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MOTIVATION AND OBJECTIVES

MOTIVATION AND OBJECTIVES

The climate crisis can only be prevented through innovative processes by reducing greenhouse
gases in the industry. Carbon dioxide causes the majority of the additional greenhouse effect
created by humans.’™ One of these innovative processes is the synthesis of polycarbonates from
C0,.%>13 Establishing the synthesis of polycarbonates based on carbon dioxide and epoxides in

the industry could aid to face three major challenges.'*

The first major challenge is the CO, emission.'* The synthesis of polycarbonates based on CO; does
not currently result in significant improvements in the carbon footprint, but with further
developments and scale-up of production, the CO, emissions could be reduced (using directly
high-purity CO, from combustion power plants).? First steps to introduce this method in the
industry are already realized such as the application of polyols based on carbon dioxide for

different polyurethanes, which are used as mattresses or in the automotive industry.®

The second major challenge of the fossil fuel-based plastic industry is the persistence of the
produced materials: 8 million metric tons (Mt) of microplastic and 1.5 Mt of primary microplastic
enter the ocean annually, most of which based on persistent materials.'® This could be reduced

as polycarbonates are biodegradable.®1-1°

The last demanding task of the plastic industry is that mostly all polymers are based on fossil
fuels.2*2%22 Since CO; is readily available, non-toxic, and sustainable, it is a useful C1 building block

and could be used as sustainable monomer in aliphatic polycarbonates.?®

That mostly all polymers are based on fossil fuels, can additionally be addressed by using terpenes
as an alternative of fossil fuel-based monomers.?*%¢ Terpenes are non-food and biobased and are
available not just through waste products like orange peel or pines, they can also be produced via
biotechnological processes using simple Cl-materials by applying yeast and bacteria.?®?’ In the
field of polycarbonates terpene-based limonene oxide (LO) and menth-2-ene oxide (Men20) are
established as epoxide monomers.?®3° The resulting polycarbonates of these monomers exhibit
high Tgs around 120 °C. Current state-of-the art polycarbonates aiming at low Tgs are the often-
used poly(propylene carbonate) (T;: 28°C) and poly(octene carbonate) (POC) (T,: -24 °C).3®
Additionally, Jia et al. introduced a new polycarbonate from 2-ethylhexyl glycidyl ether with a T,
of -46 °C.3® Zhang et al. presented a fully biobased aliphatic polycarbonate based on fatty acid with
a low T; of -40 °C.%” Apart from these polymers no fully aliphatic particularly terpene based
polycarbonate structures with a low glass transition below -40 °C have been reported to date.

Such structures would be crucial to realize elastomer properties in the typical desired service
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temperature range. Citronellol is abundant in lemongrass and roses and is also a monoterpenoid
with a long alkyl chain. Reacting citronellol with epichlorohydrin in a phase transfer reaction,
citronellol glycidy!l ether (CitroGE) can be synthesized.3® CitroGE can then be used to produce
flexible polycarbonates with promise low Tg, since in the case of polyethers based on CitroGE the

long side chain of the polymer may be considered as an additional solvent leading to low T,s.%®

In this thesis, we investigate the question of whether it is possible to prepare aliphatic
polycarbonates with low T, (under - 40 °C) using citronellol glycidyl ether and which influence the
long alkyl side chain has on the properties of the resulting polycarbonates. Is it possible to lower
the glass transition temperature of the known aliphatic polycarbonates PPC and PCHC? Can

PCitroGEC serve as a soft midblock for a thermoplastic ABA elastomer?

ABA triblock copolymers are not only applicable as thermoplastic elastomers. Using a hydrophilic
inner block and hydrophobic outer blocks can lead to hydrogels.3* Moreover aliphatic
polycarbonates are not merely of high interest due to their improved sustainability in various
areas, they are also biodegradable and biocompatible. These attributes offer the possibility to use
them in several biomedical fields. As a drug delivery system, they were already tested.*
Moreover, hydrogels based on the ring-opening polymerization of cyclic carbonates like TMC are

known.**2 The key question was:
Is it feasible to produce a thermoplastic hydrogel based on CO;?

Thermoplastic hydrogels exhibit the advantage of forming various shapes and therefore constitute

valuable materials for customized tissue engineering.*>*

The combination of PEG with aliphatic polycarbonates in a block-like manner can not just result in
hydrogels. AB diblock copolymers based on PEG and aliphatic polycarbonates can form micelles
and other structures in aqueous solution. In the last decade, the properties of mPEG-
polycarbonates block copolymers with poly(propylene carbonate) (PPC) or poly(butylene
carbonate) (PBC) as the second block was studied.***’ Since aliphatic polycarbonates and
siloxanes both are known for their high CO; affinity, another aspect of this work was the synthesis
of mPEG-b-PAGEC and subsequent hydrosilylation of the ene moiety. As the hydrophobic
polycarbonate is then combined with the hydrophobic siloxane, this material could be an
alternative for the persistent fluorinated oligomers, which are currently utilized as surfactants in

a CO-in water emulsion.*®
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Moreover, anti-bacterial materials gained big attention in the biomedical field. In the case of
polycarbonates based on CO,, the quaternary amino group was introduced in the polycarbonate

by thiol-ene clicks or protected amino-based epoxides.'®4-5

We wondered whether direct copolymerization of epoxides bearing a quaternary ammonium

group with CO; is possible to obtain a water-soluble and probably anti-bacterial material.

CO,-based polycarbonates are the first step to achieving biobased, biodegradable, and more
CO, neutral polymers, and driving their innovation can support our society towards

sustainability.

Saving
fossil fuels

v ~ \\

Reducing
plastic waste

in the
~ emissions 5
7 \ environment

Facing three major challenges in plastic industry:
Copolymerizing CO, with epoxides
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ABSTRACT

ABSTRACT

Sustainability is becoming an increasingly important topic in our society, and the goal of a "circular
economy" is also gaining more attention in the plastics industry. A significant aspect is the use of
biodegradable plastics and renewable materials. This thesis focuses on biodegradable, CO,-based
polycarbonates based on renewable biobased materials such as terpenes. The biodegradability of
polycarbonates, for example, offers the opportunity to establish novel non-ionic surfactants.
Polycarbonates not only exhibit biodegradability but also possess exceptional biocompatibility.
These attributes make them excellent potential materials for the biomedical field. Due to this the
other target of this work is the development of polycarbonates in the biomedical field in the

direction of hydrogels and water-soluble bactericides.

Chapter 1 briefly and concisely exemplifies the development in the field of polycarbonates based
on CO; as a building block of polymer materials with increasingly complex structures. This chapter
highlights the theoretical background of the synthesis of polycarbonates from CO,: Addressing the
corresponding mechanisms and the known catalysts as well as the used epoxide monomers.
Moreover, Chapter 1 illustrates an overview of different functional and biobased epoxides used
in polycarbonate synthesis by focusing on terpene-based epoxides. Furthermore, it discusses the
synthesis of amphiphilic structures based on CO; and epoxides in detail presenting two different
synthesis routes: The synthesis by using PEG as macroinitiator and the synthesis of amphiphilic
structures via post-modification reactions. Chapter 1 includes in addition to the behavior of block
copolymers in aqueous solution the behavior in the solid-state ("bulk"). Therefore the "Flory-
Huggins theory" is explained and the phase diagram of di- and triblocks examined. An overview of

CO,-based TPEs closes the Chapter.

Chapter 2.1 introduces poly citronellol glycidyl ether carbonate (PCitroGEC) homopolymer
acquired from citronellol. Citronellol is a monoterpene, which derives from roses and lemongrass.
PCitroGEC is produced by using citronellol glycidyl ether and CO; through a catalytic reaction using
a Co(Salen) catalyst system. The resulting polycarbonates are not only biobased and
biodegradable but also have an exceptionally low glass transition temperature (Tg) of -55°C.
Furthermore, the side chain of citronellol has a vinyl group. This group provides post-modification
reactions such as TAD-click reactions. Using a bifunctional TAD-click reagent, a crosslinked gel was

prepared from the PCitroGEC homopolymer in seconds.

In Chapter 2.2, the low T, of PCitroGEC is employed to vary the T, of common polycarbonates

such as poly(propylene carbonate) (PPC) and poly(cyclohexene carbonate) (PCHC). In addition, this

10
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chapter investigates the microstructure of CHO/CitroGE/CO, and PO/CitroGE/CO; copolymers.
The Jaacks model was applied to identify the r-ratios determining statistical incorporation for the
CHO/CitroGE/CO, copolymerization at 60°C and the PO/CitroGE/CO, copolymerizations at 20°C.
However, for the CHO/CitroGE/CO, copolymerization at 30°C, a gradient structure was evident.
The low T, of PCitroGEC is not only advantageous in setting Tgs in copolymers. This low T is also

beneficial for thermoplastic elastomer (TPE).

Chapter 3 illuminates the synthesis of several PLA-b-PCitroGEC-b-PLA triblocks. These triblocks
exhibit two Tgs suggesting microphase segregation. These polymers expand elastically up to 400%
with little permanent deformation and are fully biodegradable and biobased due to their
polyester-polycarbonate structure. Combining good material properties such as elasticity and
processability with biodegradability and organic derivation are fundamental requirements for new

materials that take environmental considerations into account.

In addition to biodegradability, polycarbonates also have excellent biocompatibility. Moreover,
degradation does not yield in acids as a degradation product, unlike the polyesters currently used
in biomedicine. These properties qualify aliphatic polycarbonates as promising materials for use

in the biomedical field.

Chapter 4 presents the application of CO,-based aliphatic polycarbonates as hydrogels. In a
straightforward "one-pot" synthesis, PCHC-b-PEG-b-PCHC triblock copolymers with molar masses
between 16 000 to 25 000 g/mol were synthesized. Investigating the equilibrium swelling in
aqueous solution and mechanical properties of the polymer's exceptional toughness up to 70
MN/mm? in the dry state and 43 MN/mm? in the water-swollen state (at a water absorption of
81 %) were determined. The triblocks were extended to multiblocks by using diisocyanates and
the multiblocks showed even higher toughness due to their higher molar masses and the
additional domain bridges. Lastly, processability by extruder was studied. The use of amino acids
as additives minimizes the degradation of the polymer during extrusion. The equilibrium swelling
in agueous solution, toughness, and processability, as well as the biocompatibility and partial
biodegradability of the material, qualify it as a suitable candidate for biomedical applications
possibly in “tissue engineering”. Water-soluble bactericidal polymers are additionally of interest

in the biomedical field. These often consist of polymers with charged side chains.

Chapter 5 displays a direct synthesis route with charged amino side chains resulting in aliphatic
polycarbonates. The aim of this work was thus to avoid post modification reactions and to present

an easy synthetic route. Due to the charged side chain, the determination of the molar masses

11
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was challenging and not successful. However, water solubility and degradability in acid-aqueous

environments were demonstrated.

Chapter 6 also examines water-soluble polycarbonates. The surfactants commonly used for CO»-
H.O mixtures are fluorinated ones. Since both polycarbonates and siloxanes are "CO2-philic,"
combining the two in an amphiphilic polymer appeared to be a viable alternative for the
fluorinated, persistent surfactants. Self-prepared mPEG-b-PAGEC diblock copolymers were
hydrosilylated and the water-soluble diblocks were used as surfactants in a CO,-H,O emulsion.
Shish-Yu Tseng and Prof. Thomas Sottmann (Universitat Stuttgart) investigated the phase behavior
of the diblocks in water/n-decane containing sodium chloride and in water/supercritical CO,
(scCO,). In the water/n-decane mixture, they showed good performance as surfactants. In the
scCO2/water mixture, they did not achieve the effect of the fluorinated established surfactants

but still showed activity, making them a potentially promising alternative.

Appendix Chapter A1l also addresses the issue of surfactants. In this project, the interdisciplinary
cooperation with the Sottmann group results in the investigation of the enhancement of efficiency
by polymer-based surfactants of established surfactants in an oil-water emulsion. For this
purpose, mPEG-b-PAIKGE (with long alkyl side chain) diblocks were produced via anionic
polymerization and, for comparison, also mPEG-b-PAIKGEC (the CO,-based analogs) via catalytic
synthesis. Since anionic polymerization does not tolerate impurities, technical (commercially
available, 90 % pure) long-chain alkyl glycidyl ethers could be used only for polycarbonates. Both
the polymers based on technical alkyl glycidyl ether and polymers from self-produced and purified
alkyl glycidyl ethers showed a sharp increase in efficiency when replacing only small amounts of
the commonly used surfactant in the oil-water emulsion. A reduced surfactant requirement due
to these "boosters" has significant positive economic and environmental impacts and is therefore

relevant for the industry.
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Nachhaltigkeit wird in unserer Gesellschaft zunehmend thematisiert, und auch in der
Kunststoffindustrie erlangt das Ziel einer ,circular economy” immer mehr Bedeutung. Eine
wichtige Rolle spielt die Verwendung von biologisch abbaubaren Kunststoffen und
nachwachsenden Rohstoffen. Diese Arbeit fokussiert sich auf die Synthese von biologisch
abbaubaren, CO;-basierten Polycarbonaten mit Schwerpunkt auf erneuerbare Rohstoffe wie
Terpene. Die biologische Abbaubarkeit bietet beispielsweise die Chance zur Etablierung
neuartiger nicht-ionischer Tenside. Polycarbonate sind jedoch nicht nur biologisch abbaubar,
sondern weisen auch eine ausgezeichnete Biokompatibilitat auf. Diese Eigenschaften machen sie
zu hervorragenden potenziellen Materialien fiir den biomedizinischen Bereich. Aus diesem Grund
liegt der zweite Schwerpunkt dieser Arbeit auf der Entwicklung von Polycarbonaten im

biomedizinischen Bereich in Richtung Hydrogele und wasserldsliche Bakterizide.

Kapitel 1 veranschaulicht kurz und pragnant die Entwicklung im Gebiet von Polycarbonaten
basierend auf CO; als Baustein von Polymermaterialien mit zunehmend komplexer Struktur. Es
beleuchtet den theoretischen Hintergrund der Synthese von Polycarbonaten aus CO,, sowohl die
entsprechenden Mechanismen als auch die bekannten Katalysatoren und die eingesetzten
Epoxid-Monomere werden thematisiert. Ein Uberblick zu verschiedenen funktionellen und auch
biobasierten Epoxiden, die in der Polycarbonatsynthese verwendet werden, wird gegeben. Es wird
ein Schwerpunkt auf terpenbasierte Epoxide gelegt. Ferner wird ausfiihrlich auf die Synthese
amphiphiler Strukturen basierend auf CO, und Epoxiden eingegangen. Es werden zwei
verschiedene Syntheserouten dargestellt: die Synthese durch Verwendung von PEG als
Makroinitiator und die Synthese von amphiphilen Strukturen lGber polymeranaloge Reaktionen.
Nicht nur das Verhalten von Blockcopolymeren in wassrigem Milieu wird naher beleuchtet, auch
die Nanophasensegregation im festen Zustand (,,bulk”) wird detailliert beschrieben. Dabei wird
die ,Flory-Huggins-Theorie” erldutert und das Phasendiagramm von Di- und Triblocken erértert.

Danach wird ein Uberblick zu CO,-basierten TPEs prasentiert.

In Kapitel 2.1 wird Polycitronellolglycidylethercarbonat (PCitroGEC) als Homopolymer vorgestellt.
Dieses basiert auf Citronellol, welches ein Monoterpen ist, das aus Rosen und Zitronengras
gewonnen werden kann. PCitroGEC wird mittels Citronellolglycidylether und CO; durch eine
katalytische Reaktion mithilfe eines Co(Salen) Katalysatorsystems hergestellt. Die entstandenen

Polycarbonate sind nicht nur biobasiert und bioabbaubar, sondern haben auch noch eine
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aulBergewodhnlich niedrige Glasiibergangstemperatur (Tg) von -55 °C. Ferner besitzt die Seitenkette
des Citronellols eine Vinyl-Gruppe. Diese eroffnet die Moglichkeit vieler weiterer polymeranaloger
Reaktionen, beispielsweise durch die TAD-Click Reaktion. Mittels eines bifunktionellen TAD-click

Reagenz quervernetzte das in THF geloste PCitroGEC zu einem Organogel in Sekunden.

In Kapitel 2.2 wird der niedrige T, des PCitroGEC genutzt, um den T; von konventionellen
Polycarbonaten wie Polypropylencarbonat (PPC) und Polycyclohexencarbonat (PCHC) durch
Copolymerisation zu variieren. AuBerdem wurde die Mikrostruktur der CHO/CitroGE/CO, und
PO/CitroGE/CO, Copolymere untersucht. Das Jaacks-Modell wurde zu Identifizierung der r-
Parameter verwendet. Fir die CHO/CitroGE/CO, Copolymerisation bei 60°C und die
PO/CitroGE/CO, Copolymerisationen bei 20°C konnte ein statistisches Einbauverhalten bestimmt
werden. Bei der Copolymerisation von CHO/CitroGE/CO, bei 30 °C war jedoch eine
Gradientenstruktur ersichtlich. Der niedrige T; von PCitroGEC ist nicht nur bei der Einstellung von
Tgs in Copolymeren von Vorteil. Dieser kann auch als ,weicher”, d.h. flexibler Mittelblock in einem

thermoplastischen Elastomer (TPE) dienen.

In Kapitel 3 wurden mehrere PLLA-b-PCitroGEC-b-PLLA Triblocke hergestellt. Diese zeigten zwei
Tgs, was eine Mikrophasenseperation nahelegt. Diese Triblocke konnten in der Zugdehnung bis zu
400 % elastisch gedehnt werden, wobei nur eine geringe permanente Deformation beobachtet
wurde. Die Materialien sind aufgrund ihrer Polyester-Polycarbonatstruktur sowohl bioabbaubar
als auch biobasiert. Die Kombination guter Materialeigenschaften wie Elastizitat und
Verformbarkeit mit Bioabbaubarkeit und biologischem Ursprung sind grundlegende

Voraussetzungen flr neue Materialien, die Umweltgesichtspunkte berlicksichtigen.

Polycarbonate besitzen neben der biologischen Abbaubarkeit auch noch eine ausgezeichnete
Biokomptabilitdt. AuBerdem liefert der Abbau keine Sauren als Abbauprodukt im Gegensatz zu
den zurzeit verwendet Polyestern in der Biomedizin. Diese Eigenschaften qualifizieren aliphatische
Polycarbonate als vielversprechende Materialien fir die Verwendung im biomedizinischen

Bereich.

Kapitel 4 stellt den Einsatz von aliphatischen Polycarbonaten auf CO,-Basis fir Hydrogele vor. In
einer simplen ,one-pot“ Synthese wurden PCHC-b-PEG-b-PCHC Triblockcopolymere im
Molekulargewichtsbereich von 16 000 bis 25 000 g/mol dargestellt. Die Polymere wurden
hinsichtlich ihrer Wasseraufnahme und ihrer mechanischen Eigenschaft untersucht. Diese zeigten
eine auRergewdhnliche Zihigkeit von bis zu 70 MN/mm? im trockenen und 43 MN/mm? im

Wasser-gequollenen Zustand (bei einer Wasseraufnahme von 81 %). Die Triblécke wurden durch
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Verwendung von Diisocyanaten zu Multiblocken aufgebaut und wiesen durch die héheren
molaren Massen und die zusatzlichen Doméanenverbriickungen dann eine noch héhere Zahigkeit
auf. Zuletzt wurde auch die Verarbeitbarkeit mittels Extruder untersucht. Durch Verwendung von
Aminosauren als Additiv konnte ein Abbau des Polymers bei der thermischen Verarbeitung
minimiert werden. Die Wasseraufnahme, Zahigkeit und Verarbeitbarkeit, sowie die
Biokompatibilitdat und partielle Bioabbaubarkeit des Materials macht es zu einem geeigneten
Kandidaten fir die Biomedizin, moglicherweise im ,Tissue Engineering”. Wasserlosliche
bakterizide Polymere kénnen auch im biomedizinischen Bereich Anwendung finden. Diese

bestehen meist aus Polymeren mit geladenen Seitenketten.

In Kapitel 5 werden direkt aus Epoxiden mit geladener Aminoseitenkette liber eine katalytische
Reaktion mit CO, aliphatische Polycarbonate dargestellt. Ziel dieser Arbeit war es somit
polymeranaloge Reaktionen zu vermeiden und eine einfache Syntheseroute einzufiihren.
Aufgrund der geladenen Seitenkette war die Bestimmung der molaren Massen herausfordernd
und bis zum Schluss nicht erfolgreich. Jedoch konnte die Wasserloslichkeit und Abbaubarkeit in

saurem wassrigem Milieu nachgewiesen werden.

Kapitel 6 befasst sich auch mit wasserloslichen Polycarbonaten. Die gangigen Tenside fiir CO,-H,0
Gemische sind fluorbasiert. Da sowohl Polycarbonate als auch Siloxane ,,CO-phil“ sind, erschien
die Kombination beider in einer amphiphilen Polymerstruktur als eine moégliche Alternative fiir die
fluorbasierten, wegen ihrer hohen Persistenz in der Umwelt schadlichen Tenside. Selbst
hergestellte mPEG-b-PAGEC Diblockcopolymere wurden hydrosilyliert und die wasserloslichen
Diblocke wurden als Tenside in einer CO,-H,O Emulsion verwendet. Shish-Yu Tseng und Prof.
Thomas Sottmann (Universitat Stuttgart) untersuchten das Phasenverhalten der Diblocke in
Natriumchlorid-haltigem Wasser/n-Decan und in Wasser/superkritischem CO, (scCO;). Im
Wasser/n-Decan Gemisch zeigten sie eine gute Wirkung als Tensid. Im scCO,/Wasser Gemisch
erzielten sie nicht die Wirkung der fluorbasierten etablierten Tenside, wiesen aber dennoch eine

Aktivitat auf, was sie zu einer potenziell interessanten Alternative macht.

Im Appendixkapitel A1 wird ebenfalls die Thematik der Tenside aufgegriffen. In diesem Projekt
wurde interdisziplindr mit der Gruppe Sottmann kooperiert, um die Verstarkung der Effizienz
etablierter Tenside in einer Ol-Wasser-Emulsion durch polymerbasierte Tenside zu untersuchen.
Hierfir wurden mPEG-b-PAIKGE (mit langer Alkylseitenkette) Diblocke Uber eine anionische
Polymerisation und zum Vergleich auch mPEG-b-PAIKGEC (die CO, basierten Analoga) mittels

katalytischer Synthese dargestellt. Da die anionische Polymerisation keine Verunreinigung
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toleriert, konnten nur im Hinblick auf die Polycarbonate technische (kommerziell erwerbbar, 90
% rein) langkettige Alkylglycidylether verwendet werden. Sowohl die Polymere aus technischen
Alkylgylcidylether als auch Polymere aus selbst hergestellten und aufgereinigten
Alkylglycidylethern zeigten eine starke Effizienzsteigerung bei einem Austausch von nur geringen
Mengen des Uiblich verwendeten Tensids in der Ol-Wasser Emulsion. Ein reduzierter Tensidbedarf
durch diese ,,Booster” hat erhebliche positive wirtschaftliche und 6kologische Auswirkungen und

ist auch somit fur die industrielle Anwendung relevant.
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ABSTRACT

Since 1969, when Inoue et al. introduced the copolymerization of CO, with epoxides resulting in
an aliphatic polycarbonate, the interest in this topic has steadily increased. Initially, the focus was
on the development of new catalyst systems, but in the last decade, the attention changed
toward synthesizing new materials with well-defined polymer architectures based
on the copolymerization of CO, and epoxides. This chapter focuses on the development
towards value-added materials. First, we provided a short introduction to the mechanism and
the theoretical background of “immortal polymerization”. Moreover, we discussed the
benefits and disadvantages of various frequently used epoxides, applying catalytic
copolymerization with CO,, and examined their use in different polymer structures. The
centerpiece of this chapter is the application of amphiphilic block copolymers and

thermoplastic elastomers based on CO..
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INTRODUCTION

As carbon dioxide (CO,) is a cheap, abundant, and potentially sustainable carbonyl resource, its
utilization to generate value-added chemicals and polymeric materials has attracted much
interest.»? Carbon dioxide/epoxide copolymerization is an efficient way to use CO, as a C1 source
in polymer manufacturing.?® The use of this process to produce low-molecular-weight
polycarbonate polyols is a commercially relevant route to new thermosets and polyurethanes.
Covestro already uses polyols based on carbon dioxide as a starting material for polyurethane
foams to design partly environment-friendly mattresses. Moreover, they generate new materials
based on CO; for upholstered furniture and car interiors up to special adhesives for sports flooring
underlays. Also, thermoplastic polyurethane (TPU) solutions are available for use in shoes,
industrial tubing, and textile fibers, which are on the edge of market development.* All these
materials show an aliphatic polycarbonate structure since they are generated from epoxides and

CO..

Polycarbonates exhibit a -O-CO-O- repeating unit in the polymer backbone. Aliphatic
polycarbonates (APCs) can be prepared via different routes. First, polycarbonates can be prepared
via polycondensation reaction of dialkyl carbonates (i), second via the ring-opening polymerization
(ii) of cyclic carbonates, and lastly through the copolymerization of carbon dioxide with epoxides

(iii) (Scheme 1).2

0
OJ\O i

(0]
)]\ i O R, + CO
X > *O O/\X%n 4—'2% 2 2
1Ry 1

0__0
HOSRTOH ¢ T

Scheme 1: Different synthesis routes to form aliphatic polycarbonates. X illustrates the variation of various alkyl
groups. i) polycondensation of aliphatic polyols with dialkyl carbonates. ii) ROP of cyclic carbonates. iii)
copolymerization of CO, with epoxides. Adopted from Scharfenberg et al.®

Since polycondensation reactions have the drawback of a low molar mass and high dispersity, and
the ring-opening polymerization requires multi-step synthesis of the monomer to vary the
sidechains, the copolymerization of CO, with epoxides is a valuable alternative.>™ A significant
number of epoxides are already established in industry; a variety of other epoxides are available
from natural product sources and usually require one-step synthesis.>%3 |In the next few

sections, the copolymerization of epoxide with CO, will be discussed in more detail.

25



CHAPTER 1

COPOLYMERIZATION OF CARBON DIOXIDE WITH EPOXIDES

In 1969, the first successful copolymerization of carbon dioxide with propylene oxide (PO) was
carried out by Inoue et al.!* In recent years it has become a promising method to obtain functional
APCs directly from functionalized monomers since a large number of epoxide derivatives already

exist and can be prepared in a few synthesis steps.®

Carbon dioxide

CO; is an advantageous C1 building block for the synthesis of macromolecules because of its non-
existent flammability and toxicity.'> However, it is also thermodynamically stable because the
central carbon atom is in its highest oxidation state (+IV) and thus has a low energy level.>!®
Although the molecule itself is nonpolar due to its linear arrangement, the respective orthogonal
n-bonds between the oxygen atoms and the carbon atom are polar. This results in an electrophilic
center that can be attacked in a nucleophilic manner and thus offers a possibility to chemically
convert the inert molecule.’” Catalysts are required, among other things, to reduce the high

activation energy of CO; so that copolymerization with epoxides can take place.*®

Mechanism: coordinative ring-opening polymerization

The ring-opening copolymerization of CO, with epoxides offers an attractive route to gain access
to polycarbonates.’ The driving force of the process is based on the cleavage of the C-O bond.
Epoxides possess an FE-value of 27.2 kcal/mol and are reactive enough to take part in
copolymerization with CO,.%° Metal-based catalysts are desirable due to their adaptable oxidation-
stated, bonding modes (e.g. variability of coordination number and capacity to form both ¢ and

7 bonds) and tunability of the ligands to regulate activity or selectivity.!

The catalytic systems that are used to copolymerize epoxides with carbon dioxide to aliphatic
polycarbonates mostly consist of a Lewis base acting as a nucleophile with a Lewis acid species in

form of a metal center (Scheme 2).1821-23 First, the epoxide is activated by the Metal (1).

Epoxides are generally weak ligands because the coordinating metal-oxygen bond is based on the
transfer of electrons from one of the oxygens’ free electron pairs. However, since the s-character
of these electrons is relatively high, less electron density is donated overall, leading to a weak
bond. Since the epoxide is in excess relative to the initiator, ligand substitution occurs
statistically.'® The free nucleophile, either the initiator or, after the first propagation cycle, the
negatively charged chain end of a growing polymer, can now initiate the ring-opening of the
epoxide activated by the preceding coordination (2). The bond between the resulting alkoxide (2)

and the metal is stronger than that of the other ligands, which is why substitution does normally
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not occur here. Otherwise, insertion of another epoxide molecule would occur directly, resulting
in an unintended ether bond. Instead, the CO; molecule is inserted (3). For this, no preceding

coordination of the carbon dioxide to the coordinatively saturated metal center is necessary.?*

01/0 R
R0 v b Lo

o = metal-center (Lewis acid)

X = nucleophile

Scheme 2: Catalytic cycle for the copolymerization of epoxides and carbon dioxide using a Co(salen) catalyst system.
In the case of the zinc catalyst system, the assumed mechanism is different.182!

The speed of insertion is much more related to the nucleophilicity of the oxygen atom of the
alkoxide and the steric availability of its free electron pairs than to the carbon atom of CO,, which
is a weak electrophile.?® The resulting carbonate formed from the alkoxide is coordinated weakly
to the metal (3), allowing it to be easily substituted by a new epoxide monomer and itself become

the new nucleophile that attacks the newly coordinated epoxide (4b). The described ligand
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exchange is the rate-determining step (RDS) of the polymerization. An alternating insertion of

more epoxides and CO, molecules (5b) leads to polycarbonates (6b).

A side reaction besides the formation of ether linkages is the creation of cyclic carbonates (5a),
which can emerge from the free carbonate chain ends (4a). The undesired degradation reaction,
the backbiting, is thermodynamically preferred and thus more probable with increasing reaction
time and temperature.’® The properties of the metal at the center of the catalyst are very
important for the mechanism to proceed correctly. For example, the metal should be electrophilic
enough to activate the epoxide for ring-opening, but at the same time sufficiently nucleophilic for
insertion of the very weakly electrophilic CO,. In addition, the metal must be substitutionally inert
to some degree so that the growing polymer chain does not dissociate too rapidly, thereby
promoting the formation of cyclic carbonates.?® Therefore, the salen complexes with Cr(Ill) and
Co(lll) are the most suitable, since both do not occupy antibonding d-orbitals, and the bonds to

the ligands are not additionally weakened.?®

Another aspect of the mechanism is the direction of the nucleophilic attack of the epoxide. Ring-
opening of the epoxide can occur via various pathways according to the nature of the terminal
groups. Electron donating or electron-withdrawing side groups affect the nucleophilic attack of
the 3-membered cyclic monomer. An electron-donating methyl group of propylene oxide (PO) is
preferably attacked at the carbon without a side group.?’” On the other hand epoxides with
electron-withdrawing groups such as an aromatic phenyl will be attacked at the substituted
carbon (Scheme 3).2 It is important to note that such cleavages can occur simultaneously during

a polymerization process. This leads to the production of regio-irregular architectures.>?’

Equal
i 0 ()
major MNOT  minor r)najor @ L0

Scheme 3: Regioselectivity of the nucleophilic attack of epoxides with different substitutes.?228

“Immortal polymerization” is the polymerization that provides polymers with a narrow molecular
distribution, even in the occurrence of a chain transfer reaction, because of its reversibility, which
leads to the regeneration of the polymers once dormant, that is, the immortal character of the
polymers. As a result, immortal polymerization can afford polymers with controlled molecular
weight.? In 1985, Inoue established this term for the copolymerization of CO, with epoxides in
the presence of a chain transfer agent (CTA).% In this process, low polydispersity is achieved by

chain transfer and thus has similarities to controlled radical polymerization. The addition of a
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protic substance can lead to reversible deactivation of one polymer chain, as shown in Scheme 4,
while the next one can be started. However, this dormant chain can again be reactivated, so that
dormant and active polymers are in equilibrium. As a result, all chains grow at approximately
similar rates. This phenomenon can also be observed in the copolymerization of CO; and
epoxides.3¥32 Thus, water as a protic substance can also lead to such distributions. As commercially
available pure carbon dioxide contains still small amounts of water, a bimodal distribution of
polycarbonates is often detected. This can be circumvented by either extra drying of the carbon

dioxide or using a catalyst system without an additional initiator. 3*34

Ry Ry

R,
S A S € 6
\‘Xe C) ) 1
E— d)
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Scheme 4: “Immortal polymerization” via chain transfer reactions.32

Through “immortal polymerization”, different structures of the polymers are accessible. Block
copolymers can be formed using mono- and di-functional PEG/PS/PMMA homopolymers.
Moreover, graft polymers can be synthesized using polymers with hydroxy functionalized

sidechains.3%32

Catalyst

In recent years a variety of catalyst systems were developed to copolymerize CO, with epoxides.
Heterogenic and homogenous catalyst systems were established with different
characteristics.?#371 A key objective of catalyst development was the generation of high molar
masses and high content of carbonate linkages.>>#4941 The homogenous Co-Salen catalyst system
is known for a perfectly alternating insertion of carbon dioxide and epoxides leading to
polycarbonates with more than 98% carbonate linkages (Figure 1).%**3 Moreover, they exhibit
remarkable regioselectivity for ring-opening of the epoxides, a high turnover frequency, and a
wide scope of applications for different functionalized epoxides.?”*>** The disadvantage of the

catalyst system is, that a Lewis base is required for the systems (like [PPN]CI) (Figure 1), and
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therefore an additional initiator ClI is then present, leading to lower molar masses and bifunctional
distributions, since small amounts of water are still present in commercially available CO,.33?7
Moreover they are a huge amount of different catalyst system with a different metal center such
as Cr, Mn, Al, Zn, etc. are known in the literature, but in this work, the focus is on the Co(salen)
catalyst system.?54%7 Organo-based catalyst systems with triethyl borane and other borane-
based catalyst systems are currently in focus of science, enable an anionic copolymerization,
resulting in higher molar mass polymers.*® Furthermore, different initiators can be used for the
polymerizations, leading to monomodal distributions. A large variety of different epoxides can be

copolymerized with CO; using this catalyst.**>3 The drawback of the catalyst is that CO, must be

inserted in the reaction mixture directly since ether defects are formed.>*

NG
Cl
TS
o ib —NZ
R ea @ @
tBu tB
(R,R)-Co(salen)ClI [PPNICI

Figure 1: Chemical structure of the binary Co(salen) catalyst system. With CI- as a counterion.

Variety of Monomers

Various epoxides can be used for the synthesis of aliphatic polycarbonates. The most famous are
propylene oxide (PO) and cyclohexene oxide (CHO). The corresponding polycarbonates are
poly(propylene carbonate) (PPC) and poly(cyclohexene carbonate) (PCHC). PPC itself exhibits a
median T, of 40 °C.>>°” Because of this intermediate T, it cannot be used for elastomers (low T,
less than -20 °C is required) or as a thermoplastic material (high T; over 100 °C is required). PPCis
therefore often copolymerized with different monomers to improve the toughness or
functionalization.®® % PCHC, however, displays a high T; of 120 °C and is used as an outer glassy
block in thermoplastic elastomers and as a thermoplastic material with a property profile similar
to polystyrene.*®%%7 Since the monomers are mostly based on fossil fuels, fully biobased
polycarbonates are of interest. One source to obtain biobased monomers are terpenes extracted
from plants.®®® In the field of polycarbonates, limonene oxide (LO) and menth-2-ene oxide
(Men20) have come into focus.””’®> The resulting polycarbonates poly(limonene3* carbonate)
(PLimC) and poly(menth-2-ene carbonate) (PMen2C) show high Tgs above 100 °C, transparency,
and high gas permeability.”#’®77 Since PLimC exhibits a double bond, it lacks thermal

processability. PMen2C, however, shows processability and exceptional thermal stability.”” Both
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polymers are biobased alternatives for PCHC and therefore biobased and biodegradable
alternatives for thermoplastic materials. For elastic materials like thermoplastic elastomers (TPEs)
or elastomers, aliphatic polycarbonates with Tgs below -20 °C are essential. Polycarbonates based
on octene oxide (O0) (POC (Tg) = -24 °C) or 2-ethylhexyl glycidyl ether (EHGE) (PEGHEC (Tg) = -46
°C) show such a low glass transition temperature and are used for the soft middle block of TPEs.*®

However, both monomers are based on fossil fuels.

High T,
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Figure 2: Overview of some epoxides used for the copolymerization with CO,. In the middle, the monomers are shown
which lead to polycarbonates with low (bottom) to high (top) T;. On the outer sides, some functional epoxides are
demonstrated.

A biobased alternative is the application of epoxides generated from fatty acids, e.g. epoxy methyl
10-undecenoate (EMU). The copolymerization of EMU with CO; leads to a polycarbonate with a
low glass transition temperature of -44 °C. The resulting polycarbonate has not been employed in
TPEs or other elastomers to date.”® Terpenes offer a variety of potential monomer precursors.%%%
One of these precursors is citronellol. Citronellol is abundant in lemongrass and roses and can be
converted to citronellol glycidyl ether (CitroGE) via a phase transfer reaction.”” The resulting
polycarbonate shows a low T of -55 °C. This biobased non-food polycarbonate is additionally a
biobased alternative for the soft middle block of TPES. Poly citronellol glycidyl ether carbonate
(PCitroGEC) shows as a middle inner block in a PLA-b-PCitroGEC-b-PLA triblock copolymer with

excellent elasticity up to 400 % elongation at break.®° However, a variety of epoxides can be

generated from terpenes. Terpenes can not only be derived from biomass like orange peels or
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pines, they can also be synthesized biochemically using different bacteria and yeasts.®®82 This
provides some major advantages since microbial production hosts can accomplish terpenoid
biosynthesis from simple carbon sources due to endogenous metabolic pathways, which produce
the universal precursors for all terpenoids, isopentenyl diphosphate (IPP), and dimethylallyl
diphosphate (DMAPP). Recent technologies for genome editing exploit metabolic engineering of
microbial hosts for recombinant terpenoid production.88 The universal precursors IPP and
DMAPP are then used by the organism to develop structures like alpha-pinene, limonene, and
citronellol. Since all terpenes and terpenoids are based on these precursors they follow the
isoprene rule (C5 rule), which groups the numbers of linked isoprene units resulting in
hemiterpenes (1 isoprene unit), monoterpenes (2 isoprene units), sesquiterpenes (3 isoprene

units), etc. 882

Terpene-based polycarbonates often exhibit an ene moiety such as poly(limonene carbonate) and
citronellol glycidyl ether carbonate. But not just terpene-based polycarbonates carry a
functionality at the side chain: Allyl glycidyl ether (AGE) is often used for the copolymerization
with CO,, leading to poly(allyl glycidyl ether) (PAGEC).2*% The ene moiety is then mostly
transformed in a post-modification process via thiol-ene click reactions to different functionalities
like amine groups or acidic groups.®*®” The group of Guang-Peng used PAGEC as the middle block
and converted the ene moieties to hydroxy groups. These hydroxy groups could then interact with
boronic ester leading to a self-healing material.?” The positively charged amino group was
introduced via thiol-ene click to an ene moiety like in poly limonene oxide to yield water-soluble
and antibacterial materials.’ The group of Darensbourg introduced a BOC-protected amino group
using the thiol-ene click reaction in a PPC-co-PAGEC copolymer. The deprotection of the amine
with HCI led to a quaternary ammonium cation as side moiety and therefore to amphiphilic
polymers.8 Our group introduced hydroxyl groups in the side chains of polycarbonates using
epoxides with protected hydroxyl groups, such as benzyl glycidyl ethers (BGE) and ethoxy ethyl
glycidyl ether (EEGE), resulting in poly(1,2-glycerol carbonates). These polymers swell in water and
methanol and degrade in an aqueous acidic environment.®% Moreover, protected amino groups
in the sidechains of the epoxides offer a synthesis route of amino-based polycarbonates.®*%4 Song
et al. copolymerized PO with a benzyl-protected amino glycidol, N,N-dibenzyl amino glycidyl
(DBAG), resulting in a polycarbonate with amine sidechains after deprotection. Besides, they

investigated the hydrophilicity of the polymers (Figure 2).5
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POLYMER STRUCTURES

Sophisticated applications necessitate a combination of specific properties. Therefore, some
approaches to synthesize “hybrids” have been taken. A facile route is to blend two different
polymers, the second is to form copolymers. Copolymer structures are classified into statistical
copolymers, block copolymers, and graft copolymers.®® The following section focuses on
terpolymerization and formation of linear block copolymers in the field of polycarbonates based

on CO,.

Terpolymerization

The copolymerization of epoxies and CO; itself is an almost ideal alternating copolymerization.
This means that epoxide incorporation is immediately followed by CO; incorporation, resulting in
a polycarbonate structure. Without this alternating incorporation, ether defects would
occur.1®2324%5 |n addition to this ideal alternating copolymerization, random copolymerization of
different epoxides can take place using CO; and two different epoxides in a one-pot synthesis. A
random copolymer is one in which the monomer residues are arranged statistically in the polymer
molecule. In summary, terpolymerization of CO, and two other epoxides is always based on
alternating and random copolymerization since after a CO; insertion an epoxide insertion
fallowed. Thus, it is a copolymerization of at least 3 monomers.>%>%2 This method is often used to
introduce functional monomers in statistical variation or to adjust the thermal properties of
polymers.® PPC exhibits an intermediate glass transition temperature of 40 °C. Copolymerizing it
with CHO led to higher T,s.92% Darensbourg et al. demonstrated that at 25 °C PO was preferably
incorporated compared to CHO, at 40 °C a polymer with more equal distribution could be
generated.? Using hexene oxide (HO) as a comonomer in a terpolymerization reaction with PO
and CO,, the T, of PPC is lowered by up to -2 °C (64 mol% of HO).%> However, the use of biobased
epoxides to lower the T; of PPCis not known in the literature. Reiter et al. copolymerized CO, with
LO and PO or CHO, respectively. This terpolymerization offers the ability to adjust the glass

% Wang and coworkers copolymerized

transition temperatures and the transparencies.
CO,/PO/MesMO (2-((2-(2-(2-methoxyethoxy)ethoxy)ethoxy)methyl) oxirane) generating a water-
soluble polycarbonate and therefore a better acid-degradable polymer because of its
hydrophilicity.?” As discussed in the section “monomers” a copolymerization with protected
amino-functionalized epoxides with PO and CO; led to a random distribution of the functionalities

and more hydrophilic polycarbonates.%%54
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Block copolymerization

Another form of macromolecular architecture is block copolymers. These macromolecules consist
of chemically different, terminally-linked segments. Block copolymers offer unique possibilities
such as the creation of thermoplastic elastomers or amphiphilic polymers® and can be classified
into diblocks (AB), triblocks (ABA), and multiblocks(e.g. ABC, ABCD, (AB),).%%%% Moreover you can
differ between linear, graft, star-and cyclic block copolymers.®® Those systems usually (with
sufficient P,) exhibit two phases termed microphase separation (since the segments are still
connected chemically a macro-phase separation can not occur). The incompatibility of the
chemically connected homopolymers forms often micelles or hydrogels in solution.’® Moreover,
using immiscible polymers, one with a low T, (B) and one with a high T; (A) in combination as ABA
triblock, results in a thermoplastic elastomer. In the next part, these two important applications

of block copolymers are more specified.

Amphiphilic polymers

Amphiphilic polymers describe macromolecules that exhibit both hydrophobic and hydrophilic
units.’® The incompatibility of the hydrophilic and the hydrophobic part leads to microphase
separation in water, resulting in an assembly of the hydrophobic segments in form of nanoscopic
structures of different morphologies.’®* Amphiphilic polymers are used as drug carriers and gene
vectors in the biomedical field°21% and can be categorized as block, random, gradient, graft, star

polymer, and dendrimer.1%1%! |n this chapter the focus will be on amphiphilic block copolymers.

The water-soluble amphiphilic block copolymer self-assembles in water to micelles and other
structures and can be used as surfactants because of their capability to interact with hydrophobic
media like oil and hydrophilic media like water. An important value to determine the efficiency of
surfactants is the critical micellar concentration (CMC).}%1%% CMC defines the concentration of
surfactants above which micelles are formed. The CMC can be determined by a tensiometer using

106108 Recently, the group of Feng introduced a

the change of the surface tension.
copolymerization of ethylene oxide (EO) with CO,. The resulting polyethylene carbonate with
ether defects (PECEO) was then used as macroinitiator for PEO resulting in a PEO-b-PECEO-b-PEO
triblock copolymer. This triblock copolymer shows CMC values of 37-55 mg/L.>* One route to
synthesize surfactants based on CO; is to use hydrophilic macroinitiators like mPEG or PEG as chain
transfer agents and polymerize hydrophobic polycarbonate onto them (Scheme 5). The group of
Frey introduced mPEG-b-PPC and PPC-b-PEG-b-PPC di- and triblock copolymers as surfactants.

These were shown to act as emulsifiers in a miniemulsion reaction and be degradable in acidic

medium. Since the polymers form micelles in water, the degradation needs harsh conditions
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(concentrated HCI).2%%10 Fyrthermore, Kunze et al. synthesized mPEG-b-PBC diblock copolymers
and investigated the micellization behavior and the solubilization of the polymers.!!! Augustin et
al. also applied PEG as the hydrophilic part of a star polymer. Therefore, vinyl cyclohexene dioxide
(VCD) was utilized to generate a polycarbonate core. Ethylene oxide (EO) was polymerized onto
the hydroxy end groups of the core leading to a (PVCDC)-(PEO), star polymer. The advantage of
this resulting surfactant is the hydrolyzable core.'> Moreover, CO»-based surfactants are available
via click reactions (Scheme 5). Liu et al. copolymerized VCO/CHO/CO2 in a one-pot reaction
resulting in a PCHC-co-PVCHC polymer. Subsequently, a thiol-ene click reaction was accomplished
to convert the vinyl functionalities of the PVCHC to a charged PCHC (CPCHC). These charged
polymers show then an amphiphilic character and have been used as biodegradable surfactants
for an oil-in-water mini-emulsion. Furthermore, they were converted into degradable
nanoparticles, and properties such as loading capacity, drug release, and cytotoxicity have been

revealed.119113
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Scheme 5: Overview of different routes to synthesize amphiphilic polycarbonate surfactants based on CO,. Route 1
demonstrates the use of the “immortal polymerization” using mPEG or PEG as CTA (top). Route 2 shows the
copolymerization of aliphatic or cyclic epoxides with epoxide with vinyl functionality and CO, to yield through thiol-
ene click reaction surfactants based on CO, (bottom).
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The group of Meng copolymerized maleic anhydride (MA) with PO and CO; using zinc adipate
(ZnAA) as a catalyst to yield a polycarbonate-polyester copolymer. The molecular chain sequence
structure of these terpolymers was demonstrated to be a gradient-based on *H NMR investigation
combined with in situ infrared technology monitoring of the reaction process. The sulfonation of
ethylenic double bonds in the maleic building structure of the unsaturated polyester unit via
sodium hydrogen sulfite leads to biodegradable PPCMA. The surface tension of the aqueous
solution of the polymer with 56.8% hydrophilic segments exhibits a CMC of 47.5 mN m™ 14
Darensbourg et al. also used the thiol-ene click to introduce multiple hydroxy or acid
functionalities to the side chain of poly(2-vinyloxirane carbonate) (PVIC) leading to a water-soluble
polymer after deprotonation by aqueous ammonium hydroxide (NHsOH(aq)).1*® Li et al. designed
a CO;-based amphiphilic polycarbonate with improved hydrophilicity and processability as an
efficient platform for tumor imagining. PAGEC-b-PPC-b-PAGEC, synthesized in a sequential
addition of the monomers, served as starting material. Next, the triblock copolymer was
connected with Boc-protected cysteine. After deprotection of the Boc group, an amphiphilic
triblock copolymer was obtained. Subsequently, the resulting APCs were labeled with gadolinium
to provide APC-DTPA/Gd after reacting with diethyleneetriaminopentaacetic acid (DTPA)
dianhydride as the chelating agent. CMC values of 32.56 mg/L (APC) and 53.86 mg/L (APC-DTA/Gd)

were determined.'®

Besides surfactants hydrogels can also be formed using amphiphilic triblock copolymers with an
inner hydrophilic block. Hydrogels are a 3D network of hydrophilic polymer chains, that have the
ability to absorb water (without dissolving) while preserving their mechanical integrity through
chemically or physically crosslinking.'”*!8 Physically crosslinked hydrogels can be transformed by
heat or solvents, which allows for recycling and processability and are therefore called
thermoplastic hydrogels .18 Physical crosslinking can be powered by hydrophobic, ionic, or H-
bonding forces or due to entanglement of high molecular weight polymers. During swelling their
properties change for instance in hardness, permeability, and transparency. Since they can imitate
the characteristics of living tissues but are still thermally deformable they are an ideal candidate
for use in tissue engineering, wound dressing, and as contact lenses.'” Hydrogels based on CO,
and epoxides are not known in the literature since they usually exhibit a hydrophobic character.
Nevertheless, triblock copolymers with a hydrophilic mid-block and glassy outer blocks can form
hydrogels in water. Biocompatible polymers with such structures are established in literature and
mostly depend on poly(ethylene glycol) (PEG) as a mid-block. Polyesters such as polycaprolactone
and polylactide are applied as outer glassy blocks, but their acidic degradation products present a

119-

major disadvantage.19123124125 Thege acids can harm the living environment of the tissue and lead
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to necrosis.'?6"12 Aliphatic polycarbonates on the other hand have no acidic degradation products
and present exceptional biocompatibility and biodegradability.??>'3° Considering all aspects of
amphiphilic CO,-based polymers there is a huge variety of potential applications in biomedical
fields which could also be extended by the synthesis of new thermoplastic hydrogels or new

variants of micelles for drug delivery systems.

Thermoplastic elastomers
Thermoplastic elastomers (TPES) are rubber-like materials with the capability to melt and be
processed in this state. The combination of features of thermoset rubbers and thermoplastic

materials in microphase separated structures leads to wide use in almost all areas of plastics.®3?

Microphase separation in bulk
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Figure 3: Theoretically calculated phase diagrams based on the mean-field theory of (a) AB diblock!32 and (b) ABA
triblock copolymers.133 “S” show the spherical, “C” the hexagonal cylindrical, “G” the gyroid, and “L” the lamellar
microstructure. (c) 3D visualization of the different microstructures. The long-range-order distance Lo, quantifiable in
SAXS, the crystallographic vector of the unit cell By, and the diameter d of the soft phase are marked. Reprinted
(adapted) with permission. Hirschberg, V.; Faust, L.; Rodrigue, D.; Wilhelm, M. Effect of Topology and Molecular
Properties on the Rheology and Fatigue Behavior of Solid Polystyrene/Polyisoprene Di- and Triblock Copolymers.
Macromolecules 2020, 53, 5572-5587. Copyright 2020 American Chemical Society.13!
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To understand why thermoplastic elastomers, combine the elasticity of rubber with the ability to
be proceed through heat or solvents like thermoplastic materials the microphase separation
requires closer examination. Blends of two polymers lead to macro phase separation. Phase
separation is a thermodynamic process.* The process is powered by the repulsion of the different
polymers. Since block copolymers of the different polymers are chemically linked a macro phase

separation such as in blend can not occur.%%134135

Instead of macro phase separation, a microphase separation takes place. The polymers arrange
themselves in different segments driven by the reduction of segmental contacts. This microphase
separation can be explained by the Flory Huggins theory using the Gibbs free energy (AGm) as
thermodynamic variable.!3¢13° AG,, depends on the interactions of the copolymerized monomers.
The monomer-to-monomer interaction parameter is called the mixing (Flory-Huggins) parameter
(x). x together with the degree of polymerization (N) and the volume fraction of each block (fas)
influence, in turn, the mixing or separation of the segments.?*%%! |t could be proven, that under
the order-disorder temperature (Topr) using an equal volume fraction of A and B in case of the
diblocks at Ny > 10, in case of the triblocks at Ny > 18'** microphase separation occurs (Figure
3). The Ny is higher in ABA triblock copolymers since the phase separation is hindered by entropic
constraints of both blocks.!*® The microphase separation is driven by the free Gibbs enthalpy,
which attempts to minimize the interfacial energy. This leads to spherical (S), hexagonal (H),
cylindrical (C), or lamellar (L) microdomains (depending on the volume fraction of each block). The
distance of two A-A microdomains is illustrated by the diameter (d). The long-distance order (L)
is illustrated in Figure 3 in green showing the distance between the different spheres (S),
hexagonal packed cylinders (C), gyroids (G), or lamella (L). Comparison of the phase diagram of
the diblock copolymers” with the phase diagram of the triblock copolymers shows that the diblock
copolymers phase diagram is symmetrical, and the triblock copolymer phase diagram shifted

toward larger volume fractions of A.

The strength of the phase separation is influenced by the Ny value. For instance, for diblock
copolymer with a weak segregation limit such as Ny = 10 leads to a single peak in the small-angle
X-ray scattering (SAXS). An increase of Ny results in sharper phase separation.*** For an AB diblock
the blocks distinguish in individual microdomains. However, due to its structure ABA triblock can
form a loop conformation (both blocks are within the same A microdomain) or a bridge
conformation (both blocks are connected to different A microdomains separated by the B
domain). Due to this bridging and looping of the B block of the triblock, the mechanical toughness

of triblock copolymers is enhanced against diblock copolymers (Figure 4). 3
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Figure 4: Comparison of the different conformations in AB di- and ABA triblock copolymers. ABA triblock copolymers
can form bridges, loops, and entangled loops.
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Thermoplastic elastomers in the polycarbonate field based on CO,

Since Inoue et al. established the copolymerization of epoxides with CO; the focus was mainly to
improve the catalyst systems. 14212234145 | the |ast few years, however, the focus changed to the
development of new polymer structures based on CO, for new materials. >**7%737677 Jj3 et al.
introduced in 2020 an all-polycarbonate TPE with poly octene carbonate (POC, T = -24 °C) as an
inner soft block and PCHC (T,= 120 °C) as glassy outer blocks. These polymers show elastic behavior
and consist completely of polycarbonates based on CO,. However, the used epoxides are derived
from fossil fuels. The different morphologies of the resulting PCHC-b-POC-b-PCHC triblock
copolymers were analyzed via AFM.*® In 2019, Yang et al. showed that a tandem strategy using
AGE together with CO, resulted in PAGEC. PAGEC (B) was then combined with PCHC (A) to form
an ABA triblock. This does not initially lead to thermoplastic elastomers. However, conversion of
the ene groups of PAGEC to hydroxyl groups via a thiol-ene click reaction resulted in curable
thermoplastic elastomers as boronic esters were blended with these polymers.'*® The
combination of polyesters with polycarbonates provides an additional route to TPEs. The group of
Williams synthesized in 2020 a PCHC-b-PDL-b-PCHC (PDL = poly decalactone) triblock copolymer
in a one-pot reaction using a switchable catalyst. These new materials expand the properties of
PCHC and, more precisely, they show good thermal stability (T4s ~ 280 °C), high toughness (112
MJ m~3), and very high elongation at break (>900%).*’ In the same year the authors presented the
biobased alternative using LO instead of CHO for the outer blocks leading to polymers with high

elasticity (elongation at break = 400 %).”* Neumann et al. copolymerized in 2021 LO/CO; with
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lactide in a one-pot reaction applying [(BDI)Zn-(u-OAc)] as a catalyst resulting in a PLimC-b-PLA
diblock copolymer. They investigated the microphase separation of these polymers using
transmission electronic microscopy (TEM). Polymers with 72 000 g/mol already showed two Tgs
and phase separation in the TEM pictures. Besides they presented a PLimC-b-P(diHLA)-b-PLimC
triblock copolymer. Dihexyllactide (diHLA) was synthesized in a one-step reaction using 2-
hydroxyoctanoic acid. The resulting triblock polymers were elastic according to the authors, but
no mechanical characterization was performed to date.’*® The same group studied 2019 the
morphologies of PCHC-b-PLimC block copolymers. Although both blocks were polycarbonates a
microphase separation was detectable via TEM and SAXS measurements. Cylindrical, lamellar, and

hexagonally perforated lamellar microstructures were observed.*

CONCLUSION AND PERSPECTIVES

In this chapter, the development of CO,-based polycarbonates towards tailor-made materials was
demonstrated. Functionalized aliphatic polycarbonates based on carbon dioxide and tailored
epoxide building blocks represent a resource-saving opportunity for a broad range of materials
and applications that require both biodegradability and biocompatibility.**>° They offer prospects

109,113-116 \oreover, it

for, e.g. drug delivery and tissue engineering due to their biodegradability.
could be demonstrated, that using different polymer structures yields different characteristics of
the polycarbonates.*®%6110111 Amphiphilic block copolymers result in partly or fully biodegradable
surfactants. 109111114115 Additionally, it was shown, that in the field of widely used TPEs the
aliphatic polycarbonates are also a promising alternative to established systems like SIS and
SBS.*®134146 This alternative does not only reduce the use of fossil resources but also produces

1517153 Bjodegradability is an important property of future materials, like

biodegradable materials.
plastic pollution in the landfills increases.>'*%'>3 Furthermore, the focus shifts in science and
industry towards biobased polymers. In the field of polycarbonates, this aspect is increasingly
coming into the focus. Terpenes offer a great biobased non-food source and are easily modifiable
to epoxides. In this chapter LO, Men20 were already shown to be used as terpene-based epoxides.
The application of the resulting polycarbonates entails antibacterial coatings, glazing materials,
and thermoplastic elastomers, but there are hundreds more of different terpenes which could be
used as starting material and therefore offer potentially new properties for biobased

polycarbonates,5%-76:81-83,148
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ABSTRACT

A new type of bio-based aliphatic polycarbonate based on CO; with an exceptionally low glass
transition temperature of T; = -55 °C is introduced, which is relevant for (thermoplastic)
elastomers based on aliphatic polycarbonates. A variety of copolymers was synthesized via cobalt-
salen catalysis from citronellol glycidyl ether (CitroGE) and carbon dioxide. In-depth
characterization based on NMR, IR-spectroscopy, MALDI-ToF and SEC revealed apparent molar
masses of 4 600 to 18 000 g/mol, which are underestimated due to the long side chains.
Furthermore, ABA triblock copolymers consisting of a flexible PCitroGEC midblock and poly
cyclohexyl carbonate A-blocks were prepared that form stable free-standing films. In exploratory
experiments the o, o-hydroxyl-functional PCitroGEC homopolymers were additionally employed
as flexible chain extenders in an addition reaction with MDI. Moreover, the ene-moiety of the

citronellol sidechains enables fast TAD-click modification of the polymers.
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INTRODUCTION

In recent years polycarbonates directly synthesized from CO, have gained enormous attention due
to the excellent availability of CO; as a C; substrate.! In several recent reviews the progress in this
growing field was highlighted, particularly in the context of sustainable and degradable
polymers.? Recent progress was achieved by employing bio-based epoxides in combination with
CO; to generate potentially sustainable and biodegradable polymer materials.5?* Besides
homopolymers based on polycarbonates also block copolymers and several polymer architectures
have been introduced in recent years.’>?° For many applications, such as thermoplastic
elastomers (TPEs), ABA block structures are desirable, combining a “hard” A block (high Tg) and a
highly flexible B midblock (low T;).2!However, a key obstacle for application of polycarbonates as
crosslinked elastomers or as a “soft” segment for a variety of applications is the intermediate glass
transition temperature of almost all currently known polycarbonate structures. Several high T,
materials have been introduced with a T; in a range of 110-120 °C, e.g. poly(cyclohexene oxide
carbonate) (PCHC), poly(limonene oxide carbonate) (PLimC) that are considered to possess
similarity to polystyrene in their property profile.?%2%3 Current state-of-the art polycarbonates
aiming at low Tgs are the often-used poly(propylene carbonate) (Tz: 28°C) and poly(octene
carbonate) (POC) (T,: -24°C). 2* In a recent work, Jia et al. show ABA triblock copolymers with POC
as flexible inner B block and PCHC as a glassy outer A block. The resulting polymers show
elastomeric behavior. Additionally they introduced a new polycarbonate from 2-ethylhexyl
glycidyl ether with a T, of -46 °C.%* Zhang et al. presented a fully biobased aliphatic polycarbonate
based on fatty acid with a low T; of -40 °C.%® Apart from these polymers no fully aliphatic
particularly terpene based polycarbonate structures with a low glass transition below -40 °C have
been reported to date. Such structures would be crucial to realize elastomer properties in the
typical desired service temperature range. Hence, highly flexible polycarbonates with a glass
transition temperature below -40 °C have to be identified to enable the preparation of
polycarbonate-based elastomers, TPEs or use as soft segments for polycarbonate-based

polyurethanes.

The catalytic synthesis of polycarbonates based on CO; relies on the copolymerization with
epoxide derivatives. In this work we introduce citronellol glycidyl ether (CitroGE) as a bio-based
epoxide monomer for the synthesis of poly(citronellol glycidyl ether carbonate) (PCitroGEC,

Scheme 1).
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RESULTS AND DISCUSSION

Polymer synthesis and characterization

Phase
transfer
cataIyS|s +CO, (R,R)-(salcy)-CoCl, [PPN]CI e}
55 bar, r.t. 23h n M
O
Citronellol CitroGE PCitroGEC
° OH 0 0
(0] (0]
+2m @ 6/ \g/ V%/\OJ\O%O
55 bar, 60 °C, 36h o /rgH

PCHC-b-PCitroGEC-b-PCHC

Scheme 1. Synthesis of aliphatic poly(citronellol glycidyl ether carbonate) and PCHC-b-PCitroGEC-b-PCHC triblock

copolymer in a one pot reaction.

Citronellol glycidyl ether can be prepared from citronellol, a mono-terpene that is abundant in
plants like roses and lemon grass.?® CitroGE was prepared according to work previously published
by our group.??” All copolymerizations of CO, and CitroGE have been performed via the
established process for the copolymerization of epoxides with CO,, using (R,R)-(salcy)-Co(lll)Cl
(Co(Salen)Cl) and bis(triphenylphosphine)iminium chloride ([PPN]Cl) as a catalyst system.?®
Successful polymerization with quantitative conversion of CitroGE was confirmed via NMR, IR, SEC
and MALDI-ToF (Figures S 2-S 14, Table 1). Undesired formation of the thermodynamically favored
cyclic carbonates was virtually suppressed by employing low temperatures (r.t) and reaction times
of 17-20h. A low content of cyclic carbonates can be confirmed in the IR spectrum of the crude
homopolymer. Residual cyclic carbonates can be separated by precipitation in methanol (Figure S

9).

Any metathesis or radical reaction of the double bonds induced by the catalyst was excluded by
verifying the integrals of the signals of the 'H NMR spectrum (Figure S 2). This demonstrates the

compatibility of the monomer and the Co-Salen catalyst system.
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Table 1. Overview of the synthesized homo-PCitroGEC, the PCHC-PCitroGEC block copolymers and the PCitroGEC

polyurethanes sample. A complete overview of the synthesized polymers is shown in the Supp. Info. (Table S 1).

Composition M2 pa yield To/ T
g/mol % °C
PCitroGEC;g 4 660 1.09 97 -57/-
PCitroGECyg 4 800 1.17 100 -55/-
PCitroGECy 5000 1.09 100 -57/-
PCitroGEC;,3 5900 1.11 100 -55/-
PCitroGEC;; 18 650 1.15 70 -51/-
PCHC-b- PCitroGEC-b-PCHC 5100¢/6 750 1.13/1.17 68 -20/-
PCitroGECq5-co-PCHCp 5 9500 1.34 93 -2/-
PCitroGEC15-MDI-PU 12 080 2.39 100 -40/-34

2 measured by SEC (Eluent: DMF, standard: PEG). ® Determined by DSC with a heating rate of 20 °C/min. ¢ Molar mass of the PCitroGEC
block.

Polymers in the molar mass range of 4 600 — 18 000 g/mol (SEC) (Table 1) with low dispersity of
1.09-1.15 were obtained. The formation of higher molar masses is difficult, which can be explained
by the fact that 0.2 mol% of the binary catalyst system is required for activation, which in turn
leads to increasing initiation by the chloride of the [PPN]CI catalyst. Furthermore, we also
observed initiation by water traces contained in carbon dioxide. These effects lead to lowering of
the molar mass. Experiments with a lower amount of the catalyst and the co-catalyst were
conducted, albeit resulting in lower conversion. Therefore, no higher molar masses were obtained
(Table S 1, sample 6), which implies that a minimum of 0.2 mol% of the catalyst must be used for
the reaction. In order to obtain a higher molar mass of the PCitroGEC a method by Hauenstein et
al. was applied (Table S 1, sample 7). The monomer CitroGE was treated with methyl iodide and
sodium hydride before employing it in the copolymerization with carbon dioxide. Impurities like
hydroxyl groups are masked and cannot act as additional initiators. This leads to double molar
mass of the polymer shown in Table 1 and in the SEC trace which is shown in Figure S 26a. To
demonstrate that the eluent and the standard have an large impact of the evaluated molar mass,
the molar mass for sample 7 was also determined by using THF as eluent and polystyrene (PS) as
standard (which is used mostly in the literature for aliphatic polycarbonates).’>?*?* The resulting
molar mass of 42 000 g/mol is illustrated in Figure S 26b. Utilizing different SEC reveals a significant

change in the measured molar masses and the modality of the polymers.
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Absolute determination of the molar mass via NMR end group analysis was not possible, hence
SEC analysis was used to estimate the molar mass. Additionally, the molar masses were estimated
by using mass spectrometry (MALDI-ToF) for PCitroGEC;s. The MALDI-ToF spectrum in Figure 1
confirms the structure of the fractionated high molar mass distribution part (~11 000 g/mol) of
the PCitroGEC;s homopolymer with two hydroxyl end groups and also shows that SEC molar
masses (Table 1) are underestimated due to the large side chains. Using these telechelic polymers
with two hydroxyl end groups as macroinitiators, triblock copolymers may be synthesized, e.g. by
using different lactones as monomers. The mass differences between the signals of 256.36 g/mol
(yellow arrow) can be assigned to the molar mass of the repeating unit of the CitroGE/CO,
repeating unit, confirming the alternating epoxide and CO; incorporation. The MALDI-ToF spectra
(Figure S 12 and Figure 1) show the different species assigned to the respective distributions.
Distribution A) (Figure 1) exhibits the double molar mass (M, = 11 000 g/mol) of the distributions
B, Cand D (Figure 1 and Figure S 12). This indicates that the series (A) is initiated by the bifunctional
CitroGEC-diol (resulting from hydrolysis with water) (Scheme S 1, A). Figure S 12 shows the low
molar mass distribution with half the molar mass (6 000 g/mol), suggesting that these chains were
initiated by the chloride of the co-catalyst, which was then substituted with a hydroxyl group
(Scheme S 1, B) or the chloride was eliminated via the ionization process (Scheme S 1, C)?°. From
the MALDI-ToF we conclude, that both water traces®®3! and the chloride of the cobalt salen
catalyst system can initiate the polymer chains. The chloride can act as a monofunctional initiator
and water as a bifunctional initiator, resulting in two distributions (Figure 1, Figure S 12, Scheme
S 1). Kember et al. also discussed the initiation of the polymerization by the anion of the catalyst
and by water traces.'® Additionally in a recent work by Jia et al. the initiation by water traces was
suppressed by drying CO, with tri isobutyl aluminum, which confirms the hypothesis of initiation
from residual water traces.?> Wu et al. further confirmed this mechanism and discussed the bis-

hydroxyl end-functional polymers.3!

To further verify the hypothesis that the higher molar mass distributions are initiated by water
traces, a drop of water was deliberately added to the reaction. The resulting monomodal
distribution is shown in Figure S 13 at a molar mass of 2 850 g/mol and with a PDI of 1.07. The
lower molar mass can be explained by the additional amount of water. Additionally, a MALDI-ToF
spectrum was recorded. The distribution A is assigned to the polymers with a,m—hydroxyl end
groups (Figure S 14, A, Scheme S 1, A). The distribution C is assigned to polymers with an ene and
a hydroxyl end group (Figure S 14, C, Scheme S 1, C). These results confirm the hypothesis that

water-traces lead to the higher molar mass distribution of the synthesized PCitroGEC (Figure 1).
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Because of the higher amount of traces of water in the reaction mixture, nearly all polymers are
initiated by water and not by the catalyst, which results in an almost monomodal distribution and
lower molar mass. Nevertheless, a small amount of the polymer initiated by the chloride of the

[PPN]Cl is detectable (Figure S 14).
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Figure 1: MALDI-ToF MS of PCitroGEC,s (DCTB, NaTFA), reflecting the high molar mass distribution of the fractionated

sample (the low molar mass distribution part is shown in the Supp. Inf.).
Thermal characterization

Thermal characterization of PCitroGEC via DSC reveals an exceptionally low glass transition
temperature of the homopolymers of Ty -51 to -57°C (Table 1, Figure S 15). It is an intriguing
qguestion, why the T of these aliphatic polycarbonates is by far lower than for mostly all related
CO,-based polycarbonate structures reported to date. We tentatively ascribe this flexibility to the
following structural characteristics: (i) the aliphatic Cio side chain is branched, which impedes
ordering and crystallization and (ii) the double bond stereochemistry additionally disturbs
ordering. Considering these structural characteristics, the citronellol-based side chain is similar to
an oligoisoprene structure, leading to high flexibility and thus low T;values. An increasing molar

mass of PCitroGEC leads to a slightly higher T, of -51 °C.
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PCHC-PCitroGEC copolymers

PCHC-b-PCitroGEC-b-PCHC triblock copolymers

The low glass transition temperature paves the way for elastomers and block copolymers based
on polycarbonates. As a proof of principle, we also synthesized a PCHC-b-PCitroGEC-b-PCHC
triblock copolymer by addition of cyclohexene oxide (CHO) after full conversion of CitroGE in a
one pot reaction. One advantage of this synthesis protocol is that no purification of the PCitroGEC
block is required. Another feature of the one-pot synthesis is that no homo-PCHC
(poly(cyclohexene carbonate)) is formed, because an equilibrium of PCitroGEC initiated by water
or the chloride counter ion of the catalyst already exists. This equilibrium leads to a mixture of
PCitroGEC-b-PCHC di- and PCHC-b-PCitroGEC-b-PCHC triblock copolymers. The successful
polymerization of poly(cyclohexene carbonate) (PCHC) onto activated chain ends of PCitroGEC is
proven by the lack of PCitroGEC homopolymer evidenced by DOSY NMR (Figure 2). Together with
the absence of PCHC homopolymer (Figure S 17) this confirms the successful formation of the
block copolymer. A complete assignment of the NMR signals is shown in the Supporting
Information (Figures S 8). This copolymer shows an intermediate glass transition temperature in
between PCHC (T, =120 °C) *** and the PCitroGEC homopolymer (T, = -55 °C) (Table 1, Figure S
18) at -20 °C (Table 1, Figure S18).This indicates miscibility, since the molar mass of the polymer is

not sufficient for microphase separation.®

To characterize the mechanical properties of this copolymer a flexible film was prepared via
solvent evaporation (Figure S 18, (2)). Tensile testing revealed highly stretchable films with a total
applicable strain of more than 1200% (Figure S 18, Table S 2). This flexibility can be explained by
the higher amount of flexible PCitroGEC in the block copolymer than the rigid PCHC (PCitroGEC =
5 100 g/mol, PCHC = 1 650 g/mol, Table 1). The copolymer films showed merely 2% elastic
deformation (&yielq, Table S 2). The low stress (< 350 KPa) shows the soft, plastic character (Figure
S 18), similar to other polymers with flexible side chains.®* To further enhance mechanical
properties, higher molecular masses of the hard and soft blocks are desired. Work in this direction

is in progress.
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Figure 2: '*H DOSY NMR (400 MHz, CDCl3) of PCHC-b- PCitroGEC-b-PCHC triblock polymer synthesized in a one-pot

reaction.
PCHC-co-PCitroGEC terpolymer

To demonstrate the use of the low T, of the polymer a terpolymer of PCHC and PCitroGEC was
synthesized. A polymer with 50 mol% PCHC and 50 mol% PCitroGEC was prepared. The successful
terpolymerization was confirmed by NMR and SEC ( Figures S 19 and S 20). 50 mol% of PCitroGEC
in PCHC decreases the T;from 120 °C to -2 °. This indicates, that the PCitroGEC could also be used

to tailor the T; of wide used polycarbonates like PCHC.
Post-modifications

3L O 4O
N\\/\LN N/[%N N OCN NCO
N N
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@]

Bis-TAD Ph-TAD MDI
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Scheme 2: Structures of the compounds used for post modifications.

Besides the low Ty; a peculiar feature of PCitroGEC is its susceptibility to further post-
polymerization of the double bond. In recent years, modification of ene-moieties via activated

(di)enophiles, such as triazolindiones (TADs) has been investigated.?%3> As a proof of concept the
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ene moieties of PCitroGEC,, were modified via Alder-ene reaction with 4-phenyl-(1,2,4-triazolin-
3,5-dione) (Ph-TAD) (Scheme 2), resulting in altered solubility behavior. Additionally, the T
increased from -57 °C to 24 °C (Figure S 16, S 24-25). These characteristic changes are explained
both by hydrogen bonding between the urazole groups and the steric demand of the urazole

groups that reduce the flexibility of the polymer.3¢

Using the same maodification, crosslinked polymers are available via bifunctional 4'-(4,4'-
diphenylmethylene)-bis-(1,2,4-triazolin-3,5-dione) (Bis-TAD) (Scheme 2) . The colorless PCitroGEC
solution (Figure 3, (1)). and the red solution of Bis-TAD (Figure 3, (2)) formed a colorless organogel

within seconds after mixing (Figure 3, (3)).
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Figure 3: Reaction of PCitroGEC (1) in THF with Bis-TAD (2) in THF resulting in a crosslinked organogel (3).

Using the ene moiety for further post-modification enables tailoring of the polymers. Flexible
polyols (like e.g. PPO, T, = -70 °C)*’ are common industrial precursors for the preparation of
polyurethane soft foams. Poly(propylene carbonate) (T, = 28 °C)* is also used in industry as a
rather flexible segment in polyurethanes, but there is a lack of polycarbonates with higher

flexibility than PPC. To further explore their applicability in this direction, PCitroGEC
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homopolymers that exhibit both an a and @ hydroxyl group were coupled via addition with 4,4'-
methylenebis (phenyl isocyanate) (MDI) (Scheme 2), affording linear polyurethanes with tripled
molar mass (12 000 g/mol) of the precursors (Figures S 21, S 22). This polymer does not just show
a low Ty at -40 °C. Additionally a melting point at -34 °C can be detected. This small melting point

could be caused by the urethane linkage crystallization due to the hydrogen bonds.

CONCLUSION

In summary, aliphatic polycarbonates with a low Tgbelow -50°C are obtained by
copolymerization of the partially biobased CitroGE monomer with CO,, using the common Co-
salen catalyst system. This polymer opens manifold perspectives due to the low T, as well as the
ene moiety. The o, o -hydroxyl groups qualify the material as a bifunctional initiator for different
lactones and as a chain extender for diisocyanates, forming polyurethane-based thermoplastic
elastomers. A PCHC-b-PCitroGEC-b-PCitroGEC triblock copolymer was synthesized in a one pot-
reaction by sequential monomer addition, using PCitroGEC as an initiator. This polymer showed
merely one Tg. The PCitroGEC homopolymer was also utilized as a flexible, biobased polyol
alternative of widely used polyethers in a linear polyurethane synthesis. Besides the modification
via hydroxyl groups, the ene moieties in the side chains were demonstrated to permit additional
functionalization. Crosslinked polymers can be formed within several seconds via bis-functional
TAD reagents. PCitroGEC represents a valuable, partially biobased polycarbonate based on CO;

with unprecedented flexibility in this class of materials.
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EXPERIMENTAL SECTION

Materials

All solvents and reagents were utilized as obtained, unless otherwise stated. Cyclohexene oxide
(CHO) was distilled over CaH, under reduced pressure prior to use. Carbon dioxide (>99.999%)
was purchased from Westfalen AG (Munster, Germany). 4,4’-methylene bis (phenyl isocyanate)
(MDI) was obtained from Acros Organics (Pittsburgh, PA, USA). Bis(triphenylphosphine)iminium
chloride ([PPN]CI) was received from abcr GmbH. (R,R)-(salcy)-Co(ll1)Cl was prepared as described
by Scharfenberg et al.! All solvents were received from Sigma Aldrich, Fischer Chemical
(Pittsburgh, PA, USA) and Honeywell (Morris Plaines, NJ, USA) and used without further
purification. All reagents were purchased from Sigma Aldrich, Arcos Organics (Pittsburgh, PA,
USA), Alfa Aesar (Kandel, Germany) or TCI (Oxford, UK). Deuterated solvents were obtained from

Deutero GmBH (Kastellaun, Germany).

Characterization

Nuclear magnetic resonance (NMR)Analysis: 'H NMR spectra at 300 MHz and *C NMR spectra at
75 MHz were recorded on a Bruker Avance Il HD 300 (5 mm BBFO-Head with z-gradient) at 23 °C.
'H NMR spectra at 400 MHZ and *3C NMR spectra at 100 MHz were recorded on a Bruker Avance
11 HD 400 (5 mm BBFO Smartprobe with z-gradient) at 23 °C. The spectra are referenced internally

to residual proton signal of the deuterated solvent.

Size exclusion chromatography (SEC): SEC was accomplished in DMF (1 mL/min, 50 °C) containing
1 g/L lithium bromide as an additive, using an Agilent 1100 series SEC system equipped with a
HEMA 300/100/40 A column cascade, UV (254 nm) and RI detector. Calibration was performed
using poly(ethylene glycol) (PEG) standards obtained from Polymer Standard Service (PSS). SEC
measurement were accomplished in THF (1 mL/min, 30°C) on a SDV column set from PSS (SDV
103, SDV 105, SDV 106), equipped with a UV (254 nm) and Rl detector Calibration was carried out
using polystyrene standards (PSS). Recycling SEC measurements were carried out in CHCl; (3.5
mL/min, 30°C) on a Jaigel-4H column set from Japan Analytical Industry equipped with UV (254

nm) and Rl detector. Calibration was carried out using polystyrene standards (PSS).

Matrix-assisted laser desorption and ionization time-of-flight mass spectrometry (MALDI-ToF):
Mass spectra were measured on a MALDI ToF MS Autoflex Max by Bruker. The samples were

prepared as a 1 mg/mL solution in dichloromethane. As a matrix trans-2-[3-(4-tert-Butylphenyl)-
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2-methyl-2-propenyliden] malononitrile (DCTB) with NaTFA was used. The measurement was

performed in linear modus. The data were analyzed by the mmass 5.5.0 software.

Infrared spectroscopy (IR): FT-IR spectra were recorded using an iS10 FT-IR spectrometer (Thermo

Scientific, Waltham, MA, USA) equipped with a diamond ATR unit.

Dynamic scanning calorimetry (DSC): DSC curves were recorded using a Perkin-Elmer DSC 7 CLN2
instrument in the temperature range of -95°C-200°C or -95 °C—40 °C at heating rates of 20K/min

under nitrogen atmosphere.

Tensile Testing: Tensile tests were accomplished by a material testing machine Z005 (Zwick/Roell,
Germany). Tensile tests were performed by exposing the stamped polymer stripes to a uniaxial
tension. Samples with thicknesses around 0.3 mm were strained at a rate of 20 mm/min at room
temperatures. A predefined load of 0.1 N was used. Dependencies of stress versus draw ratio were
measured. All films were prepared by slow evaporation from a chloroform solution followed by

full removal of the solvent under reduced pressure.

Synthesis

Monomer synthesis

50% (w/w) NaOH
TBAHS
4h

| OH o -
. | Ko
Citronellol CitroGE

Scheme 3: Synthesis of CitroGE.

(aq)

Citronellol glycidyl ether (CitroGE) (IUPAC: 2-(((3,7-dimethyloct-6-en-1-yl)oxy)methyl)oxirane)
was prepared according to literature*® on a scale of 0.1 mol citronellol. 40% of CitroGE as a
colorless liquid was obtained after distillation under high vacuum (1107 mbar, 80 °C). Before use
CitroGE was dried with benzene in an azeotropic distillation. Sample 7 (Table S 1) was treated with

methyl iodide and sodium hydride before use. *

'H NMR (300 MHz, CDCl5) 6 = 5.10 — 5.03 (m, 1H, j), 3.70 — 3.65 (m, 1H, c), 3.57 — 3.42 (m, 2H, d),
3.38-3.31(m, 1H, ¢), 3.14-3.08 (m, 1H, b), 2.79 — 2.55 (m, 2H, a), 2.04 — 1.85 (m, 2H, i), 1.65 (s,
3H, k), 1.57 (s, 3H, 1), 1.42 -1.09 (m, 5H, e+f+h), 0.87 (d, 3H,g) ppm.
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Polymer synthesis

Synthesis of PCitroGEC, and PCHC-b-PCitroGEC-b-PCHC polymers

(e
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Scheme 4: Synthesis of PCitroGEC homopolymer and PCHC-b-PCitroGEC-b-PCHC block copolymer.

General procedure illustrated for the synthesis of PCHC-b-PCitroGEC-b-PCHC (7).

Synthesis: A 100 mL Roth autoclave was dried at 40 °C under reduced pressure. Citronellol glycidyl
ether (CitroGE) (0.5 mL, 2.0 mmol), (R,R)-(salcy)-CoCl (3.9 mg, 0.006 mmol) and [PPN]CI (3.4 mg,
0.006 mmol) was filled in the autoclave equipped with a stirring-bar in an inert argon-atmosphere.
The reaction mixture was stirred at a carbon dioxide pressure of 55 bar at 20 °C for 23 h. Then CO;
was released, and the autoclave was filled with argon. A sample was taken under argon
atmosphere and CHO (0.9 mL, 8.8 mmol) was injected to the polymer mixture, and the autoclave
was refilled with CO,. The reaction mixture was stirred at a carbon dioxide pressure of 55 bar at

60 °C for additional 36 h.

Purification: The crude product was dissolved in DCM, and the catalyst was deactivated with 1 mL
of a solution of 5%, HCI (ag) in methanol. The product was precipitated in ice-cold methanol as a
non-solvent. The precipitated product was collected by centrifugation at 4500 rpm at 0°C for 10
min. The colorless, rubbery solid was then dried under reduced pressure for 24h. A yield of 68 %

polymer was obtained.
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PCitroGEC homopolymers were purified in analogy to the triblock copolymers. Additionally we
used different mol% (regarding to the monomer) to receive different molar masses of the
polymers. The used amount of (R,R)-(salcy)-CoCl and [PPN]CI is shown in mol% in Table S 1. In
case of sample 1 a drop of water (15.94 mg, 0.93 mmol, 2.15 mol%) was added to the reaction

mixture.
PCitroGEC1s(Table S 1, sample 2):

H NMR (300 MHz, CDCls): & = 5.16 — 5.06 (m, 1H, j),5.06 — 4.98(m, 1H, b), 4.52 — 4.20 (m, 2H, a),
3.62 (d, 2H, ¢) 3.55—3-43 (m, 2H, d), 2.09 — 1.88 (m, 2H, i), 1.69 (s, 3H, k), 1.61 (s, 3H, 1), 1.60 —
1.08 (m, 5H, e+f+h), 0.84 (d, 3H, g) ppm.

13C NMR (75 MHz, CDCls): 6 = 154.36 (Q), 131.26 (M), 124.87 (J), 74.50 (B), 70.28 (D), 68.48 (C),
66.26 (A), 37.36 (E), 36.52 (H), 29.64 (F), 25.84 (l), 25.56 (K), 19.65 (G), 17.78 (L) ppm.

M., (SEC, DMF, PEG calibration) = 4600 g / mol; b (SEC, DMF, PEG calibration) = 1.09.
T,: -57 °C.
PCHC-b-PCitroGEC-b-PCHC (Table S 1, sample 7):

'H NMR (300 MHz, CDCl5): 6 =5.16 — 5.06 (m, 1H, j), 4.68 (t, 4H, 0), 4.52 — 4.20 (m, 2H, b), 3.62 (d,
2H, ¢) 3.55-3-43 (m, 2H, d), 2.40-2.08 (m, 16H, p), 2.09 — 1.88 (m, 2H, i), 1.69 (s, 3H, k), 1.61 (s,
3H, 1), 1.60 — 1.08 (m, 5H, e+f+h), 0.84 (d, 3H, g) ppm.

M., (SEC, DMF, PEG calibration) = 6750 g / mol; b (SEC, DMF, PEG calibration) = 1.17.

Ty: -20 °C.
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Post-polymerization modification reactions

Synthesis of PCitroGEC1o-MDI-PU (Table S 1, sample 8)

[ )kO/\d /\)\/\)\ OCNNCO

PCitroGEC19

DBTL
- - HN
toluene, 60°C, 3d O O \C

PCitroGEC19-MDI-PU
Scheme 5: Polyaddition of PCitroGEC;9 and MDI.

In a solution of dried PCitroGECy9 (0.2 g, 0.042 mmol, 1 eq, (Table S 1, sample 6) in 1 mL dried
toluene MDI (0.010 g, 0.042 mmol, 1 eq) was dissolved under an argon atmosphere. A drop of
dibutyltin dilaurate (DBTL) was added to the solution and the reaction mixture was stirred and
heated to 60 °C for 3 days. After the reaction, the polymer mixture was precipitated in methanol

and dried under vacuum.

M., (SEC, DMF, PEG calibration) = 12 080 g/mol; ® (SEC, DMF, PEG calibration) = 2.39.
T,: -40 °C (DSC).

Tm: -34°C, AHm: 11.86 J/g (DSC).

Modification of PCitroGEC by Phenyl-TAD (Table S1, sample 9)

s e ey

PCitroGEC20

HN- O

.

PCitroGEC20-Ph-TAD

Ph-TAD

Scheme 6: Reaction of Ph-TAD with PCitroGEC;o.
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PCitroGEC(30 mg, 0.006 mmol, (Table S 1, sample 4)) was dissolved in 0.5 mL THF. Phenyl-(1,2,4-
triazolin-3,5-dione) (Ph-TAD) (27 mg, 0.154 mmol) was dissolved in 1.5 mL THF. The Ph-TAD
solution was added dropwise to a stirred PCitroGECy solution until no imminent color change was
detectable anymore. The polymer was precipitated in cold methanol. The product was dried under
vacuum. Due to the insolubility of the product in DMF, the SEC characterization for this sample

was performed via SEC in THF.

M., (SEC, THF, PS calibration) = 15 100 g/mol; D (SEC, THF, PS calibration) = 1.17
Ty 24 °C

Crosslinking of PCitroGEC with Bis-TAD

4'-(4,4'-diphenylmethylene)-bis-(1,2,4-triazolin-3,5-dione) (Bis-TAD) was prepared according to

literature® on a scale of 2 g. A pink crystalline powder was obtained (Figure S 23).

H
J/
H[Oj\o/\égH + i\\N O O /[2 _ o
O/\/l\/\)\ N}\\"§O O)N\,\YN THF, r.t., min 5_5_/0_<)+H

(0]
PCitroGEC19 Bis-TAD 2—‘
T

(0]

PCitroGEC19-Bis-TAD

Scheme 7: Crosslinking of PCitroGEC1o with Bis-TAD.

PCitroGECi5 (34 mg, 0.007 mmol( Table S 1, sample 3)) was dissolved in 0.1 mL THF. Bis-TAD (20
mg, 0.055 mmol) was also dissolved in 0.1 mL THF. The Bis-TAD solution was added to the
PCitoGEC,s solution and the mixture was shaken three times. Within less than 30 seconds a gel

was formed, and the mixture turned increasingly colorless.
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1. Monomer characterization
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Figure S 1: *H NMR spectrum (300 MHz, CDCl;) of CitroGE after distillation.
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2. Polymer characterization

Table S 1: Overview of the synthesized homo-PCitroGEC and the PCHC-b-PCitroGEC-b-PCHC triblock copolymer and
modified PCitroGEC homopolymers.

sample composition Catalyst My? b yield  Conversion® Tg Acp
(CitroGE/CHO)
mol% g/mol % % °C  J/g*°C
0.6+drop
1 PCitroGECi1 2 800 1.07 31 97/- -55  1.569
H20
2 PCitroGECis 0.6 4 600 1.09 97 97/- -57  0.997
3 PCitroGECis 0.5 4 800 1.17 100 100/- -55  0.943
4 PCitroGEC20 0.4 5000 1.09 100 100/- -57  0.917
5 PCitroGECz23 0.2 5900 1.11 100 100/- -55  1.004
6 PCitroGECis 0.15 4 800 1.13 51 75/- -59 15.909
7 PCitroGEC~2 0.2¢ 18 650 1.15 70 80/- -51 0.694
PCHC-b-PCitroGEC-
8 0.3 5100°/6 750 1.13°/1.17 68 97/75 -20  0.577
b-PCHC
PCitroGECo.s-co-
9 0.2 9570 1.34 93 94/92 -2 0.282
PCHCos
PCitroGEC19-MDI-
10 - 12 080 2.39 100 75/- -40 1.043
PU

11 PCitroGEC20-Ph-TAD - 9280*/15130* 1.18%/1.18 100 100/- 24 0.465

ameasured by SEC (Eluent: DMF, standard: PEG). PDetermined by *H NMR (300 MHz, CDCls). € Mn/ PDI belonging to the
PCitroGEC block/part.dimpurities in the CitroGE monomer were masked by methyl iodide before use. *measured by SEC

(Eluent: THF, standard: PS).
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Figure S 2: 'H NMR spectrum (300 MHz, CDCl;) of PCitroGEC;5 (Table S 1, sample 2), indicating the compatibility of the ene
double bond with the catalyst system.
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Figure S 3: 'H NMR spectrum (300 MHz, CDCls) of crude PCitroGEC;5(Table S 1, sample 2), showing almost full conversion
of the monomer CitroGE by the very small intensity of the epoxide signals at 3.13, 2.81 and 2.62 ppm.
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Figure S 4: 13C NMR spectrum (75 MHz, CDCl3) of PCitroGECy5 (Table S 1, sample 2), showing the formation of polycarbonate
structure, based on the signal of the carbonyl carbon at 154.36 ppm.
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Figure S 5: 'H-'H COSY NMR (300 MHz, CDCls) spectrum of PCitroGEC,5 (Table S 1, sample 2) .
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Figure S 8:'H NMR spectrum (300 MHz, CDCl;) of PCHC-b-PCitroGEC-b-PCHC (Table S 1, sample 8) .
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Figure S 9: IR spectrum of crude and purified PCitroGEC18 (Table S 1, sample 2) . Orange: crude homopolymer. Blue: purified
homopolymer after precipitation in methanol. Highlighted in green at 1819 cm: carbonyl bands of cyclic carbonates that
occur as a side product. Highlighted in blue at 1740 cm: carbonyl bands of the PCitroGEC.
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PCitroGEC , (M, : 2840 g/mol; £: 1.07)
PCitroGEC18 (Mn: 4600 g/mol; D: 1.10)
PCitroGE(:19 (Mn: 4790 g/mol; D: 1.15)
PCitroGEC20 (Mn: 5090 g/mol; £: 1.10)
PCitroGEC23 (Mn: 5930 g/mol; £: 1.12)
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elution volume [mL]

Figure S 10: SEC traces (DMF, PEG calibration, Rl detector) of PCitroGEC homopolymers.

To further elucidate the bimodal distribution (Figure S10) that is known in literature®’, MALDI-ToF
analysis was performed. Therefore the two distributions of the polymer PCitroGECis (Table S 1, sample
2)) were separated using a preparative SEC. Fraction 1 (blue) and Fraction 6 (purple) (Figure S 11) were

characterized via MALDI-ToF measurements.

Fr1 (M _: 13050 g/mol; D: 1.32)

n

- —=Fr2 Mn: 11260 g/mol; D: 1.26)

(
(
- =Fr3 (Mn: 9850 g/mol; £: 1.28)
- —Fr4 [Mn: 8020 g/mol; D: 1.28)
- =Fr5 (Mn: 7120 g/mol; £:1.22)
Fr 6 (M _: 5660 g/mol; B: 1.28)

crude {Mn: 7380 g/mol; D: 1.30)

26

elution volume [mL]

Figure S 11: SEC-traces of PCitroGEC;5 (Table S 1, sample 2) fractions before (crude) and after separation by a preparative
SEC (Eluent: CHCI3, Standard: PS). Fr 1 and Fr 6 show the best separation.
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route shows the hydrolysis of CitroGE via water. The formed bifunctional CitroGE-diol is then activated by the Co-salen
catalyst system and both hydroxyl groups initiate then the polymer chains. B+C) Additionally a CitroGE could be activated
directly by the Co-salen catalyst system, resulting in a metal-Alkoxy species (O-M). This Species reacts then with carbon
dioxide and CitroGE in a coordination-insertion process to a polycarbonate with Cl as an end group (PCitroGEC-CI). Using 5
vol% HCl in methanol for hydrolysis of the catalyst leads to a substitution (B) or to an elimination (C) of the chloride end
group. B) results in a,0 hydroxyl-PCitroGEC and C) in a hydroxyl and a double bond end capped PCitroGE (PCitro-db).
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PCitroGEC”-RI (Mn: 2840 g/mol; : 1.07)
- - PCitroGEC11-UV (Mn: 2850 g/mol; B: 1.07)
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elution volume [mL]

Figure S 13: SEC traces (DMF, PEG calibration, RI/UV detector) of PCitroGEC11 (using additional water) (Table S 1, sample
1).
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Figure S 14: MALDI-ToF spectrum of water initiated PCitroGEC;; (using additional water) (Table S 1, sample 1).
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Note: Since bifunctional CitroGEC-diol coexists with the monofunctional CitroGEC-ol, a sequential
monomer addition of CHO leads to a mixture of di- and triblock copolymers. To simplify the discussion,

the term “triblock copolymers” was used to describe this mixture in the main text.

3. Thermal characterization
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Figure S 15: DSC-diagrams of homo-PCitroGEC samples (HR:20 °C/min).
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4. Post-Modifications

- = =PCitroGEC,, UV (M, : 5070 g/mol; D: 1.17)
PCitroGEC , (M, : 5100 g/mol; £: 1.13)

— — —PCHC-b- PCitroGEC-b-PCHC-UV (M,_: 7310 g/mol; D: 1.14
PCHC-b- PCitroGEC -b-PCHC (M : 6940 g/mol; D: 1.14)

6 8 10 12 14 16
elution volume [mL]

Figure S 17: SEC traces (DMF, PEG calibration, Rl & UV detector) of PCitroGEC, (sample before CHO addition) and PCHC-b-
PCitroGEC-b-PCHC (Table S 1, sample 8). A shift to lower elution volume and therefore to higher molar masses is detectable
for the PCHC-b-PCitroGEC-b-PCHC compared to the PCitroGEC initiator. This confirms successful polymerization onto the
activated chain ends of PCitroGEC. Additionally, the UV and the IR signal of the SEC traces match, which excludes the
formation of homo PCHC (via UV non-detectable).
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Figure S 18: 1) Stress-Strain curve of the PCHC-b- PCitroGEC -b-PCHC triblock copolymer (Table S 1, sample 7). 2) Transparent film
sample of the PCHC-b- PCitroGEC -b-PCHC triblock copolymer before testing (Table S 1, sample 7). 3) Stretched film of the PCHC-
b- PCitroGEC -b-PCHC triblock copolymer (Table S 1, sample 7).

Table S 2: Overview of the mechanical properties of the PCHC-b- PCitroGEC -b-PCHC triblock copolymer (Table S 1, sample
8). (n =2, average % SD).

E? Opreak Epreak Oieid” Elield W ensite
MPa Mpa % MPa % MN /mz
0.112+0.02 0.042+0.005 1301490 0.21+0.05 2.310.3 0.810.4

3Calculated by using the slope of the initial part of the curve. Considering the tensile stress—strain data at small strains no linear elastic
behavior above about 2% strain was detectable. Observing the limited range of linear elasticity in this triblock copolymer, we still relate the

initial stress—strain slope with the Young's modulus.
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Figure S 19: 'H NMR spectrum (300 MHz, CDCl;) of PCitroGECO s-co-PCHCy s (table S 1, sample 9).
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Figure S 20: SEC traces (DMF, PEG calibration, RI detector) of PCitroGECo5-co-PCHCo s (Table S 1, sample 9).
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PCitroGEC19-MDI-PU (M : 12080 g/mol; D: 2.39)
PCitrcoGEC19 (Mn: 4860 g/mol; D: 1.13)

-5 0 5 10 15 20 25
elution volume [mL]

Figure S 21: SEC traces (DMF, PEG calibration, RI detector) of PCitroGEC,, (Table S 1, sample 6) (green) and PCitroGEC;o-
MDI-PU (Table S 1, sample 10) (blue).
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Figure S 22: 1H NMR spectrum (300 MHz, CDCls) of PCitroGEC;o-MDI-PU (Table S 1, sample 10). The aromatic protons of
MDI are highlighted in blue, and the aliphatic protons of MDI are highlighted in green.
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Figure S 23: 'H NMR spectrum of Bis-TAD (DMSO-ds, 300 MHz).
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Figure S 24: SEC traces (THF, PS calibration, RI detector) of PCitroGECy (Table S 1, sample 4) (green) and PCitroGEC;o-Ph-
TAD (Table S 1, sample 11) (blue).
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Figure S 25: Stacked *H NMR spectrum of PCitroGECy (Table S 1, sample 4) (turquoise) and PCitroGECx-Ph-TAD (Table S 1,
sample 11) (red).
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Figure S 26: a) SEC traces (DMF, PEG calibration, Rl detector) of masked PCitroGEC7; homopolymer (table S 1, sample 7).
b) SEC traces (THF, PS calibration, RI detector) of masked PCitroGEC homopolymer (table S 1, sample 7).

94

0.0



CHAPTER 2.1 — SUPPORTING INFORMATION

REFERENCES

(1) Scharfenberg, M.; Hofmann, S.; Preis, J.; Hilf, J.; Frey, H. Rigid Hyperbranched Polycarbonate Polyols
from CO; and Cyclohexene-Based Epoxides. Macromolecules 2017, 50, 6088-6097.

(2) Johann, T.; Houck, H. A,; Dinh, T.; Kemmer-Jonas, U.; Du Prez, F. E.; Frey, H. Multi-olefin containing

polyethers and triazolinediones: a powerful alliance. Polym. Chem. 2019, 10, 4699-4708.

(3) Mouzin, G.; Cousse, H.; Rieu, J.-P.; Duflos, A. A Convenient One-Step Synthesis of Glycidyl Ethers.
Synthesis 1983, 1983, 117-119.

(4) Hauenstein, O.; Reiter, M.; Agarwal, S.; Rieger, B.; Greiner, A. Bio-based polycarbonate from
limonene oxide and CO, with high molecular weight, excellent thermal resistance, hardness and

transparency. Green Chem. 2016, 18, 760-770.

(5) Vlaminck, L.; Bruycker, K. de; Turlng, O.; Du Prez, F. E. ADMET and TAD chemistry: a sustainable
alliance. Polym. Chem. 2016, 7, 5655-5663.

(6) Kember, M. R.; Copley, J.; Buchard, A.; Williams, C. K. Triblock copolymers from lactide and
telechelic poly(cyclohexene carbonate). Polym. Chem. 2012, 3, 1196.

(7) Jia, M.; Hadjichristidis, N.; Gnanou, Y.; Feng, X. Monomodal Ultrahigh-Molar-Mass Polycarbonate
Homopolymers and Diblock Copolymers by Anionic Copolymerization of Epoxides with CO,. ACS Macro

Lett. 2019, 8, 1594-1598.

95



CHAPTER 2.2

96



CHAPTER 2.2

CHAPTER 2.2

Tailoring the Glass Transition Temperatures of
the Established Aliphatic Polycarbonates PPC
and PCHC Using Biobased Citronellol Glycidyl
Ether: Kinetic Studies and Post-Modification

97



CHAPTER 2.2

CHAPTER 2.2

Tailoring the Glass Transition Temperatures of the Established
Aliphatic Polycarbonates PPC and PCHC Using Biobased Citronellol
Glycidyl Ether: Kinetic Studies and Post-Modification.

Christina Gardiner?, Holger Frey**
aDepartment of Chemistry, Johannes Gutenberg University, Duesbergweg 10-14, 55128 Mainz, Germany.

To be submitted.

04 06
Total conversion

0.8

" Fox equation

R, .- @ PPC-co-PCitroGEC
Rl Tay 1 Fox equation

PCHC-co-PCitroGE

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
WcitroGEC Y,

% terpene-based % random copolymerization g tunable Ts

98



CHAPTER 2.2

ABSTRACT

The terpene-based citronellol glycidyl ether (CitroGE) was investigated as a comonomer in the
statistical terpolymerization with carbon dioxide (CO3) and propylene oxide (PO) or cyclohexene oxide
(CHO) via catalytic polymerization, applying (R,R)-Co(salen)Cl (CoSalenCl) and bis(triphenylphosphine
(iminium chloride)) (PPN[CI]) as a binary catalyst system. A series of copolymers with varied molar
content of CitroGE (1-50 mol%) was synthesized, reaching molecular weights up to 13 900 g/mol. The
kinetics studies demonstrate a random copolymerization of PO/CitroGE/CO, (20 °C) and of
CHO/CitroGE/CO; (60 °C) with reactivity ratios of rcirroce = 1.2152, rpo = 0.8888 and rcitroce = 1.0326, rcho
= 0.9966, respectively (CO, is not considered in this calculation, because its copolymerization is
alternating with the catalyst employed). Changing the reaction temperature from 60 °C to 30 °C in the
CHO/CitroGE/CO; copolymerization results in a gradient microstructure. The thermal properties of the
copolymers were investigated via differential scanning calorimetry (DSC) showing the tunability of the
glass transition temperatures (Tgs), using CitroGE as copolymer. A linear decrease of the T, with higher
content of PCitroGEC was detectable, leading to PPC copolymers with Tgs in the range of of -40 to
+22 °C, and to PCHC copolymers with Tgs between -2 and +68 °C. Furthermore, the thiol-ene click for

post-modification reactions was established, utilizing the ene moiety of the PCitroGEC sidechain.
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INTRODUCTION

CO; is a useful C1 source, because it is non-flammable, non-toxic, readily available, inexpensive and
sustainable.?In 1969 Inoue et al. published the first synthesis of aliphatic polycarbonates using carbon
dioxide and epoxides as monomers.? Since then, the focus was on the optimization of the catalyst
systems, but it shifted in the last few years towards the synthesis of new materials with versatile
features, for instance aqueous solubility and improved processability.*® One method to tune the
properties of the well-known poly(cyclohexene carbonate) (PCHC) and poly(propylene carbonate)
(PPC) is the copolymerization with various monomers.” Propylene oxide is inexpensive and readily
available, but the resulting polycarbonate PPC exhibits an intermediate glass transition temperature
(Ty ) of 40 °C.2 To adjust the thermal characteristics of PPC, PO was copolymerized with CHO (PCHC, T,
=120 °C) and CO,, leading to aliphatic polycarbonates with one T,.°*3 Reiter et al. demonstrated the
copolymerization of the biobased alternative limonene oxide (LO) with PO to yield higher T,s of the
PPC.* Seong at al. showed that by using hexene oxide as an additional monomer, the T, could be
lowered linearly in the terpolymerization.’® Chukanova et al. additionally investigated the kinetic
behavior of the PO/HO/CO, copolymerization.® Moreover, the group of Qi demonstrated the effect of
a low Ty using an epoxide with a long alkyl side chain in aliphatic polycarbonates.'’ To the best of our
knowledge, no terpolymerization is known using a biobased monomer to lower Tgs of well-known
polycarbonates like PPC and PCHC. Citronellol glycidyl ether (CitroGE) can be used in copolymerizations
to decrease the T; of PCHC and PPC. CitroGE is prepared from citronellol, a monoterpene that is
abundant in plants like roses and lemongrass and exhibits a branched C10 alkyl chain with a double
bond (Scheme 1). This long alkyl chain enables to lower the T,s in the resulting polycarbonates.
Furthermore, we investigated the microstructure of these terpolymers. In literature, aliphatic
polycarbonates based on CO, mostly show a gradient- microstructure.’®® Honda et al. recently found
a random copolymer structure using PO, CO,, and styrene oxide (SO) in a terpolymerization with
(TPP)CoCI/DMAP as a catalyst system.?° A random copolymer structure is crucial for post-modification
reactions, because the functionalities are evenly distributed in the polymer chains. Citronellol exhibits
an ene moiety, which enables post-modifications like TAD click, thiol-ene click, and radical-crosslinking
reactions. This work aims at demonstrating the adaptation of Tgs of well-known aliphatic
polycarbonates such as PPC and PCHC and to demonstrate that the introduced double bonds can be

used for further post-modification leading to new properties.
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RESULTS AND DISCUSSION

Polymer synthesis and characterization
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Scheme 1: Terpolymerization of PO/CitroGE/CO, (top) and CHO/CitroGE/CO, (down) using a binary CoSalen catalyst
system.

Citronellol glycidyl ether was prepared according to the established route of Mouzin et al., using
epichlorohydrin and citronellol in a phase transfer reaction.??> PO or CHO were copolymerized with
CO; and CitroGE, applying (R,R)-Co(salen)Cl (CoSalenCl) and bis(triphenylphosphine(iminium chloride)
(PPNICI]) (Figure 1) as binary catalyst system. The CoSalen catalyst systems are widely used in the
synthesis of aliphatic polycarbonates, due to the perfectly alternating incorporation of carbon dioxide
and epoxides.??* This inhibits the formation of undesired ether linkages, which are often formed in

side reactions of the synthesis of APC via the copolymerization of epoxides and carbon dioxide.

2199
Sy |OFEO
AL TS

(R,R)-Co(salen)Cl ) [PPN]CI

Figure 1: Chemical structure of the binary catalyst system used.

All synthesized polymers show no signals in addition to the ether signal of the side chain of PCitroGEC

(3.62 ppm and 3.55 — 3-43 ppm) between 3.0 ppm and 3.5 ppm in the 'H NMR spectra (Figure S 2,
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Figure S 7). This confirms that all polymers contain >99 % carbonate linkages in the main chain, as

targeted.

Table 1: Overview of the synthesized ter- and homopolymers. All polymers were synthesized using 0.1 mol% of the catalyst
system.

sample Composition® CitroGEt"*° PC|CC® M.? D?  yield conversion® T
mol% g/mol % % °C

PCitroGEC 100 928 18650 1.15 70 80 -51

1 PPCop 50-co-PCitroGECy 50 50 86|14 6100 1.46 20 74(P0O), 100 (CitroGE)  -40
2 PPCo.76-co-PCitroGECq 24 20 97|3 9500 1.32 35 100 -9
3 PPCo.82-co-PCitroGECq 18 10 9|4 13700 1.50 65 100 6
4 PPCo.95-c0-PCitroGECo 01 2 84|16 9600 1.23 60  93(PO), 100(CitroGE) 22
PPCd 0 - 13900 1.61 - - 41

5 PCHCy.5-co-PCitroGECop 5 50 99|1 9570 1.34 93 94(CHO);92(CitroGE) -2
6 PCHCy.g,-co-PCitroGECop 15 20 95|5 12000 1.36 94 94(CHO);88(CitroGE) 39
7 PCHCy.g9-co-PCitroGECop 11 17 95|5 12750 1.37 100 100 56
8 PCHCo.91-c0-PCitroGECo 09 10 87|13 12860 1.37 90  94(CHO)/100(CitroGE) 68
PCHC 0 100|0 10200 1.36 70 70 94

a b 1 c
measured by SEC (Eluent: DMF, standard: PEG). Determined by H NMR (300 MHz, CDCI3). Measured by DSC with a heating rate of 20

K/min.? Value taken from Kunze et al. (Eluent: DMD, standard: PS).* The indices of the composition show the mol fraction of the units in the
polymer.

NMR characterization confirms the incorporation of CitroGEC and the stability of the ene moiety in the
presence of the binary CoSalen catalyst system (Figure S 2- S 11). Moreover, the formation of
carbonate linkages can be verified by 3C NMR. All polymers show a signal at 154 ppm (Figure S 3 and
Figure S 8), which belongs assigned to the carbonyl carbon. Additionally, the signals at 124 ppm and
131 ppm can be assigned to the carbons next to the ene moiety of the PCitroGEC units in PPC-co-
PCitroGEC and PCHC-co-PCitroGEC copolymers. All carbon signals were assigned using 2D NMR
spectroscopy shown in the Supp. Inf. part (Figures S 2- S 11). A typical side reaction is the
depolymerization of the polymer chains, leading to stable cyclic carbonates. This could be observed by
checking the IR spectrum of the crude product (Figure S 12). The crude products exhibit a weak signal
at 1800 cm™, attributed to the typical C=0 vibration of cyclic carbonate structures, and an intense
signal at 1743 cm™ caused by the C=0 vibration of the polycarbonate structure. The formed cyclic
carbonates were completely removed by precipitation of the crude polymer solution in ice-cold
methanol, as evidenced by Figure S 12. The cyclic carbonate content was determined by *H NMR
spectroscopy of the crude products (Figure S 13). The results are presented in Table 1 and show a low

extent of cyclic carbonates of 1-16%. This low amount of undesired cyclic carbonates can be attributed
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to the mild reaction conditions, i. e. low temperatures (PO/CitroGE/CO,: 20°C; CHO/CitroGE/CO,: 60°C)
and short reaction times (PO/CitroGE/CO,: 17h; CHO/CitroGEC/CO;: 20-40 h). The synthesized
polymers were obtained in yields between 20 and 100%. The removal of the catalyst by precipitation
was more difficult with the PPC copolymers, because they were more viscous than the PCHC
copolymers and precipitated less readily in methanol due to the lower glass transition temperature.
This leads to lower yields in the case of the PPC copolymers (Table 1). Terpolymerization of
CHO/CitroGE/ CO, and PO/CitroGE/CO, was accomplished in an autoclave at 50 bar. Polymer with
molecular weights between 6 000 and 14 000 g/mol (SEC: eluent: DMF, standard: PEG) with 1-50 mol%
of PCitroGEC were obtained. All SEC traces show a bimodal distribution caused by the initiation of
water traces in CO, and the initiation by the chloride ion of the [PPN]CI (Figure S 14, S 15).%6 The PCHC
copolymers with 50 and 11 mol% CitroGE incorporation exhibit a third high molar mass mode (Figure
S 15). Crosslinking of the polymers can be excluded, since the signals of the double bond protons show
a consistent integral value (Figure S 7). One assumption could be that the polymers form agglomerates.
To test this hypothesis, different concentrations of the polymers will have to be investigated by SEC.
H NMR DOSY spectra were recorded as well to verify the successful terpolymerizations. Fehler!
Verweisquelle konnte nicht gefunden werden. shows the *H NMR DOSY spectrum of PCHCg ss-co-
PCitroGECo.11, Figure S6 of PPCysy-co-PCitroGECo1s. All signals of the polymers exhibit the same

diffusion coefficient, indicating successful terpolymerization in both cases.
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Figure 2: *H DOSY NMR (400 MHz, CDCl;) of PCHCg s9-co-PCitroGECy 11 (Table 1, sample 7).
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To further confirm the successful terpolymerization of the monomers, MALDI-ToF characterization was
conducted. Since accurate mass determination and resolution of isobaric ions using MALDI-ToF are
reliable only for oligomer samples below m/z 3000, low molar mass terpolymers were synthesized and
characterized by MALDI-ToF (Table S 1).?” Figure S 16 shows the MALDI-ToF spectrum of PPCqs,-co-
PCitroGECo.1s with a molar mass of 1 600 g/mol (SEC: eluent: DMF, standard: PEG). Both repeating units
(Mcitrogescoz = 256 g/mol; Mpo.co2 = 104 g/mol) can be identified (Figure S 16 b). In case of PCHCo 75-co-
PCitroGECo.2s (Table S 1, 1500 g/mol) the repeating units (Mcitroge+co2 = 256 g/mol; Mcho+co2= 142 g/mol)
can be detected as well, verifying the formation of a copolymer (Figure S 16 d). These successful
terpolymerizations of PO/CitroGE/CO; and CHO/CitroGE/CO; are not only valuable for tailoring the Tgs
of well-known PPC and PCHC polycarbonates, but they also enable post-modification reactions and

incorporation of functionalities through the reactive double bond of CitroGE.

Kinetic studies

Kinetic studies were conducted to investigate the microstructure of the copolymers. For this purpose,
an autoclave with an external outlet was constructed (Figure S 18). The external outlet is connected to
the inner part of the autoclave via a cannula. Because of the pressure of 50 bar inside the autoclave,
opening the external outlet permitted direct sampling without releasing CO, and without opening of
the autoclave. This method permits to follow the reaction events under the actual reaction conditions.
All samples were immediately measured by 'H NMR spectroscopy to monitor the polymerization. The
copolymerization with PO was conducted at 20 °C, and for CHO at 60 °C with 0.1 mol% of the catalyst
system in bulk. Homopolymerization of PO or CHO with the CoSalen catalyst system using the same
temperatures results in higher conversion and lower amount of cyclic carbonates (same reaction
conditions as used for the synthesized polymers (Table 1)). 20 mol% of CitroGE was used for the kinetic
studies. Sampling was carried out after different periods (Figures S 20+21). The 'H NMR spectra of the
samples are given in Figure S 20 and S 21 in a superimposed mode, with decreasing epoxide protons

used for in situ calculation of the monomer concentration.
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Figure 3: Normalized monomer concentration plotted vs total conversion determined via *H NMR spectroscopy (300

MHz, CDCl;). Copolymerization of CitroGE/PO/CO, at room temperature (left). Copolymerization of CitroGE/CHO/CO,
at 60°C (right).

To evaluate reactivity ratios (r) for both comonomer systems, the Jaacks fit method® (since CO,
copolymerizes in an alternating manner with epoxides, the reactivity ratio of CO, was neglected) was
utilized (Figure 4). The Jaacks method was preferred, since it involves the use of a large excess of one
monomer (PO or CHO) relative to the other one (CitroGE).2° For PO/CitroGE/CO,, reactivity ratios of

reroce = 1.2151 and rpo = 0.8888 were determined, which indicate an almost ideally random

microstructure.
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Figure 4: Measured data points (blue cross) and Jaacks-fit for the copolymerization of CitroGE and PO at room temperature
(left) and CitroGE and CHO at 60 °C (right) with reactivity ratios determined by the fitting procedure.

To calculate the incorporation preferences, the normalized monomer concentration was plotted
against the total monomer conversion, shown in Figure 3. An equal consumption rate of CitroGE and
PO or CHO is detected. Moreover, the copolymerization of CHO/CitroGE/CO; at 60 °C shows reactivity

ratios of rcitroge = 1.0326 and rcyo = 0.9966, which again indicates a random distribution of CitroGE in
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the resulting terpolymer. For better visualization of the distribution in the terpolymers, a simulation of
the distribution of CitroGE (Fcirroce) plotted versus the total conversion is illustrated in Figure 5. In order
to elucidate the influence of temperature on the microstructure of the CHO/CitroGE/CO;
copolymerization, we conducted a kinetic study at 30 °C (under otherwise identical conditions). The
results are shown in Figures S 24 and 25 using again the Jaacks method to determine the reactivity
parameters. The CHO/CitroGE/CO, copolymerization at 30 °C exhibits reactivity ratios of rciroce =
3.0633 and rcuo = 0.3264, indicating favored incorporation of CitroGE, which results in a gradient
structure (Figure S 25). This change in the microstructure implies that higher activation energy is
required for the CHO compared to the CitroGE monomer resulting in different microstructures using
different reaction temperatures.’® Moreover, this copolymerization was tracked via SEC, showing an
increase in molar mass with longer reaction times. This leads to a bimodal distribution of PCHC-co-

PCitroGEC with M, of 27 800 g/mol and dispersity of 1.41 after 23.5 h (Figure S 26).

PPC-co-PCitroGEC PCHC-co-PCitroGEC

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Total conversion Total conversion

Figure 5: Simulation of the distribution of CitroGE in PPC-co-PCitroGEC at 20 °C (left) and of CitroGE in PCHC-co-
PCitroGE at 60°C (right). This simulation is based on the reactivity ratios determined by the Jaacks-fit for a mixture
with 20 mol % of CitroGE. The green area relates to CitroGE, and the grey to PO and CHO, respectively.

Thermal characterization

To further investigate the properties of the synthesized terpolymers, differential scanning calorimetry
(DSC)characterization was carried out. The resulting data are summarized in Table 1. The fox equation
was utilized for estimation of the plotted glass transition temperatures (T;) of both types of

copolymers.3!

1wy wy

Tg  Tg1 Tge
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w; equals the weight fraction of PCitroGEC and w, of PCHC or PPC. T ; relates to the Tg of PCitroGEC
homopolymer (Table 1) and Ty, to the PCHC and PPC homopolymers (Table 1), respectively. The
copolymers exhibit glass transition temperatures in the range of -40 — +22°C (PPC-co-PCitroGEC series)
and -2 — +68°C (PCHC-co-PCitroGEC series). Clearly, with increasing content of PCitroGEC units, the T,
decreases (Figure 6, Figure S 17+4S 18) because of the aliphatic branched Cio side chain of PCitroGEC,
which leads to higher mobility and flexibility and thus to lower T;. The T, observed for the copolymers
is in good agreement with the predicted trends applying the Fox equation (1) (Figure 6). Moreover, the
PPC-co-PCitroGEC with 50 mol% of PCitroGEC displays a T; of -40 °C. This polymer can be used for
crosslinked elastomers, since low Tg is required in this area.3>* This sample shows that the
terpolymerization with CitroGE/CO; with widely used monomers like PO can lead to the desired new
structures, since normal PPC exhibits a intermediate T; of 41 °C (Table 1). PCHC homopolymer itself
reveals a high T, of 94 °C (10 200 g/mol (SEC: eluent: DMF, standard: PEG) (Table 1) and can be viewed
as a COy-based alternative for polystyrene (PS), which displays a T; of 100 °C.3> Lowering the T, of PCHC
using CitroGE leads to intermediate Tgs of -2 — +68 °C, which limits their use as a structural material,

but may be relevant for other applications.

100 \ \
- - - Fox equation

~ 50  TTaeel ® PPC-co-PCitroGEC | |
O Tl -l " TTeeml - - Fox equation
s e e T ® PCHC-co-PCitroGEC
~ 0~ -0 o Tl - _

_50 | | | | | | |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
WpcitroGEC

Figure 6: Glass transition temperatures (T,s) plotted vs the weight fraction of incorporated PCitroGEC and plotted Fox
equation. The orange circles show the Tgs of the PPC-co-PCitroGEC terpolymers the blue squares the Tgs of the PCHC-co-
PCitroGEC terpolymers. The dashed lines show the resulting Tgs of the Fox equation.

To sum up, the copolymerization of CHO/CitroGE/CO; and the resulting T,s provide useful insights into

the reaction behavior of the two monomers. A linear decrease of the T; with higher content of

PCitroGEC is observable, which is in line with a statistical distribution of the PCitroGEC units.3®
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Post-modification

DMPA/UV/ethanethiol
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Figure 7: Stacked 'H NMR spectra of PCHCys-co-PCitroGEC,, (red), PCHC,s-co-PCitroGECy, reacts with AIBN and
ethanethiol at 80 °C (green) and PCHCq s-co-PCitroGEC,; reacts with DMPA and ethanethiol in UV light (blue). The arrow
shows the shift of the signals of the CHs-groups to a higher field after the functionalization.

In previous work, we already demonstrated the post-modification of the ene moiety of the citronellol
side chain via TAD-click chemistry.?>3” Moreover, we could prove the stability of the aliphatic
carbonates also for TAD-click reactions.?” To expand the range of useful post-modifications, we
performed thiol-ene click reactions with PCHCg s-co-PCitroGECo; (sample of the kinetic study) under
different conditions. First, we used AIBN (azobisisobutyronitrile) as a thermal initiator and ethanethiol
at 80 °Cin dry dichloromethane. Secondly, DMPA (2,2-Dimethoxy-2-phenylacetophenone) and UV light
were utilized with ethanethiol to modify the double bond. The first reactions with AIBN and 80 °C
resulted in a partial conversion of the ene moiety, indicated by a signal at 5.02 ppm. This can be
assigned to the ene moiety. (Figure 7, green *H NMR, the signal is highlighted with red). The experiment
with DMPA and UV light was successful, in this case no signal for the double bond was quantifiable
(Figure 7, blue H NMR, red highlighted), indicating full conversion. Furthermore, new signals
corresponding to the protons next to the established thiol ether can be identified at 2.50 ppm which
are highlighted in green and yellow. Additionally, a shift of the CHs groups (purple) next to the ene
moiety from 1.60 ppm to higher fields (1.00 ppm) confirmed complete conversion of the ene moiety
to the thiol ether. This model experiment in addition to previous experiments?>3” shows that the
double bond of the CitroGE side chain enables various post-modification reactions, permitting to adapt

the properties of homo- and copolymers for different applications.
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CONCLUSION

Successful copolymerization of CitroGE/PO/CO; and CitroGE/CHO/CO; using the CoSalenCl catalyst
system has been demonstrated. Systematically varied comonomer fractions of the terpene-based
CitroGE were incorporated in the polycarbonate copolymers, resulting in a decrease of T with higher
content of CitroGE. For instance, a PPC copolymer with 50 mol% of PCitroGEC displays a T of -40 °C.
Polymers with low Ts in this range are promising for the synthesis of elastomers.3*34 This shows that
the terpolymerization results in useful materials, since PPC itself reveals an intermediate T, of 41 °C.%*
Furthermore, kinetic studies were conducted to get an insight into the microstructure of the
copolymers. These studies revealed a random microstructure for PO/CitroGE/CO, terpolymerization
at 20°C and for CHO/CitroGE/CO, at 60 °C a random microstructure. Utilizing the Jaacks method,
reactivity ratios of rcitroce = 1.2152 and rpo = 0.8888 for the PO/CitroGE/CO, copolymerization at 20 °C
and rciroce = 1.0326 and rcyo = 0.9966 for the CHO/CitroGE/CO, copolymerization at 60°C were
determined. The copolymerization of CHO/CitroGE/CO; at 30 °C reveals a gradient structure with
reactivity ratios of rcitroe = 3.0633 and rcuo = 0.3264. Probably because CHO has a higher activation
energy than CitroGE. Finally, we could demonstrate that the ene moiety of the PCitroGE chain is not
just advantageous for TAD-click reactions?? but also thiol-ene click reactions are feasible using DMPA

and UV light.
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EXPERIMENTAL SECTION

Materials

Solvents and reagents were applied as obtained unless otherwise stated. Cyclohexene oxide (CHO) and
Propylene oxide (PO) was distilled over CaH, under reduced pressure before use. Carbon dioxide
(>99.999%) was achieved from Westfalen AG (Miinster, Germany). Bis(triphenylphosphine)iminium
chloride ([PPN]CI) was received from abcr GmbH. (R,R)-(salcy)-Co(lll)Cl was prepared as described by
Ford et al.®® All solvents were purchased from Sigma Aldrich, Fischer Chemical (Pittsburgh, PA, USA),
and Honeywell (Morris Plaines, NJ, USA) and used without further purification. All reagents were
acquired from Sigma Aldrich, Arcos Organics (Pittsburgh, PA, USA), Alfa Aesar (Kandel, Germany), or

TCI (Oxford, UK). Deuterated solvents were purchased from Deutero GmBH (Kastellaun, Germany).

Characterization

NMR Analysis. 'H NMR spectra at 300 MHz and *C NMR spectra at 75 MHz were recorded on a Bruker
Avance 1l HD 300 (5 mm BBFO-Head with z-gradient) at 23 °C. 'H NMR spectra at 400 MHZ and *3C
NMR spectra at 100 MHz were recorded on a Bruker Avance Il HD 400 (5 mm BBFO Smartprobe with
z-gradient) at 23 °C. The spectra are referenced internally to the residual proton signal of the

deuterated solvent.

Size exclusion chromatography (SEC). SEC was completed in DMF (1 mL/min, 50 °C) containing 1 g/L
lithium bromide as an additive, using an Agilent 1100 series SEC system equipped with a HEMA
300/100/40 A column cascade, UV (254 nm), and Rl detector. Calibration was accomplished using

poly(ethylene glycol) (PEG) standards acquired from Polymer Standard Service (PSS).

Differential scanning calorimetry (DSC). DSC curves were recorded using a Perkin-Elmer DSC 7 CLN2
instrument in the temperature range of -95°C— +180°C or -95 °C— +60 °C with heating rates of 20K/min
under nitrogen atmosphere. Glass transition temperatures (Tg) were determined using Pyris™

software.

Infrared spectroscopy. FT-IR spectra were recorded using an iS10 FT-IR spectrometer (Thermo

Scientific, Waltham, MA, USA) equipped with a diamond ATR unit.

Matrix-Assisted Laser Desorption lonization Time of Flight Mass Spectrometry (MALDI-ToF). Mass
spectra were measured on a MALDI ToF MS Autoflex Max by Bruker. The samples were prepared as a

1 mg/mL solution in dichloromethane. As a matrix, trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
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propenyliden] malononitrile (DCTB) with NaTFA was used. The measurement was performed in linear

or reflector mode. The data were analyzed by the mmass 5.5.0 software.

Kinetic studies. Samples were taken after different periods (Figure S 20+21) via the cannula connected
directly to the reaction mixture (Figure S 19). The concentration of the monomers at different time
spots was calculated using *H NMR (300 MHz, CDCls). The normalized concentrations were used to
calculate the shown data. Data were evaluated by using NIRVAL Software from Tobias Johann, Marvin
Steube und Holger Frey.® The reactivity ratio of the monomer in excess is obtained from the linear

logarithmic plot of comonomer conversions:

Ci
™= 1
1 nCz_,o ( )
where ci,, Ci are the initial concentration of monomer i and concentration of unreacted monomer i
after a given polymerization time, respectively.*
Synthesis

Monomer synthesis
50% (w/w) NaOH(aq)

TBAHS
4h

| OH o -
. I kKo
Citronellol CitroGE

Citronellol glycidyl ether (CitroGE) (IUPAC: 2-(((3,7-dimethyloct-6-en-1-yl)oxy)methyl)oxirane) was

prepared according to literature??2 on a scale of 0.1 mol citronellol. 40% of CitroGE as a colorless liquid
was obtained after distillation under a high vacuum (1x102 mbar, 80 °C). Before use, CitroGE was dried

with benzene in an azeotropic distillation.

H NMR (300 MHz, CDCls) & = 5.10 — 5.03 (m, 1H, j), 3.70 — 3.65 (m, 1H, c), 3.57 — 3.42 (m, 2H, d), 3.38
-3.31(m, 1H, ¢’), 3.14 — 3.08 (m, 1H, b), 2.79 — 2.55 (m, 2H, a), 2.04 — 1.85 (m, 2H, i), 1.65 (s, 3H, ),
1.57 (s, 3H, k), 1.42 -1.09 (m, 5H, e+f+h), 0.87 (d, 3H,g) ppm.

111



CHAPTER 2.2

Polymer synthesis
Synthesis of PPC-co-PCitroGEC
General procedure illustrated for the synthesis of PPCqs;-co-PCitroGECo 15 (Table 1, sample 4).

Synthesis: A 100 mL Roth autoclave was dried at 40 °C under reduced pressure. Citronellol glycidyl
ether (CitroGE) (0.5 mL, 2.16 mmol), propylene oxide (PO)(1.36 mL, 19.50 mmol), (R,R)-(salcy)-CoCl
(13.8 mg, 0.022 mmol) and [PPN]CI (12.4 mg, 0.022 mmol) were filled in the autoclave equipped with
a stirring-bar in an inert argon atmosphere. The reaction mixture was stirred at a carbon dioxide

pressure of 55 bar at room temperature for 17 h.
Different ratios of PO and CitroGE were used to prepare polymers with various contents of PCitroGEC.

Purification: The crude product was dissolved in dichloromethane (DCM), and the catalyst was
deactivated with 1 mL of a solution of 5%.0 HCI (aq) in methanol. The product was precipitated in ice-
cold methanol as a non-solvent. The precipitated product was collected by centrifugation at 4500 rpm
at 0°C for 10 min. The process was repeated an additional time to increase purity. The light yellow,

viscous product was then dried under reduced pressure for 24h. A yield of 65 % polymer was obtained.

C
O a
Oo.d o_ b b| OH h m
Hl’ \/}Zo)dl\o n
) M
© (0] Z n
g j |

IH NMR (300 MHz, CDCl3) 6 =5.00 (t, 1H, I), 4.96 — 4.83 (m, 7H, b), 4.41—-3.92 (m, 14 H, a), 3.5 (d, 2H,
e), 3.38 (h,2H,f),2.00—1.73 (m, 2H, k ), 1.58 (s, 3H, m), 1.50 (s, 3 H, n), 1.47 — 0.97 (m, 23H, i+g+c+j),
0.78 (d, 3H, h) ppm.

13C NMR (75 MHz, CDCl3): & = 154.24 (D), 131.16 (0), 124.75 (L), 74.39 (B), 72.39 (B), 70.14 (F), 69.20
(A), 69.01 (E), 37.21 (G), 36.30 (J), 29.50 (1), 25.73 (L), 25.44 (M/N), 19.54 (H), 17.67 (M/N), 16.25 (C)

M., (SEC, DMF, PEG calibration) = 13 700 g/mol; ® (SEC, DMF, PEG calibration) = 1.50.

T 6 °C.
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Synthesis of PCHC-co-PCitroGEC
General procedure illustrated for the synthesis of PCHCg gs-co-PCitroGEC 11 (Table 1, sample 8).

Synthesis: A 100 mL Roth autoclave was dried at 40 °C under reduced pressure. Citronellol glycidyl
ether (CitroGE) (0.6 mL, 2.43 mmol), cyclohexene oxide (CHO) (1.1 mL, 10.87 mmol), (R,R)-(salcy)-CoCl
(10.3 mg, 0.016 mmol) and [PPN]CI (9.3 mg, 0.016 mmol) were filled in the autoclave equipped with a
stirring-bar in an inert argon atmosphere. The reaction mixture was stirred at a carbon dioxide pressure

of 55 bar at 60 °C for 47 h.

Different ratios of CHO and CitroGE were applied to create polymers with a variety of content of

PCitroGEC.

Purification: The crude product was dissolved in DCM, and the catalyst was deactivated with 1 mL of a
solution of 5%.. HCl (aq) in methanol. The product was precipitated in ice-cold methanol as a non-
solvent. The precipitated product was collected by centrifugation at 4500 rpm at 0°C for 10 min. The
process was repeated an additional time to increase purity. The colorless, solid product was then dried

under reduced pressure for 24h. A yield of 100% polymer was obtained.

O : n

'H NMR (300 MHz, CDCls) 8 = 5.16 — 5.07 (m, 1H, n), 5.03 (s, 1H, f), 4.69 (m, 9H, a), 4.59 —4.11 (m,
2H, e), 3.69 —3.56 (m, 2H, g), 3.55—-4.42 (m, 2H, h ), 2.41 (s, 9H, b ), 2.00 (g, 2H, m) 1.98 —1.06 (m,
39H, c+qg+p+j+i+l), 0.90 (dd, 3H, h) ppm.

13C NMR (75 MHz, CDCls3): 6 = 153.82 (D), 131.15 (0), 124.78 (N), 76.69 (A), 74.01 (F), 70.12 (H), 67.51
(G), 65.43 (E), 37.26 (1), 36.45 (L), 29.64 (J), 29.54 (B), 25.75 (M), 25.46 (P/Q), 23.51 (C), 19.51 (K), 17.67
(P/Q)ppm.

M., (SEC, DMF, PEG calibration) = 12750 g/mol; P (SEC, DMF, PEG calibration) = 1.37.

Ty: 56 °C.
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Post-modification reactions

Thiol-ene-click reaction with DMPA/UV

The PCHCqs-co-PCitroGECo; (polymer resulting from the kinetic studies at 60 °C) (0.2 g, 0.046 mmol,
ethanethiol (0.11 mL, 1.58 mmol), DMPA (0.11 g, 0.046 mmol) were dissolved in a minimal amount of
DCM. The reaction mixture was purged 5 — 10 min with argon. After the purging, the mixture was
irradiated for 4h with a 365 nm UV lamp. The polymer was precipitated in methanol and then in

acetonitrile.

Thiol-ene-click reaction with AIBN/80 °C

The PCHCy s-co-PCitroGECy, (polymer resulting from the kinetic studies at 60 °C) (0.2 g, 0.046 mmol,
ethanethiol (0.11 mL, 1.58 mmol), AIBN (0.0076 g, 0.046 mmol) were dissolved in a minimal amount
of DCM. The reaction mixture was purged 5 — 10 min with argon. After the purging, the mixture was

heated at 80 °C for 4h. The polymer was precipitated in methanol and then in acetonitrile.
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1. Monomer characterization
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Figure S 1: *H NMR spectrum (300 MHz, CDCls) of CitroGE after distillation.

2. Polymer characterization

Table S 1: Overview of the low molar mass terpolymers. The polymerizations were conducted using 1.5 mol% (PPC-
co-PCitroGEC) and 8 mol% (PCHC-co-PCitroGEC) of the catalyst system.

sample Composition® M,? b? yield conversion® T
g/mol % % °C

10 PPCo.s2-co-PCitroGECo 15 1600 1.12 50 100 -21
11 PCHCoq.75-co-PCitroGECo 25 1500 1.09 17 100 26

a b c
measured by SEC (Eluent: DMF, standard: PEG). Determined by 1H NMR (300 MHz, CDCI3 ). Measured by DSC with a heating rate of 20 K/min.
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Figure S 2: *H NMR spectrum (300 MHz, CDCl3) of PPCy.s,-co-PCitroGECy 15 (Table 1, sample 3).
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Figure S 3: 13C NMR spectrum (75 MHz, CDCl3) of PPCys,-co-PCitroGECy.15 (Table 1, sample 3), showing the newly
formed polycarbonate structure, based on the signal of the carbonyl carbon at 154.24 ppm.
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Figure S 4: *H 'H COSY NMR (300 MHz, CDCls) spectrum of PPCy s2-co-PCitroGECy 15 (Table 1, sample 3).
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Figure S 5: 1H 13C HSQC NMR spectrum (300 MHz/75 MHz, CDCls3) of PPCy s2-co-PCitroGECy 15 (Table 1, sample 4).
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Figure S 6: 'H NMR DOSY (400 MHz, CDCls3) of PPCg s,-co-PCitroGECy 13 terpolymer (Table 1, sample 3).
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Figure S 7: *H NMR spectrum (300 MHz, CDCls) of PCHCy g5-co-PCitroGECy 13 (Table 1, sample 7).
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Figure S 8: 13C NMR spectrum (75 MHz, CDCl;) of PCHCy ss-co-PCitroGECy.11 (Table 1, sample 7), showing the newly
formed polycarbonate structure, based on the signal of the carbonyl carbon at 153.82 ppm.
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Figure S 9: 'H 'H COSY NMR (300 MHz, CDCls) spectrum of PCHCy ss-co-PCitroGECo 11 (Table 1, sample 7).
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Figure S 10: H 13C HSQC NMR spectrum (300 MHz/75 MHz, CDCl;) of PCHCy gs-co-PCitroGECo 11 (Table 1, sample 7).
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Figure S 11: 1H 13C HMBC NMR spectrum (300 MHz/75 MHz, CDCl3) spectrum of PCHCq gs-co-PCitroGECy 11 (Table 1,

sample 8).
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Figure S 12: IR spectra of the crude PPCyg,-co-PCitroGECy 15 (blue), precipitated PPCqs,-co-PCitroGECy 13 (orange),
crude PCHCy g9-co-PCitroGECo 11 (yellow) and precipitated PCHCo go-co-PCitroGEC 11 (purple) copolymer. The signal of
the cyclic carbonates at 1800 cm is highlighted in green and the signal of the polycarbonate C=0 vibration (1743 cm-
1) in blue.

100{
0347

@
[t}

g 7

5.2 5.0 48 46 44 4.2 40 3.8 3.6 3.4 3.2 3.0 28 26 24 22 20 18 16 1.4 1.2 1.0 0.8
chemical shift (ppm)

Figure S 13: 'H NMR (300 MHz, CDCl;) of the crude product of PCHCy ss-co-PCitroGECo11 (Table 1, sample 7). The
protons of the cyclic carbonates are highlighted in blue and in yellow.
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Figure S 14: SEC curves of the PPC-co-PCitroGEC terpolymers (eluent: DMF, standard: PEG).

PCHCo_so-co-PCitroGEC&so (M _: 8570 g/mol; D: 1.34)
PCHC , ,,-co-PCitroGEC,, ., (M_: 12000 g/mol; £: 1.36)
PCHC  .o-co-PCitroGEC, ,, (M : 12750 g/mol; B: 1.37)

PCHCO_91-co-PCitroGEC M : 12860 g/mol; B: 1.37)

0.09 (

14 15 16 17 18 19 20 21 22 23
elution volume [mL]

Figure S 15: SEC curves of the PCHC-co-PCitroGEC terpolymers (eluent: DMF, standard: PEG).
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Figure S 16: MALDI -ToF spectrum of PPCy.s>-co-PCitroGECy 15 (a) and the zoom in of the MALDI-ToF (b). The
repeating unit PPC (104 g/mol) is shown with the green arrow, the repeating unit of PCitroGEC with the yellow
arrow. MALDI -ToF spectrum of PCHCy 75-co-PCitroGECy 35 (c) and the zoom in of the MALDI-ToF (d). The repeating
unit PCHC (142 g/mol) is shown with the green arrow, the repeating unit of PCitroGEC with the yellow arrow.
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3. Thermal characterization
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Figure S 17: DSC curves of the PPC-co-PCitroGEC terpolymers (heating rate: 20K/min). With a higher content of
PCitroGEC the Tgs decrease. The dots show the Tgs of the polymers.
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Figure S 18: DSC curves of the PCHC-co-PCitroGEC terpolymers (heating rate: 20K/min). With a higher content of
PCitroGEC the Tgs decrease. The dots show the Tgs of the polymers.
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4. Kinetic studies

Figure S 19: Image of the autoclave used for the kinetic studies.
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Figure S 20: Stacked 'H NMR spectra (300 MHz, CDCls) for copolymerization of CHO and CitroGE (20 mol%) with CO,
at 60 °C at 50 bar using 0.1 mol% of the CoSalen catalyst system. Samples were taken after different periods. After
4.5 h the data collection was stopped since the polymerization mixture was too viscous to pass the cannula. The
decreasing signals of the CHO protons and the CitroGE Proton (orange) and the protons of CitroGE (blue) were used

for evaluation.
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Figure S 21: Stacked H NMR spectra (300 MHz, CDCls) for copolymerization of PO and CitroGE (20 mol%) with CO, at
room temperature at 50 bar using 0.1 mol% of the CoSalen catalyst system. Samples were taken after different
periods. After 13 h the data collection was stopped since the polymerization mixture was too viscous to pass the
cannula. The decreasing signals of the PO protons (yellow) and the CitroGE protons (blue) were used for evaluation.
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Figure S 22: Conversion in % plotted vs the time in min determined via *H NMR spectroscopy (300 MHz, CDCls) at
room temperature for the copolymerization of PO/CitroGE/CO; (left) and at 60 °CHO/CitroGE/CO; (right).
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Figure S 23: SEC trace (eluent: DMF, standard: PEG) of PCHC-co-PCitroGEC copolymer (left) and PPC-co-PCitroGEC
(right) from kinetics studies.
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Figure S 24: Normalized monomer concentration plotted vs the total conversion determined via *H NMR spectroscopy
(300 MHz, CDCl;) for the copolymeriation of CitroGE/CHO/CO, 30 °C (left). Measured data points (blue cross) and

Jaacks-fit for the copolymerization of CitroGE and CHO at 30 °C with reactivity ratios determined by the fitting
procedure (left)..
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Figure S 25: Simulation of the distribution of CitroGE (Fcitroce) in PCHC-co-PCitroGEC at 30 °C. This simulation is based
on the reactivity ratios determined by the Jaacks-fit for a mixture with 20 mol % of CitroGE. The green area relates to

CitroGE and the grey to CHO.

Table S 2: Overview of the different reactivity ratios (r) and their error (r err) (determined using the Jaacks fit) with
different monomers (M) at different temperatures (T)).

M, M, |T r r. err r, r,err ri*r> | ri*r err | ResNorm
(°c)
CitroGE PO r.t. 1.1251 | 0.0287 0.8888 | 0.0227 | 1 0.0.0361 | 0.9963
CitroGE CHO | 60 1.0326 | 0.0222 0.9684 | 0.0208 | 1 0.0303 0.9966
CitroGE CHO | 30 3.0633 | 0.1092 0.3264 | 0.0116 | 1 0.0504 0.9907
6h (44 : 17730 gimol; D: 1.38)
8h (M : 20240 g/mol; D: 1.26)
Zh (M, 5300 gimal; £:1.27) 10h (M,: 23810 gmol; ©: 1.40)
— 3h (M,:8940 gimol: £:1.29) 23.5h (M,: 27870 g/mol; B: 1.41)
5h (M_: 15940 g/mol; £: 1.24)
SEC (eluent: DMF, calibration: PEG, detector: RI) SEC (eluent: DNF, calibratlon: PEG, detector: RI)
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Figure S 26: SEC traces of the samples taken after different periods of the copolymerization of CHO/CitroGE/CO; at

30°C.
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ABSTRACT

An important component of potentially sustainable materials are biodegradable and bio-based
feedstocks. This work presents the synthesis of PLLA-b-PCitroGEC-b-PLLA triblock copolymers as
degradable thermoplastic elastomers, featuring biodegradability while being sourced from bio-
renewable feedstocks. The cyclic ester L,L-Lactide (LLA) is produced by fermentation of corn or sugar
on a large scale, while citronellol can be extracted from rose or lemongrass. Poly(citronellol glycidyl
ether carbonate) (PCitronGEC) was formed by catalytic copolymerization of CO; and citronellol glycidyl
ether using (R,R)-(salcy)-Co(lll)Cl (CoSalenCl) and bis(triphenylphosphine)iminium chloride ([PPN]CI) as
a catalyst system. The resulting PCitroGEC macroinitiators (in the range of 11 000 — 26 000 g/mol) were
used in a DBU-catalyzed ring opening polymerization (ROP) of L-lactide, resulting in a series of
promising PLLA-b-PCitroGEC-b-PLLA triblock copolymer structures (18 000 — 41 000 g/mol ). NMR and
IR spectroscopy as well as SEC analysis support the successful synthesis of the novel triblock copolymer
system. Molar masses range between 18 000 and 41 000 g/mol, while the molar fraction of the “soft”
PCitroGEC soft block was varied between 22 to 60 mol%. As all triblock copolymers exhibit two glass
transition temperatures (T,s). Small angle X-ray scattering (SAXS) revealed micro-phase separation for
all synthesized TPEs, which was reflected in tensile test results. All polymers with a PCitroGEC content
exceeding 31 mol% show elasticity, with elongation at break up to 600% and almost no plastic
deformation. Furthermore, they exhibit low E-moduli of 0.15-1.0 MPa, rendering the PLLA-b-

PCitroGEC-b-PLLA triblock copolymers suitable for potential use in soft tissue engineering.
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INTRODUCTION

Thermoplastic elastomers (TPEs) are biphasic polymer materials of high industrial and academic
interest, as they exhibit the processability of thermoplastics and the elasticity of vulcanized rubber.*™
Common TPEs are based on an ABA triblock copolymer structure, which combines a microphase
separated elastomeric middle B-block with “hard” A-blocks.** The hard blocks exhibit a high glass
transition temperature (Tg) and create a physically crosslinked, three-dimensional nanodomain
network within the low T; rubbery matrix. The resulting dimensional stability provides creep
resistance, while the soft segments lead to elasticity without the need for chemical vulcanization. The
mechanical properties derived from the covalent linkage between the immiscible blocks can be
compared to vulcanized rubber, while maintaining thermally reversible crosslinking. Hence, TPEs are
excellent materials for industrial thermoplastic processing such as melt extrusion and inject

molding.3>7

Nevertheless, the majority of commercial TPEs like SIS or SBS are produced from fossil resources, and
lack degradability.”*° To reduce the overall environmental footprint, a transition to a more sustainable
approach for polymer synthesis is important. The identification and assessment of sustainable
feedstock-based monomer precursors provides considerable potential for the manufacture of
sustainable materials and products. #1715 Additionally, utilizing and fixating greenhouse gases such as
carbon dioxide (CO;) in polymer materials provides a promising opportunity. CO, represents a cheap,
renewable carbon source and acts as a clean C1 building block in polycarbonate synthesis. Additionally,
it is readily available, non-toxic and the resulting polycarbonates are biocompatible as well as

13-19

biodegradable.

In 1969, Inoue et al. discovered the synthesis of aliphatic polycarbonates based on CO,, however,
interest in polycarbonate-based TPEs has only emerged in recent years.?° Jia et al. published a CO»-
based TPE based on poly(cyclohexene carbonate) (PCHC) as outer hard blocks and poly(octene
carbonate) (POC) as flexible midblock, showing elastomeric behavior.?! Although polycarbonates allow
for T; modulation over a wide temperature range, all-carbonate triblock copolymer TPEs only show
microphase separation for high molar masses.?* Consequently, high molar masses or deployment of
invariable blocks are required to facilitate phase separation. Furthermore, Yang et al. developed a TPE
via post-polymerization modification of a PCHC-b-PAGEC-b-PCHC triblock copolymer, generating a
hydroxyl-functional midblock. The reaction of the hydroxyl groups with boronic esters results in a
physically crosslinked network, leading to a phase separated, elastic polymer.2 In 2020, Williams and
coworkers employed a switchable catalyst, leading to PCHC-b-PDL-b-PCHC (PDL = polydecalactone)

triblock copolymer in a one-pot reaction. These new materials feature good thermal stability (Tys ~
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280 °C), high toughness (112 MJ m™) and very high elongation at break (>900%).2> Within the same
year, the authors also presented a biobased alternative using LO instead of CHO for the outer blocks,

leading to polymers with high elasticity (elongation at break = 400 %).%*

Terpenes and terpenoids are attracting growing attention as polymeric building blocks. Their structural
diversity renders them suitable for various polymerization techniques, ranging from catalytic, radical
to carbanionic and oxyanionic polymerization.5'%142526 particularly, cyclic terpenoids featuring a p-
menthane scaffold, such as limonene oxide (LO) and menthene oxide (MEQ), present a bio-derived
alternative for cyclohexene oxide and are well-established in polycarbonate synthesis with CO,. 242>27-
2 Limonene is abundant in orange peels and the corresponding LO is already commercially
available.'?” The resulting aliphatic polycarbonates exhibit high glass transition temperature (over
120 °C), stiffness and can be used for glassy outer blocks in TPEs.3%3! Polycarbonates with a low T,
under -40 °C could act as a middle soft block. Zhang et al. provide a fully biobased polycarbonate based
on fatty acid with a low T of -44 °C.3? Moreover, we recently introduced poly(citronellol glycidyl ether
carbonate) (PCitroGEC), prepared from CO; and citronellol glycidyl ether.?® This terpenoid-based
polycarbonate reveals a low T, of -55 °C and could be used as a biobased, biodegradable elastic (soft)

midblock for TPEs.?3

In this context, Agarwal and coworkers introduced a double degradable diblock copolymer, consisting
of a poly-L,L-lactide acid (PLLA) and a poly limonene oxide carbonate (PLimOC) block.3° The chemically
disparate blocks exhibit phase separation and a variation of morphologies, indicating a high x
parameter even with low molar mass of 70 kg/mol. Furthermore, they formed a TPE using a hexyl
substituted lactide (diHLA) and limonene oxide, resulting in a PLimOC-b-P(diHLA)-b-PlimOC triblock
copolymer. Although this triblock copolymers showed elastomeric behavior, no mechanical

characterization data have been published.?”

Herein, we present a novel type of ABA triblock copolymers as a bio-based, biodegradable and
biocompatible TPE. We combined low T PCitroGE as a soft middle block with glassy PLLA end blocks
in a sequential, catalytic synthesis process. The investigation of thermal and mechanical properties of
the triblock copolymers reveals two Tgs and elastic behavior respectively, indicating a microphase

segregation.
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RESULTS AND DISCUSSION

Polymer synthesis and characterization

Synthesis of the PCitroGEC macroinitiator

The soft middle block PCitroGEC was synthesized using CitroGE and CO, as monomers in a catalytic
ring opening copolymerization with (R,R)-(salcy)-Co(lll)Cl (CosalenCl) and bis(triphenylphosphine)-
iminium chloride ([PPN]CI) as a catalyst system. The glycidyl ether CitroGE was prepared in a phase
transfer reaction of epichlorohydrin with citronellol.3* Citronellol itself is abundant in lemongrass and
roses and is a biobased monoterpenoid.?® The long alkyl side chain possesses an alkene (“ene”) moiety,

which enables further post-polymerization modification to tailor the polymer properties.?

50% (w/w) NaOH(aq)

TBAHS
n ﬁ

Citronellol [ CitroGE

NaH / Mel
24 h
R-OH R-OMe
protic deactivated
impurities impurities

Scheme 1: Synthesis pathway of CitroGE via phase transfer catalysis, including methylation of protic impurities as a

purification step.

Successful polymerization showing quantitative conversion of CitroGE was confirmed via NMR, SEC,
and IR analysis (Table 1, Figure S 2-8). The formation of thermodynamically favored cyclic carbonates
was suppressed by employing room temperature (r.t.) and reaction times of 20 h. IR spectroscopy still
reveals a small amount of cyclic carbonates in the crude product, which were removed by multiple
precipitation in ice-cold methanol (Figure S 11). The amount of the cyclic carbonates was quantified
using *H NMR analysis of the crude products (Figure S 10). High amounts of catalyst result in an increase
of the cyclic carbonates as a by-product (Table 1). The integrals of the *H NMR spectrum verify the
absence of any potential metathesis or radical reaction of the double bonds caused by the catalyst
(Figure S 2). Moreover, the 3C NMR spectrum reveals the formation of a carbonate structure. The
signal at 155.40 ppm in the 3C NMR spectrum is ascribed to the carbonate carbon (Figure S 3). Since
CoSalen catalyst systems are known for the alternative incorporation of CO, and epoxides, no further

ether signals (except for the monomer ether signals at 3.63 and 3.49 ppm) were identified by 'H NMR

140



CHAPTER 3

spectroscopy (Figure S 2). To overcome molar mass limitations caused by monomer impurities, CitroGE
was treated with methyl iodide and sodium hydride before use in the copolymerization reaction
(Scheme 1).7 In a series of experiments the molar mass could be increased with this treatment from 6
000 g/mol to 19 000 g/mol using the same amount of the catalyst (Figure S 9). CO, was dried over

)*® to obtain higher molar masses and

molecular sieves (technical CO; gas still contains water impurities
reduce water initiation. The pre-treatment of the monomers led to molar masses between 11 000 to
26 000 g/mol, using DMF as eluent and PEG as standard (Figure S 7). Since no end group analysis is
possible for these polymers, SEC analysis was used to estimate the molar mass. The PCitroGEC
homopolymers were also measured by THF-SEC with PS as standard, resulting in molar masses of up
to 41 000 g/mol (Figure S 7 and S 8). After comparing the results of the THF-SEC and the DMF-SEC
analysis, the absolute molar mass of the PCitroGE macroinitiators for the triblock copolymer synthesis

were estimated by multiplying DMF-SEC values by 1.5. Despite drying of CO,, bimodal SEC traces

confirm water initiation (Figure S 7 and Figure S 8).

Molar masses were varied using different amounts (mol%) of the catalyst system (0.15 - 0.4 mol%).
High catalyst amounts present during the polymerization led to lower molar masses due to the
presence of chloride ions in the cocatalyst acting as an initiating species (Table 1). The lowest amount
of catalyst required to start the polymerization is 0.15 mol%, resulting in the highest molar masses.
However, water impurities in CO, gas and the resulting fluctuation in water initiation significantly
influence the achievable molar masses, ranging from 20 000 g/mol to 26 000 g/mol for 0.15 mol%
(Table 1). Based on the DMF-SEC traces (DMF, PEG, Figure S7), it can be estimated that in the case of
PCitroGECi1k, 40% of the PCitroGEC chains are initiated by water and 60% by chloride. However, these
two different initiations do not have a major impact on the resulting triblock copolymers. In a previous
work, we have shown that hydroxy end groups are predominately are formed after a workup with 5
vol% HCl in methanol. This leads to catalyst deactivation and a substitution reaction of the chloride by
a hydroxy ion. Elimination may also occur, resulting in the formation of an ene moiety as an end group
(small amounts of this species were detected in the MALDI-ToF).3®* Small amounts of this
monofunctional PCitroGEC result in PCitroGEC-b-PLLA diblock copolymer formation during PLLA-b-
PCitroGEC-b-PLLA triblock copolymer synthesis, but no significant effect on mechanical properties is
expected. Steube et al. demonstrated high elongations at break (700 £ 55%) with a blend of 40 wt%
diblock in a hexablock copolymer. The pure hexablock copolymer exhibited an elongation at break of

800 + 96 %.*
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Table 1: Overview of the PCitroGEC homopolymers.

sample compostion® catalyst conversion® CC? M,b bP Mn© b° Ty
mol% % %  kg/mol kg/mol °C

PCitroGEC-1  PCitroGECi1k 0.4 98 22 11 1.24 - - -65
PCitroGEC-2  PCitroGECyox 0.15 98 2 20 1.23 32 1.26 -62
PCitroGEC-3  PCitroGECaax 0.21 99 1 24 1.27 39 1.43 -57
PCitroGEC-4  PCitroGECzsx 0.2 99 3 26 1.23 41 1.24 -62

2Calculated using 'H NMR spectroscopy. PDetermined via SEC using DMF as eluent and PEG as standard. ¢ Determined via SEC using THF as

eluent and PS as standard. CCillustrated the cyclic carbonates in %.

Synthesis of the triblock copolymer

After the successful synthesis of the PCitroGE macroinitiators, they were employed in the ROP of LLA,
using 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU) as a catalyst. Although Sn(Oct); is an industrially
relevant catalyst for the synthesis of PLLA, DBU provides notable advantages as an organocatalyst.
With regard to potential transesterification reactions and the degradability of PCitroGE, mild reaction
conditions (r.t., short reactions times), low cost and excellent polymerization control make DBU a

superior choice in comparison to the established Sn catalyst systems.3®

0
n O/—Q +CO, (R,R)-(salcy)-CoCl, [PPNIC

I O
H| I OH
\ 55 bar, r.t. 17-23h [O O&&” M
0

CitroGE

PCitroGEC

(@) O
Y ¥
0
m oo Hokkg/ %/\OJ\OJ’FH/O}H
n m
DBU o

\
PLLA-b-PCitroGEC-b-PLLA
Scheme 2: Synthesis sequence of the PLLA-b-PCitroGEC-b-PLLA triblock copolymers.

The targeted application as a bioderived, biodegradable TPE requires nanophase segregation of the
polymer blocks in bulk, ideally resulting in a spherical morphology of the hard phase for the desired
mechanical properties of TPEs."® Molar masses of macroinitiators were only gauged by SEC

measurements (M calculatea=Mn (SEC,DMF)-1.5) due to missing end groups. Therefore, the final triblock
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copolymer composition might vary from the targeted composition. As molar mass limitations occur for
the PCitroGE synthesis, varying the degree of polymerization (P,) of PLLA enables tailoring the material
properties. Hence, as the macroinitiators varied in molar mass, we present four series of TPEs, starting
from an identical macroinitiator in each series. Molar masses were determined via SEC and range
between 18 000 g/mol and 41 000 g/mol, exhibiting dispersities (P) of 1.25 to 1.38 (Figure S 19).
Moreover, molar compositions were determined via *H NMR spectroscopy (Table 2) and lie in the
range of 22 and 60 mol% of PCitroGE. Successful polymerisation can be confirmed as the distinct
methine group of PLLA is visible at 5.15 ppm. The characteristic peak for the PLLA methyl group is
overlapping with methyl signals of the citronellol side chain (1.62 — 1.45 ppm) (Figure S 12).
Additionally, the polycarbonate-polyester structure features two different carbonyl groups, which are
distinguished in *C NMR spectroscopy as a peak at 169.73 ppm (PLLA) and 154.33 ppm (PCitroGE)
(Figure S 13). No other carbonyl peaks are observed, which confirms that no side reactions occurred in
the second polymerization step. SEC analysis and DOSY spectroscopy evidence block copolymer
synthesis rather than blending of the two homopolymers of PCitroGE and PLLA (Figure S18). All SEC
traces show a clear shift to smaller elution volumes and therefore indicate an increase in molar mass

(Figure 1 + Figure S19).

F't.",itroGEC11K (M": 10800 g/mol; : 1.24)
TPE-1 (M, : 17800 g/mol; £: 1.33)
TPE-2 (M, : 21960 g/mol; £: 1.34)
TPE-3 (M, : 26830 g/mol; £: 1.35)

1
14 16 18 20 22 24
elution volume [mL]

Figure 1: SEC elution traces of PLLA-b-PCitroGEC-b-PLLA triblock copolymers TPE-1, TPE-2 and TPE-3. The triblock
copolymers are presented together with their PCitroGE macroinitiator and the shift of triblock copolymer traces towards
smaller elution volumes prove successful polymerization.
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Table 2: Overview of the synthesized PLLA-b-PCitroGEC-b-PLLA triblock copolymers

sample composition M, ecirocec M total b morphology T, Tg

(kg/mol)  (kg/mol) (SAXS) c o
TPE-1 PLLA0.29-b-PCitroGECo.42-b-PLLA0 29 -18K 11 18 1.33 LAM/~Dis -48 44
TPE-2 PLLA0.35-b-PCitroGECo.31-b-PLLA0 35 -22K 11 22 1.34 CYL -36 49
TPE-3 PLLA0.39-b-PCitroGECo.22-b-PLLA039-27K 11 27 1.35 Spheres -38 50
TPE-4 PLLAo.20-b-PCitroGECo.60-b-PLLA0.20-25K 20 25 1.28 CYL -55 47
TPE-5 PLLA0.31-b-PCitroGECo.38-b-PLLA0 31 -28K 20 28 1.38 CYL/LAM -48 47
TPE-6 PLLA0.24-b-PCitroGECo.53-b-PLLA0.24-33K 24 33 1.35 CYL/LAM -41 44
TPE-7 PLLA0.29-b-PCitroGECo.42-b-PLLA0.29 -40K 24 40 1.30 ~LAM -36 48
TPE-8 PLLA0.35-b-PCitroGECo.31-b-PLLA0 35 -38K 24 38 1.32 LAM/CYL -38 48
TPE-9 PLLA0.30-b-PCitroGECo.41-b-PLLA0.30-39K 26 39 1.33 HPC -40 51
TPE-10 PLLA0.33-b-PCitroGECo.34-b-PLLA0 33 -41K 26 41 1.33 HPC -48 50

2Calculated using *H NMR spectroscopy. PDetermined via SEC using DMF as eluent and PEG as standard. “Determined by DSC with a heating
rate of 10 °C/min.

Thermal characterization

Thermal behavior was investigated by DSC measurements. All triblock copolymers exhibit two Tgs,
indicating phase separation of the elastic PCitroGE and glassy PLLA domains (Figure S 20 — S 23). The
PLLA blocks exhibits a T in the range of 44 to 51 °C, which is slightly lower than the T; of PLLA
homopolymer (55-60 °C).%® In contrast, all T, values for the PCitroGE blocks are higher than those of
the corresponding macroinitiator (Table 1+2). We assume partly miscible phases, resulting in
approaching T values for both blocks. Surprisingly, the melting point (Tw) of PLLA is only (weakly)
observable in the first heating curve for some samples (Figure S 24). Although PLLA is a semicrystalline
polymer, it is known for its slow crystallization. Not only does the thermal history impact PLLA
crystallization behaviour, but the cooling and heating rates during DSC measurement play a key role.
Pyda et. al show that the tendency for PLLA crystallization upon reheating depends on the heating rate.
PLLA crystallization undergoes reorganization, melting and recrystallization between glass transition
and final melting.3®% Hence, low heating and cooling rates facilitate PLLA crystallization and explains

the different heating curves in Figure S 24. Furthermore, partial miscibility of the covalently bound
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polymer blocks can be ascribed a plasticizing effect as it impedes crystallinity and results in amorphous

PLLA.

Nevertheless, a profound understanding of the phase separation behavior requires structural
investigation via small angle x-ray scattering (SAXS), which reveals the distinct morphology in case of

phase separation.

Morphology

The thermal characterization indicates a phase separation, due to the occurrence of two Tgs. To
investigate the microstructure of the phase-separated triblock copolymers, small angle X-ray scattering
(SAXS) measurements were performed. The SAXS patterns of selected samples are shown in Figure 2
and Figures S 25—S 27. First, the TPE with PCitroGEC;1« as a middle block was investigated. The smallest
triblock copolymer (18 000 g/mol), TPE-1, with 42 mol% of PCitroGEC reveals Bragg reflections with
relative q values of 1:2, corresponding to a lamellar (LAM) structure to the border of a disordered
microstructure. TPE-2 (22 000 g/mol) with a PCitroGEC molar fraction of 0.31 exhibits Bragg reflections
with relative q values of 1:2:3 and 1:3%2:7%2, corresponding to an ill-defined cylindrical nanophase
separated structure. TPE-3 (27 000 g/mol, 22 mol% of PCitroGEC) show a spherical microstructure
(Figure S 25). The resulting microstructures are in line with expectation, as spheres occur in microphase
separated polymers at 20 vol% of one polymer block (or 80 vol% of the other polymer, respectively).
Hexagonally packed cylinders (HPC) can be observed at 30-40 vol% (or 60-70 vol%), while lamellar
structures form around 40-60 vol% of the microphase separated blocks.>” Since the density of
PCitroGEC is not available, the exact volume fraction of PCitroGEC can not be calculated. To compare

the results with theory, the molar fraction of PCitroGEC is applied.

The SAXS patterns of the TPEs generated from the PCitroGEC,0« homopolymer are presented in Figure
S 26. TPE-4 with 60 mol% of PCitroGEC shows weak Bragg reflections with relative q values 1: 3%/2:7%/2,
assigned to an ill-defined cylindrical microstructure. TPE-5 with a lower content of 38 mol% of
PCitroGEC reveals Bragg reflections with g values of 1:2:3 typical of lamellae(LAM) and q values of 1:
3%2:7%2 corresponding to cylinders. This polymer shows an ill-defined microphase separation, leading
to a mixture of lamellas and cylinders. Since the border between LAM and HPC is around 40 % volume

fraction, this again fits well with phase-separation theory.?’

Figure 2 illustrates the SAXS patterns of the triblock copolymers generated from the PCitroGEC,4. TPE-
6 with the highest content of 53 mol% of PCitroGEC reveals Bragg reflections with q values of 1:2:3:4
and 1:72, This pattern corresponds to a mixture of cylinders (CYL) and lamellae(LAM). TPE-7 with 42

mol% PCitroGEC shows a Bragg reflection with g values of 1:2:3 relating to a lamellar microstructure.

145



CHAPTER 3

TPE-8 with 31 mol% demonstrates a Bragg reflection with q values of 1:2:3:4 and 1:7"? corresponding

to a mixture of LAM and CYL.

TPE-6 (M, = 33 kg/mal; f_PCitroGEC = 0.53) (CYL/LAM) TPE-7 (M, = 40kg/mol; f_PCitroGEC = 0.42) at RT [~ LAM)
45 :
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Figure 2: SAXS patterns for the triblock copolymers with PCitroGEC4 as middle block (TPE-6, TPE-7, and TPE-8). Blue
arrows give the position of the Bragg peaks corresponding to the lamellar morphology. Red arrows indicate the position
of the Bragg peaks corresponding to the cylindrical morphology.

The SAXS patterns of the TPEs with the longest middle PCitroGEC block of 24 000 g/mol are illustrated
in Figure S 27. TPE-9 with 41 mol% of PCitroGEC content shows a SAXS pattern with q values of 1:
3%2:7%2 corresponding to hexagonally packed cylinder (HPC). TPE-10 with 34 mol% PCitroGEC content
reveals a pattern with q values of 1:3Y/2:74/2:12/2 corresponding again to HPC. Weak Bragg reflections
are also detectable with q values of 1:2:3 relating to LAM. But the reflections corresponding to the HPC

are more intense, revealing this as the main microstructure. All results are listed in Table 2.

All triblocks show ill-defined nanophase separated microstructures except for TPE-9 and TPE-10,
featuring the highest molar masses. This leads to the suggestion that the molar mass of TPE-9 and TPE-

10 are just within the range, in which the corresponding blocks start microphase separation.
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Mechanical characterization
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Figure 3: Stress-strain curves of the PLLA-b-PCitroGEC-b-PLLA triblock copolymers. a) ABA triblock copolymers with
PCitroGEC;1k as B middle block. b) ABA triblock copolymers with PCitroGEC,ok as B middle block. c) ABA triblock copolymers
with PCitroGEC,4 as B middle block. d) ABA triblock copolymers with PCitroGEC,ex as B middle block.

Stress-strain measurements were conducted to analyze the mechanical properties of the polymers. In
all cases 2-3 samples were characterized with respect to their stress-strain behavior. Comparing the
polymers with PCitroGECi1« as a middle block (Figure 3, a)), it is detectable, that with a higher content
of PLLA “hard” domains, both E-modulus (E) and stiffness increase. Furthermore, the elongation at
break (&reak) and the toughness (Whiensie) increase with higher content of PLLA due to the higher
stiffness. Comparing these results with the determined microstructures (Table 2), the increase in
stiffness can also be explained. TPE-1 with the lowest molar mass exhibits (Table 3) the lowest
elongation at break at around 164 %. TPE-1 shows a lamellar microstructure at the border to a
disordered structure. As TPE-2 and 3 feature higher molar masses, the corresponding microstructure
is revealed as reverse cylinders and spheres of the flexible PCitroGEC domains, leading to stiffer
materials because the PCitroGEC chains are restricted in their mobility.’” TPE-1 with the highest
amount of PCitroGEC of 42 mol% shows elastic behavior(Figure 3, a)). The films were slightly elongated

after break at maximum strain, indicating a small hysteresis. No yield point is detectable. The triblock
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copolymers with lower PLLA content of 31 and 22 mol% (TPE-2 and TPE-3) exhibit a yield point at
around 7% elongation (Table 3). At the yield point, the elastic deformation changes to plastic
deformation. Since the plastic deformation begins after 7% elongation, TPE-2 and TPE-3 can be
considered as rather ductile materials (Figure 3, a)). Once again, this can be ascribed to the
microstructure, in which the flexible PCitroGEC build spherical or cylindrical domains. Hence,

stretching is limited, resulting in a more ductile material.

Table 3: Overview of the mechanical properties of the PLLA-b-PCitroGEC-b-PLLA triblock copolymers.

Sample Composition? E Ebreak Obreak Eyield Oyield Wiensile
MPa % MPa % MPa MN/mm?
TPE-1 PLLAg 29-b-PCitroGECy 4o-b-PLLAg 59 -18K 0.41+0.07 164+15 0.37+0.05 - - 0.37+0.08
TPE-2 PLLA 35-b-PCitroGECy 31-b-PLLAj 35 -22K 15+2 180+50 2.310.3 7.7£0.9 0.97+0.05 3+1
TPE-3 PLLAg 39-b-PCitroGECy 55-b-PLLAG 35 -27K 100£10 352146 7.5+0.5 612 4.4+0.6 22+3
TPE-4 PLLAg 20-b-PCitroGEC go-b-PLLAg 50 -25K 0.151+0.005 8010 0.16+0.05 - - 0.07+0.04
TPE-5 PLLA 31-b-PCitroGECy 33-b-PLLAj 31 -28K 0.20£0.06 420420 0.60.2 - - 1.740.5
TPE-6  PLLAo4-b-PCitroGECy s5-b-PLLAG 24 -33K 1.140.5 160£30  0.5:0.1 - - 0.60.3
TPE-7 PLLAg 29-b-PCitroGECy 4o-b-PLLAg 54 -40K 0.188+0.004 650+20 1.26+0.08 - - 4.1+0.1
TPE-8 PLLAg 35-b-PCitroGECy 31-b-PLLAj 35 -38K 0.81+0.04 350+10 2.90+0.05 - - 5.1+0.1
TPE-9 PLLAg 30-b-PCitroGECq 41-b-PLLAj 30-39K 0.2410.01 316180 0.840.2 - - 1.61£0.8
TPE-10 PLLAg 33-b-PCitroGECy 34-b-PLLAj 33 -41K 1.0£0.1 190+30 1.9+0.8 - - 2+1

aThe indices show the molar fraction calculated via NMR. The numbers e.g. 19K demonstrate the molar mass examined by SEC. All values regarding the mechanical
properties were determined using 2-3 film samples of the polymer.

TPE-4 and TPE-5 based on the PCitroGEC,ox middle block also showed higher toughness and elongation
at break, with higher content of PLLA (Figure 3, c)). TPE-4 exhibits 60 mol% and TPE-5 38 mol% of the
PCitroGEC block. Nevertheless, TPE-4 shows slightly more softness (Table 3) with reference to the E-
modulus due to the higher amount of flexible PCitroGEC. Comparing the triblock copolymers with
PCitroGEC,4k, a trend in toughness is once more detectable (Figure 3, c)). With a higher amount of PLLA,
the toughness increases (Table 3). TPE-6 (53 mol% PCitroGEC) and TPE-8 (31 mol% CitroGEC) show
both a lower elongation at break than TPE-7 with 42 mol% PCitroGEC. This can be explained by their
determined microstructures (Table 2). TPE-7 shows an ill-defined lamellar nanophase separated
microstructure and TPE-6 and TPE-8 show a CYL/LAM And a Lam/CYL mixture. This mixture could have
an effect of the elongation at break. TPE-9 and TPE-10 were prepared using PCitroGECy as a

macroinitiator. Both polymers show a toughness of around 2 MN/mm?. Since PLLA is stiffer than
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PCitroGEC, the triblock with 41 mol% PCitroGEC exhibits a lower E-modulus than the triblock with 34
mol%. Interestingly, TPE-10 with higher content of PLLA shows a lower elongation at break (Figure 3,
d)). Checking the determined microstructures of the samples, they reveal hexagonally packed cylinders
(HPC) for TPE 9 and HPCs for TPE-10. The SAXS pattern of TPE-10 demonstrates a slight mixture of LAM.
This mixture of LAM with HPC could explain why TPE 10 exhibit a higher stiffness and a lower

elongation at break.

All polymers with 40-60 mol% of flexible PCitroGEC show a low E-moduli of 0.15 to 1.0 MPa and
elongations of break up to 600 %. A comparison of the results with those of Jia et al. shows that they
are in the same range, although the PCHC-b-POC-b-PCHC triblock copolymers exhibit a much higher
molar mass. They synthesized PCHC-b-POC-b-PCHC triblock copolymers with molar masses of 353 000
to 372 000 g/mol and 19-25 wt% of the hard PCHC block. These materials show similar low E-moduli
of 1.43 to 2.5 MPa and elongation at break of 331 to 1052 %. %

All polymers show elastic behavior with exception of the triblock copolymers with PCitroGEC content
of less than 31 mol% (TPE-2, TPE-3). However, due to the slightly elongated films after break at
maximum strain, a small hysteresis was detectable (Figure S 28). In addition, all polymers featuring
elastic behavior show low E-moduli of 0.15 to 1.0 MPa, comparable to human soft tissue as cartilage
and vascular elastin (€ 0.3-10 MPa), and makes them applicable for soft tissue engineering.**** Similar
E-moduli are required to reduce the mismatch between the natural soft tissue and the material used
for the implant.**** Furthermore they show high elasticity with an elastic elongation up to 600 %. This
characteristic is also important for tissue engineering materials since they are not allowed to change

their form.

CONCLUSIONS

We introduced PLLA-b-PCitroGEC-b-PLLA triblock copolymers., which are composed of renewable
monomers derived from terpenes and starch as starting materials. We showed a straightforward
synthesis using catalytic-polymerization to copolymerize CO, with CitroGE, which leads to a flexible
macroinitiator with exceptionally low T of -55°C. The PLLA-b-PCitroGEC-b-PLLA triblock copolymer was
successfully synthesized by utilizing DBU-catalyzed ROP of LLA. Two T,s were detected for all polymers,
suggesting microphase separation of the chemically dissimilar block types. Surprisingly, PLLA’s
crystallization is impeded due partial phase miscibility as well its thermal history, resulting in the
absence of a Tr,. SAXS measurements confirmed microphase separation for all TPEs. Nevertheless, all
TPEs show ill-defined microstructures except the TPEs based on PCitroGEC;sx With the highest molar
masses. The molar masses of these triblock copolymers are just in the range where microphase

separation occurs. Stress-Strain measurements were conducted. These measurements demonstrate
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the elasticity (elongation up to 600 %) of these polycarbonate-polyester TPEs with nearly no plastic
deformation. Furthermore, they revealed a low E-modulus of 0.15-1.0 MPa (TPE with elastic behavior).
This elastic behavior combined with the known biocompatibility and biodegradability renders the
PLLA-b-PCitroGEC-b-PLLA triblock copolymers suitable as potential materials in soft tissue engineering

and regenerative medicine.

150



CHAPTER 3

EXPERIMENTAL SECTION

Materials

The solvents and reagents were applied as acquired, unless otherwise stated. Carbon dioxide
(>99.999%) was bought from Westfalen AG (Miinster, Germany). Bis(triphenylphosphine)iminium
chloride ([PPN]CI) was received from abcr GmbH. (R,R)-(salcy)-Co(lll)Cl was prepared as described by
Ford et al.* . LL-Lactid (LLA) was provided by BASF SE and recrystallized in toluene before use. All
solvents were purchased from Sigma Aldrich, Fischer Chemical (Pittsburgh, PA, USA), and Honeywell
(Morris Plaines, NJ, USA) and used without further purification. All reagents were acquired from Sigma
Aldrich, Arcos Organics (Pittsburgh, PA, USA), Alfa Aesar (Kandel, Germany), or TCI (Oxford, UK).

Deuterated solvents were purchased from Deutero GmBH (Kastellaun, Germany).

Characterization

NMR Analysis. 'H NMR spectra at 300 MHz and *C NMR spectra at 75 MHz were recorded on a Bruker
Avance 1l HD 300 (5 mm BBFO-Head with z-gradient) at 23 °C. *H NMR spectra at 400 MHZ and 3C
NMR spectra at 100 MHz were recorded on a Bruker Avance Il HD 400 (5 mm BBFO Smartprobe with
z-gradient) at 23 °C. The spectra are referenced internally to the residual proton signal of the

deuterated solvent.

Size exclusion chromatography (SEC). SEC was completed in DMF (1 mL/min, 50 °C) containing 1 g/L
lithium bromide as an additive, using an Agilent 1100 series SEC system equipped with a HEMA
300/100/40 A column cascade, UV (254 nm), and Rl detector. Calibration was accomplished using poly
(ethylene glycol) (PEG) standards acquired from Polymer Standard Service (PSS). SEC measurements
were accomplished in THF (1 mL/min, 30°C) on a SDV column set from PSS (SDV 103, SDV 105, SDV
106), equipped with a UV (254 nm) and Rl detector. Calibration was carried out using polystyrene
standards (PSS).

Differential scanning calorimetry (DSC). DSC curves were recorded using a Perkin-Elmer DSC 7 CLN2
instrument in the temperature range of -95°C—180°C or -95 °C—50 °C, at heating rates of 10K/min under

nitrogen atmosphere. Glass transition temperatures (T;) were determined using Pyris™ software.

Fourier-Transformations-Infrared spectroscopy. FT-IR spectra were recorded using a Nicolet iS10 FT-

IR spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a diamond ATR unit.

Tensile test. Tensile tests were realized by a material testing machine Z005 (Zwick/Roell, Germany).
Tensile tests were accomplished by exposing the stamped polymer stripes (5 mm x 45 mm) to uniaxial

tension. Samples with thicknesses around 0.3 — 0.6 mm were strained with a rate of 20 mm/min at
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room temperatures. A predefined load of 0.02 N was applied. Stress-strain measurements were carried
out 3 times for each copolymer. All films were prepared by slow evaporation from a chloroform
solution followed by full removal of the solvent under reduced pressure. The E-modulus (E) was
determined by calculating the slope of the stress-strain curves before the yield point. The yield point
of the films were calculated by the intersection of the tangents of the elastic field and the plastic field
before the strain hardening. The toughness is displayed by the area under the strain stress curves. The
elongation at break (&wreak) and stress at break(owreak) is the point, where film rupture occurs. are

damaged.

X-Ray Scattering. Small-angle X-ray scattering (SAXS) measurements were made using CuKa radiation
(Rigaku MicroMax 007 X-ray generator, Osmic Confocal Max-Flux curved multilayer optics). 2D
diffraction patterns were recorded on an Mar345 image plate detector. Intensity distributions as a
function of the modulus of the total scattering vector, q = (41t/A) sin(26/2), where 20 is the scattering
angle, were obtained by radial averaging of the 2D datasets. Samples in the form of thick films (~0.5
mm) were prepared by slow solvent casting (chloroform). Temperature-dependent measurements of
1 hour long were made by heating the films subsequent cooling aiming at identifying the different

equilibrium morphologies.
Synthesis

Monomer synthesis
Synthesis of CitroGE*®

Citronellol (20 mL, 0.11 mol, 1 eq.) and tetrabutylammonium hydrogen sulfate (TBAHS, 1.61 g, 0.40
mmol, 0.04 eq.) were dissolved in an aqueous sodium hydroxide solution (50 wt%) stirred vigorously
at room temperature. The mixture was cooled to 0 °C and then epichlorohydrin (45 mL, 0.57 mol,5.18
eq.) was added within 30 min. After stirring for 3.5 h at room temperature, the reaction solution was
added to ice water, extracted three times with diethyl ether, and washed with saturated sodium
chloride solution to neutrality. The organic phases were combined and dried with sodium sulfate. The
solvent was removed under pressure and the residue was fractionally distilled. Citronellol glycidyl

ether was obtained as a colorless liquid. Yield: 44 % (10.39 g, 48.93 mmol).
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'H NMR (300 MHz, CDCl3) 6 =5.13 = 5.05. (m, 1H, j), 3.77-3.61 (m, 1H, ¢), 3.62 —3.42 (m, 2H, d), 3.42
-3.31(m, 1H, ¢’), 3.20-3.06 (m, 1H, b), 2.83 — 2.55 (m, 2H, a), 2.09 — 1.86 (m, 2H, i), 1.68 (s, 3H, 1),
1.61 (s, 3H, k), 1.63 -1.07 (m, 5H, e+f+h), 0.89 (d, 3H,g) ppm.

Polymer synthesis
Synthesis of PCitroGEC

As an example, PCitroGEC-4 was used. The other PCitroGEC homopolymers were synthesized in the

same manner using different amounts of catalyst system (Table 1).

A 150 mL Roth autoclave was dried at 40 °C under reduced pressure. Citronellol glycidyl ether (CitroGE)
(2.2 mL, 1.89 mmol), (R,R)-(salcy)-CoCl (11.7 mg, 0.018 mmol) and [PPN]CI (10.5 mg, 0.0018 mmol) was
filled in the autoclave equipped with a stirring-bar in an inert argon atmosphere. The reaction mixture
was stirred at a carbon dioxide pressure of 55 bar at 20 °C for 17 h. CO, was then released; the crude
product was dissolved in DCM and the catalyst was deactivated with 2 mL of a solution of 5%y, HCI
(ag) in methanol. The product was precipitated twice in ice-cold methanol as a non-solvent. The
precipitated product was collected by centrifugation at 4500 rpm at 0°C for 10 min. The colorless

viscous polymer was then dried under reduced pressure for 24h. A yield of 57 % polymer was obtained.

ﬂ”dwk

'H NMR (300 MHz, CDCl3): 6 = 5.16 — 5.06 (m, 1H, j),5.06 — 4.98(m, 1H, b), 4.52 — 4.29 (m, 2H, a), 3.63
(d, 2H, c) 3.56 —3-40 (m, 2H, d), 2.10—1.85 (m, 2H, i), 1.70 (s, 3H, k), 1.62 (s, 3H, 1), 1.65 —1.10 (m, 5H,
e+f+h), 0.91(d, 3H, g) ppm.

13C NMR (75 MHz, CDCls): & = 154.40 (Q), 131.24 (M), 124.86 (J), 74.48 (B), 70.26 (D), 68.44 (C), 66.14
(A), 37.35 (E), 36.51 (H), 29.63 (F), 25.84 (1), 25.56 (K), 19.64 (G), 17.77 (L) ppm.

M., (SEC, DMF, PEG calibration) = 26 000 g / mol; ® (SEC, DMF, PEG calibration) = 1.23.
M., (SEC, THF, PS calibration) = 41 000 g / mol; & (SEC, THF, PS calibration) = 1.24.

Tg1: -55 °C.
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Synthesis of PLA-b-PCitroGEC-b-PLA

The ROP of L,L-Lactid (LLA) using the organocatalyst 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU) is
described exemplarily for TPE-2 and was performed according to established literature procedures,
applying minor changes.*® The macroinitiator PCitroGE and LLA were respectively dissolved in benzene
and freeze-dried in vacuo to remove residual water. DBU was dried over CaH, before use. All chemicals
were transferred into a glovebox (MBRAUN, UNILAB, < 0.1 ppm of Oz and < 0.1 ppm of H,0) to perform
the triblock copolymer synthesis. The macroinitiator (0.4148 g, 0.025 mmol, 1 eq.) and LLA (0.415 g,
2.88 mmol, 114.5 eq.) were dissolved in 1.66 mL dichloromethane (5,32 mL/ 1 g LLA) in a screw cap
vial. Subsequently, 0.45 mL of a DBU (0.01 mol% of LLA) stock solution (0.0001 mL / mL DCM) was
added to initiate the polymerization. The solution was stirred for 50 min at room temperature and
quenched by adding benzoic acid. The resulting triblock copolymer was precipitated three times in

methanol and dried in vacuo. A viscous liquid was obtained in yields of 77%.

a © o
0]
H\LO B%O/Q\OJIPQWO/O}H
m . n m

p

1H NMR (400 MHz, CDCl3): 6 = 5.15 (g, 1H, 0), 5.10 = 5.03 (m, 1H, j), 5.03 = 4.92 (m, 1H, b), 4.51 — 4.16
(m, 1H, a), 3.63 — 3.53 (m, 2H, c), 3.52 — 3.40 (m, 2H, d), 2.05 — 1.87 (m, 2H, i), 1.66 (s, 3H, k), 1.62 —
1.45 (m, 7H, p+I+f), 1.42 = 1.20 (m, 2H, e), 1.20 - 1.05 (m, 2H, h), 0.86 (d, 3H, g) ppm.

13C NMR (75 MHz, CDCls): & = 169.73 (R), 154.33 (Q), 131.25 (M), 124.84 (J), 74.47 (B), 70.25 (D), 69.11
(0), 68.46 (C), 66.15 (A), 37.33 (E), 36.48 (H), 29.58 (F), 25.84 (1), 25.53 (K), 19.63 (G), 17.77 (L), 16.75

(P) ppm.
M., (SEC, DMF, PEG calibration) = 23 000 g / mol; ® (SEC, DMF, PEG calibration) = 1.31.

Tg1:-59 °C (PCitroGE)  Tg2: 55 °C (PLLA)
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1. Monomer characterization
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Figure S 1: *H NMR spectrum (300 MHz, CDCls) of CitroGE after distillation.

2. Polymer characterization
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Figure S 2: 'H NMR spectrum (300 MHz, CDCls) of PCitroGEC,6x homopolymer.
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Figure S 3: 13C NMR spectrum (75 MHz, CDCls3) of PCitroGEC,¢x homopolymer, showing the formation of polycarbonate
structure, based on the signal of carbonyl carbon at 154.40 ppm.
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Figure S 7: SEC traces of the PCitroGEC macroinitiators (eluent: DMF, standard: PEG).
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Figure S 8: SEC trace of PCitroGEC macroinitiators (eluent: THF, standard: PS).
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Figure S 9: SEC trace of PCitroGEC using 0.2 mol% of the catalyst without prior methylation of CitroGE (green) and with
prior methylation of CitroGE (blue) (eluent: DMF, standard: PEG).
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Figure S 10: *H NMR spectrum (300 MHz, CDCl;) of the crude product of PCitroGEC;1. In yellow the proton signal of the
polycarbonate, in blue, the proton of the cyclic carbonate is illustrated. Using these integrals of the signals, the molar
fraction of cyclic carbonates can be calculated.
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Figure S 11: IR spectra of PCitroGECsk. In blue is the crude product of the polymer illustrated showing the intensive band
of the polycarbonate at 1749 cm! (highlighted in green) and the weak band of the cyclic carbonates at 1800 cm
(highlighted in yellow). In orange is the IR spectrum of PCitroGEC,¢k after precipitation is shown. No band of cyclic
carbonates is detectable here.
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Figure S 13: 13C NMR spectrum (75 MHz, CDCl3) of TPE-2 (PLLA 35-b-PCitroGECg 31-b-PLLAg 35).
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Figure S 14: 1H-'H COSY NMR spectrum (400 MHz, CDCls3) of TPE-2 (PLLA.35-b-PCitroGECo 31-b-PLLA 35).

166



CHAPTER 3 — SUPPORTING INFORMATION

P
Kikdp=

L
llie @

p

2G/g 20

oFIf -30

® o Hh
Ele

il IIJII

140

50

60

F70

fl (ppm)

80

90

100

110

120

Jje

F130

80 7.5 7.0 6.5 60 55 50 45 4.0 3.5 3.0 2.5 20 1.5 1.0 0.5 0.0
Chemical Shift / ppm
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Figure S 16: 1H-13C HMBC NMR spectrum (400 MHz/75 MHz, CDCls) of TPE-2 (PLLA 35-b-PCitroGECo 31-b-PLLAg 35).
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Figure S 17: IR spectrum of TPE-2 (PLLAo.34.5-b-PCitroGECo.31-b-PLLAg 34.5).
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Figure S 18: DOSY NMR spectrum (400 MHz/75 MHz, CDCl3) of TPE-2 (PLLA.34.5-b-PCitroGECo 31-b-PLLAg 34.5). The signal at
7.2 ppm with a higher diffusion coefficient belongs to the CDCl; solvent. The other signals at 1.45 ppm feature a higher
diffusion coefficient and can be attributed to solvent impurities.
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Figure S 19: SEC traces of the ABA triblock copolymers (eluent: DMF, standard: PEG). All triblock copolymers are
presented together with their initial PCitroGEC macroinitiator to highlight the shift to higher molar masses.
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3. Thermal characterization
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Figure S 20: DSC curves of the PCitroGEC;1x homopolymer and the corresponding triblock copolymers.

8 = -
7 L

onl

) 6

s

O 5

L

=4

o

L A |

- 3

o

L2 ——PCitroGEC,,,, 1

——PLLA ,-b-PCitroGEC,  -b-PLLA
11 PLLA, ,,-b-PCitroGEC _, -b-PLLA | |
-50 0 50 100 150

temperature (°C)

Figure S 21: DSC curves of the PCitroGEC,0x homopolymer and the corresponding triblock copolymers.
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Figure S 22: DSC curves of the PCitroGEC,sx homopolymer and the corresponding triblock copolymers.

— PCitroGEC26K

HeatFlow Endo Up

— PLLAO_?’O-b-PCitroGECO‘M-b-PLLAo_30

PLLA0_33-b-PCitroGEC0‘34—b—PLLA0_33

-50 0 50 100 150
temperature (°C)

Figure S 23: DSC curves of the PCitroGEC,sx homopolymer and the corresponding triblock copolymers.
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Figure S 24: DSC curves of the first and the second heating curve of TPE-6. The first heating curve shows a melting peak
T of 136 °C, whereas no melting peak is observed in the second heating run.
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4. Morphology
TPE-1 (M, = 18 kg/mol; f_PCitroGEC = 0.42 (LAM/~Dis) TPE-2 (M, = 22 kg/mol; f_PCitroGEC=0.31 at T=423K
(CYL)
4
s 1 1 T=423 K
3 'q:[].Z? nmi’ ¥ g=0217nm" =303 K
= — : d=2%
5 o, | Lyt
L i o
fe) o |
L o
2 T
- 2]
g E‘A
o ®
= &
— [
= =
(=] G31 4
g o
0 : , 0 - i T it
0.5 i 10 15 L0 4 20
q(nm’) q(nm™
TPE-3 (M, = 27 kgf/mol; f_PCitroGEC = 0.22 (Spheres)
10° -
:"._Q=U-1515 AM" Fomfactor minima
_ s - 41nm at gR=4484, 7 728, 10.87
= .
S q..= 0438 nm' seR__ 4102 nm
Qo
= '_-:_“
©
St
>
10
C
[11]
= A
g o= R=105
K=2200
0.0 :IZ '3;1 ':':E' 1 '3.‘5 I: 1.2
q(nm’)

Figure S 25: SAXS patterns for the triblock copolymers PCitroGEC;1« as middle block (TPE-1, TPE-2 and TPE-3). Arrows give

the position of the Bragg peaks.
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Figure S 26: SAXS patterns for the triblock copolymers with PCitroGEC,ok as middle block (TPE-4 and TPE-5). Arrows give

the position of the Bragg peaks.
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Figure S 27: SAXS patterns for the triblock copolymers PCitroGEC;6x as middle block (TPE-9 and TPE-10). Arrows give the
position of the Bragg peaks.

5. Mechanical characterization

Figure S 28: Picture of the strained film of TPE-1 (left). Picture of the strained (torn) and the unstrained film of TPE-1
(right).
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ABSTRACT

The disadvantage of CO,-based poly(cyclohexene carbonate) (PCHC) is the brittleness of this
amorphous polymer, however, desirable properties such as flexibility and water absorption can
be achieved for different copolymers. The combination of the FDA-approved hydrophilic
polyethylene glycol (PEG) with the hydrophobic PCHC in a PCHC-b-PEG-b-PCHC triblock copolymer
is promising for hydrophilic thermoplastic hydrogels in the biomedical field. The advantage of
polycarbonates compared with established polyesters used in the biomedical field are the non-
acidic degradation products of the polymers. We synthesized several novel ABA triblock
copolymers with different block length of PCHC. Molar masses between 16 and 25 kg/mol and
narrow molar mass distributions with dispersity (P) of 1.07-1.21 were achieved. We demonstrate
the influence of PCHC on the mechanical and thermal behavior of the synthesized triblock
copolymers. Equilibrium swelling in aqueous solution of the materials and their processability
were investigated. Furthermore, an increase in toughness was reached by forming multiblock
copolymers with higher molar masses (30 — 37 kg/mol) using the PCHC-b-PEG-b-PCHC triblock
copolymers and toluene diisocyanate (TDI) as a chain extender. The obtained materials form
transparent films with up to 260% equilibrium swelling in aqueous solution (stable after swelling)

and a toughness (tensile test, equilibrium water-swelling) up to 97 MN/mm?2.
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INTRODUCTION

Hydrogels are crosslinked hydrophilic polymers which are insoluble in water. They mimic natural
tissue and are used widely in biomedical applications due to their hydrophilicity and resulting soft
consistency.?? Although hydrogels are mostly prepared by covalent crosslinking of hydrophilic
biopolymers (alginate, galantine or collagen) or synthetic polymers, such as polyethylene glycol,
poly acrylic acid and poly(vinyl alcohol). Physical crosslinking of hydrogels represent a reversible
alternative to permanent covalent crosslinking.*® Materials that can be processed in the dry state
and then swollen in aqueous environment are termed thermoplastic hydrogels.” The shape of
these materials are able to be changed by heat or solvents, which allows for recycling and
processability.” Physical crosslinking can be achieved by hydrophobic, ionic or H-bonding forces or
due to multiple entanglements of high molecular weight polymers. Triblock copolymers with a
hydrophilic mid-block and glassy outer blocks can form these thermoplastic hydrogels.
Biocompatible polymers with such structures are known in literature and mostly consist of
poly(ethylene glycol) (PEG) as a mid-block. Polyesters such as polycaprolactone and polylactide
are used as outer glassy blocks, but their acidic degradation products can pose a major drawback.®

15—

121314 These acids can lead to necrosis.”>” Aliphatic polycarbonates on the other hand have no

acidic degradation products and feature excellent biocompatibility and biodegradability.8*°

Poly(cyclohexene carbonate) (PCHC) (T, =117 °C) can be used as a sustainable, carbon dioxide
based alternative to polyesters.? It can be prepared via catalytic copolymerization of cyclohexene
oxide (CHO) and carbon dioxide.?* Winkler et al. showed that cyclohexene oxide can be derived
from 1,4-cyclohexadiene (CHD), the latter produced from renewable resources via self-metathesis
of plant oil derivatives.?? Carbon dioxide is known as a non-flammable, non-toxic, renewable and
sustainable C; resource. Additionally, it is a waste product found in blast furnace combustion
reactions. The general use of carbon dioxide is limited due to its high thermodynamic stability and
low reactivity.?2* Since the development of the immortal carbon dioxide/epoxide polymerization
by Inoue et al. in 1969, carbon dioxide has been used as a monomer in polymerizations. In recent
years, polymer architectures based on CO; have received increasing attention and are studied by
an increasing number of groups.?%?*>%>73! Cyriac et al. introduced block copolymers based on
carbon dioxide, synthesized using chain transfer agents (CTAs) with hydroxyl or acid end groups.?”
Zhang et al. demonstrated examples of triblocks combining a central PEG-sequence with PCHC,
albeit thermal and mechanical properties of the synthesized polymers were not measured or

discussed. Additionally, the molecular weight achieved was limited.*?
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Aliphatic polycarbonates based on carbon dioxide have been utilized as a surfactant33334 ag

35-38

polyols for polyurethanes or for elastomers.?® To the best of our knowledge, there is no

publication of supramolecular hydrogels based on carbon dioxide in the literature.

PCHC itself is a brittle polymer with a strain at break at 1.7£0.6% and an E-Modulus of 3 600£100
MPa.*

We hypothesize that the combination of PCHC and PEG in a triblock copolymer may reduce the
crystallinity of the PEG block, resulting in an enhanced toughness compared to brittle PCHC and
PEG. Processability is improved by lower crystallinity and thus lower brittleness. In this way, we
want to produce a processable material that can swell after processing in an agueous environment

leading to a thermoplastic hydrogel.

In this work, we report the synthesis of PCHC-b-PEG-b-PCHC triblock copolymers. Several block
copolymers with ABA structures were prepared via a one pot reaction directly from carbon dioxide
and cyclohexene oxide, relying on a straightforward synthesis. PEG was applied as a difunctional
chain transfer agent. The synthesized polymers were characterized with respect to their thermal
behaviour in bulk, their mechanical properties both in swollen and dry state and their equilibrium
swelling capacity as a physically crosslinked network. We aim to investigate the properties of PCHC
as an environmentally friendly alternative to other high glass transition blocks for thermoplastic

hydrogels’ based on polyesters.

RESULTS AND DISCUSSION

Polymer synthesis

O
(0] OH
0.06 mol%cat
+ 1o +CO o O P
Hl \/\l 2 o )lH
@ OH 60°C, 50bar, 48h 1 0 poNi \g/ \6
H

CHO PEG HO-PCHC-b-PEG-b-PCHC-OH
Scheme 1: PCHC-b-PEG-b-PCHC triblock copolymer synthesis.
PCHC-b-PEG-b-PCHC triblock copolymers were synthesized via an immortal polymerization using
PEG2,7 as chain transfer agent (CTA) and cyclohexene oxide (CHO) and carbon dioxide (CO,) as
monomers. The immortal polymerization is a controlled reaction and relies on equilibrium
between dormant and active species. A protic chain transfer agent such as PEG can protonate the

active PCHC homopolymer (initiated by the CI- of [PPN]CI), resulting in a dormant a PCHC
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homopolymer. This activates the PEG and allows the PCHC to polymerize onto the PEG chain. Due
to the equilibrium between the dormant and active species of the PCHC homopolymer or the
PCHC-b-PEG-b-PCHC triblock copolymer, the reaction proceeds in a controlled manner, leading to
low dispersities.?’” The catalyst system (R,R)-(salcy)-CoCl and bis(triphenylphosphine)iminium
chloride ([PPN]CI] was chosen due to the perfectly alternating incorporation of carbon dioxide and
CHO. This catalyst system excludes the occurrence of ether defects, which could be formed as side
reactions in the catalytic polymerization.*%*? This is supported by the *H NMR spectrum (Figure S
1) (no poly(cyclohexene oxide) signals at 3.46 ppm).** Another potential side reaction is the
formation of cyclic carbonates. Since cyclohexene oxide is a rigid monomer, formation of the
thermodynamically favored cyclic carbonates is suppressed. FT-IR spectroscopy (Figure S 7)
demonstrate the absence of side products, e.g., five membered cyclic carbonates. Exclusively the
carbonyl stretch vibration of the aliphatic polycarbonates at 1738 cm™ was detected. An additional
carbonyl band indicative of the cyclic carbonates at around 1800 cm™ is not visible. To remove the
catalyst and the generated homopolymer PCHC, the crude polymer solution was flushed over
neutral aluminum oxide and precipitated in cold diethyl ether. This work up results in monomodal

weight distributions exhibiting dispersities (D) of 1.07-1.21 (Figure 1, Figure S 8).

PCHC,,-b-PEG,, -b-PCHC,, (M : 16920 g/mol; ©: 1.11)
PCHC . -b-PEG . -b-PCHC ., (M, : 21340 g/mol; £: 1.19)
PCHC ,-b-PEG,_-b-PCHC , (M, : 24170 g/mol; D: 1.12)

———PEG,, (M_: 11010 g/mol; £: 1.11)

SEC (eluent: DMF, calibration: PEG, detector: RI)

e

13 14 15 16 17 18 19 20 21 22 23
elution volume [mL]

Figure 1: SEC traces of the PCHC-b-PEG-b-PCHC triblock copolymers (eluent: DMF, standard: PEG).

Targeting higher PCHC block length resulted in higher molar masses of the additionally formed
PCHC homopolymer. As the length of the PCHC blocks increases, the number of repeating units of

the PCHC homopolymers increases (the ratio between initiator and monomer decreases). The
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higher molar mass PCHC homopolymers are difficult to remove from the reaction mixture by
precipitation. Hence, polymers with a higher amount of PCHC and consequently higher molar mass
PCHC homopolymer contamination had to be precipitated three times in diethyl ether and still
featured increased dispersity values compared to polymers with a lower PCHC amount. Adjusting
the amount of monomer and PEG macroinitiator, the PCHC block length was varied. The polymers
were characterized via NMR, IR and SEC. Using the signal of the PEG backbone in the *H NMR
spectra, molar masses of the triblock copolymers were calculated (Figure S 1). All molar masses
are shown in Table 1. Furthermore, the molar masses were determined using SEC with DMF as an
eluent and PEG as standard (Figure 1, Figure S8 , Table 1). The number-average molar mass (M)
of NMR and SEC differs as PCHC exhibits a different hydrodynamic radius compared to the PEG
standard. The successful synthesis of block copolymers and the separation of the homopolymer
PCHC was verified by *H NMR-DOSY spectroscopy (Figure S 6). All signals (3.66 ppm (PEG) and the
CH (4.67 ppm) and CH (2.26-1.27 ppm) (PCHC)) demonstrate the same diffusion coefficient.

Table 1: Overview of the synthesized PCHC-b-PEG-b-PCHC triblock copolymers and PCHC-b-PEG-b-PCHC-PU multiblock copolymers.

sample composition? PCHC equilibrium M2 My° pb Yield® T Te® Tm®  AHm®  Xeec!
swelling?
vol% % g/mol  g/mol % °C °C °C Jg %
PCHC4-b-PEG227-b-
1 43 309 16800 16250 1.07 26 -55 - 41 26 13
PCHC24
PCHCs7-b-PEG227-b-
2 ¥ 2 51 180 20500 16900 111 27  -54 - 44 33 17
PCHCs7
PCHCss-b-PEG227-b-
3 63 81 25600 21234 1.18 50 -60 116 46 9 4.7
PCHCss
PCHCe4-b-PEG227-b-
4 66 79 28200 24170 1.15 32 -51 116 44 5 2.6
PCHCsa
5 PCHCr0-b-PEGa2r-b- 68 65 30390 21230 110 38  -56 117 43 2 1.0
PCHCo
PCHCoo-b-PEG227-b-
6 74 34 35560 19350 1.24 70 -51 56 27 0.6 0.08
PCHCoo
PCHC127-b-PEG227-b- -
7 79 32 45370 25707 1.21 71 - 118 - -
PCHC127
8 PCHCs0-b-PEGa2r-b- 60 88 - 34490 133 100 59 - 40 2 0.7
PCHCso-PU
PCHCes0-b-PEG227-b-
9 65 127 - 32240 1.60 79 -57 - 43 5 1.5
PCHCe0-PU
PCHCes-b-PEG227-b-
10 67 81 - 37210 2.55 100 -54 - 28 2 0.5
PCHCes-PU
11 PCHCs0-b-PEGa2r-b- 74 80 - 30480 167 90 51 51 26 04  0.08
PCHCgo-PU
PCHC131-b-PEG227-b-
12 80 57 - 30630 1.79 85 -56 104 - - -
PCHC131-PU

2Determined by *H NMR (300 MHz, CDCI3). ®'measured by SEC (Eluent: DMF, standard: PEG).c Measured by DSC with a heating rate o
K/min. dCalculated by using the equitation in the experimental section..

The monomodal distribution and the shift of the SEC curve to higher molecular weights in Figure

1 and Figure S 8 suggests a successful block copolymer synthesis.). The yield of the triblock
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synthesis varied between 26 and 71 %. Low yields of the triblock copolymers after purification in
some cases can be explained by incomplete monomer conversion. Additionally, a small amount of

generated homopolymer PCHC was removed by a neutral aluminum oxide column.

(Eto%«ﬁo@oé @

HO-PCHC-b-PEG-b-PCHC-OH

25 Aoy o
releses @9 J

PCHC-b-PEG-b-PCHC-PU

Scheme 2: Synthesis of the PCHC-b-PEG-b-PCHC-PU multiblock copolymers.

To enhance the toughness of the PCHC-b-PEG-b-PCHC triblock copolymers, the purified and dried
triblock copolymers were reacted with toluene diisocyanate (TDI) to generate multiblock
copolymers in a polyaddition reaction using DBTL (dibutyl tin dilaurate) as a catalyst. This
technique was used to obtain a higher M, of the triblock copolymers and to incorporate additional
loops and bridges by the “soft” segments in case of a phase separation to improve the mechanical
toughness of the polymers. To evaluate the most suitable chain extender for high M,, a model
triblock copolymer (PCHCso-b-PEG2,7-b-PCHCso) was applied in the polyaddition. The comparison
of the two commercially available and reactive diisocyanates, toluene diisocyanate (TDI) and
methylene diphenyl diisocyanate (MDI), revealed higher Mn and the expected mixture of the tri-,
penta- and heptablocks when applying TDI. The use of MDI was observed to lead to pentablock
formation only (Figure S 11). During the polyaddition reaction it was crucial that 1.1 eq TDI was
used. Higher excess of TDI caused end-capping of the triblock copolymers, which impeded the
polyaddition process (Figure S 12). No shift in the SEC curves to higher molar masses was
identified, and the UV detector yielded the same monomodal trace as the prepolymer after
polyaddition (Figure S 12). The best-suited amount of TDI and a reaction time of 3 days led to
double or triple molar masses of the primary polymers (Figure S 13). In Figure 2 the molar mass
distribution of the PCHCgs-b-PEG,27-b-PCHCgs-PU multiblock copolymer is displayed in comparison
to the triblock precursor. In Figure 2 the observed distribution after chain extension supports the
coexistence of the tri- (max. 24 100 g/mol), penta- (max. 58 700 g/mol) and heptablock (max. 173
200 g/mol). This confirms reaction of the isocyanate with the hydroxy groups of the triblock

copolymers. The observed broadening of the distribution is unavoidable due to the step growth
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reaction. Nevertheless, good mechanical properties can be expected despite the dispersity
increase. Steube et al. studied blending of diblock copolymers with multiblock copolymers and
revealed that the blending does not destroy the mechanical properties, e.g blending 60 % diblocks
(P(l-co-S)) with 40 % hexablock copolymer (P(I-co-S)3) results still a material with 400 % elongation
at break and reasonable strength and toughness.** Additional SEC data of multiblock copolymers
are shown in the Supporting Information in Figure S 13. Characterization data of all multiblock
structures prepared are given in Table 1. The aromatic protons of TDI are observable in the *H
NMR spectrum, but the integration of the aromatic signals at 7.02 and 8.85 is difficult due to the

low signal-to-noise ratio. The molar ratio of the triblock copolymers in comparison to TDI leads to

a low signal intensity of TDI (Figure S 9).

= = +PCHC ;-b-PEG,,,-b-PCHC 4 -PU (M : 37210 (Max.: 24122; 58684; 173205) g/mol; O: 2.55)
—_— PCMCW-b-PEGu,-b-PCHCGe (M_: 17230 (Max.: 23078) g/mel; D: 1.20)

SEC (eluent: DMF, calibration: PEG, detector: RI)

230758 g/mol
Q@ 173205 g/mol

g

1
1
1
]
58684 g/mol ! \
'
122 4/mol ;O = - '
1
1
]
\
\
]

104 10°

molar mass [g/mol]
Figure 2: SEC traces of the PCHCes-b-PEG227-b-PCHCss-PU multiblock copolymers (eluent: DMF, standard: PEG, detector Rl), dashed
line. The maxima (Max.) of the different modes are highlighted with blue dots.

Thermal characterization

To further investigate the triblock and multiblock copolymers with respect to their thermal
behavior and potential nanophase separation, DSC measurements were conducted (Figure S 14,
results Table 1). The samples 3-6 in Table 1 showed two glass transitions (Tgs) and a melting point.
The two Tgs indicate microphase separation of the copolymers. In case of the triblock copolymers
with 63 — 68 vol% PCHC, the two Tgs belong to the PEG block (-60 to -56 °C) and the PCHC block
(116-117 °C), respectively. In case of the PCHCoo-b-PEG227-b-PCHCqg triblock copolymer (sample 6)
the T attributed to PCHC is lowered to 56 °C. The PEG block appears to feature a very low amount
of crystalline domains in the triblock copolymers (Table 1, sample 6, AHm= 0.6 J/g). In addition, a

lower T; and a lower melting point of 56 °C and 27 °C, respectively, can be observed. These two
features indicate a partial mixing of the PEG blocks with the PCHC blocks. Regarding the PEG

crystallization of the copolymers, samples 3-4 must be highlighted. These polymers show a low
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crystallinity of 1.0 to 4.7 %. This low crystallinity of the 10 kg/mol midblock can be explained by
the rigid PCHC outer blocks, which inhibit the crystallization of the central PEG block. The DSC data
suggest that increasing amounts of PCHC inhibit the crystallization progressively, and sample
PCHC127-b-PEG2,7-b-PCHC3137 (highest amount of PCHC with 79 vol%) shows neither a melting point
for the PEG block nor the T, of PEG.

Sample 1 and 2 are low in PCHC content, which results in polymers with only a T, and T, of the
PEG block, albeit a glass transition for PCHC is not observed. Comparing the melting point and
melting enthalpy of pure PEGy:7 (T = 67 °C; , AHmM = 162 J/g) (heating rate 10 K/min) and the
triblock copolymers with low amount of PCHC, the triblock copolymers show lower T, of 41-44 °C
and AHn (26-33 J/g). This indicates that crystallization is also inhibited by the PCHC segments,

although not as strongly as in the samples 3-6.

Evaluating the thermal behavior of the multiblock copolymers, a significant change is noticeable.
The multiblock copolymers with 60 — 67 vol % of PCHC show no second T; when compared to the
triblock with the same amount of PCHC. This can be explained by a decrease in phase separation
due to the higher number of blocks.**¢ All multiblock copolymers exhibit a low or non-existent
crystallinity for the PEG block. The weak melting points are in the same temperature range as the
values of the triblock precursors. Higher PCHC content lowers the Tm and eventually leads to its

disappearance in sample 12 with 80 vol% PCHC.

Equilibrium swelling in aqueous solution

Since the polymers are made for application in self assembled hydrogels, the equilibrium swelling
in aqueous solution of the polymers is a key parameter. Since the hydrogels become mechanically
weaker with increasing equilibrium swelling, generally materials with equilibrium swelling of less
than 400% are applied.” For the measurement, a dry film of the polymer was weighed and put in
MilliQ water at 37 °C, until an equilibrium of the swelling in aqueous solution was obtained. The
weight of the swollen film was determined, and the equilibrium swelling in aqueous solution

calculated (equation 2, experimental). The results are summarized in Table 1.

Higher amounts of PEG led to an increased equilibrium swelling in case of the triblock copolymers.
Sample 1 with the highest PEG content (43 vol% of PCHC) exhibits an equilibrium swelling in
aqueous solution of 309 %. The lowest equilibrium swelling of 32% is found in sample 7 (79 vol%
of PCHC). As expected, the equilibrium swelling is directly correlated to the volume fraction of PEG

in the materials.
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With regard to the multiblock copolymers, sample 9 (PCHCgo-b-PEG227-b-PCHCs0-PU) represents an
exception as it consists of a lower PEG content than sample 8 (PCHCso-b-PEG2,7-b-PCHCso-PU), but
shows higher equilibrium swelling in agueous solution. This unusual equilibrium swelling behavior
might be ascribed to different domain formation due to the multiblock system.* The equilibrium
swelling of the polymers, albeit without dissolution supports the physical crosslinking of the PCHC
blocks via hydrophobic interactions, since all polymers swell in water. Furthermore it is in line with

the values of thermoplastic hydrogels in the literature.’

Mechanical properties

To study moduli and toughness of the tri and multiblock copolymers, tensile tests were conducted
with polymer films prepared via solvent evaporation. Dogbone-shaped specimens were cut out
and stress-strain measurements at room temperature were performed. Dry and swollen films (dry

films were kept in MilliQ water until swelling equilibrium had been reached) were tested.

Table 2: Overview of the mechanical properties of the PCHC-b-PEG- b-PCHC triblock copolymers and the PCHC-b-PEG-b-PCHC-PU
multiblock copolymers in dry and swollen state.

sample® PCHC compositiona E Obreak Ebreak Oyield &yield Wiensite
vol% MPa MPa % MPa % MN/mm?
3 63 PCHCss-b-PEG227-b-PCHCss 39080 2043 66080 10.7+0.7 3.9+0.8 69+18
4 66 PCHCe4-b-PEG227-b-PCHCe4 33015 1942 660136 9.9+1.3 3.310.6 6916
5 68 PCHC70-b-PEG227-b-PCHC70 454+15 1916 5831122 12.2+0.4 3.00+0.05 67121
6 74 PCHCoo-b-PEG227-b-PCHCoo 8801230 1916 4.4%1.25 2015 2.6610.03 0.740.2
7 79 PCHCu27-b-PEG227-b-PCHCi27 1600+30 29+1 4+1 30+1 2.00£0.06 1.1+0.3
3-s 63 PCHCss-b-PEG227-b-PCHCss 330190 1442 424+84 6.710.3 412 43+11
4-s 66 PCHCe4-b-PEG227-b-PCHCe4 28090 1544 415+113 6.44+0.06 2.7+0.2 43+16
5-s 68 PCHCr0-b-PEG227-b-PCHC70 39070 10.2+0.5 189+16 8.540.2 2.67+0.06 1742
6-s 74 PCHCso-b-PEG227-b-PCHCao 1287+400 2316 5.5+0.2 28+8 2.31+0.01 1.2+0.3
7-s 79 PCHCu27-b-PEG227-b-PCHCi27 1400+30 2612 3.0£0.3 27.0£0.4 2.03+0.01 0.56%0.06
8 60 PCHCso-b-PEG227-b-PCHCs0-PU 33545 264 855+75 10+1 3.6+0.6 107416
9 65 PCHCso-b-PEG227-b-PCHCgo-PU 192418 2943 910460 6.4+02 3.9+0.4 111413
10 67 PCHCes-b-PEG227-b-PCHCes-PU 568154 2415 595180 1612 3.410.4 93+25
11 74 PCHCoo-b-PEG227-b-PCHCo0-PU 1032135 2413 4+1 254 2.910.2 1.3+0.8
12 80 PCHC131-b-PEG227-b-PCHC131-PU 1690+104 2518 3+1 34+1 2.09+0.05 0.910.4
8-s 60 PCHCso-b-PEG227-b-PCHCs0-PU 200+36 2616 68749 611 3.7+0.4 97+17
9-s 65 PCHCeo-b-PEG227-b-PCHCe0-PU 222478 17+1 483+12 61 4.1+0.6 504
10-s 67 PCHCes-b-PEG227-b-PCHCes-PU 539150 1242 45+16 11.8+0.3 2.310.1 5+2
11-s 74 PCHCoo-b-PEG227-b-PCHCo0-PU 10114421 25+2 3.410.3 - - 0.6110.06
12-s 80 PCHC131-b-PEG227-b-PCHC131-PU 1383170 2442 3.610.3 2741 2.240.1 0.72%0.05

2Determined by *H NMR (300 MHz, CDCI3). All tensile test results were measured with rate of 20 mm/min at room temperatures. The
parameters were evaluated by averaging the results at 4-6 measurements. ®The Index s show, that the polymer was in water-swollen state.

Typical stress-strain curves of the dry and swollen films are shown in Figure 3 and Figures S 15-17,
and the corresponding mechanical properties evaluated from 4-6 measurements are summarised

in Table 2. For the dry films, Figure S 15 and the results in Table 2 demonstrate that triblock
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copolymers with 63-68 vol% of PCHC have the highest elongation at break about 660% and the
highest toughness of 68 MN/mm?2. PCHC-b-PEG-b-PCHC triblock copolymers with a higher amount
of 74-79 vol% of PCHC show strongly reduced toughness of only 1 MN/mm? and elongation at
break of 3-5 % only (Figure 5). This sudden drop in the toughness can be explained by the
occurrence of phase separation in case of lower vol% of 63-68% PCHC (indicated by 2 Tgs).
Nanophase segregation of PCHC domains is essential for supramolecular crosslinking. As already
discussed with the thermal characterization, sample 6 (74 vol% PCHC) also exhibits two Tgs with a
decreased second T at 56 °C, indicating partial mixing of PCHC and PEG domains. This mixing of
the domains leads to a drop in the toughness. In the case of sample 7, with 79 vol% of PCHC, the
low toughness and the low elongation at break can be ascribed to the strong PCHC character. Only
the T; of the PCHC is detected in this sample and the PCHC-like behaviour is underlined by the

brittleness, resulting in the low elongation at break of 4£1%.

The toughness increases as a consequence of the polyaddition of the triblock copolymers and TDI
to PCHC-b-PEG-b-PCHC-PU multiblock copolymers. This can be explained by the fact, that higher
molar masses and additional bridges between PCHC domains are achieved via the polyaddition
reaction and therefore higher toughness.*”*® Multiblock copolymers with 60 — 67 vol% PCHC
exhibited an enormous toughness of 93 — 111 MN/mm? in dry state (comparable to
isoprene/styrene multiblocks)* (sample 8-10, Table 2, Figure S 17, Figure 5). Low strength triblock
copolymers feature no improved toughness as multiblock copolymers are formed (Table 2, sample
11-12). This can be explained by a lack of phase separation already in the triblock structures
employed. The difference between the strength of the multiblock and triblock copolymers in dry

state is illustrated in Figure 5a.
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Figure 3: Stress-strain curves of the PCHC-b-PEG-b-PCHC triblock copolymers and the PCHC-b-PEG-b-PCHC-PU multiblock copolymers
in the swollen state (left). A sample of the water-swollen film in dog bone shape (middle). The strained water-swollen film (right).

The stress-strain curves of the dry films were then compared with the swollen films of the PCHC-
b-PEG-b-PCHC triblock copolymers. The results reveal generally lower values of elongation at
break and toughness for the swollen films (Table 2, Figure S 15). In dry films, the non-crystalline
PEG chains are entangled and more resistant to plastic deformation. In the swollen state the PEG
chains are more disentangled due to the interaction with water molecules and additional more
diluted resulting in an lowered strength.*® In the case of samples 3 and 4, elongation at break is

around 430 % with a toughness of 43 MN/mm? (Table 2, Figure S1 5 Figure 5).

A similar trend is also detectable in case of the multiblock copolymers in swollen state (Figure 3).
The (PCHCsg-b-PEG227-b-PCHCs0)-PU multiblock copolymer shows an elongation at break of 68749
% in the swollen state, and the corresponding triblock copolymer (PCHCss-b-PEG2,7-b-PCHCss,
sample 3s) shows half elongation at break of 424+84%. This leads also to a difference of 30
MN/mm? in the copolymers’ toughness (Table 2, Figure 5b). All other polymers with higher PCHC
content show no increase in toughness for the multiblock copolymers in the swollen state. Sample
9, with 65 vol% PCHC and M, of 32 240 g/mol exhibits the same strength as its corresponding
triblock copolymer in the swollen state (Table 1, Table 2, Figure 5b). Figure 5b demonstrates that
with a higher PCHC content, the effect of the higher molar masses on the toughness of the
multiblock copolymers decreases, as the values of toughness of the tri and multiblock copolymers
converge. This can be explained by the fact that phase separation no longer occurs at higher PCHC

contents.
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Figure 4: Zoom in of the Stress-strain curves to illustrate the yield point of the PCHC-b-PEG-b-PCHC triblock copolymer an the PCHC-
b-PEG-b-PCHC-PU multiblock copolymers in the swollen state.

Comparing the mechanical properties of the multiblock copolymers in the dry and swollen state
(Figure 5 c, Figure S 16), leads to similar results as the comparison of the triblock copolymers in
the dry and swollen state. The water-swollen films are weaker than the dry samples. This could
again be related to the hypothesis that the PEG chains are disentangled by water molecules and

are also more diluted than in the dry state.”

The E-modulus (E) of the polymers increased with a higher PCHC content in the triblock and
multiblock copolymers in both the dry and swollen state (Table 2). Furthermore, the stress at
break (ovreak) has a value between 14 and 30 MPa. The yield elongation of the polymer films is low
(2— 4 %) (Table 2, Figure 4).This result demonstrates that these copolymers have a limited
elasticity with an enhanced plastic behaviour. Furthermore, polymers with a lower PCHC content
have a higher yield elongation. The stress at the yield point is between 6 and 34 MPa. Polymers
with higher content of PCHC showed a higher stress at the yield point. This can be ascribed to the
increased stiffness of PCHC in comparison to PEG. Additionally, all swollen polymers show a lower
stress at the yield point, illustrating their softness in the swollen state (Table 2). The yield points

are exemplified in Figure 4 for the water-swollen polymers
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Figure 5: Toughness in MN/mm? against PCHC content in vol% of the tri- and multiblock copolymers. a) comparison of the PCHC-b-
PEG-b-PCHC triblock copolymers with the PCHC-b-PEG-b-PCHC-PU multiblock copolymers in dry state. b) comparison of the PCHC-
b-PEG-b-PCHC triblock copolymers with the PCHC-b-PEG-b-PCHC-PU multiblock copolymers in swollen state. c) comparison the

PCHC-b-PEG-b-PCHC-PU multiblock copolymers in dry and swollen state. d) comparison the PCHC-b-PEG-b-PCHC triblock copolymers
in dry and swollen state.

Summarizing the main aspects of the mechanical analysis, the increase of molar masses via
polyaddition reaction leads to stronger materials both in the dry and swollen state, with polymers

containing between 63 and 68 vol% of PCHC showing the highest toughness.

Lower amounts of PCHC result in higher crystallinity of PEG, which leads to more brittle polymers
(no films of the polymers could be fabricated). On the other hand, a higher content of PCHC (>

68vol%) results in a brittle material showing the brittle character of pure PCHC. This highlights the

limits for such kind of block copolymers

Extrusion

The thermal processability of these tough materials was demonstrated by extrusion of different
PCHC-b-PEG-b-PCHC triblock copolymers to evaluate extrusion temperature and speed. Based on
the previous test, an extrusion temperature of 140 °C and an extrusion speed of 140 min™* was
chosen. PCHCy15-b-PEG227-b-PCHCy15 was extruded as a model compound without any additives,
using a mini-extruder, resulting in a slightly yellowish transparent filament (Figure S 18). The

degradation occurring by the extrusion process was quantified via SEC analysis (Figure S 19), which
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reveals a degradation of the triblock copolymer. The molar mass of the polymer drops from 18
000 g/mol to 13 000 g/mol. Moreover, the distribution broadened from a polydispersity value of
1.17 to 1.31 and the highest mode shifted significantly to higher elution volume and therefore to
lower molar masses (Figure S 19). Kernbichel et al. demonstrate a decrease in depolymerisation
using Irganox® as antioxidant in the extrusion of PCHC and PLimC.%° Blending PCHC131-b-PEG2,7-b-
PCHCy3; with 500 ppm Irganox® resulted in a reduced degradation. Although a decrease in the
molar mass could still be detected, the shift to higher elution volumes was significantly smaller
(Figure S 21). Irganox® itself is not biobased and not biocompatible.* On the contrary Yun et al.
demonstrated the effectiveness of biobased and biocompatible amino acids as additives. A 2 wt%
blend of L-aspartic acid with PPC resulted in minor degradation. They suggest somehow a kind of
end capping of the PPC by the amino acid inhibiting the “unzipping” degradation of PPC.>2 We
could also observe that blending of the triblock copolymers with 4 wt% of L-asparagine leads to
an inhibiting of the degradation as only a decrease of molar mass from 18 000 g/mol to 17 000
g/mol was visible (Figure S 23). The drawback of this method is a change of colour of the resulting

filament from colourless to slightly brownish (Figure S 22).

CONCLUSION

We show a straight-forward synthesis of PCHC-b-PEG-b-PCHC triblock copolymers based on PEG
as a macroinitiator. Polymers with a content of 63-68 vol% PCHC exhibit high toughness of 69
MN/mm? in the dry and 40 MN/mm?Zin the water-swollen state. Moreover, the toughness of the
materials could be expanded by using TDI as a chain extender to obtain higher molar mass
multiblock structures. PCHC-b-PEG-b-PCHC-PU multiblock copolymers with 60-67 vol% PCHC show
a toughness of 93 — 111 MN/mm?. The strongest polymer PCHCso-b-PEG227-b-PCHCs0-PU exhibited
a toughness of 107416 MN/mm? (at dry state) and of 97+17 MN/mm? (water-swollen state).
Furthermore, the processability via extrusion using L-asparagine as additive could be
demonstrated. The known biocompatibility of polycarbonates and PEG, the biodegradability
(without acidic degradation products) of polycarbonates combined with this toughness and the
availability of equilibrium swelling in aqueous solution renders these polymers promising

materials for biomedical applications, e.g. in tissue engineering.
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EXPERIMENTAL SECTION

Materials

All solvents and reagents were utilized as obtained, unless otherwise stated. Cyclohexene oxide
(Acros Organics, Pittsburgh, PA, USA or Alfa Aesar, Kandel, Germany) was distilled over CaH, under
reduced pressure prior to use. Carbon dioxide (>99.99%) was purchased from Westfalen AG
(Munster, Germany). Bis(triphenylphosphine)iminium chloride ([PPN]CI) was received from abcr
GmbH. (R,R)-(salcy)-Co(lI)Cl was prepared as described by Ford et al.>® All solvents were received
from Sigma Aldrich, Fischer Chemical (Pittsburgh,PA,USA) and Honeywell (Morris Plaines, NJ, USA)
and used without further purification. All other reagents were purchased from Sigma Aldrich or
Arcos Organics (Pittsburgh, PA, USA). Deuterated solvents were obtained from Deutero GmbH

(Kastellaun, Germany).

Characterization

NMR analysis. H and 3C NMR spectra were documented on Bruker 400 spectrometer (Bruker
Corporation, Billerica, MA, USA), operated at 300 MHz, 400 MHz and 75 MHz, respectively, at 23
°C and the chemical shifts are given in parts per million (ppm). All spectra are referenced to

residual solvent signal.

Size exclusion chromatography. For size exclusion chromatography (SEC) measurements in DMF
(containing 0.25 g/L of lithium bromide as an additive) an Agilent 1100 Series system (Agilent
Technologies, Santa Clara, CA, USA) was used as integrated instrument, including a PSS HEMA
300/100/40 column (Mainz, Germany, MZ Analysetechnik), a Rl and an UV detector. Calibration
was performed by using poly (ethylene glycol) standards delivered by Polymer Standards Service

(Mainz, Germany). Toluene was used as a reference for the baseline.

DSC analysis. DSC curves were recorded using a Perkin-Elmer DSC 7 CLN2 instrument in the
temperature range of -95°C-200°C at heating rates of 10 K/min under nitrogen. The amount of

crystallinity was measured with the equitation below:

AHL b PEG_b— M
Xc PEG(%) — m PCHACHl; PEG—b—PCHC X 100 X n PEG (1)
m PEG n PCHC—-b—PEG-b—PCHC

AHZ, ,;:=189,8)/g
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where AHY bencopb-pEG—b-pcHc FEPresents experimental enthalpy of melting of the triblock
copolymer while am,,, shows theoretical enthalpy of melting of 100% crystalline PEG
homopolymers. My pcic, M pec and M pcncb-pec-b-perc Fepresent M, values evaluated from the

integral ratio of the *H NMR peaks for each homopolymer and triblock copolymer.

FT-IR analysis. FT-IR spectra were recorded using a iS10 FT-IR spectrometer (Thermo Scientific,

Waltham, MA, USA) equipped with a diamond ATR unit.

Tensile test. Tensile tests were performed on a material testing machine Z005 (Zwick/Roell,
Germany). Bone shaped samples were stamped from polymer films prepared by slow evaporation
from a chloroform solution followed by a full removal of the solvent under reduced pressure. The
film thickness was around 0.2mm. The samples were subjected to a predefined load of 0.1 N and
then strained with rate of 20 mm/min at room temperatures. Stress-strain dependences were
measured 4-6 times for each polymer. The elastic modulus (E) was determined by calculating the
slope of the stress-strain curves before the yield point. The yield point of the films was determined
by the intersection of the tangents to the initial elastic part of the curve and to the plastic
deformation part before the strain hardening. The toughness was calculated as the area under the
strain stress curves. The elongation at break (&break) and stress at break(oureak) were estimated from

the point of rupture.

Equilibrium swelling in aqueous solution. The equilibrium swelling in aqueous solution of the
PCHC-b-PEG-b-PCHC films were determined after an equilibrium swelling by exposing to an excess
of water at 37 °C. The following equation was used to calculate the equilibrium swelling in aqueous
solution:

equilibrium swelling = msw%r_ymd” x 100 (2)

where mgry and Msuwolien are the mass of the dry film and that after after equilibrium swelling,

respectively.

Extrusion. The extrusion was accomplished by the HAAKE MiniLab Il (ThermoFisher Scientic) a twin
screw extruder. The polymers were blended with the additives (Irganox® (500 ppm), L-asparagine
(4 wt%)) prior before the extrusion. All triblock polymers were used as powder. Ca. 2.5 g of the
triblock copolymers were extruded in each extrusion process. The extrusion temperature exhibits

140 °C the extrusion rate 140 min™.
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Polymer Synthesis

Triblock copolymer synthesis
PEG was dried by azeotropic distillation with benzene under reduced pressure. A 100 mL Roth

autoclave was dried at 40 °C under reduced pressure.

PEG227 (2.0 g, 0.2 mmol,1 eq), cyclohexene oxide (CHO) (4.0 mL, 40 mmol, 200 eq), (R,R)-(salcy)-
CoCl (15.3 mg, 0.024 mmol, 0.12 eq) and [PPN]CI (13,7mg, 0.024 mmol, 0.12 eq) was filled in the
autoclave, equipped with a stir bar, in an inert argon-atmosphere. The reaction mixture was
stirred at a carbon dioxide pressure of 50 bar at 50 °C for 23-48 h. The crude product was dissolved
in DCM and the catalyst was deactivated with 10 mL of a solution of 5%vol HCI in methanol at 60
°C. The product was precipitated by using ice-cold diethyl ether as non-solvent. The precipitated
product, which was collected by centrifugation at 4500 rpm at 0°C for 10 min, was dissolved again
in 4 mL DCM. A neutral aluminium oxide column and 400 mL THF as eluent was used for the further
purification of the product to eliminate the catalyst. The THF was evaporated by using reduced
pressure and the product was dissolved again and precipitated in ice-cold diethyl ether. The
colourless solid was then dried under reduced pressure at 40°C for 24h. This preparation shows
the synthesis of sample 3, PCHCss-b-PEG2,27-b-PCHCss (yield 50%). The other PCHC-b-PEG-b-PCHC
(sample 1-7) triblock copolymers were prepared in a similar procedure using different amount of

CTA and cyclohexene oxide.

C
¢ b o OH
b o~ podo K
b
O Ode/}‘H\g\é
Ht bNg ©

'H NMR (400 MHz, Chloroform-d): & [ppm] = 4.62 (s, CH PCHC), 3.61 (s, CH; polyether), 2.08 (m,
CH; PCHC), 1.67 (m, CH, PCHC), 1.43-1.33 (m, CH, PCHC).

13C NMR (75 MHz, Chloroform-d): & [ppm] = 154.79 (C=0), 78.41 (CH PCHC), 71.11 (CH, polyether),
30.68 (CH, PCHC), 23.88 (CH, PCHC).

Multiblock copolymer synthesis
The PCHCso-b-PEGj27-b-PCHCso triblock copolymer (1.5 g, 0.061 mmol, 1 eq) was dried by
azeotropic distillation with benzene under reduce pressure. One drop of DBTL and 3 mL dried

toluene were added to the dried triblock copolymer and the reaction mixture was stirred at 60 °C.
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After the addition of TDI (9.65 pL, 0.067 mmol, 1.1 eq) the reaction mixture was stirred at 60 °C
for 4 days. After 2 days, 2 mL dried toluene was added due to increased viscosity of the mixture.
The polymer mixture was quenched with a few drops of methanol, solved in DCM and precipitated

in cold diethyl ether.
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1. Polymer characterization
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Figure S 1: *H NMR spectrum (400 MHz, CDCls) of PCHCss-b-PEG;,7-b-PCHCs;s triblock copolymer (sample 3).
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Figure S 2: 13C NMR spectrum (75 MHz, CDCl3) of PCHCss-b-PEG2,7-b-PCHCss triblock copolymer (sample 3), showing the
formation of polycarbonate structure, based on the signal of the carbonyl carbon at 153.85 ppm.
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Figure S 3: 'H-'H COSY NMR (400 MHz, CDCl3) spectrum of PCHCss-b-PEG,27-b-PCHCss triblock copolymer (sample 3).
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Figure S 4: 'H-13C HSQC NMR spectrum (400 MHz/75 MHz, CDCl3) of PCHCss-b-PEG2;,7-b-PCHCs; triblock copolymer
(sample 3).
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Figure S 5: 1H-13C HMBC NMR spectrum (400 MHz/75 MHz, CDCl;) spectrum of PCHCss-b-PEG3,7-b-PCHCss triblock
copolymer (sample 3).
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Figure S 6: 'H DOSY NMR (400 MHz, CDCls) of the PCHCs5-b-PEG2,7-b-PCHCs;s triblock copolymer (sample 3) synthesized in
a one-pot reaction.
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Figure S 7: FT-IR spectrum of PCHCss-b-PEG;,7-b-PCHCss triblock copolymer (sample 3) with the characteristic signal at
1738 1/cm(highlighted in green) for the C=0 vibration of polycarbonates.
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Figure S 8: SEC traces of the PCHC-b-PEG-b-PCHC triblock copolymers (eluent: DMF, calibration: PEG).
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Figure S 9: 'H NMR spectrum (400 MHz, CDCls) of PCHCsq-b-PEG3,27-b-PCHCs0-PU multiblock copolymer (sample 8).
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Figure S 10: *H DOSY NMR (400 MHz, CDCls) of PCHC-b-PEG-b-PCHC-PU multiblock copolymer synthesized in a one-pot
reaction.
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Figure S 11: SEC curves of the model experiment PCHC-b-PEG-b-PCHC-PU multiblock copolymers using MDI (blue) or TDI
(green) as chain extender.
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Figure S 12: Resulting SEC curve using a higher amount than 1.1 eq of TDI.
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Figure S 13: SEC curves of the PCHC-b-PEG-b-PCHC-PU multiblock copolymers (dotted lines) in comparison to their
prepolymers (solid line) (eluent: DMF, calibration: PEG).
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2. Thermal characterization
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Figure S 14: DSC curves of the PCHC-b-PEG-b-PCHC triblock copolymers (left) and the PCHC-b-PEG-b-PCHC-PU

multiblock copolymers (right).

3. Mechanical characterization
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Figure S 15: Stress-strain curves of the PCHC-b-PEG-b-PCHC triblock copolymers in dry and water-swollen state.
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Figure S 16: Stress-strain curves of the PCHC-b-PEG-b-PCHC-PU multiblock copolymers in dry and water-swollen state.
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Figure S 17: Stress-strain curves of the PCHC-b-PEG-b-PCHC triblock copolymer and PCHC-b-PEG-b-PCHC-PU multiblock
copolymers in dry state.
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4. Extrusion

Figure S 18: Extruded filament at 140 °C with 140 min! without any additives.
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PCHC_“5-I:|-PE6227-.!:|-PCHC115 before extrusion (Mn: 18720 g/mol; B: 1.17)

15 16 17 18 19 20 21 22 23 24
elution volume [mL]

Figure S 19: SEC curves of PCHC;15-b-PEG,,7-b-PCHC115 before extrusion (straight line) and after extrusion (dashed lines)
(eluent: DMF, standard: PEG).

Figure S 20: Extrudate filament at 140 °C with 140 min! extrusion speed with 500 ppm Irganox®.
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o, i1 . . D
= = =PCHC,,-b-PEG,,,-b-PCHC, ., 140 °C, 140 min™" (M : 15120 g/mol; ©: 1.33)
PCHC ., -b-PEG,,,,-b-PCHC ., before extrusion (M _: 18050 g/mol; £: 1.26)

15 16 17 18 19 20 21 22 23
elution volume [mL]

Figure S 21: SEC curves of PCHCy331-b-PEG2;7-b-PCHC13; blended with 500 ppm Irganox® before extrusion (straight line) and
after extrusion (dashed lines) (eluent: DMF, standard: PEG).

Figure S 22: Extrudate filament at 140 °C with 140 min extrusion speed with 4 wt% of asparagine.

- PCHC131-b-PEG227-b-PCHC131 140 °C, 140 min_, (Mn: 16840 g/mol; D: 1.45)
PCHC131-;!1-PE~3227-D-PCHCn1 before extrusion (Mn: 18050 g/mol; D: 1.26)

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

Figure S 23: SEC curves of PCHC13:-b-PEG227-b-PCHC33; blended with 4 wt% asparagine before extrusion (straight line) and
after extrusion (dashed lines) (eluent: DMF, standard: PEG).
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ABSTRACT

Direct copolymerizations of cationic glycidyl amines with CO, was achieved, using a binary cobalt
salen catalyst system; polycarbonates with quaternary ammonium groups as a side group were
successfully synthesized. This was confirmed by NMR, IR, and SEC analysis. The determination of
the molar mass of the polymers was challenging due to the interactions of the cationic side groups
with the column material. The change of the counterions from I to TFA" (matching the counterion
of the salt used as an additive in the HFIP eluent) results in a lower interaction and therefore in
more probable molar masses. The thermal properties of the polymers were determined via DSC,
revealing T,s of 0 °C (P(PiGA[I])C)) and 10 °C (P(DEGAJI])C)). The polymers with TFA as a counterion
showed lower Tgs of -14 to -30 °C. Moreover, a weak melting point at 63 °C (probably caused by
H-bonding between the cationic moiety and the carbonyl of the backbone) was detectable, in all

polymers with TFA as counterion.
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INTRODUCTION

The majority of polymers that are used in everyday life obtain their carbon building blocks from
fossil fuels.! For polycarbonates, however, the use of CO, is a more resource-friendly and
inexpensive alternative. Due to the combustion processes in industry, carbon dioxide is an easily
accessible compound that is available in large quantities.? Therefore, the development of new
synthesis routes and materials involving the non-toxic C1 building block is a promising project to
utilize CO,. For example, the synthesis of aliphatic polycarbonates from epoxides with CO; is a
promising alternative to complete fossil-based polymer synthesis. In addition to the attractive
synthesis from carbon dioxide, their biodegradability and biocompatibility also qualify them as
potential materials for life sciences such as cationic polyelectorlytes.>®. Cationic polyelectrolytes
carry positive charges in their backbone or side chain.’ Because of their positive charge, they can
form electrostatic complexes with anionic biomolecules, nucleic acids, and proteins. This makes
them particularly interesting for potential applications in gene delivery or drug delivery systems.®
Their antimicrobial and antioxidant behavior qualify them for therapeutic applications.’® The
antibacterial behavior is related to the Coulomb interaction between the positive charge of the
polymers and the negatively charged cell membrane proteins of the bacterial cells. In the case of
Gram-positive bacteria, the polymers interact with teichoic acid and in the case of Gram-negative
bacteria with phospholipids of the outer membrane.’* The interaction allows the polymers to
penetrate the outer lipid layer and thus destroys the membrane, leading to the death of the
bacterium. They are also used as flocculants for water treatment.’? For most cationic
polyelectrolytes, the cationic charge is introduced via quaternary ammonium compounds, as

these are known for their stability and easy preparation.®?

Cationic polyelectrolytes can be synthesized via two routes, either via post-polymerization
modification of uncharged polymers or via direct polymerization of cationic monomers. The direct
variant is almost exclusively carried out via radical polymerization, since the charge of the
monomers has the least influence there.’®!* The disadvantage to this polymerization method,
however, is that the resulting polymers exhibit a nonpolar backbone, which is not biodegradable.
In case of the post-polymerization modification route, polar amino-functional polyethers were
synthesized via anionic ring-opening polymerization (AROP) and then converted to cations by
quaternization of the amino group.’® However, polyethers are also not biodegradable.
Polycarbonates on the other hand are both biodegradable and biocompatible, making them ideal

candidates as a basis for cationic polyelectrolytes.*®
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Positively charged polycarbonates have also been obtained mostly via post-polymerization
modification to date. The polycarbonates are usually prepared from cyclic carbonates with good
leaving groups. A quaternary ammonium function can then be integrated into the side chain via a
substitution reaction.’®’ For polycarbonates produced from CO, and epoxides, monomers with a
double bond, such as limonene oxide, are used. An amino function can be incorporated into the
side chain of the double bond via a thiol-ene-click reaction, which in turn can be quaternized.*®
Direct polymerization of glycidyl amines and subsequent quaternization has not yet been achieved
by this polymerization route, since amines deactivate the necessary catalysts by coordination. In
general, the problem with the preparation of quaternary ammonium salts on the side chains of
polycarbonates is that full conversion is often not achieved.'® So far, cationic polyelectrolytes
based on polycarbonates have only been prepared by subsequent modification of the already
polymerized aliphatic polycarbonates (APC).? Direct polymerization of cationic monomers to
positively charged polycarbonates is known to date in only two cases. On the one hand, cationic
cyclic carbonates were successfully polymerized via ROP, and on the other hand, Lena Kunze from
the Frey group was able to copolymerize methylated amino glycidyl ethers with CO; as part of her
dissertation.%2°

The aim of this work is the direct synthesis and characterization of aliphatic polycarbonates with

a positively charged side chain.

RESULTS AND DISCUSSION

Monomer synthesis and characterization

For the synthesis of amino-functional polycarbonates, both glycidyl amines and glycidyl amino
ethers can be used. These two substance classes are also utilized for the synthesis of
multifunctional polyethers.??2 Amino-based polyethers are mainly applied as drug transport
systems and as pH- and temperature-dependent coatings.?>?* Both the glycidyl amines and the
glycidyl amino ethers are prepared from epichlorohydrin, which can be converted to the desired
product in a nucleophilic substitution reaction. Amines as nucleophiles lead to glycidyl amines and
amino alcohols to glycidyl amino ethers.?*>? In this work, glycidyl amines were used to synthesize
polycarbonates since Kunze et al. already synthesized polycarbonates based on glycidyl amino
ethers with a low bactericidal effect.?’ Piperidinyl glycidyl amine (PiGA) and N,N-diethyl glycidyl
amine (DEGA) were used as monomers. Both show a similar structure, PiGA shows a cyclic

sidechain and DEGA two aliphatic groups (Figure1).2?* Thus, it can be compared whether the
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structure of the ammonium salt (aliphatic or cyclic) influences the polymerization and the polymer

properties.

o) NaOH(aq) (o) R

X ¢+ HN’R I C'/Té/ ~ -NaCl %N\R

_ _r\/_ —~

Scheme 1: Synthesis of the glycidyl amines.

The synthesis of the glycidyl amines was carried out according to Herzberger et al.?>% In this
process, epichlorohydrin reacts with the corresponding secondary amine in a basic environment
(Scheme 1). The *H NMR spectra of PIGA and DEGA reveal a successful synthesis of both
monomers since all signals could be assigned and show the right proton amount (Figure S 1+3).
The effective quaternization of the two glycidyl amines via methylation using methyl iodide is

confirmed via the NMR analysis (Figure S 2+4).

o R R
S NR TMeoN L\/N/
|

Scheme 2: Quaternization of the glycidyl amines.

Since the methylated glycidyl amines are not soluble in CDCls, the NMR spectra were measured in
DMSO-d6. Due to the quaternization of the amine, the signals in the *H NMR shifted to lower fields
(Figure S 2+4). To demonstrate that the shift is not influenced using DMSO-d6 instead of CDCL;, a
IH NMR spectrum of PiGA was recorded in DMSO-d6 revealing the same shift to lower field after
guaternization (Figure S 5). Moreover, a new singlet at 3.06 ppm is detectable belonging to the

introduced methyl group (Figure S 2+4).

Polymer synthesis and characterization

To synthesize polycarbonates from the previously prepared cationic monomers, PiGA[l] and
DEGA[I] were copolymerized with CO, as shown in Scheme 3. A binary catalyst system, (R,R)-

Co(Salen)Cl was used together with [PPN]CI as cocatalyst (Scheme S 1).
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Scheme 3: Polymerization of PiGA[I] with CO;

Before polymerization, the solubility of the monomers was tested. The quaternary monomers are
soluble in acetonitrile (ACN), dichloromethane (DCM), and dimethylformamide (DMF). Since
Kunze et al. used DCM as solvent in the copolymerization of amino glycidyl ethers, we also used
DCM in the first experiments, which resulted in 26% P(PiGA[I]C) and 23% P(DEGA[I]C) conversion.

This was caused by the low solubility of the resulting polymers in DCM.

Table 1: Overview of the P(PiGA[I]C) homopolymers.

sample solvent catalyst® T conversion® vyield®  My? P, e
mol% °C % % g/mol
P1 DCM 0.6 30 26 25 1570 5 1.06
P2 DCM 0.4 30 23 25 1550 5 1.06
P3 DMF 0.6 30 88 89 1420 4 1.06
P4 DMF 0.7 30 88 90 1310 4 1.07
P5 DMF 0.4 30 83 81 790 2 1.13
P6 ACN 0.4 30 15 20 940 3 1.12
P7 DMF 0.3 30 39 45 1280 4 1.07
P8 DMF 0.2 30 75 78 2510 8 1.08
P9 DMF 0.1 30 35 42 840 2 1.14
P8 DMF 0.2 30 75 75 2510 8 1.08
P10 DMF 0.2 50 92 95 590 2 1.16

aRelated to the amount of PiGA[I]. bCalculated by 'H NMR. Measured via SEC (eluent: HFIP, standard: PMMA).

The polymerization rate is diminished significantly, if the monomer and growing polymer chain
are in different phases. The polymerization in ACN did not improve conversions, but the
polymerization in DMF enhanced the conversion to 80%. The conversion of the polymerizations
can be calculated using *H NMR spectra, which are listed in Tables 1 and 2. For the calculation, the
signal of the proton next to the carbonate moiety (c) and the epoxide signals at 2.91 ppm and 2.71

ppm were used (Figure S 6). The polymerization of DEGA[I] with CO; and PiGA[I] with CO, was
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carried out at 30 °C for 70 h. Table 2 shows the conversion rates, the number averages of the
molar masses (M,), the degree of polymerization (P.), and the dispersity (P), which were
measured by SEC. The C NMR spectra reveal a signal A at 153.89 ppm indicating the
incorporation of the carbon dioxide in P(PiGA[I]C) and P(DEGA[I]C), correspondingly (Figure S
8+15).Cyclic carbonates can be formed as a side reaction of the polymerization instead of the
polymer. However, the formation of the undesired by-products could be suppressed by the low
reaction temperature of 30 °C (as shown in the IR spectrum (Figure S 12)). The band at 1791 cm™
is typical for the carbonate group of the polymer backbone. Commonly, polycarbonates exhibit a
wavenumber of 1750 cm™.?” However, the charged side chain can cause a shift of the band to
higher wavenumbers, as also shown in the work of Kunze.?° Following her work, it is also assumed
in this case that due to the quaternary ammonium salt the carbonate band of the polymers is
located at 1790 cm®, which is not caused by cyclic carbonates. The carbonate band of the cycles
is usually observed at above 1800 cm™.”2 A further increase in reaction temperature from 30 °C
to 50 °C (sample 10) did not lead to cyclic carbonates (Figure S 13). The molar masses were
determined via SEC with HFIP as eluent and PMMA as standard (Figure S 19 and S 20). Potassium
trifluoroacetate was added to the eluent to minimize interactions between packing material and
sample. The degrees of polymerization determined in this way ranged from 2 to 8, and no
correlation between molar masses and catalyst concentration was found. It was expected that the
molar masses would increase with decreasing catalyst concentration since a small number of
polymer chains can be started due to fewer catalyst complexes and chloride ions of the cocatalyst,
which serve as initiators of polymerization. However, this assumption could not be validated for
either P(PiGA[I]C) or P(DEGA[I]C). Also, the measured molar masses are smaller than expected and
more in line with those of oligomers. However, it is important to note that the synthesized
polymers are cations. Due to the positive charge on the side chain, interactions with the column
material can occur, increasing the elution time and resulting in a molar mass distribution at lower
masses. The shift of the SEC curves to the side reinforces this thesis (Figure S 19+20). In a repeat

measurement of P17, it was shown that the measurements are not reproducible (Figure 1).
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Table 2: Overview of the P(DEGA[I]C) homopolymers.

sample solvent catalyst® conversion® yield My P e
mol% % % g/mol
P11 DMF 0.6 94 93 920 3 1.11
P12 DMF 0.4 90 87 750 2 1.14
P13 DMF 0.3 90 91 1310 4 1.06
P14 DMF 0.2 83 87 1200 4 1.07
P15 DMF 0.6 89 93 750 2 1.15
P16 DMF 0.4 85 82 690 2 1.15
P17 DMF 0.1 91 92 660 2 1.15

aRelated to the amount of PiGA[l]. PCalculated by *H NMR. 9Measured via SEC (eluent: HFIP, standard: PMMA).

This also confirms the hypothesis that unpredictable interaction between polymer and column

greatly reduces the validity of GPC measurements. Difficulties in determining the molecular

weight of cationic polyelectrolytes via SEC are also frequently reported in the literature. 273!

P(DEGA[IIC), (P17) | (M, : 660 g/mol; B: 1.15)
P(DEGA[IIC), (P17) Il (M_: 2440 g/mol; £: 1.07)

L 1 L '} 'l L
18 185 19 19.5 20 20.5 21 21.5 22 22.5
elution volume [mL]

Figure 1: SEC curves (eluent: HFIP, standard: PMMA) of the same polymer P17 in different measurements. The blue
SEC curve shows the first measurement. The green SEC curve shows the second measurement.

However, in 2013, Matyjaszewski et al. found a minimizing effect using a salt with the same
counterion as the polymer in the eluent. This improves the flow behavior through the column due

to interactions between the column and the free ions instead of polymeric (poly)cations.?® Since
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it was difficult to replace the salt with lithium iodide in the available GPCs, the iodide of the
polymers was replaced with trifluoroacetate (TFA) and KTFA was used as an additive for the

eluent.

For this purpose, the polymer and silver trifluoroacetate were each dissolved separately in water
and then both solutions were combined. The insoluble silver iodide precipitated according to the
HSAB principle as a yellow precipitate, which could be separated from the polymer solution by

filtration. After the removal of the water, a viscous polymer was obtained.

0 0
J\o N o)]\o T Agl
R

pUNG®)

Scheme 4: Anion exchange of P(PiGA[I]C) or P(DEGA[I]C) to P(PiGA[TFA]C) or P(DEGA[TFA]C), respectively.

Successful ion exchange was confirmed by recording *°F NMR spectra (Figure S 21+22), where for
both P(PiGA[TFA]C) and P(DEGA[TFA]C) the singlet at -74 ppm can be assigned to the -CFs group
of the trifluoroacetate. SEC measurements were conducted with these polymers. The results are
listed in Table 3 and compared with the results of the polymers with iodide as a counterion. The
average molar masses for the polymers with TFA are approx. 1 000 g/mol higher than with iodide,
and it can be assumed that the interaction between the column and cationic polyelectrolytes
could be reduced. However, a repeat measurement also showed that the molar masses differ,
although the difference was 540 g/mol with TFA, which is significantly less than with iodide, where
the difference was 1780 g/mol. However, the deviation indicates that the interactions cannot be
completely prevented. Nevertheless, the GPC measurements with TFA lead to more reasonable
results. Only a slight correlation between catalyst concentration and molar mass can be seen. The
samples that were modified with a higher concentration of Co(Salen)Cl and [PPN]CI have lower
molar masses, but the difference is only in the order of 60-280 g/mol, which may also be in the
range of the measurement error that was also found in the repeat measurement. Furthermore,
since no absolute method confirms the molar masses measured by SEC, it is not possible to make

a definite statement about the order of magnitude of the molar mass.
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P(DEGA[TFA]C),, (P14) (M, : 2120 g/mol; ©: 1.07)
P(DEGA[TFA]C), (P16) (M, : 2400 g/mol; ©: 1.06)
P(PIGA[TFAIC),, (P4) (M, : 2160 g/mol; B: 1.06)

P(PIGA[TFAIC), (P7) (M, : 2220 g/mol; D: 1.06)

ol 1 1 1

19 19.5 20 20.5 21 21.5 22
elution volume [mL]

Figure 2: SEC curve of the polymers with TFA as counter ion (eluent: HFIP, standard: PMMA).

Table 3: Overview of the polymers with TFA as counterion.

sample catalyst® Mi[l]¢ P e M[TFA]¢ Py p
mol% g/mol g/mol
P4 (PiGA) 0.7 1310 4 1.07 2120 7 1.06
P7 (PiGA) 0.3 1280 4 1.07 2400 8 1.06
P14 (DEGA) 0.2 1200 4 1.07 2220 7 1.07
P16 (DEGA) 0.4 690 2 1.15 2160 7 1.06

aRelated to the amount of PiGA[I]. Measured via SEC (eluent: HFIP, standard: PMMA).
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P(PIGA[TFAIC), (P7) (M : 1860 g/mol; £: 1.13)
P(PIGA[THFIC), (P7) (M_: 2400 g/mol; D: 1.06)

19 19.5 20 20.5 21 215 22 225
elution volume [mL]

Figure 3: SEC curves (eluent: HFIP, standard: PMMA) of P(PiGA[TFA]C) (P7) at different measurements.

Further investigations using vapor pressure osmometry (VPO) (Figure S 23-25) or MALDI-ToF
spectrometry (Figure S 26-28) led to no successful determination of the molar masses of the

polymers.

Thermal characterization

Differential scanning calorimetry (DSC) measurements were performed to determine glass
transition temperatures (T;) and melting points (Tm). The results of the measurements are listed
in Table 4. The specimens P1, P2, and P6 are polymers of PiGA[l] and CO and differ only in their
molar masses. Therefore, it is also reasonable that the glass temperatures vary only by a few
degrees. For P4, unlike the other two, no clear melting point was evident. However, the melting
points at P(PiGA[I]C) were also only observed in the first heating curve (Figure S31+32). Kunze et
al. observed the same phenomenon in the thermal behavior of poly(methyl dibutyl amino ethanol
glycidyl ether iodide carbonates) P(MeDButEAGE[I]C). These cationic polyelectrolytes showed Ts
between 97 and 104 °C in the first heating curve, but no recrystallization occurred upon cooling
(even at heating rates of 1 K/min), and the no melting point in the second heating. In addition,
they performed XRD measurements that revealed a high degree of crystallinity in their structures.
They hypothesized that the melting point in the first heating curve was due to the H-bonding
between the carbonyl group and the catatonically charged groups.?’ The lack of recrystallization

after cooling and the absence of a melting point in the second heating curve support this
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hypothesis and indicate a low-order amorphous polymer. The amorphous region results from

the flexible backbone known for aliphatic polycarbonates.”

Table 4: Thermal properties of the synthesized polymers with iodide as counterion.

sample M T TP AHm®

g/mol °C °C Jg

P1 P(PiGA[IIC) 1570 0 114 51
P2 P(PiGA[I]C) 1550 -1 114 54
P4 P(PiGA[I]C) 1310 1 - -
P11 P(DEGA[I]C) 920 14 - -
P12 P(DEGA[I]C) 750 11 - -
P14 P(DEGA[I]C) 1200 7 - -

Heating rate of 10 K/min. 2Second heating curve. PFirst heating curve

In the case of the polymers from DEGA[I] and CO; Tgs in a range of -7 to .14 °C were determined.
However, in contrast to P(PiGA[I]C,) no melting point was detected in any of the measurements,
which means that it has no crystalline components and is thus purely amorphous and probably
the interaction of the Carbonyl and the cationic moiety is somehow hindered. The T,s of P(PiGAJ[I]C)
are higher than that of P(DEGA[I]C) due to the more flexible side chains of the ethyl groups (Figure
S 29+32). The ring in P(PiGA[I]C) in the side chain limits the flexibility thus decreasing slightly the

free volume of the polymer. This increases the glass transition temperature.

To investigate the influence of the counterion on the thermal properties of the polymer, DSC
measurements of the polymers with TFA as counterion were performed. The results of the
measurements are documented in Table 5. Significant changes in the thermal properties were
observed. While for P(PiGA[I]C) only one melting point occurs in the first heating curve and none
could be measured for P(DEGA[I]C), for both polymers with TFA as counterion the melting points
in the first and second heating curves are measurable (Figure S 30+33). These occur at 61-63 °C,
50 °C below that of P(PiGA[I]C) and show a low degree of melting enthalpy (AHm) of 2-4 J/g. This
again leads to the hypothesis that the melting points are caused by the interaction of the carbonyl
and the cationic moieties.?° Since TFA is bigger than I the H-bonding interaction is interrupted
resulting in lower AH,s.2° Their melting points are well below 100 °C, so the polymers with TFA

can be classified as polyionic liquids, which could explain the change in their nature from a powder
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to an oily solid.3? The low melting enthalpy of 2-4 J/g implies only very small crystallinity, while the

enthalpy of P(PiGA[I]C) at 51-54 J/g suggests much larger fractions in ordered state.

Table 5: Thermal properties of the synthesized polymers with TFA as counterion.

sample Mn TS TP AHr?
g/mol °C °C J/g
P4 P(PiGA[TFA]C) 2120 -45 63 4
-29 63 3
P7 P(PIGA[TFA]C) 2400 14 62 2
P14 P(DEGA[TFA]C) 2220 30 63 4
P16 P(DEGA[TFA]C) 2160 -29 61 2

Heating rate of 10 K/min. @3Second heating curve. °First heating curve.

The glass transition temperatures of the polymers with different counterions also vary
significantly. The replacement of the iodide with TFA results in decreased Tgs. The decrease in T
observed for the polymers with TFA is related to the size of the anion. TFA has a larger ionic radius
than iodide, which enhances the free volume of the polymers and results in a decrease in the glass
transition temperature.3® In the case of P(DEGA[TFA]C), the glass transition temperatures are very
close to each other, while those of P(PiIGA[TFA]C) exhibit a 30 °C difference. The reasons for this
difference are unclear. When P4 was measured again, a T; at -29 °C was determined. Due to the
deviations of the T, further measurements of polymers from PiGA and with TFA as anion are

necessary.

Water solubility

To show that the cationic polyelectrolytes are soluble in water, a *H NMR spectrum of P(PiGA[I]C)
in D20 was recorded (Figure 4). The integrals are based on the normalization of signal ¢ to 1.00.
Signal b partially overlaps with the solvent signal, so integration of this signal does not yield a
useful result. All signals seen in the 'H NMR spectra recorded in DMSO-d6 can also be found in

D,0 (Figure 4 and Figure S 7).
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Figure 4: *H NMR spectrum (D,0, 300 MHz) von P(PiGA[I]C) to show the water solubility.

Degradation in an acidic environment

To observe the degradation of the prepared polycarbonates in an acidic environment, 0.35 mL of
concentrated DCl solution (36%) was added to a polymer sample of P(DEGA[I]C) (P13) dissolved in
0.35 mL of deuterated water. The degradation of the polycarbonate in the acidic environment is
shown in Scheme 5. Via backbiting, a cyclic carbonate (A) was cleaved from the polymer chain.
The cyclic carbonate reacts by hydrolysis to a diol (B), releasing CO,. This stepwise deconstruction
could also be detected in P13. Approximately 1 h after the addition of the deuterated hydrochloric
acid, gas evolution could be observed, revealing the release of CO, during a successful degradation

reaction. 96 h after the addition of the acid, a *H NMR spectrum was recorded (Figure 5).
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Scheme 5: Degradation reaction of P(DEGA[I]C) in an acidic environment under formation of cyclic carbonates (A),
which reacts to diols (B) with elimination of CO,.
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Figure 5: 1H NMR spectrum (D,0/DCI, 300Hz) of the degraded P13, recorded 96 h after addition of DCI (36%, 0.35 mL).

In Figure 5, most of the signals can be assigned to diols (signals a-f). The signals g- belong to the

remaining cyclic carbonates that have not yet been converted to diols. The signals are shifted by
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the low pH, which is why the signals of the methyl group show a negative chemical shift (-0.75
ppm). The fact that the signals of the cyclic carbonates are not those of the polycarbonate is shown
by the comparison of a *H NMR spectrum recorded immediately after addition of the DCl with the
'H NMR spectrum after 96 h (Figure S 30). Although the resolution of the D,0 signal of the
spectrum after one minute is not as good as in the spectrum after 96 h, a change in the chemical
shift of the carbonate signals can still be observed. Due to the formation of the cyclic product, the
signals of the corresponding protons are high field shifted. After 96 h, no signals appear in the

region of the polycarbonates, but only in the region of the cycles and the diols.

CONCLUSION

The aim of this work was to directly synthesize aliphatic polycarbonates with a charged side chain
from cationic glycidyl amines and CO,. Literature-known glycidyl amines selected for this purpose,
piperidine glycidyl amine and N,N-diethyl glycidyl amine were successfully prepared and
subsequently quantitatively methylated.?®?* It was shown that the cationic monomers could be
copolymerized directly in a coordinative ring-opening polymerization with CO,. Thus, a successful

alternative to post-polymerization modifications was presented.

The polymers were characterized by IR and NMR spectroscopy revealing a successful synthesis of
polycarbonates. Several methods were used to determine the average molecular masses, but
vapor pressure osmometry and MALDI-ToF-MS did not yield usable results. Even via SEC
measurements, plausible molecular weights could only be obtained after an exchange of the
counterion from iodide to trifluoroacetate, which, however, could not be verified by any absolute
method so far. The thermal properties of the cationic polyelectrolytes were determined by DSC
measurements. While for P(PiGA[I]C) both a glass transition and a melting point could be detected
exclusively in the first heating curve, P(DEGA[IIC) showed only a glass transition but no melting
point. For the polymers with TFA as counterion, a melting point and a glass transition could be
observed for both cationic polyelectrolytes. The melting point of P(PiGA[TFA]C) and
P(DEGA[TFA]C) has been observed in both the first and second heating curves, but each has lower
AHn than the polymers with iodide. These melting points could be caused by H-bonding
interactions of the carbonyl function with the cationic moiety rather than by ordering and
crystallization.? In addition, it has been revealed that the prepared polycarbonates can degrade
in an acidic environment under the formation of diols, presumably via formation of cyclic

carbonates as intermediates. This again proofs of the successful synthesis of polycarbonates
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instead of cyclic carbonates. However, it cannot be excluded that oligomers and not polymers

were synthesized.

Outlook

In this work, it was demonstrated that the cationic monomers can be polymerized directly into
polycarbonates avoiding post-polymerization modifications. However, the determination of the
molar mass was a major challenge. Until now, reasonable molar mass distributions could only be
measured by anion exchange to match the salt of the SEC eluent. To simplify this step as well and
to be able to completely circumvent post-polymerization modifications, an exchange of the ion
would already be possible in the monomer. Polymerization with TFA instead of iodide must be
investigated. So far, the antibacterial efficiency has not been investigated on both Gram-positive
and Gram-negative bacterial strains. The results of these investigations are necessary to discuss
possible applications for the synthesized cationic polycarbonates. It would be useful to test both
polymers with iodide and with TFA as counterion to understand the influence of the anion on
potential antibacterial properties. If it is found that the cationic polymers can destroy the cell
membranes of bacteria, they could conceivably be used as a water-soluble bactericide in the

medical field, among other applications.
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Experimental Section

Materials

All solvents and reagents were applied as acquired unless otherwise stated. Carbon dioxide
(>99.999%) was achieved from Westfalen AG (Munster, Germany).
Bis(triphenylphosphine)iminium chloride ([PPN]CI) was received from abcr GmbH. (R,R)-(salcy)-
Co(Il)Cl was prepared as described by Ford et al.3* All solvents were purchased from Sigma Aldrich,
Fischer Chemical (Pittsburgh, PA, USA), and Honeywell (Morris Plaines, NJ, USA) and used without
further purification. All reagents were acquired from Sigma Aldrich, Arcos Organics (Pittsburgh,
PA, USA), Alfa Aesar (Kandel, Germany), or TCI (Oxford, UK). Deuterated solvents were purchased

from Deutero GmBH (Kastellaun, Germany).

Characterization

NMR Analysis. 'H NMR spectra at 300 MHz and 3C NMR spectra at 75 MHz were recorded on a
Bruker Avance Il HD 300 (5 mm BBFO-Head with z-gradient) at 23 °C. The spectra are referenced

internally to the residual proton signal of the deuterated solvent.

Size exclusion chromatography (SEC). SEC measurements were completed over a PFG column
(particle size: 7 um, porosity: 100 and 1000 A) and with a JASCO G 1362A RID RI detector.
Hexafluoro isopropanol (HFIP) with potassium trifluoroacetate (3 g/L) was used as the flow
medium. The flow rate was 0.8 mL/min at a temperature of 40 °C. A toluene standard was added
to the samples as a reference, and the calculation was of the molecular weight was based on a
PMMA standard from Polymer Standards Services GmbH (PSS). The SEC curves shown were

generated using MatLab.

Differential scanning calorimetry (DSC). A Perkin Elmer 8500 thermal analysis system with Elmer
Thermal Analysis Controller TAC7/DX was used for the DSC measurements. The temperature
range in which the polymers were analyzed was -95 °C to 170 °C for P(PiGA[I]C)/P(DEGA[I]C) and
-100 °C - +100 °C for P(PiGA[TFA]C)/P(DEGA[TFA]C), and the measurements were performed in

two cycles. The temperature program for the measurements is given below:
1. heating from 30 °C to 170 °C (iodide)/ from 30 °C to 100 °C (TFA) at 10 C/min.

2. hold temperature at 170 °C (iodide)/ 100 °C (TFA) for 1 min.
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3. cool from 170 °C to -95 °C (iodide)/ from 100 °C to -100 °C (TFA) at 10 C/min.

4. hold temperature at -95 °C (iodide)/ -100 °C (TFA) for 1 min.

5. heat up from -95 °Cto 170 °C (iodide)/ from -100 °C to 100 °C (TFA) at 10 °C/min. Glass transition

temperatures (Tg) were determined using Pyris™ software.

Fourier-Transformations-Infrared spectroscopy. FT-IR spectra were recorded using a Nicolet iS10

FT-IR spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a diamond ATR unit.

Matrix-Assisted Laser Desorption lonization Time of Flight Mass Spectrometry (MALDI-ToF).
Mass spectra were measured on a MALDI ToF MS Autoflex Max by Bruker. The samples were
prepared as a 1 mg/mL solution in methanol. The matrix consisted in each case of dithranol or a-
cyano-4-hydroxycinnamic acid (CHCA) without the addition of salts. Data were analyzed using
Bruker Daltonics flexAnalysis. Dr. Elena Berger-Nicoletti conducted the measurements. The data

were analyzed by the mmass 5.5.0 software.

Vapor pressure osmometry (VPO). Vapor pressure osmometry measurements were carried out
with a Knauer K-7000 vapor pressure osmometer in methanol at 45 °C. Concentrations of 10, 20,
30 and 40 mg/g were selected. Benzil was used as an external standard. Dr. Elena Berger-Nicoletti

was responsible for carrying out and evaluating the measurements

Synthesis

Monomer synthesis

Synthesis of PiGA

A small excess of epichlorohydrin (30.5 mL, 389 mmol, 1.20 eq) and water (0.876 mL, 48.6 mmol,
0.150 eq) were added to piperidine (32.1 mL, 324 mmol, 1.00 eq) at 0 °C. The reaction time was
extended to 20 h at r.t. Subsequently, the reaction mixture was extracted with an aqueous K,CO3
solution (20 wt%, 50mL) and sodium hydroxide solution was added (36 wt%, 30mL). After a
reaction time of 20 h at r.t., the solid formed was separated from the solution via centrifugation.
After the addition of 100 mL diethyl ether and 100 mL water, the organic phase was separated
from the aqueous phase via a separating funnel. To isolate the product, the aqueous phase was

extracted with diethyl ether (3x50 mL), the total organic phases were dried over MgS04 and the
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solvent was removed via rotary distillation. The crude product was fractional vacuum distillated.

The yield was 13.9 g of a colorless liquid, thus 30.3% of the theory. T, = 68-80 °C (p = 1x10% mbar).

'H NMR (300 MHz, CDCl3): 6 [ppm] 3.09 (dtd, J = 6.6, 3.9, 2.7 Hz, 1H, b), 2.76 (dd, J = 5.0, 4.1 Hz,
1H, a), 2.65 (dd, J = 13.3, 3.7 Hz, 1H, c), 2.58 - 2.37 (m, 5H, d+a'), 2.26 (dd, J = 13.3, 6.6 Hz, 1H, c'),
1.66 - 1.54 (m, 4H, e), 1.37 - 1.48 (m, 2H, f).

13C NMR (75 MHz, CDCls): & [ppm] 61.80 (C), 55.00 (D), 50.38 (B), 45.16 (A), 25.84 (E), 24.10 (F).
Synthesis of DEGA

The procedure was analogous to the synthesis of PiGA. 32.1 mL dimethylamine (377 mmol, 1.00
eq), 35.5 mL epichlorohydrin (452 mmol, 1.20 eq), and 1.02 mL water (56.6 mmol, 0.150 eq) were
used. The yield was 15.2 g of a colorless liquid, which is 31.0% of the theory. T, = 29-32 °C (2.9x10

3 mbar).

e
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1H NMR (300 MHz, CDCls): & [ppm] 2.96 (dtd, J = 6.5, 3.9, 2.7 Hz, 1H, b), 2.70 - 2.62 (m, 2H, a+c),
2.62-2.44 (m, 4H, d), 2.44 - 2.30 (m, 2H, a'+c'), 0.95 (t, J = 7.2 Hz, 6H, e).

13C NMR (75 MHz, CDCls): & [ppm] 55.72 (C), 50.86 (B), 47.39 (D), 45.17 (A), 11.57 (E).
Methylation of PiGA

For methylation, PiGA (10.3 mL, 70.8 mmol, 1.00 eq) was dissolved in 40 mL acetonitrile in a 100
mL round bottom flask. The solution was cooled with an ice bath, sealed via a septum, and fitted

with an argon balloon. Methyl iodide (4.85 mL, 77.9 mmol, 1.10 eq) was added with a syringe and
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stirred with a stirrer overnight at r.t. The solvent and the excess methyl iodide were evaporated.

19.3 g of a colorless crystalline solid could be isolated, corresponding to 96.5% yield of the theory.
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'H NMR (300 MHz, DMSO-d6): 6 [ppm] 3.87 (dd, J = 14.0, 2.0 Hz, 1H, c), 3.53 (ddt, ) = 8.8, 4.5, 2.3
Hz, 1H, b), 3.48 - 3.36 (m, 4H, d), 3.23 (dd, J = 14.1, 8. 6 Hz, 1H, c'), 3.15 (s, 3H, g), 2.93 (dd, J = 5.0,
4.4 Hz, 1H, a), 2.70 (dd, J =5.0, 2.5 Hz, 1H, a'), 1.82 (p, ] = 5.9 Hz, 4H, e), 1.44 - 1.63 (m, 2H, f).

13C NMR (75 MHz, DMSO-d6): & [ppm] 64.27 (C), 60.48 (D), 48.26 (G), 44.40 (A), 44.05 (B), 20.31
(F), 19.16 (E).

Methylation of DEGA

The procedure was analogous to the synthesis of PiGA[l]. 6.20 mL of DEGA (46.4 mmol, 1.00 eq)
and 3.18 mL of methyl iodide (51.1 mmol, 1.10 eq) were used. 12.2 g of a colorless crystalline solid

was obtained, corresponding to a 97.2% theoretical yield.
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1H NMR (300 MHz, DMSO-d6): & [ppm] 3.85 (dd, J = 14.2, 2.1 Hz, 1H, c), 3.56 - 3.36 (m, 5H, b+d),
3.15(dd, J = 14.3, 8.5 Hz, 1H, '), 3.06 (s, 3H, ), 2.95 - 2.87 (m, 1H, a), 2.71 (dd, J = 5.0, 2.5 Hz, 1H,
a'), 1.23 (td, ) = 7.3, 1.5 Hz, 6H, e).

13C NMR (75 MHz, DMSO-d6): 6 [ppm] 62.50 (C), 56.43 (D), 47.20 (G), 44.61 (A), 44.08 (B), 7.70 (E).
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Polymer synthesis

Synthesis of P(PiGA[I]C)

The synthesis was carried out according to the instructions of Kunze.?’ For this purpose, PiGA[l]
was dried over benzene; all other substances were stored under exclusion of water and oxygen,
so further drying was not necessary. In an autoclave dried under vacuum and equipped with a
stirring bar, PiGA[I] (0.490 g, 1.74 mmol, 1.00 eq), (R,R)-Co(salen)Cl (1, 11-7.79 mg, 1.74x103-
12.2x10° mmol, 0.001-0.007 eq), (1.00-7.00 mg 1.74x103-12.2x10° mmol, 0.001-0.007 eq) and
0.5 mL solvent were added. The reaction vessel was placed under a CO; pressure of 50 bar and
stirred at 30 °C for 70 h. The reaction was stopped. After the finished reaction time, the crude
product was dissolved in acetonitrile and a few drops of HCI (5 vol%) in THF solution were added
to deactivate the catalyst. The completely dissolved product was precipitated twice in diethyl
ether. In the second precipitation step, an addition of one milliliter of methanol was necessary to

dissolve the polymer. The yield was between 25-90%.

1H NMR (300 MHz, DMSO-d6): 6 [ppm] 5.50 (p, J = 8.5 Hz, 1H, c), 4.72 (t, J = 8.6 Hz, 1H, b), 4.20 (t,
J=8.2 Hz, 1H, b"), 4.09 (dd, J = 14.8, 9.3 Hz, 1H, d), 3.75 (dd, J = 14.8, 1.1 Hz, 1H, d), 3.54 — 3.37
(m, 4H, e), 3.14 (s, 3H, h), 1.82 (p, J = 5.2 Hz, 4H, f), 1.82 (p, J = 5.2 Hz, 4H, g).

13C NMR (75 MHz, DMSO0-d6): 6 [ppm] 153.90 (A), 70.33 (C), 66.95 (B), 63.07 (D), 61.14 (E), 48.82
(H), 20.28 (G), 19.13 (F).

Synthesis of P(DEGA[I]C)

The procedure was analogous to the synthesis procedure for P(PiGA[I]C). For this purpose, DEGA[I]
(0.49 g, 1.81 mmol, 1.00 eq) was reacted together with the catalyst system of (R,R)-Co(salen)Cl
(1.16-6.94 mg, 1.81x10-3-10.9x10-3 mmol, 0.001-0.006 eq) and (1.04-6.23 mg 1.81x10-3-10.9x10-
3 mmol, 0.001-0.007 eq) in 0.5 mL DMF. The yield was 87-93%.
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'H NMR (300 MHz, DMSO-d6): § [ppm] 5.44 (p, J = 8.1 Hz, 1H, c), 4.72 (t, ) = 8.6 Hz, 1H, b), 4.18
(dd, ) =8.7,7.8 Hz, 1H, b‘), 3.94 (dd, J = 14.9, 9.3 Hz, 1H, d), 3.67 (dd, J = 15.0, 1.1 Hz, 1H, d’), 3.47
—3.35(m, 4H, e), 3.03 (s, 3H, g), 1.24 (t, ) = 7.2 Hz, 6H, f).

13C NMR (75 MHz, DMSO-d6): & [ppm] 153.89 (A), 70.43 (C), 66.94 (B), 61.27 (D), 56.83 (E), 47.34
(G), 7.56 (F).

Exchange of the counterion in P(PiGA[I]C)

To exchange the iodide to trifluoroacetate, 0.200 g P(PiGA[I]C) (0.609 mmol, 1 eq) was dissolved
in 3 mL water and 0.156 g AgTFA (0.609 mmol, 1 eq) in 1 mL water. When the two solutions are
combined, a yellow solid (Agl) precipitates, which was removed from the solution by filtration.
Subsequently, the water was removed by freeze-drying. An oily, clear solid with a slight blue

coloration remained.

Degradation in an acidic environment

For degradation, P(DEGAJI]C) (13.1 mg) was dissolved in 350 uL D,0, and 350 uL DCI/D20 (33%)
was added in an NMR tube. Immediately after the addition of DCI, a 'H NMR spectrum was
recorded. After 96 h, a 'H NMR spectrum was recorded again, and the degradation was

terminated.
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1. Monomer synthesis
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Figure S 1: *H NMR spectrum (CDCls;, 300 MHz) of PiGA after distillation.
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Figure S 3: *H NMR spectrum (CDCls, 300 MHz) of DEGA after distillation.
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Figure S 10: H 13C HSQC NMR spectrum (DMSO-d6, 300/75 MHz) of P(PiGA[I]C).
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Figure S 11: H 13C HMBC NMR spectrum (DMSO-d6, 300/75 MHz) of P(PiGA[I]C).
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Figure S 12: IR spectrum of P(PiGA[I]C] (P7). The C=0 vibration of the polycarbonate is highlighted in green.
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Figure S 13: IR spectrum of P(PiGA[I]C] (P10). The C=0 vibration of the polycarbonate is highlighted in green.
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Figure S 14: 'H NMR spectrum (DMSO-d6, 300 MHz) of P(DEGA[I]C).
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Figure S 15. 3C NMR spectrum (DMSO-d6, 75 MHz) of P(DEGA[I]C).
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Figure S 16: H 'H COSY NMR spectrum (DMSO-d6, 300 MHz) of P(DEGA[I]C).
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Figure S 17: *H 13C HSQC NMR spectrum (DMSO-d6, 300/75 MHz) of P(DEGA[I]C).
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Figure S 18: H 13C HMBC NMR spectrum (DMSO-d6, 300/75 MHz) of P(DEGA[I]C).

P(PIGA[IIC), (P5) (M : 790 g/mol; ©: 1.13)
P(PIGA[IIC), (P9) (M : 840 g/mol; D: 1.14)
P(PIGA[IIC), (P6) (M : 940 g/mol; B: 1.12)
P(PIGA[IIC), (P3) (M : 1420 g/mol; ©: 1.06)
P(PIGA[IIC), (P4) (M : 1310 g/mol; D: 1.07)
P(PIGA[IIC), (P7) (M : 1280 g/mol; ©: 1.07)
P(PIGA[IIC), (P1) (M : 1570 g/mol; ©: 1.06)
P(PIGA[IIC), (P2) (M : 1550 g/mol; D: 1.06)
P(PIGA[IIC), (P8) (M : 2510 g/mol; ©: 1.08)

18.5 19

elution volume [mL]

Figure S 19: SEC curves (eluent: HFIP, standard: PMMA) of P(PiGA[I]C) homopolymers.
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Figure S 20: SEC curves (eluent: HFIP, standard: PMMA) of P(DEGA[I]C) homopolymers.
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Figure S 21: 19F NMR Spektrum (DMSO-d6, 300 MHz) of P(DEGA[TFA]C) (P14).
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Figure S 22: 19F NMR Spektrum (DMSO-d6, 300 MHz) of P(PiGA[TFA]C) (P4).
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Figure S 23: Calibration graph of VPO measurement of P(PiGA[I]C) (P1). Calculating M, = 204.5 g/mol. Benzil was
used as standard.
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Figure S 24: Calibration graph of VPO measurement of P(PiGA[I]C) (P6). Calculating M, = 224 g/mol. Benzil was used
as standard.
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Figure S 25: Calibration graph of VPO measurement of P(PiGA[I]IC) (P8). Calculating M, = 205.8 g/mol. Benzil was
used as standard.
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Figure S 26: An example of the mass spectrum of P(DEGA[I]C) (P13) recorded via MALDI ToF MS in dithranol. It was
not possible to identify a clear molecular weight distribution corresponding to the molecular weight of the unit
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Figure S 27: An example of the mass spectrum of P(DEGA[I]C) (P9) recorded via MALDI ToF MS in CHCA. It was not
possible to identify a clear molecular weight distribution corresponding to the molecular weight of the unit

C10H13|N03 (316.17 g/mol )
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Figure S 28: An example of the mass spectrum of P(DEGA[I]C) (P9) recorded via MALDI ToF MS in dithranol. It was
not possible to identify a clear molecular weight distribution corresponding to the molecular weight of the unit
C10H1s|N03 (316.17 g/mol )

3. Thermal properties
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Figure S 29: DSC curves of the P(DEGA[I]C) homopolymers. The second heating curve is illustrated. The dot marks
the T.
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Figure S 30: DSC curves of the P(DEGA[TFA]C) homopolymers. The second heating curve is illustrated. The dot marks
the T.
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Figure S 31: DSC curves of the P(PiGA[I]C) homopolymers. The first heating curve is illustrated.
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Figure S 32: DSC curves of the P(PiGA[I]C) homopolymers. The second heating curve is illustrated. The dot marks the
T
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Figure S 33: DSC curves of the P(PiIGA[TFA]C) homopolymers. The second heating curve is illustrated. The dot marks
the Tg.
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Figure S 34: Comparison of the 1H NMR spectra (DCI/D,0, 300 MHz) of P13 after the addition of DCI, recorded after
1 min. (top) and 96 h (bottom).
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ABSTRACT

In this work, we present a convenient approach to siloxane functionalized polycarbonates (P(AGE-
HMTS)C) and the respective amphiphilic nonionic diblock copolymers (mPEG-b-PAGEC and mPEG-
b-P(AGE-HMTS)C). The polymers were synthesized via catalytic ring opening copolymerization of
allyl glycidyl ether (AGE) with CO; by using an established catalytic system consisting of
(R,R)(salcy)DNP and [PPN]DNP, followed by hydrosilylation with HMTS. Amphiphilic diblock
copolymers with varying polycarbonate block lengths were synthesized and analysed by standard
NMR spectroscopy, SEC, MALDI-TOF and FTIR. Thermal properties have been investigated by DSC
and TGA measurements. The molecular weight of the amphiphilic copolymers ranges between
3 200-19 000 g mol™, the homopolymer P(AGE-HMTS)Css has a molecular weight of about
21 000 g mol™. The micellization behaviour is characterized by surface tension measurements,
DLS and TEM measurements. Miniemulsion polymerization of styrene in water is performed in the
presence of a selected block copolymer to demonstrate emulsifying properties. The addition of
small amounts of this new type of diblock polymers boost the efficiency of the surfactant
tetraethylene glycol monodecyl ether (CioE4) to form microemulsions containing equal amounts
of water and n-decane. Interestingly, at a high pressure of 220 bar (22 MPa) these polymers were
also capable of increasing the efficiency of a technical grade PEG-HMTS surfactant to enhance

miscibility of H,O and supercritical CO..
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INTRODUCTION

Carbon dioxide (CO,) is a non-flammable, non-toxic, renewable and sustainable C; resource.
Additionally, as a side product of blast furnace, it is a cheap and readily available established
building block for polyether carbonates. However, in general the use of carbon dioxide is limited
because of its thermodynamic stability and low reactivity.? Since the development of the
immortal carbon dioxide/epoxide polymerization by Inoue et al. in 1969, carbon dioxide has been
used as a monomer in polymerizations. In recent years, polymer architectures based on CO; have
attracted increasing attention and are studied by a number of groups.>*2° Some groups were also
interested in poly(allyl glycidyl ether carbonates) and their copolymers, since this permits to
conveniently postmodify the resulting polymer. Listos et al. used a ZnEty/pyrogallol catalyst
system, and Miiller et al. employed a multi-component polymerization to synthesize homo-
PAGEC.1'? Additionally, Kuo and co-workers copolymerized AGE and CO, with a Zn-catalyst
system and modified the allyl-arms with 3-(trimethoxysilyl)propyl methacrylate via a free radical
reaction with subsequent sol-gel process to obtain polyether carbonate silica nanocomposites.?
Meng et al. statistically copolymerized PO, AGE and CO; to introduce carboxyl groups by a thiol-
ene click reaction to acquire polymers which may find application in lithium batteries.’*
Nanostructured systems comprising ABA triblock copolymers with PAGEC as block A have been
synthesized by Darensbourg et al. and functionalized via thiol-ene click reaction with a variety of

thiols.®

To the best of our knowledge, no reports have been published to date regarding side chain
functionalization of poly(allyl glycidyl ether carbonates) (PAGEC) and poly(ethylene glycol)-

poly(carbonate) block copolymers (mPEGas-b-PAGEC,) with siloxanes via hydrosilylation.

Aiming at the solubilization of CO; in polar media, such polymers should possess a “CO;-philic”
and a polar part. In addition, the “CO-philic” part should be hydrophobic, while the polar part
should be CO,-phobic. Because of the weak van der Waals interactions of CO,, it is crucial to
identify a suitable CO,-philic part.’® In the field of polymeric CO,-surfactants fluorinated segments
achieve a high compatibility with CO,.1”*® However, fluorinated oligomers are expensive and
environmentally problematic, since they do not degrade but accumulate. Johnston et al. and
Eastoe et al. observed that highly branched and oxygenated hydrocarbon chains can interact with
C0,.1%2! Other promising results were obtained with trisiloxane surfactants, which appear to be
effective emulsifying agents, forming both water-in-CO; and CO»-in-water emulsions.?? Thus, due

to the high CO»-affinity of siloxanes and carbonates, amphiphilic structures that combine both
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moieties in their hydrophobic segment are promising candidates for the solubilization of

supercritical carbon dioxide in polar media.?*2%

O
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Scheme 1: Synthesis of MPEG,4-b-P(AGE-(bis-trimethylsiloxy) methyl silane)C), from mPEG, allyl glycidyl ether, CO,
and heptamethyltrisiloxane

Besides the promising emulsifying properties of amphiphilic side chain-functionalized
polycarbonates, polycarbonates in general can benefit from the outstanding properties of the

siloxane group:

On the one hand, siloxane moieties incorporated in various copolymers has been shown to
enhance the thermal stability of these polymers.?"% On the other hand, trisiloxane surfactants
are well known for their lowering effect on the surface energy of aqueous solutions, rendering
them favoured additives for wetting applications.3%32 A combination of a carbonyl backbone with
siloxane side chain functionality can combine the advantages of both structures. To the best of
our knowledge, polycarbonates based on CO, have not yet been covalently combined with
siloxanes. Thus, the trisiloxane side chain functionality may not only improve the thermal stability

of polycarbonates, but can also contribute to their surface activity.

In this work, we present novel siloxane-functionalized amphiphilic polycarbonates. The structure
comprising only (AGE-HMTS) units and CO, was obtained by co-polymerization of allyl glycidyl
ether (AGE) and CO.. Block copolymers were obtained by polymerization of the same monomers,
using monomethoxy poly(ethylene glycol) with a molecular weight of M,, = 2 000 g mol™ (mPEGaa)
as a chain transfer agent. In the final step, the addition of the silane HMTS to the allyl groups
proceeded via hydrosilylation, using Karstedt’s catalyst. This strategy affords the P(AGE-HMTS)C
homopolymer and mPEGas-b-P(AGE-HMTS)C, diblock copolymers (Scheme 1).
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All polymers were characterized by NMR spectroscopy, size exclusion chromatography (SEC) and
Fourier-transform infrared spectroscopy (FTIR), matrix-assisted-laser-desorption-ionization-time-
of-flight (MALDI-TOF), differential scanning calorimetry (DSC), and thermogravimetric analysis
(TGA). Amphiphilic block copolymers that were soluble in water were screened for their
micellization behaviour by determination of their critical micelle concentration (CMC) via
tensiometry, their micelle size by dynamic light scattering with a Malvern Zetasizer and
transmission electron microscopy (TEM), and their spreading behaviour on a glass surface by
contact angle measurements. To demonstrate application as a surfactant, a selected block
copolymer was used as an emulsifier to stabilize a miniemulsion polymerization of styrene in
aqueous medium. Both DLS and Transmission Electron Microscopy (TEM) showed that the novel

block copolymers can be successfully used as surfactants in the miniemulsion polymerization.

Furthermore, we studied the ability of the new amphiphilic block copolymer mPEG.4-b-P(AGE-
HMTS)Cs to increase the efficiency of n-alkyl poly(ethylene glycol) and trisiloxane surfactants to

stabilize n-alkane/scCO, containing microemulsions.

RESULTS AND DISCUSSION

PAGEC and mPEG44-b-P(AGE-HMTS)Cn - Synthesis and Characterization
Siloxane functionalized polycarbonate surfactants based on allyl glycidyl ether (AGE), CO,,
monomethoxy poly(ethylene glycol) (mPEG) and 1,1,1,3,3,5,5,5-heptamethyltrisiloxane (HMTS)

are introduced in this work.

The polycarbonate homopolymer PAGEC7s was synthesized by copolymerization of carbon dioxide
and allyl glycidyl ether (AGE) using the established (R,R)-(salcy)-CoDNP catalyst system and
bis(triphenyl-phosphine)iminium-2,4-dinitrophenol ([PPN]DNP]) (Scheme 1). The (R,R)-(salcy)
catalyst leads to perfectly alternating incorporation of epoxide monomers and carbon dioxide and
results in a moderate dispersity of the polycarbonate.®® To suppress the formation of cyclic
carbonates, which are the thermodynamically favored products of the reaction, the experiments
were conducted at room temperature, and the reaction time was adjusted to 18 h.2° To generate
the amphiphilic mPEG-b-PAGEC diblock copolymers mPEG44 was used as a chain transfer agent
(CTA). An equilibrium forms between the CTA containing block copolymer (mPEG) and the
homopolymer (PAGEC) as active and dormant species. This usually leads to a controlled reaction
and low dispersity diblock copolymers (mPEGas-b-PAGEC,).5*® The byproduct PAGEC

homopolymer and the deactivated catalysts were separated from the diblock copolymer by
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quenching with HCI (5v0i% in MeOH) and subsequent flash column chromatography using neutral
aluminum oxide and THF as an eluent. Considering the formation of PAGEC, no quantitative yield

can be achieved in the block copolymerization reactions.

The trisiloxane HMTS was added to the pending double bond via hydrosilylation with the
Karstedt’s catalyst as the best-established catalyst for hydrosilylation.?”-3 The reaction time was
adjusted to not exceed 60°C to prevent the isomerization of the allyl ether at elevated
temperatures. Purification by refluxing with basic ion exchange resin to remove remaining catalyst

and dialysis against dichloromethane resulted in the pure products.

Using this method, a siloxane bearing homopolymer and three silicone-functionalized amphiphilic

block copolymers were obtained. The results are listed in Table 1.

Table 1: Overview of the synthesized P(AGE-HMTS)C75 and mPEGy4-b-P(AGE-HMTS)C,.

No. sample M2 Mib b° T Tm® AHn® T4
g/mol g/mol °C °C J/g °C

MPEGas 2 000 2400 1.03 52 174 365

1.1 PAGEC7s n.a. 12 000 1.21 -30 271
1.2 P(AGE-HMTS)C7e n.a. 21 000 1.32 -44 294
21 MPEGas-b-PAGECs 2400 2100 1.03 48 121 351
2.2 MPEGas-b-P(AGE-HMTS)C3 3200 2500 1.06 =52 37 44.0 346
3.1 MPEGas-b-PAGECs 3200 4200 1.03 -30 42 87.0 235
3.2 MPEGas-b-P(AGE-HMTS)Cs 5000 6 200 1.09 -42 38 58.5 243
4.1 MPEGas-b-PAGECas 9100 8500 1.08 -40 25 0.60 199
4.2 MPEGa4-b-P(AGE-HMTS)Cas 19 000 14 000 1.11 =72 27 4.50 265

2Determined by 'H NMR spectroscopy in CDCls, 400 MHz. *Obtained by SEC (RI trace) in THF using PS standards for calibration.
°Determined by DSC measurements at heating rates of 10 K min~. Ty onset Was determined by thermogravimetric analysis (TGA) at

heating rates of 10 K min™%.

All polymers were characterized by *H NMR spectroscopy, SEC and FTIR spectroscopy to

determine the composition and to confirm purity. All signals can be assigned using 2D NMR
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spectroscopy (Figure S 1-23). Impurities occur only in traces and consist of the used solvents
methanol and diethyl ether or moisture. The successful formation of PAGECss and the block
copolymers is most evidently shown by the appearance of the carbonyl carbon signal at
154.35 ppm (Figure S 2, signal a). Distinctive signals of the polycarbonate backbone in the 'H NMR
at 5.05-5.02 ppm and 4.47-4.23 ppm (Figure S 1, signals a and b) and in the *C NMR at
66.25 ppm, and 74.51 ppm (Figure S 2, signals b and c) further support a successful
polymerization. The characteristic signals of the double bond appear at 5.92-5.79 ppm and 5.30-
5.17 ppm in the *H NMR (Figure S 1, signals e and f) and at 134.22 ppm and 117.72 ppm in the
13C NMR (Figure S 2, signals f and g). In the block copolymers the methoxy group of the mPEGa,
block appears as a singlet at 3.35 ppm and 59.04 ppm respectively (Figure S 12 and S 13, signal a).
It was used as a reference for the determination of the number of carbonate units of the block
copolymers. The polyether backbone appears at 3.72-3.39 ppm and 70.57 ppm respectively
(Figure S 12 and S 13, signal b).

The molecular weight of PAGEC;s was determined by SEC in THF (polystyrene standard), since no
end group analysis can be performed by *H NMR spectroscopy (Figure S24). The molecular weight
value obtained is 12 000 g mol™, suggesting a degree of polymerization of n=76. The distribution
is monomodal, but shows tailing towards lower molar masses. The molecular weight distributions
of the block copolymers determined by SEC (Figure S 25-27) are narrow (D<1.1), but show tailing

towards lower molecular weights as well.

Due to the high hydrophobicity of PAGEC a PS standard was used for calibration. In the case of the
block copolymers the use of a PEG standard leads to a much higher overestimation of the
molecular weight compared to the M,, determined by end group analysis. Only the molar mass of
the block copolymer with 8 carbonate units is slightly overestimated. Please note that SEC
characterization of mPEGa, leads to a higher value of M,, when using PS as SEC standard. By using
a PEG standard, the value is of course much closer to the molecular weight obtained from NMR
measurement. PEG is much more hydrophilic than PS and thus owns a much smaller hydrophilic

radius, leading to later elution times and higher molar masses.

Carbonate bands at ca 1 750 cm™ and polyether bands at ca 1 100 cm™ in the FT-IR spectra further
confirm the successful copolymerization of CO, and AGE (Figure S 28 and S 29). No cyclic by-
products were observed, which is confirmed by the absence of a band at ca 1 800 cm™. In the case
of the homopolymer, weak bands at ca 2 800 cm™ only refer to the ether bonds of AGE, concluding

the formation of only one polymeric species and no undesired formation of polyether defects.
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The successful addition of the silane to the double bond via hydrosilylation in the post-
polymerization step is supported by the disappearance of double bond signals in the *H NMR
spectrum and the appearance of new signals at 1.60-1.50 ppm, 0.47-0.36 ppm, 0.17-0.03 ppm
and 0.02—(-0.04) ppm. (Figure S 6, signals e, f, h, and g) and 23.29 ppm, 13.56 ppm, 2.00 ppm and
0.22 ppm respectively (Figure S 7, signals f, g, i, and h). The hydrosilylation was carried out at
temperatures around 60 °C to ensure full conversion. It has been reported that allyl ethers tend
to isomerize at temperatures exceeding 40 °C.> Corresponding signals to the isomerization
product are found at 6.22-6.16 and 5.95-5.87 ppm (Figure S 6, zoom-in) and 145.97 ppm and
99.74 ppm respectively. The 'H NMR and 3C NMR spectra also show signals in the range of 0.75-
1.00 ppm and 9-12 ppm that correlate to a hydrosilylated isomerization product in the 2D NMR
experiments. However, the degree of isomerization did not exceed 2% of the double bonds, as

determined by NMR integration and will thus not be considered in the further discussion.

The same findings regarding the hydrosilylation step apply for the block copolymers. The FTIR
spectra display bands at 1 250 cm™, 1 039 cm™, and 838 cm™ corresponding to the newly formed

Si-C and then Si-O bonds of the HMTS unit.
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Figure 1. MALDI-TOF spectrum of sample mPEGas-b-P(AGE-HMTS)Cs: complete spectrum (left side) and assigned
molar masses (right side) in Dithranol. The repeating units were calculated to 44 g mol~! for C;H,0 (EO) and
380 g mol-! for C14H32055i3 (AGE-HMTS)C.

Using several established matrix compounds for MALDI-TOF spectrometry of the hydrosilylated
PAGEC homopolymer, no mass spectrum could be obtained (Figure S 30). Possibly, the high
amount of non-polar siloxane side chains lowers the ionizability of the polymer. However, MALDI-

TOF spectrometry of the siloxane-containing block copolymers confirmed full functionalization
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with HMTS (Figure 1, the MALDI-TOF spectrum of the unfunctionalized block copolymer is shown
in Figure S31). The unfunctionalized polycarbonate shows repeating units of 44 g mol™ (ethylene
glycol unit of the PEG block) and 158 g mol™ (allyl glycidyl ether carbonate unit) with a molar mass
maximum of 3232.6 gmol™? (mPEGu-b-PAGECsNa*). After hydrosilylation the MALDI-TOF
spectrum is shifted to higher molecular masses due to the additional mass of 222.5 g mol™ for
each monomer unit with a molar mass maximum of 4 497.0 g mol™ (mPEGs0-b-P(AGE-HMTS)C,K*).
Every block exhibits a dispersity according to different potassium and sodium salts, resulting in a
broad distribution of different ionized species. It is not possible to distinguish between the product
of the hydrosilylation of the double bond or of the isomer since both units have the same

molecular weight.

To further explore the effect of the siloxane functionalization on the polycarbonates, their thermal
properties were investigated by differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). Samples 2.1-3.2 are obtained as PEG-like colourless solids, whereas samples 4.1
and 4.2 are slightly yellow viscous liquids at ambient temperature. As shown in Table 1, the
melting points of the poly(AGE carbonates) and the HMTS-functionalized polycarbonates decrease
with increasing carbonate block length from 52°C for pure mPEGas to 25 °C for mPEGas-b-PAGECss
because of the growing PAGEC-like nature of the unfunctionalized copolymers and the growing
siloxane-like nature of the functionalized copolymers. The amorphous homopolymer PAGEC
does not show any melting points and exhibits a glass transition temperature (T,) of =30 °C (Figure
S32). Experiments of Tan et al. show similar results for the PAGEC block (-18 °C, molecular weight
not given).* Functionalization with the siloxane moieties lowers the glass transition of P(AGE-

HMTS)C76 considerably to —44 °C. The same trend applies for the functionalized block copolymers.

Contrary to previous findings for poly(butylene carbonate) block copolymers, the glass transition
temperature of poly(AGE carbonate) block copolymers decreases with increasing carbonate chain
length after hydrosilylation.*! This is attributed to the enhanced side chain flexibility due to HMTS
in comparison to the allyl ether. This effect called “internal plasticization” has previously been
shown for poly(N-vinyl caprolactones) grafted with PDMS and for different poly(n-alkyl

methacrylates).*™**

Siloxanes are well known for their high thermal stability.*® PAGEC-SiO, nanocomposites have

t.%° To investigate the influence of

already shown an increasing stability with increasing Si conten
the covalently joined siloxane side chain on the thermal stability of the functionalized

polycarbonates TGA measurements have been performed of both the non-functionalized and
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functionalized polycarbonates (Figures S 33-S 36). Similar to the results of Tan et al., PAGECs
degrades at Tyonser = 271 °C (at 10% degradation).*® After functionalization with HMTS P(AGE-
HMTS)C7s exhibits a higher degradation temperature of 294 °C. The same applies to the block
copolymers: the degradation temperature of the functionalized polycarbonate block copolymers
is generally higher than the degradation temperature of the unfunctionalized polycarbonate block
copolymers. Tqonset increases with increasing chain length and siloxane content of the carbonate
block after functionalization. The degradation steps of mMPEGa44-b-PAGEC; and mPEGa4-b-P(AGE-
HMTS)C; do not differ significantly, since the aliphatic block is rather short and the polymers are
still PEG-like while mMPEGa44-b-P(AGE-HMTS)Css has a significantly larger Tyonser than mPEGaas-b-
PAGECss (ATgonset = 61 °C) and is more siloxane-like. These findings support the thesis that the

thermal stability of polycarbonates benefits from side chain functionalization with HMTS.

Surfactant behaviour of block copolymers in agueous media

The amphiphilic block copolymers and their micellization behaviour in water were examined. Due
to the apolar side chains both PAGEC;s and P(AGE-HMTS)Cy are highly hydrophobic and insoluble
in water. Adding a hydrophilic PEG block significantly increases the aqueous solubility of the block

copolymers, depending on the length of the polycarbonate block.

The block copolymers with 45 carbonate units have HLB values of 4 (unfunctionalized
polycarbonate) and 2 (HMTS-functionalized polycarbonate) and are both not soluble in water.
Apparently, also the unfunctionalized polymer mPEG.s-b-PAGEC; is not amphiphilic enough to
show any surface-active behaviour. However, after functionalization, an aqueous solution of
MPEGas-b-P(AGE-HMTS)C; shows heavy foaming while shaking and dissolves the otherwise
insoluble dye nile red (right image in Figure 2). This is a first indication of the formation of micelles
with a hydrophobic core in which the hydrophobic dye is dissolved. By increasing the length of the
hydrophobic chain to eight units, the non-functionalized polycarbonate block copolymer mPEGa4-
b-PAGECs already shows surface active behaviour. The same observation is made for the
functionalized copolymer mPEGas-b-P(AGE-HMTS)Cs, although the complete dissolution in water
takes significantly longer than for the not HMTS-functionalized copolymer. The critical micelle
concentrations (CMC) obtained from tensiometry in Milipore water (Figure 2) range between 4-

7 mg ! (Table 2), agreeing with literature values for amphiphilic polycarbonates.>1041:47:48
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Table 2: Micellization properties of the water-soluble block copolymers.

No. cMmce o’ r A° et HLB®
mg/L mN/m pmol/m? A2 °

2.1 n.a. n.a. n.a. n.a. n.a. 16

2.2 6 34 434 3.8 n.d. 12

3.1 7 45 2.47 6.7 18.6 +0.8 10

3.2 4 58 2.30 7.2 149+1.4 8

9Determined by ring tensiometry using an RG10 Du Nolly ring. ?Determined by contact angle measurement “Calculated by using

the method of Griffin for nonionic surfactants.*

X mPEG,,-b-P(AGEC),
x % mPEG,,-b-P(AGE-HMTSC),
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Figure 2: CMC determination by tensiometry of all water soluble block copolymers (mPEG44-b-P(AGE-HMTS)C3,
MPEG44-b-PAGECs and mPEG,4-b-P(AGE-HMTS)Cs).

Amphiphilic block copolymers very often do not show a distinct CMC, even with a narrow
dispersity.* However, Figure 2 exhibits a clear trend in the minimal surface tension (SFT) o: with
decreasing HLB value, i.e. with increasing carbonate chain length and hydrophobicity, the minimal
SFT of the water-air interface increases from 34 mN m™ for 2.1 to 55 mN m™ for mPEGs-b-P(AGE-
HMTS)Cs. Polyether-siloxane surfactants have been extensively investigated regarding their
influence on the surface tension of aqueous solutions. The minimum surface tensions of solutions
of classic trisiloxane surfactants in water are reported to be between 20-21 mN m™ due to the
saturation of the water/air interface with CHs groups.?>3%°° None of the newly synthesized
surfactants reaches these values. This is tentatively attributed to the carbonate units in the

hydrophobic block. Other than in surfactants comprising merely PDMS or trisiloxane, functional
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groups with high surface energy in the backbone like CH,, C=0, and C-O raise the surface energy.
In addition to that, model calculations show that polymeric AB diblock surfactants with a shorter
apolar chain length are more efficient in reducing the interfacial tension of a water/oil interface
than surfactants with a longer chain length, independent of their chemical nature.® This is
supported by the surface excess concentration I in mol m™2 and the area per molecule A in nm?

determined by

1 loYol
= _ﬁ<6ln(c)) (4)
and
1018
= 5
A NT (5)

with R=8.314)mol*K?, T=temperature in K, o surface tension in mNm™? and
¢ = concentration in mol L™X. The calculated data in Table 2 shows decreasing values of I for
increasing (AGE-HMTS)C chain lengths due to a higher steric demand of the hydrophobic chain,
which translates to an increasing area per molecule. Polyether-trisiloxane surfactants are
particularly known as efficient super spreaders and wetting agents due to their low surface tension
in water. The wetting behaviour of such surfactants has already been reported in various
publications.3>°%5253 To investigate the influence on the wetting characteristics of carbonate
surfactants, contact angle measurements of droplets of aqueous surfactant solutions on glass
were performed. Images of the droplets are shown in the Supporting Information (Figure S 37).
Pure water on glass showed a contact angle of © = 32.44£0.6° and mPEG., showed a lower contact
angle of @ = 25.04£0.6°. Dissolving the unfunctionalized carbonate in water significantly lowers the
contact angle to © = 18.61£0.8°. The addition of the siloxane functionality lowers the value even
further to ©=14.9+1.4°. This demonstrates that adding siloxane moieties to the hydrophobic
block of the surfactant enhances the wettability of a low-energy surface with an aqueous solution
of an amphiphilic polycarbonate and demonstrates applicability as wetting agents for less

demanding wetting problems.

The presence of micelles was proven exemplary for the amphiphilic block copolymer mPEGs-b-
P(AGE-HTMS)3 by DLS and TEM. The TEM image shows spherically shaped micelles with an average

diameter of 97417 nm (Figure 3) in agreement with preliminary DLS measurements, in which a
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slightly smaller hydrodynamic diameter of dxys = 84 mn (PDI = 0.889, Figure S 38) was found. Note

that these values are in the typical order of magnitude found for polymeric surfactants micelles.>*

56

Figure 3: TEM image of mPEGa.s-b-P(AGE-HMTS)C; in water (no staining needed).

Nonionic surfactants with an HLB value of 8-10 are known to be efficient O/W emulsifiers.””
Various amphiphilic block copolymers, including polycarbonates, have already shown applicability
as emulsifiers in the emulsion polymerization of apolar monomers in water.>*® The emulsifying
properties of MPEGas-b-P(AGE-HMTS)Cs (HLB value = 8) were investigated in a free radical
miniemulsion polymerization of styrene in water. The block copolymer was used at a
concentration of 30 mg/mL in water. After addition of a mixture of styrene, hexadecane and the
initiator 2,2'-azobis(2-methylbutyronitrile) a stable miniemulsion was obtained by sonication. TEM
images (Figure S 39) show that the block copolymer can be used to prepare spherical PS-
nanoparticles. The hydrodynamic radius of the nanoparticles was determined by DLS
measurement (Figure S 40) and was found to be 92 nm. The PDI of 0.083 indicates a narrow size
distribution of the nanoparticles. Besides possible application in miniemulsion polymerization, the
outstanding emulsification properties of siloxane functionalized amphiphilic polycarbonate block

copolymers regarding scCO; in water are discussed in the following section.
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Efficiency-Boosting Effect of mMPEG44-b-P(AGE-HMTS)Cn block copolymers in
microemulsions

Almost 20 years ago, Jakobs et al. found that small amounts of amphiphilic poly(ethylene
propylene)-co-poly(ethylene glycol) polymers are able to considerably increase the efficiency of
medium-chain surfactants in forming microemulsions.>® Recently we showed that amphiphilic
polyether-b-polycarbonate polymers of the type mPEGas-b-PBC, strongly increase the efficiency
of nonionic n-alkyl polyglycol ether surfactants (CiE;) to formulate microemulsions containing
polymerizable oils, e.g. hexyl methacrylate.** In this work, the new type of amphiphilic block
copolymers (MPEGa4-b-P(AGE-HMTS)C,) possessing siloxane functionalized polycarbonate units as
nonpolar and CO,-philic block has been added to two different type of microemulsions. On the
one hand, the influence of mMPEGus-b-P(AGE-HMTS)Cs on the state of the art microemulsion
H,0/NaCl - n-decane - CioE4 (tetraethylene glycol monodecyl ether) is studied at ambient pressure.
On the other hand, we investigated whether this new type amphiphilic block copolymer is also
able to increase the efficiency of the trisiloxane surfactant Q2-5211 to solubilize H,O and

supercritical CO..
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Figure 4: Influence of the mPEGy-b-P(AGE-HMTS)Cg polymer on the phase behaviour of two different
microemulsion systems. T(y)-sections through the phase prism are recorded at equal volumes of water and oil. Left:
H>0/NaCl (0.1 wt%) - n-decane - C10E4/mMPEGa4-b-P(AGE-HMTS)Cs. Right: H,0 - scCO; - Q2-5211/mPEGy4-b-P(AGE-
HMTS)Cs at p = 220 bar.

In Figure 4 (left), the influence of the mMPEG44-b-P(AGE-HMTS)Cs block copolymer on the phase

behaviour of H,0/NaCl (0.1 wt%) - n-decane - CioE4 (tetraethylene glycol monodecyl ether) is
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shown. T(y)-sections were recorded at equal volumes of water and oil for the system without
block copolymer (6= 0.00) and replacing 5 and 10 wt% of the CioE4 by mMPEGas-b-P(AGE-HMTS)Cs,
i.e. 5=0.05 and 0.10. Note, that the small amount of NaCl (0.1 wt.% in the H,O/NaCl mixture
(brine)) is added to suppress possible electrostatic interactions induced by impurities of the
polymer. In general, a phase sequence typical for microemulsions stabilized by nonionic
surfactants is found.3* At low temperatures, an oil-in-water microemulsion co-exists with an oil
excess phase (denoted as 2); while at high temperatures, a water-in-oil microemulsion co-exists
with a water-excess phase (denoted as 2). At temperatures in between, a three-phases region
(denoted as 3) exist at y < ¥ where a microemulsion co-exists with a water-excess phase and an
oil-excess phase. When the value of y is larger than ¥, which is the minimum amount of total
surfactant/polymer mixture needed to form a microemulsion at the phase inversion temperature

PIT (T), the one-phase region can be found.

The influence of the new mPEGa44-b-P(AGE-HMTS)Cs block copolymer on the phase boundaries is
striking. By replacing merely 5 wt% of CioEs with the new block copolymer (5 = 0.05), ¥ decreases
from ¥ = 0.135 to 0.106. A further replacement of the surfactant by the block copolymer (6= 0.10)
causes a further decrease of ¥ to = 0.089. Furthermore, the phase boundaries and accordingly
the phase inversion temperature T decreases slightly from T = 30.5 °C to 29.6 °C and 28.9 °C. This
slightly decrease in T might come from the fact that the hydrophobic block of the diblock polymer
is larger than the hydrophilic block.6®¢! Due to the mean curvature changes of the surfactant
membrane induced by the anchored block polymer, the change in the temperature T can be

described as

okT(Ry — R
AT o« T Rw ~ Ro) 6)
K*c
with the number density of the block copolymer molecules in the membrane o, end-to-end

distances of hydrophilic block Rw or hydrophobic block Ro of the polymer, bending rigidity of the

membrane k and the temperature coefficient of the mean curvature c for the system.5?

Having proven that these new amphiphilic block copolymers show a strong efficiency boosting in
state of the art microemulsion systems, the CO,-philic (AGE-HMTS)Cs block suggest to use these
polymers for the formulations of CO,-microemulsions which gained a lot of interest lately.3>637%6
Since it is easy to produce, non-flammable and non-toxic supercritical CO; (scCO,) is not only used

as replacement for organic solvents, but also interesting blowing agent for producing micro- and
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nanocellular foams starting from a CO,-microemulsion.?> However, to find efficient non-
fluorinated surfactants, that stabilize CO,-microemulsions efficiently, is a challenging task (as
discussed in the introduction).?”**?! With this motivation, we also studied the influence of the
new mMPEGas-b-P(AGE-HMTS)Cs on the phase behaviour of the H,O - scCO, - Q2-5211
microemulsion system. Here, Q2-5211 is a technical-grade polyethylene heptamethyltrisiloxane
surfactant with 10.3 EO units which has a reasonable affinity with CO, due to the stubby structure

and the CO,-philic heptamethyltrisiloxane group.?

Figure 4 (right) shows the T(y)-section of the system H,0 - scCO, - Q2-5211 recorded at equal
volumes of water and scCO; at constant pressure p = 220 bar. The phase behaviour of this CO,-
microemulsion resembles that of microemulsions stabilized by nonionic surfactants, i.e. the one
of the H,0/NaCl - n-decane - CioE4 system shown in Figure 4 (left). However, as can be seen, the
efficiency of the Q2-5211 surfactant to solubilize H,O and scCO, (¥ = 0.353) is much smaller than
the efficiency of CioE4 solubilizing brine and n-decane. Replacing 10 wt% (6 = 0.10) of the Q2-5211
surfactant by the mPEGas-b-P(AGE-HMTS)Cs polymer, the one-phase region is largely widened
(stabilized). However, the efficiency is only slightly enhanced by the polymer, i.e. ¥ decreases
slightly to ¥ = 0.334. The small effect of the polymer with respect to efficiency might also be
related to the shift of the phase inversion temperature T from 26.5 °C to 31.9 °C. The polymer
seems to induce an increasing curvature of the amphiphilic film around CO,, which is a strong
indication that the size of the P(AGE-HMTS)Cs block is much smaller in CO, than in n-decane due
to the not perfect interaction between CO; and P(AGE-HMTS)C.®° Pursuing this line of thought,
the size of the PEO block has to be decreased to improve the efficiency boosting effect of this new

type of amphiphilic block copolymers in COz-microemulsions.
CONCLUSION

A series of novel amphiphilic siloxane functionalized block copolymers (mPEG,-b-P(AGE-HMTS)C)
based on MPEGa44 and CO; with varying block lengths of 3, 8, and 45 and one homopolymer (P(AGE-

HMTS)C) were successfully synthesized.

The polycarbonates were synthesized by catalytic ring opening copolymerization of CO, with AGE
in an autoclave at CO; pressures of 5.5 MPa at room temperature. The siloxane functionality was
introduced via subsequent hydrosilylation of the AGE double bond. The resulting polymers exhibit
molar masses in the range between 3200 and 21 000 g mol™ with narrow molecular weight
distributions of P<1.2. The homopolymer shows a mass of 21 000 g mol™ with a distribution of

D =1.31. MALDI-TOF spectra prove the existence of repeating units with a mass of 158 g mol™
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(AGEC) before hydrosilylation and 380 g mol™ (AGE-HMTS)C after the hydrosilylation, thus

proving the successful side chain functionalization of the polycarbonate.

DSC measurements showed decreasing glass transition temperatures from —30 °C to —40 °C for
the unfunctionalized copolymers to —44 °C to —70 °C for the HMTS functionalized copolymers.
Additionally, the decreasing melting points (52 °C to 27 °C) with increasing carbonate chain length
and increasing HMTS content underline the increasing siloxane-like properties of the surfactant
structures. TGA measurements revealed that functionalization of carbonates with siloxanes also

leads to higher degradation temperatures.

CMC determination provided values between 4-7 mg L™}, agreeing with literature values for
amphiphilic polycarbonates. Preliminary DLS as well as TEM images prove the formation of
micelles. The observation that the contact angle of an aqueous solution can be decreased by
adding the functionalized polycarbonate surfactant suggest a possible application as wetting
agents. Furthermore, MmPEGas-b-P(AGE-HMTS)Cs was successfully applied in a miniemulsion
polymerization of styrene in water. Narrowly distributed PS-nanoparticles with an average radius

of 92 nm and a PDI of 0.083 were obtained.

The phase behaviour studies show that the addition of MPEGas-b-P(AGE-HMTS)C, diblock
copolymers leads to an enhanced efficiency of medium chain surfactants in forming both state of
the art n-alkane- and scCO,-microemulsions. In this regard, the effect of the mPEGus-b-P(AGE-
HMTS)Cs polymer on the H,O/NaCl - n-decane - Ci0E4 microemulsion system is much stronger than
on the H,0 - scCO; - Q2-5211 system. The shift of the phase inversion temperature towards higher
temperatures in the latter system indicates that the size of the (AGE-HMTS)Cs block is much
smaller in CO, than in n-decane due to the non-perfect interaction between CO, and (AGE-
HMTS)C. However, the small decrease in ¥ value and the enlarged one-phase region still implies

the potential of MPEGa4s-b-P(AGE-HMTS)C, as promising additives in CO;-microemulsions.

The surfactant-like properties of the siloxane functionalized polycarbonates open several
application possibilities, e. g. as stabilizers in the free-radical polymerization of hydrophobic

monomers in water or as co-stabilizers in emulsions and microemulsions.
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EXPERIMENTAL SECTION

Materials

Allyl glycidyl ether (AGE) (99% TClI), was distilled over CaH, under reduced pressure prior to use.
Argon and CO, (>99.99% Westfalen AG and TMG) were used as received. Monomethoxy
poly(ethylene glycol) (mPEGu44) (Fluka) was dried with benzene under reduced pressure prior to
use. All other reagents were purchased from Sigma Aldrich, Acros Organics, Fischer Chemicals and
AnalR NORMPUR and were used as received. The catalyst system (R,R)-(salcy)-CoDNP and

[PPN]DNP was synthesized as previously described.33

H,0 was double-distilled. n-Decane (purity of 99%) was purchased from Sigma-Adrich and used as
received. Tetraethylene glycol monodecyl ether (CioEs) was purchased from Bachem with an
analytical grade of at least >98% and used as received. A technical-grade poly(ethylene glycol)
heptamethyltrisiloxane surfactant (Q2-5211) with 10.3 EO degree was purchased from Dow

Corning with technically grade purity and used as received.

Characterization

Nuclear Magnetic Resonance (NMR) spectroscopy: ‘H and *C NMR spectra as well as the 2D-
NMR techniques were recorded on a Bruker Avance Il HD 400 (400 MHz) spectrometer at 21 °C.
The chemical shifts § are given in part per million (ppm). All spectra are referenced to the residual
solvent signal. Analysis of the spectra was performed with the software MestReNova 9.0.1

(MestreLab Research).

Matrix-assisted laser desorption and ionization time-of-flight mass spectrometry (MALDI-TOF):
MALDI-TOF measurements were performed on a Bruker rapifleX R* MALDI-TOF-MS on a DCTB
(trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile) matrix in the presence

of KTFA (potassium trifluoroacetate).

Size exclusion chromatography (SEC): All SEC measurements were performed in THF at 50 °C
using a flow rate of 0.1 mL min™. Toluene was added as an internal standard and polystyrene
standards provided by PSS were used for calibration. A refractive index (RI) and a UV (275 nm)

detector served as integrated instruments.

Differential Scanning Calorimetry (DSC): DSC curves were recorded on a METTLER DSC 823 in the

temperature range from —140 to +50 °C with a heating rate of 10 K min~* under nitrogen.
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Thermogravimetric Analysis (TGA): The TGA data was obtained using a Perkin Elmer Pyris
Thermogravimetric Analyzer in the temperature range from 30 to 600 °C with heating rates of

10 K mintin air.

IR Spectroscopy: FT-IR spectra were recorded on a Thermo Scientific iS10 FT-IR spectrometer,

equipped with a diamond ATR unit.

Determination of the CMC using ring tensiometry: Screening of the surface tension of a polymer
solution in water with increasing concentration of the polymer was performed at 24.6 °C with a
DataPhysics DCAT 11 EC tensiometer equipped with a TV 70 temperature control unit, a liquid
dispenser unit (LDU) 1/1 and a Du Nouy ring RG 11. The ring was heated with a Bunsen burner
before each measurement. All solutions were stirred for 120s at a stirring rate of 50%.

Measurements were started after a waiting time of 30 s and repeated twice.

Light Scattering: DLS measurements of the micelles were performed in disposable PS cuvettes on
a Malvern Zetasizer Nano ZS with a Peltier-controlled thermostat, at a wavelength of 633 nm, an
angle of 173° and a constant temperature of 25 °C. DLS of the styrene nanoparticles was
performed on an ALV spectrometer consisting of a goniometer and an ALV-5004 multiple-tau full-
digital correlator (320 channels) which allows measurements over an angular range from 20°—
150°. A He-Ne Laser operating at a laser wavelength of 632.8 nm was used as light source. For
temperature-controlled measurements the light scattering instrument is equipped with a
thermostat from Julabo. Diluted samples were filtered through PTFE membrane filters with a pore
size of 0.45 um (LCR syringe filters). Measurements were performed at 20 °C at different angles

ranging from 30°-150°.

Transmission Electron Microscopy (TEM): The image was recorded on a FEI Tecnai 12 microscope
equipped with a LaB6-cathode (120 kV acceleration voltage, nominal magnification: 68 000;
nominal underfocus: 0.5-1.5 mm). For sample preparation, carbon grids for TEM applications
were negatively glow discharged at 25 mA for 30 s in an Emitech K100X glow discharge system. A
droplet of the sample with a concentration of 50 mg L™ was carefully placed on the grid. After an
incubation time of 30 s the grid was dried by side-blotting with a filter paper. To obtain an image
of the PS particle produced by miniemulsion polymerization 2 ul of a diluted aqueous dispersion
was placed onto a 300 mesh carbon-coated copper grid (for TEM) and allowed to dry under
ambient conditions. Electron micrographs were taken on an Ultrascan 1000 (Gatan) charge-
coupled device (CCD) camera. The TEM was operated at 200 kV. The Digital Micrograph software

(Gatan) was used to collect the images.
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Contact angle measurements: A 5 mL drop of a surfactant solution with a concentration of
1 mg mL™ was placed on a microscopy glass cover slip- The surface was rinsed with MilliQ-water
water and dried with a Kimtech Kimwipe prior to the measurement. The images were taken 20 s
after application of the droplet with a Dataphysics Contact Angle System OCA. Contact angels were
determined with the Software SCA20 as the apparent angle between the liquid and the glass

surface. The measurements were repeated five times and the average value of @ was calculated.

Phase behaviour measurements: To characterize the phase behaviour of microemulsion systems
of the type polar component (A) — nonpolar component (B) — nonionic surfactant (C), it has been
proven useful to record a phase diagram as a function of temperature T and surfactant mass

fraction y3*

V=Zmi (1)

at equal volumes of water and oil. This T(y)-section allows the determination of both the phase
inversion temperature PIT (T) and the minimum mass fraction # of the surfactant to form a
microemulsion. The mass fraction of the block copolymer (D) in the surfactant/polymer mixture

was defined as

mp

6 =—— 2
me + mp (2)
Note that y in this work resembles the mass fraction of total surfactant and block copolymer in

the overall mixture, i.e.

me +mp
= 3
v xm; )

For the phase diagram studies on n-alkane microemulsions performed at ambient pressure, all
samples were weighed in directly into the test tubes with an accuracy of Am = £0.0002 g. The test
tubes were thermo-stated in a water bath. After homogenizing the sample by stirring, the number
and the type of phases were observed visually as a function of temperature. The phase transition

temperatures were determined with an accuracy of AT = £0.02 K at given compositions.

In order to prepare the scCO,-microemulsions, the liquid and solid components were weighed into

the home-made high-pressure cell with an accuracy of Am =+0.0002 g.>*> The liquid CO, was

283



CHAPTER 6

afterwards filled into the high-pressure cell at a pressure of p=72bar (7.2 MPa) and room
temperature using a home-built filling apparatus consisting of a membrane accumulator. The
amount of CO; filled-in was controlled by weighing the high-pressure cell before and after filling
the CO; (with an accuracy of Am = £0.01 g). A sapphire cylinder (50 mm in height, @outsize = 32 mm,
Dinside = 10 mm), which is the main component of the high-pressure cell allows to observe the
entire sample volume visually. Using a piston, the sample volume and thus the pressure can be
adjusted. To record T(y)-sections at a constant elevated pressure of p = 220 bar, the high-pressure

cell was placed in a thermo-stated water bath with an accuracy of AT = £0.02 K.

Synthesis
Synthesis of PAGEC.

The procedure described in the following describes the synthesis of sample 1.1 (Table 1). Allyl
glycidyl ether (AGE) (1.5 mL, 12.6 mmol, 1 eq), (R,R)-(salcy)-CoDNP (5.9 mg, 0.75 mmol, 0.06 eq)
and [PPN]DNP (5.4 mg, 0.75 mmol, 0.06 eq) was filled in the autoclave, equipped with a stir bar,
in an inert argon-atmosphere. The reaction mixture was stirred at carbon dioxide pressure of
5.5 MPa at RT for 3 d. The crude product was dissolved in dichloromethane (DCM) and the catalyst
was deactivated with 1.0 mL of a solution of 5%, HCl in methanol and precipitated in ice-cold

methanol. The yellow viscous fluid was then dried under reduced pressure for 24 h (yield 41%).

o)
b
‘{"o)i\o/\(ﬁrf) w
40
o kl .
I
g

H NMR (400 MHz, CDCls) 6/ppm: 5.92-5.79 (m, -CH=CH,); 5.30-5.17 (m, -CH=CH.); 5.00 (s, -CH
carbonyl backbone); 4.47-4.23 (m, -CH,- carbonyl backbone); 4.06-3.93 (m, -CHCH,0-); 3.63-3.54
(m, -CH2CH=CH,). 3C NMR (400 MHz, CDCls) 6/ppm: 154.35 (C=0); 134.22 (-CH=CH,); 117.72 (-
CH=CH,); 74.51 (-CH- carbonyl backbone); 72.50 (-CHCH=CH,); 67.74 (-CHCH.O-); 66.25 (-CH»-
carbonyl backbone). FT-IR ¥/cm™: 2 937, 2 864 (H-C(-0)), 1 744 (C=0).

Synthesis of mPEG44-b-PAGEC, (exemplified by sample mPEG4s-b-PAGECs).

mPEG was dried by azeotropic distillation with benzene under reduced pressure. A 200 mL Roth

autoclave was dried at 40 °C under reduced pressure.
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MPEG44 (1.0 g, 0.5 mmol,1 eq), allyl glycidyl ether (AGE) (3.0 mL, 25 mmol, 50 eq), (R,R)-(salcy)-
CoDNP (11.8 mg, 0.015 mmol, 0.03 eq) and [PPN]DNP (10.8 mg, 0.015 mmol, 0.03 eq) was filled
in the autoclave, equipped with a stir bar in an inert argon-atmosphere. The reaction mixture was
stirred at carbon dioxide pressure of 5.5 MPa at RT for 70 h. The crude product was dissolved in
DCM and the catalyst was deactivated with 0.5 mL of a solution of 5%y, HCl in methanol. A neutral
aluminium oxide column and 400 mL THF as eluent was used for the further purification to
eliminate the catalyst. The THF was evaporated under reduced pressure and the product, again
dissolved in DCM, precipitated from ice-cold diethyl ether. The colourless solid was then dried

under reduced pressure for 24 h. This preparation shows the synthesis of sample 4.1, mPEG,-b-
PAGEC,,, (yield 61%). The other mPEGus-b-PAGEC, (samples 2.1 and 3.1) diblock copolymers were

prepared in a similar procedure using different amounts of CTA and allyl glycidyl ether.
0]
of A M Aeo0
a_ Lr
5 Ol O/\(
o)

fklg
I
h

1H NMR (400 MHz, CDCls) 6/ppm: 5.94-5.76 (m, -CH=CH,); 5.30-5.13 (m, -CH=CH); 5.00 (s, -CH
carbonyl backbone); 4.49-4.12 (m, -CH>- carbonyl backbone); 4.06-3.92 (m, -CH,CH=CH,); 3.72-
3.39 (m, polyether backbone and -OCH,CHCH,); 3.35 (s, -OCH3).

13C NMR (400 MHz, CDCls) 6/ppm: 154.21 (C=0); 134.08 (-CH=CH,); 117.58 (-CH=CH.); 74.36 (-CH-
carbonyl backbone); 72.37 (CH,CH=CH); 70.56 (-CH»- polyether backbone); 67.66 (-OCH,CHCH,);
66.11 (-CH,- carbonyl backbone); 59.04 (-OCHj3).

FT-IR #/cm™: 2 866 (H-C(-0)), 1 750 (C=0), 1 229 (C-0), 1 095 (C-0-C).

General Procedure for the hydrosilylation of PAGEC, and mPEG.s-b-PAGEC, (exemplified by
sample mPEG44-b-P(AGE-HMTS)Cs)

108 mg MPEGas-b-PAGEC,s (0.01 mmol) were dissolved in 1,4-dioxane in a Schlenk tube and
degassed twice via freeze-pump-thaw cycles. One drop of Karstedt’s catalyst was added under
Argon atmosphere and the solution was stirred for 30 min at 60 °C. 0.17 mL HMTS (0.63 mmol)
were added with a syringe followed by a slow darkening of the solution. After reacting overnight
and subsequent cooling to room temperature, the solution was refluxed for approximately one

hour with Amberlite® IRA743 free base (basic ion exchange resin) until the colour lightened. The
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solution was filtered through a 0.45 um PTFE syringe filter and the solvent and excess HMTS were
evaporated under reduced pressure. The polymers with a high (AGE-HMTS)C content were
precipitated from cold methanol after dialysis against dichloromethane three times over night
(benzylated tubes, MWCO = 2000 g mol™) and obtained as very viscous liquids after freeze drying.
The diblock copolymers with three and eight (AGE-HMTS)C units were dialysed in
dichloromethane and precipitated from cold diethyl ether as colourless, wax-like solids. All

polymers were obtained in quantitative yields.

MPEGas-b-P(AGE-HMTS)Cs

O
b c
a /O‘IB/\O‘!’ELO/\d(OL'
e

'H NMR (400 MHz, CDCls) 6/ppm: 5.00 (s, -CH carbonyl backbone); 4.52-4.05 (m, -CH»- carbonyl
backbone); 3.87-3.51 (m, polyether backbone and -OCH,CHCH5); 3.48-3.21 (m, -OCH»CH, and -O-
CHs); 1.65-1.48 (m, -CH>CH,Si-); 0.49-0.35 (m, -CH,CH.Si-); 0.18-0.03 (m, -Si(CHs)3); 0.00—(-0.06)
(m, -SiCHs).

BCNMR (400 MHz, CDCls) &/ppm: 154.26 (C=0); 74.38 (-CH- carbonyl backbone); 71.94
(-CH,CH=CH,); 70.57 (-CH»- polyether backbone); 68.81 (-OCH,CHCH,); 66.23 (CH2- carbonyl
backbone); 59.04 (-OCHs); 23.15 (-CH2CH,Si-); 13.43 (-CH,CH.Si-); 1.87 (-Si(CHs)s); —0.36 (-SiCH3).

FT-IR #/cm™: 2 956, 2 881 (H-C(-0)), 1752 (C=0), 1 250 (Si—CHs), 1224 (C-0), 1 103 (C-0-C),
1 039 (Si—0-Si), 838 (Si(CHa)s3).
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P(AGE-HMTS)Cs:

'H NMR (400 MHz, CDCls3) §/ppm: 5.01 (s, -CH carbonyl backbone); 4.54-4.15 (m, -CH- carbonyl
backbone); 3.60-3.50 (m -OCH,CH); 3.48-3.33 (m, -OCH>CH,); 1.60-1.50 (m, -CH,CH,Si-); 0.47-
0.36 (-CH,CH_Si-); 0.17-0.03 (-Si(CHs)s); 0.02—(-0.04) (-SiCH3).

13CNMR (400 MHz, CDCls) &/ppm: 154.36 (C=0); 74.54 (-CH- carbonyl backbone); 73.46
(-OCH2CH,-); 68.45 (-OCH,CHCH,); 23.29 (-CH.Si-); 13.56 (-CH.CH.Si-); 2.00 (-Si(CHs)s); 0.22
(-SiCHs).

FT-IR #/cm™: 2 956, 2 881 (H-C(-0)), 1 754 (C=0), 1 258 (Si-CHs), 1 032 (Si—O-Si), 832 (Si(CH3)s).

Procedure for the miniemulsion polymerization of styrene stabilized by mPEG44-b-PAGECS8

24 mg mPEG44-b-PAGECS8 (0.005 mmol) were dissolved in 800 mg water (44.4 mmol,). A solution
of 200 mg freshly distilled styrene (1.92 mmol), 8.3 mg hexadecane (0.037 mmol) and 3.3 mg 2,2'-
azobis(2-methylbutyronitrile) (V59, 0.017 mmol) was prepared and rapidly added to the vigorous
stirring aqueous solution containing mPEG44-b-PAGEC8. The emulsion was stirred at 0 °C for one
minute at 20 000 rpm using an ultra turrax. The emulsion was ultrasonicated (450 W, two min,
70% amplitude) to produce a stable miniemulsion. The sealed miniemulsion was placed in an oil
bath at 70 °C equipped with a stir bar and the polymerization was allowed to proceed overnight.

The final nanoparticle dispersion was analyzed with DLS (Particle size = 92 nm) and TEM.
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1. Polymer characterization
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Figure S 1: 'H NMR spectrum of P(AGEC);s in CDCl3, 400 MHz, 21 °C.
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Figure S 2: 13C NMR spectrum of P(AGEC)z in CDCl3, 400 MHz, 21 °C.
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Figure S 3:COSY NMR spectrum of P(AGEC)z in CDCl;, 400 MHz, 21 °C.
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Figure S 4: HSQC NMR spectrum of P(AGEC);s in CDCls, 400 MHz, 21 °C.
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Figure S 5: HMBC NMR spectrum of P(AGEC);s in CDCl3, 400 MHz, 21 °C.
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Figure S 7: 13C NMR spectrum of P(AGE-HMTS)C7s in CDCls, 400 MHz, 21 °C.
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Figure S 10: HMBC NMR spectrum of P(AGE-HMTS)C;s in CDCls, 400 MHz, 21 °C.
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Figure S 11: DOSY NMR spectrum of P(AGE-HMTS)Cy¢ in CDCl3, 400 MHz, 21 °C.
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Figure S 13: 13C NMR spectrum of mPEGys-b-P(AGEC)4s in CDCl3, 400 MHz, 21 °C.
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Figure S 15: HSQC NMR spectrum of mPEG,4-b-P(AGEC)45 in CDCl3, 400 MHz, 21 °C.
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Figure S 20: COSY NMR spectrum of mPEGy4-b-P(AGE-HMTS)Cy5 in CDCl3, 400 MHz, 21 °C.

|

70 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0 -0.5
chemical shift / ppm

Figure S 21: HSQC NMR spectrum of mPEG44-b-P(AGE-HMTS)C,s in CDCls, 400 MHz, 21 °C.
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Figure S 22: HMBC NMR spectrum of mPEG,4-b-P(AGE-HMTS)C;s in CDCls, 400 MHz, 21 °C.
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Figure S 23: DOSY NMR spectrum of mPEG,4-b-P(AGE-HMTS)C,s in CDCls, 400 MHz, 21 °C.
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Figure S 24: SEC traces of P(AGEC);s compared with P(AGE-HMTS)Cz in THF, 50 °C, PS standard.
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Figure S 25: SEC traces of mMPEG44-b-P(AGEC)3 compared with mPEG4s-b-P(AGE-HMTS)C; in THF, 50 °C, PS standard.
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Figure S 26: SEC traces of mPEG4s-b-P(AGEC)s compared with mPEGy4-b-P(AGE-HMTS)Cg in THF, 50 °C, PS standard.
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Figure S 27: SEC traces of mPEGas-b-P(AGEC)ss compared with mPEGas-b-P(AGE-HMTS)C;s in THF, 50 °C, PS standard.
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Figure S 30: MALDI-TOF spectra of sample P(AGE-HMTS)Cy¢ in Dithranol.
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2. Thermal analysis
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Figure S 32: DSC heating curves of the polycarbonates before and after hydrosilylation.
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Figure S 36: TGA curve of mPEGys-b-P(AGEC)ss compared with mPEG4-b-P(AGE-HMTS)Cys.
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3. Contact Angle Measurements

Figure S 37: Images of the droplets used in contact angle measurements (from top to bottom: pure water, mMPEG,4, MPEGg4-b-
PAGECs, and mPEG4-b-P(AGE-HMTS)Cs).
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4. DLS measurements
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Figure S 38: DLS of mPEG4s-b-P(AGE-HMTS)C; in water.
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5. Miniemulsion Polymerization

Figure S 39: TEM images at different magnifications of the polystyrene nanoparticles achieved from free-radical
miniemulsion polymerization of styrene in water with mPEGas-b-P(AGE-HMTS)Cs as emulsifier.
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Figure S 40: DLS data of the PS-nanoparticles in water (left) and autocorrelation function (g2(t)) of PS nanoparticles and the

relaxation time distribution (H(In(t)) with stable miniemulsion (right).
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ABSTRACT: Twenty years ago, it was found that adding small ANe\\lTy'ple of Co-Surfactants for Microemulsions
amounts of amphiphilic block copolymers like poly(ethylene |

propylene)-co-poly(ethylene oxide) (PEP-b-PEO) to microemul-
sion systems strongly increases the efficiency of medium-chain
surfactants to solubilize water and oil. Although being predestined
to serve as a milestone in microemulsion research, the effect has
only scarcely found its way into applications. In this work, we
propose new types of efficiency boosters, namely, poly(ethylene
oxide)-poly(alkyl glycidyl ether carbonate)s (PEO-b-PAIkGE) and Al
their “carbonated” poly(ethylene oxide)-poly(carbonate alkyl
glycidyl ether) analogs. Their synthesis via anionic ring-opening
polymerization (AROP) from commercially available long-chain alkyl glycidyl ethers (AIkGE) and monomethoxypoly(ethylene
glycol)s as macroinitiators can be performed at low cost and on a large scale. We demonstrate that these new PEO-b-PAIKGE
copolymers with dodecyl and hexadecyl side chains in the nonpolar block strongly increase the efficiency of both pure and technical-
grade n-alkyl polyglycol ether surfactants to form microemulsions containing pure n-alkanes or even technical-grade waxes, a result
that could be of interest for industrial applications where reduced surfactant needs would have significant economic and ecological
implications. For n-decane microemulsions, the boosting effect of PEO-b-PAIKGE and PEP-b-PEO polymers can be scaled on top of
each other, when plotting the efficiency semilogarithmically versus the polymeric coverage of the amphiphilic film. Interestingly, a
somewhat different scaling behavior was observed for n-octacosane microemulsions at elevated temperatures, suggesting that the
polymers show less self-avoidance and rather behave as almost ideal chains. A similar trend was found for the increase of the bending
rigidity x upon polymeric coverage of the amphiphilic film, which was obtained from the analysis of small-angle neutron scattering
(SANS) measurements.

Bl INTRODUCTION enhanced oil recovery,'”"" or in cosmetic and pharmaceutical
ap)p)]ica’(ions.lk14 However, compared to emulsions, which are
only kinetically stable, high amounts of surfactant required to
formulate microemulsions pose significant economic and
ecological drawbacks. The latter may arise from surfactants’
potential hazards for humans (e.g, damaged skin from
surfactants in cosmetics) and the ecosystem in general (e.g,
non-biodegradable surfactants).

Efficiency Boosting Effect. A milestone in microemulsion
research was the observation that the addition of small
amounts of amphiphilic diblock copolymers can lead to a
strong reduction of the amount of surfactant needed to
formulate microemulsions.'>'® By means of ternary nonionic

Microemulsions. Microemulsions consist of at least three
different components, with two of them being immiscible
under standard conditions. The miscibility of these two
immiscible components, namely, a hydrophilic/polar compo-
nent (e.g, water) (A) and a hydrophobic/nonpolar compo-
nent (e.g, oil) (B), can be facilitated by an amphiphilic
component (e.g, surfactant) (C). Such mixtures are referred to
as microemulsions' if they are thermodynamically stable,
macroscopically homogeneous albeit nanostructured mixtures
containing an amphiphilic film. Microemulsions are charac-
terized by their multifarious nanostructures” as well as their
enormous interface, and they excel at reducing the oil/water
interfacial tension to low and ultralow values.”™® More than
half a century of extensive research has shown that these Received: May 19, 2020
properties can easily be tuned and adjusted by parameters like Revised:  July 20, 2020
temperature, pressure, or the addition of components such as Published: July 21, 2020
cosurfactants and salts.” The properties themselves and also
their adjustability enable numerous technical applications of
microemulsions, for instance, in washing processes,8‘9
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microemulsions of the type H,O—n-decane—tetraethylene
glycol monodecyl ether (C,E,),'®"” it was shown that
amphiphilic diblock copolymers of the type poly(ethylene
propylene)-co-poly{ethylene oxide) (PEP-b-PEQ)"®' act as a
kind of macrosurfactant forced into the amphiphilic film since
water and n-decane are good solvents for the PEO and PEP
block, respectively. In systematic phase behavior and micro-
structure studies, it was found that in addition to the efficiency
boosting, the addition of PEP-b-PEO polymers also results in
water and oil domains with larger length scales as well as a
further decrease of the already ultralow oil/water interfacial
tension."” Additionally, the formation of liquid crystalline
phases, e.g,, the lamellar phase (L), which are a prominent
feature of microemulsion systems stabilized by long-chain
surfactants (alkyl chain length longer than C,,), can partly be
controlled by adjusting the alkyl chain length of the surfactants
as well as the concentration and block size of the amphiphilic
copolymers.'®'7*° Endo et al. proved by elaborate neutron
scattering experiments employing a high-precision two-dimen-
sional contrast variation technique that the PEP-b-PEO
polymers are indeed anchored in the amphiphilic film, with
the PEP and PEO blocks forming mushroom-like structures in
the oil and water domains, respectively.”! Gompper et al.>*
explained the enormous efficiency boosting effect in terms of
the bending elastic energy”’ of fluctuating polymer-decorated
surfactant membranes by taking into account the effect of the
membrane-anchored copolymers onto the spontaneous
curvature and the bending moduli x and &>** Based on
these theoretical considerations, it was found that the efficiency
boosting effect scales with the number density of block
copolymers anchored into the membrane as well as the end-to-
end distances of hydrophilic and hydrophobic blocks.>** Over
the last two decades, several research groups have investigated
the role of the copolymers’ molecular structure on their
efficiency boosting effect in mostly balanced bicontinuously
structured microemulsions,””>°™>' whereas Foster et al.
utilized the boosting effect of PEP-b-PEO diblock copolymers
to enable the formation of giant water-in-oil microemulsion
droplets.*” Johannson et al. studied the effect of poly(ethylene
oxide)-b-poly(dodecene oxide), poly(ethylene oxide)-b-poly-
(butylene oxide), and the Ketjenlube comb-polymer on
quaternary microemulsion systems of the type D,0—n-
octane—n-octyl-3-p-glucoside—1-octanol.”” Frank et al.”® and
Brodeck et al. used different types of sticker polymers
(hydrophilic alcohol ethoxylates) and Y-shaped polymers
(PEO-b-PEP-b-PEO) in ternary microemulsion systems of
the type D,0—n-decane—C oE,,”* while Klemmer et al. used
poly(ethylene oxide)-b-poly(butylene oxide) (PEO-b-PBO) to
increase the efficiency of pseudo-ternary H,0/NaCl—n-
decane—C (E, microemulsions.”” Recently, some of us have
studied the efficiency boosting effect of a new type of
poly(ethylene oxide)-b-poly(butylene carbonate) block co-
polymers (PEO-b-PBC) in microemulsion systems containing
technically relevant polar oils.”’ Furthermore, the impact of
triblock (ABA or ABC) copolymers such as poloxamers (PEO-
b-PPO-b-PEO),**3* amphiphilic random copolymers,36 and
charged diblock copolymers consisting of poly(ethylene-co-
propylene) and sodium poly(styrene sulfonate) (PEP-b-PSS)*’
as efficiency boosters has been investigated. While all these
amphiphilic copolymers were found to increase the efficiency
of surfactants to solubilize water and oil into each other, the
boosting strength strongly depends on their amphiphilicity as
well as the structure and size of their hydrophilic and
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hydrophobic blocks. On the contrary, a so-called “anti-
boosting” effect was found for non-amphiphilic homopol-
ymers®® and for some special kinds of poloxamers of the type
PEO-b-PPO-b-PEO, where the PPO unit is significantly larger
than the PEO units.”® Although the boosting effect of
amphiphilic diblock copolymers seems to be predestined to
eradicate the disadvantage of the need for high surfactant
amounts to stabilize microemulsions, it has only scarcely found
its way into applications.”> Some prominent reasons for this
are a difficult and expensive large-scale polymer synthesis'” as
well as the weakening of the boosting effect with increasing
dispersity of the polymer blocks, especially in the case of
remaining homopolymers.

Poly(ethylene oxide)-b-Poly(alkyl glycidyl ether)s
(PEO-b-PAIKGEs): A Promising New Type of Efficiency
Boosters. Long-chain alkyl glycidyl ethers (AIKGEs) are
highly hydrophobic epoxide monomers that can be poly-
merized by the conventional anionic ring opening polymer-
ization (AROP) approach adding crown ethers,” via
catalysts™"** or adding phosphazene bases.”> Using the
established AROP approach, the molar masses of the
polyethers can be adjusted by the initiator to monomer ratio.
Due to the absence of catalysts or other toxic components, a
one-step purification protocol yields pure polyethers on a
multigram scale. In this work, we report the synthesis of well-
defined amphiphilic diblock polyethers with narrow dispersities
from D = 1.03 to 1.09. Using different macroinitiators and
long-chain AIKGE monomers, different block copolymers have
been synthesized under systematic variation of the hydro-
philic/lipophilic balance (HLB). We emphasize that due to the
commercial availability of the macroinitiator (Me-PEO, also
called mPEG) and the availability of epoxy monomers in pure
and technical grades, the synthesis of these diblock copolymers
can be performed at low cost and on a multigram scale via the
synthesis route shown in Scheme 1.

Scheme 1. Synthesis of AB Diblock Copolymers Using Me-
PEO Macroinitiators and the Long-Chain Alkyl Glycidyl
Ethers C,,GE, C,,GE, and Technical Grade C,,,,GE

KO'Bu
foforjor
m nO

{’O\/i‘o’H Ln &/OMH [18]crown-6

m i
i=12/14;12; 16 H%
m=22;113

n=3;6;12

80°C
24h
i

Having this new type of easy-to-synthesize poly(ethylene
oxide)-b-poly(alkyl glycidyl ether) (PEO-b-PAIKGE) polymer
with narrow dispersities at hand (cf. Table 1), the objective of
this work was to investigate their influence on both model type
and technically relevant microemulsions. Thus, in a first step,
we studied the effect of Me-P(EO),;3-b-P(C,,GE), on the
phase behavior and microstructure of the model micro-
emulsion system H,0/NaCl—n-decane—C,E,. For technical
applications, such as enhanced oil recovery, efficient
solubilization of long-chain n-alkanes is of interest, which is
why we investigated the extent of boosting of PEO-b-PAIKGE
polymers in H,0/NaCl—n-octacosane—C,4Es microemul-
sions™* in the next step. By means of this microemulsion
system, the effect of varying both the alkyl chain length and the
number of repeating units of the alkyl glycidyl ether block was
studied. With respect to their technical application, the

https:/dx.doi.org/10.1021/acs langmuir.0c01491
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influence of technical-grade “carbonated” poly(ethylene
oxide)-poly{alkyl glycidyl ether carbonate) copolymers was
investigated in the n-octacosane microemulsion and in the
technical-grade system consisting of H,0/NaCl-Sasolwax
5805—Genapol O 050/0 080. In all microemulsion systems
studied, the size of both the PEO and the PAIKGE block was
chosen to be considerably smaller than the diameter of the
water and oil domains to suppress the formation of liquid
crystalline phases. With the analysis of the recorded phase
diagrams and small-angle neutron scattering {SANS) curves,
we finally not only quantified the effect of the polymers on the
bending rigidity x but also used the scaling relation suggested
by Gompper et al 22262 in order to compare the boosting of
the PEQ-b-PAIKGE polymers with the extensively investigated
PEP-b-PEO polymers.

B EXPERIMENTAL PART

Reagents. Solvents, reagents, and surfactants were purchased from
Acros Organics, Bachem, Clariant, Deutero, Eurisotop, Fluka, Sasol
Germany GmbH, Sigma-Aldrich and TCI and used as received, unless
otherwise stated.

For the synthesis of the diblock polyethers, the two different alkyl
glycidyl ethers C;,GE and C,4GE were synthesized to ensure high
purity of the epoxide monomers. Additionally, the synthesized C,,GE
was copolymerized with CO, to generate hydrophobic polycarbonate
blocks. Since the living anionic ring-opening polymerization {AROP)
is limited to epoxide monomers with high purity, additional
copolymerization reactions of CO, with a commercially available
alkyl glycidyl ether mixture (C,,/4GE, technical-grade) were carried
out. All epoxide monomers were dissolved in benzene and dried
overnight under reduced pressure before polymerization to remove
water residues. The dispersities of the purchased macroinitiator Me-
P(EO) 5 (§ kg mol™", B = 1.04) were determined by size-exclusion
chromatography (SEC) (eluent: dimethylformamide (= DMF),
calibration: PEQO, M, = 238—44,000 g mol'). The deuterated
solvent (chloroform-d) used for nuclear magpetic resonance (NMR)
measurements was received from Deutero GmbH.

For the phase behavior studies, double-distilled H,0, n-decane
(CoHy,, Sigma-Aldrich, purity of >99%), and #-octacosane {C,gHye,
Acros Organics, purity of 99%) were used. Sasolwax 5805 (Sasol
Germany GmbH) was used as a technical-grade mixture of linear (n)
and branched (iso) alkanes ranging from C,, to C,q with an average
carbon number of 30.5 (see gas chromatography (GC) spectrum in
ref 44). As pure surfactants, tetraethylene glycol monodecyl ether (=
CEy CigHigOy, Bachem AG, purity of >99%) and hexaethylene
glycol monohexadecyl ether (= CyBg, CygHsO;, Fluka, purity of
>98%) were used. Technical-grade nonionic surfactants of the
Genapol O series (Clariant (Frankfurt, Germany)), which consist of
ethoxylated oleyl alcohols with a broad distribution of their
ethoxylation degrees, were utilized. For Genapol O 050 and Genapol
O 080, the mean ethoxylation degrees are $ and 8, respectively. For
the SANS measurements, 1,0 was replaced by D,0 (Eurisotop,
purity of 99% D) to adjust bulk contrast.

Synthesis. The synthesis and purification of the commercial
monomers as well as the pure C,GE and C ;GE epoxide monomers
were carried out as reported before. Additionally, the synthesis of the
homopolymers was performed as reported in ref 40. The synthesis of
the novel diblock copolymers employed in the current study is
described in the following.

Diblock Copolymer Synthesis. In the following, the general
reaction procedure for the synthesis of the PEO-b-AlkGEs is
described by means of Me-P(EQ),1-b-P(C1,GE)g. In a 50 mL
Schlenk flask, 1 g (0.2 mmol, 1 equiv) of Me-P(EO),,3 (M, = 5.000 g
mol™), 17.9 mg (0.16 mmol, 0.8 equiv) of potassium fert-butoxide
(KO'Bu), and 84.6 mg (0.3 mmol, 1.6 equiv) of 18-crown-6 were
dissolved in 5 mL of a benzene/methanol mixture (4.5 mL benzene /
0.5 mL methanol). Subsequently, the mixture was dried overnight
under reduced pressure at 60 °C to yield the partly deprotonated
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initiator. The reaction mixture was heated to 80 °C and 290 mg (1.2
mmol, 6 equiv) of the dried C,GE were added with a syringe under
argon {1 atm). The reaction mixture was then stirred for 24 h at 80
°C. After completion of the reaction, 1 mL of methanol and 3 mL of
dichloromethane (DCM) were added at room temperature. The
product was precipitated in diethyl ether at room room temperature,
centrifuged, and the precipitated product was dried under reduced
pressure at 40 °C. Subsequently, the polymer was dialyzed in
methanol to fully remove salts and crown ether residues. "H NMR
(300 MHz, chloroform-d) & (ppm) = 3.93—3.39 (m, 588 H,
backbone), 3.37 (s, 3 H, CH;—0), 1.60—1.46 (m, 12 H, O CH,
CH,), 1.37—1.18 {m, 108 H, O CH, CH, (CH,)y CH,), 0.86 (t, 18
H, J = 7.0 He, CH,).

The “carbonate” polymers used in this work contain a CO, group
within the hydrophobic alkyl glycidyl ether block of the polymer. The
general reaction procedure is described for Me-P(EQ),;-P-
(C0O,C)/14GE);. An autoclave equipped with a stirring bar was filled
with 1 g (0.2 mmol, 1 equiv) of Me-P(EO), ;5 (M, = 5000 g mol™"),
1.95 g (8 mmol, 20 equiv) of the dried Cy;,,GE (technical-grade),
15.3 mg (0.024 mmol, 0.6 equiv) of Co(Salen)Cl, and 13.7 mg (0.024
mmol, 0.6 equiv) of [PPN]C] under an argon atmosphere. The
reaction mixture was stirred under a carbon dioxide pressure of 50 bar
at room temperature for 20 h. The crude product was dissolved in
DCM, and the catalyst was deactivated with 0.5 mL of a solution of 5
vol % HCl in methanol A neutral aluminum oxide column and 400
mL of tetrahydrofuran (THF) as the eluent were used for further
purification of the product to eliminate the catalyst. The solvent was
evaporated under reduced pressure, and the product was dissolved
again and precipitated in ice-cold diethyl ether. The colorless solid
was then dried under reduced pressure for 24 h. "H NMR (300 MHz,
chloroform-d) & (ppm) = 5.04 (s, 7 H, carbonyl backbone), 4.43—
421 (m, 14 H, carbonyl backbone), 3.96—3.75 (m, 14 H, O CH,
CH), 3.75-3.60 (m, 538 H, polyether backbone and —O—CH,—
CH,-), 341 (s, 3 H, CH,—0), 1.65—1.48 {m, 14 H, O CH, CH,),
1.39-1.15 {m, 246 H, O CH, CH, (CH,), CH,), 0.92-0.87 {m, 21
H, CH;). The synthesis protocol for the diblock copolymers with the
general structure Me-P(EQ),;-P(CO,C,GE), that contain pure
C,GE in combination with carbon dioxide follows the same
procedure as the use of the Cy,,,,GE mixture (technical-grade) but
with decreased amounts of the catalyst system (0.06 equiv).

‘While the poly(ethylene oxide)-poly(alkyl glycidyl ether)s (PEO-b-
PAIKGE) were synthesized with a high yield between 70 and 98%, the
yield of the “carbonated” poly{ethylene oxide)-poly(carbonate alkyl
glycidyl ether) analogs was moderate {30 to 60%, Table S1).

Phase Behavior Studies. The procedure for the investigation of
the phase behavior of nonionic microemulsion systems can be found
elsewhere.* Here, we will only focus on the most important
procedures for the water/NaCl (A)—oil {(B)—nonionic surfactant
(C)/amphiphilic diblock copolymer {D) systems studied in this work.
For sample preparation, all components are weighed in test tubes with
an accuracy of Am = + 0.001 g, starting with the amphiphilic diblock
copolymer (smallest amount) and the surfactant(s) followed by the
respective oil, which are known to be good solvents for nonionic
surfactants. To avoid the formation of liquid crystals, water/NaCl
(“brine”, with £ = 0.001) was added in the last step. Before the test
tubes were sealed with a polyethylene stopper, a stirring bar was
added to the sample. After homogenization at low and high
temperatures, the samples’ phase behavior was studied as a function
of temperature with the help of a temperature-controlled water bath
(Thermo-Haake DC30, with a temperature control up to AT = 0.02
K). For this, the samples were stirred until the temperature
equilibrium was reached. The stirring was then stopped, and the
numbers and types of coexisting phases were determined by visual
inspection of both transmitted and scattered light using crossed
polarizers to recognize anisotropic phases. After the phase transition
temperatures were determined with a precision of AT = +0.05 K for a
given composition, the sample was diluted with brine and oil to repeat
the process for lower values of y.

In order to characterize the phase behavior of a microemulsion

system in general and the efficiency boosting effect of amphiphilic

https://dx.doi.org/10.1021/acs langmuir.0c01491
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block copolymers in particular, it has been proven useful to perform
the so-called T{y) sections through the Gibbs phase pﬂ'sm.“f45 To
be more precise, the phase behavior was studied as a function of
temperature and mass fraction
me + mp
y=
my, + mg + M + mp

)
of amphiphiles, which comprises both surfactant(s) {C) and block
copolymer (D). The mass fraction a of oil (B) in the brine (A)/oil
(B) mixture was adjusted to a value that corresponds to a volume
fraction

-
¢ =—2— = 0500
Vi + Vs

@

using the respective components’ densities. Note that for these
symmetric systems, using equal volumes of oil and water results in a
zero mean curvature of the amphiphilic film at the phase inversion
temperature (PIT or 7). Traces of sodium chloride (= NaCl) were
added to water (mass fraction & 0.001) to screen possible
electrostatic interactions of ionic impurities.

The amount of polymer (D) within the overall amphiphilic mixture

is defined as follows

g=—"2
me + mp (3)

For the analysis of the recorded phase diagrams and scatterin§
curves with respect to the scaling of the efficiency boosting effect,””
the respective volume fractions ¢c; of the surfactant in the
amphiphilic film is needed. ¢hc; can be calculated from the volume
fraction

_ v %
TV AVt e+ Vi

% @

of surfactant in the overall mixture taking into account the monomeric
solubility
Ve monb

B mons =
T Vome VB

&)
of the nonionic surfactants in the oil according to
¢c,monb(1 - ¢c)¢
Vv,

tot

e ®

Here, Ve, is the surfactant volume monomerically solubilized in
the oil volume Vj. For the studied systems, monomeric solubilities of
@cropgmens = 0.016 in a-decane’’ and Peressmem = 0.014 in #-
octacosane were used for the respective phase inversion temperatures
(PIT). Both values were determined from measurements of the
microemulsion {middle) phase volume as a function of y at the PIT.
Note that the monomeric solubility of Cj4E, and Ci4E4 as well as of
technical-grade Genapol O 050 and Genapol O 080 in water (cmc)
can be neglected.” For the sake of completeness, the volume fraction

of copolymer
by = —2
PVt Vot W 7)

can be estimated assuming a polymer density of 1 g cm™°.

Instrumentation. "H NMR (300 MHz) spectra were recorded on
a Bruker Avance IIl HD (300 MHz, § mm BBFQO-head with z
gradient and ATM, BACS 60 sample changer) and referenced
internally to the proton signal of the deuterated solvent (here:
chloroform-d).

Size exclusion chromatography (SEC) was performed in DMF with
1 g/L lithium bromide as the eluent and MZ-Analysetechnik HEMA
300/100/40 columns at 50 °C, using an RI detector at a flow rate of 1
mL/min. Calibration was carried out using poly{ethylene glycol)
(PEO) standards provided by PSS. Additional SEC measurements
were performed in THF using an MZ-Gel SD plus e5/e3/100 column
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at 30 °C. Calibration was carried out using polystyrene standards
provided by PSS.

Differential scanning calorimetry (DSC) measurements were
carried out under a nitrogen atmosphere using a PerkinElmer DSC
8500 in the temperature range of —50 to 70 °C, with heating rates of
20 K min~" and 10 K min~" for the first and second heating cycle,
respectively. A temperature plateau at 70 °C for 1 min was used after
the first heating followed by a cooling run with a rate of 10 K min~%,

Small-angle neutron scattering (SANS) measurements were
performed to study the influence of the new PEQ-b-PAIKGE
copolymers on the microstructure of the respective microemulsions
and to determine the end-to-end distances of some of the
homopolymers in the respective solvents. All scattering curves were
recorded by adjusting the so-called bulk contrast. Therefore, HyO was
replaced by D,0 while keeping the sample composition constant with
respect to their volume ratios. Note that for D,0, the phase
boundaries are about 2 K lower than for H,0.' For the
determination of the end-to-end distances of the PAIkGE
homopolymers, deuterated n-alkanes were used.

All scattering experiments on microemulsion systems were
performed using the D11 spectrometer of the Institut Laue-Langevin
(ILL) in Grenoble {France), where a neutron wavelength of 1 = 5.5 A
with a wavelength spread of Al/A = 9% (fwhm, specified by the ILL)
was adjusted. Three different detector/collimation distances, namely,
39 m/40.5 m, 8 m/20.5 m, and 1.5 m/8 m, were used to obtain a
scattering vector

4777“(%) ®)

ranging from 0.0016 A™" to 0.4695 A™". The SANS experiments on
homopolymers in their respective solvents were performed at the
instrument NG7 30 m SANS at the National Institute of Standards
and Technology (NIST) in Gaithersburg, Maryland (USA) and the
KWS-1 instrument operated by the Jiilich Centre for Neutron Science
(JCNS) at the Heinz Maier-Leibnitz Zentrum (MLZ), Garching
(Germany). While at the NIST, the following settings were used:
wavelength 1 = 6 A and detector/collimation distances of 1.33 m/5.42
m, 4 m/8.52 m, and 13.17 m/14.72 m, resulting in a g range from
0.0126 to 0.4450 A7 at the MLZ, A = § A and det./coll. = 1.5 m/8
m, 8 m/8 m, and 20 m/20 m were adjusted, resulting in a g range
from 0.0097 to 0.5835 A\ The wavelength distribution was A1/1 =
13.8% (fwhm) at the NG7 30 m SANS and 10% at KWS-1.

The measured scattering intensities were normalized to the
absolute scale using the incoherent scattering of H,O (optical path
length 1 mm) at the [LL, empty beam measurements at the NIST,
and Plexiglas (optical path length 1.5 mm) at MLZ. The software
packages LAMP (ILL), IGOR Pro (NIST), and QtSAS (MLZ) were
used to perform the reduction of the raw data. To obtain the
differential cross section do{g)/d€d = I{g), the data were radially
averaged masking defective detector pixels and taking into account
dark current and empty cell scattering as well as the detector dead
time.

Prior to the SANS measurements, the phase behavior of the
microemulsion samples was checked in a water bath at the desired
temperatures. All samples were then filled into Hellma quartz QS glass
cells with an optical path length of 1 mm, Afterward, the samples were
transferred into our home-built 5 position cell holder, which allows
temperature adjustments with an accuracy of +0.1 K. Note that this
cell holder can be shaken manually to ensure the mixing and
homogeneity of the microemulsion samples. Before and after each
measurement, the homogeneity of the samples was checked visually
after several minutes of waiting time. Note that at the NIST, where
only homopolymer samples were studied, the onsite cell holder was
used.

q=

Bl RESULTS AND DISCUSSION

This section starts with the characterization of the Me-
P(EO)113-17-1’((2GE)m Me-P(EO)llrb-P(COZC!GE)W and
Me-P{EQ};3-P{C0O,Cy,/14GE)},, copolymers. Subsequently,
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Figure 1. SEC traces of the synthesized diblock copolymers using Me-P(EQ), 5 as a macroinitiator in combination with pure C,,GE, pure C,,GE,
and technical-grade CO,C,5/1,GE (eluent: DMF, calibration: PEO standards).

the influence of this new type of amphiphilic copolymers on strated by varying the copolymer concentration (§) as well as
the solubilization efficiency and microstructure of micro- the alkyl side chain length (i) and the number of repeating
emulsions containing n-decane or n-octacosane is demon- units of the alkyl glycidyl ether block (). To suppress the
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formation of liquid crystalline phases, the size of the PEQO
block was set to 113 EQ, while the PAkGE block was chosen
to not be larger than i = 16 and n = 9, ensuring that the end-to-
end distances of the two blocks are considerably smaller than
the diameter of the water and oil domains in the micro-
emulsion (see Table 2 and Table $4).***" To prove that the
efficiency boosting effect can be successfully transferred to
technical applications, the technical-grade Me-P(EQ),,,-P-
(C0O,C15/14GE); polymer was used to boost the efficiency of
technical-grade Genapol O surfactants to solubilize Sasolwax
5805 in brine. The last part of this section deals with the
quantification of the copolymers’ effect on the bending rigidity
x as well as the comparison of the boosting strength of this new
copolymer type with the extensively investigated PEP-b-PEQ
polymers by applying the scaling relation of Gompper et al 2226

Synthesis and Characterization. The polymerization of
hydrophobic long-chain alkyl glycidyl ethers (here: C,,GE and
C,,GE} with commercially available monofunctional Me-PEO
macroinitiators (M, = 5000 g mol™')} leads to amphiphilic
diblock copolymers with tailorable hydrophobic/hydrophilic
ratios on a multigram scale. Due to the underlying mechanism
of the anionic ring opening polymerization (AROP), the
different polymerizations yield diblock polyethers with
monomodal and natrow molar mass distributions ranging
from B = 1.03 to 1.08 (see Figure 1).

The experimentally determined molar masses (M, )
(Table 1 and Table S1) are in good agreement with the
theoretically calculated molar masses (M, g..). However, it
should be noted that for Me-P{EQ),3-b-P(C,GE); and Me-
P(EO),,5-b-P(C4GE )y, a higher degree of polymerization of n
= 12 was targeted. The lower values could be explained by
impurities in the epoxide monomers or the reaction mixture
(e.g, water), leading to termination of the polymerization
reaction or to the formation of additional living chain ends and
the formation of homopolymers with increasing amount of
monomer. However, narrow molar mass distributions for all
synthesized diblock copolymers were obtained, indicating a
controlled polymerization.

Differential scanning calorimetry (DSC) measurements of
the synthesized amphiphilic diblock copolymers reveal the
presence of two different melting temperatures T, that can be
assigned to the melting points of the PAIKGE and the PEO
block, respectively. These results are in good agreement with
previous investigations of ABA triblock copolymers and similar
systems, indicating a phase segregation of the respective blocks
driven by crystallization of both PEO and the long alkyl chains
(Figures S2 to S11 and Table §1).%%*~%*

Efficiency Boosting of Me-P(EO},,,-b-P(C,,GE), in
H,0/NaCl—n-Decane—C,4E,. It was 20 years ago that Jakobs
et al. discovered the efficiency boosting effect by adding small
amounts of amphiphilic block copolymers of the type PEP-b-
PEO to the symmetric {equal volumes of water and n-decane;
¢ = 0.500) model microemulsion system H,O—n-decane—
C,E,."® By considering these studies as a kind of benchmark,
we systematically studied the influence of the new type of
poly(ethylene oxide)-b-poly(alkyl glycidyl ether) copolymer on
the phase behavior and microstructure of the same micro-
emulsion system. Note that we added traces of NaCl to water
(mass fraction & = 0.001) to screen possible electrostatic
interactions of ionic impurities. Besides the facile synthesis, the
adjustability of the molecular structure of the PEQO-b-PAIkGE
copolymers is an outstanding property. By deliberately varying

m, n, and i, the number of repeating units of the two blocks and
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Table 1. Synthesized Amphiphilic Diblock Copolymers,
Their Experimentally Determined Molar Masses Obtained
from "H NMR,” Molar Mass Distribution P Obtained from
SEC,” and Melting Temperatures (T,,) of the Two Polymer
Blocks within the Diblock Copolymer?

M thao Moy Ty,
polymer sample (g mol™") (g mol™)* " (°C)°
Me-P(EO),,;-b-P(C,GE), 5699 5700 105 —4 8§
Me-P(EQ),,5-4-P(C;GE)4 6426 6400 108 1;53
Me-P(EO),13-b-P(C1,GE), 6668 6670 1.06
Me-P(EQ), b 6911 6910 1.06  3; 53
P(CUGE)E*
Me-P(EO),,;-b-P(C sGE); 5866 5870 104 36
Me-P(EQ),,;-6-P(C,,GE), 6760 6760 106 3553
Me-P(EQ), 5-b- 7654 7650 105 38 52
P(C1(GE)s*
Me-P(EQ), b~ 5831 5830 104 —3; 54
P(CO,CLGE);
Me-P(EQ),,5-b- 7849 7550 108 —2; 54
P(COLCLZGE)9
Me-P(EQ), 55~ 5872 5870 106 3; 53
P(CO,C10.GE)s
Me-P(EO), b 7072 7070 105 —3; S3

P(CO,C11GE);
“Determined by 'H NMR (300 MHz, CDCL). Determined by SEC
(eluent: DMF, calibration: PEQ standards). “Measured by DSC; the
first listed melting temperature (T,) can be assigned to the alkyl
glycidyl ether block and the second T, can be assigned to the PEO
block. #Asterisk {*) indicates that more repeating units were targeted.

also the length of the alkyl side chain within the AIKGE block
can be adjusted.

As a starting point, similar to Jakobs et al. in their 1999
paper,16 we demonstrate the boosting effect of the new Me-
P{EQ),,3-b-P{C,GE), copolymer by preparing four different
samples of the symmetric microemulsion H,0/NaCl—n-
decane—C,(E,/Me-P{EO),,;-b-P(C,,GE),. When using the
same overall volume, equal volumes of oil and water (¢ =
0.500), and a constant surfactant plus copolymer mass fraction
y = 0.050 (yellow star), all samples form three phases at the
phase inversion temperature T = 30.7 °C of the system without
the polymer. The photos in Figure 2 impressively show that
the volume of the microemulsion {middle) phase strongly
increases when the mass fraction & of Me-P(EO), 5-b-
P(C,GE), in the C\(E;/Me-P(EQ),3-b-P(C,,GE), mixture
is increased from & = 0 to § = 0.075. Thus, much more water
and oil can be solubilized by the same amount of amphiphile.
This emphasizes a strong increase of efficiency, which is also
reflected by the changing visual appearance of the micro-
emulsion phase from opalescent to whitish. The increasing
length scale of the water and oil domains obviously leads to a
stronger light scattering. Furthermore, the water and oil excess
phases exhibit almost identical volumes, which strongly
indicates that the hydrophilic—lipophilic balance seems to be
unaffected by the addition of copolymer.

As a next step, the influence of the Me-P(EQ),yb-
P{C1,GE}, copolymer on the phase behavior of the H,0/
NaCl—n-decane—C,E, system was quantitatively studied as a
function of temperature and mass fraction of amphiphile
(surfactant and copolymer)} at a constant ¢ = 0.500 and £ =
0.001. The recorded phase diagrams are shown on the left side
of Figure 2. In general, the phase behavior of all systems
resembles the well-known phase behavior of nonionic
microemulsion systems.46 A fishtail-shaped one-phase region

https://ex.eloi.org/10.1021/acs langmuir.0c01491
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35 - T . occurs at intermediate temperatures between two phase
= 0.500 boundaries. While at lower temperatures, an oil-in-water
& =0.001 microemulsion co-exists with an oil excess phase (2), a

T/:2C

v

o
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Figure 2. Left: T(y) diagrams of the system H,O/NaCl—n-decane—
C1pE4/Me-P(EO),;5-b-P(C,GE),, recorded at 5 = 0 (blue circle),
0.025 (green square), 0.050 (light blue triangle up), and 0.07S
(fuchsia triangle down) with ¢ = 0.500 and £ = 0.001. 1, 2, 2,and 3
denote the regions where a one-phase microemulsion (1), or
coexistences of an o/w microemulsion with an oil excess phase (2),
a w/o microemulsion with water excess phase (5) , and a bicontinuous
microemulsion with water and oil excess phases (3) can be observed.
The shift of the X points toward lower values of y upon increasing &
clearly proves the strong efficiency boosting, which is also visible by
the growth of the microemulsion phase shown in the photos of
samples prepared at T = 30.7 °C and y = 0.050 (yellow star) with
varying & values. Right: bulk contrast SANS curves of samples
recorded along two pathways: Close to the respective X points, the
scattering peak shifts to smaller g values and higher intensities with
increasing polymer content. Note that the curves are displaced by a
factor of 10. Inset: Scattering curves of samples at ¢hc = 0.144 exhibit
an increasing sharpness of the scattering peak with increasing 8. All
curves are analyzed using the TS model™ taking into account double
scattering.sh"SS
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water-in-oil microemulsion co-exists with a oil excess phase (2)
at higher temperatures. With decreasing mass fraction y of the
amphiphile, the phase boundaries converge and eventually
coincide in the so-called optimum point X, defined by the
minimum amount ¥ of the surfactant plus the polymer needed
to form a microemulsion at the phase inversion temperature
PIT (T) At mass fractions below 7, a three-phase region (3)
can be found between the two-phase regions. Note that in this
study, we primarily focus on the influence of the new
amphiphilic block copolymers on the so-called optimum
point X. Therefore, mainly the phase boundaries limiting the
one phase region at y > 7 were determined.

Starting with the phase diagram of the pseudo-ternary
microemulsion system, the X point can be found at ¥ = 0.135
and T = 30.6 °C, which is in an almost quantitative agreement
with the literature."® Upon replacing only a small fraction of
CoE; with Me-P(EQ),,;-b-P(C,,GE), (6§ = 0.025), ¥
decreases to 7 = 0.114; i.e., the efficiency to formulate a
microemulsion increases. At the same time, the PIT increases
to T = 31.1 °C because the hydrophilic Me-P(EO),,5-block is
larger than the hydrophobic P(C,GE),-block>* A further
increase of & shifts the minimum amount of C\(E, and Me-
P(EO),;5-b-P(C,GE); needed to formulate a microemulsion
to even lower values. For § = 0.075, a value of ¥ = 0.077 is
found. Thus, both the phase diagrams and the swelling of the
volume of the microemulsion phase prove the strong efficiency
boosting of the PEO-b-PAIKGE copolymers. Whether the
boosting effect of the new type of copolymer is comparable to
the extensively investigated PEP-b-PEQ polymers will be
discussed at the end of this section by applying the scaling
relation of Gompper et al””® Note that the X points are
compiled in Table S2 of the Supporting Information in the
form of 7 and T values.

Subsequently, the influence of the Me-P(EO),;-b-P-
(C,GE); copolymer on the microstructure of the D,0/
NaCl—n-decane—C(E, systems was studied by two sets of
systematic SANS experiments. The scattering curves recorded
in bulk contrast are shown on the right side of Figure 2. All
curves resemble the typical shape found for bicontinuous
microemulsions:™ Starting from low g values, where the curves
show a plateau, a scattering peak is found at middle q = ¢,
after which the intensity decreases proportionally to ¢~* before
the incoherent background is reached. However, due to the
strong scattering and the neutron path length of 1 mm,
contributions of multiple scattering can be observed especially
around q & 24,

In the main part of Figure 2 (right), the scattering curves of
the first set of experiments, which were performed to
determine the length scale and the ordering of the efficiency-
boosted microemulsions, are shown. These samples were
prepared near the X point of the respective system, ie, in the
one-phase region at ¢op X ¢, p + 0.02. Here, the
surfactant/copolymer volume fraction ¢y, is used instead of
the mass fraction y (taking into account the higher density of
D,0) in order to adjust the same volume composition of phase
behavior and SANS samples. Considering the trend of the
scattering curves with increasing Me-P(EO);;3-b-P(C1,GE),
content, a strong shift of the scattering peak to lower g and
higher I can be observed when § is increased from 5 = 0 to
0.075. This shift is a clear indication of increasing water and oil

httpsi/dx.doi.org/10.1021/acs Jangmuir0c01491
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domain sizes in the bicontinuous microstructure, which is in
agreement with the shift of the X point to lower surfactant
mass fractions ¥ induced by the efficiency boosting of Me-
P{EQ),,3-b-P{C,GE), copolymers. Furthermore, the sharp-
ness of the scattering peak increases slightly, indicating that the
copolymer induces a better structural ordering of the
bicontinuous microemulsion.

The scattering curves are analyzed using the model by
Teubner and Strey®” taking into account double scattering
contributions®*° according to

Kq) =

IOZ
+ P Imcoh
1- I ql T Top
Tana J\ 40, Tn (©)

where I, = I;(1 — fa) and I, = L:fx are the single and
double scattering contributions of the scattering intensity at g
= (, respectively. f specifies the fraction of double scattering
and « is the additional broadening due to higher order multiple
scattering contributions and the wavelength spread of the
neutrons. Similady, L., = L. (1 — f) and Lo = L f are
the single and double scattering contributions of the scattering
at g4 = g, and g = 24, ., respectively.

Relating Iy, a1, 3a0d gy to the coefficients of the order
parameter expansion via a, = 1/I5), ¢ = (1/Iy =1/ .00/
qmax", and ¢, = —chqmmz, the periodicity drs, the correlation
length &1 and the amphiphilicity factor f, can be determined

12 —1/2
1| a lc
Srg = z[—l] + 1—1
c c, (10)
1/2 —1/2
1| a lc
dpg = 27| —| = - ==
2, 4c,

(11)

and

1

%
V4ae, (12)

f. is an important parameter to quantify the amphiphilic
strength of an amphiphile and the structural order of a
microemulsion system. While positive values are found for
uncorrelated interfaces in disordered systems, negative Sfa values
are observed for systems with correlated interfaces. o-se By
crossing the Lifshitz line, located at f, = 0, toward negative f,
values, a peak develops in the scattering curve 557 Typically,
for microemulsions the f, value ranges between —0.6 and —
0.9. The more negative the amphiphilicity factor, the better the
structuring of the microemulsion. Note that a perfectly
stmcturesxsi {sagme]lar phase exhibits an amphiphilicity factor of
fm -1

Additionally, the parameter drs and &pg can be used to
determine the bending rigidity

Ksang _ lOs/gzzﬁ
kT 64 dog (13)

using the model of random interfaces derived by Safran et al®”
with kp being the Boltzmann constant. Note that recent
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simulations on triangulated surfaces™ as well as elaborate
experimental studies, including phase behavior, SANS, and
neutron spin echo {NSE) experiments,61 indicate that xgays
determined this way (eq 13) is rather a mixture of the bending
rigidity x and the saddle splay modulus X. Nevertheless, in this
study we used the model of random interfaces to analyze the
SANS curves because of the following reasons: First, in order
to separate the contributions of k¥ and ¥ to Kgsys, one of two
parameters has to be determined using independent methods.
NSE, which is a reliable but elaborate method to determine the
bare bending rigidity x,, was not available. Second, the bare
saddle splay modulus ¥, can in principle be determined from
the location of the so-called optimum point X, ie, the
instability of the bicontinuously structured micoemulsion.*> %
However, the exact value of X at X is not exactly defined. While
usually ¥ is set to 0 at the X point,ﬁzf64 Holderer et al. had to
use B, = 0.28k;T°" in order to achieve agreement with both the
predicted relative contributions of x and & {0.15 and —0.85,
respectively®’} as well as the values of the bare bending rigidity
Ko determined by NSE.

The fit of the experimental scattering data by eq 9 is shown
as black solid lines in Figure 2, right. It not only describes the
peak but the entire scattering curve almost quantitatively. The
sample composition, measuring temperature, dyg, Erg f,y and
Ksans (according to eq 13) are summarized in Table 2. In
accordance with the shift of the scattering peak to lower g, the
periodicity dpg increases by almost a factor two from 272 to
484 A when & is increased from & = 0 to 0.075. Simultaneously,
the amphiphilicity factor f, becomes slightly more negative and
the bending rigidity Ksays increases somewhat. Both trends
indicate a slightly better structural ordering, which is most
probably caused by an increasing relative distance of the SANS
samples from the X point.

In the second set of SANS experiments, the influence of the
Me-P(EOQ),,5-b-P(C;GE}, copelymer on the microstructure
was studied at constant surfactant volume fraction ¢c = ¢co +
0.02 = 0.144. Note that ¢c, defines the surfactant volume
fraction at the X point of the polymer-free system (8 = 0). The
inset in Figure 2 {right) shows the respective scattering curves
with focus on the region around the scattering peak. As can be
seen, the peak, which stays almost at the same g, becomes
significantly sharper when § is increased from 6 = 0 to 0075,
indicating a considerably better ordering of the bicontinuous
structure. Indeed, the analysis of the scattering data by the
extended TS model {eq. 9) provides an almost constant
periodicity {as expected for ¢ = 0.144 = constant) but an
increasingly negative f, value, decreasing from f, = —0.83 to f, =
—0.91, proving the presence of very well-structured bicontin-
uous microemulsions.””® Simultaneously, the addition of Me-
P(EO),3-b-P(C,GE); leads to a considerable increase of the
amphiphilic film’s bending rigidity xgsys which increases from
0.44k5T to 0.61ksT.

Efficiency Boosting of Me-P(EO),;5-b-P(C,,GE); in
H,0/NaCl—n-Octacosane—C,4E;. For some technical appli-
cations, as for instance enhanced oil recovery {EOR) but also
cleaning and washing processes, the efficient solubilization of
long-chain oils and waxes in microemulsions is of great interest
because it is closely related to ultralow values of the oil/water
interfacial tension and excellent wetting pmpertie&z"?”55 Very
recently, it was shown that symmetric microemulsions
containing pure long-chain oils {e.g, n-octacosane} or even
technical-grade waxes {e.g,, Sasolwax 5805) can be formulated
using on the order of 15 wt % pure and technical-grade non-

https://ex.eloi.org/10.1021/acs langmuir.0c01491
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Table 2. Composition and Measuring Temperature of SANS
Samples of Different Microemulsions Boosted by the New
Me-P(EO),;-b-P(C,GE), Copolymer Together with the
Obtained Fit Parameters”

Tsans

9] 5 bc ¢ E/A /A f,
D,0/NaCl—n-decane (C;oHy,)—CoE,/Me-P(EQ),3-b-P(C,GE),

KsANs
(ksT)

29.0 0 0.144 0 142 272 —0.83 044
29.0 0.025 0.125 0.003 178 317 —0.85 048
29.0 0.050 0.098 0.00S 23S 406 —0.86 0.49
29.0 0.075 0.083 0.007 285 484 —0.86 0.50
29.0 0.025 0.143 0.004 174 270 —0.89 0.55
29.0 0.050 0.142 0.007 189 264 —=0.91 0.61
29.0 0.075 0.142 0.011 183 255 —-0.91 0.61
D,0/NaCl—n-octacosane (C,Hss)—CE¢/Me-P(EO);3-b-P(C1,GE),

65.3 0 0.155 0 195 307 —0.88 0.54
653 0.050 0.112 0.006 277 438 —0.88 0.54
653 0.100 0.078 0.008 405 634 —0.89 0.55
65.3 0.050 0.154 0.008 228 300 —0.92 0.65

D,0/NaCl-Sasolwax 5805—Genapol O 050/080/Me-P(EO),5-b-
P(CO,C1/14GE),

67.6 0.100 0.114 0.012 241 623

“Symmetric microemulsions at constant ¢ = 0.500 and ¢ = 0.001 were
studied at the temperature Tgyyg (close to the PIT). Their
composition is specified by the copolymer mass fraction § within
the overall amphiphilic mixture, the surfactant and copolymer volume
fractions ¢ and ¢y, respectively. The accuracy of the periodicity drg,
the correlation length &y, the amphiphilicity factor £,°°7% and the
bending rigidity KSANSJQ is of the order of +3 A, + 4 A, + 0.015, and =
0.015kp T, respectively.

=071 033

ionic n-alkyl polyglycol ether type surfactants.***® However, in

order to decrease the environmental impact of surfactants and
the overall costs, a considerable reduction of the amount of
surfactant needed to form microemulsions is highly desirable.

This was our motivation to study whether the new PEO-b-
PAIKGE copolymers can also be used to increase the efficiency
of long-chain surfactants to formulate microemulsions
containing long-chain oils or even technical-grade waxes.
Thus, the influence of Me-P(EO);;;-b-P(C;,GE), on the
phase behavior of the H,0/NaCl—n-octacosane—hexaethylene
glycol monohexadecyl ether (Cy(E) system was quantitatively
studied by recording a T(y) section at constant ¢ = 0.500 and
£ = 0.001. The phase diagrams for different polymer contents
are shown on the left side of Figure 3. As can be seen, strong
efficiency boosting was also found in this microemulsion
system, which exhibits a relatively high phase inversion
temperature of T = 66.8 °C. Upon replacing only a small
fraction of CyEg by Me-P(EO);,3-b-P(C1,GE), (6 = 0.050),
the one-phase region extends to lower mass fractions of the
amphiphile, with the X point decreasing from 7 = 0.144 to ¥ =
0.105. Further increasing & to § = 0.100 shifts the X point to an
even lower value of ¥ = 0.071. Note that the PIT stays almost
constant at T = 66.8 °C, whereas it slightly increases in the n-
decane microemulsions with increasing 6. Furthermore, a two-
phase coexistence of a lamellar (L,) and a microemulsion
phase can be found at relatively large y values. This behavior is
in agreement with the results obtained for the efficiency
boosting in n-decane microemulsions with PEP-b-PEO
copolymers. At low values of 8, a suppression of the liquid
crystal formation, e.g, the L, phase, was observed, while the
opposite effect, i.e., a stabilization of liquid crystal phases, was
found for § > 0.10."*° Note that the appearance of liquid
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Figure 3. Left: T(y) diagrams of the system H,0/NaCl-n-
octacosane—C ;E¢/Me-P(EQ), 5-b-P(C,GE),, recorded at § = 0
(blue circle), 0.05 (green square) and 0.10 (light blue triangle) with ¢
= 0.500 and & = 0.001. The shift of the X points toward lower values
of y upon increasing & clearly proves the strong efficiency boosting.
Right: bulk contrast SANS curves of samples recorded along two
pathways: For samples close to the respective 5(pnint§, the scattering
peak shifts to smaller ¢ values and higher intensities with increasing
polymer content. Note that the curves are displaced by a factor of 10.
Inset: samples at ¢ = 0.155 exhibit an increasing sharpness of the
scattering peak when increasing & to & = 0.050. All curves are analyzed
using the TS model,>* taking into account double s&:ﬂttering.si*’55

crystal phases, such as the lamellar phase, is ambiguous. While
they are preferentially used, e.g,, in food applications®” or as
templates for the synthesis of mesoporous silica,®® the
formation of these often highly viscous phases is undesirable
in applications,” where microemulsions should be highly
dilutable with water or oil.

httpsi/dx.doi.org/10.1021/acs Jangmuir0c01491
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The observed efficiency boosting of Me-P(EQ),;-b-
P(C,,GE), in the n-octacosane microemulsion at high
temperatures indicates that the copolymer influences the
microstructure of the n-decane and the n-octacosane micro-
emulsions in a similar way. Indeed, as can be seen in Figure 3
(right), the scattering peak of the samples prepared near the X
point (¢c.p, & e b +0.02) also strongly shifts to lower ¢ and
higher I when & is increased from 6 = 0 to 0.100. Describing
the experimental scattering data by eq 9 (black solid lines)
yields an increase of the periodicity drs by more than a factor
two from 307 to 634 A when § is increased from § = 0 to
0.100. Interestingly, the amphiphilicity factor, which stays
almost constant at f, & —0.88, is more negative than the
amphiphilicity factor of the n-decane microemulsion. Con-
sequently, the value of the bending rigidity kgans = 0.55kpT is
larger. Both values indicate a better structural ordering of the
C,4E¢-stabilized n-octacosane microemulsions, most probably
caused by the longer alkyl chain of the surfactant C,4E4
compared to C,oE,.

The influence of Me-P(EO),;3-b-P(C},GE); on the micro-
emulsion microstructure at ¢¢ = e + 0.02 = 0.155 was only
studied with one sample (§ = 0.050). The inset in Figure 3
(right) shows the respective scattering curve together with the
scattering curve of the polymer-free system with a focus on the
region around the scattering peak. As observed for the C(E,-
stabilized n-decane microemulsions, the peak becomes
significantly sharper when & is increased. Accordingly, the
analysis of the scattering data provides an increasingly negative
f, value, decreasing from f, = —0.88 to f, = —0.92 and an
increase of the amphiphilic film’s bending rigidity, which
increases from 0.54kgT to 0.65kzT. For a more detailed
analysis of the copolymers’ influence on the bending rigidity,
see Figure 8. Note that the composition of the samples,
measuring temperatures, and values of drg, &rs, f,, and kgays are
summarized in Table 2.

Role of the Molecular Structure of PEO-b-PAIKGE
Polymers for the Boosting Effect. So far, the efficiency
boosting effect has been studied by means of the copolymer
Me-P(EO),,5-b-P(C,,GE),. However, as mentioned before,
the outstanding property of PEO-b-PAIKGE copolymers is
their easy-to-modify molecular structure. Thus, in this section,
the influence of the AIkGE block size and the alkyl side chain
on the polymers’ efficiency boosting effect is studied by means
of the system H,0/NaCl—n-octacosane—C,Es/Me-P(EO), ;-
b-P(C,GE),, varying the number n of AIkGE repeating units
from 3 to 9 and the number i of carbon atoms in the alkyl side
chain between 12 and 16. On the left side of Figure 4, the
phase diagrams recorded at constant ¢ = 0.500, £ = 0.001, and
a polymer mass fraction § = 0.050 in the overall amphiphile
mixture are shown in comparison to the phase diagram of the
polymer-free system (blue circle). As can be seen, all of the
used Me-P(EO),,;-b-P(C,GE),, polymers cause a strong shift
of the one-phase region and the X point to lower mass fraction
y of the amphiphile. Since all phase boundaries almost lie on
top of each other, the influence of the AIKGE block size and
the alkyl side chain on the efficiency boosting is shown in the
inset by plotting T versus 7 (the values are compiled in Table
S2 of the Supporting Information).

The effect of the number n of AIkGE repeating units on the
X point is discussed by means of Me-P(EQ),5-b-P(C,,GE),
polymers with a dodecyl side chain. By increasing n from 3 to
8, a very systematic shift of 7 to lower amphiphile mass
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Figure 4. Left: T(y) diagrams of the systems H,O/NaCl — n-
octacosane — C;sE¢/Me-P(EQ),;3-b-P(C,GE),, recorded at ¢ =
0.500, & = 0.001 and & = 0.050 for the polymersi=12andn=3,6,7,
8 as well as i = 16 and n = 6, 9 together with the polymer-free system
(6 = 0, blue circle). Inset: X points (T(7)) of the studied systems to
visualize the effect of # and i on the efficiency boosting and the PIT.
Right: Bulk contrast SANS curves of the polymer-free sample and
samples containing different copolymers (8 = 0.050) recorded at ¢ =
0.155. All curves are analyzed using the TS model®® taking into
account double scatterixlg.54'55

fractions can be observed. This trend is in a§reement with the
theoretical prediction of efficiency boosting” >***
- +0
In ‘ﬁc,i =l ¢c,i - (14)
which describes the dependence of the volume fraction &C,i of
surfactant molecules in the amphiphilic film at the X point as a
function of the number density 6 = N/(S/V) of block
copolymers within the surfactant membrane and the polymer
end-to-end distances R, and R.., of the hydrophilic and

= 2 2
E0(Ree” + Reo)
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Table 3. Composition and Measuring Temperature of SANS Samples of the D,0/NaCl—n-Octacosane—C, (E¢ Microemulsions
Boosted by Different me-P{EO),,-b-P(C,,GE), Copolymers Together with the Obtained Fit Parameters”

@ Tsaxs (°C) 8 Pe #n x5 (A) dzs (A) i Ksarys (k)
65.3 0 0.155 0 195 307 —0.88 0.54

3 67.6 0.050 0.154 0.008 203 308 —0.89 0.57

7 65.3 0.050 0.154 0.008 228 300 —0.92 0.65

8 65.3 0.050 0.154 0.008 230 304 —0.92 0.64

“Symmetric microemulsions at constant ¢ = 0.500 and £ = 0.001 were studied at the temperature Ty, {close to the PIT). Their composition is
specified by the copolymer mass fraction & within the overall amphiphilic mixture, the surfactant and copolymer volume fractions ¢¢ and ¢y,
respectively. The accuracy of the periodicity drs, the correlation length &g, the amphiphilicity factor £,27% and the bending rigidity & s is of
the order of +3 A, + 4 A, + 0.015, and + 0.015k;T, respectively.

hydrophobic block, respectively. &?;/i is the surfactant volume studied so far, at constant ¢, the sharpness of the peak, which
fraction at the X point of the polymer-free system, B is a pre- stays almost at the same g, increases upon addition of the
factor, and Ny = ¢/ Vp = o/ {Mp N,/ pp ), My and ppy are the PEO-b-PAIKGE copolymers. In agreement with the different
number density, molar mass, and density of the copolymer degree of efficiency boosting found in the phase behavior

(D). $/V = actpey/ve = dcpe,/ (McNa/pc) is the total specific studies, the value of the amphiphilicity factor becomes only
interface of the amphiphilic film, where M and p. are the slightly more negative when adding Me-P(EQ),,3-b-P(C,GE);,
molar mass and density of the surfactant {C) molecules and ag i.e., with the factor decreasing only slightly from f, = —0.88 to f,
is the area of one surfactant molecule calculated according to = —0.89, while for the copolymers with n = 7 and 8, a value of
ref 48. Thus, according to eq 14, an increase of the AIkGE f. = —0.92 is found. Accordingly, the value of the amphiphilic
block size should indeed lead to a decrease of the surfactant film’s bending rigidity increases from 0.54kpT for the polymer-
amount at the X point, which is equivalent to a stronger free system to 0.57, 0.65, and 0.64k5T for the Me-P(EQ),;-b-

efficiency boosting. P{C,GE),~doped systems with n = 3, 7, and 8, respectively.
Considering now the influence of the P]éO-b-PAlkGE Note that the composition of the samples, measuring

copolymers on the phase inversion temperature T, an increase temperatures, and values of drs, &rs, fy and Keags are

is observed for Me-P(EQ), ;-b-P(C,GE);. Comparing the summarized in Table 3.

effect of dii;ferent copolymers yields an almost systematic Efficiency Boosting of “Carbonated” PEO-b-

decrease of T with an increasing number n of repeating units. PCO,AIKGE Polymers in H,0/NaCl—n-Octacosane—

These results qualitatively follow the prediction of Lipowsky,” CigEg. In order to bring the PEO-b-PAIKGE diblock
according to which the mﬂL'lence .of amphlphll.lc block copolymers to application, technical-grade Me-P(EQ),,;-b-
copolymers anchored to an interfacial film on its mean P{CO,C1,4CE), polycarbonate derivatives were synthesized

curvature H can be described by and their influence on the phase behavior of the H,0/NaCl—
ok T(R,,, - R, ) n-octacosane—C ¢E¢ system was studied at ¢ = 0.500, & =

AH=A kaZid o0 0.001, and & = 0.050. To distinguish between the effects of the

x (1s) additional carbonate group and the technical-grade C),;,, side

where A is a prefactor. Accordingly, for Me-P(EO)15-b- chain in the AIKGE repeating units, 'carbonated Me-
P{C,,GE),, a shift of T to higher temperatures is expected as P'<E0)11>3'b'P(COZCIZGE)M 'copolymers with a defined C,,
the polymer end-to-end distance R, of the Me-P{EO);; side chmn were also synthesized.

block is larger than the R, of the P{C,GE); block (see In Figure 5 (left), the effects of Me-P(EO),,5-b-P(C,,GE);,
Supporting Information, Table $4). Furthermore, the observed Me-P(EOQ),15-b-P{CO,C,,GE);, "“}d Me-P{EQ),,3-b-P-
decrease of T with an increasing number n of repeating units (CO,C,214GE); on the phase behavior of the H,O/NaCl—

can be explained by eq 15. However, based on the first SANS n-octacosane—Cy4By system are compared in the form of the
measurements of the homopolymer P{C,GE};5 in n- well-known T{y) section. As can be seen, all three copolymers
octacosane (see Supporting Information, Table $4), this cause a shift of the one-phase region and the X point to lower
trend is expected to be less pronounced than what was mass fractions y of the amphiphile. Interestingly, the

observed. This may indicate that the conformation of the copolymer Me-P(EQ),;;-b-P{CO,C,,GE); enables the stron-
hydrophobic PAIKGE block (as a part of the amphiphilic block gest efficlency boosting, which might be related to the
copolymer) in the microemulsions is different from the somewhat larger PAIKGE block. Consequently, the technical-

homopolymer’s conformation in the pure solvent n-octacosane. grade nature of the C,,,, side chain must be the reason for the
Looking at the influence of the number i of carbon atoms in weaker efficiency boosting obtained for the technical-grade
the side chain of the AIKGE unit, no systematic trend on the P{EQ),1;-b-P{CO,C,,,,4,GE); copolymer.
location of the X point is found. Within the experimental error, On the right side of Figure 5, the effect of the different
the copolymers with dodecyl (i = 12) and hexadecyl (i = 16) PAIKGE blocks on the phase behavior of the H,O/NaCl—n-
side chains show similar values of 7 and T. octacosane—C ¢Eq system is shown by means of Me-P(EQ);,5-
The influence of the number »n of AIkGE repeating units on b-P{C1,GE);, Me-P{EQ);-b-P{CO,C,GE);, and Me-P-
the microstructure of D,0O/NaCl—n-octacosane—C ¢E¢/Me- (EO)113-b-P{CO,C15/14,GE),. Since these copolymers possess
P{EO),,3-b-P(CGE), microemulsions was studied by bulk a larger PAIKGE block, a stronger decrease of 7, i.e,, a stronger
contrast SANS experiments performed at ¢c = ¢co + 0.02 = efficiency boosting than for the n = 3 copolymers, is enabled.
0.155. Figure 4 (right) shows the respective scattering curves Comparing the boosting effects among these larger copoly-
(6 = 0.050) together with the scattering curve of the polymer- mers, the smallest 7 value is found for Me-P{EO)3-b-

free system (5 = 0). As observed for the microemulsions P{CO,C,GE), since it possesses the largest PAIKGE block {eq

9859 https://dx.doi.org/10.1021/acs Jangmuir.0c01491
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Figure 5. T(y) diagrams of the systems H,0/NaCl—n-octacosane—
C,6Es/PEO-b-PAIKGE recorded at ¢p = 0.500 and ¢ = 0.001 for § = 0
(polymer-free system) and § = 0.050 with a varying molecular
structure of the hydrophobic PAIKGE block, ranging from P(C,,GE),
to the carbonated P(CO,C,,GE), to technical-grade
P(CO,C,5/14GE),. Note that all copolymers with n = 3 (left) and n
7 and 9 (right), including the technical-grade ones, cause a
considerable efficiency boosting effect.

14). A slightly larger 7 value, ie., weaker efficiency boosting, is
found for Me-(PEO);,;-b-P(C},GE),. Regarding a technical
application, it is promising that the efficiency boosting effect of
the technical-grade Me-P(EO);,3-b-P(CO,Cy/1,GE); copoly-
mer is only slightly weaker than observed with “pure” Me-
P(EO),,3-b-P(C,GE),. For a more detailed comparison of the
efficiency boosting effects of the different polymers, the reader
is refersed to Table S2 in the Supporting Information, where all
7 and T values are compiled.

Efficiency Boosting of Me-P(EO);,3-b-P(CO,C;;/14GE);
in H,0/NaCl-Sasolwax 5805—Genapol O 050/0 080. As

9860

already mentioned in the Introduction, the boosting effect of
amphiphilic diblock copolymers so far has only scarcely found
its way into applications,” mainly due to a difficult and
expensive large-scale polymer synthesis'” as well as the
weakening of the boosting effect with increasing dispersity of
the polymer blocks, especially in the case of the remaining
homopolymers. The results obtained in this study, especially
those shown in Figure 5 (right), strongly indicate that the
technical-grade Me-P(EO),,-b-P(CO,C),,1,GE), copolymers,
which can be synthesized at low cost and on large scale with a
yield of the order of 60% (Table S1), are at least capable of
strongly increasing the efficiency of the monodisperse nonionic
surfactant C4E¢ to solubilize water and n-octacosane.

In a further step toward an application of the efficiency
boosting effect, we studied whether the technical-grade Me-
P(EO),,-b-P(CO,Cy,,14GE), copolymers are able to increase
the efficiency of technical-grade (polydisperse) n-alkyl
polyglycol ether surfactants to solubilize technical-grade
Sasolwax 5805, which is a technical-grade mixture of linear
and branched alkanes ranging from C,4 to Cu4 with an average
carbon number of 30.5.*" Ethoxylated oleyl alcohols of the
Genapol O series, more precisely Genapol O 050 and Genapol
O 080 (mean ethoxylation degrees of S and 8, respectively),
were chosen as technical-grade nonionic surfactants.

Based on a very recent study of Sasolwax 5805-containing
microemulsions stabilized by technical-grade surfactants of the
Genapol type,"" we formulated a symmetric (¢ = 0.500)
microemulsion of the type H,0/NaCl (& = 0.001)—Sasolwax
5805—Genapol O 050/0 080, starting with a 1:1 (m/m)
mixture of the two Genapol surfactants. The phase behavior of
this polymer-free technical grade microemulsion system is
shown in Figure 6 in the form of a T(y) section (blue circle).
As can be seen, the phase boundaries are strongly distorted
because the hydrophobic homologues of the technical-grade
surfactants are extracted from the amphiphilic film into the oil-
rich domains and the oil excess phase. As a consequence, the
amphiphilic film becomes increasingly hydrophilic with
decreasing y, shifting not only the phase boundaries but also
the hydrophilic lipophilic balance (HLB) to higher temper-
atures.”" Thus, the X point is located at 7 = 0.155 and T = 73.7
°C. Note that an extended two-phase coexistence of a lamellar
(L,) and 2 microemulsion phase can be found at low
temperatures.

By replacing 10 wt % of the Genapol O 050/0 080 (1:1)
mixture with the technical-grade Me-P(EQ),,;-b-P-
(C0O,C13/14GE); copolymer (8 = 0.100, green square), the b'e
point is shifted to 7 = 0.127 and T = 79.6 °C along the upward-
tilted HLB line. Thus, the technical-grade Me-P(EO),-b-
P(CO,C1,,14GE), copolymers indeed enable efficiency boost-
ing. A further increase in efficiency is obtained by increasing
the fraction of the hydrophobic Genapol O 050 in the
surfactant mixture to 75 wt %, leaving the copolymer content
constant at § = 0.100 (red triangle). Accordingly, the phase
boundaries are shifted to lower temperatures and surfactant
mass fractions, yielding an X point located at 7 = 0.091 and T =
74.6 °C. Furthermore, the phase boundaries are even more
distorted because the fraction of the hydrophobic homologues
of the technical-grade surfactants extracted from the
amphiphilic film with respect to the overall surfactant mass
fraction strongly increases with decreasing y. The results clearly
prove that this new type of technical-grade amphiphilic diblock
copolymer allows for the formulation of efficient micro-
emulsions, even when a mixture of long-chain oils has to be

https://dx.doi.org/10.1021/acsJangmuir.0c01491
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O §=0.000(1:1) ¢ =0.500 as a black solid line. As can be seen, it describes almost the
§=0.100 (1:1) 2 £=0.001 entire scattering curve except for the low g regime almost
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Figure 6. T(y) diagrams of the technical-grade microemulsion system
H,0/NaCl—Sasolwax 5805—Genapol O 050/0 080/Me-P(EQ), ;-b-
P(CO,C,,,14GE),, recorded at ¢ = 0.500, £ = 0.001, 5 = 0.100, and
different surfactant ratios; shown together with the polymer-free
system (5 = 0, blue circle). Two different mixtures of the Genapol
surfactants were used, i.e., 1:1 (green square) or 3:1 (red triangle) (O
050/0 080, m/m). Excitingly, the technical-grade Me-P(EO),,;-b-
P(CO,C,5/14GE), copolymer also causes an efficiency boosting in this
technical-grade microemulsion system. L, + ME denotes the
coexistence of a lamellar phase (L,) with a microemulsion phase
(ME). Inset: bulk contrast SANS curve recorded near the X point of
the system D,0/NaCl—Sasolwax 5805—Genapol O 050/0 080/Me-
P(EO),,3-b-P(CO,C),,,GE); with § = 0.100 and a 3:1 (m/m)
mixture of Genapol O 050/0 080. The curve was analyzed using the
TS model,™ taking into account double scattering.‘w'55

0.00 0.05 0.10 0.25

solubilized. From our results, an even stronger efficiency
boosting can be predicted upon further increasing the fraction
5 of the technical-grade Me-P(EO),,-b-P(CO,Cy,,1,GE),
copolymers in the amphiphile miture. Note that the T and
7 values are listed in Table S2 in the Supporting Information.

In order to study the microstructure of this efficiency-
boosted technical-grade microemulsion, one bulk contrast
SANS curve was recorded for the system D,0/NaCl—n-
octacosane—Genapol O 050/0 080(3:1)/Me-P(EO),,;-b-P-
(C1,GE), with ¢ = 0.500, £ = 0.001, and § = 0.100 near its X
point, i.e, at a surfactant volume fraction of ¢ = 0.114 and a
temperature of T = 67.6 °C. Note that for D,0, the phase
boundaries are about 2 K lower than for H,0."® The obtained
SANS curve is shown in the inset of Figure 6. Qualitatively, the
curve resembles the typical shape found for bicontinuous
microemulsions. However, two differences with respect to the
scattering curves shown so far (Figures 2 to 4) can be
observed. On the one hand, the scattering peak is less
pronounced, indicating a less ordered structure. On the other
hand, an increase of the scattering intensity at low g points to
the existence of a structure with a larger length scale. As we can
exclude a demixing of the sample during the experiment (by
checking before and after the experiment), we presume that
the SANS curve was not recorded at the HLB but close to the
lower phase boundary, where cylindrical structures are
expected.

9861

quantitatively. A relatively large value of the periodicity of the
structure dpg = 623 A is found. In agreement with the
qualitative discussion of the data, a less negative value of the
amphiphilicity factor f, = —0.71 and a smaller bending rigidity
Ksans = 0.33 are found, indicating a less ordered structure. The
sample composition, measuring temperature, drs, &, f,, and
Ksans are summarized in Table 2.

Scaling of the PEO-b-PAIKGE Efficiency Boosting: A
Synopsis. The results obtained so far clearly show that the
new amphiphilic poly(ethylene oxide)-poly(alkyl glycidyl
ether) copolymers boost the efficiency of microemulsion
systems, containing model type oils like n-decane, long-chain
oils as n-octacosane, or even technical-grade waxes. Similar to
the boosting of n-decane microemulsions by amphiphilic PEP-
b-PEO copolymers, which was found 20 years ago,">'”7* the
strong efficiency increase facilitated by the new type of PEO-b-
PAIKGE copolymers is expected to be related to the anchoring
of the copolymers in the amphiphilic film. Gompper et al. were
able to explain the enormous boosting effect in terms of the
bending elastic energy™ of fluctuating polymer-decorated
surfactant membranes.”>> To obtain a scaling of the efficiency
boosting effect, they combined the effect of the membrane-
anchored copolymers onto the curvature and the bending
moduli x and % predicted by Lipowsky et al.**>**7° with the
model of thermally fluctuating amphiphilic films, for which the
bicontinuous microemulsion becomes unstable when the
renormalized saddle splay modulus %(£) approaches zero at
the X point.>~*" This scaling relation (eq 14), whose detailed
derivation can be found elsewhere,”"** allows predicting the
increase of the efficiency (characterized by the volume fraction
e, of surfactant molecules in the amphiphilic film at the X
point) as a function of the number density o of block
copolymers in the membrane and the end-to-end distances
R, and R, of the hydrophilic and hydrophobic block,
respectively.

By using this scaling description, the efficiency boosting
effect of the new type of PEQ-b-PAIKGE diblock copolymers in
the different microemulsion systems can not only be analyzed
on a quantitative level but also allows for a comparison
between the respective degrees of efficiency boosting of PEO-
b-PAIKGE and PEP-b-PEO copolymers. However, in order to
perform the analysis according to eq 14, not only ¢¢; and qﬁ? i
must be calculated using eq 6 considering the monomeric
solubilities of the surfactants in the respective oil, but also & =
Np/(8/V), R..,, and R, are required. Although the R, value
and therefore the R, value (calculated via R, = 6> R,) of a
larger PEO block (41,500 g mol™) in D,O can be found in the
literature,”* we performed additional SANS experiments both
at T =25 °C and T = 60 °C to study the temperature
dependence of R, of our PEO block, which possesses a
molecular weight of M,, = 5290 g mol™. Furthermore, a few
SANS experiments were performed on PAIKGE homopolymers
in n-decane and n-octacosane at T &~ 25 °C and T = 67 °C to
determine R, . The scattering data (Figure $24) of PEO were
analyzed by using a two-correlation-length model taking into
account the scattering contribution of occurring clusters at low
q7°"7 while the data for the PAIKGE homopolymers were
described by the Guinier model.” Interestingly, within the
measuring error, no dependence of the end-to-end distances
on temperature and solvent was found (see values of R, and

httpsi/dx.doi.org/10.1021/acs Jangmuir0c01491
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R, in Table $4). The R,., values of the PAIKGE blocks
containing 3 to 9 AIKGE repeating units were obtained
considering the dependence of end-to-end distances R, on
the molecular weight, which was similarly found for PEO
polymers by Kawaguchi et al,”” ie, R., = 22707M,%%"*
(Figure S25).

The determination of ¢ ,q[)Q » 0y Reewy and R, allows for

ee,w ee,0

the analysis of the efficiency_ boostmg effect by a scaling
representation via plotting In(¢c /@2 ) versus the polymeric
coverage of the membrane o’(Ree“ +R..,") In a first step, in
Figure 7, the efficiency boosting of the new type of PEO-b-
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Figure 7. Normalized logarithmic volume fraction of surfactant in the
interface at the X point 111(¢C,/45C ) plotted against the polymer
coverage of the membrane 5(Ree,w + Ree ?), for the systems H,0/
NaCl—n-decane—C,,E,/PEO-b-PAIKGE (red square) and H,0/
NaCl-n-octacosane—CyEs/PEO-b-PAIKGE (blue diamond). The
plot contains data from the Me-P(EO),,;;-b-P(C,GE), copolymers
with i = 12 and n = 3, 6, 7, and 8 as well as the polymers with i = 16
and n 6 and 9. Additionally, data for the Me-P(EO),;5-b-
P(CO,CGE), copolymers with i = 12 and n = 3 and 9 as well as i
=12/14 and n = 3 and 7 are included. Note that the results obtained
for the H,O/NaCl—n-octacosane—C Es systems with the n = 3
(green triangle) polymers are shown but were not considered in the
linear regression (see text). Literature data obtained by Jakobs for the
system H,0—n-decane—C,(E,/PEO,,-b-PEP, with different PEP-b-
PEO copolymers’> are shown for comparison (gray circle).

PAIKGE and the literature-known PEP-b-PEQ” copolymers is
compared by means of the model microemulsion H,O/NaCl—
n-decane—C (E,. The plot contains data from the Me-
P(EO),;5-b-P(C,GE), copolymers with i = 12 and n = 3, 6,
7, and 8. As can be seen, for the model n-decane
microemulsion, the data of PEO-b-PAIKGE (red square)-
boosted systems fall onto a single straight line, which confirms
the scaling relation (eq 14) and proves that the copolymers
indeed modify the saddle-splay modulus of the surfactant
membrane. Interestingly, the data of PEO-b-PAKGE (red
square) and PEP-b-PEO (gray circle)”” copolymers fall almost
on top of each other, yielding almost identical slopes of
E(PEO-b-PAIKGE) = 1.54 + 0.08 and E(PEP-b-PEO) = 1.51
+ 0.06,7 respectively. The slopes are roughly twice as large as

9862

the theoretical estimate for ideal chains (E(ideal chains) = 7/
S) due to the fact that self-avoiding chains may have a more
pronounced effect on the saddle-splay modulus than ideal
Chains.z 1,78,79

In the next step, the scaling relation is applied to the
efficiency boosting of the new PEO-b-PAIKGE in the H,O/
NaCl—n-octacosane—C,4E, microemulsion (Figure 7; blue
diamond and green triangle). The figure contains data from
Me-P(EO),5-b-P(C,GE), copolymers with i = 12, i = 16 and n
=3,6,7,8,and 9 as well as results obtained for Me-P(EQ), ;-
b-P(CO,CGE), with i = 12, 12/14 and n = 3, 7, and 9. As can
be seen, the data (with the exception of most of the n = 3
(green triangle) copolymer data) fall onto a single straight line,
confirming that the scaling relation (eq 14)) also applies for -
octacosane microemulsions formed at high temperatures of
around 60 °C. However, the slope of E(PEO-b-PAIKGE) =
1.09 + 0.05 is somewhat smaller than the one found for the n-
decane microemulsions and may indicate that polymers at
higher temperatures come closer to the behavior of ideal
chains. Furthermore, while the data points of technical-grade
Me-P(EO);13-b-P(CO,C,/14GE); follow this scaling relation,
most of the n = 3 (green triangle) copolymer data do not fall
on the line. A possible reason might be the rather small size of
the PAIKGE block, which decreases the tendency of these
polymers to tether to the surfactant membrane, when n-
octacosane is used as the hydrophobic solvent at high
temperatures. Note that for the n-decane microemulsion,
efficiency boosting of the Me-P(EO);;;-b-P(C,,GE); obeys
the general trend.

Influence of the PEO-b-PAIKGEs on the Bending
Rigidity . The analysis of the SANS data was performed with
the model of random interfaces derived by Safran et al.>>*"*'
to determine the bending rigidity ksays. Due to the reasons
given above, we decided to not consider recent indications®”*"
that kgang is rather a mixture of the bending rigidity x and the
saddle splay modulus .

Taking into consideration the stiffening of the membrane by
anchoring of the copolymers in the amphiphilic film*****>7 as

well as its softening through thermal fluctuations,®* %" kg is
given by
kT 2
Ksans = Ko + 12 I+ = U(I\eew Reeo?)
_ 3kBT1n de“c
4r 20 (16)

with k, being the pure bending rigidity, drs/2 being the length
scale of the respective systems, ve = McN,/p. being the
molecular volume of the surfactant molecule, and ac being the
area of one surfactant molecule calculated according to
reference®™ (CioEy: ac = 54.1 A2 and ve = 579.0 A% C(Ee:
ac = 66.5 A” and v = 874.4 A3).

In Figure 8, the obtained kgyys values are plotted as a
function of the polymeric coverage o(R,,,> + R.,’) of the
amphiphilic film for the two systems DZO/ NaCl—n-decane—
CyoE;/Me-P(EQ),5-b-P(C,GE), (left) and D,0/NaCl—n-
octacosane—C,4E¢/Me-P(EO),,3-b-P(C},GE); (right). Con-
sidering at first the values obtained from the analysis of the
SANS measurements performed near the respective X points of
the systems at @ . p, ® @ ., p + 0.02 (circle), Kgyys turned out
to be nearly constant. Being close to the stability limit of
bicontinuous microemulsions, separating into three phases at
the y < 7, the effect of membrane stiffening via copolymer

https://dx.doi.org/10.1021/acsJangmuir.0c01491
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Figure 8. Bending rigidity kgyys determined by the analysis of the
SANS curves according to the model of random interfaces,* plotted
against the polymer coverage of the membrane o(R,,,* + R,.,’) for
the systems D,0/NaCl-n-decane—C,(E,;/Me-P(EQ),,;-b-P-
(C,,GE); (left) and D,0/NaCl—n-octacosane—C,;Es/Me-P-
(EO),13-b-P(C|,GE), (right) at constant ¢ = 0.500 and & = 0.001.
Experiments were performed along two pathways varying &: (circle)
close to the respective X points and (square) at constant surfactant
volume fraction, i.e., ¢ = 0.144 (left) and ¢ = 0.155 (right).

anchoring and membrane softening through thermal fluctua-
tions compensate for each other. Note that a similar
compensation of membrane stiffening and softening was
already observed by Jakobs for the system D,O—n-octane—
C4E,/PEP-b-PEO;.””

Analyzing the second set of experiments (square), which
were conducted at a constant surfactant volume fraction ¢¢ =
e+ 0.02 = const. close to the surfactant volume fraction ¢
at the X point of the polymer-free system, a linear increase of
Ksans With increasing polymer decoration of the membrane
(6(Rep” + R, is found. Due to the fact that ¢c and
therewith the length-scale dpg/2 of the structure remains
constant, the thermal fluctuations provide a constant
contribution to kgns (eq 16), which amounts to 0.61kgT
and 0.59kT for the n-decane and n-octacosane systems,
respectively. Thus, the increase of kgyns can only be attributed
to the increasing polymer decoration. Assuming a linear
behavior, slopes of 0.38 and 0.32 were obtained, which in close
agreement with = found for the scaling of the efficiency are
larger than the theoretically expected value for ideal chains of
(1 + m/2)/12 = 0.214. Last but not least, the values of the
intercept, i.e, 0.47 + 0.03kzT and 0.54 + 0.04k;T can be used
for the determination of the bare bending rigidity x,, yielding
ko(CoEy/n-decane) = 1.08 + 0.05k;T and k,(C,(Es/n-
octacosane) = 1.13 + 0.06k,T at T = 3022 K and T =
338.5 K, respectively. Thus, the pure C,,E, membrane in the
microemulsion containing n-decane is slightly less rigid
compared to the pure C,(Es membrane in the n-octacosane
microemulsion.

B CONCLUSIONS

In this study, poly(ethylene oxide)-poly(alkyl glycidyl ether)s
(PEO-b-PAIKGE) and their “carbonated” poly(ethylene
oxide)-poly(alkyl glycidyl ether carbonate) analogs were
synthesized as promising efficiency boosters for micro-
emulsions. These new types of amphiphilic block copolymers
excel in terms of their facile synthesis, which can be performed
at low cost and on a large scale, as well as their easy-to-modify
molecular structure. Systematic phase behavior studies
revealed that the Me-P(EO),,3-b-P(C,GE), copolymers not
only strongly increase the efficiency of the medium-chain
nonionic surfactant C,,E, to solubilize water and n-decane at
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room temperature but also boost the efficiency of the longer-
chain surfactant C,(E to stabilize water/n-octacosane micro-
emulsions at elevated temperatures. The influence of the
molecular structure on the boosting effect was studied by
increasing the number n of C,GE repeating units from 3 to 9
and by varying the number i of carbon atoms in the alkyl side
chain between 12 and 16. The observed very systematic
increase in efficiency is in agreement with theoretical
predictions.”'*>***

The “carbonated” Me-P(EO),,3-b-P(CO,C,,GE), copoly-
mers and their technical-grade Me-P(EQ),,;-b-P-
(CO,C13/14GE), derivatives were also found to enable a
strong efficiency boosting. By means of the H,O/NaCl—n-
octacosane—C 4E; system, we were able to show that the
boosting efficiency of technical-grade Me-P(EO),,;-b-P-
(CO,C1/14GE); is only slightly weaker than that of the
“pure” Me-P(EO),,5-b-P(C},GE),. In a further step toward
application, we added the technical-grade Me-P(EO),,-b-
P(CO,Cy,14GE); copolymer to a technical-grade micro-
emulsion consisting of brine, Sasolwax 5805 (linear and
branched alkanes with an average carbon number of 30.5**),
and a mixture of technical-grade nonionic surfactants (Genapol
O 050/ O 080). We emphasize that our data show that the
mass fraction of amphiphiles needed to stabilize this technical-
grade microemulsion can be strongly reduced from 15.5 to 9.1
wt % when only 10 wt % of an optimized surfactant mixture is
replaced by the Me-P(EQ),;5-b-P(CO,C5,14GE); copolymer.
This result could be of interest for industrial applications
where reduced surfactant needs would have significant
economic and ecological implications.

The scaling description of the efficiency boosting”"*>****
was then used to analyze the boosting of the new type of PEO-
b-PAIKGE diblock copolymers on a quantitative level and to
compare the respective degrees of efficiency boosting of PEO-
b-PAIKGE and PEP-b-PEQO copolymers. We found that for n-
decane microemulsions, the boosting of PEOQ-b-PAIKGE and
PEP-b-PEO polymers can be scaled on top of each other, when
the efficiency is plotted semilogarithmically versus the
polymeric coverage of the amphiphilic film. Interestingly, a
somewhat different scaling behavior was observed for n-
octacosane microemulsions stable at elevated temperatures,
suggesting that the polymers show less self-avoidance and
rather behave as almost ideal chains.

The influence of the new PEO-b-PAIKGE copolymers on the
microstructure of the D,0/NaCl—n-decane—CE, systems
was studied by systematic SANS experiments performed close
to the X point of the boosted microemulsions and at a constant
surfactant volume fraction close to the X point of the polymer-
free system. Particularly, the SANS curves obtained from the
latter experiments indicate that the copolymers induce a
considerably better ordering of the bicontinuous micro-
structure. To study the influence of the PEO-b-PAIKGE on
the membrane’s bending rigidity sans, the SANS data were
analyzed using the model of random interfaces derived by
Safran et al.*”**! We found that the bending rigidity Ksans
remains almost constant for boosted microemulsion prepared
near their X point. Being close to the stability limit of
bicontinuous microemulsions, the effects of membrane
stiffening via copolymer anchoring and membrane softening
through thermal fluctuations compensate for each other. For
the boosted microemulsions studied at a constant surfactant
volume fraction close to the X point of the polymer-free

httpsi/dx.doi.org/10.1021/acs Jangmuir0c01491
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system, however, an increase of Kgyys upon the polymeric
coverage of the amphiphilic film is found.

By determining the bare bending rigidities k,, it was found
that the pure C)E, membrane in the n-decane microemulsion
(x5(CoE4/n-decane} = 1.08kyT at T = 302.2 K) is slightly less
rigid compared to the pure C B, membrane in the n-
octacosane microemulsion {x,{C14E¢/n-octacosane) = 1.13kpT

at T = 338.5 K).
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1. Route of Synthesis of Amphiphilic Diblock Polycarbonates and Overview of
the Synthesized Homopolymers and Diblock Copolymers

co, 0

G H P RT, 50 bar, 20 h Jfovﬁo)Lo Ot
] + %OWH 0,2 mol% cat m n
i=12/14; 12 H<J>i
m=113
n=3;7

Cr

hod 0
. OO0
Q0

Scheme 1. Synthesis of amphiphilic diblock polycarbonates using Me-PEO as chain transfer agent,
long-chain alkyl glycidyl ethers (C12GE and a Ci214GE technical-grade mixture) and carbon

dioxide as monomers. For polymerization, the catalyst I and the co-catalyst II were used.
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Table S1. Synthesized homopolymers and diblock copolymers, calculated molar masses My heo,
experimentally determined molar masses My exp and My, exp, as well as molar mass distributions £ obtained

from SEC®, melting temperatures (Tw) of the two polymer blocks and yields.

Polymer sample M, theo! My, exp/ My, exp/ De Tl AH,/ Yield/
g mol?! g moll® g mol!*? °Cb Tglb %
BnO-P(C12GE)s 1710 2500 2680 1.06 - - 80
BnO-P(C12aGE)4 3649 3600 3960 1.09 - - 83
BnO-P(C12GEhs 4619 4600 4820 1.06 - - 79
Me-P(EOn13-b-P(C12GE)3 5659 5400 5810 1.05 -4, 55 2:136 92
Me-P(EOh13-6-P(C12GE)s 6426 5800 6520 1.08 1:53 5,75 98
Me-P(EO)113-b-P(CGE); 6668 6500 6880 1.06 - - 80
Me-P(EO)n13-b-P(C12GE)s 6911 6500 6750 1.06 3,53 14; 131 68
Me-P(EOh13-b-P(C16GE)3 5866 5400 5660 1.04 56 148 87
Me-P(EC 1 13-5-P(CisGE)s 6760 5800 6460 1.06 35,53 | 10,114 | 82
Me-P(EO)113-6-P(C16GE)o 7654 6600 6420 1.05 38,52 20,103 70
Me-P(EO)113-b- 5831 5900 6180 1.04 -3, 54 6; 131 40
P(CO,C1GE);
Me-P(EO)113-b- 7549 6600 6990 1.05 -2, 54 8113 60
P(CO,C1nGE)
Me-P(EO)113-b- 5872 5500 6160 1.06 3,55 9,125 59
P(CO2C1214GE )3
Me-P(EO)13-b- 7072 6800 7150 1.05 23,53 6,107 28
P(CO2C1214GE)7
S4
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“ Determined by SEC (eluent: DMF, calibration: PEO standards, and THF, PS standards for the
homopolymers); * measured by DSC, the first-mentioned melting temperature (7) can be assigned
to the alkyl glycidyl ether (chain) block and the second 7w can be assigned to the PEO block,

respectively. AH,, represents the determined melting enthalpy.

2. SEC Measurements of the Synthesized Homopolymers

SEC (eluent: THF, calibration: PS, detector: RI)

BnO-P(C12(5E)s (Mn: 2540 g/mol; D: 1.06)
BnO-P(C,,GE),, (M, :3630 g/mol; D: 1.09)
BnO-P(CmGE)18 (Mn: 4630 g/mol; D: 1.06)

L 1 1 1 1 1 I L

10 12 14 16 18 20 22 24 26 28
elution volume [mL]

Figure S1. SEC traces of the synthesized homopolymers using C12GE and Benzyloxy ethanol
(BnO) as initiator (eluent: THF, calibration: PS standards).
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. DSC Curves of the Synthesized Diblock Copolymers

cycle 1

0 20 40 60
T[°C]
cycle 2

0 20 40 60
T[°C]
cycle 3

-60

-40

-20

0 20 40 60
T[°C]

Figure S2. Heating, cooling, and heating cycles of the synthesized diblock copolymer Me-

P(EO)113-b-P(C12GE)3; Heating rates: first heating cycle: 20 K min™! | cooling and second heating

cycle: 10 K min™.
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348

cycle: 10 K min™.
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-40 -20 0 20 40 60
T[°C]
cycle 2
-40 -20 0 20 40 60
T[°C]
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1 ] 4ﬁ I | | L
-40 -20 0 20 40 60
T[°C]

Figure S3. Heating, cooling, and heating cycles of the synthesized diblock copolymer Me-
P(EO)113-b-P(C12GE)s;, Heating rates: first heating cycle: 20 K min™! | cooling and second heating
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Figure S4. Heating, cooling, and heating cycles of the synthesized diblock copolymer Me-
P(EO)113-b-P(C12GE)s; Heating rates: first heating cycle: 20 K min™! | cooling and second heating

cycle: 10 K min™.
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Figure SS. Heating, cooling, and heating cycles of the synthesized diblock copolymer Me-
P(EO)113-b-P(C16GE)3; Heating rates: first heating cycle: 20 K min™! | cooling and second heating

cycle: 10 K min™.
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Figure S6. Heating, cooling, and heating cycles of the synthesized diblock copolymer Me-
P(EO)113-b-P(C16GE)s;, Heating rates: first heating cycle: 20 K min™! | cooling and second heating

cycle: 10 K min™.
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cycle: 10 K min™.

Figure S7. Heating, cooling, and heating cycles of the synthesized diblock copolymer Me-
P(EO)113-b-P(C16GE)o; Heating rates: first heating cycle: 20 K min™! | cooling and second heating

S11



APPENDIX: CHAPTER Al — SUPPORTING INFORMATION

cycl
< 05 yelet
()]
v A
-, 0
o
o
q _0.5 '] '] '] '] '] 1
-40 -20 0 20 40 60
T[°C]
= 05r cycle 2
()]
X
o, 0
m W
o
q _0.5 Il Il Il Il 1 1
-40 -20 0 20 40 60
T[°C]
= 02 cycle 3
(@]
X
S, 0.1
o
(&)
<] 0 I | '} /—f'«-l B L 1
-40 -20 0 20 40 60
T[°C]

Figure S8. Heating, cooling, and heating cycles of the synthesized diblock copolymer Me-
P(EO)113-b-P(CO-C12GE)3; Heating rates: first heating cycle: 20 K min™, cooling and second

heating cycle: 10 K min™.
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Figure S9. Heating, cooling, and heating cycles of the synthesized diblock copolymer Me-
P(EO)113-b-P(CO2C12GE)o, Heating rates: first heating cycle: 20 K min?, cooling and second
heating cycle: 10 K min!.
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Figure S10. Heating, cooling, and heating cycles of the synthesized diblock copolymer Me-
P(EO)113-b-P(CO-Ci214)3; Heating rates: first heating cycle: 20 K min', cooling and second

heating cycle: 10 K min™.
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Figure S11. Heating, cooling, and heating cycles of the synthesized diblock copolymer Me-
P(EO)113-b-P(CO2Ci214)7; Heating rates: first heating cycle: 20 K min, cooling and second

heating cycle: 10 K min!.
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4. "H NMR Spectra of the Diblock Copolymers

b b
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Figure S12. '"H NMR spectrum (300 MHz, chloroform-d) of Me-P(EQ)113-b-P(C12GE)s.
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Figure S13. "H NMR spectrum (300 MHz, chloroform-d) of Me-P(EQ)113-b-P(C12GE)e.
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Figure S14. 'H NMR spectrum (300 MHz, chloroform-d) of Me-P(EO)113-b-P(C12GE)7.

b b
O o.
A oo
° 113 8
b "0

b c

ol

9%

Dichloromethane

c+HO
Diethylether "
cocly

20 95 90 85 8.0 7.5 7.0 6.5 6.0 55 50 45
Chemical shift (ppm)

Figure S15. "H NMR spectrum (300 MHz, chloroform-d) of Me-P(EO)113-b-P(C12GE)s.
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Figure S16. "H NMR spectrum (300 MHz, chloroform-d) of Me-P(EOQ)113-6-P(C16GE)s3.
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Figure S17. 'TH NMR spectrum (300 MHz, chloroform-d) of Me-P(EO)113-6-P(C16GE)s.
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Figure S18. 'H NMR spectrum (300 MHz, chloroform-d) of Me-P(EO)113-5-P(C16GE)o.
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Figure S19. "H NMR spectrum (300 MHz, chloroform-d) of Me-P(EO)113-b-P(CO2C12GE)s.
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Figure S20. '"H NMR spectrum (300 MHz, chloroform-d) of Me-P(EO)113-6-P(CO2C12GE)o.
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Figure S21. "H NMR spectrum (300 MHz, chloroform-d) of Me-P(EOQ)113-6-P(CO2C1214GE)s.
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Figure S22. 'H NMR spectrum (300 MHz, chloroform-d) of Me-P(EO)113-b-P(CO2C12/14GE)7.
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5. Tabular Overview of the Phase Behavior Studies

Table 82. Sample composition, X point parameters (7 and T) and surfactant mass fraction (.:[)C,i within the

interface at the X point of the pseudo-temary systems at constant ¢ = 0.500 and & = 0.001%, together with
the molecular masses My pro and My paikge of the PEO and the PATKGE blocks as well as the end-to-end

distances Reew and R, calculated from an equation derived by Kawaguchi et al. (see ref.').

Polymer ) 1% TroC | ¢g; | Mureo | Rew/A | Mupawce | Reeo/ &
gmol* g mol™
H,O/NaCl — n-decane (CyroHaz) — CroE4/pure PEO-A-PAIKGE
No polymer 0.000 [ 0.135 [ 30.6 | 0.124 | - - - -
Me-P(EO)13-b-P(C12GE )3 0.050 1 0.090 | 31.5 [ 0.071 | 5195 71.8 616 17.1
Me-P(EO)13-b-P(C12GE )s 0.050 | 0.088 | 31.2 [ 0.068 | 5195 71.8 1331 21.7
Me-P(EOh1a-b-P(C12GE ), 0.02510.114 | 31.1 | 0.094 | 5195 71.8 1691 234
Me-P(EOn13-b-P(C12GE)r 0.050 |1 0.0923 | 30.9 [ 0.073 | 5195 71.8 1691 234
Me-P(EO13-b-P(C12GE ), 0.075 1 0.0774 | 31.0 [ 0.058 | 5195 71.8 1691 234
Me-P(EO)13-b-P(C1,GE )5 0.050 | 0.0896 | 31.0 [ 0.070 | 5195 71.8 1556 22.8
H,0/NaCl — n-octacosane (Casllsg) — CiEg/pure or technical-grade PEO-5-PAIKGE
No polymer 0.000 | 0.144 | 66.8 | 0.130 | - - - -
Me-P(EO)13-b-P(C12GE )3 0.050 |1 0.119 | 67.7 | 0.101 | 5195 71.8 616 17.1
Me-P(EO)15-b- 0.050 |1 0.103 | 67.5 | 0.086 | 5195 71.8 982 19.8
P(CO:Ci2GE)s
Me-P(EOn13-b- 0.050 1 0.128 | 67.1 [ 0.109 | 5195 71.8 592 16.9
P(CO:C1214GE)s
Me-P(EO)13-b-P(C12GE)s 0.050 | 0.105 | 66.5 | 0.087 | 5195 71.8 1331 21.7
522
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Me-P(EO)3-b-P(C:GE), | 0.050 | 0.105 | 66.5 | 0.088 | 5195 | 71.8 | 1691 234
Me-P(EO)13-b-P(C1:GE), | 0.100 | 0.071 | 66.8 | 0.054 | 5195 | 71.8 | 1691 234
Me-P(EO)113-5- 0.050 [ 0.105 | 665 | 0.088 | 5195 |71.8 | 1960 245
P(CO:C1214GEY,

Me-P(EO)13-b- 0.050 [ 0.100 | 66.4 | 0.083 | 5195 |71.8 | 1794 239
P(CO,C1,GE)s

Me-P(EO)15-6-P(C:GE); | 0.050 | 0.104 | 66.8 | 0.087 | 5195 | 71.8 | 1556 228
Me-P(EO)+-b-P(C1eGE)s | 0.050 | 0.111 | 66.7 | 0.093 | 5195 | 71.8 | 1271 214
Me-P(EO)13-b-P(C1eGE) | 0.050 [ 0.108 | 662 | 0.091 | 5195 | 71.8 | 1229 212

H,O/NaCl — Sasolwax 5805 — Genapol O 050/080/ Me-P(EO)113-b-P(CO,C1214GE),

Mass ratio surfactant mixture | 8 ¥ TreC Mupeo | Reew/ A | Mwparker! | Reeo/ A
gmol™ gmol™*

1:1 0.000 | 0.155 | 73.7 - - - -

1:1 0.100 | 0.127 | 79.6 5195 71.8 1960 245

3:1 0.100 | 0.091 | 74.6 5195 71.8 1960 24.5

 Note that for the technical-grade systems, the weight ratio of the two technical-grade surfactants are also

given.
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6. Complete SANS Curves Recorded at ¢c = gzc o T0.02
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Figure S23. Left: Top :Bulk contrast SANS curves obtained for D»O/NaCl — n-decane — CioE4/Me-
P(EQ)113-b-P(C12GE); samples recorded close to the X point of the polymer-free system at

oc = $c,0 +0.02 = 0.144. Bottom: Curves from the top figure displaced by a factor of 10. Right: Bulk
contrast SANS curves obtained for D,O/NaCl — n-octacosane — CisEs/Me-P(EO);13-b-P(C12GE)7 samples
recorded close to the X point of the polymer-free system at ¢¢ = q~)c‘0 +0.02 = 0.155. Bottom: Curves
from the top figure displaced by a factor of 10. Note that all shown curves were analyzed using the TS

model? taking info account double scattering®*.
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7. Tabular Overview of the Parameters Used to Fit the SANS Curves

Table S3: Composition of the bulk-contrast SANS samples, the corresponding fit parameters of
the Teubner-Strey (7.5) model® taking into account double scattering®* as well as the bending
rigidity determined from the model of random interfaces’, alongside the transmission values of

the respective SANS measurements.?

d dc N gmad AT | Inex/em’™ | Io/em™ | Lyean/om™ | £ x transmission

DZOH\TaCl — n-decane (Clonz) — C10E4/MC-P(EO)113-b-P(C12GE)7

0.000 | 0.144 | 0.000 | 0.022 1280 400 0.550 0.020 | 1.00 | 0.66
0.025 | 0.125 | 0.003 | 0.019 1980 550 0.540 0.025 | 1.30 | 0.67
0.050 | 0.098 | 0.005 | 0.015 4150 1100 0.520 0.030 | 1.60 | 0.67
0.075 | 0.083 | 0.007 | 0.013 6560 1700 0.500 0.030 | 1.60 | 0.68
0.025 | 0.143 | 0.004 | 0.023 1370 300 0.530 0.020 | 1.60 | 0.66
0.050 | 0.142 | 0.007 | 0.023 1370 250 0.540 0.020 | 1.60 | 0.66
0.075 | 0.142 | 0.011 | 0.024 1380 250 0.520 0.020 | 1.60 | 0.66

DZOH\TaCl — p-octacosane (Csts 3) — C16E6/MC-P(EO)113-b-P(C12GE)7

0.000 | 0.155 | 0.000 | 0.020 1855 420 0.580 0.022 [ 1.60 | 0.65
0.050 | 0.112 | 0.006 | 0.014 5050 1150 0.540 0.030 | 1.60 | 0.66
0.100 | 0.078 | 0.008 | 0.010 13000 2900 0.540 0.025 1 2.00 | 0.68
0.050 | 0.154 | 0.008 | 0.021 2020 330 0.600 0.020 | 1.60 | 0.65

D,0O/NaCl — Sasolwax 5805 — Genapol O 050/080/Me-P(EO)113-5-P(CO2C1214GE)

0.100 | 0.114 | 0.012 | 0.009 9100 4500 0.580 0.022 | 1.00 | 0.65
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n ) dc ¢ Gma/ | Ima/e | Iofem™ | Jinen/cm™ | f x Trans-
At (m! mission

D,0/NaCl — n-octacosane (CagHsg) — CisEg/Me-P(EO)13-5-P(C12GE )

- 0.000 | 0.155 | 0.000 | 0.020 | 1855 | 420 0.580 0.022 | 1.60 0.65

3 0.050 | 0.154 | 0.008 | 0.020 | 2050 | 420 0.580 0.020 | 1.20 0.65

7 0.050 | 0.154 | 0.008 | 0.014 | 5050 | 1150 | 0.340 0.030 | 1.60 0.65

8 0.050 | 0.154 | 0.008 | 0.020 | 2060 | 340 0.560 0.020 | 1.60 0.65

*Symmetric microemulsions were studied at constant ¢ = 0.500 and ¢ = 0.001 for different PEO-5-

PAIkGEs and polymer mass fractions & within the overall amphiphilic mixture, with the surfactant and

copolymer volume fractions ¢c and ¢p, respectively. Further listed are the fitting parameters of the

extended 7S model: the scattering vector ¢max and the intensity /max that define the peak (position) of the

SANS curve of the bicontinuously structured microemulsion, the intensity /o at g = 0, the incoherent

background scattering intensity fincon, and the fraction of double scattering f and the additional broadening

x. For the sake of completeness, the transmission values of the respective SANS measurements are listed,

too.
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8. Determination of the End-to-End Distances (Ree) of the Homopolymers

SANS experiments were performed for three homopolymers to determine their end-to-end
distances Ree in the respective solvent. The SANS measurements were performed for the
hydrophilic homopolymer PEO in D;0, for the hydrophobic BnO-P(C12GE)14 in deuterated n-
decane and for the larger BnO-P(C12GE )15 in deuterated n-decane as well as in deuterated #-
octacosane. Note that the determination of the Ree of the homopolymers was performed near the
phase inversion temperature of the polymer-doped microemulsion systems of the type HoO/NaCl
— oil — CiEj (see T(y) sections within the manuscript). These measurements were performed Since
the SANS investigations were performed at different SANS facilitics and under different
conditions, Table S4 summarizes the necessary information concerning the measurement
conditions ete. whereas the obtained SANS curves are shown in Figure S24. The determined
dependencics of the Ree values on the molecular weight Mw of the respective polymer blocks are

shown in Figure S25.

Table S4: SANS facilitics and measurement conditions used for the investigation of the homopolymers
PEO (My = 5290 g mol™), BnO-P(C1:GE )14 and BnO-P(C1:GE )1z within the specified solvents for the

a,b,c

determination of their radius of gyration R and their end-to-end distances Ree.w OF Ree,o, respectively.

Sample SANS | Touns | Ml Ry/A | Reew/A | Ree/ A
facility | °C g mol?

PEO (5290 gmol™, 0.25wt% in 1D:0) MLZ | 249 | 52% 26.6" | 651 -

PEO (5290 gmol™, 0.25wt% in D,0) MLZ 60.3 5290 26.6° | 65.1 -

BnO-P(C1,GE)14 (0.5wt% in deut. #-decane) NIST |22.1 | 3960 12.5° - 30.6

BnO-P(C12GE)1s (0.5wt% in deut. #n-decane) NIST | 289 | 4825 13.3° - 326

BnO-P(C12GE)s (1.0wt% in deut. #n-octacosane) | NIST | 67.0 | 4825 13.3° - 32.6

 The homopolymer samples PEO (5290 g mol ™), BnO-P(C12GE )14 and BnO-P(C12GE )iz were studied
at different weight fractions (wt%) in the respective deuterated solvents. ® The SANS data obtained for PEO

was evaluated by using a two-correlation length model, taking into account a scattering contribution at low
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g obtained from formed clusters.® ¢ The SANS data obtained for the PAIKGE homopolymers was evaluated
by using the Guinier model for spherical structures.® Note that both mentioned models initially only provide
information about the gyration radius R, The end-to-end distances Reeo and Reew can be calculated
afterwards from R, by using the relation Re. = 62 R,.'° It is interesting to note that the determined R, and
therefore Re. values for all homopolymers under investigation seem to be temperature-independent and
solvent-independent. Further experiments are necessary to verify the observed independence of Re. on

temperature and solvent.

T
it
g 01 B
17}
b}
—_
o)
= [ ;
[ © PEOinD,0(0.25wt%)atT=24.9°C
PEQ in D,0 (0.25wt%) at 7= 603 °C
[ v BnO-P(CGE), in deut. n-decane (0.5wt%) at I'=22.1°C
BnO-P(C ,GE),, in deut. n-decanc (0.5wt%%) at T=28.9°C
[ © BnO-P(C,,GE), in deut. n-octacosane (1.0wt%)
at I'=67.0°C
———- Two-correlation-length model
—— Guinier model
0.01 ‘ ‘
0.001 0.01 0.1 1

q/}\'l

Figure S24. SANS curves obtained for the three homopolymers PEOQ (M = 5290 g mol™), BnO-
P(C12GE)14 and BnO-P(C:,GE )5 in the respective solvents. Scattering curves of PEO, in D,O (0.25wt%),
were fitted by using a two-correlation-length model displayed as a dashed red line, which takes into
account the scattering contribution of occurring clusters at low ¢.5® The hydrophobic homopolymers
BnO-P(Ci2GE)14 and BnO-P(C12GE)is were studied in deuterated n-decane (0.5wt%) and fitted using the
Guinier model (blue solid lines).® The more hydrophobic BnO-P(C1,GE):s homopolymer was additionally
investigated in deuterated n-octacosane (1.0wt%) and again fitted using the Guinier model.’ Note that the
shown scattering curves correspond to the data without the subtraction of the scattering contribution of the

pure solvents and the incoherent scattering background /incon , respectively.
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: > : :
160 F O Literature daw fgr PEO blocks | 160 | © Literature data for PEP blocks ]
A Own data for PEO (M,, = 5290 g mol™) [ O Owndata for PAIKGE blocks
140 [ at24.9 °C 1 140 | in deut. n-decane
Own data for PEO (M, = 5290 g mol’) r Own data for PAIKGE blocks
120 L at 60.3 °C y | 120 B in deut. n-octacosane E
= 0t o < 100 o ]
B - =3 L 0.570
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Figure S25. Trends of the end-to-end distance Rew (left) and Re., (right ) as a function of molecular
weight M, for different types of homopolymers/polymer blocks. On the left, the Ree (M) dependency
found for the hydrophilic PEO block within H,O or D>O is shown. Note that the theoretical values (taken

from 10-13

) are all calculated from an equation derived by Kawaguchi et al. (see ref.), which is based on
light scattering experiments performed for varying molecular weights M, of PEO in water to obtain the
radius of gyration K, of the PEO homopolymer. The red upward triangle represents the result we obtained
from SANS investigations of PEO (A = 5290 g mol?) in D,O at 7= 24.9 °C, whereas the green square
corresponds to the measurement performed at 7= 60.3 °C. As can be seen, the temperature has a
negligible effect upon the Reew of the PEO homopolymer and our value determined with SANS almost
quantitatively agrees with the literature data calculated with the equation derived by Kawaguchi et al.. On
the right, the Ree o(Mw) dependency of the hydrophobic PAIKGE polymer blocks is shown. To the best of
our knowledge, there are no comparable data on alkyl glycidyl ether polymers so far. We therefore show
the values we obtained via SANS for the two homopolymers BnO-P(C1.GE) 4 and BnO-P(C1,GE);s (cf.
Table S4), alongside literature data on PEP blocks in cyclohexane or benzene!® 2. The red circles are
displaying the results obtained for these two polymers in deuterated n-decane (BnO-P(C1,GE),4 at
T=22.1°C and BnO-P(C1,GE);s at 7= 28.9 °C) whereas the pink square illustrates the result obtained for
BnO-P(C1»GE)is in deuterated n-octacosane at 7= 67.0°C. On the basis of this result it can be concluded,

that using either n-decane or n-octacosane has no influence upon Reeo.
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