low GPgE ratios (~4 mol%), and a splitting of the resonances of the alkyne-carbons
(-CH2C=CH at 80.5 ppm and -CH>C=CH at 75.2 ppm, respectively) is observed (Figure
S9). This splitting reflects an interaction of the alkyne group with adjacent monomer units
and differs, if EO or GPgE units are located in direct neighborhood. Similar results were
reported for the methyl group of GME in PEG-co-PGME.®> The formation of an almost
homopolymer PEG block in PEG-co-PGPgE copolymers is also reflected in their bulk
thermal properties (Table 1). While PEG (> 2000 g-mol™?) is a crystalline material
(Tm, PEG2000 = 56 °C)!°, random incorporation of substituted epoxides should lower its
melting temperature dramatically. Only little influence of the small amount of incorporated
GPgE units on the melting temperature is detected, confirming the presence of block-like
structures (see Table 1). In particular, PEG-co-PGPgE obtained via statistical
copolymerization with 15.6 mol% GPgE and a molecular weight of ~9000 g-mol* showed
a melting temperature of 37 °C. A missing second Tg is not contradictive, given that GPgE

segments are rather short.

The potential of alkyne-functional PEGs for post-functionalization via click-reaction was
demonstrated by attaching mannopyranosyl azide via CuAAC, leading to PEG-based
glycopolymers (Scheme 3). Glycopolymers are macromolecules bearing pendant
saccharide moieties and play an important role in studying multivalent interactions, such
as protein-saccharide binding. Since the 1980ies, researchers have been interested in
synthesizing  glycopolymers and studying their affinity to lectins, e.g.
Concanavalin A (Con A).? To date, glycopolymers based on a PEG backbone are not well

explored, due to the difficulty of synthesizing multi-functional PEGs.2?! In the current



work, we decorated the PEG-co-PGPgE copolymers and PGPgE hompolymer with

mannopyranosyl azide (a-D-mannopyranosyl azide) as shown in Scheme 3.

OH
OH
HO -0
HO
-N
N\ "N
/ CuSO, x 5 H,0 LS
OH sodium ascorbate fo)
OH DIPEA (\/E
H .0 0 H
9 \(\/Eo} m DMSO, 50°C, 24h e )n\ O}m
N3

Scheme 3. CUAAC of PEG-co-PGPgE with mannopyranosyl azide leading to sugar-
functionalized PEG.

The applied mannopyranosyl azide was synthesized as described in literature.?? After
successful CUAAC, a shift to smaller elution volumes (= higher molecular weights) is
observed in SEC for mannose-functionalized PEG-co-PGPgE (Figure 2b). Additionally,
the resonance of the propargylic methylene group (4.25 ppm) in the *H NMR spectrum
disappeared, while the characteristic signals of the formed triazole ring (8.25 ppm) and the
adjacent H-1 proton of the mannose (6.13 ppm) and the methylene group (4.72 ppm)
emerge (Figure 2a). The proton resonances of the attached sugar residues overlap with the

broad polymer backbone signals, but are clearly visible in the **C NMR spectra (see Figure

S10).
) b) '
a 1 —— PEG-coPGPgE
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Figure 2. (a) 'H NMR spectrum (D20, 400 MHz) of PEG-co-PGPgE before and after click
with mannopyranosyl azide. (b) SEC traces (DMF, RI signal, PEG standard) of PEG-co-
PGPgE (3.7 mol% GPgE) before and after click with mannopyranosyl azide.



Additionally, we functionalized PGPgE homopolymer with mannopyranosyl azide to
obtain a glycopolymer solely based on a polyether backbone. The SEC traces are shown in
Figure S11 and show a clear shift from PGPgE homopolymer to sugar functionalized
PGPgE. After attachment of mannopyranosyl azide, the homopolymer became fully water-
soluble. *H and HSQC NMR are depicted in Figures S12 and S13 and confirm full
conversion of the alkyne moiety. Cu traces were successfully removed via an ion exchange
resin (Chelex® 100). Regarding the thermal properties in bulk, functionalization with
sugar-moieties leads to a strong increase in Tg. In particular, the Tq of PEG-co-PGPQE with
3.7 mol% shifts from -51 °C to -27 °C after modification (Table S1). Most significantly, a
substantial jump from -39 °C to +35 °C is observed for the sugar-functionalized PGPgE

homopolymer.

4.1.4 Conclusion

In summary, we have developed a simple synthetic strategy to prepare the first example of
alkyne-functional PEGs by direct copolymerization of EO and GPgE. Monomer-activation
via Lewis acid and initiation with an ammonium halide/Lewis acid complex permits
polymerization under mild conditions. Demanding protection/deprotection of GPgE is not
required. SEC analysis shows monomodal molecular weight distributions with moderate to
narrow PDIs (< 1.6). PEG-co-PGPgE copolymers reveal a strongly tapered monomer
profile reflected by the reactivity ratios of reo = 14.8 and repge = 0.076. The most intriguing
feature of alkyne-functional PEGs is their universal platform character for CUAAC click
reactions in general. We quantitatively decorated PEG-co-PGPgE copolymers and PGPgE
homopolymer with multiple mannosyl units and generated PEG based glycopolymers,
which might be suitable for cell targeting due to their multivalent character.?® However, we

believe that alkyne-functional PEG has many applications beyond the biomedical field. In



particular, it is a versatile polyether platform for any functional material, benefiting from
the highly flexible and polar PEG backbone. Future work will aim at optimization

catalyst/initiator ratios and detailed biomedical studies of a variety of bio-conjugates.
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4.1.7 Supporting Information

Materials. Ethylene oxide (EO), glycidyl propargyl ether (GPgE), chlorobenzene and
Chelex® 100 sodium form (50-100 mesh, dry) were purchased from Sigma-Aldrich. GPgE
was freshly distilled from CaH> prior to use (see Figure S1-S2 for detailed analysis).
Deuterated chlorobenzene was received from Deutero GmbH and dried over CaH. and
freshly distilled prior to use. Tetra(n-butyl) ammonium iodide (TBAI) and all other were
reagents were reagent grade and purchased from Acros Organics. Anhydrous
chlorobenzene was stirred over CaH> and freshly distilled before use. If not otherwise

stated, the chemicals were used as received.

General procedures. All reactions involving air or moisture sensitive reagents or
intermediates were performed under an inert atmosphere of argon in glassware that was
oven dried. Reaction temperatures referred to the temperature of the particular
cooling/heating bath. Chromatography was performed using flash chromatography of the
indicated solvent system on 35-70 um silica gel (Acros Organics) unless otherwise noted.
Reactions were monitored by thin-layer chromatography (TLC) carried out on 0.25 mm E.
Merck silica gel plates (60F2s4) using an 1M ethanolic solution of sulfuric acid with 0.2%

3-methoxyphenol and heat as developing agents.

Instrumentation. *H NMR spectra (400 MHz) and 3C NMR spectra (100 MHz) were
recorded using a Bruker Bruker Avance-11 400 MHz spectrometer equipped with a 5 mm
BBFO-SmartProbe (Z-gradient probe) and an ATM as well as a SampleXPress 60 auto
sampler. Chemical shifts were referenced to the deuterated solvent (e.g., for CDCl3, ¢ =
7.26 ppm and 77.16 ppm for *H and 3C NMR, respectively) and reported in parts per
million (ppm, o) relative to tetramethylsilane (TMS, 6 = 0.00 ppm).* (1) Coupling constants

(J) were reported in Hz and the splitting abbreviations used were: s, singlet; d, doublet; t,



triplet; m, multiplet; br, broad SEC measurements were performed in DMF (containing
0.25 g L! lithium bromide as an additive) or in THF. For SEC measurements in DMF, an
Agilent 1100 Series was used as an integrated instrument, including a PSS HEMA column
(300/100/40 - 1071 porosity) as well as a UV (275 nm) and a RI detector. Alternatively,
SEC measurements in THF (flow rate 1 mL-min™!) were performed with a MZ-Gel SD plus
column (10°/10%/100 g mol™') at 20 °C, using a UV (254 nm) and RI detector. All
calibrations were carried out using poly(ethylene glycol) standards purchased from
Polymer Standards Service. 'H NMR kinetic studies to monitor copolymerization were
conducted 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. DSC measurements
were performed under nitrogen atmosphere using a PerkinElmer DSC 8500 with
PerkinElmer CLN2 in the temperature range from — 100 °C to 100 °C (sugar functionalized
materials were only heated to 60 °C) at heating rates of 20 and 10 K-min'* for the first and
the second heating run, respectively. Specific reactions were monitored by LC-MS on a
1200 HPLC-unit from Agilent Technologies with binary pump and integrated diode array
detector coupled to a LC/MSD-Trap-mass-spectrometer from Bruker. lonization was
achieved by an electron-spray-ionization source (ESI) or an atmospheric-pressure-
chemical-ionization source (APCI). High-resolution masses were recorded on a Waters
QTof-Ultima 3-Instrument with Lockspray-Interface and a suitable external calibrant.
Infrared spectra were recorded as FT-IR spectra using a diamond ATR unit and are reported

in terms of frequency of absorption (v, cm™).

In situ "H NMR Kinetic studies of copolymerization. Measurements were conducted
according to a literature procedure.> A NMR tube suitable for high pressure and high
vacuum Norell S-500-VT-7 NMR tube (equipped with a Teflon stop-cock) was applied.

The tube was evacuated and filled with (1) 0.1 mL initiator solution (24 mg TBAIin 0.5 mL



chlorobenzene-ds) followed by (2) 0.3 mL neat chlorobenzene, (3) 60 uL TIBAL solution
in toluene (1.1 M, 5 euqiv), (4) 0.2 mL neat chlorobenzene and (5) 21 pL. GPgE monomer
under argon flow and repeated cooling with an acetone/dry ice bath. Afterwards, the tube
was evacuated under cooling and EO was cryo-transferred into the tube (~20 uL). Before
the measurement, the tube was shaking vigorously and subsequently placed in the NMR
spectrometer (T=0 °C). After the temperature in the spectrometer was constant (~10 min,
AT = 0.1 K), the first spectrum was recorded. Sample spinning was turned off. Spectra were
recorded with 16 scans with 2 min-intervals. After 1h at 0 °C, the temperature was raised
to 5 °C, all other parameters were kept constant. After another hour, the temperature was

set to 10 °C and then to 15 °C. The measurement was stopped after full conversion (~5 h).

Synthesis of poly(ethylene glycol-co-glycidyl propargyl ether) (PEG-co-PGgPE)
copolymers. Here, an exemplary synthesis protocol is described for the synthesis of
PEG195-c0-PGPgEs with 2.5 mol% GPgE content. TBAI (1 equiv, 83.5 mg) were dissolved
in 5 mL benzene and freeze dried under vacuum to remove residual water. The flask was
backfilled with argon and 15 ml of chlorobenzene were added via syringe. For the transfer
of EO into the flask, vacuum was applied and EO (190 equiv, 2 mL) was cryo-transferred
into a graduate ampoule and subsequently into the reaction flask, using an ethanol/liquid
nitrogen cooling bath (-80 °C). The flask was sealed, backfilled with argon and 0.12 mL
(5 equiv) of freshly distilled GPgE was added via septum by syringe. The reaction was
initiated at -15 °C (ice/NaCl bath) by addition of 0.3 mL i-BuzAl solution in toluene
(1.5 equiv, 1.1 M in toluene) and slowly allowed to warm up to room temperature. After
24 h, termination was performed by addition of an excess of ethanol (1 mL) and the
polymer was precipitated into ice cold diethyl ether. Dialysis in methanol and then DI water
(MWCO = 2000 g-mol™) was performed to remove residual tetra(n-butyl) ammonium salts.

Small loss was observed due to dialysis. Afterwards, copolymers were dried via



lyophilization for DSC measurements. Note, direct purification of the polymers is
recommended to extend their shelf life. Small amounts of basic impurities lead to
crosslinking. Purified polymers were stored in the dark at -18 °C and are stable for several

weeks.

Homopolymerization (PGPgE). GPgE was polymerized similar to a literature procedure
described for epicyanohydrin by applying monomer-activated AROP.3 As a typical
procedure, TBAI (lequiv) was added to a Schlenk flask, freeze-dried with benzene
overnight and backfilled with argon. Chlorobenzene was added under argon atmosphere
via syringe (c = 1 mol-L). The solution was cooled to 0 °C before the dry monomer was
syringed in, followed by 'BusAl solution in toluene (3-4 equiv). Polymerization was
conducted under argon atmosphere and the solution was allowed to slowly reach room
temperature and was terminated after 24 h by addition of ethanol. The crude polymer was
dissolved in THF and precipitated into methanol (room temperature). This purification step
was repeated twice to remove tetra(n-butyl)ammonium salts and the homopolymer was
obtained in quantitative yield. Alternatively, tetra(n-butyl)ammonium salts can be removed
via consecutive washing of the reaction mixture with saturated NaHCO3 solution, NaCl

solution (10%), and water in analogy to reports by Osterwinter et al.*

Mannopyranosyl azide.

OH oH OAc Ao

" o A0, I QAc TMS-Ns SCly o)
HO 0°C—=RT, quant. ACOT CH,Cl, 99% AcO

OH OAc N3
D-Mannose
NaOlMe,
MeOH, RT, 95%
OH
OH
o]
HO

HO

N3

Scheme S1. Synthesis scheme of mannopyranosyl azide, starting from b-mannose.



1,2,3,4,6-Penta-0-acetyl-D-mannopyranose. lodine (560 mg, 2.2 mmol, 0.04 equiv.) and
acetic anhydride (50 ml) were mixed under Ar-atmosphere. b-Mannose (10 g, 55.5 mmol,
1 equiv.) was added portion by portion at 0 °C. After stirring for 30 min at 0 °C and
additionally for 18 hours at room temperature TLC (cyclohexane/toluene/ethylacetate
3:3:1) showed complete consumption of the starting material. The reaction mixture was
diluted with CH,Cl, (50 ml) and was washed twice with cold saturated aqueous Na>SO3
solution (2x 80 ml), then with a saturated aqueous solution of NaHCO3 (4x 50 ml). The
separated organic layer was dried over anhydrous Na>SOas. The solvent was removed in
vacuo to afford the desired peracetylated b-mannose (21.5 g, 55.1 mmol, 99%, mixture of

both anomers a/f 12:88) as a yellowish high viscous oil.
Rf 0.30 (silica gel, cyclohexane/toluene/ethyl acetate, 3:3:1);

Signals assignable to a-anomer: *H NMR, COSY (600 MHz, CDCls) ¢ (ppm) = 6.09 (d,
3] =1.9 Hz, 1H, H-1), 5.34-5.36 (m, 2H, H-3, H-4), 5.25-5.27 (m, 1H, H-2), 4.28 (dd,
2J=12.4 Hz, 3J=4.9 Hz, 1H, H-6a), 4.10 (dd, 2J=12.4 Hz, 3J=25Hz, 1H, H-6b),
4.03-4.07 (m, 1H, H-5), 2.18, 2.17, 2.10, 2.05, 2.01 (5x s, 15H, COCH3); **C NMR, HSQC,
HMBC (151 MHz, CDCls) d (ppm) = 170.8, 170.2, 169.9, 169.7, 168.2 (5x COCHs), 90.7
(C-1), 70.7 (C-5), 68.8 (C-3), 68.4 (C-2), 65.6 (C-4), 62.2 (C-6), 21.0, 20.9, 20.9, 20.8, 20.8

(5x COCH&).
The spectral data are in accordance with literature.®

2,3,4,6-Tetra-O-acetyl-a-D-mannopyranosyl azide. 1,2,3,4,6-Penta-O-acetyl-D-
mannopyranose (13.6 g, 34.9 mmol, 1 equiv.) was dissolved in anhydrous CH2Cl, (140 ml)
under argon atmosphere. Trimethylsilyl azide (16.1 g, 18.5 ml, 139 mmol, 4 equiv.) and
tin(1V) chloride (2.37 g, 1.06 ml, 9.1 mmol, 0.26 equiv.) was added. After stirring for four

hours at room temperature, TLC (cyclohexane/toluene/ethylacetate 3:3:1) showed



complete consumption of the starting material. The reaction mixture was washed
successively with saturated aqueous NaHCOs3 solution (100ml), water (100 ml) and brine
(100 ml). The organic layer was dried over anhydrous Na>SO4. The solvent was removed
in vacuo and the residue was purified by flash column chromatography (cyclohexane/
ehtylacetate, 3:1) to afford the title compound (12.9 g, 34.4 mmol, 99%) as a clear,

colorless oil.
Rf 0.49 (silica gel, cyclohexane/toluene/ethyl acetate, 3:3:1);

IH NMR, COSY (400 MHz, CDCls) & (ppm) = 5.38 (d, 3] = 1.9 Hz, 1H, H-1), 5.14 (dd,
3J=3.0 Hz, 3J = 1.9 Hz, 1H, H-2), 5.30-5.21 (m, 2H, H-3, H-4), 4.32-4.27 (m, 1H, H-6a),
4.17-4.11 (m, 2H, H-5, H-6b), 2.16, 2.10, 2.04, 1.98 (4x s, 12H, COCHs ); 3C NMR,
HSQC, HMBC (100.6 MHz, CDCls) & (ppm) = 170.7, 170.0, 169.9, 169.7 (4x COCHb),
87.6 (C-1), 70.7 (C-5), 69.3 (C-2), 68.3 (C-3), 65.7 (C-4), 62.2 (C-6), 21.0, 20.8, 20.8, 20.7

(4x COCH).
The spectral data are in accordance with literature.®

a-D-Mannopyranosyl azide. 2,3,4,6-Tetra-O-acetyl-a-D-mannopyranosyl azide (10 g,
26.8 mmol) was dissolved in methanol (100 ml) and sodium methoxide was added until pH
9-10 (approx. 60 mg). The reaction mixture was stirred at room temperature for 16 hours.
Subsequently the solution was neutralized by Amberlite 120 H* resin until pH 7. The
mixture was filtered over Celite which was washed thoroughly with methanol. The solvent
was removed in vacuo to afford the desired a-D-Mannopyranosyl azide (5.23 g, 25.5 mmol,

95%) as a colorless syrup.

IH NMR, COSY (400 MHz, CDCls) J (ppm) = 5.43 (d, 3] = 1.9 Hz, 1H, H-1), 3.91-3.87

(m, 1H, H-6a), 3.85 (dd, 3] = 3.3 Hz, 3] = 1.9 Hz, 1H, H-2), 3.79-3.69 (m, 3H, H-3, H-5,



H-6b), 3.65-3.59 (m, 1H, H-4); 3C NMR, HSQC, HMBC (100.6 MHz, CDCls)

o (ppm) = 89.7 (C-1), 74.6 (C-5), 69.8, 69.7 (C-2, C-3), 66.3 (C-4), 60.7 (C-6).
The spectral data are in accordance with literature.®

Copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC). A literature known
procedure was applied.® For example, 100 mg PEG-co-PGPgE (1 equiv) was placed in a
Schlenk flask and dissolved in 15 mL DMSO (anhydrous) and mannopyranosyl azide
(1.5 equiv per propargyl unit) and diisopropylethylamine (DIPEA) (0.3 equiv per propargyl
unit) were added. The mixture was degassed by three freeze-pump-thaw cycles and
subsequently copper sulfate pentahydrate (0.3 equiv per propargyl unit) and sodium
ascorbic acid (0.6 equiv per propargyl unit) were added under argon flow. The solution was
heated to 50 °C and stirred for 24 h under argon atmosphere. Afterwards, the flask was
opened and DMSO was removed under vacuum. The polymer was dissolved in water and
Chelex®100 was added and stirred for 12 h, changed and stirred for another 12 h to remove
copper traces. Afterwards, the polymer was dissolved in DI water and dialyzed for 1 day
(MWCO = 2000 g-:mol™?) to remove excess of mannose azide and residual DMSO. Products
were obtained after lyophilizing as pale yellow solids (yield = 90%). Functionalized
PGPgE homopolymer was treated for 1 week with ion exchange resin (Chelex®100) for

sufficient removal of copper traces.
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Figure S1. 'H NMR spectrum (400 MHz, CDCls) of commercially available GPgE after
purification via distillation.
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Figure S2. C NMR spectrum (100 MHz, benzene-ds) of commercially available GPgE
after distillation.
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Figure S3. 'H NMR spectrum (400 MHz, CDCls) of PGPgE homopolymer.
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Figure S4. Subset of *H NMR spectra (400 MHz, chlrobenze-ds) of the copolymerization
of EO with GPgE, applying the activated monomer technique. Insets expand region of
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Figure S7. SEC elution trace (THF, RI signal, PEG standard) of PEG-co-PGPgE
copolymer generated in a NMR tube to study the respective reactivity ratios of EO and
GPgE under monomer-activated AROP conditions. Mole fractions: n(EO) = 59 mol% and
n(GPgE) = 41 mol% with a catalyst/initiator ratio of 5 equiv, initiated at 0 °C. SEC data:
M, = 3000 g-mol?, PDI = 1.77.

13C triad analysis. Figure S8 shows the IG *C NMR spectrum of PEG-co-PGPgE
copolymer. A collection of IG *C NMR spectra of PGPgE homopolymer and PEG-co-
PGPgE copolymers with 2.0-15.6 mol% GPE content in benzene-de is shown in S9. Triad
assignment was performed in analogy to literature-known functional PEGs® and with the
help of 2D spectra and simulated *3C NMR spectra (ChemDraw Ultra 10.0). GPgE units
are labeled with G, while a denotes the methylene carbon and b the methine carbon of

GPgE. E refers to EO units.
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Figure S8. 1*C NMR spectrum (100 MHz, benzene-ds) of PEG-co-PGPgE. EO units are
abbreviated with E and GPgE units with G, whereas a denotes the methylene and b the
methine carbon.
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Figure S9. Important region of IG 3C NMR spectra (100 MHz, benzene-ds) of PGPgE
homopolymer and various PEG-co-PGPgE copolymers (2.0 - 15.6 mol%).
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Figure S10. Relevant section of 3C NMR spectra (100 MHz, D,0) of PEG-co-PGPgE
before (top) and after click with mannopyranosyl azide (bottom).
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Figure S11. SEC traces (DMF, Rl signal, PEG standard) of PGPgE3zo homopolymer (black
line) and mannose-functionalized PGPgEzo (red line).
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Figure S12. *H NMR (400 MHz, D,0) of mannose-functionalized PGPgE3zo homopolymer.
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Figure S13. HSQC NMR (400 MHz/100 MHz, D20) of mannose-functionalized PGPgEzo
homopolymer.



Table S1. DSC data of PEG-co-PGPgE copolymer and PGPgE homopolymer before and
after CUAAC with mannopyranosyl azide.

GPgE / mol% Functionalization Tg/°C Tm/°C AH/J-g?
2.0 --- -52 52 126

2.0 mannopyranosyl azide -34 51 109

3.7 --- -01 50 106

3.7 mannopyranosyl azide -27 48 76

100 -39

100 mannopyranosyl azide 35
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5.1.1 Abstract

Detailed understanding of the monomer distribution in copolymers is essential to tailor their
properties. For the first time, we have been able to utilize in situ *H NMR spectroscopy to
monitor the monomer-activated anionic ring opening copolymerization (AROP) of
ethylene oxide (EO) with a glycidyl ether comonomer, namely ethoxy ethyl glycidyl ether
(EEGE). We determine reactivity ratios and draw a direct comparison to conventional
oxyanionic ROP. Surprisingly, the respective monomer reactivities differ strongly between
the different types of AROP. Under conventional oxyanionic conditions similar monomer
reactivities of EO and EEGE are observed, leading to random structures (reo = 1.05 + 0.02,
reece = 0.94 £ 0.02). Addition of a cation complexing agent (18-crown-6) showed no
influence on the relative reactivity of EO and EEGE (reo = reece = 1.00 £ 0.02). In striking
contrast, monomer-activated AROP produces very different monomer reactivities,
affording strongly tapered copolymer structures (reo = 8.00 + 0.16, reece = 0.125 + 0.003).
These results highlight the importance of understanding reactivity ratios of comonomer
pairs under certain polymerization conditions, at the same time demonstrating the ability to
generate both random and strongly tapered P(EO-co-EEGE) polyethers by simple one-pot
statistical anionic copolymerization. These observations may be generally valid for the

copolymerization of EO and glycidyl ethers.



5.1.2 Introduction

Glycidyl ethers are one of the most common epoxide monomer classes for
copolymerization with ethylene oxide (EO) to prepare multifunctional poly(ethyelene
glycol)s (PEGs).Y® Such structures are promising for a variety of biomedical and
pharmaceutical purposes,® %12 due to their biocompatibility and water-solubility and have
also gained attention as potential polymer electrolytes for lithium ion batteries.'® 4 In
general, their properties strongly depend on the monomer composition profile in the
copolymer chain. For example, solubility behavior in aqueous solution differs for random
or block-type structures. While random copolymers often form large thermoresponsive
aggregates in the micrometer range, block copolymers can self-assemble into defined
micelles.® In this context, understanding the distribution of functional groups along the PEG
chain is highly relevant. Unfortunately, determining the reactivity ratios of these systems
is challenging due to the toxicity and volatility of EO. Post-polymerization analysis
techniques such as 3C triad analysis often provide first insight into the monomer
distribution, but determining precise reactivity ratios is commonly tedious.® Alternatively,
in situ monitoring of the copolymerization is instrumental, which can be conducted via
IR Raman,?® ! UV?2 2% and NMR spectroscopy. Our group previously reported in situ
IH NMR kinetic studies of anionic ring opening polymerization (AROP) of epoxides in
vacuum sealed NMR tubes, with the main advantage of the technique being noninvasive.?*
Since then, this technique has been employed to monitor the monomer conversion of a
variety of copolymerizations,®>2 including the highly sensitive carbanionic living

copolymerization.2® %

Statistical copolymerization can lead to random, gradient, tapered or block copolymers,

predefined by the reactivity of the respective comonomers and growing chain ends under



the given polymerization conditions.®* For copolymerization of EO with glycidyl ethers,
the use of conventional anionic ring opening copolymerization (AROP) initiated with
alkoxides leads to random structures with reactivity ratios close to r = 1.32 Interestingly,
bulky substituents generally show only little or no influence on the reactivity ratios of

glycidyl ethers.” 3334

As an alternative route, the monomer-activated AROP introduced by Carlotti and Deffieux
has gained much attention for the preparation of high molecular weight polyethers from
glycidyl ether monomers.® In contrast to conventional oxyanionic ROP, transfer to
monomer is suppressed due to mild polymerization conditions. In particular, the epoxide
ring is activated via coordination to a Lewis acid (trialkylaluminum compound), the
initiating species is a weak nucleophile (e.g. tetraoctylammonium bromide/
trialkylaluminum complex), and polymerization proceeds at low temperatures in
hydrocarbon solvents (Scheme 1, left). Yet, while EO/glycidyl ether systems are well-
studied under conventional AROP conditions, little is known about their relative reactivity
using monomer-activated AROP.*® Currently, researchers use both methods
interchangeably without considering different results concerning the monomer distribution
in the copolymers. Consequently, the question arises whether different polymerization
conditions (conventional oxyanionic vs. monomer activation) influence the relative
reactivity of EO and glycidyl ethers, thus leading to polyethers with different monomer

compositional profiles.

Motivated by this fundamental question, we have utilized in situ *H NMR spectroscopy to
compare the kinetics of the statistical copolymerization of EO with ethoxy ethyl glycidyl
ether (EEGE) under (i) monomer-activated AROP (Scheme 1, left) and (ii) conventional
oxyanionic ROP (Scheme 1, right) conditions. Both measurements were conducted in

vacuum-sealed NMR tubes, applying noninvasive *H NMR spectroscopy. In particular,



EEGE was chosen as a model glycidyl ether, since it is a well-established monomer for
AROP.¥ For the activated monomer technique, we employed a specific temperature
program (0-25 °C) to monitor the reaction, as it is commonly conducted (initiation at low
temperature and slowly reaching room temperature with proceeding polymerization). Note
that toluene was chosen as a common solvent for the monomer-activated AROP, while

DMSO was applied for the oxyanionic ROP to ensure good solvation of the active chain

end.
monomer-activated AROP conventional oxyanionic ROP
) EO EEGE
Al('Bu), /
o BrNOct o, 9 R-0© r-©
\@/\o}\f\E T B mA S {\/\0}\('\[ Fu
toluene, 0-25°C DMSO, 40°C
o/\ \(I)/ o/\

5

R= BnCH,OCH,CH,

Scheme 1. Anionic ring opening copolymerization (AROP) of EO and EEGE under
monomer-activated (left) and conventional oxyanionic ROP conditions (right).

The AROP of EEGE starting from an alkali metal alkoxide initiator was first reported by
Taton et al.® and since then, has attracted increased attention.3” 394 Statistical
copolymerization of EEGE with EO gives access to hydroxyl-functional PEGs after release
of the protecting group of EEGE." 24 Such copolymers are not only valuable due to their
increased hydrophilicity, but the additional hydroxyl groups render them suitable
precursors for post-polymerization modification.® * 4 Consequently, knowing the
monomer composition profile of P(EO-co-EEGE) copolymers is crucial for their future

applications as “multifunctional PEG”.



5.1.3 Results and Discussion

Conventional oxyanionic ring opening polymerization. In 2008, Huang and co-workers
studied the copolymerization of EEGE with EO under conventional AROP conditions
(potassium salt of triethylene glycol in THF/DMSO) and reported reactivity ratios of
reo =1.20 and reece =0.76, determined by the YBR method.? Note that the reactivity ratios
r, are defined as reo=keo,eo/keoeece and reece= Keeceeece/Keeceeo With k being the
respective rate constant.3! As expected, an almost random copolymer structure was
obtained. For a comprehensive study we have reinvestigated the statistical
copolymerization of EO/EEGE under conventional oxyanionic conditions by in situ *H
NMR kinetics. With this approach misinterpretation due to different analytical methods or
calculation models can be excluded, and the results can be directly compared to the
monomer-activated approach. Real-time !H NMR studies of the statistical
copolymerization of EO and EEGE under conventional AROP conditions were performed
in analogy to other EO/glycidyl ether systems.® Copolymerization was initiated with
potassium 2-(benzyloxy)ethoxide and conducted in DMSO-ds at 40 °C. Monomer
conversion was monitored over time by integrating the respective ring proton signals (EO,
8 =2.62 ppm, s, 4H; EEGE, 6 =2.73 ppm, ddd, 1H). With proceeding polymerization,
monomer signals decrease, while broad backbone signals emerge at 3.40-3.66 ppm (see

Figure S1).
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Figure 1. a) Single monomer concentration plotted versus total monomer conversion for
the oxyanionic copolymerization. b) Monomer conversion versus time. c) lllustration of the
monomer distribution of a P(EO-co-EEGE) copolymer consisting of 50 mol% EO and
EEGE. Here, “I”” denotes the initiator and “T” implies the terminus of the chains formed.

From in situ NMR data, Figure 1a and b were generated (see Supporting Information for
details regarding data analysis). Slightly faster incorporation of EO into the polymer chain
is detected (Figure 1a) and full conversion is reached for both monomers at 40 °C after 6 h
(Figure 1b). Note, first-order time conversion plots confirm the absence of termination
events and are depicted in Figure S2. To quantify this data, we calculated reactivity ratios
according to the nonterminal model of chain copolymerization, recently introduced by
Lynd and co-workers (Figure S3).26 From our in situ data we obtain reactivity ratios of
reo = 1.05% 0.02 and reece = 0.94 £+ 0.02, which are in accordance with reported literature
values (reo = 1.20 + 0.01 and reece = 0.76 % 0.02),? reflecting a random copolymerization.
The reactivity ratios are visualized in Figure 1c, showing a hypothetical P(EO-co-EEGE)
copolymer model with a 1:1 comonomer ratio. It should be mentioned that slight deviations
from the reported reactivity ratios are likely due to different solvents (THF vs. DMSO) or

metal counterions (potassium vs. cesium) and can vary marginally with the employed



calculation method or sample preparation (Kelen Tiidos,*® Fineman-Ross,* Skeist* and

others), but are within the same range.'* 4

In general, steric and electronic properties have to be considered when evaluating the
reactivity of monomers in copolymerizations. Regarding steric properties, similar reactivity
of EEGE and EO seems counterintuitive, since one would expect the ring opening of EEGE
to be sterically hindered, in analogy to propylene oxide.'® However, it is well-known that
coordination of the counterion (potassium in this case) to the epoxide ring activates C-O
bond cleavage*’°, which should be facilitated for EEGE due to its additional oxygen
atoms. In this context, DFT calculations of analogous glycidyl ethers revealed lower
transition state energies for the attachment of the glycidyl ether to the growing chain end
due to (i) better complexation of the potassium counterion and (ii) increased Lewis basicity
of the epoxide ring compared to EO.® Consequently, we believe that both reasons account
for the high reactivity of EEGE under conventional AROP conditions. In this context, we
were further interested in understanding the influence of a cation complexing agent (here
18-crown-6) on the respective comonomer reactivities. It is known that in the
copolymerization of EO and PO the addition of 18-crown-6 shows no impact on the
respective reactivity ratios.>* However, complexation of the potassium cation by 18-crown-
6 may influence the reactivity of EEGE. Therefore, analogous in situ NMR measurements
with addition of 18-crown-6 (2 equiv per equiv potassium) were conducted. No significant
impact on the relative reactivity ratios was observed. This data is shown in the Supporting
Information (Figure S5-S9). Reactivity ratios of reo = reece =1.00 + 0.02 indicate ideally
random copolymerization behavior. We assume that the large amount of EEGE monomer
competes with the crown-ether regarding the coordination to the potassium counterion, and
additional crown-ether therefore does not influence the relative reactivity of both

monomers.



Monomer-activated AROP. Carlotti, Deffieux and co-workers introduced an alternative
polymerization technique to conventional oxyanionic ROP, which is the so-called
monomer-activated AROP.%? In contrast to conventional AROP conditions, weak
nucleophiles (e.g. tetraoctylammonium bromide/triisobutylaluminum (TIBAL) complex)
are employed as the initiator. Together with an activation of the epoxide by a Lewis acid
(TIBAL), this allows for copolymerization at low temperatures in hydrocarbon solvents.>
A mechanistic overview is shown in Scheme 2. As a consequence of the mild
polymerization conditions, transfer to monomer is suppressed and the monomer-activated
approach has become a well-established alternative to generate particularly high molecular

weight polyether homo- and copolymers. 3652
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Scheme 2. Mechanism of the monomer-activated AROP of EO and EEGE: a) formation of
initiating ‘ate’ complex; b) activation of monomers via complexation to TIBAL; c)
initiation of copolymerization. d) propagation via growing ‘ate’ center.

Carlotti, Deffieux and co-workers briefly mentioned reactivity ratios for PO systems, e.g.
for the PO/EEGE comonomer pair of rpo = 3.58 and reece = 0.18.% Interestingly, our group
assessed a higher reactivity of EEGE under conventional oxyanionic conditions (DMSO,
40 °C, potassium alkoxide initiator).>* Unfortunately, reactivity ratios of this system were
not calculated. However, these results suggest inverted reactivities for the same comonomer

pair, when copolymerized under conventional or monomer-activated AROP. To study the



copolymerization of EO/EEGE under monomer-activated conditions, we implemented a
temperature program to monitor copolymerization in situ in a NMR tube. First, we assessed
a suitable polymerization temperature, at which initiation takes place. Reported initiation
temperatures range from -30to 0 °C and the reaction is allowed to slowly reach room
temperature while the polymerization proceeds.®® 3 Interestingly, at reaction temperatures
below 0 °C no significant monomer conversion was detected via NMR. While we assume,
that a lack of stirring slows down the reaction, it is important that no significant
polymerization takes place at temperatures below 0 °C (catalyst/initiator ratio =5).
Consequently, copolymerization measurements were started at 0 °C and ramped up in steps
of 5 °C per hour (See Supporting Information for temperature profile and details on sample
preparation). In a separate experiment, we monitored EEGE in toluene-dg at different
temperatures (-10 °C to 20 °C) with and without added TIBAL to assess temperature-
induced differences of the thermodynamic stability of the EEGE-TIBAL complex. As
expected, the oxirane protons show a clear shift to low field, when EEGE is complexed.
However, this shift remains constant with temperature and indicates steady behavior (Table

S1).

Figure S10 displays a selection of the collected *H NMR data during copolymerization. As
expected, the proton resonances shift with each temperature step. From the respective
proton integrals, the monomer conversion was calculated, as plotted in Figure 2a and b.
Full conversion was reached after 3.5 hours at 10 °C and the measurement was stopped. A
high catalyst/initiator ratio was chosen (5 equiv), to ensure fast copolymerization and full
conversion without the need for stirring. First-order time-conversion plots (Figure S11)
confirm the absence of termination reactions. From Figure S12, we calculated the
respective, strongly disparate reactivity ratios reo = 8.00 £ 0.16 and reece = 0.125+ 0.003.

These ratios reflect a strongly tapered polymer structure with EO rich segments at the



initiator and EEGE rich segments close to the terminus. The reactivity ratios are

schematically illustrated in Figure 2c, which depicts the monomer gradient in a P(EO-co-

EEGE) copolymer with 50 mol% EO and EEGE.
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Figure 2. a) Single monomer concentration plotted versus total monomer conversion
applying the monomer-activated AROP b) Respective monomer conversion plotted versus
time. Note that no data is collected during temperature change. c) lllustration of the
monomer distribution of a P(EO-co-EEGE) copolymer consisting of 50 mol% EO and
EEGE “I” denotes initiator and “T”” implies the terminus.

Intriguingly, the obtained reactivity ratios differ strongly from those obtained via
conventional oxyanionic ROP, the incorporation of EO being strongly preferred over
EEGE. First, it should be mentioned that toluene serves as solvent in the monomer-
activated AROP (versus DMSO), which will have an impact on the reactivity ratios, as
known for other ionic polymerizations.>® Further electronic effects have to be considered.
EEGE possesses three oxygen atoms, which can interact with the Lewis acid. In contrast,
EO only exhibits one oxygen atom, and activation of the oxirane ring might be increased
compared to EEGE. Yet, while we suggest that electronic properties are the reason for the

high reactivity of glycidyl ethers under conventional oxyanionic ROP conditions, steric



hindrance gains importance for the low reactivity of EEGE in the monomer-activated

ARORP.

In the monomer-activated AROP, the growing center consists of an “ate”-complex
composed of an alkoxide chain end that interacts with a Lewis acid and the bulky organic
tetra(n-octyl)ammonium counterion (Scheme 2). In addition, the monomer is activated via
coordination to the Lewis acid (TIBAL) and therefore its attachment to the bulky active
chain end is sterically impeded. Previous works showed a pronounced retardation of the
reaction of PO in an EO/PO system when copolymerized under monomer-activated
conditions.>® In analogy, a gradient structure was reported for the copolymerization of EO
with glycidyl methyl ether (GME) under monomer-activated conditions.>® Although no
reactivity ratios were determined, *C triad analysis and thermal properties in bulk
suggested a gradient like structure. In general, the incorporation of glycidyl ether units into
the PEG backbone impedes ordering of PEG chains and the degree of crystallization is
lowered or fully suppressed. In particular, the authors report a melting temperature around
17 °C for a P(EO-co-GME) copolymer with 55 mol% GME and a molecular weight of
15,000 g-mol™, indicating the existence of pronounced PEG segments. For comparison,
commercially available methoxyPEG with a molecular weight of 550 g-mol™* possesses a
melting temperature of 12.5 °C, which increases to 37.5 °C for mPEG-1100°° and reaches

66 °C for high molecular weight PEGs.*’

To study the consequences of the tapered structure for the bulk thermal properties we
synthesized P(EO-co-EEGE) copolymers with two different comonomer compositions via
monomer-activated AROP (Table S2, Figure S14). Both copolymers (48 mol% and
33 mol% EEGE and M, in the range of 15,100-19,800 g-mol™?) show melting endotherms
for PEG segments at temperatures of 13 °C and 22 °C, respectively. For the conventional

anionic copolymerization Mangold et al. showed that more than 23 mol% EEGE units lead



to fully amorphous materials.* For completeness, block copolymers of polyethylene oxide-
b-linear polyglycerol (PEO-b-linPG) show melting temperatures of 43 °C (PEOus-b-
linPGa4) and 54 °C (PEO113-1inPG13).%8 Overall, a strong influence of EEGE on the thermal
properties of P(EO-co-EEGE) is reported for copolymers prepared via conventional
oxyanionic ROP, while the monomer-activated AROP still leads to semi-crystalline
material despite high EEGE content (~50 mol%). These findings reflect that
copolymerization via monomer-activation produces tapered structures and long PEG

segments are formed that can crystallize.

5.1.4 Conclusion

In conclusion, real-time *H NMR Kinetic studies of the statistical anionic ring opening
copolymerization (AROP) of EEGE with EO reveals that P(EO-co-EEGE) copolymers
with strikingly different monomer distributions are obtained, depending on the
copolymerization conditions. In particular, the conventional oxyanionic approach leads to
random copolymers (reo = 1.05 £ 0.02, reece = 0.94 + 0.02), while activation by a Lewis
acid and the use of a bulky counterion drastically lower the reactivity of EEGE, leading to
strongly tapered structures (reo =8.00 £ 0.16 and reece = 0.125 + 0.003). Consequently,
choice of the initiator system enables tailoring of the monomer distribution in glycidyl
ether-based polyethers, while still maintaining the living character of AROP. In particular,
P(EO-co-EEGE) copolymers with block-like structures and high molecular weights are
accessible, which are inaccessible via oxyanionic ROP due to molecular weight limiting
monomer transfer reactions. We believe that these observations are not only limited to
EEGE, but are rather general for glycidyl ethers, offering enormous potential for polyether-

based gradient copolymer structures.
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5.1.7 Supporting Information

Materials. EO and 18-crown-6 were purchased from Sigma Aldrich. Potassium tert-
butoxide, 2-(benzyloxy)ethanol and triisobutylaluminum (1.1 M in toluene) were received
from Acros Organics. Deuterated solvents (toluene-dg and DMSO-dg) were purchased from
Deutero GmbH. Tetra(n-octyl)ammonium bromide (TOAB) was received from TCI.
Benzene (anhydrous) was purchased from Alfa Aesar. All chemicals were used as received
if not otherwise stated. Toluene-dg was freshly distilled from CaH> before use. EEGE was
synthesized as described in literature.! For each polymerization, EEGE was dried over

CaH> and freshly distilled.

Instrumentation. In situ *H NMR kinetic studies were conducted on a Bruker Avance Il
HD 400 MHz spectrometer equipped with a 5 mm BBFO SmartProbe. Regular *H NMR
spectra (400 MHz) and *C NMR spectra (100 MHz) were recorded using a Bruker Avance
I1 HD 400 spectrometer equipped with a 5 mm BBFO SmartProbe (Z-gradient probe) and
an ATM as well as a SampleXPress 60 auto sampler. All spectra are referenced internally
to residual proton signals of the deuterated solvent. SEC measurements were performed in
DMF (containing 0.25 g L™! lithium bromide as additive). An Agilent 1100 Series was used
as an integrated instrument, including a PSS HEMA column (300/100/40 - 1071° porosity)
as well as a UV (275 nm) and a RI detector. All calibrations were carried out using
poly(ethylene glycol) standards purchased from Polymer Standards Service. Differential
scanning calorimetry (DSC) measurements were conducted under nitrogen atmosphere
using a PerkinElmer DSC 8500 with PerkinElmer CLN2 in the temperature range of
—90 °C to 100 °C, at heating rates of 20 and 10 K-min* for the first and the second heating

run, respectively.



Data analysis: All spectra are referenced internally to residual proton signals of the
deuterated solvent. Phase and baseline correction were performed manually for each
spectrum. Afterwards, the area under each proton signal was determined and normalized to

the starting concentration of the monomer.

Note: Ethylene oxide is a highly toxic gas and precautions must be taken before handling.
Addition of ethylene oxide to the NMR tube was conducted via graduate ampoule.
However, it is rather difficult to measure such small amounts needed for the
copolymerization. Consequently, comonomer ratios and calculated molecular weights can

vary with each measurement.

Monomer-activated copolymerization of EQ with EEGE. The polymerization was
conducted according to literature.? For example, TOAB (1 equiv, 60 mg) was added to an
anionic flask, dissolved in benzene and freeze-dried overnight. The next day, dry toluene
(10 mL) and freshly distilled EEGE (100 equiv, 1.6 mL) were added under argon
atmosphere, cooled with liquid nitrogen and vacuum was applied. Subsequently, EO
(100 equiv, 0.5 mL) was cryo-transferred into the flask. The flask was cooled with an
ice/sodium chloride bath and the required amount of TIBAL (3-5 equiv) was added via
gastight syringe. The polymerization was conducted under vacuum for 24 h and terminated
with an excess of ethanol. The solvent was removed in vacuum and the mixture was
dissolved in methanol and dialyzed for 24 h. Yields were in the range of 80-90 %. P(EO200-
co-EEGE2q0) initiated with 5 equiv TIBAL and terminated after 24 h showed a total

conversion of 80 %.

Sample preparation for '"H NMR Kinetic studies:

Anionic ring opening copolymerization of EO with EEGE with an alkali metal alkoxide as

initiator. 49 mg of potassium tert-butoxide (1 equiv) were placed in a Schlenk tube and



5 mL benzene were added, followed by 65 uL 2-(benzyloxy)ethanol (1.05 equiv). The
mixture was stirred for 30 min at 60 °C before benzene was removed under vacuum
overnight at 40 °C. The next day, the initiator salt was dissolved in 2 mL DMSO-ds
(solution A). A Norell S-500-VT-7 NMR tube was evacuated and 0.1 mL of solution A
were added under argon atmosphere, followed by 0.3 mL DMSO-ds. The mixture was
cooled down with an acetone/dry ice bath and 70 uL EEGE (22 equiv), followed by 0.3 mL
DMSO-ds were syringed in under argon atmosphere. The mixture was cooled down with
liquid nitrogen and evacuated under high vacuum. Subsequently, EO (~40 pL, 40 equiv)
was cryotransfered to the NMR tube under static vacuum and the tube was sealed with a
Teflon stop-cock. The tube was warmed up to room temperature, shook vigorously to
homogenize the solution and placed in a NMR spectrometer with the probe gas flow
adjusted to 40 °C. After the temperature in the probehead was stable (~10 min, A7 = 0.1 K),
the first spectrum was recorded. Sample spinning was turned off. Spectra were recorded
with 16 scans at 2-minute intervals during the first hour, then at 5-minute intervals for

2 hours, and afterwards with 10-minute intervals.

The P(EO-co-EEGE) copolymer isolated from the NMR had an average number molecular

weight of M,= 4300 g-mol! and a PDI of 1.15 (Figure S4).

Anionic ring opening copolymerization of EO with EEGE with an alkali metal alkoxide as
initiator and crown ether as complexing agent. A similar procedure was conducted as
described above. The initiator solution was prepared as follows: 10.1 mg potassium tert-
butoxide (0.5 equiv) were placed into a Schlenk tube, followed by 2.5 mL benzene, 25.7 uL
2-(benzyloxy)ethanol (1 equiv) and 47.8 mg 18-crown-6 (1 equiv). The mixture was dried
overnight, to obtain the initiator salt. The next day, 1 mL DMSO-ds were added. From this
solution, 0.2 mL were placed into the NMR tube. Further, 70 uL. EEGE (13 equiv) were

used and about 20 pL EO (13 equiv). Measurements were conducted at 35 °C.



The P(EO-co-EEGE) copolymer isolated from the NMR had an average number molecular

weight of M,= 2300 g-mol! and a PDI of 1.08 (Figure S9).

Monomer-activated anionic ring opening copolymerization of EO with EEGE. 35.45 mg
tetra(n-octyl)Jammonium bromide (TOAB) was added to a Schlenk flask and freeze-dried
with 5 mL benzene overnight. The next day, 0.5 mL dry toluene-ds were added to prepare
the initiator solution. A Norell S-500-VT-7 NMR tube was evacuated and 0.1 mL of the
initiator solution (TOAB, 1 equiv) was added under argon atmosphere, followed by 0.3 mL
neat toluene-ds. The mixture was cooled down with an acetone/dry ice bath and 60 puL
TIBAL solution (1.1 M in toluene, 5 equiv) was added via syringe, followed by 0.2 mL
toluene-ds and 45 pL EEGE (24 equiv) under argon atmosphere. The mixture was cooled
down with liquid nitrogen and evacuated under high vacuum. Subsequently, EO (~10 pL,
12 equiv) was cryo-transferred to the NMR tube under static vacuum and the tube was
sealed with a Teflon stop-cock and kept at -40 °C. Before the measurement, the tube was
shaken vigorously to homogenize the solution and placed in a NMR spectrometer with the
probe gas flow adjusted to 0 °C. After the temperature in the probehead 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. After 1h at 0 °C, the temperature
was raised to 5 °C, all other parameters were kept constant. After another hour, the

temperature was set to 10 °C. The measurement was stopped after full conversion (3.5 h).

The copolymer isolated from the NMR had an average number molecular weight of

My= 4900 g-mol™! and a PDI of 2.2 (Figure S13).
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Figure S1. Bottom: Selection of *H NMR spectra (400 MHz, DMSO-ds, 40 °C) recorded
during the in situ *H NMR Kinetic studies of the copolymerization of EO (65 mol%) and
EEGE (35 mol%) at 40 °C in DMSO-ds. Top: Enlargement of the respective proton signals
used to calculate the monomer conversion (EEGE highlighted in red and EO highlighted in

blue).
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Figure S2. First-order time-conversion plot for the copolymerization of EO (blue) and
EEGE (red) in DMSO-ds at 40 °C.



1,0

5 0%
o
g 0.6 \
,0 (J
3 N
:
5 0,4 X
&
S e EO N\
® 0.2 e EEGE
E " |- - ~fit (EEGE) r,,, = 0.94
|——fit (EO)r_, = 1.05
010 T T T T T T T T T
0,0 0.2 0.4 0.6 0.8 1,0

Single monomer concentration

Figure S3. Total monomer conversion plotted as a function of the individual monomer
concentration for EO (blue) and EEGE (red) for conventional AROP (potassium 2-
(benzyloxy)ethanolate in DMSO-ds). Reactivity ratios are calculated from the respective
fits (EEGE: dashed line, EO: solid line) in analogy to literature.’
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Figure S4. SEC trace (DMF, RI signal, PEG standard) of P(EO-co-EEGE) initiated with
potassium 2-(benzyloxy)ethanolate in DMSO-ds.
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Figure S5. Bottom: Selection of *H NMR spectra (400 MHz, DMSO-ds, 35 °C) recorded
during the in situ NMR Kkinetic studies of the copolymerization of EO and EEGE at 35 °C
in DMSO-ds with 18-crown-6 as complexing agent (2 equiv per equiv potassium). Top:
Enlargement of the respective proton signals, used to calculate the monomer conversion
(EEGE highlighted in red and EO highlighted in blue).
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Figure S6. a) Single monomer concentration plotted versus overall monomer conversion
for the copolymerization of EO (blue) and EEGE (red) in DMSO-de at 35°C with 18-crown-
6 as complexing agent. Mole fractions of n(EO) = 49 mol% and n(EEGE) = 51 mol%. b)
Respective monomer conversion plotted versus time. Full conversion was reached after
10 h. c) Hlustration of the monomer distribution of a P(EO-co-EEGE) copolymer consisting
of 50 mol% EO and 50 mol% EEGE with reo = 1.00 + 0.02 and reece = 1.00 £ 0.02. “I”
denotes initiator and “T” implies the terminus.
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Figure S7. Total monomer conversion plotted as a function of the individual monomer
concentration for EO (blue) and EEGE (red) (DMSO-de¢ at 35°C, potassium 2-
(benzyloxy)ethanolate, 18-crown-6). Reactivity ratios are calculated from the respective
fits in analogy to literature.®
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Figure S8. First-order time-conversion plot for the copolymerization of EO (blue) and
EEGE (red) in DMSO-dg at 35 °C with 18-crown-6 as complexing agent and potassium 2-
(benzyloxy)ethanolate as initiator.



20 22 24

Elution volume / mL

Figure S9. SEC trace (DMF, RI signal, PEG standard) of P(EO-co-EEGE) initiated with
potassium 2-(benzyloxy)ethanolate in the presence of 18-crown-6 in DMSO-ds.
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Figure S10. Bottom: Selection of *H NMR spectra (400 MHz, toluene-ds, 0 °C, 5 °C,
10 °C) recorded during the in situ NMR kinetic studies of the copolymerization of EO
(33 mol%) and EEGE (67 mol%) employing the monomer-activated AROP with a
catalyst/initiator ratio of 5 equiv. Top: Enlargement of the respective proton signals, used
to calculate the monomer conversion (EEGE highlighted in red and EO highlighted in
blue). Note, the shift of the proton signals results from the respective temperature changes

(0°C, 5 °C, 10 °C).
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Figure S11. First-order time-conversion plot for the copolymerization of EO (blue) and
EEGE (red) in toluene-ds employing the monomer-activated AROP. Note that no data was
collected during temperature step and that rate constants depend on temperature interval
(0°C,5°Cand 10 °C).
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Figure S12. Total monomer conversion plotted as a function of the individual monomer
concentration for EO (blue) and EEGE (red) for the activated-monomer AROP. Reactivity
ratios are calculated from the respective fits (EO: solid line; EEGE: dashed line) in analogy
to literature.’
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Figure S13. SEC trace (DMF, RI signal, PEG standard) of P(EO-co-EEGE) initiated with
TOAB/TIBAL in toluene-ds.

Table S1. Oxirane ring proton shifts of EEGE in toluene-ds at different temperatures (-
10 °C to 20 °C) with added TIBAL and without TIBAL. [EEGE]/[TIBAL] =9

T/°C | Oxirane proton signal CH Oxirane proton signal Oxirane proton signal CHy,
CHz,4

olppm | dlppm | Ad/ppm | dlppm | o/ppm | Ad/ppm | é/ppm olppm | Ad/ppm
TIBAL | no TIBAL | no TIBAL | no
added | TIBAL added | TIBAL added TIBAL

-10 | 2.89 2.87 0.02 2.36 2.34 0.02 2.25 2.22 0.03

-5 2.89 2.87 0.02 2.37 2.34 0.03 2.25 2.23 0.02

0 2.89 2.87 0.02 2.37 2.35 0.02 2.26 2.23 0.03

5 2.89 2.87 0.02 2.37 2.35 0.02 2.26 2.23 0.03

10 2.89 2.87 0.02 2.37 2.35 0.02 2.27 2.24 0.03

15 2.89 2.87 0.02 2.38 2.35 0.03 2.27 2.24 0.03

20 2.89 2.87 0.02 2.39 2.36 0.03 2.28 2.24 0.04




Table S2. DSC data of P(EO-co-EEGE) copolymers, prepared via monomer-activated
AROP. Initiation at -5 °C.

EEGE/mol%? [BusAll/ Mn® mol-gt PDI® T¢°C Tw/°C AH/J-g?!

TOAB
48 3 15,100 1.6* -64 13 11
33 5 19,800 1.8** -63 22 15

acomonomer ratio was determined by *H NMR spectroscopy

bdetermined via SEC (DMF, RI signal, PEG standard)

*after dialysis in methanol with 6-8 kDa MWCO (before: PDI = 1.7), 10 wt% loss after
dialysis

**after dialysis in methanol with 25 kDa MWCO (before: PDI = 1.9), 15 wt% loss after
dialysis

——48 mol% EEGE
—— 33 mol% EEGE

12 14 16 18 20 22

Elution volume / mL

Figure S14. SEC traces (DMF, RI signal, PEG standard) of P(EO-co-EEGE) copolymers
with 48 mol% (black line) and 33 mol% EEGE, prepared by monomer-activated AROP.
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Scheme 9. Proposed Initiation Species for Grignard/Alcohol/
Triisobutylaluminum System®®
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difficult and time-consuming. Simple precipitation of the
polymer often leads to unsatisfactory results. Column
chromatography or long-term dialysis can be performed, albeit
with reduction of the polymer yield.”” More hydrophobic
polyethers, such as PEEGE, can also be purified by consecutive
washing with saturated NaHCOj solution, NaCl solution (10%),
and water.”

Direct calculation of the absolute M,, via '"H NMR spectros-
copy using 'H NMR signals of the initiator is generally not
possible for the activated monomer approach, given the nature of
the initiator species (bromide, chloride, and azide). In the
literature, molecular weights are determined by SEC measure-
ments (refractive index signal or UV signal). However, molecular
weights analyzed by a general SEC setup are not absolute values,
Alternatively, end-group functionalization or absolute methods,
such as static light scattering, have to be performed. Even though
the formation of unsaturated end-groups can be mainly
suppressed, undesired initiation bgr hydride or iso-butyl groups
was also reported (Scheme 6e).***

In summary, the “activated monomer mechanism” has become
a well-established alternative to the conventional AROP within
the past decade and is a crucial method, both to prepare high
molecular weight polyethers and to polymerize a broad family of
epoxides bearing functional groups to generate novel functional
polyethers.

2.4. N-Heterocyclic Carbenes (NHCs) and N-Heterocyclic
Olefins (NHOs) as Organocatalysts for Metal-Free Polyether
Synthesis

N-Heterocyclic carbenes (NHCs) have seen a tremendous
development since the turn of the millennium and are known as
efficient ligands of transition metal ccmplexes‘"?'“m or as
organocatalysts for reactions, such as the benzoin condensation
or the Stetter-reaction.'”” "' Recently, Taton et al. reviewed the

use of N-heterocyclic carbenes (NHCs) in organocatalysis,
mainly focusing on general macromolecular chemistry.''™"" In
2018, Naumann and Dove further highlighted a current trend
regarding NHCs as organocatalysts for various polymer-
izations,""™''* Here we summarize current reports devoted to
NHCs as initiators and/or as organocatalysts for the metal-free
ROP of epoxides.

In 1991, Arduengo et al. presented the first crystalline
diaminocarbene and introduced the class of N-heterocyclic
carbenes (NHC)."'® While the first step-growth polymerization
via NHC catalysis followed in the late 1990s," """ the use for
EO polymerization was not established until 2009, when it was
introduced in a seminal work by Taton and Gnanou etal.''” The
authors showed that the strong nucleophilicity of 1,3-bis-
(diisopropyl)imidazol-2-ylidene enabled the direct attack at the
methylene group of EQ, generating an imidazolium alkoxide for
further polymerization of EQ. The proposed polymerization
mechanism is based on the formation of a zwitterionic species
(imidazolium alkoxide), as displayed in Scheme 10. Termination
with suitable nucleophiles releases the NHC and affords well-
definded a,m-bifunctional PEG.

This technique enabled the controlled synthesis of hetero-
telechelic PEG up to 13000 g-mol™', with narrow molecular
weight distributions without the need to remove metallic
initiators. Most important, no cyclic species were detected. In
general, the NHC method allows for facile synthesis of azide-
functional PEG, which is suitable for subsequent azide—alkyne
click-chemistry. Furthermore, the authors demonstrated the
versatility of the NHC method by combining the ring-opening
polymerization of epoxides with cyclic esters. In particular, PEG-
b-PCL block copolymers were synthesized by simple addition of
e-caprolactone (CL) to the NHC-initiated PEG-chain.

In addition, Taton et al. demonstrated the successful
polymerization of EO by using NHC as a true organocatalyst.
A typical procedure relies on a ratio of [NHC]/[NuE]/[EQ] =
0.1:1:100, whereas NuE (Nu = nucleophilic and E = electrophilic
part, e.g., PhCH,OH, HC=CH,0H, N,SiMe;, and
PhCH,0SiMe,) represents the chain regulator.1 *"Well-defined,
heterotelechelic PEGs up to 12000 g-mol™' were synthesized
with narrow molecular weight distributions (PDI = 1.07—1.15).
As an example, Figure 3 shows the MALDI TOF MS spectrum of
a-propargyl,w-hydroxyl heterodifunctional PEG, confirming the
absence of any side products and the preservation of the alkyne
functionality during polymerization.'™”

The authors considered two possible mechanisms, based on
cither monomer activation (path a) or chain-end activation (path
b) by the NHC, as illustrated in Scheme 11,

Motivated by the successful metal-free synthesis of PEG,
Taton et al. also implemented the NHC method for the
polymerization of PO."' Yet, low monomer conversion (<40%)

Scheme 10. Proposed Reaction Scheme of the Zwitterionic ROP of EO
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Figure 3. MALDI TOF MS of a-propargyl,@-hydroxyl heterodifunc-
tional PEO. Adapted with permission from Raynaud, J.; Absalon, C.;
Gnanou, Y.; Taton, D. Macromolecules 2010, 43, 2814—2823.'"
Copyright 2010 American Chemical Society.

was observed and the absence of unsaturated impurities was only
ensured for low molecular weight PPOs (4500 g-mol ™).
Recently, Lindner et al. reported several NHC—CO, adducts
as feasible precatalysts for the homopolymerization of PO and
the block copolymerization with &-caprolactone (CL) or block
and random copolymerization with (S,5)-lactide (LA), respec-
tively."”> NHC—CO, adducts are thermally labile progenitors
that allow the in situ generation of NHCs (Scheme 12), as
recently reviewed by Naumann and Buchmeiser.'”® The
homopolymerization of PO was performed by release of the

Scheme 12. Example of a CO,-Protected NHC'**
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NHC at 120 °C and initiation with diethylene glycol. Oligomeric
PPO with narrow MWD (1.08—1.23) was obtained. Moreover,
the authors presented block copolymers of PO and CL, and
block and random copolymers of PO and LA, respectively. In
contrast to pure PPO, the copolymers showed rather poor
monomer conversion and broad MWD (PDI = 1.38—1.77),
assumingly a result of transesterification or backbiting reactions.

In summary, NHCs are suitable initiators and/or catalysts to
synthesize a,w-bifunctional PEGs, To date, the successful
polymerization of EO and the synthesis of low molecular weight
PPO as well as several block copolymers have been presented. It
is obvious that this method could also show promising results for
other epoxide-based monomers, for instance to generate
multifunctional PEG. Further, the random copolymerization of
epoxides with cyclic esters is feasible and warrants further study
that may lead to unprecedented copolymer structures,''™'**
Nevertheless, NHCs are highly reactive and sensitive compounds
and careful handling is necessary. Moisture should be avoided
and storage at low temperatures is suggested. However, recently
developed imidazolium-2-carboxylates and (benz)imidazolium
hydrogen carbonates that can be viewed as masked N-

Scheme 11. Proposed mechanisms for the ring-opening polymerization of EO catalyzed by NHC. (a) via monomer activation; (b)

via chain-end activation. >
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heterocyclic carbenes permit use for polymerization of various
monomers (lactide, MMA) at room temperature and possess
greatly improved storage stability.'>* Therefore, intriguing
potential for the polymerization of epoxide monomers can be
envisaged.

A further step to metal-free polymer synthesis was reported by
Naumann and Dove et al, who applied N-heterocyclic olefins
(NHOs) as organic catalyst for the controlled polymerization of
PO.'* NHOs are highly polarized alkenes with considerable
electron density on their exocyclic carbon atom, as illustrated in
Scheme 13."*° To some extent, they combine NHC-like
adaptability and carbanionic reactivity. NHOs are air sensitive
and should be preferably stored at cold temperatures,'**™'**

Scheme 13. Mesomeric Structure of NHOs, Showing the
Strong Charge Delocalization'”*
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Naumann and Dove et al. prepared a library of NHOs and
studied their structural influence on PO polymerization.
Similarly as for the NHCs, the authors proposed two possible
mechanisms for the polymerization of PO with NHO, which are
in agreement with the “monomer activation” and “chain end
activation” shown exemplarily in Scheme 11 for NHCs. For
NHOs, the zwitterionic “monomer activation” leads to the
occurrence of high molecular weight impurities but is mainly
disfavored for NHOs. The authors demonstrate that the
zwitterionic mechanism can be suppressed completely by
increasing steric hindrance and basicity of the catalytically active
site. Consequently, the most suitable NHO for ROP of epoxides
is shown in Scheme 14, bearing two methyl moieties at the
exocyclic carbon atom.

Scheme 14, Suitable NHO Catalyst to Obtain Well-Defined
-PPO'I!S

Overall, PPO with molecular weights in the range of 2000—
12000 g:mol™ and narrow PDIs below 1.06 were prepared.
Despite the high turnover number (TON) of about 2200, the
polymerization of PO with organic catalysts is rather slow, e.g,
88% conversion of PO with ratios of 1:10:1000 ([NHO]/
[BnOH]/[PO]) was reached in 68 h. Nevertheless, NHOs
represent a promising class of catalysts for novel polymer
structures.

2.5, Phosphazene Bases: Metal-Free Initiators

Another metal-free polymerization technique relies on the use of
phosphazene bases as deprotonation or complexation agents.
‘While various reviews and books have covered the use of
phosghazene bases for living anionic polymeriza-
tions,””*'**~13* herein an overview of their general use for
epoxide polymerization and focus on recent achievements will be
presented.

Phosphazene bases, also known as “Schwesinger Bases”,
belong to the family of neutral Brénsted “super” bases, which are
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highly basic but only weakly nucleophilic (selected phosphazene
bases in Scheme 15),"*371%° Despite their exceptional structure,

Scheme 15. Chemical Structure and Respective pK, Value of
Relevant Phosphazene Bases for Epoxide Polymerization”
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“1-tert-Butyl-4,4,4-tris(dimethylamino )-2,2-bis[ tris(dimethyl-amino) -
phosphoranylidenamino]-24°, 42°- catenadi(phosphazene) (t-BuP,)
and  1-tert-butyl-2,2,4,4,4-pentakis(dimethylamina)-24% 4.4°-catenadi-
(phosphazene) (t-BuP,).

phosphazene bases are commercially available, chemically and
thermally stable, and soluble in nonpolar and moderately polar
organic solvents (e.g, hexane, toluene, and THF)."** Never-
theless, the commercially available phosphazene bases may
contain their respective isomers as impurities, which could have
an influence on their reactivity.*® In 1996, Méller and co-
workers introduced the first polymerization of EO with t-BuP, as
a deprotonation a.g(-:nt.I " In the family of phosphazene bases, t-
BuP, is one of the strongest phosphazene bases with a pK, of42.6
(in acetonitrile)"** and is typically used for the ROP of epoxides
(Scheme 15). As an alternative to phosphazene bases, Rexin and
Miilhaupt investigated several bulky phnsRhonium salts as
deprotonation agents for PO polymerization,"**'** At polymer-
ization temperatures of 100 °C, the total degree of unsaturations
was lowered, compared to known phosphazene bases, albeit
lower polymerization rates were observed.'*® Recently,
Hadjichristidis and Gnanou et al. reported the first successful
use of the less conjugated and consequently milder BuP,
(M?CNRKA = 33.5)"*" for the polymerization of EO (Scheme
15).""" This approach enabled an elegant one-pot synthesis of
polyether-polyester block terpolymers (PEQ-b-PCL-b-PLA)
with no occurrence of chain transfer reactions (PDI = 1.10)."""
However, prolonged reaction times have been reported for the
EO polymerization with #-BuP,, and no successful polymer-
izations of other epoxides have been demonstrated to date. For
example, only t-BuP, enabled successful polymerization of 1,2-
butene oxide (BO), but neither t-BuP,, t-BuP,, nor TiBP, which
is due to insufficient basicity.'*" Consequently, t-BuP, remains
the standard phos?hazcnc base for epoxide polymerization, e.g.,
EEGE,'" AGE,"Y glycidyl methyl ether (GME),"** ethyl
glycidyl ether (EGE),"*" PO,"*" tert-butyl ngycidy] ether
(tBuGE),"*" and benzyl glycidyl ether (BnGE)."™

The salient feature of phosphazene bases and especially t-BuP,
for epoxide ROP is that they are metal-free and thus alternative
deprotonation agents to common alkali hydroxides. After
deprotonation, the bulky phosphazenium cation [¢-BuP,JH"
represents a soft counterion with low tendency for ion-pair
association. Consequently, high polymerization rates also in
nonpolar solvents under mild reaction temperatures can be
observed, as the chain end is highly reactive. Usually, the ratio of
phosphazene baseinitiator is close to 1, but also lower ratios (as
low as 0.01 equiv) have been reported but are accompanied by

DOI: 10.1021/acs.chemrev.5b00441
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Scheme 16. Synthesis of Figure-Eight Shaped Amphiphilic Block Copolyethers Based on Decyl Glycidyl Ether and 2-(2-(2-

Methoxyethoxy)ethoxy)ethyl Glycidyl Ether'**
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longer reaction times."*""**~"*7 Suitable initiators range from

common alcohols'**™"*! to secondary amides'*""*’ and
carboxylic acids.'*” Kakuchi and Satoh et al. demonstrated the
power of the phosphazene base approach by polymerizing less
reactive monomers, such as styrene oxide," " BQ, 111531 decyl
glycidyl ether and 2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl
ether'™ as well as several glycidyl amine derivatives (see also
section 3.2).""" Based on a selection of these monomers, the
authors synthesized linear, cyclic, figure-eight-shaped, and
tadpole-shaped amphiphilic block copolyethers starting from
a,w-bifunctional initiators, bearing an alcohol and an azide
functionality (Scheme 16).'%°

Alternatively, phosphazene bases can be used as complexation
agent and enable ROP of epoxides starting from anions bearing
lithium as a counterion.' "' **'%¢ In general, lithium alkoxides are
not applicable for epoxide polymerization due to the strong
interaction of the lithium cation with the alkoxide. Addition of
phosphazene bases breaks down the ion association of lithium
cations with the alkoxides, and polymerization can proceed.
Thus, switching from carbanionic polymerization to oxyanionic
polymerization is possible, permitting the one-pot synthesis of a
variety of promising block copolymers. For example, Miiller and
Schmalz et al. presented poly(styrene)-block-poly(ethylene
oxide)-block-poly(ethoxyethyl glycidyl ether) (PS-b-PEO-b-
PEEGE) triblock terpolymers in a one-pot procedure (Scheme
17) that were deprotected to afford PS-b-PEQ-b-IinPG with a
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linear polyglycerol block (linPG)."”” Narrow PDIs of 1.02
confirm the living character of the polymerization.

Other examples are PS-b-PEO,'*® PB-b-PEO,"”*'*" PL-b-
PEO,'*"'®! PB-b-PI-b-PEQ,'™” PS-b-linPG,'"* P2VP-b-PEO-b-
P(GME-co-EGE),'*" and polystyrene-block-poly(p-hydroxystyr-
ene-graft-ethylene oxide)'®' block copolymers. Further, the
switch from oxyanionic to carbanionic polymerization was
demonstrated for EOQ and dimethylaminoethyl methacrylate
(DMAEMA), but only PEO-b-PDMAEMA block copolymers
with moderate PDIs {1.40—1.70) were obtained.'®®

In 2012, Carlotti and co-workers combined ¢-BuP, with the
“activated monomer technique” for the rapid polymerization of
PO at room temperature (see section 2.3).”° PPO with molecular
weights up to 80000 g-mnl_1 was obtained. However, the
authors reported the occurrence of unsaturated chain ends
indicating the occurrence of transfer reactions despite the high
molecular weight; consequently the combination of both
methods did not lead to a significant improvement of the
common “activated monomer technique”.

Phosphazene bases can also function as nrganncatalgfst for the
polymerization of cyclic esters eg, lactide (LA)'*® and &-
caprolactone (cL)."™ In general, ideal catalysts are weaker
phosphazene bases such as BEMP, t-BuP, or t-BuP, to suppress
undesired transesterification reactions."*™'**'” The use of the
strong -BuP, base affords polyesters with rather broad PDIs.'**
Yet, this approach permits the synthesis of random polyester-
polyether copolymers, as it was demonstrated for the

DOI: 10.1021/acs.chemrev.5b00441
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Scheme 18. Copolymerization Scheme of Reaction of £-CL with tBuGE”
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copolymerization of e-caprolactone (CL) with tert-butyl glycidyl
ether (fBuGE) (Scheme 18)."* CL ratios were varied from 0 to
100 mol %, resulting in (co)polymers with molecular weights
ranging from 1.38 X 107" to 4.92 X 107 g-mol™" and moderate
PDIs 1.28—1.43. After cleavage of the tert-butyl protecting group,
the PCL-co-linPG copolymers with PCL < 72 mol % showed
faster enzymatic degradation than pure PCL. The authors
attribute the accelerated biodegradation to the lower degree of
crystallization and higher hydrophilicity of PCL-co-linPG than
PCL, induced by the incorporated glycerol units.

Recently, Hadjichristidis and Gnanou et al, utilized a “catalyst
switch” for the sequential one-pot polymerization of polyether-
polyester/polycarbonate block copolymers by applying a
combination of phosphazene bases and diphenyl phosphate
(DPP).""* As mentioned before, the strong basicity of t-Bu,P
promotes chain transfer reactions during the ROP of cyclic esters
or cyclic carbonates leading to relatively broad PDIs."*'*%'*" By
the addition of DPP, the phosphazene base was neutralized and
subsequently DPP acted as acidic catalyst for the polymerization
of cyclic esters: a basic to acidic catalyst switch. Various epoxides
(EO, BO) were polymerized by using an alcohol/t-Bu,P system,
followed by excess addition of DPP and the respective cyclic ester
(CL, 8-valerolactone) and/or cyclic carbonate (trimethylene
carbonate, TMC) (Scheme 19). Block copolymers and triblock
terpolymers with molecular weights up to 19 000 g-mol™ and
narrow PDIs in the range of 1.04—1.17 were obtained (Figure
4).'** The authors report a retardation effect of the
phosphazenium diphenyl phosphate on the polymerization
rates of the cyclic esters. Thus, the ratio of t-BuP, should be
kept at a minimum (0.2 equiv).

In 20185, the same group expanded the scope of the “catalyst
switch” strategy by synthesizing linear- and three- arm star-
tetrablock quarterpolymers based on the same monomers.'** To
expand the toolbox of suitable monomers, Hadjichristidis and
Zhao demonstrated the successful preparation of block
copolymers based on BO or 2-ethylhexyl glycidyl ether
(EHGE) with various substituted lactones, namely 5-hexalactone
(HL), é-nonalactone (NL), and é-decalactone (DL).'™"
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Figure 4. SEC traces of isolated products of PBO, PBO-b-PEO, PBO-b-
PEOQ-b-PCL, PBO-b-PEQ-b-PVL, and PBO-b-PEO-b-PTMC respec-
tively, synthesized via “catalyst switch” strategy.'’” Adapted with
permission from Zhao, J.; Pahovnik, D.; Gnanou, Y.; Hadjichristidis,
N. Macromolecules 2014, 47, 3814—3822. Copyright 2014 American
Chemical Society.

In summary, phosphazene bases permit the synthesis of
unprecedented and “challenging” block copolymer pairs with
polyether block, such as vinyl polymer-based block copolymers
(PS, PL, PB, PVP) with-polyether and polyether-polyester/-
carbonate, and also random polyester/polyether copolymers, ina
one-pot reaction with no need for isolation or purification after
individual synthetic steps. In spite of these advantages, it should
be kept in mind that removal of phosphazene bases can be time-
consuming and challenging and is not always considered in the
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respective works. A suitable procedure for this purpose is the
purification via filtration over alumina.’”"'** However, often-
times polymers are purified merely by simple precipitation, and
the phosphazene base may remain in the polymer. Especially
with a focus on future biomedical applications, complete removal
of the charged phosphazene bases is mandatory, since
phosphazene base cations are critically discussed with respect
to their toxicity. More specifically, preliminary in vitro studies on
several human cell lines suggest that t-BuP, exhibits high
cytotoxicity, the toxic species being most probably the
corresponding phosphazenium ion.'”" Consequently, one
might even consider avoiding the use of phosphazene bases for
biological or biomedical purposes completely. To date,
phosphazene bases have attracted minor attention for industrial
polyether synthesis, which might be due to their rather high cost
in comparison to established alkoxides.

2.6. Heterogeneous Catalysis—Double Metal Cyanide
Catalysts for Epoxide Polymerization

An increasingly important method, yet currently only employed
for specialty polyols in industry, particularly for high molecular
weight polyalkylene ether polyols is based on the so-called
“double metal cyanide catalysts” (DMC).'”” This catalytic
system was first developed by General Tire and Rubber in
1966'"* and has its primary use in the preparation of high-quality
polyols for the polyurethane (PU) production.'”*~'" A detailed
overview was given by Tonescu in “Chemistry and Technology of
Polyols for Polyurethanes™.'”” Clearly, major progress has been
made in this area in the last 15 years. Here, we will give a brief
overview of the DMC method and will focus on novel polyether
structures obtained with the DMC catalyst.

While this method is well-established for industrial purposes, it
has attracted minor attention in the scientific community. High
polymerization temperatures, elevated pressures, and a complex
catalyst preparation procedure, followed by difficult character-
ization of the actual catalyst structure render this approach less
attractive for scientific purposes. However, the DMC method is
applicable to large scale processes. The formation of unsaturated
impurities is suppressed, and high molecular weight polyalkylene
ether polyols can be achieved. Especially in the industrial
production of polyols based on PPO, where mainly potassium
hydroxide (KOH) is applied as a deprotonating agent and metal
salts have to be removed after polymerization, the DMC catalyst
can be a suitable alternative, enabling a continuous process with
no need for further purification steps. Nevertheless, the DMC
method includes various challenges and limitations, which are
discussed in the following.

DMC is a heterogeneous catalyst with the general structure of
M' [M*(CN)4],-xM'X,,-yL-zH,0, where M' = Zn, M = Co, Fe.
L is an organic co nplexmg agent, such as tert-butyl alcohol,
diglyme, or other."™'"" A progosed structure of the DMC
catalyst is shown in Scheme 20."

Detailed analysis of the DMC structure is difficult, which is due
to its insoluble character and the strong dependence of the crystal
structure on the preparation pmcedure.]KU‘IM‘IN1 Since 1966,
intense research efforts were performed to increase the catalytic
efficiency of the DMC catalyst with the focus on cost-efficient
and eco-friendly'®® systems for industrial applica-
tions, 71811807 1y particular, novel complexing agents/
cocomplexm% agents,' " 188190190 numerous addi-
tives, "0 and various metal centers' M F T wvere
‘mvestigated to increase the performance of the DMC. To date,
catalyst concentrations of as little as 15—50 ppm are sufficient to
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Scheme 20, Proposed Structure of the Active Site of Zn—
Co(III) DMC Catalyst”

wL(H0)
n

\OH (Cl)

L = complexing agent

“Here, the Zn—OH structure acts as the initiating group. L represents
a cnmpk‘xmg agent, used during the preparation of the catalyst, e.g,
tert-butanol.

obtain suitable polyols within short reaction times, and the
catalyst can remain in the polymers.'””'"" Consequently, no
additional purification (filtration of salts) is necessary and the
overall production steps are reduced.

Scheme 21 shows the mechanism proposed by Huang et al
and Kim et al. for the DMC-catalyzed PO polymerization'”**
The active sites of the DMC are believed to be cationic
coordinative, however fully conclusive evidence of the proposed
mechanism is still lacking, given by the heterogeneous character
of the DMC. It is supposed that the polymerization center forms
in two stages: (I) The inactive (CN),ZnCl, species interacts with
the added initiator or a present ligand to form a dormant site at
the catalyst surface. (II) Coordination of PO and subsequent
replacement of a ligand (ROH) take place, followed by the attack
of PO and the formation of the active center. Eventually,
propagation occurs by nucleophilic attack of the growing PPO
chain on activated PO molecules and proceeds until the
monomer is consumed completely. The DMC method generates
a strict head-to-tail regiosequence and a random configurational
sequence of the resulting PPO.'” The active polymer chain
cannot be terminated by protic species; consequently no
functional end groups can be introduced via a terminating
agent.,'”® However, after complete polymerization, the active
polymer-DMC adduct is dormant, and the polymer chains can be
reactivated by monomer addition at any time. Note that a fast
intermolecular chain transfer (VI) between the active polymer
chain and dormant hydroxyl-terminated polymer chains ensures
narrow molecular weight distributions (e.g, M,,/M, < 1.1 for M,
< 6000 g'mol").'74 Further, the occurrence of unsaturated PPO
chains (IV—V) is reduced to around 0.003 mequiv/g, compared
to conventional KOH catalyzed PPO with 0.04—0.10 mequiv/g,
which represents a significant advantage of the DMC-method for
the preparation of specialty polyols. * In general, molecular
weight distributions and amounts of unsaturated species are
strongly influenced by the chosen DMC catalyst system and can
vary significantly in literature.

Although unsaturated structures are suppressed, the DMC
method possesses some characteristic challenges and limitations.
The main characteristic of the DMC is the occurrence of an
induction time, before actual chain growth can be observed. The
substitution of the soft organic ligands by PO molecules leads to a
general induction period of 20—30 min up to several hours.
Consequently, in a common reaction procedure, the DMC has to
be activated first, before the actual polymerization takes

DOI: 10.1021/acs.chemrev.5b00441
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Scheme 21. Proposed Mechanism of DMC-Catalyzed PO ROP,'*" Including Proposed Side Reactions and the Intermolecular
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place.l%’w? However, after the induction period, the reaction

rate exceeds that of the conventional AROP (Figure 5). Several
approaches to avoid an induction period are described in patent
literature but will not be discussed in detail here.'”*'"”

A major drawback of the DMC catalysis for the polyol industry
is the target to produce reactive (EO)-capped polyols with
primary hydroxyl termini. These compounds represent an
important class of polyols for flexible PU foams. However, if
EOQ is added to a PPO-based polyol, the DMC catalyst leads to a
heterogeneous mixture of unreacted PPO-polyol and highly
ethoxylated PPO or PEO hc]mcnpDly'rmar.mO Consequently, KOH
catalysis still remains the method of choice to prepare EO-
capped polyols. Additionally, the DMC catalyst shows
limitations toward common initiator systems. In particular,
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initiators having good coordination capability such as ethylene
glycol, glycerol, low-carbon amines, low-carbon acids and urea
act as inhibitors and preclude the coordination of PO at the
cata]yst.ljl']&] Therefore, industrially relevant polyols based on
sorbitol or sugars are not accessible via DMC catalysis. Suitable
initiators are low molecular weight PPOs (400—700 g-mol™") or
noncomplexing alcohols.’”® In addition alkaline species
deactivate the catalyst surface and impede polymerization. In
contrast, long-chain carboxylic acids do not interfere with the
catalyst and can be present throughout the polymerization,
allowing for novel polyol derivatives.' ™

Another challenging characteristic of the DMC is the
occurrence of high molecular weight polymer impurities
(100 000—400 000 Da) in very small quantities (60—400

DOI: 10.1021/acs.chemrev.5b00441
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Figure 5. PO consumption versus time in PO polymerization with
DMC catalysts and conventional KOH. (Reaction conditions: T =
110 °C; p = 300 MPa; catalyst concentration: ¢(KOH) = 0.25% and
¢(DMC) = 200 ppm (0.02%).)'”" Adapted with permission from M.
Ionescu, Rapra Technology, 2005. Copyright 2005 Smithers RAPRA
Technology.

ppm)."”'" To date, intense research has been performed to
understand and suppress the formation of high molecular weight
tails. Several approaches are described in the patent literature,
which, however, are beyond the scope of this article.”"" "
Considering the tolerance of the DMC catalyst toward epoxide
monomers, unexpected observations were reported. As opposed
to conventional AROP, ethylene oxide exhibits lower reactivity
toward the DMC catalysts than PO. Complexation and
activation of PO is considered to be favored, based on the high
electron density on the oxygen atom, given by the positive
inductive effect of the methylene group. In comparison, EQ is
less basic than PO, leading to a lower complexation constant.”"*
In general, literature mostly reports the homopolymerization of
PO or focuses on the copolymerization with carbon
dioxide.”*~*"* Only little has been reported on other epoxide
based copolymers. However, Huang et al. reported the random
copolymerization of PO with EO using a DMC system.”"”
Narrow molecular weight distributions (PDI = 1.2—1.3) were
obtained with low molecular weight fractions of EQ (<30%). At
higher EO fractions (>78%), turbid solutions were observed,
caused by the crystallization of long PEO homopolymer
fractions. In 2012, Sun et al. reported the homopolymerization
of epichlorohydrin (ECH) with tri-(2-hydroxyethyl) isocyanu-
rate as an initiator, followed by the use of PECH as chain
extender for PU elastomers.”"® Recently, the homopolymeriza-
tion of racemic ECH, S-ECH, and R-ECH was reinvestigated by
Zhang et al. 182 Regioregular PECH was obtained with a head-to-
tail content exceeding 99%, molecular weights ranging from 900
to 2700 g/mol and PDIs of 1.42 to 1.72. Cyclic or oligomeric
byproducts were completely suppressed. Given by the special
nature of the DMC catalyst, extraordinary copolymers are
accessible, which cannot be obtained by conventional AROP. For
example, Langanke et al. reported PPO-b-pFA-b-PPO and PEO-
b-pFA-b-PEO triblock copolymers initiated from paraformalde-
hyde (pFA) as a macroinitiastor (M, /M, = 1.11-148)."°
Further, the tolerance of the DMC catalyst to ester groups has
been exploited to create a new class of biobased polyols for the
PU industry, starting from vegetable oils such as castor oil.*'"~>'%
Chen and co-workers reported the copolymerization of PO
with maleic anhydride (MA) to obtain polyether-ester structures
(Scheme 22).*" Copolymers of molecular weights up to 3000 g-
mol™" and moderate PDIs of 1.35 to 1.54 were reported, with a
catalyst efficiency of 10 kg polymer/g catalyst. The reactivity
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Scheme 22. Reaction Scheme for the Copolymerization of PO
with Maleic Anhydride**"
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ratios of MA and PO were calculated by the extended Kelen-
Tiidds equation with values of r;(MA) = 0 and ,(PO) = 0.286.
Copolymers with the monomer ratio MA/PO > 1 were almost
alternating, whereas homopolymers of MA are not accessible by
DMC.

In 2010, Kim and co-workers extended the library of
alternating copolymers of PO and cyclic acid anhydrides.”
The authors reported the copolymerization of PO with succinic
anhydride (SA), maleic anhydride (MA), phthalic anhydride
(PA), and glutaric anhydride (GA), respectively. Comonomer
ratios were varied from 0 to 50 mol % with molecular weights up
to 7000 gmol ™" and narrow PDIs below 1.5. However, with
increasing molar ratio of cyclic anhydride the polymer yields
decreased to less than 30%. The reactivity ratios were calculated
by the extended Kelen-Tiidds equation under the assumption
that ry, for any cyclic acid anhydride is zero. The reported
reactivity ratios for PO are 0.34, 0.28, and 0.26 for PO/SA, PO/
MA, and PO/PA copolymerization, respectively.

In addition to the intriguing copolymers of PO and cyclic
anhydrides, the DMC technique enables the copolymerization of
CO, with various epoxides such as propylene oxide, cyclohexene
oxide, epichlorohydrin, and styrene oxide, which are discussed
elsewhere.” "% In summary, DMC catalysis is a powerful
method for novel high molecular weight polyether structures;
however, this research field is by no means mature yet and offers
promise for the future. It is also worth noting that to date many of
the new materials obtained by this technique were characterized
only to a very limited extent with respect to their properties.

2.7. Cationic Polymerization

The cationic ROP (CROP) of oxygen-containing heterocycles
plays an important role for the preparation of the commercial
products poly(oxymethylene) (POM, polyacetal), a highly
crystalline engineering plastic prepared by ROP of trioxane as
well as for the synthesis of poly(tetrahydrofuran) (polyTHF),“l
which is used for soft-elastic segments in thermoplastic
elastomers, such as polyurethanes (Lycra) and polyesters
(Hytrel). Generally, four-membered and higher cyclic ethers
polymerize by cationic mechanism only (with a few rather
unusual exceptions that have been mentioned in literature). The
basic mechanistic principles of the CROP of heterocycles are well
understood, based on work carried out by various groups from
the 1960ies to the 1980ies, summarized in excellent reviews by
Kubisa and Penczek et al.”>*~*** The CROP is rarely used for the
polymerization of EO or PO, since the formation of considerable
amounts of cyclic polyether byproducts cannot be avoided,
which is due to “backbiting” processes, i.e., intramolecular chain
transfer.”*® For this reason and due to the low number of
recent works on the CROP of epoxides this section of the current
review is rather brief, and merely the basic principles will be
outlined.

The active species in CROP are typically secondary or tertiary
oxonium ions, and two fundamentally different mechanisms have
to be considered that are illustrated in Figure 6: The activated
chain-end mechanism (ACE) that is based on a tertiary oxonium
ion located at the chain and as an active center. A nucleophilic
attack of the oxygen atom in the cyclic monomer at a carbon
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Sia sialyl

sIRNA small interfering ribonucleic acid

tBuGE tert-butylglycidylether

t-Bu-P4 1-tert-butyl-4,4,4-tris{ dimethylamino )-2,2-
bis[tris{(dimethylamino)-
phosphoranylidenamino]-2A5,4A5-
catenadi{phosphazene )

Tc cloud point

Tg glass transition temperature

THF tetrahydrofuran

Thr threonine

T™MC trimethylene carbonate

TME trimethylolethane

TMP trimethylolpropane

TNF-a tumor necrosis factor alpha

TON turn over number

TRAIL tumor necrosis factor-related apoptosis in-
ducing ligand

T-T tail to tail

Tyr tyrosin

UV /vis ultraviolet—visible spectroscopy

VEGF heparin binding growth factor

VicGE vinyl ferrocenyl glycidyl ether
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Abstract

The synthesis of thioether-bearing hyperbranched polyether polyols based on an AB/AB:>
type copolymerization (cyclic latent monomers) is introduced. The polymers are prepared
by anionic ring-opening multibranching copolymerization of glycidol and
2-(methylthio)ethyl glycidyl ether (MTEGE), which is conveniently accessible in a single
etherification step. Slow monomer addition provides control over molecular weights.
Moderate dispersities (D = 1.48 to 1.85) are obtained, given the hyperbranched structure.
In situ 'H NMR copolymerization kinetics revealed reactivity ratios of rg=3.7 and
rmtece = 0.27. Using slow monomer addition, copolymer composition can be
systematically varied, allowing for the adjustment of the hydroxyl/thioether ratio, the
degree of branching (DB = 0.36-0.48), thermal properties and cloud point temperatures in
aqueous solution in the range of 29°C to 75 °C. Thioether oxidation to sulfoxides enables
to tailor the copolymers’ solubility profile. Use of these copolymers as a versatile,
multifunctional platform for orthogonal modification is highlighted. The methyl sulfide
groups can be selectively alkoxylated, using propylene oxide, allyl glycidyl ether or
furfuryl glycidyl ether, resulting in functional hyperbranched polyelectrolytes. Reaction of
the alcohol groups with benzyl isocyanate demonstrates successful orthogonal

functionalization.



Introduction

Since 1999 both linear and hyperbranched polyglycerols (PG) have been established as a
multifunctional alternative to poly(ethylene glycol) (PEG), the gold standard polyether for
pharmaceutical application.™ Both polyethers share excellent biocompatibility and good
solubility in polar solvents.”?! In addition, the compact, three-dimensional structure of
hyperbranched polyglycerol (hbPG) adds several dendrimer-like features. Hyperbranched
polyglycerol possesses a high number of hydroxyl groups as well as a lower intrinsic
viscosity than PEG and does not crystallize.[®! In contrast to many other hyperbranched
polymers, polyglycerol can be prepared with control over molecular weight and narrow to
moderate molecular weight distributions using multibranching anionic ring-opening
polymerization and slow addition of the glycidol monomer. 4 The slow monomer addition
(SMA) procedure enables complete incorporation of the initiating core molecule and lowers
the probability of chain transfer reactions.®! Similarly controlled multibranching
polymerization procedures often involve specifically designed monomers or core
molecules, ruling out large-scale applications of the resulting materials, whereas hbPG can
be prepared on a kilogram scale from commercial reagents. (6!

Polyglycerol-based materials bearing different functional groups in addition to the many
hydroxyl groups are of special interest, e.g., for biomedical purposes and surface modifi-
cation.’!l They can be accessed via various synthetic strategies. Initiating the
polymerization from a heterofunctional polyol results in hbPG polymers containing exactly
one functional moiety at the focal point of the branched structure, such as a single alkyne,
amine, cholesterol or catechol group.l®] Furthermore, hbPG end groups can be partly
modified after polymerization to obtain a large variety of functional materials.l®! This
strategy commonly requires multi-step procedures and thorough purification.

Copolymerization of glycidol with functional glycidyl ethers on the other hand provides an



elegant way of introducing certain functional groups into hbPG directly in a single step.
Via this approach the introduction of allyl, alkyne, phenyl, ferrocene, maleimide, and
catechol moieties as well as stimuli-responsive cleaving sites into the hyperbranched
polyether structure was accomplished.[20-3

In this work we present the synthesis of methyl-thioether-bearing hyperbranched
polyglycerol by random anionic copolymerization of glycidol and 2-(methylthio)ethyl
glycidyl ether (MTEGE) (Scheme 1).1* The thioether side chain resembles the functional
moiety of methionine, an essential a-amino acid. In contrast to linear copolymers of
ethylene oxide and MTEGE, which were introduced previously, the presented
hyperbranched copolymers prepared from glycidol and MTEGE comprise high numbers of
both, thioether and alcohol groups. Either functional group can be selectively modified by
orthogonal post-polymerization modification, leading to highly functionalized
hyperbranched polyether structures. Sulfur opens manifold possibilities for modification
by either oxidation or alkylation.[> 18] Recently, also alkoxylation of thioethers using
miscellaneous epoxides has been explored as a convenient click functionalization.['”]
Additionally, polyether polyols are known to form urethane linkages by reaction with
isocyanates. This renders thioether-bearing polyglycerol a multifunctional platform for a

wide range of further modifications.
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Scheme 1. Synthesis of hyperbranched copolymers from MTEGE and glycidol.

Experimental Section

Monomer Synthesis: 2-(Methylthio)ethyl Glycidyl Ether (MTEGE)

The synthesis protocol has been slightly improved with respect to the recently published
procedure.’* 10 mL (115 mmol, 1 eq.) 2-(Methylthio)ethanol was placed in a three-necked
flask equipped with a mechanical stirrer and a dropping funnel. 4,6 g (115 mmol, 1 eq.)
crushed NaOH pellets were added and the mixture was stirred at room temperature until
most NaOH was dissolved. After cooling to 0°C, 18 mL (230 mmol, 2eq.)
epichlorohydrin (ECH) was added dropwise and the mixture was stirred for two days.
Subsequently, the formed salt was removed via centrifugation. Diethyl ether was added to
the organic phase and the combined mixture was washed three times with brine solution.
Afterwards, the solvent was removed under vacuum and the crude product was dried over
MgSOs. Purification was conducted via fractionated vacuum distillation (p = 0.006 mbar,

Tp = 60°C) and MTEGE was isolated as a colorless liquid (yield: 60-70 %).



IH NMR (400 MHz, CDCls, 5): 3.86 — 3.60 (m, 3H, CH-CHH-O, O-CH,-CH>): 3.43 (dd,
J=11.6,5.9 Hz, 1H, , CH-CHH-0); 3.18 (ddt, J = 5.9, 4.2, 2.8 Hz, 1H, H.C(O)CH); 2.82
(dd, J = 5.0, 4.2 Hz, 1H, HHC(O)CH); 2.72 (t, J = 6.7 Hz, 2H, CH,-S); 2.64 (dd, J = 5.0,

2.8 Hz, 1H, HHC(O)CH): 2.17 (s, 3H, S-CHa).

13C NMR (100 MHz, CDCls, §): 71.7 (CH-CH2-0), 70.8 (O-CH2-CH>), 50.9 (H2C(0)CH),

44.3 (H,C(O)CH), 33.7 (CH2-S), 16.2 (S-CHs).

FDMS m/z: [M™] calc. for C¢H1202S, 148.06; found, 148.2.

Copolymerization of MTEGE and Glycidol

General procedure: In a Schlenk flask equipped with a magnetic stirrer, 67 mg (0.5 mmol,
1.0 eq.) trimethylolpropane (TMP) was dissolved in methanol, partly deprotonated with
28 mg (0.17 mmol, 0.3 eq.) cesium hydroxide monohydrate and dried in vacuum overnight
at room temperature. Subsequently, the initiator was dissolved in 1 mL N-methyl-2-
pyrrolidone (NMP) and heated to 100 °C under argon atmosphere. In a separate flask, the
monomers MTEGE and glycidol were mixed under argon atmosphere and diluted with
NMP in a volume ratio of 1:1. The solution was added dropwise to the initiator at a rate of
0.2 mL h using a syringe pump. The polymerization was terminated with methanol 1 h
after completion of the monomer addition. After removal of the solvent, the resulting pale
brown oil was precipitated from MeOH into cold diethyl ether and then dried in vacuum at

50 °C for 24 h (yield 80 - 90%).

IH NMR (400 MHz, DMSO-ds, 8): 4.85 — 4.08 (br, OH); 4.05 — 3.05 (m, O-CH, O-CHy);
2.61 (t, J = 6.7 Hz, CH,-S); 2.07 (s, S-CH3); 1.38 — 1.18 (m, 2H, CH,-CH3 (TMP)); 0.87 —
0.72 (m, 3H, CHs (TMP)).

13C NMR (DMSO-ds, 100 MHz, §): 80.30 — 79.45 (m, CH G1.3.Linear); 78.68 — 77.63 (m,

CH Gpendritic, CH MLinear); 72.92 (S, 2 CH2 Gy 4-Linear); 72.26 (S, 2 CH2 Mrerminal); 72.04 —



70.41 (m, 2 CH2 Gpendritic, CH Grerminal, CH2 GTerminar); 70.39 — 69.93 (m, 2 CH2 MLinear);
6961 — 6837 (m, CHZ Gl,3-Linear, CH'OH G1,4-Linear, O'QHZ'CHZ'S MLinear, O'QHZ'CHZ'S
MTerminaI); 63.12 (S, CH»-OH GTerminaI); 61.56 — 60.70 (m, CH2-OH Gl,3-Linear); 32.69 (S,

CHZ'S MLinear, CHZ'S MTerminaI); 15.28 32.69 (3, S'CHB MLinear, S'CHS MTerminaI)-

Results and Discussion

Monomer synthesis

2-(Methylthio)ethyl glycidyl ether (MTEGE) was synthesized from the commercially
available reagents epichlorohydrin and 2-(methylthio)ethanol in a single, straightforward
etherification step (Scheme 1).1*4 Successful synthesis was confirmed by *H and 3C NMR
spectroscopy (Figure S1) as well as mass spectrometry. Purification of the monomer by
repeated fractionated distillation gave yields of 60 to 70% and allowed recollecting
unreacted 2-(methylthio)ethanol. Column chromatography was found to be unsuitable for
purification of MTEGE, due to side reactions with the column material (silica or aluminum

oxide).

Copolymerization of MTEGE and Glycidol and Copolymer Characterization

The anionic ring-opening multibranching copolymerization of MTEGE with glycidol was
carried out in analogy to the established procedure for the synthesis of polyglycerol-based
copolymers (Scheme 1).[1%12 A mixture of both monomers was added slowly to a cesium
alkoxide initiator in N-methyl-2-pyrrolidone, at 100 °C. The copolymer composition was
systematically varied from 10% to 40% MTEGE content. *H and quantitative Inverse Gated
13C NMR spectroscopy prove controlled incorporation of the MTEGE comonomer (Figure

S2, Figure S3). The slightly lower MTEGE contents determined from the *H NMR spectra



can be attributed to an overlap of the polymer backbone signal between 3.05 and 4.05 ppm
and the water signal at 3.33 ppm resulting from moisture in the NMR solvent. Average
molecular weights can be calculated from the *H NMR spectra, as it is known for other
polyglycerol copolymers prepared by slow monomer addition, using the methyl group of
the initiator as a reference. Molecular weights in the range of 3890 to 6980 g mol™* are
found, matching the theoretical values well. Due to the low hydrodynamic volume of the
compact, hyperbranched polymer structure in solution, size-exclusion chromatography
based on linear PEG standards yields lower apparent molecular weights ranging from 1060
to 4080 g mol .18 °1 Taking the hyperbranched structure into account, moderate, mostly
monomodal molecular weight distributions with dispersity in the range of B = 1.48 t0 1.85
were obtained (Figure S4 - Figure S8). Table 1 summarizes the characterization data for
the hb(PG-co-PMTEGE) copolymers.

Table 1. Characterization data of the hb(PG-co-PMTEGE) copolymers.

MTEGE% MTEGE%Y MTEGE%Y DB%Y M, MD MO P9 TP TP
No.  Sample
)
name? theo Theo (@-mol)  (g-mol? ¢C)  (°C)
(g - molt)
1 hb(PGu-co- 10 7 9 48 3370 3890 1060 185 27
PMTEGE,)
2 hb(PGs-co- 20 15 16 48 3690 3740 1750 151 27
PMTEGEs)
3 hb(PGu-co- 30 2 30 82 4950 5490 2170 148 31 75
PMTEGE1)
4 hb(PGwm-co- 40 36 41 36 5320 5220 2160 158 34 29
PMTEGEs)
5  hb(PGreco- 10 8 10 56 6310 6980 4080 149 25
PMTEGE7)

3 Terminology: Samples are named according to the number of comonomer units hb(PGx-co-PMTEGE,),
where x is the absolute number of G units and y the absolute number of MTEGE units, calculated from *H
NMR spectra, ® determined by 'H NMR, © determined by Inverse Gated 3C NMR, 9 SEC, © obtained by
DSC, ” cloud point temperatures, measured by turbidimetry.

The copolymerization kinetics of MTEGE and glycidol was investigated using in situ *H

NMR spectroscopy. In order to ensure a safe reaction in the NMR tube, we altered the



polymerization protocol described above and performed the copolymerization in deuterated
DMSO-ds at 60 °C without slow monomer addition. In situ NMR spectroscopy allows
monitoring the single monomer conversion in real time. Figure 1 and Figure S11
demonstrate that MTEGE is consumed somewhat slower than glycidol in a batch
copolymerization. Since the monomer feed ratio shifts continuously and is observed during
the entire course of the polymerization, a single experiment provides sufficient data to
calculate reactivity ratios according to the Fineman-Ross formalism: re =3.7 £ 0.3 and
rvtece = 0.27 + 0.02.1°1 This implies that batch copolymerization of glycidol and MTEGE
leads to a gradient compositional profile with a PG-rich center and a PMTEGE-rich
periphery. It should be noted, however, that the reactivity gap is sufficiently small to obtain
approximately random copolymers when using the slow monomer addition procedure. This
was confirmed by taking NMR samples during a copolymerization under conventional slow
monomer addition conditions (Figure S9). At an addition rate of 0.2 mL h?, both
comonomers react sufficiently fast to avoid accumulation of the less reactive MTEGE in
the reaction mixture. The composition of the growing copolymer remains largely constant

during the copolymerization, equating the monomer feed ratio (Figure S10).
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Figure 1. Single monomer conversion plot of glycidol and MTEGE in DMSO-ds at 60 °C

Versus time.



The degree of branching is a key parameter to describe the structure of a hyperbranched
polymer. It can assume values between O (linear, no branching) and 1 (dendrimer-like,
completely branched). For the hb(PG-co-PMTEGE) copolymers, inverse gated 3C NMR
spectroscopy reveals the characteristic signal pattern of a hyperbranched polyglycerol
copolymer (Figure S3). The spectra enable to distinguish and quantify dendritic (D), linear
(L) and terminal (T) repeating units. Due to the multiple chain ends of the branched
structure, the spectra of the copolymers show considerably more terminal MTEGE units
than the linear PMTEGE homopolymer (Figure S15). The degree of branching (DB) can

be calculated according to Equation 1.[2%

2D
T 2D+L

1)

DB

As expected, the DB decreases from 0.48 to 0.36 with increasing MTEGE content, because
only glycidol can form dendritic repeating units, whereas MTEGE forms linear and

terminal units exclusively.

The composition and DB affect the thermal properties of the copolymers. Differential
scanning calorimetry (DSC) measurements reveal a decrease in the glass transition
temperature from -27 °C to -44 °C with increasing MTEGE content. This finding can be
ascribed to the reduced hydroxyl group density and therefore weaker hydrogen bonding as

well as the flexible methyl-thioethyl alkyl chains.

Post-polymerization Modification

The two different types of functional groups of hb(PG-co-PMTEGE) offer the possibility
for orthogonal modification. Unlike the oxygen of an ether group, the sulfur of a thioether

moiety can be easily oxidized, forming a sulfoxide or a sulfone. Treating the copolymers



with acidified hydrogen peroxide solution for 30 min at room temperature selectively
transforms the thioether moieties into the corresponding sulfoxides.*®! Complete
disappearance of signals of the thioether-neighboring methylene and methyl groups in the
'H NMR proves complete conversion (Figure S16). After oxidation, the methylene and
methyl signals reappear at 2.78 - 3.10 ppm and 2.57 ppm. Converting thioethers into
sulfoxides increases the local dipole moment of the group.l?! On the macroscopic scale,
one can observe the impact of the increasing polarity by temperature-dependent
turbidimetry of aqueous copolymer solutions before and after oxidation. Figure 2 and
Figure S17 show that before oxidation, hb(PGas-co-PMTEGE13) and hb(PGs2-co-
PMTEGEj1e) exhibit thermoresponsive solubility with demixing above a cloud point of
29 °C and 75 °C, respectively. By oxidizing the thioether moieties, however, both

copolymers become completely water-soluble at all temperatures.
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Figure 2. Intensity of transmitted laser light versus temperature for hb(PGs2-co-
PMTEGE:s) in aqueous solution (¢ = 5 mg mL™) before and after oxidation of the thioether

moieties.

Besides their oxidation-responsiveness, thioether groups can act as Lewis bases. They can
react with electrophiles to form sulfonium cations; e.g. they open epoxide rings in a
nucleophilic addition under acidic conditions.*™ Trialkylsulfonium compounds, such as

the commercially available drug S-adenosyl methionine, are generally more stable and



accessible under milder conditions than the strongly alkylating trialkyl oxonium cations.
This is a result of the higher Lewis basicity of thioethers in comparison to ethers.
Capitalizing on this feature, hb(PG-co-PMTEGE) was dissolved in glacial acetic acid to
alkoxylate the thioether moieties within 24 h at room temperature using the commercially
available epoxides propylene oxide, allyl glycidyl ether (AGE) and furfuryl glycidyl ether
(FGE) (Figure 3). Allyl and furfuryl functionalized polymers are known for their use in
thiol-ene click and Diels-Alder click chemistry.[?? By dialyzing the modified polymers
against diluted hydrochloric acid, the acetate anions were exchanged with chloride anions.
The thioether groups were converted into sulfonium cations with 96-99% conversion, as
can be deduced from the signal shift of the neighboring methyl group in the *H NMR
spectra from 2.08 to 3.05 ppm. In addition, the characteristic signals of the attached methyl
(1.22 ppm, Figure S18), allyl (5.17, 5.29 and 5.88 ppm, Figure S19) and furfuryl groups
(4.46, 6.44, 7.64 ppm, Figure 3) appear after modification. Comparison of their intensity
with the shifted thioether methyl signal confirms that under the acidic reaction conditions
applied, the epoxides selectively react with the thioether moieties, but clearly not with
hydroxyl groups. Strikingly, this is exactly the opposite reactivity in contrast to the
alkoxide-mediated ring-opening during the polymerization that leaves the thioether groups

unchanged.
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Figure 3. 'H NMR spectra of hb(PGass-co-PMTEGE;13) before (black, top) and after (grey,
bottom) modification of the thioether groups with furfuryl glycidyl ether (400 MHz,
DMSO-ds).

As a proof of principle experiment to demonstrate that the hydroxyl groups can also be
modified selectively, hb(PGass-co-PMTEGE;3) was reacted with phenyl isocyanate as a
model compound to obtain urethanes. Figure S20 shows the new aromatic and NH-signals
of the phenyl urethane groups in the downfield area of the *H NMR spectrum between 6.74
and 8.15 ppm. Furthermore, the chemical shift of the thioether-related signals remains
unchanged in the *H NMR and *C NMR (Figure S21) spectra, proving selective
modification of the hydroxyl groups. The urethane-functionalized polymer exhibits an
increased glass transition temperature of 26 °C, due to reduced chain flexibility and
increased hydrogen bonding. The material exhibits a strong UV signal in the SEC due to
the aromatic end groups, and the SEC trace is shifted towards higher molecular weights

(Figure S22).



Conclusions

We have introduced hyperbranched, thioether-bearing polyether polyols as a versatile
platform for modification, employing the easily accessible MTEGE as a new comonomer
for anionic ring-opening multibranching polymerization of glycidol. A series of
copolymers with systematically varied MTEGE incorporation between 7 and 36% was
synthesized with good control over molecular weight, degree of branching and thermal
properties. Real time NMR Kinetic studies elucidated the reactivity ratios of the two
comonomers, revealing a sufficiently small difference in reactivity that allows
polymerization under slow monomer addition conditions.

Copolymerization of the hydrophilic glycidol with the hydrophobic MTEGE monomer
permits tailoring the aqueous solubility, resulting in thermoresponsive behavior with cloud
point temperatures in a wide temperature range between 29 and 75 °C. By oxidizing the
thioether groups of the thermoresponsive copolymers with hydrogen peroxide, the
solubility can be switched to fully water-soluble. This is an intriguing feature for potential
application as e.g., an oxidation-responsive surface coating material. Functional sulfonium
derivatives are conveniently accessible from the reaction of hb(PG-co-PMTEGE) with
epoxides under acidic conditions. This was demonstrated using propylene oxide, allyl
glycidyl ether and furfuryl glycidyl ether. Based on the large variety of available
epoxides,?® we envision hb(PG-co-PMTEGE) as a universal platform to create a library
of heterofunctional hyperbranched polyelectrolytes and potentially as an unusual epoxy
curing agent. Furthermore, the possibility to selectively modify the hydroxyl groups with
isocyanates potentially renders these materials functional polyol building blocks for

polyurethanes.
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Materials

Solvents and reagents were obtained from Sigma Aldrich and Acros Organics, respectively.
DMSO-de and CDCIs were received from Deutero GmbH. MTEGE, Glycidol (96%) and
N-methyl-2-pyrrolidone (99.5%) were dried over calcium hydride (CaHz) and distilled in
vacuum directly prior to use. Phenyl isocyanate was freshly distilled prior to use.
Epichlorohydrin (99%), 2-(methylthio)ethanol (99%) and all other reagents and solvents

were used as received.

Instrumentation
NMR spectra were recorded on a Bruker Advance Il HD 400 (5 mm BBFO-SmartProbe
with z-gradient and ATM) at 400 MHz (*H) and 100 MHz (*3C). The residual signals of the

deuterated solvent were utilized as an internal reference.

Analytical SEC measurements in DMF (containing 0.25 g L™? of lithium bromide) were
performed on an Agilent 1100 series instrument, including a PSS HEMA column
(105/10%/10? A porosity) and UV and RI detector. Poly(ethylene glycol) standards (Polymer

Standards Service GmbH) were employed for calibration.

Purification by SEC was performed in CHCls, at 25 °C and a flow rate of 3.5 mL min*
using a LC-91XX Next Series Recycling Preparative HPLC Anlage by Japan Analytical
Industry Co. Ltd.. A Jaigel-2H column (upper exclusion limit 5 - 10% g mol) and a UV and

RI detector were used.



Differential scanning calorimetry (DSC) was measured using a PerkinElmer 8500 thermal
analysis system and a PerkinElmer CLN2 thermal analysis controller in the temperature

range from -90 to +20 °C at a heating rate of 10 K min™'.

Cloud points were observed by optical transmittance of a light beam (A = 670 nm) through
a 1 cm sample quartz cell containing the polymer solution in deionized water (5 mg mL™),
in dependence of the solution temperature. A Jasco V-630 photospectrometer with a Jasco
ETC-717 Peltier element was used. The heating and cooling rate was 1 K min!, and values

were recorded in 1 K steps.

In situ *H NMR Kinetics

Copolymerization in the NMR tube was performed in DMSO-ds following a procedure
described in previous work. 4.0 mg (0.03 mmol, 1.0eq.)
1,1,1-Tris(hydroxymethyl)propane (TMP) and 1.7 mg (0.01 mmol 0.3 eg.) cesium
hydroxide monohydrate were dissolved in methanol. Benzene was added and volatiles were
removed in high vacuum overnight. The following operations were performed under Argon
atmosphere. The dried initiator salt was dissolved in 0.5 mL DMSO-ds. The solution was
transferred to an NMR tube equipped with a Teflon stopcock. 60 pL (0.9 mmol, 30 eq.)
glycidol and 0.6 mmol (20 eq.) MTEGE were added and the solution was degassed
subsequently. The tube was sealed under vacuum and then placed in the NMR spectrometer
at 60 °C. Spectra were recorded with 16 scans at 2-minute intervals during the first hour, at
5-minute intervals during the following 2 hours, at 10-minute intervals within the next

15 hours and extended afterwards.



Oxidation of the thioether groups

Oxidation of the thioether groups was performed following a modified procedure of the
protocol reported by Deming et al.[**! 100 mg hb(PGs2-co-PMTEGE;1s) was dissolved in
aqueous hydrogen peroxide solution (35%) and acidified with AcOH (1%). The mixture
was stirred at room temperature for 30 min, quenched with 1 M aqueous sodium thiosulfate
solution and dialyzed against deionized water (MWCO: 100 — 500 Da). Subsequently, the

oxidized polymer was isolated by lyophilization in 80% vyield.

Alkoxylation of the thioether groups

Alkoxylation of the thioether groups was performed following a modified procedure by
Gharakhanian and Deming.*”1 100 mg hb(PG-co-PMTEGE) was dissolved in 6 mL glacial
acetic acid. 3 Eq. (compared to the amount of thioether groups) propylene oxide, allyl
glycidyl ether or furfuryl glycidyl ether were added and the mixture was stirred at room
temperature for 24 h. Afterwards, the solvent and unreacted epoxide were removed in
vacuum. The residue was dialyzed against 3 mM HClaq (MWCO: 100 — 500 Da) and freeze-

dried subsequently. Hence, the alkoxylated polymer was obtained in 90-95% yield.

Urethane formation

100 mg polymer was dried overnight in vacuum and dissolved in dry pyridine. Phenyl
isocyanate (1.1 eq., compared to the amount of hydroxyl groups) was added and the mixture
was stirred at room temperature for 4 hours. Then, pyridine and residual phenyl isocyanate
were removed in vacuum. The residue was purified by preparative SEC and dried in

vacuum subsequently, to yield the urethane-functionalized polymer.
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B

T 1
] o @

h ] Q o

o = i -

f
cd b a\ e f
O e f
?r87767773 7’27707578 é’s's'ﬂ's'z's;u's's 5'5 54'Sl‘ége:édéﬁﬂrtﬂé;:g71'073‘873767317372 30723 iﬁ 24‘22 26 1787157176’0 %/O\As/
a
d
e
c,d
C a a
m ;
M,
—— ;

101-

w
a

40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20
Chemical shift (ppm)

Figure S1. 'H (bottom) and *3C NMR (top) spectra of 2-(methylthio)ethyl glycidyl ether
(MTEGE) (400/100 MHz, CDCls).
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Figure S2. *H NMR spectrum of hb(PGs2-co-PMTEGE;1s) (400 MHz, DMSO-ds)
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Figure S3. Signal assignment of dendritic (D), linear (L) and terminal (T) MTEGE (M)
und glycerol (G) units of hb(PG-co-PMTEGE) in the ether region of the I1G ¥C NMR

spectrum (100 MHz, DMSO-de).
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Figure S4. SEC trace (DMF, RI signal, PEG standard) of hb(PGas-co-PMTEGE.).
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Figure S5. SEC trace (DMF, Rl signal, PEG standard) of hb(PGss-co-PMTEGEs).
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Figure S6. SEC trace (DMF, RI signal, PEG standard) of hb(PGass-co-PMTEGE 3).
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Figure S7. SEC trace (DMF, Rl signal, PEG standard) of hb(PGs2-co-PMTEGEjs).
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Figure S8. SEC trace (DMF, RI signal, PEG standard) of hb(PGzs-co-PMTEGE?).
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Figure S12. COSY NMR spectrum of hb(PG-co-PMTEGE) (400 MHz, DMSO-ds).
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Figure S14. HMBC NMR spectrum of hb(PG-co-PMTEGE) (400/100 MHz, DMSO-ds).

Horizontal axis: *H NMR spectrum; vertical axis: *C NMR spectrum.
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ABSTRACT: Cyano-functional polyether copolymers based
on THF were prepared via cationic ring-opening copoly-
merization of THF with cyano ethylene oxide (CEO). The
CEO content of poly(tetrahydrofuran) (polyTHF) based
copolymers varied from 3.3 to 29.3%, and molecular weights
ranged from 5100 to 31900 g-mol ™" with M,,/M, in the range
of 131 to 1.74 (SEC in THF, PS standards). The
polymerization was conducted with methyl trifluoromethane-
sulfonate (MeOTT) as an initiator. Kinetic studies concerning
incorporation of both monomers were performed via NMR
spectroscopy. The cyano groups at the poly(THF-co-CEO)
copolymers enable direct access to amino (polyTHF—NH,)
and carboxyl groups (polyTHF—COOH) in facile one-step procedures, respectively. The modified copolymers were
characterized via NMR, MALDI-ToF mass, and FT-IR spectroscopy. Thermal properties of the materials were studied via
differential scanning calorimetry (DSC), demonstrating a gradual decrease of the melting points with increasing amount of CEO
in the copolymers (from 30 °C for 3.3% CEO to 21 °C for 8.4% CEO). After postmodification to carboxylic acid groups the
melting points decrease from 26 to 18 °C in the series of copolymers. Contact angles of water on thin films of the polymers can
be tuned in a wide range from 72.7° to 17.8° by varying the CEO fraction as well as by postmodification. Crystallization studies
of CaCOj; with water-soluble polyTHF—COOH revealed the composition-dependent inhibition of calcite growth, with crystallite
size in the mineralization process being controlled by the amount of carboxylic acid groups at the poly(THF) copolymers.
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W INTRODUCTION

Poly(tetrahydrofuran) (polyTHF) is an extremely versatile
material that is characterized by its remarkably high chain

straightforward “end-of-life polymer”, since it can easily be
degraded to THF in a facile and inexpensive way.”
The properties of polyTHF can be systematically expanded

flexibility and its apolar nature.' PolyTHF possesses a low
melting point (28 °C), which contributes to its easy handling,
besides excellent solubility in a wide range of rather
hydrophobic solvents like chloroform or THF. This renders
the material interesting for manifold applications, e.g., as soft
component in the polyurethane production™ (e.g, for
Spandex), for the synthesis of fibers, adhesives, and sealants,
and for coatings in the textile industry. Characteristic properties
like the high hydrolytic stability in contrast to other polyester
polyols, a high moisture vapor transmission, and high abrasion
resistance as well as microbial resistance play a key role for
these purposes. Furthermore, the resulting materials possess
good visible light transparency.”* Besides its applications in a

and manipulated by modification of the end-groups. Rowan et
al. reported the synthesis of nucleobase-terminated polyTHF,
which self-assembled to materials with film and fiber-forming
capability.” By diversifying the initiator of the polymerization,
the starting group of polyTHF can be varied as well”'’ to
create telechelic and heterobifunctional polyTHE.'' The
introduction of functional groups, such as alkyl, —OH,
—NH,, —COOH, and —COOR, is an attractive objective,
because these moieties can be used to tune the hydrophilic/
hydrophobic character, permeability, and mechanical proper-
ties, as demonstrated recently for polycarbonates.'* Also for
related hydrophilic polyethers, multifunctionality is generally an
important target, as demonstrated in numerous publications in

wide industrial field, polyTHF is also favorable for ifold
biomedical applications, such as a key component in contact
lenses, due to its low solubility in water and its good
biocompatibility." Last but not least, polyTHF represents a

<7 ACS Publications @ 2016 American Chemical Society

3681

Received:  January 16, 2016
Revised:  April 21, 2016
Published: May 6, 2016

DOI: 10.1021/acs.macromol.6b00113
Macromolecules 2016, 49, 36813695

381



Macromolecules

recent years."”™'” Amine-functional polyTHFs were presented
in two works; however, the amino groups were positioned only
as end-groups as well.”"*" As a further end-group functionalized
material, the group of Teixidor provided reversible, redox-active
polyTHF by combining polyTHF with metallacarboranes.™
The direct copolymerization of THF with ethylene oxide has
been studied, e.g, by Bednarek and Kubisa™ and later by
Hacker et al,*! and was found to proceed in a random manner.
The cationic copolymerization of THF with functional cyclic
monomers has been presented in a few intriguing works. In this
area, the group of Zhu reported the copolymerization of THF
with glycidol to create branched copolymers with numerous
hydroxyl groups™ and the group of Pomposo et al. combined
THE with glycidyl phenyl and glycidyl propar%}ii ether,” based
on previous work of Du Prez and co-workers.” THF was also
copolymerized with epichlorohydrin or bis(chloromethyl)-
oxetane to create high-energy binders after postmodification,
resulting in materials with high nitrogen content.”%*”

In the current work we have studied the cationic random
(co)polymerization of THF with the novel functional monomer
cyano ethylene oxide (CEQ) (Scheme 1).

Scheme 1. Copolymerization of CEQO and THF, as Well as
Post-Modification Reactions, Leading to PolyTHF
Copolymers with Carboxylic Acid and Amine Moieties
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We demonstrate that the combination of these two
monomers results in linear multifunctional polyTHF copoly-
mers with a large number of functional cyano groups (from 3.3
to 29.3%, analyzed via NMR). Comprehensive characterization
of all copolymers via MALDI-ToF mass spectrometry, NMR
spectroscopy, size exclusion chromatography (SEC), FT-IR
spectroscopy, and differential scanning calorimetry (DSC) has
been carried out. We also demonstrate that the cyano groups
can be postmodified to primary amine groups and carboxylic
acid groups, resulting in water-soluble polyTHF at elevated pH.
This material has been explored for the mineralization of
calcium carbonate, as will be discussed in the final part of this
work.

B EXPERIMENTAL SECTION

Materials. All reagents were purchased from Acros Organics or
Sigma-Aldrich and were used as received, unless otherwise stated.
Anhydrous DMSO and o-dichlorobenzene were stored over molecular
sieves prior to use. Column chromatography was performed on silica
gel (particle size 63—200 pm, Merck, Darmstadt, Germany).
Deuterated DMSO-dg, pyridine-ds, MeOD-d;, CDCl;, and HFIP-d,
were purchased from Deutero GmbH. Tetrahydrofuran (THF) was
purified by standard methods and was distillated over sodium in the
presence of benzophenone. Dialysis membrane tubings were
purchased from Sigma-Aldrich or Orange Scientific, respectively. For
dialysis in chloroform, a membrane of regenerated cellulose
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(benzoylated) was used. For dialysis in protic solvents, regular
regenerated cellulose membranes were applied.

Instrumentation. "H NMR (300 and 400 MHz) and "*C NMR
spectra (75 and 100.6 MHz) were recorded on Bruker AC300, Bruker
AC400, Avance IIT HD 300 (300 MHz, 5 mm BBFO-head with z-
gradient and ATM, B-ACS 60 sample changer) spectrometers with
Open-Access-Automation, Avance 11 400 (400 MHz, 5 mm BBEO-
head with z-gradient and ATM, SampleXPress 60 sample changer)
with Open-Access-Automation or Avance 11 HD 400 (400 MHz, §
mm BBFO-SmartProbe with z-gradient and ATM, SampleXPress 60
sample changer), respectively, and are referenced internally to residual
proton signals of the deuterated solvents. "H NMR experiments for
kinetic studies were acquired with a 5 mm BBFQ z-gradient probe on
the 500 MHz Bruker AVANCE Il system. For the respective 'H
NMR spectra, 64 transients were used with a 10.6 us long 90° pulse
and 10000 Hz spectral width together with a recycling delay of 10 s.
For the “C NMR kinetic measurements, 32 scans were used with a
relaxation delay of 30 s (90° pulse, 13.2 ps, spectra width 30000 Hz).
The temperature was kept at 298.3 K and calibrated with a standard
'H methanol NMR sample using the topspin 3.2 software (Bruker).
Control of the temperature was realized with a VI'U (variable
temperature unit) and an accuracy of +0,1K.

For size exclusion chromatography (SEC) measurements in THF a
PU 1580 pump, an auto sampler AS1555, a UV-detector UV 1575
(detection at 254 nm) and a Rl-detector Rl 1530 from JASCO were
used. Columns (MZ-Gel SDplus 10* A and MZ-Gel SDplus 10° A)
were obtained from MZ-Analysentechnik. Calibration was carried out
with polystyrene (PS) standards purchased from Polymer Standard
Services (PSS). MALDI=ToF M$ measurements were performed on a
Shimadzu Axima CFR MALDI-TOF mass spectrometer using
dithranol  (1,8,9-trishydroxyanthracene) or CHCA (a@-Cyano-4-
hydroxycinnamic acid) as a matrix. The samples were prepared from
pyridine and ionized by adding lithium chleride or potassium trifluoro
acetate.

DSC measurements were carried out on a PerkinElmer DSC 8500
in the temperature range of —80 to 50 °C, using heating rates of 10 K
min" under nitrogen. Contact angle measurements were performed
on a Dataphysics Contact Angle System OCA using water as an
interface agent. SEM images were taken with a FEI Nova NanoSEM at
acceleration voltage of § kV and a vC detector or a FEI Phenom SEM
at 3 kV acceleration voltage, respectively.

TEM images were recorded using a FEI Technai T'12 equipped with
a 4K CCD camera and a LaBg cathode working on 120 kV acceleration
voltage. Samples for TEM were prepared by dropcasting 20 pL of the
sample dilution from crystallization beakers ento a carbon coated
copper grid (Plano GmbH, Wetzlar, Germany).

Raman-spectroscopy measurements for phase identification were
carried out using a confocal HR800 yx-Raman by Horiba Scientific.
Raman stimulation was managed by exciting with 4 = 633,318 nm He/
Ne laser without using any filters. To get best signal-to-noise possible a
pinhole with a 400 nm diameter has been used. The signal was
collected with a CCD detector with a 1024 X 2356 pixels open
electrode chip.

Synthetic Procedures. Synthesis of Cyano Ethylene Oxide
(CEQ). CEO was synthesized as described in the literature. ™’ Briefly, in
the course of 3 h at 0 °C, 100 mL of sodium hypochlorite (13% active
chlorine) was added with a dropping funnel to cold acrylonitrile {100
mlL, 1.53 mol). The mixture was stirred vigorously with a mechanical
stirrer at 0 °C for additional 21 h, leading to a yield of 39.5% (Lit.:
34.5%.%°). Subsequently, residual acrylonitrile was recovered by
distillation, and the product was purified by distillation in vacuo (60
°C, 107> mbar). '"H NMR (300 MHz, CDCL): § (ppm) = 2.95-
3.25(m, 2H, —CH,—), 3.4—-3.54 (m, 1H, —CH). 'H and “C NMR
spectra of CEO are shown in the Supporting Information, Figure S1.
To avoid degradation to 3-cyanopropanal, the labile monomer CEOQ
was stored under argon at —18 °C.

Representative Procedure for the Synthesis of Poly(THF-co-CEQ)
Copolymers. CEO (0.1 g, 145 mmol, 69.02 g mol ') and THF (1.05
g 14.5 mmol, 72.06 g mol ) were mixed in a glass tube under argon
atmosphere at room temperature. Methyl trifluoromethanesulfonate

DOI: 10.1021/acs.macromol 6b00113
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Scheme 2. Hypothetic Reaction Mechanism of the (Co)polymerization of THF and CEQ
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{MeOTH) (1 uL) was added via syringe. After 24 h, the polymerization
was quenched with pyridine. The product was dissolved in 0.5 mL
pyridine and purified via dialysis in THF for 4 days. After every 24 h,
THEF was renewed (yields: 53—84%). "TH NMR (300 MHz, CDC,): &
(ppm) = 3.5-3.85 (m, —CH,—), 4.14—4.66 (m, —CH-), 3.31-3.52
(m, —CH,—), 147—1.74 (m, —CH,—).

Postpolymerization Modification of Poly(THF-co-CEQ) Copoly-
mers to Polyether Polyacids, The procedure used for postpolymeriza-
tion reaction of cyanide groups to carboxylic acid groups is comparable
to literature for other cyano-functional structures.” 100 mg of the
poly(THF-co-CEQ) copolymer was dissolved in 2 mL of TIHF, sodium
hydroxide (1 molar, 5 mL) was added and the reaction mixture was
stimred overnight at 55 °C. Subsequently, the polymer was purified and
the salts were removed via dialysis in THI/methanol (1:1} for 3 days.
THE/methanol was renewed every 24 h. The product was dried under
reduced pressure at 8¢ °C for 3 days (yield: 89%). "H NMR (300
MHz, THF-d,): é (ppm) = 537 (m, CH-O-), 348-3.32 (m,
—CH,0-), 328=325 (m, —CH;), 2.53 (m, —OH}, 1.56—1.54 (m,
—CH,—).

Postpolymerization Modification of Poly(THF-co-CEQ) Copoly-
mers to Polyether Polyamines. The postpolymerization reaction of
cyanide groups to amine groups follows the description of Meijer et al.
developed for poly{propyleneimine) dendrimers.** First, 100 mg of
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the poly(THF-co-CEQ)copolymer was dissolved in 2 mL of THF,
then 200 mg of Raney cobalt catalyst (Cr promoted, Grace 2724,
pretreated with hydroxide) in 2 mL of water was added and the
mixture was stirred at 40 *C and 100 atm H, pressure, for 7 days. The
cooled reaction mixture was then filtered and the solvents were
evaporated under reduced pressure. Purification and further steps
follow the procedure of the cuboxylic add functionalized copolymiers.
'H NMR (300 MHz, CDCl-ds): § (ppm) = 4.26—4.21 (m, —CH-),
373-328 (m, —CH,0-), 319 (m, —CIL), 219 (m, CH,NH,),
1.75—1.55 (m, —CH,CH,—).

Mineralization of CaCO,. Crystallization experiments were
carried out using the standard ammonia diffusion method reported
elsewhere™ ™ on well-defined quarz-glass slides from Plano GmbH
with a diameter of 13 mm and a thickness of about 1 mm. The glass-
slides were placed on the bottom of 5 mL beakers filled with 2 mL of
an aqueous dilution of polyether polyacid polymer with as mentioned
concentration and a 5 M of calcium chloride. They were cleaned prior
crystallization by washing in acidic piranha solution for 2 h, washing
with ethanol and Millipore water until water reacted neutral. To make
sure that the atmosphere of the desiccator was oversaturated
permanently with ammonia and carbon dioxide, 7 g of ammoninm
carbonate was nsed for a small sized desiccator. After 15 h of
crystallization, the glass slides were removed from solation, washed
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Table 1. Characterization Data for the Series of Poly(THF-co-CEOQ) Copolymers Prepared

composition™ [CEO]/% CEO fraction®/%

PTHF g, 0 0

P(THE 4 ,-co-CEQ,) 5 33
P(THF,4-co- CEO,,) 5 4.6
P(THEF y4-c0-CEO, ) 6 6.3
P(THF,  ,-c0-CEOy5) 7 69
P(THF 3 y-co-CEO,, ) 9 8.4
P(THF,;c0-CEO ,,) 25 293

“Obtained from 'H NMR spectra.

M, /g mol * M,/ g mol ! M/M,”
42200 73000 1.83
10500 18800 L.59
21800 31900 1.42
13400 9800 1.31

2100 9700 1.34
9400 8600 1.49
5300 5100 1.74

"Determined by SEC measurements (THF, PS standards, RI signal).

carefully on both sides with saturated CaCO, dilution and Millipore-
water to ensure resolving ammonium carbonate crystals without
inducing the resolving—recrystallization mechanism and to remove
excessive unbound polymer followed by drying under airflow.

B RESULTS AND DISCUSSION

A. Monomer Synthesis and Copolymerization of CEO
with THF. Monomer Synthesis. Cyano ethylene oxide (CEO)
can be synthesized in a one step-procedure, following a
modified literature protocol.*’ Dropping sodium hypochlorite
to acrylonitrile affords the desired product. The excess of
acrylonitrile can be retrieved by distillation. In this way, the
moderate to low yield of the product CEO (39.5%) can be
enhanced by utilizing repetitive procedures. To avoid possible
degradation of the monomer CEQ to 3-cyano propanal, it was
stored under argon at —18 °C. To date, CEOQ has not been
employed successfully as a monomer for polymerizations to the
best of our knowledge. First attempts to polymerize CEQ were
described by Wei and Butler in the 1970s, however no polymer
could be obtained.*

Copolymerization of THF and CEO. The copolymerization
of THF and CEQO was carried out with methyl trifluorometha-
nesulfonate (MeOTf) as an initiator, following recently
reported results regarding cationic ROP of THF with MeOTf
as an initiator.”” We chose this initiator because of the high
reactivity of MeOTY for the initiation of the “living” THF
polymerization in a fast and quantitative way.r The polymer-
ization mechanism of THF with this initiator is known to
follow the so-called “active chain end” (ACE) mechanism
(Scheme 2) regarding the polymerization of CEQ, in
accordance to literature describing the polymerization of
THE.* The commonly very powerful methylating agent
MeOTf" methylates the ring system either of THF or CEQ
to enable the following nucleophilic attack of the oxygen atom
at another cyclic monomer. This step can be repeated either
with CEO or THF monomers, leading to linear chains. The
(co)polymerization can be terminated either with a base, e.g,
pyridine or with a protic compound, e.g, methanol or water.
Although the homopolymerization of THF is known to follow
the ACE mechanism, this is not necessarily the case for the
copolymerization of THF with other cyclic monomers.

As stated for the recently published copolymerization of
THF and glycidyl phenyl ether with B(C4F;); as a catalyst, the
(co)polymerization can be controlled by synthesis conditions,
such as reaction time, catalyst concentration, and monomer
concentration.”” However, a high THF content appears to be
necessary to avoid cydic products.’’ Furthermore, for the
(co)polymerization of THF with other cyclic monomers as,
e.g, ethylene oxide or the bisglycidyl ether of bisphenol A it
appears to depend on reaction conditions, whether the ACE
mechanism or the “Active Monomer” (AM) mechanism

3684

occurs,’’ however this was observed only for other catalysts
and not for MeQTf>**!12-H Finally, the polymerization of
ethylene oxide is known to follow the AM mechanism with
Broensted acids as a catalyst, in contrast to the polymerization
of THE.” On the basis of this knowledge, we expected to
observe coexistence of both mechanisms in the copolymeriza-
tion of THF with CEO.

All copolymers prepared were characterized by SEC and
MALDI-ToF MS, as well as '"H NMR and C NMR
spectroscopy. For SEC measurements, the samples had to be
dissolved in THF for 1 day to ensure complete solubility. The
resulting molecular weights and PDIs of all samples obtained by
SEC (measured in THF, PS standard) as well as the
comonomer fractions (vide infra) by NMR are listed in Table
1. Molecular weights range from 5100 to 31900 g-mol™" with
low to moderate polydisgersity (PDI) in comparison to
comparable literature.”"** SEC elugrams with varied CEO
monomer ratio (from 3.3 to 29.3% of CEQ incorporation in
the copolymer) are shown in Figure 1. With increasing CEO

— 29.3%
——8.4%
—6.9%
—6.3%
—3.3%
——4.6%

18

20 22 24

Elution volume/ mL

30

Figure 1. SEC elugrams (in THF, PS standard) of several poly(THEF-
co-CEQ)copolymers with varied CEQ incorporation ratio (from 3.3 to
29.3%).

fraction molecular weights clearly decrease, whereas the PDI
remains unchanged. We attribute this to the coexistence of the
ACE and AM mechanism. Hence, with increasing THF ratio
the ACE mechanism occurs, in accordance to literature, ™"
and with increasing CEQ fraction coexistence of ACE and AM
mechanism seems to take place, as expected.”™!"

Figure 2 depicts a series of 'H NMR spectra of copolymers
with different monomer content, ranging from 3.3 to 29.3 mol
% CEQ. With increasing amount of CEQ in the copolymers,
the solubility of the materials in organic solvents decreased.
Thus, in this work we aimed at materials with a minority
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Figure 3. Top: Inverse gated *C NMR spectra (CDCly, 100.6 MHz). Bottom: *C DEPT NMR spectra of P(THE-co-CEO) with a fraction of 6.9%

CEO (CDCl;, 100.6 MHz) (C, CEO; T, THE).

fraction of CEO units. In the "H NMR spectra, the signals of
the polyether backbone belonging to THF units appears at
1.47—1.74 ppm (Figure 2, a) and 3.31-3.52 ppm (Figure 2, b).
The signals of the polyether backbone that stem from the CEO
units are visible in the range of 4.14—4.66 ppm (Figure 2, CH)
and 3.5-3.85 ppm (Figure 2, CH,). On the basis of these
assignments, the monomer incorporation rates of both THF
and CEO were calculated, as listed in Table 1.

All relevant signals are found in the *C NMR spectra as well
(Figure $23). Here, the signals of the polyether backbone
belonging to the THF units appears at 25.25-28.04 ppm

(Figure 23, a) and 69.85—71.10 ppm (Figure $23, b). The
signals of CEO units are visible at 119.75—115.7 ppm (Figure
$23, CN, blue framed), 73.27—71.10 ppm (Figure $23, CH,,
marked green) and 69.52—67.35 ppm (Figure $23, CH, marked
red).

A detailed assignment of the signals in the “C NMR
spectrum is shown in Figure 3 for the spectrum of the
copolymer with 6.9% CEO incorporation. The assignments are
supported by the results of the *C DEPT NMR (Figure 3) and
are in good agreement with literature values for THF
copolymers. "7
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Figure 4. Relevant section of inverse gated (IG) *C NMR spectra (CDCl,, 100.6 MHz) of several poly(THF-co-CEO) copolymers with varied

monomer ratio from 3.3 to 29.3% CEO incorporation (C, CEO; T, THE).

3C NMR Triad Analysis. To gain a deeper understanding of
the microstructure of the poly(THF-co-CEQ)copolymers, °C
NMR spectroscopy based triad analysis was carried out. The
analyzed triads (i.e., sequences of three subsequent monomer
units) were labeled as recently described for EQ/EPICH
copolymers*™ and as established for EO/PO copolymers,”*!
EQ/DEGA copolymers'” or other amine-functional PEGs.'*
Peak assignment was achieved by comparison with amine-
functional PEGs'*'*'™? recently synthesized in our group, as
well as by comparison with THF/glycidol copolymers™** and
other comparable spectra.*’ Figure 4 shows the relevant region
of the inverse gated *C NMR spectra of several poly(THE-co-
CEO) copolymers with varied CEO ratio (from 3.3 to 29.3%
CEOQ incorporation).

With decreasing CEO content, the appropriate signals
belonging to CEO at 72.58, 71.94, 72.77, 71.43, 70.93, 70.82,
70.36, 70.17, and 68.73 ppm disappear, while the CH, signal at
70.74—70.52 ppm, belonging to THF, is still visible, as
expected. It is conspicuous that the signal belonging to the
C—C~C triad does not increase with increasing CEO content,
as well as the signal for the C—C—T triad. Furthermore, the
triads T—C—C and T—C-T increase with increasing CEO
content. We attribute this to a random or very slight gradient
type microstructure, however, clearly not as a block-like
structure. Besides the triad analysis of CEQ units, a triad
analysis of THF units was carried out as well, giving comparable
results, as shown in the Supporting Information (Figure S.21).

Kinetic Studies via NMR Spectroscopy. To support the
results of the triad analysis, kinetic studies have also been
carried out. Different comonomer reactivity can lead to gradient
type or block-like polymer chain structures, which determine
the properties of the resulting materials. Hence, it is important
to investigate the functional group distribution within the
backbone. In the copolymerization of CEO and THF gradient
copolymer structures might be expected due to the higher
reactivity of oxiranes compared to oxolanes based on the
respective ring strain. 'H NMR kinetic studies were carried out
by taking samples to compare the incorporation rates of THF
and CEO in the copolymers. The (co)polymerization was
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conducted in bulk under argon atmosphere with MeOTTf as an
initiator and at room temperature, following the procedure of
the synthesis of the materials listed in Table 1. Figure 5 shows
the '"H NMR spectrum of a mixture of CEO and THF (1:5)
before initiation and several "H NMR spectra after initiation in
a time frame of 1 min to 58 h. The kinetic studies were carried
out for 58 h due to the fact that the reaction mixture had still
not solidified. Compared to the synthesis of the copolymers
listed in Table 1 we expected solidification of the reaction
mixture after 12 h. Hence, sampling of the reaction mixture
seemed to impede the (co)polymerization process. However,
the results show that the intensities of the signals of both
monomers, CEO (3.08—2.92 ppm, green, a) and THF (1.8—
1.68 ppm, blue, d), clearly decrease and signals belonging to the
polymer backbone increase with increasing time. The signals of
the CH,—O— groups of the backbone overlay with a signal of
CEO (3.33—3.29 ppm, b) and are visible at 3.47—3.24 ppm.
Further signals belonging to the backbone are present at 1.61—
1.39 ppm for CH, groups of THF units (blue framed, d') and
at 4.69—4.11 ppm for the CH groups of CEO units (green
framed, b’).

To confirm that the signals stem from the copolymers and
not from degradation products of the monomer, diffusion
ordered 'H NMR spectroscopy (DOSY) of the purified
copolymer was carried out. The obtained spectrum is shown
in the Supporting Information (Figure S7) and exhibits signals
at 4.60 and 4.24 ppm, which are in agreement with the signals,
visible in Figure 2 and with the signals obtained from the
kinetic studies. However, the signals of the kinetic studies might
be more precise and separated due to the good solubility of the
growing oligomers. We attribute the presence of several signals
for the CH groups to the fact that there might be different
chemical shifts depending on whether the protons belong to
terminal or linear units and whether CEO or THF is in the
neighboring monomer unit. Finally, the signal at 4.6 ppm is
visible via correlated spectroscopy (COSY) and correlates with
the CH, signals of the CEO units at 3.69 ppm (please see
Supporting Information, Figure $8).
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respectively, vs total monomer conversion.

The results show that THF is incorporated faster than CEQ
(Figure §, bottom). Thus, we expect a gradient type copolymer
structure. We attribute the slower incorporation of CEQ to the
steric hindrance of the cyano group of the CEQ comonomer,
however the ring strain of oxitanes is clearly higher than for
oxolanes (EO: 116 k] mol ™!, THF: 23 kJ mol~).** Figure 53 in
the Supporting Information shows a further plot of the
respective monomer conversion vs total monomer conversion.
In summary, the kinctic studies provide evidence for the
successful incorporation of both monomers, as well as a faster
incorporation of THF, leading to gradient type structures.
Additionally, we conducted in situ 'H and *C NMR kinetics in
bulk, however the lack of stirring during the measurements
impedes a detailed calculation of the reaction rates (Supporting
Information, Figures $4—S6).

Homopolymerization of CEQ was also carried out. However,
as shown in the Supporting Information, the homopolymer
PCEO shows very limited solubility in all solvents employed.
Nevertheless, some results regarding the soluble fraction of the
homopolymers are summarized in Table S3 and Figure $22 of
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the Supporting Information. Molecular weights up to 2200 g-
mol™' were detected for the soluble fraction of the
homopolymers.

B. Postpolymerization Modification of Poly(THF-co-
CEO) Copolymers to Water-Soluble Polyether Polyacids
and Polyetheramines. Lincar polyacids with tunable number
of functional groups as well as molecular weights are promising
for vanous potential applications, e.g, as gelling agents,
lubricants, or jon exchange resins or for thickening in
pharmaceuticals, cosmetics, and paints. The most widely
applied example of polyacids is poly(aciylic acid) (PAA).*
Especially the facile one-step postpolymerization procedure
renders the novel polyTHF copolymers interesting even for
potential industrial applications, due to the commercially
available chemicals like sodium hydroxide and THF, as well
as low temperatures (55 °C) and short reaction times. To date,
to the best of our knowledge no postpolymerization reaction of
functional polyTHF has been reported for the synthesis of
lincar polyacids. In order to develop water-soluble polyTHF-
based polyelectrolytes, five poly(THF-co-CEQ) copolymer
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samples used for the generation of poly( THF-co-carboxylic acid
ethylene oxide) (P(THF-co-CAEQ)) have been prepared and
extensively characterized by NMR, MALDI-ToF MS, and FT-
IR spectroscopy.

Postpolymerization modification was carried out following
the procedure of Peng et al’' The poly(THF-co-CEQ)
copolymer was dissolved in THF, sodium hydroxide (1
molar) was added, and the reaction mixture was stirred
overnight at 55 °C. Subsequently, the polymer was purified and
the salts were removed via dialysis in THF /methanol (1:1) for
3 days. The THF/methanol mixture was renewed every 24 h.
This reaction step is described in Scheme 1. All resulting
polyether polyacids were soluble in water up to a concentration
of 1 mg mL™" and at a pH value of 10. However, polyether
polyacids with a low CAEQ fraction of 3.3 and 4.6% still yield
slightly cloudy solutions, which did not become clear even at
higher pH values. On the other hand, regarding the insoluble
polyTHF backbone of the materials it is striking that even low
amounts of hydrolyzed CEO units in the copolymers lead to a
certain solubility of the polyTHF copolymers in water.

Because of the known interaction of carboxylic acids with the
column material, no SEC measurements were carried out for
the acid functional copolymers. However, molecular weights
before and after modification were comparable according to 'H
NMR. Results are listed in Table 2 and show a trend

Table 2. Characterization Data of '"H NMR Measurements
for the Series of Poly(THF-co-CEQ) Copolymers and the
Post-Polymerization Modification to P(THF,-co-CAEQ,_,)

M,(NMR)*
CEO content™/% P(THF,-co-CEO, ) P(THF,-co-CAEQ, )
54 9400 12100
69 9100 7100
63 13400 10600
46 21800 25400
33 10900 9500

“Calculated via "H NMR spectra in CDCly (P(THF ~co-CEQ,_,)) and
in THF-dy (P(THF,-co-CAEO,_,)), 300 MHz.

concerning related molecular weights before and after
postpolymerization. Some deviations occur (e.g, sample 1 in
Table 2}, which may be explained by utilizing different solvents
for the '"H NMR measurements (CDCly for P(THF, -co-
CEQ,_,) and THF-d; for P(THF,-co-CAEQ,_,)). This was
necessary to ensure well dissolved materials, given that the
polyether polyacids were not completely soluble in CDCI,,
which was the preferred solvent for the poly(THF-co-CEQ)
copolymers. Most notably, results show, that the average
molecular weights do not decrease, which excludes degradation
of the polymer backbone during the reaction step with sodium
hydroxide. We suggest a possible steric hindrance of the
functional nitrile groups belonging to the CEQ units, which are
closer to the polyether backbone in contrast to the alkaline
labile PEG-co-PEPICH copolymers. ™

'H and "*C NMR Spectroscopy. Figure $14 depicts a seties
of '"H NMR spectra of polyether polyacids with varied CEO
ratio (from 3.3 to 8.4%) and a spectrum of a poly(THF-co-
CEOQ) copolymer with a fraction of 3.3% CEQ for comparison.
At the top of Figure 514, a zoom-in of the respective spectra is
shown. At 3.48—3.32 ppm and 1.56—1.54 ppm the backbone of
the THF units of the copolymer is visible, which overlap with
the signals of the backbone of the functionalized CEO units.
The signal belonging to the CH groups of CEQ units at 4.42
ppm disappears and a signal for the CH groups of the
carboxylic acids after transformation appears at 5.37 ppm,
demonstrating the successful postpolymerization reaction.

The successful postpolymerization modification can be
shown via *C NMR spectroscopy as well and even for the
copolymer with a low fraction of 3.3% CEO (see Figure 6 and
Figure $15). Unfortunately, it was not possible to find a solvent
suitable for both copolymers before and after modification.
However, the change of the solubility can be taken as a first
indication for a successful postpolymerization reaction. As
presented in the zoom-in in Figure 6, the signal concerning the
cyanide group at 119.68—116.24 ppm disappears after
conversion and a signal at 160.14 ppm appears, belonging to
the carbon atoms of the carboxylic acid groups.

MALDI-ToF Mass Spectroscopy. Besides NMR spectrosco-
py, MALDI-ToF mass spectroscopy (MS) was performed to

o]

5:‘ OH I
é )
180 170 160 150 140 130 120 110 100
chemical shift (ppm)
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3.3% ﬂ
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170 160 150 140 130 120 110 100 20 80 70 60 50 40 30 20 10 0
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Figure 6, ’C NMR spectra of the CEQ-THF copolymer {300 MHz, CDCL,) with a fraction of 3.3% CEQ (bottom) and the same copolymer after
postpolymerization reaction to carboxylic acid groups (300 MHz, MeOD-d,,). Top: magnification of the relevant section.
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Figure 7. FT-IR spectra of several poly(THF-co-CAEQ )copolymers with varied CEQ content (3.3—8.4%) after transformation of the nitrile groups

te carboxylic acid groups.

gain information on the successful copolymerization of CEQ
and THF, as well as to investigate the complete postpolyme-
rization reaction of the cyanide groups. Furthermore, MALDI—
ToF MS is 2 method to support molecular weights obtained via
SEC or NMR spectroscopy, and to investigate possible
degradation of the copolymers during the modification step.

Figure S9 (top) depicts the spectra of two exemplary
poly(THE-co-CEQ) copolymers with a fraction of 8.4 and 6.9%
CEO, together with the spectra after postmodification to
carboxylic acids of the same (blue), as well as the magnification
of these spectra (bottom). A complete signal assignment is also
given in Figure §9. The results show that the copolymerization
of CEQ and THF was successful, resulting in incorporation of
both monomers. Furthermore, the postpolymerization reaction
was complete, given that no residual signals of the poly(THE-
c0-CEQ) copolymers were found. The average molecular
weights did not vary significantly before and after postpolyme-
rization modification (Figure $10). Molecular weights
determined by MALDI-ToF were slightly smaller than
observed via SEC or NMR. We attribute this to the so-called
“mass discrimination effect”, which underestimates higher
molecular weight fractions.” >

FT-IR Spectroscopy. As an additional method to investigate
the successful copolymerization of CEO and THF, and to
gather evidence for complete conversion to polyether polyacids,
FT-IR spectroscopy was carried out. The normalized spectra of
the five postpolymerized copolymers are depicted in Figure 7.
With increasing CEO fraction, the bands at 1600—1700 cm™
increase as well, which can be assigned to carboxylic salts, in
accordance to literature for carboxylic acids.

C. Postpolymerization Modification of Poly(THF-co-
CEO) Copolymers: Polyetheramines. Amino-functional
polyethers attract industrial as well as academic interest due
to their pH-responsive behavior.' ™' #*54559=01 Hawever, not
only the well-established and water-soluble poly(ethylene
glycol) has been applied for this purpose. The group of
Tsvetanov introduced an even more hydrophobic glycidylamine
derivative, glycidyl didodecylamine to provide high solubilizing
power toward extremely hydrophobic drugs.”

The postpolymerization of poly(THF-co-CEQ) copolymers
to polyether polyamines permits access to amine-functionalized
materials with moderate to high molecular weights. A
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combination of polyTHF with functional amine groups was
described in literature'" with the aim to construct dendrimer
containing hybrid networks.”” An additional strategy to
combine polyTHF with amine groups is the end-capping of
polyTHF to obtain “ditopic” macromonomers.” Possible
applications of these structures are envisaged especially in the
polyurethane (PU) production, since polyTHF is a widely used
material for the soft segments in PUs and since amines are
typically added to catalyze urethane formation.
Postpolymerization modification to P(THF,-co-CAmEQ,_,)
was carried out following the hydrogenation procedure
developed by Meijer et al. for polyamine dendrimers® and
recently published routes of our group.”® The poly(THF-co-
CEO)copolymer was dissolved in THF, the Raney cobalt
catalyst, dissolved in water, was added and the mixture was
stirred under H, pressure for 7 days. A detailed description is
given in the experimental section and the transformation is
shown in Scheme 1. Molecular weight before and after the
transformation determined via "H NMR is comparable as well.
The results are listed in Table 3 and show similar molecular

Table 3. Characterization Data from 'H NMR
Measurements for the Series of Poly{THE-co-CEQ)
Copolymers and the Modification to P(THF,-co-
CAmEO,_,)

M,(NMR/g-mol )"
P(THF,c0.CEO,.)  P(THF,co.CAmEO, )

CEO content™/%

8.4 9400 Q000
69 9100 7700
6.3 13400 8700
46 21800 9600
33 10900 10400

“Calculated via 'H NMR spectra in CDCl,, 300 MHz.

weights before and after modification, with the exception of the
sample with 4.6% CEO fraction. Here, the molecular weight
after postmodification is lower after hydrogenation, which
attribute this to solubilizing effects of the amine groups in the
solvent.
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Figure 8. 'H NMR (300 MHz, CDCL,} of P(THE,gs-co-CAMEQ, o5} (top) and the poly(THE-co-CEO) copolymer with a fraction of 4.6% CEO

(bottom) and the magnification of the relevant signals, respectively.

"H NMR Spectroscopy. Figure 8 shows the 'H NMR spectra
of the amine-functional polyTHF copolymers, together with a
magnification of the relevant sections, of P(THF,gs-co-
CAmEQ, ;) (top) and of the poly(THF-co-CEQ)copolymer
with a fraction of 4.6% CEO (bottom), respectively. A detailed
assignment of the signals stemming from the polymer backbone
of poly(THF-co-CEQ)copolymers was given in the context of
the kinetic studies (Figure 5) and is comparable to the signal of
the backbone of the postmodified copolymers. A clear
transformation of the signals before and after postmodification
is visible and depicted in the magnifications. The signal
assigned to the CH groups at 4.54 ppm disappears completely
and a new signal occurs at 4.26—4.21 ppm (Figure 8, top, on
the left, a). Furthermore, a signal at 2.19 ppm appears, which
can be assigned to the CH, groups next to the nitrogen atom.
The chemical shift of this signal is in analogy to comparable
structures in literature,'>"*

It is interesting to note that above a concentration of 7 mg
mL™" of the amine-functionalized copolymers in suitable
solvents gelation is observed. Suitable solvents for the
formation of organogels are all solvents that dissolve the
THF units in the backbone, as listed in the Supporting
Information (Table SI 1). The copolymers can be redissolved
after drying of the gels and used for the generation of
organogels again reversibly. Further work on the nature of
gelation in these materials is in progress. Unfortunately, this
effect impedes “C NMR measurements, due to a higher
attended amount of the material in comparison to "H NMR
measurements. However, the successful postmodification of the
CEO-THF copolymers to amine groups was confirmed via
MALDI-ToF MS as well as with FT-IR spectroscopy.

Via MALDI-ToF MS the transformation of the cyanide
groups to amine groups was investigated. Figure S12 in the
Supporting Information presents the spectrum of the exemplary
poly(THF-co-CEO) copolymer, modified to amine groups,
with a fraction of 8.4% CEO. No residual signals for
unmodified polymer chains were founded, as can be seen
after overlaying both spectra (see Figure $13). Besides
MALDI-ToF MS, FT-IR spectroscopy was carried out to
investigate the formation of amine groups (Figures $17).
Typical for amine groups two bands at 1603.41 and
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1519.3 cm™' appear, which can be assigned to primary
amines.®* At 1003.91 cm™" the C—N stretch is visible, followed
by the “out-of-plane NH bend” at 858.65 cm™".""** The results
confirm the successful transformation of the cyanide groups to
carboxylic acid and amine groups, respectively.

D. Properties of the Polyether Copolymers. Differential
scanning calorimetry (DSC) has been used to quantify the
thermal properties of the materials. Table S2 lists the resulting
melting points (T,,) of the poly(THF-co-CEQ) copolymers
with CEO fractions from 3.3 to 8.4%, as well as of the
copolymers after postmodification to carboxylic acid and amine
groups, respectively. With increasing amount of CEO in the
copolymers the melting points decreased slightly from 30 (3.3%
CEQ) to 21 °C (8.4% CEQ). The same trend can be seen for
the carboxylic acid containing polymers, where the melting
point decreased from 26 to 18 °C and for the amine containing
polymers, where the melting point decreases from 28 to 23 °C
(3.3 to 6.9% CEOQ). The melting points of the copolymers with
carboxylic acid groups are slightly lower than before post-
modification and lower than the melting points of the amine
functionalized analogues (see Figure S18). This is in
accordance with literature on related systems.'® In one case
no melting point of the amine functionalized copolymers could
be obtained. This might be attributed to the functional amine
groups, which seem to impede crystallization of the material.
For the polyTHF homopolymer T, values can be found in
some publications and vary between —65'° and —84 °C.*°

Contact Angle Measurements. Besides the investigation of
the thermal behavior, contact angle measurements of water on
P(THF-co-CEQ)-films have been carried out to assess surface
properties of the materials. Furthermore, contact angles on
films of P(THF-co-CEAQ) as well as P(THF-co-CEAmQ) were
measured to investigate the different surface tensions of these
materials, before and after postmodification. As expected, with
decreasing CEO content in the copolymers, the materials
showed increasing solubility in hydrophobic solvents. After
postmodification, the carboxylic acid groups in the copolymer
should contribute to lowered contact angles. Figure 9 shows the
measured contact angles for the copalymers (Figure 9, black:
P(THF-co-CEQ), green: P(CEAmO-co-THF), red: P(CEAO-
co-THF)). Silicon wafers were coated using copolymer
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Figure 9. Contact angles of water at P(CEO,co-I'HF,_,)-films at
different CEQ,/T'HF ratios (black}, as well as contact angles of water
on postmodified copolymer-films to carboxylic acids (red} and amines
(green).

solutions in chloroform or THE. Subsequently, the solvent was
evaporated under reduced pressure at 90 °C for 24 h. With
increasing amount of CEO the contact angle decreased from
60.7° for 3.3% CEO units down to 48.0° for 8.4% CEQ units.
For the apolar polyTHE, we obtained a contact angle of 72.7°.
The results mirror the content of CEQ, as expected. After
postmodification, contact angles decrease slightly for the
carboxylic acids as well as for the amines, however the effect
is more pronounced for the carboxylic acids. For instance, for
the copolymer with 8.4% carboxylic acid groups the contact
angle decreases to 17.8% reflecting a highly polar film surface.
With regard to the high contact angle of polyTHF (72.7°),
even the low content of 8.4% carboxylic acid groups in the
materials shows a strong cffect on the contact angles.

E. Mineralization of Calcium Carbonate. To the best of
our knowledge, polyethers with carboxylic acids have not been
employed for mineralization experiments, mainly due to their
very limited availability. In the case of the carboxylic acid
functional polyT"HF copolymers, the unusual combination of an
apolar backbone with a controlled number of hydrophilic
carboxylic acid groups is an intrigning precondition for such
studies. CaCOQj is a well-established inorganic model system for
studying the effect of additives on the crystallization
behavior.*7**%7 Besides its industrial importance as a major
source of water hardness,”™ as a mineral filler®”” or raw
material for construction chemicals'*”* CaCOy also represents
the most common biomineral with complex morphologies and
crystals exhibiting defined crystallographic orientations in
shells”™ and exoskeletons.”*"® A key feature of many
blominerals is that they are composed of smaller crystals of
similar size and shape, which are arranged in a regular periodic
pattern. Célfen and co-workers coined the term mesocrystal®”
to describe this oriented aggregation, where the smaller crystals
have parallel crystallographic :zJignment.ﬂ"T" Especially for
potential use as antiscalant or as soft component in a CaCO,
hybrid material the influence of polyether polyacids on the
precipitation of CaCO); has to be understood.”™ In this context,
the postmodified carboxylic acid functional poly(THF-ca-CEQ)
copolymers have been used as additives to crystallize CaCO; on
quartz glass slides,

As shown in Figure 10, without any additive CaCOj
crystallizes in its thermodynamically most stable polymarph
calcite with rhombohedral crystal morphology and crystal sizes
between 10 and 20 #m and terminated by the [104] facets (the
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Figure 10. SEM images (A, B) calcite reference; (C—F) calcite crystals
precipitated in the presence of 0.04 mmol-L ' of postmodified
copolymer with a fraction of 8.4% CEO (sample 1, listed in Table 2)
to polyacids.

most stable and apolar surfaces). The most pronounced effect
on crystal growth is observed on facets with highest polarity.
These are the [010] and [012] facets, which are oriented
parallel to the spatial (¢ axis) of the thombohedra.” In the
presence of polar additives polar steps are formed because of a
stabilization of the polar edges.79 If this occurs extensively, the
crystals will be clongated along the ¢ axis," as shown in the
SEM images in Figure 10D—F. In addition, the decrease of the
crystal size from approximately 10—20 gm to 3—35 gm through
the polyether-polyacid additive (Figure 10C) indicates either
(i) an increase of the nucleation density or (i) an inhibition of
the crystal growth. The model of growth inhibition is supported
by a statistical evaluation of the sizes of 100 mesocrystals
(Figures S19 and 520, Supporting Information) formed after
adding modified copolymers with increasing amounts of CEQ.
A plot of the number of carboxylate groups of the polymer
versus the maxima of the Gaussian trend lines (Figure S19)
clearly shows a linear decrease of the CaCQ; crystal size with
the content of carboxylate groups in the PTHF copolymers.
This indicates that strong surface binding of the polymer to the
crystal steps through Ca’ surface complexation and a
concomitant increase of the number of steps {Figure $21
C,D for 3.3% of CEO and Figure 10 for 8.4% of CEO). The
polar steps are stabilized to a different extent by CEQ groups,
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as illustrated in Scheme S1 (Supporting Information). We
assume that for copolymers with a smaller amount of
statistically distributed acidic groups a more flexible polymer
chain is adsorbed on the polar facets. The loosely bound
polymer does not provide full surface coverage, and CaCO;,
continues to precipitate, whereas an even higher amount of
CEOQ groups forces stronger, less loopy and thus tighter binding
of the polymer. This prevents ions from adsorbing on the
edges, and new edges start to form. Surprisingly, the
hydrophobic backbone appears to exert a stronger stabilizing
effect than the acidic binding groups due to steric shielding,
The growth of calcite rhombohedra can be understood from
Figure 10F showing a calcite mesocrystal with the characteristic
calcite morphology composed of nanoscopic surface-function-
alized building blocks. This is in agreement with the outcome of
previous studies, where a polymer-induced liquid precursor

phase (PILPY*™" stabilized by PAA™*~ or Ca-binding
proteins's’w'mi played a leading role for the formation of
mesocrystals.””

This hypothesis is also supported by TEM images (Figure
11) showing the formation of an amorphous (PILP) polymer-

s
100 nm

Figure 11, T'EM images of polymer micelles before crystallization (A),
polymer micelles and PILP after 1 h [B}, agglomerated ACC from
PILP after 2 h (C), microstructure of CaCQ; particles agglomerated
on calcite rhombohedra after 4 h of reaction time (D). All samples
were prepared in the presence of 0.04 mmol/L of postmodified
copolymer with 8.4% CEQ fraction.

stabilized liquid-like phase. The solidification of the liquid
droplets (Figure 11A) starts 1 h after initiating the ammonia
diffusion in a desiccator (Figure 11B). Further increase of the
CQ, concentration leads to the formation of amorphous
calcium carbonate (ACC) agglomerates from the PILP (Figure
11C) and CaCO, particles agglomerated on the surfaces of
calcite rhombohedra.

The effect of the polymer is also visible in the Raman spectra
(Figure $22, Supporting [nformation), where besides the calcite
bands a background fluorescence signal of the polymer was
observed. The lattice mode at 283 cm™' is shifted to lower
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wavenumbers (279 cm™'). The broadening of all other signa]s
indicates the presence of noncrystalline domains.””” In
essence, the strong surface binding properties make polyTHF
polyacids an efficient crystallization inhibitor for the precip-
itation of CaCO; (in anzlogy to the more polar PAA).™ 'The
strong stabilization in spite of a smaller number of acidic groups
is due to steric shielding of the polar edges by the more

hydrophobic backbone of polyTHF,

Bl CONCLUSIONS

PolyTHF is generally known as an apolar, flexible polymer. In
this work, we demonstrate that copolymerization of minor
amounts of a novel functional epoxide can be exploited to
generate new polyTHF copolymers that are water-soluble at
elevated pH and can even be used for mineralization studies in
aqueous solution, despite the mainly apolar polyTHE backbone
structure. l'o date copolymers consisting of THF and
functional monomer units have hardly been investigated.* ™"
Here the random cationic ring-opening copolymerization of
THF and cyano ethylene oxide {(CEO) has been studied, using
varied CEO fractions from 3.3 to 29.3% and molecular weights
in the range of 5100 and 31900 g'mol™ (molecular weight
distributions: 1.31—1.74, SEC in THF, PS standards, RI
detector). The polymerization was conducted with methyl
trifluoromethanesulfonate (MeQ1Tf), and kinetic studies
concerning the reactivity of both monomers have been
performed via NMR spectroscopy. Furthermore, we present
postmodification reactions of the cyano groups to carboxylic
acid groups as well as to amine groups in a one-step pracedure.
The copolymerization of CEQ and THF and the post-
modification reactions have been characterized via NMR,
MALDI-ToF mass and FI-IR spectroscopy. The thermal
properties of the materials have been examined via DSC. To
investigate surface properties, contact zmgles have been
measured, which can be tuned in the range of 72.7° to 17.8°
by varying the CEO fraction as well as by postmodification.
The effect of polyether polyacids with different amounts of
carboxylic groups on the crystallization of CaCOj is not only
dominated by the number of carboxylate groups but also by the
steric shielding of the hydrophobic polyTHE backbone. The
polyether polyols seem to play multiple roles during
crystallization by (i) acting as nucleation sites, (ii) stabilizing
liquid droplets of amorphous CaCO; (PILP) and (iii)
inhibiting the growth of calcite by surface binding, Further
studies on the materials properties of these unusual functional
polyethers are under way.
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Hierachical Ni@Fe,O3 superparticles through
epitaxial growth of y-Fe,Oz nanorods on in situ
formed Ni nanoplatest
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One endeavour of nanochemistry is the bottom-up synthesis of functional mesoscale structures from
basic building blocks. We report a one-pot wet chemical synthesis of Ni@y-Fe,Oj3 superparticles contain-
ing Ni cores densely covered with highly oriented y-Fe,O5 (maghemite) nanorods (NRs) by controlled

reduction/decomposition of nickel acetate (Nifac);) and Fe(CO)s Al

diffraction tc 1\

(ADT) of the Ni-Fe,Oj5 interface in combination with Méssbauer spectroscopy showed that selective and
oriented growth of the y-Fe,O3 nanorods on the Ni core is facilitated through the formation of a
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Introduction

Nano-heterostructures containing chemically distinet com-
ponents have great potential for advancing nanomaterial
research by providing a means to define diverse functionalities
within single nanoparticles.' Moreover, new properties that do
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TEl i ! (ES1) available: Synthesis scheme of

catechol-PEG (Scheme $1), GPC trace (R1, DMF, PEG standard) of CA-PEG,,
(Fig. $1) "H NMR spectrum (400 MHz, methanol-d,) of catechol-PEG (C-PEG;)
(Fig. 82), EDX spectrum of NigosFeqas precursors (Fig. $3), HRTEM of a super-
particle in two view directions (Fig. $4), TEM images of Nigos Feq o5y Fe,04
nanoparticles at different growth stages (Fig. S5), digital photograph of reaction
mixture at different temperatures (Fig. S6), orientation of the lattice of the

Feg psNipgs alloy and the appearance of superstructure features that may reduce strain at the Ni-Fe,O5
interface. The common orientation of the maghemite nanorods on the Ni core of the superparticles leads
to a greatly enhanced magnetization. After functionalization with a catechol-functional polyethylene
glycol (C-PEG) ligand the Ni@y-Fe,Os superparticles were dispersible in water.

not exist in the individual components may arise from strong
interfacial interactions at the nanoscale. In recent years, some
progress has been made concerning the fabrication of nano-
composites with spherical,” coaxial core-shell,” or one- and
two-dimensional (1D and 2D) heterojunction structures.*® To
explore potential applications, architecturally assembling of
primary nano-building blocks into specific geometric forms is
needed. However, despite a few reported hierarchical com
complex structures” " a general scheme for the controlled
organization and the preferential crystallographic orientation
of the secondary structure is lacking.

Therefore it would be desirable to obtain nanostructured
materials, where the individual units, each of them characteri-
zed by its particular physical properties, surface chemistry and
morphology, can be combined into a single nano-object. In
the realm of nanostructures there are examples of architectures
based on inorganic materials, such as nanowire superlnttices,“
or multi-layered nanowires.'™'® A central target of colloidal
nanocrystal research is to create similar - or even more complex
- structures while leveraging the advantages of solution-phase
fabrication, such as low-cost synthesis and compatibility in dis-

NigysFey s core with respect to that of triangular and
(Fig. §7), geometrical relations between hexagonal lattice of the NigosFeo o5 core
and cubic cell of Ni (Fig. $8), magnetic properties of the Nigiy-Fe,0, core shell
nanoparticles (Fig. $9). See DOJ: 10.1039/c6nr00065g

1§ Present address: In: t fir Chemie - Anorganische Chemie, Martin-Luther-
Universitiit Halle-Wittenberg, Kurt-Mothes-Str. 2, 06120 Halle, Germany.

9548 | Nanoscale, 2016, 8, 9548-9555

parate envi Important  fundamental components
could be catalytically active metals like Ni,'” pd'* or Pt'"" and
magnetic metal oxides like Fe,0, ** or Fe;0,.""

‘The chemical functionality of the individual components
allows studying the assembly of such hetero-nanostructures.*'
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Multicomponent core@shell,” yolk@shell® or phase-segre-
gated heterodimer®**® particles or materials containing metal
and magnetic metal oxide components with different compo-
sitions  like Pt@Fe;0,,>° Au@Fe;0,,°>">°  FePt@MnO,™
Ag@Fe;0,,*" Au®MnO*® or Au@MnO@SIO, ** have attracted
particular attention. The synthesis of these hetero-nano-
particles is facilitated when the interfacial energy is reduced
by epitaxial growth, ie., an extremely thin metallic interlayer
forming at the interface, because the two components have
similar lattice parameters.**” The synthesis of nanoparticles
by thermolysis of organometallic precursors in the presence of
surfactants is a unique tool to control the kinetics of phase
equilibria and particle aggregation, because phase formation
and ordering of the components at the nanoscale are under
molecular control. They depend on (i) the decomposition
temperatures of the precursors, (ii} the relative activation ener-
gies for nucleation, and (iii) interfacial energies which are dic-
tated by interactions of the surfactant and the solvents with
the particle surfaces. Despite tremendous efforts to find a
general synthetic access to such heterostructures, it still
remains a challenge to prepare nanoparticles with complex
structures e.g. superparticles having well-controlled sizes,
shapes, compositions, and properties. To the best of our
knowledge there is no report for the synthesis of superparticles
using colloidal protocols. We have demonstrated the relevance
of the precursor decomposition temperature by the selective
synthesis of nanocrystals of the ternary compounds CoFe,0y,
CuFe,0, and phase segregated Co@Fe,0; and Cu@Fe;0, het-
eroparticles.””*>* Based on these findings, we report here the
controlled synthesis of colloidal hetero-superparticles consist-
ing of nanoplates densely decorated with highly oriented
maghemite (y-Fe,0;, defect spinel) nanorods. Typically, par-
ticles in the size range of ~200 nm are difficult to solubilize
(e.g. using low molecular weight C-PEGs). The catechol moiety
is an excellent anchor group for high-valent metal oxide
surfaces,” ™" and in combination with PEG ensures excellent
solubility of the superparticles in aqueous media. The com-
monly used established procedures to obtain catechol-func-
tional PEGs are based on coupling chemistry, starting from a
dopamine derivative and commercially available functional
PEGs, e.g. NH,-PEG or NHS-PEG,” ™ but the palette of com-
mercial PEGs with specific end-groups and different molecular
weights is limited and can be high-priced. Therefore we use a
new synthetic procedure for catechol-functional PEGs based
on anionic ring opening polymerization of ethylene oxide (EO)
starting from a protected catechol-initiator. This synthetic
strategy allows precisely tailoring the chain-length of PEG
through the initiator to monomer ratio and guarantees well-
defined polymers through the living character of the polymeri-
zation. Further, additional functional groups could easily be
introduced by various terminating agents or by incorporation
of functional epoxides.*>*® The as-synthesized superparticles
could be solubilized after functionalization with a new cate-
chol-polyethylene glycol (C-PEG) polymer ligand.®” After
functionalization the superparticles formed stable dispersions
in a range of solvents including water.

This journal is © The Royal Society of Chemistry 2016
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Experimental

Materials

Iron(0) pentacarbonyl (Fe(CO)s, 99.5%, Acros), nickel(u} acetate
tetrahydrate (Ni(ac),-4H,0, 99%, Flukaj}, oleic acid {aldrich},
oleylamine {80-90%, Acros), trioctylphosphine ([CH;(CH,); 5P,
99% Sigma-Aldrich), ethanol (99.8%, Roth), toluene (>99%,
Aldrich), hexane (p.A. Fisher}), dichloromethane DCM
(p.A. Fisher}, dimethylformamide (DMF) {extra dry, >99.8%,
Acros), diethyl ether (p.A. Fisher} were used as received
without further purification.

Polymer synthesis

Ethylene oxide (99.5%} was purchased from Aldrich and hydro-
chloric acid (37%) from VWR chemicals. Chloroform-d was
purchased from Deutero GmbH. All other solvents and
reagents were ordered from Acros Organics.

Synthesis of Ni@y-Fe,0; superparticles

Hierarchically decorated Ni@y-Fe,O; superparticles were syn-
thesized by mixing 62.25 mg (0.25 mmol} of nickel acetate
Ni(ac),, 7 mL of oleylamine, 1 mmol of trioctyl-phosphine, and
2 mmol of oleic acid and stirring them for 20 min under the
inert condition before increasing the temperature. The mixture
was heated to 120 °C for 20 min. Subsequently, 67.55 pL of
Fe(CO)s were added and the solution was heated 180 °C for
30 min and cooled slowly to room temperature. A black
product was precipitated from the solution by adding an
excess of ethanol. The precipitate was separated by centrifu-
gation {9000 rpm, 10 min, RT}. Finally, the product was dis-
solved in toluene, flushed with argon (Ar} and stored at +4 °C.

Synthesis of catechol initiated PEG by anionic ring opening
polymerization of ethylene oxide (CA-PEG)

The synthesis of catechol-initiated PEG (CA-PEG) was per-
formed as described recently.®” Under argon atmosphere, 2,2-
dimethyl-1,3-benzodioxole-5-propanol {catechol-acetonide-OH,
CA-OH) (1 eq., 136.9 mg, 0.66 mmol} and cesium hydroxide
(CsOH-1H,0} (0.8 eq., 87.9 mg, 0.53 mmol) were suspended in
10 mL of benzene and heated to 60 °C for 30 min. Sub-
sequently, the partially deprotonated initiator was evacuated at
55 °C for 12 h. About 15 mL of dry THF (stored over sodium}
were cryo-transferred into the flask followed by the addition of
5 mL of DMSO by a syringe. The mixture was stirred for
15 min at room temperature to ensure complete dissolution of
the cesium alkoxide, followed by cooling the flask to —80 °C.
2 mL of ethylene oxide (67 eq., 44 mmol} were cryo-transferred
into the flask via a graduated ampoule. The polymerization
proceeded for 12 h (55 °C) and was stopped by addition of
0.5 mL methanol. The polymer was precipitated into ice cold
diethyl ether and separated by a centrifuge, yielding CA-PEG in
a quantitative yield.

"H NMR (CDCl;, 400 MHz): 6 (CHCl; = 7.26 ppm) 6.63-6.56
(m, 3 H, Harom), 3-82-3.41 {m, backbone and CH,-O-PEG), 2.57
(t; 2 H, CHy pengy1), 1.88-1.79 (m, 2 H, CH,), 1.65 (s, 6 H, CH3).

Nancscale, 2016, 8, 9548-9555 | 9549
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Deprotection of the acetonide group (C-PEG)

Aecording to ref. 47, 100 mg of CA-PEG were dissolved in 5 mL
of aqueous hydrochloric acid (1 mol L} and stirred for 12 h,
letting the The
removed under reduced pressure (107° mbar), and the
polymer was dissolved in methanol, precipitated into ice eold
diethyl ether and separated by a centrifuge. The yield was
quantitative.

'H NMR (methanol-d,, 400 MHz): § (MeOH = 3.31 ppm,
4.87 ppm) 6.67-6.62 (m, 2 H, HO-C-CHyop), 6.51-6.48 (m,
1 H, CHarom), 3.82-3.41 (m, backbone and CH,-O-PEG}, 2.53
(t, 2 H, CH; pengy1 ), 1.84-1.78 (m, 2 H, CH,).

cleaved acetone escape. solvent was

Surface functionalization of Ni@y-Fe,0; superparticles with
CA-PEG

20 mg of Ni@y-Fe,O; superparticles dispersed in 20 mL of
chloroform were dropped slowly over 1 h into the above syn-
thesized polymer solution (40 mg/10 mL, of chloroform). The
reaction was continuously stirred at room temperature for 5 h
under inert conditions. The functionalized nanoparticles were
precipitated by addition of hexane (90 mL} und separated from
unbound polymer and surfactants by centrifugation. The
Ni@ry-Fe,0; superparticles were washed twice by dispersing
them in a mixture of chloroform, hexane {1:3} and by phase
transferring into water.

Physical characterization

Electron microscopy. The size and morphology of the as-
synthesized Ni@y-Fe,O; NPs were investigated using trans-
mission electron microscopy (TEM, Philips EM 420 with an
acceleration voltage of 120 kV). Samples for TEM were pre-
pared by placing a drop of dilute NP solution in hexane on a
carbon coated copper grid. Low-resolution TEM images were
recorded on a Philips EM420 microscope operating at an accel-
eration voltage of 120 kv. STEM data and ED patterns were
obtained on a FEI Tecnai F30 S-TWIN with a 300 kV field emis-
sion gun.

X-Ray diffraction. XRD measurements were performed on a
Bruker D8 Advance diffractometer equipped with a Sol-X
energy-dispersive detector and operating with Mo Ko radiation.
Crystalline phases were identified according to the PDF-2 data-
base, using Bruker AXS EVA 10.0 software. Full profile fits on
the basis of the crystal structural models**** were performed
with TOPAS Academic 4.1°%°" applying the fundamental para-
meter approach.

Mossbauer spectroscopy and magnetic  susceptibility
measurements. Mossbauer spectra were obtained at room
temperature, 150 K, 87.5 K and 4.2 K with a constant accelera-
tion transmission Méssbauer spectrometer and a *’Co (Rh})
source. An «Fe foil was used to calibrate the Mbssbauer
spectrometer in a velocity range of +10 mm s™'. Magnetic
measurements were carried out using a Quantum Design
MPMS-XL SQUID (superconducting quantum interference
device) magnetometer.

9550 | Nanoscale, 2016, 8, 9548-9555
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Automated electron diffraction tomography (ADT)

Automated electron diffraction tomography (ADT} is a method
for ab initio structure analysis of nanocrystals. ADT allows fine
sampling of the reciprocal space by sequential collection of
electron diffraction patterns while tilting a nanocrystal in fixed
tilt steps around an arbitrary axis. Electron diffraction is col-
lected in nano diffraction mode (NED} with a semi-parallel
beam with a diameter down to 50 nm. For crystal tracking
micro-probe STEM imaging is used. Full automation of the
acquisition procedure allowed optimization of the electron
dose distribution and therefore analysis of highly beam sensi-
tive samples. Cell parameters, space group and reflection
intensities can be determined directly within a reconstructed
3d diffraction volume using a dedicated software package
(ADT3D}. Intensity data sets extracted from such a volume
usually show a high coverage and significantly reduced dyna-
mical effects due to “off-zone” acquisition. The use of this data
for “ab initio” structure solution by direct methods
implemented in standard programs for X-ray crystallography is
demonstrated. NED, automated diffraction tomography (ADT}
and HRTEM were used for crystallographically characterizing
the superparticles. Automated electron diffraction tomography
(ADT) is a method for ab initio structure analysis of nanocrys-
tals,”~? which allows fine sampling of the reciprocal space by
sequential collection of electron diffraction patterns while
tilting a nanocrystal in fixed tilt steps around an arbitrary axis.
Electron diffraction is collected in nano diffraction mode
(NED} with a semi-parallel beam with a diameter down to
20-50 nm.>*

"H NMR. 'H NMR spectra {400 MHz) were recorded using a
Bruker Avance III HD 400 apparatus operated at 400 MHz with
a 5 mm BBFO-SmartProbe (Z-gradient} and an ATM as well as
a SampleXPress 60 auto sampler. GPC measurements were per-
formed in DMF (containing 0.25 ¢ L™ lithium bromide as an
additive}. An Agilent 1100 Series was used as an integrated
instrument, including a PSS HEMA column ({106/105/104 g
mol™}, a UV (275 nm) and a RI detector. Calibration was
carried out using poly(ethylene glycol} standards purchased
from Polymer Standards Service.

Results and discussion
Synthesis of Ni@y-Fe,0; superparticles

The synthesis of the Ni@y-Fe,0; superparticles with a central
Ni nanoplate core (~100 nm} and y-Fe,Os (~30 nm} nanorods
domains is illustrated in Fig. 1. In the first step, Ni nano-
particles were nucleated homogeneously via co-reduction by
heating nickel acetate, Ni(ac),, in the presence of iron penta-
carbonyl, Fe(CO)s, at 120 °C. The emerging Ni nuclei trans-
formed to Ni nanoplates {confirmed by examining aliquots at
140 °C) still significantly below the decomposition tempera-
ture (T = 180 °C) of Fe{CO}s. In the final heating step at 180 °C
v-Fe,0; nanorods grew epitaxially on the preformed Ni nano-
plates. The products were precipitated and separated by cen-
trifugation (9000 rpm, 10 min, RT}).

This jourral is © The Royal Sociaty of Chemistry 2016
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Ni nuclei 140°C ‘A.. 180°C
>@A

© % 7min
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0°

30 min

Ni nanoplates

Ni@Fe,0;

120 °C|Fe(CO)s superparticles

<>

C-PEG functionalized
— = " Ni@Fe,0; superparticle
Water solubility

Fig. 1 Synthesis of Ni@y-Fe,Oz superparticles. Initial Ni nuclei obtained
by thermolysis of Ni(ac), transform to Ni nanoplates with a N .Fe,
interlayer in the presence of Fe(CO)s, from which highly oriented
v-Fe,Oz rods grow epitaxially (OM stands for oleylamine, TOP for tri-
octyl-phosphine, and OA for oleic acid). The resulting Ni@y-Fe,Oz
superparticles are functionalized with a catechol-polyethylene glycol
(C-PEG) ligand to achieve water solubility.

Polymer synthesis

The as-synthesized superparticles were functionalized using
catechol-polyethylene  glycol (C-PEG) polymer ligands®’
(Scheme $1t), which were characterized by "H NMR spec-
troscopy and GPC (Fig. S1 and 271). The C-PEG ligands were
synthesized via anionic ring opening polymerization of ethy-
lene oxide (EO) starting from a protected catechol-initiator.
This synthetic strategy allows a precise tailoring of the chain-
length of PEG through the initiator to monomer ratio and
guarantees well-defined polymers because of the living charac-
ter of the polymerization.*” A cartoon of a C-PEG functiona-
lized Ni@Fe,0; superparticle is shown in Fig. 1. It is worth
mentioning that particles of this size (~200 nm) cannot be
solubilized using low molecular weight C-PEGs. After
functionalization the superparticles were easily dispersible in
water; the dispersions were stable for several weeks.

Superparticle growth mechanism

The growth of the Ni@y-Fe,O; superparticles was monitored
by taking “snapshots” at given time intervals using trans-
mission electron microscopy (TEM). After ~6 minutes plate-
like structures were formed (Fig. 2a and b). High-resolution
transmission electron microscopy (HRTEM) images revealed
that the smallest particles (20-30 nm) were polycrystalline,
often displaying penta-twinned structures (Fig. 2a), whereas
larger plate-like particles (30-80 nm) had a well-defined tri-
angular morphology. EDX showed the particles to have a com-

This journal is € The Royal Socety of Chernistry 2016
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Fig. 2 Growth mechanism: Feg osNig o5 precursors after a reaction time
of 5 minutes. (a) HRTEM of a pentagonally twinned particle. (b) HRTEM
image and (c) NED of a single-crystal flat particle displaying a hexagonal
pattern with d-distances of 2.2(1) A.

position Fe, ¢sNigos (Fig. S31). They were single crystalline
(shown by HRTEM and nano-electron diffraction (NED)) with a
hexagonal pattern and d-values of 2.2(1) A (Fig. 2b and c). At
this stage, all particles had a flat triangular or hexagonal habit
in agreement with an earlier report by Leng et ¢l.*” and a com-
position of Fe, o;Niges as determined by NED, ADT and
energy-dispersive X-ray spectroscopic EDX.

When heating slowly to 180 °C, y-Fe,0; nanorods started
nucleating on the Fey 4sNigos cores. Their growth proceeded
anisotropically (Fig. 3a). To show a better overview, an SEM
image is provided Fig. $4.f The image further confirms hier-
archical arrangements of nanodomains in three dimensional
(3D) patterns. EDX line profiles taken across the superparticles
showed the rods to consist of Fe,O; nanorods decorating a
core of metallic Ni plates containing a minor amount of Fe
(Fig. 3b). The corresponding STEM image (Fig. 3¢) confirms

Fig. 3 Growth of Ni@y-Fe,Osz superparticles. (a) Zoom of a superparti-
cle showing preferential orientation of the rods growing on the large flat
surfaces and the scattered orientation of the rods growing on the core
side. (b) An EDX scan (along the red line) confirmed the elemental com-
position of the superparticle with the aid of a z-contrast image (STEM).
(c) Corresponding Ni@y-Fe,O3 superparticle. (d) HRTEM of a superparti-
cle at an early stage with nucleated domains of [111] oriented Fe,Os. {e)
HRTEM image of a superparticle showing rods growing on the main
surface of the Ni plate and viewed along the main direction of growth,
ie. [111]. (f) HRTEM image showing rods growing on the side of the Ni
plate with vector 111 pointing along out from the superparticle.

Nanoscale, 2016, 8 9548-9555 | 9551
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the presence of FegosNipes cores and hierarchically grown
Fe;0; nanorods. Initially the rods covered only the flat surfaces
of the Fey g5Nigss cores and grew perpendicular to the cores
(Fig. 3d).

In Fig. S5 a z-contrast image from an upright standing
plate gives a side view of the superparticles. The strong con-
trast difference bhetween the Fe,O, decoration and the very
bright Ni plates was confirmed by energy-dispersive X-ray spec-
troscopic (EDX) line scan analysis. The average plate thickness
was about 10 nm; this could be shown for many plates of
different lateral size by tilting the samiple. As the supercrystals
kept growing, additional rods appeared on the side of the
FeyosNipos cores with a less ordered orientation. The fully-
grown nanorods were about 10 nm in diameter and about
30 nm in length (Fig. 3e). HRTEM images confirmed the main
direction of the rod growth to be always [111]. Most nanorods
developed orthogonally to the surface of the Ni plate, showing
in projection a typical hexagonal base (Fig. 3e). Other rods
grow on the lateral side of the Ni plate, with the [111] vector
pointing out from the superparticle surface.

The size and density of the y-Fe,0; nanorods could be con-
trolled by varying the concentration of the Fe(CO); precursor
in solution. The TEM images in Fig. 4a and b show that by
reducing the concentration of Fe(CO); the size and density of
the y-Fe,0; nanorods decreased (Fig. 4a), whereas an increase
of the Fe{(CO)s concentration induced the formation of dense
and almost 100 nm long y-Fe,0, nanorods (Fig. 4b). However,
when Fe(CO); was injected at 180 °C, fe. the decomposition
temperature of Fe(CO);, a mixture of Ni plates and iron oxide
nanoparticles (Fig. S6at) was obtained. Further increasing the
injection temperature to 240 °C lead to the formation of core-
shell nanoparticles, because the Ni cores had adopted already
a spherical shape (Fig. S6bt). When the amount of Fe(CO);
was reduced to 10 pl, the reduction of the nickel precursor was
incomplete, and agglomerated iron oxide nanostructures were
formed (Fig. S6¢t), whereas the injection of excess Fe(CO)s
lead to the formation of Ni@y-Fe,(; superparticles with iron
oxide nanorods ~100 nm long and also isolated iron oxide
nanoparticles (Fig. S6dt). The reaction in the absence of
Fe(CO); did not allow a reduction of Ni as indicated by the

Fig. 4 (a, b} In order to control the density and size of the y-Fe,0z; domains
the concentration of the Fe{CO)s was reduced {a) and increased {(b).

ale, 2016, 8, 9548-9555
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LAT1
=2+h2+ihh

0}

Fig. 5 NED and ADT characterization of mature FepgsNipss@y-FeaOz
superparticles. (a) NED pattern from the particle inset {scale bar =
50 nm). (b) The pattern could be indexed with two hexagonal patterns
with d values of 3.0(1) A (in yellow) and 2.2{1) A (in violet), respectively.
{c) ADT 3D diffraction reconstruction viewed along the vertical and (d)
along a lateral side. The two lattices identified by ADT are sketched in
yellow {LAT1) and violet (LAT2).

color of solution even after heating to 180 °C for 30 min
(Fig. S7%).

The superparticle formation is therefore clearly a hierarchi-
cal assembly, as the oxidation of Fe starts only after the Ni-
based cores are fully developed. Selected area electron diffrac-
tion (SAED) patterns taken either from triangular or hexagonal
superparticles could be fully described using two different lat-
tices (Fig. 5a and h). One lattice is congistent with that already
ohserved for the plate-like precursor, ie. two d distances of
2.2(1) A crossing at 60°. The second lattice is also hexagonal,
with d values of 3.0(1) A, and it is iso-oriented with respect to
the first one.

Ni@y-Fe,0; superparticle structure

ADT?® was used to obtain a three-dimensional ditfraction
reconstruction from four independent superparticles (Fig. 5¢
and d). The reconstructions were equivalent for triangular and
hexagonal shapes. Besides diffuse scattering, presumably pro-
duced by randomly oriented y-Fe,O, rods, two single crystal
lattices could be identified (Fig. 5). The first lattice (LAT1) cor-
responds to a face-centered cubic cell with @ = 8.4(1) A, consist-
ent with the maghemite (y-Fe,03) cell. The second lattice
(LAT2) corresponds to a primitive hexagonal cell with a -
2.55(5) A and ¢ = 6.2(1) A. The orientation of the two lattices is
correlated, as (111)* and (—=211)* reciprocal vectors of LAT1 are
respectively parallel to the (001)* and (100)* vectors of LAT2.
Vectors LAT1(111)* and LAT2(001)* are perpendicular to the

Ths journal is © Thz Royal Sccisty of Chemistry 2016
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plane of the Ni core, while vectors LAT1(-211)* and LAT2{100)*
point to the vertexes of the triangles and vectors LAT1(-110)*
and LAT2(110)* point to the vertexes of the hexagons
(Fig. S87).

The cubic lattice LAT1 is associated with the y-Fe,0; nano-
rods growing perpendicular to the surface of the FeyosNigos
cores, They produce a single crystal-type pattern, because they
have the same orientation. HRTEM images confirm the main
direction of the rod growth to be always [111] (Fig. 3f). The
hexagonal pattern LAT2 is associated with the triangular (or
hexagonal) Feg45Nig s cores. This lattice is commensurate
with the face-centered cubic lattice of metallic Ni, with a
~3.6 A, but the cubic symmetry is reduced by additional reflec-
tions at (1/3, 1/3, 1/3) and (2/3, 2/3, 2) (Fig. S97). These
additional reflections may be rationalized by a superstructure
induced by the insertion of Fe in the Ni structure, or by a
2-fold rotational twinning of the Ni structure along [111]. The
precision of ADT precision does not allow resolving the small
deviations between the cell dimensions of Ni and Feg ;sNig o5,

The presence of maghemite (y-Fe,0,, defect spinel) in the
samples was confirmed by powder X-ray diffraction (P-XRD).
The XRD patterns of the Ni@y-Fe,0; superparticles displayed
broad Bragg maxima indicative of small crystallite sizes
(Fig. 6a). Due to reflection broadening, reflection overlap
between the Ni and the y-Fe,O; phase and the high similarity
of the corresponding line-patterns a quantitative phase analy-
sis was performed by full pattern profile analysis (“Rietveld
refinement”) to distinguish between all possible phases
(y-Fe,04, magnetite (Fe,0,) and nickel ferrite (NiFe,0,)).”"%"
For the Ni nanoplate domains of the Ni@Fe,0; superparticles

26 for Cu K-radiation
020 30 40 50 60 70 80 %0
a

> 2w @

Magnotic Moment ()

P

&

Magnetic Field (kOe) TiK)

Fig. 6 Particle Characterization. (a) Quantitative phase analysis from
the X-ray diffraction pattern of the Ni@y-Fe,Oz superparticles (red dots:
observed intensity, black line: calculated intensity, red line: difference
curve; ticks mark the reflection positions of y-Fe Oz (upper) and
elemental Ni (lower)), (b) *’Fe Méssbauer spectra of Ni@y-Fe>Osz super-
particles at 295 K. (c, d) Magnetic hysteresis loops at 5 K and 300 K and
temperature dependence of the magnetization in field-cooling (FC) and
zero-field-cooling (ZFC) of Ni@y-Fe.Oz superparticle heterodimers.
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the crystallite sizes of 8(1) nm from the Rietveld refinement
are marginally larger for Ni and considerably larger for y-Fe, 05
(21(1) nm). The extra reflections not captured by the Rietveld
refinement are due to silicon used as substrate. The Moss-
bauer spectrum of the Ni@Fe,0; superparticles at 295 K
(Fig. 6b) shows a superposition of wo magnetic sextetts with
approximately equal intensities, The component with an
isomer shift 1S = 0.3(1) mm s™' corresponds to maghemite
with an average hyperfine magnetic field of 478 kOe.”® A broad
magnetic subspectrum with an average hyperfine magnetic
field of 433 kOe and 1S = 0.6(1) mm s~ can be attributed to
the interface region between the pure maghemite phase and
the Ni substrate.

Physical properties

The magnetic properties of the Ni@y-Fe,0; superparticles
extracted from the temperature-dependent magnetization and
hysteresis curves are shown in Fig. 6¢c and d. The superparti-
cles are ferrimagnetic at 5 K and superparamagnetic above
room temperature. The magnetization curve in Fig. 6¢ exhibits
saturation magnetization values of 2.96pg at 5 K, a value pre-
vailing the expected one of 2.40uy for y-Fe,0; on a Ni substrate
following from the estimation: 2/3 % 3.33up + 1/3 % 0.62up,
where 3.33up and 0.62ug are saturation magnetizations for
y-Fe,0, * and metallic Ni.*” This value is also much higher as
compared to Ni@y-Fe,O; with heterodimer morphology
(2.45ug at T= 5 K)*” and core shell (1.53u at T = 5 K) as shown
in Fig. $10.t The ZFC magnetization increases monotonically
with temperature and the FC magnetization shows no signifi-
cant change. The splitting of the ZFC and FC curves reaches a
crossing point around 302 K (Fig. 6d), indicating a blocking
temperature above room temperature. The common orien-
tation of the maghemite nanorods on the Ni core of the super-
particles leads to a greatly enhanced magnetization because
the anisotropy of the superparticles decreases the surface spin
canting and disorder, thereby leading to enhanced magnetiza-
tion. We do not consider inter-particle interactions to play a
significant role, because the superparticles do not show aggre-
gation (Fig. 3).

Conclusion

This work provides a general approach to a new type of mag-
netic nanocomposite with complex but well-defined meso-
scopic architectures through “beaker epitaxy” of basic nano-
objects, e.g. for probing the exchange coupling between mag-
netic particle components at the nanoscale. ADT analysis in
combination with Mdssbauer spectroscopy indicates that tai-
loring the interface between the metal and metal oxide com-
ponents by “alloying” is a key step to the formation of this new
kind of colloidal superparticles with multiple well-defined
supercrystalline  domains under kinetic control. Atom
diffusion is eliminated here as rate-limiting step, and only
reaction parameters such as interface or precursor structure
control the nucleation event.®' The formation of phase separ-
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ated Ni@vy-Fe,O5 superparticles is highly unexpected, because
Ni is not a noble metal and several stable ternary nickel oxides
{e.g nickel ferrite, NiFe,O,) are known, ie. the nucleation
temperature of these ternary phases is not reached under our
experimental conditions.

The development of a controlled synthesis of nanocrystal-

line superparticles is relevant for several reasons: (i) The syn-

thetic

approach may be generalized for making

nanocrystalline colloidal superparticles with other chemical
compositions from organometallic precursors. (ii} The selec-
tive growth of the metal oxide nanorods is facilitated through
the formation of Ni,_.Fe, alloy and Fe,;_,Ni, 0, “buffer layers”
(as shown by Mossbauer spectroscopy) at the interface
between the Ni core and the ¢-Fe,O; rods within the
Ni@y-Fe, 05 superparticles that may serve to reduce strain in a
regularly spaced arrangement on the Ni substrate as demon-
strated by ADT. The miscibility of most 4 metals with each
other in their elemental and oxide structures allows the fabri-
cation of the buffer layer to be generalized. (iii) The properties
of the nanocrystalline colloidal superparticles may be modi-
fied by “alloying” with other metals or by functionalization
with organic molecules. Superparticles may be promising can-

didates for catalytic

17719 or electrochemical® applications. Our

functionalization strategy uses a well-defined catechol-fune-
tional PEG ligand with a tailored chain length and controlled
molecular weight obtained from the living polymerization
of EO.

We anticipate that our findings open many opportunities

for assembling particles with complex, but well-defined meso-
scopic architectures™ and different magnetic, optical, or
chemical properties. This could lead to new multifunctional
materials or materials with enhanced performance for a wide

range of potential (e.g. sensoric, catalytic) applications.
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