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Motivation and Objectives 
Poly(ethylene glycol) (PEG) is a well-known hydrophilic polyether, with its aqueous solubility being 

a rare feature among polyethers, which makes it indispensable for many everyday life and 

biomedical applications.1 PEG is primarily synthesized via anionic ring-opening polymerization 

(AROP) of ethylene oxide (EO), yielding polymers with narrow molar mass distributions.2 EO is often 

copolymerized with other epoxide comonomers, such as alkylene oxides and glycidyl ethers, to 

introduce functional groups into the polymer backbone. Since the copolymerization is a living 

process without transfer or termination reactions, the reactivity ratios of the monomers employed 

can be directly translated to monomer gradients in the polymer chains formed. The incorporation 

behavior depends on both comonomer structure and the particular copolymerization conditions.3 

The same comonomers can be incorporated randomly under conventional AROP or form gradient 

structures under monomer-activated anionic ring-opening polymerization (MAROP) conditions, 

resulting in markedly different polymer properties.4 Understanding incorporation behavior is 

essential for controlling the microstructure of these copolymers. Chapter 2 highlights the 

significance of distinguishing between random and gradient copolymers and addresses the 

following question: 

“What are the incorporation preferences of literature-known epoxide comonomers in anionic ring-

opening polymerization?” 

The attachment of PEG to therapeutics or lipid nanoparticles (PEGylation) can significantly extend 

their blood circulation half-life to treat diseases in patients.5 Conventional AROP gives narrowly 

distributed PEG suitable for pharmaceutical applications as side reactions seldom occur and no 

catalysts have to be removed.1 Due to its use not only in biomedicine but also in many everyday 

applications in the last decades, most people in developed countries have developed anti-PEG 

antibodies (APAs) even if they were never treated with PEGylated drugs.6,7 Random copolymers of 

EO with glycidyl methyl ether (GME) pose a promising alternative to PEG, while concurrently the 

oxygen-to-carbon ratio is unaltered, preserving hydrophilicity. Incorporating randomly distributed 

GME imperfections into the backbone can drastically diminish APA binding efficiency by preventing 

the specific binding motif for the APAs from occurring (Chapter A1). The incorporation preference 

has direct implications for the required comonomer composition. Copolymerization conditions 

regarding the used solvent and applied degree of deprotonation are usually disregarded, even 

though they are unexplored (Figure 1, top left). Chapter 3 is subject to answering the following 

question: 
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"How do the solvent and degree of deprotonation influence the incorporation preferences of the 

comonomer pair ethylene oxide and glycidyl methyl ether?" 

 

Figure 1: Objectives of this thesis by the anionic ring-opening polymerization of epoxides. 
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In contrast to GME, propylene oxide (PO) is commonly used to disable the crystallization of PEG. 

Block copolymers of EO and PO are widely used as nonionic surfactants. The copolymerization of 

PO reduces the aqueous solubility of PEG and lowers its cloud point temperature.1 This property is 

utilized in drug delivery systems, in which polymer precipitation at body temperature releases 

hydrophobic drugs from lipid carriers, making them accessible to patients.8 Copolymerizing EO with 

PO is a well-established method to reduce or disable PEG crystallization, making these copolymers 

attractive for use as solid polymer electrolytes. The copolymerization is unfortunately accompanied 

by a reduction in polarity, which is a key factor in enabling ion conductivity.9–11 The incorporation 

preference of EO is significantly higher than PO, resulting in a monomer gradient along the polymer 

chains.12 Consequently, larger amounts of PO are required to prevent long, crystalline PEG 

segments within the copolymer. Similar to the EO/GME comonomer pair, the impact of reaction 

conditions on this EO/PO system has often been overlooked, despite being known for decades 

(Figure 1, top right). Chapter 4 will address the following question: 

“How do the reaction conditions directly influence the incorporation preferences in the 

copolymerization of ethylene oxide and propylene oxide, and what are the resulting implications for 

material properties?” 

Addressing global warming necessitates decarbonizing the chemical industry to reduce greenhouse 

gas emissions. In recent decades, extensive research has focused on renewable solvents and 

reagents.13–15 A key requirement is that these renewable resources must not interfere with the food 

supply chain.16,17 Terpenoids, which can be sourced either from industrial by-products or through 

genetically modified microbes with tailor-made synthesis profiles, offer a promising solution.18–20 

Terpenoid-derived glycidyl ether monomers have the potential to replace traditional petro-based 

hydrophobic monomers like PO, butylene oxide, or allyl glycidyl ether. Due to their structural 

diversity and modifiability, these monomers can be tailored for specialized applications. Statistical 

copolymers offer the advantage of tuning material properties by adjusting the comonomer ratio 

(Figure 1, bottom right). Chapter 5 explores the following question: 

"Do variations in the structure of linear terpenyl glycidyl ethers lead to different incorporation 

preferences in the copolymerization with EO?" 

Bio-based triglycerides from fats and oils represent a valuable natural resource, much like 

terpenoids. These materials are already produced on a large scale from natural sources and waste 

streams21–24 and can be used to synthesize linear hydrophobic glycidyl ethers from the 

corresponding fatty alcohols. Due to their highly hydrophobic nature and high molar mass, these 
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glycidyl ethers can introduce hydrophobicity into PEG even at low comonomer percentages.25 

Polymers made from long-chain saturated glycidyl ethers of fatty alcohols tend to crystallize at 

room temperature, while those made from medium-chain saturated glycidyl ethers remain liquid.26 

Block copolymers are of particular interest for surfactant applications, as small amounts can boost 

the efficiency of low molar mass surfactants.27 Oleyl alcohol represents the unsaturated equivalent 

to the solid stearyl alcohol. After polymerization, the side chains could be partially hydrogenated 

to adjust the melting temperature into the physiological range, making these materials suitable for 

potential biomedical applications (Figure 1, bottom left). Chapter 6 addresses the following 

question: 

"How do block and statistical copolymers of ethylene oxide and oleyl glycidyl ether behave in both 

bulk and aqueous solutions?" 

In summary, this thesis covers the copolymerization of epoxide comonomers mainly with EO for 

biomedical applications. Detailed knowledge regarding incorporation preference is crucial to 

predict the physical properties. Bio-based monomers will play an important role in the future for a 

broad variety of applications. 
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Abstract 
Anionic ring-opening polymerization (AROP) of epoxides is a fundamental method for developing 

innovative and customized materials. Established for more than a century, it is widely used in both 

industry and academia. Poly(ethylene oxide) (PEO) or poly(ethylene glycol) (PEG), with its 

exceptional aqueous solubility, enables the formation of amphiphilic block copolymers that 

compatibilize hydrophobic molecules with water. Hydrophobic and hydrophilic comonomers can 

be varied over a vast range towards the desired application. Statistical copolymerization of epoxides 

allows for combining the properties of different comonomers, with ethylene oxide commonly used 

due to its hydrophilic nature. 

In recent years, the synthesis of bio-based compounds from renewable and abundant resources 

has gained significant attention. Terpenoids provide an accessible platform for synthesizing a 

variety of glycidyl ethers, offering structural diversity and modifiability for creating customized 

materials. Fatty alcohols complement this by providing linear hydrophobic monomers, which can 

be subsequently modified if a double bond is present. The copolymerization of epoxide monomers 

requires detailed investigations into incorporation preferences to understand the resulting 

structure-property relationships. This thesis presents a comprehensive review of the existing 

literature on epoxide copolymerization and explores the copolymerization of various monomers 

suited for developing innovative materials. Particular emphasis is placed on the synthesis and 

inquiry of bio-based monomers. 

Chapter 2 provides a general introduction to copolymerization, focusing on the underlying kinetic 

aspects. It presents the official terminology for copolymers and reviews the commonly used but 

imprecise term "random copolymer", offering a more accurate definition. Distinct mathematical 

models applicable to describing copolymerization are discussed, along with recommendations for 

their use. Copolymers with a gradient distribution of comonomers are highlighted as a class at the 

boundary between random and block copolymers. Depending on the copolymerization method, 

conventional or monomer-activated anionic ring-opening polymerization, control over the 

incorporation preferences is allowed within certain limits. The centerpiece of this chapter 

represents the tables of copolymerization behavior of all available epoxide comonomer 

combinations gathered from the literature. 

Chapter 3 investigates how polymerization conditions influence the incorporation preferences of 

ethylene oxide (EO) and glycidyl methyl ether (GME). Copolymers of EO and GME, a “dimeric 

isomer” of EO, are explored as a potential alternative to PEG for biomedical applications. Variables 
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such as solvent choice can shift the incorporation of preferences of EO and GME from a random 

copolymerization to one with a slight gradient. This shift is significant for synthesizing copolymers 

with specific monomer distributions, as anti-PEG antibodies bind to certain motifs of consecutive 

EO units. The crystallinity of the bulk material depends on the monomer distribution, which is 

crucial for applications requiring amorphous polymers, such as solid-state batteries.  

Chapter 4 examines the influence of copolymerization conditions on the well-established EO and 

propylene oxide (PO) comonomer pair, which has been used industrially for decades. Despite its 

decades-long use, comprehensive data on melting points and aqueous solubility are unavailable. 

Even small variations in incorporation preferences impact aqueous properties. PO is incorporated 

slower than EO, leading to pronounced gradient formations. Copolymers with a steeper gradient 

were better soluble in water compared to those with a smoother gradient. 

Chapter 5 explores bio-based terpenyl glycidyl ethers, which offer a renewable alternative to 

conventional petro-based monomers, contributing to the goal of decarbonizing the chemical 

industry. The copolymerization of short- to medium-chain acyclic terpenyl glycidyl ethers with EO 

was investigated. Despite the structural diversity of these monomers, similar incorporation 

preferences with EO were observed, although the more apolar compounds exhibited slower 

incorporation rates. The double bonds of the terpenyl glycidyl ethers were functionalized by thiol-

ene click reaction using 2-mercaptoethanol as a model compound, making these materials suitable 

for introducing virtually any functional group for tailor-made applications. Reduction of the double 

bonds with diimide enabled subsequent saturation of the side chains, making these materials less 

prone to aging.  

Chapter 6 focuses on synthesizing oleyl glycidyl ether (OlGE) from oleyl alcohol and 

epichlorohydrin. Similar to terpenyl glycidyl ethers, monomers derived from fatty alcohols serve as 

valuable resources for hydrophobic monomers. Their linear structure allows saturated long-chain 

variants to solidify at room temperature, while medium-chain or cis-unsaturated variants remain 

liquid. Despite its highly apolar and bulky side chain, OlGE exhibited only a slightly lower 

incorporation preference when copolymerized with EO. Block and statistical copolymers of OlGE 

and EO were investigated for their micellization behavior. By incorporating just a few mol% of this 

hydrophobic comonomer with a high molar mass, a wide range of hydrophilic-lipophilic balances 

could be achieved. Transmission electron microscopy (TEM) and dynamic light scattering (DLS) 

revealed the formation of micelles, which assembled into larger aggregates. The double bond in 

OlGE was accessible to thiol-ene click reactions and reduction via diimide, allowing partial or 

complete reduction of the side chains. This modification enabled the fine-tuning of melting points 
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to fall within the physiological range, offering customizable material properties for biomedical 

applications. 

Appendix chapters 

Chapter A1 is a collaboration with epoxide specialists from the XXXX group and the University 

Medical Center of Mainz. It focuses on the synthesis of random copolymers composed of varying 

ratios of EO and GME as an alternative to PEG in biomedical applications. These copolymers were 

found to be biocompatible across a wide range of concentrations and were tested for their 

antigenicity against anti-PEG antibodies (APAs). When the GME content reached 50 mol%, the APAs 

were unable to bind to the polymer backbone. The equal incorporation preferences of the 

comonomers resulted in randomly distributed imperfections along the polyether chains. A 

simulation utilizing a kinetical Monte-Carlo approach visualized the negligible amount of copolymer 

chains carrying the binding motif of the APAs, explaining the low binding affinity of APAs to the 

copolymers. 

Chapter A2 provides fundamental insights into “on water” catalysis of epoxide ROP at a static oil-

alkaline water interface. Despite the usually water-sensitive reaction, styrene oxide, which exhibits 

a low reactivity under conventional AROP conditions, polymerized at the interface and yielded 

surprisingly high molar masses. Several reaction parameters, such as pH, solvent, initiator salt, etc. 

were investigated. The highest observable species in matrix-assisted laser desorption ionization by 

time-of-flight mass spectrometry (MALDI-ToF MS) had a molar mass of 8 000 g/mol.  

Chapter A3 addresses the carbanionic polymerization of 1-phenyl isoprene and 4-phenyl isoprene. 

The disubstituted 1,3-dienes were synthesized using a Wittig reaction and polymerized in 

cyclohexane, and with different amounts of THF as a polar additive. The 1,4 incorporation of the 

phenyl isoprenes surprisingly decreased with small amounts of THF but increased again with larger 

amounts. Cationic cyclization in a postpolymerization modification, employing trifluoromethyl 

sulfonic acid, induced fluorescence properties and a pronounced increase in the glass transition 

temperature of 187 °C and 131 °C for P(1-phenyl isoprene) and P(4-phenyl isoprene), respectively. 

Copolymerizations of 1-phenyl isoprene with isoprene resulted in random copolymers but with 

styrene in gradient structures. The β-C shift in 13C-NMR spectroscopy and density functional theory 

(DFT) calculations revealed a similar electronic structure to isoprene, which explains the 

comparable incorporation preference. 
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Zusammenfassung 
Die anionische ringöffnende Polymerisation (AROP) von Epoxiden ist eine wichtige Methode zur 

Entwicklung innovativer und maßgeschneiderter Materialien. Seit mehr als einem Jahrhundert 

etabliert, findet sie sowohl in der Industrie als auch in der Wissenschaft breite Anwendung. 

Poly(ethylenglycol) (PEG) oder auch Poly(ethylenoxid) (PEO) zeichnet sich durch seine 

außergewöhnliche Wasserlöslichkeit aus und ermöglicht die Herstellung amphiphiler 

Blockcopolymere, die hydrophobe Moleküle mit Wasser kompatibilisieren. Hydrophobe und 

hydrophile Comonomere können in einem breiten Spektrum variiert werden, um den 

Anforderungen spezifischer Anwendungen gerecht zu werden. Die statistische Copolymerisation 

von Epoxiden erlaubt die Kombination der Eigenschaften verschiedener Comonomere, wobei 

Ethylenoxid aufgrund seiner hydrophilen Natur häufig eingesetzt wird.  

In den letzten Jahren hat die Synthese biobasierter Verbindungen aus erneuerbaren und gut 

verfügbaren Ressourcen erheblich an Bedeutung gewonnen. Terpenoide bieten eine zugängliche 

Plattform zur Synthese einer Vielzahl von Glycidylethern, die durch ihre strukturelle Vielfalt und 

Modifizierbarkeit die Entwicklung maßgeschneiderter Polymere ermöglichen. Fettalkohole 

ergänzen dieses Spektrum durch lineare hydrophobe Monomere, die bei Vorhandensein einer 

Doppelbindung modifiziert werden können. Die Copolymerisation von Epoxid-Monomeren 

erfordert detaillierte Untersuchungen zu den Einbaupräferenzen, um die resultierenden Struktur-

Eigenschafts-Beziehungen zu verstehen. Diese Dissertation bietet eine umfassende Übersicht über 

den aktuellen Stand der Literatur zur Epoxid-Copolymerisation und untersucht die 

Copolymerisation verschiedener Monomere, die sich für die Entwicklung innovativer Materialien 

eignen. Ein besonderer Schwerpunkt liegt auf der Synthese und Untersuchung biobasierter 

Monomere. 

Kapitel 2 gibt eine allgemeine Einführung in die Copolymerisation mit Fokus auf die zugrunde 

liegenden kinetischen Aspekte. Es stellt die offizielle Terminologie für Copolymere vor und setzt 

sich kritisch mit dem häufig verwendeten, aber unpräzisen Begriff des „statistischen Copolymers“ 

auseinander, indem eine genauere Definition vorgeschlagen wird. Verschiedene mathematische 

Modelle, die zur Beschreibung der Copolymerisation anwendbar sind, werden diskutiert, ergänzt 

durch Empfehlungen für deren Einsatz. Copolymere mit einer Gradientenverteilung der 

Comonomere werden als Klasse hervorgehoben, die an der Grenze zwischen statistischen und 

Blockcopolymeren liegt. Je nach Copolymerisationsmethode, konventionelle oder 

monomeraktivierte anionische ringöffnende Polymerisation, ist eine Steuerung der 
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Einbaupräferenzen innerhalb bestimmter Grenzen möglich. Den Schwerpunkt dieses Kapitels 

bilden Tabellen mit dem Copolymerisationsverhalten aller verfügbaren Epoxid-Comonomer-

Kombinationen, die aus der Literatur zusammengetragen wurden. 

Kapitel 3 untersucht, wie Polymerisationsbedingungen die Einbaupräferenzen von Ethylenoxid (EO) 

und Glycidylmethylether (GME) beeinflussen. Copolymere aus EO und GME, ein „dimeres Isomer“ 

von EO, werden als potenzielle Alternative zu PEG für biomedizinische Anwendungen erforscht. 

Variablen wie die Wahl des Lösungsmittels können die Einbaupräferenzen der Monomere EO und 

GME von einer statistischen Copolymerisation hin zu einer mit leichtem Gradienten verschieben. 

Diese Verschiebung ist besonders bedeutsam für die Synthese von Copolymeren mit spezifischen 

Monomerverteilungen, da Anti-PEG-Antikörper an bestimmte Motive aus aufeinanderfolgenden 

EO-Einheiten binden. Die Kristallinität des Polymers hängt von der Monomerverteilung ab, was 

entscheidend für Anwendungen ist, die amorphe Polymere erfordern, wie etwa Feststoffbatterien. 

Kapitel 4 untersucht den Einfluss der Polymerisationsbedingungen auf das fest etablierte 

Comonomerpaar EO und Propylenoxid (PO), das seit Jahrzehnten industriell genutzt wird. Trotz 

seiner langjährigen Verwendung fehlen umfassende Daten zu Schmelzpunkten und 

Wasserlöslichkeit. Selbst geringe Variationen in den Einbaupräferenzen beeinflussen die wässrigen 

Eigenschaften. PO wird langsamer als EO eingebaut, was zu ausgeprägten Gradientenbildungen 

führt. Copolymere mit einem steileren Gradienten waren besser wasserlöslich als solche mit einem 

gleichmäßigeren Gradienten. 

Kapitel 5 untersucht biobasierte Terpenylglycidylether, die eine erneuerbare Alternative zu 

konventionellen erdölbasierten Monomeren darstellen und somit zum Ziel der Dekarbonisierung 

der chemischen Industrie beitragen. Die Copolymerisation von kurz- bis mittelkettigen azyklischen 

Terpenylglycidylethern mit EO wurde analysiert. Trotz der strukturellen Vielfalt dieser Monomere 

wurden ähnliche Einbaupräferenzen mit EO beobachtet, wobei jedoch die apolareren 

Verbindungen langsamere Einbauraten zeigten. Die Doppelbindungen der Terpenylglycidylether 

wurden durch eine Thiol-En-Klick-Reaktion mit 2-Mercaptoethanol als Modellverbindung 

funktionalisiert, wodurch sich diese Materialien für die Einführung nahezu beliebiger funktioneller 

Gruppen für maßgeschneiderte Anwendungen eignen. Die Reduktion der Doppelbindungen mit 

Diimid ermöglichte die anschließende Sättigung der Seitenketten, wodurch diese Materialien 

weniger alterungsanfällig wurden. 

Kapitel 6 konzentriert sich auf die Synthese von Oleylglycidylether (OlGE) aus Oleylalkohol und 

Epichlorhydrin. Ähnlich wie Terpenylglycidylether dienen Monomere, die aus Fettalkoholen 
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gewonnen werden, als wertvolle Ressourcen für hydrophobe Monomere. Ihre lineare Struktur 

ermöglicht es gesättigten langkettigen Varianten bei Raumtemperatur zu erstarren, während 

mittelkettige oder cis-ungesättigte Varianten flüssig bleiben. Trotz seiner stark apolaren und 

sterisch anspruchsvollen Seitenkette zeigte OlGE nur eine leicht geringere Einbaupräferenz in der 

Copolymerisation mit EO. Block- und statistische Copolymere aus OlGE und EO wurden auf ihr 

Mizellenverhalten hin untersucht. Durch den Einbau von nur wenigen mol% dieses hydrophoben 

Comonomers mit hoher molarer Masse konnte ein breites Spektrum an hydrophilen-lipophilen 

Verhältnissen erreicht werden. Die Transmissionselektronenmikroskopie (TEM) und dynamische 

Lichtstreuung (DLS) zeigten die Bildung von Mizellen, die sich zu größeren Aggregaten 

zusammenschlossen. Die Doppelbindung in OlGE war für Thiol-En-Klick-Reaktionen und die 

Reduktion mittels Diimid zugänglich, was eine teilweise oder vollständige Reduktion der 

Seitenketten ermöglichte. Diese Modifikation ermöglichte das Einstellen der Schmelzpunkte, 

sodass sie in den physiologischen Bereich fielen und anpassbare Materialeigenschaften für 

biomedizinische Anwendungen boten. 

Anhang-Kapitel 

Kapitel A1 ist eine Zusammenarbeit mit Epoxid-Spezialisten der XXXX-Gruppe und des 

Universitätsklinikums Mainz. Es konzentriert sich auf die Synthese von statistischen Copolymeren, 

die aus unterschiedlichen Verhältnissen von EO und GME bestehen und als Alternative zu PEG in 

biomedizinischen Anwendungen dienen. Diese Copolymere erwiesen sich über einen breiten 

Konzentrationsbereich hinweg als biokompatibel und wurden auf ihre Antigenizität gegenüber 

Anti-PEG-Antikörpern (APAs) getestet. Sobald der GME-Anteil 50 mol% erreichte, konnten die APAs 

nicht mehr an das Polymerrückgrat binden. Die gleichen Einbaupräferenzen der Comonomere 

führten zu zufällig verteilten Störstellen entlang der Polyetherketten. Eine kinetische Monte-Carlo-

Simulation visualisierte die vernachlässigbare Anzahl von Copolymerketten, die das Bindungsmotiv 

der APAs trugen, und erklärte so die niedrige Bindungsaffinität der APAs zu den Copolymeren. 

Kapitel A2 bietet grundlegende Einblicke in die „auf Wasser“-Katalyse der ringöffnenden 

Polymerisation (ROP) von Epoxiden an einer statischen Öl-alkalischen Wassergrenze. Trotz der 

normalerweise wasserempfindlichen Reaktion polymerisierte Styroloxid, das unter 

konventionellen AROP-Bedingungen eine geringe Reaktivität aufweist, an der Grenzfläche und 

ergab überraschend hohe molare Massen. Verschiedene Reaktionsparameter, wie pH-Wert, 

Lösungsmittel, Initiatorsalz usw., wurden untersucht. Die höchste beobachtete Spezies in der 

Matrix-assistierten Laser-Desorptions/Ionisation-Flugzeit-Massenspektrometrie (MALDI-ToF MS) 

wies eine molare Masse von 8 000 g/mol auf. 
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Kapitel A3 befasst sich mit der carbanionischen Polymerisation von 1-Phenylisopren und 4-

Phenylisopren. Die disubstituierten 1,3-Diene wurden durch eine Wittig-Reaktion synthetisiert und 

in Cyclohexan sowie mit unterschiedlichen Mengen an THF als polarem Additiv polymerisiert. Die 

1,4-Inkorporation der Phenylisoprene nahm überraschenderweise bei geringen Mengen an THF ab, 

stieg jedoch wieder mit größeren Mengen an. Eine kationische Zyklisierung in einer 

Postpolymerisationsmodifikation unter Verwendung von Trifluormethylsulfonsäure induzierte 

Fluoreszenzeigenschaften und einen ausgeprägten Anstieg der Glasübergangstemperatur auf 

187 °C für P(1-Phenylisopren) und 131 °C für P(4-Phenylisopren). Copolymerisationen von 1-

Phenylisopren mit Isopren führten zu statistischen Copolymeren, während mit Styrol 

Gradientstrukturen entstanden. Die β-C-Verschiebung in der 13C-NMR-Spektroskopie und 

Dichtefunktionaltheorie (DFT)-Berechnungen zeigten eine ähnliche elektronische Struktur wie 

Isopren, was die vergleichbare Einbaupräferenz erklärt. 
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Chapter 4: 

Reaction Temperature and Solvent Determine Reactivity Ratios in the Copolymerization of 

Ethylene Oxide and Propylene Oxide 

 

 

 

Chapter 5: 

Poly(Terpenyl Glycidyl Ethers): Copolymerization with Ethylene Oxide, Properties, and 

Functionalization 

 

 

 

 

 

AROP

Turbidimetry

Statistical P(EO-co-PO) 
Copolymers

Tcp Lower

Tcp Higher

T

T

Polar  Solvent

Apolar  Solvent

AROP

Terpene-functionalized Polyether Copolymers 

In Situ Kinetics

Thiol-Ene Click

Hydrogenation



Graphical Abstract 

 
19 

 

Chapter 6: 
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1 Introduction 
The following section introduces poly(ethylene glycol) (PEG), widely regarded as a gold standard in 

pharmaceutical and medical applications.1 PEG is produced in various GMP-grade (Good 

Manufacturing Practice) qualities tailored for these fields2 and is primarily synthesized through 

anionic ring-opening polymerization (AROP), which will be discussed in detail in a later section. 

Catalytic and cationic ring-opening polymerization pathways are possible but exhibit several 

drawbacks.3 These techniques are not used in this thesis and are therefore not discussed here. 

Several reviews have highlighted the aforementioned polymerization techniques in detail, e.g. by 

Penczek, Kubisa, and Matyjaszewski, Chen, or Frey et al.1,4,5 

 

Figure 1: Synthesis of poly(ethylene glycol) from ethylene oxide (EO) by different ring-opening polymerization (ROP) 
pathways. 

PEG itself is a nonfunctional material. However, ethylene oxide has been frequently copolymerized 

with functional epoxides (see Chapter 2). The resulting multifunctional PEGs feature incorporated 

hydrophobic segments and/or functional groups along the otherwise hydrophilic backbone. The 

comonomers are commonly derived from fossil-based resources. Introducing functional groups 

significantly broadens the application scope, especially for various biomedical uses.1 Alongside this, 

the push for sustainable solutions has intensified the demand for renewable resources in materials 

science. The search for bio-based alternatives to fossil-based resources is imperative due to 

nowadays environmental challenges and climate change.6,7 Bio-based comonomers, such as those 

derived from fatty alcohols and terpenoid alcohols, are presented as underrated yet promising 

building blocks. The monomer ethylene oxide is already available from renewable resources.8 

Poly(Ethylene Glycol) (PEG) 

In 1859, Wurtz described the synthesis of ethylene oxide (EO) from 2-chloroethanol and its reaction 

with aqueous sodium hydrogen sulfate, producing hygroscopic crystals with a “refreshing taste”.9 

He later systematically investigated the physical properties of the oligomers of EO.10,11 Lourenco 

independently found similar results.12,13 Staudinger and Schweitzer published a comprehensive 

overview on the polymerization of EO in 1929.14 Today, EO is synthesized via the gas-phase 

oxidation of ethylene with oxygen at 220–300 °C, using Al₂O₃–supported silver catalysts (Figure 2).15  
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Figure 2: Ethylene oxide synthesis by Wurtz9 and today’s industrial-scale synthesis.15 

PEG and poly(ethylene oxide) (PEO) refer to the same polymer, though PEG is typically used for 

molecular weights below 30 000 g/mol. Yet, in pharmaceutical and medical applications, the term 

PEG is used exclusively. Due to its highly regular helical structure,16 PEG transitions from a viscous 

liquid to a waxy, semicrystalline state once its molar mass exceeds 1 000 g/mol. At molar masses 

above 6 000 g/mol, PEG typically is obtained as a crystalline powder and exhibits a melting point 

(Tm) around 65 °C.17 Although the semicrystalline state can be beneficial in certain applications,1 it 

poses significant limitations in solid-state batteries,18,19 and membrane technology, where 

amorphous regions are crucial for molecular interactions and transport phenomena.20,21 The glass 

transition temperature (Tg) of PEG is below -60 °C, attributed to the high flexibility of the polyether 

backbone.22 PEG is highly water-soluble, even at high concentrations, particularly at low molar 

masses. While solubility decreases as the molar mass increases, preparation of 50% aqueous 

solutions is still possible at room temperature for PEG with a molar mass of up to 35 000 g/mol.3 

This feature is unique among the polyethers. The structurally related poly(oxymethylene), 

poly(acetaldehyde), poly(propylene oxide) (PPO), poly(trimethylene oxide), and 

poly(tetrahydrofuran) are insoluble in water.23  

PEG is widely used in everyday applications, including skin care products, ointments, lubricants, and 

surfactants. It is commonly used when moisture retention or solubilization of hydrophobic 

molecules is required. Despite PEG’s ether backbone without cleavable bonds, such as esters or 

amides, it is considered biodegradable, though this depends on the molar mass and the applied test 

criteria. Polymers with low molar mass degrade faster than their high molar mass analogs.24 The 

high aqueous solubility, low toxicity, antigenicity, and immunogenicity, render PEG derivatives 

advantageous for coupling with lipids, drugs, and proteins in biomedical applications. In these so-

called “PEGylated” compounds, PEG forms a highly hydrated polymer shell, significantly extending 

the half-lives of the compounds in the bloodstream. This is known as the stealth effect and results 

in greatly enhanced therapeutic effects.1,25,26 The increased use of PEGylated therapeutics,27 and 

other still unclear factors have led to the formation of anti-PEG antibodies (APAs). In the year 2023, 

approximately 83% of the German population tested positive for these antibodies (Figure 3).28 Lai 

et al. conducted a detailed time-resolved analysis of APA prevalence across different age groups, 

Ethylene oxide synthesized by Wurtz Modern ethylene oxide synthesis
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genders, and races. They confirmed the widespread prevalence of pre-existing APAs. The IgG levels 

correlated with the patient’s age, but not with gender or race.29 Despite this rise in APAs, the United 

States Food and Drug Administration (FDA) approved three PEGylated drugs in 2023, highlighting 

the benefits of this technology.30  

 

Figure 3: Plasma screening to analyze anti-PEG antibody prevalence and concentration in a sample of the German 
population (n = 500). a) Prevalence of anti-PEG IgG and IgM antibodies (blue: female, cyan: male samples). 
b) Prevalence distribution depending on age (cyan: IgG, blue: IgM), the line indicates the linear regression. 
c) Concentration of anti-PEG IgG antibodies in age groups. d) Concentration of anti-PEG IgM antibodies in age groups. 
Differences in average concentrations shown in c) and d) are not statistically significant due to outliers in the high 
concentration range. Reprinted and adapted with permission from Landfester et al.28 Royal Society of Chemistry, 
© 2023. 

There are several strategies to introduce additional functional groups into the polymer to broaden 

the applications of PEG. On the one hand, this can be achieved using a functional initiator (α-

functionalization) and/or a functional terminating agent (ω-functionalization), resulting in mono- 

or (hetero)bifunctional polymers. On the other hand, postpolymerization modification can be 

employed to alter the terminal hydroxyl groups, though this method is challenging and restricted 

to the chain ends. In contrast, copolymerization of EO with functional epoxides allows for the 

b)a)

d)c)
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tailoring of PEG properties. Sequential polymerization yields block copolymers, while simultaneous 

copolymerization yields statistical copolymers. The polymer properties are altered depending on 

the comonomer incorporation statistics and its ratio. However, this approach is limited to epoxides 

withstanding the harsh conditions of the polymerization, such as high temperatures and strong 

bases.1 Chapter 2 comprehensively reviews the statistical copolymerization of a large variety of 

epoxide monomers, with a special emphasis on EO. 

Ring-Opening Polymerization of Epoxides 

The ring-opening polymerization (ROP) of epoxides can be achieved through one of three pathways: 

a) anionic, b) cationic, or c) catalytic. The monomer-activated anionic ROP (MAROP), pioneered by 

Carlotti and Deffieux,31 represents a special subclass of the anionic ring-opening polymerization 

(AROP) and is briefly discussed in Chapter 2. The utilization of double metal cyanide (DMC) catalysis 

plays a large role in the polymerization of propylene oxide (PO) for the commercial production of 

PPO-based polyols for polyurethane applications.32 Due to the need for elevated temperatures and 

pressures, as well as the nontrivial catalyst preparation, the use is mostly limited to a few industry 

purposes.1 Cationic ring-opening polymerization suffers from low control over the polymerization, 

and transfer reactions broaden the molar mass distribution and reduce the targeted molar mass.33 

It furthermore produces several (toxic) cyclic side-products, such as 1,4-dioxane.34 The industrially 

most relevant and conventional technique to polymerize epoxides is the AROP. The driving force 

for the EO polymerization is the ring strain release, which is around 110 kJ/mol.35 The AROP is a 

living (no termination, no chain transfer) and controlled (fast initiation, low dispersity, controlled 

molar mass) polymerization. This requires rigorously purified chemicals and equipment, as protic 

compounds can impede the polymerization and/or initiate a growing polymer chain themselves.36 

Anionic Ring-Opening Polymerization (AROP) 

The AROP relies on highly nucleophilic alkali metal compounds in aprotic, polar solvents, such as 

tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), and hexamethylphosphoric triamide (HMPTA). 

These solvents enable the separation of the countercation (mostly Na+, K+, Cs+) from the active 

alkoxide chain end. Lithium as a counterion forms stable aggregates with the alkoxide chain ends 

and due to the rather covalent than ionic bond between lithium and the alkoxide, the 

polymerization cannot take place or is extremely decelerated.1,37 This matches with the principles 

of “hard and soft acids and bases” developed by Pearson.38 The reaction rate usually increases with 

increasing temperature, larger ionic radius of the counterion (Na+<K+<Cs+), polarity of the solvent,39 

cation-chelating additives (crown-ethers, cryptands),40 and by adding small amounts of alcohol to 

the mixture.41 The chosen reaction conditions influence the equilibria between the different species 
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shown in Scheme 1. Reversibly aggregated ion pairs are dormant, and hence do not result in 

monomer propagation. In THF at 70 °C, living PEG forms trimers with potassium or cesium as 

counterions and tetramers with sodium. These aggregates disaggregate at very low concentrations, 

but in the case of sodium, they are present at all concentrations.42 The term “aggregation” is often 

used interchangeably with “association” in the literature, but due to its similarity with 

“dissociation” and the related reverse reaction, this thesis will not adopt this usage. 

 

Scheme 1: Different species present in the AROP. The aggregates are dormant, whereas contact ion pairs, solvent-
separated ion pairs, and free ions exhibit increasing polymerization rate constants. Reprinted and adapted from 
Reference Module in Chemistry 2016, Penczek, S.; Pretula, J.B., Ring-Opening Polymerization, Page 17, Copyright 2016, 
with permission from Elsevier.33 

The aggregation of alkoxide ion pairs can even be observed in polar solvents like DMSO42,43 or 

HMPTA.44 In THF at 25 °C, the dissociation constant kd is 1.8∙10-10 mol/L,45 meaning propagation 

occurs almost exclusively by contact ion pairs. In some papers, the total concentration of active 

centers is determined incorrectly, if the capability of aggregation is ignored, as stated by Penczek 

and Pretula.33 The contribution of the contact ion pairs and the free anions can be determined using 

the “Szwarc’s plot”:46 

−
d[M]

d𝑡𝑡
= 𝑘𝑘p−[P−][M] + 𝑘𝑘p±[P±][M] (1) 

With: [M] monomer concentration, t time, kp
- propagation constant of the free anion, [P-] 

concentration of the free anion active chain end, kp
± propagation constant of the contact ion pair, 

[P±] concentration of the contact ion active chain end. [P±] and [P-] are steady for living 

polymerizations and equal to the initiator concentration [I]0. The following equations can be made, 

with [M+] as the counter cation: 
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[P±] ⇌ [P−] + [M+] (2) 

𝑘𝑘d =
[P−][M+]

[P±]  (3) 

Solving equation (1) and applying the equations (2)–(3) yields: 

𝑘𝑘p
app = −

d[M]
[M][I]0d𝑡𝑡

= 𝑘𝑘p± + (𝑘𝑘p− − 𝑘𝑘p±)𝑘𝑘d
1/2[I]0

−1/2 (4) 

Duda and Penczek took aggregation into account and reported the following equation:33,47 

𝑟𝑟p1−𝑚𝑚 = −
𝑚𝑚𝑘𝑘agg
𝑘𝑘p𝑚𝑚−1 + 𝑘𝑘p[I]0𝑟𝑟p−𝑚𝑚 (5) 

With:48 

P𝑛𝑛− + M
𝑘𝑘p
�� P𝑛𝑛+1− ≡ P𝑛𝑛− (6) 

 
(7) 

𝑟𝑟p =
d[M]
[M]d𝑡𝑡

= ln �
[M]0
[M]

� 𝑡𝑡−1 = −
d ln[M]

d𝑡𝑡
 (8) 

Fitting rp and [I]0 to the following equation, the aggregation number m can be obtained. 

ln 𝑟𝑟p = ln 𝑘𝑘p �𝑚𝑚𝑘𝑘agg�
−1/𝑚𝑚 +

1
𝑚𝑚

ln[I]0 (9) 

The propagation follows a simple scheme, due to the low solubility of alkoxides even in polar 

solvents, the initiator salts are in most cases partially deprotonated (Scheme 2). As can be seen in 

equation (7), this has a strong impact on the ratio of aggregates, pushing toward disaggregated 

species. This leads to a fast equilibrium between the dormant, protonated species and the active, 

deprotonated species and should not be viewed as a chain transfer reaction. 
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Scheme 2: Polymerization propagation of EO and the equilibrium with the dormant protonated species. ROH 
represents another dormant polymer chain end. Counterion omitted. Depending on the nature of the anion, different 
propagation constants are obtained. 

Although the alcohol functionality is considered dormant, its presence accelerates the overall 

reaction rate by shifting the equilibrium from aggregated to active ion pairs. Additionally, the 

proton participates in epoxide activation, forming a ternary transition state involving the alkoxide, 

monomer, and alcohol. This occurs due to strong alcohol-alkoxide interaction. In the absence of a 

protic functional group, propagation is hindered. When the alkoxide to alcohol ratio falls below a 

threshold, the reaction rate decreases.41,49–51 At the onset of polymerization, the reaction rate 

increases as the added EO units coordinate with the potassium counterion (Scheme 3). This shifts 

the equilibrium from contact ion pairs to separated ion pairs and/or enhances dissociation 

(compare to Scheme 1).52 This effect can also be observed by conductometry, as the kd of living PEG 

alkoxide in DMSO is over 10 times higher than that of potassium methoxide.53 

 

Scheme 3: Complexation of the counterion by the growing poly(ethylene oxide) chain. Reprinted and adapted from 
Living ring-opening polymerizations of heterocyclic monomers 2007, Penczek, S.; Cypryk, M.; et al., Ring-Opening 
Polymerization, Page 251, Copyright 2007, with permission from Elsevier.52 

Due to the living nature of AROP, if no termination occurs via protic compounds (e.g. excess water) 

or electrophilic reagents and no transfer to monomer occurs, it is possible to proceed with the 

polymerization by sequentially adding a second monomer. Consequently, block copolymers can be 

formed, which combine the distinct properties by covalently bonding two homopolymers, 
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distinguishing them from polymer blends.54 A well-known example are poloxamers, amphiphilic 

block copolymers composed of EO and PO, marketed under the brand name Pluronic®.55 

Substituted epoxide monomers, such as PO, are prone to chain transfer from the chain end to the 

monomer. Under the strong basic AROP conditions, the active alkoxide chain end can abstract a 

proton from the methyl side group, forming an allylic alkoxide (Scheme 4). This initiates an 

additional chain and also results in an mostly undesired allylic chain end, limiting the achievable 

molar mass to around 6 000 g/mol.56 This side reaction can be suppressed by adding crown ethers 

or using counterions with a larger ionic radius, such as Rb⁺ or Cs⁺.57 Polymerization of racemic, 

substituted spoxide monomers is regioselective and produces atactic polymers, which are mainly 

connected by head-to-tail.37,58,59  

 

Scheme 4: Chain transfer reaction to the monomer. Counterion and the proton exchange equilibrium between active 
alkoxide and dormant alcohol species are omitted. 

Flory predicted that the living and controlled polymerization of EO would result in a narrow molar 

mass distribution, mathematically following a Poisson distribution. For a number-average degree 

of polymerization (Pn), commonly referred to simply as the “degree of polymerization”, the 

dispersity Đ initially increases at a value of Pn = 2 but decreases thereafter. If Pn increases 

substantially, the dispersity approaches unity.60  

𝑃𝑃n =
𝑀𝑀n

𝑀𝑀Mono
 (10) 

Ð = 𝑀𝑀w
𝑀𝑀n

= 1 + 1
𝑃𝑃n

 (11) 

MMono is the molar mass of the monomer, Mn is the number-average molar mass, defined by the 

total weight of all molecules in a polymer sample w, the number of repeating units i, and the 

number of moles Ni whose weight is Mi. Ni
frac is the mole or number fraction of molecules with the 

molar mass Mi. 

𝑀𝑀n =
𝑤𝑤
∑𝑁𝑁𝑖𝑖

=
∑𝑁𝑁𝑖𝑖𝑀𝑀𝑖𝑖
∑𝑁𝑁𝑖𝑖

= �𝑁𝑁𝑖𝑖frac𝑀𝑀𝑖𝑖 (12) 
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The mass-average molar mass (Mm or Mw, previously called the weight-average molar mass, with 

the abbreviation Mw still in use)61 is calculated using the weight fraction wi of molecules with molar 

mass Mi. The weight concentration ci represents the concentration of molecules with molar mass 

Mi, while c is the total weight concentration of all polymer molecules.62 

𝑀𝑀w = �𝑤𝑤𝑖𝑖𝑀𝑀𝑖𝑖 =
∑𝑐𝑐𝑖𝑖𝑀𝑀𝑖𝑖
∑ 𝑐𝑐𝑖𝑖

=
∑𝑐𝑐𝑖𝑖𝑀𝑀𝑖𝑖

𝑐𝑐
=
∑𝑁𝑁𝑖𝑖 𝑀𝑀𝑖𝑖

2

∑𝑁𝑁𝑖𝑖 𝑀𝑀𝑖𝑖
 (13) 

𝑤𝑤𝑖𝑖 =
𝑐𝑐𝑖𝑖
𝑐𝑐

 (14) 

𝑐𝑐𝑖𝑖 = 𝑁𝑁𝑖𝑖𝑀𝑀𝑖𝑖 (15) 

𝑐𝑐 = �𝑐𝑐𝑖𝑖 = �𝑁𝑁𝑖𝑖𝑀𝑀𝑖𝑖 (16) 

 

Bio-Based Glycidyl Ethers from Renewable Resources and Polymers Thereof 

The United Nations has committed to achieving net-zero carbon emissions by 2050 to limit global 

warming to well below 2 °C compared to the preindustrial level while pursuing efforts to keep the 

increase below 1.5 °C. This commitment necessitates the decarbonization of the chemical industry, 

and extensive research aimed at reducing greenhouse gas emissions.6,7,63 Ethylene oxide can be 

sourced from bio-based materials via two main routes: bioethanol dehydration to ethylene, 

followed by oxidation,64,65 or electrosynthesis directly from bioethanol.66 Another feasible method 

is the electrochemical synthesis of ethylene oxide from CO₂ and water.67 Glycidyl ether monomers 

can be prepared from various bio-based sources, especially from terpenoids and fatty alcohols. 

Some of the already described examples in the literature are depicted in Figure 4. Apart from 

polymerization to polyethers, the epoxide functionalities are also well-suited for the synthesis of 

polycarbonates with carbon dioxide or polyesters with anhydrides through ring-opening 

copolymerization. 
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Figure 4: Examples of glycidyl ethers from bio-based alcohols polymerized to polyethers, polyesters, and/or 
polycarbonates.68–75 

PEG lacks functional groups aside from those introduced by the initiators and terminating agents. 

To achieve further customization, incorporating additional comonomers is necessary. Glycidyl 

ethers (GEs) are promising candidates to obtain multifunctional PEG (mf-PEG). In theory, any 

functional group can be incorporated, provided it withstands the harsh reaction conditions. 

Alternatively, the functional groups can be released from protecting groups or introduced by 

postpolymerization modification. Glycidyl ethers can be convenietly synthesized by etherifying the 

respective alcohols and epichlorohydrin (ECH) (Scheme 5). Under basic conditions, the alcohol is 

deprotonated, attacking ECH's epoxide ring, which releases a chloride anion during ring closure.76 

Alternatively, epichlorohydrin can be activated by Lewis or Brönstedt acids, facilitating a 

nucleophilic attack. The resulting chlorohydrin is subsequently treated with a base to eliminate the 

chloride, forming the glycidyl ether.73 Prileschajew oxidation permits access to glycidyl ethers from 
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the respective allyl ethers. The related α-alkylene oxides can be derived from the α-alkylenes in the 

same way.77 

 

Scheme 5: Synthesis of glycidyl ethers by Williamson Ether Synthesis. 

ECH can be produced from either propylene or bioderived glycerol (see section below), with the 

latter being available commercially as Epicerol® from Solvay company. In this process, glycerol 

undergoes two-step chlorination with HCl, followed by an elimination reaction to yield ECH 

(Scheme 6).78–80 

 

Scheme 6: Epichlorohydrin synthesis by fossil-based (top) and renewable (bottom) pathway.79 

Fatty Alcohols from Triglycerides 

Fats and oils serve as renewable feedstocks for the chemical industry. Their high production volume 

(208.1 Mt in 2019) facilitates the cost-effective generation of a wide variety of linear alkyl and 

alkenyl alcohols from triglycerides.81–85 They can be produced from naturally occurring triglycerides 

in fats and oils and are already utilized in large quantities for fatty alcohol ethoxylate surfactants.86 

Most fatty alcohols are produced from oil plants (oil palm, coconut, soybean, rapeseed, cotton, 

sunflower, etc.) but genetically modified microbes are a space-efficient method to produce fatty 

Petrobased pathway

Renewable pathway
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acids in reliable quantities and tailor-made compositions.87–89 The fatty alcohol can be converted 

into the respective GEs, which represent an apolar comonomer class due to the side chain rich in 

methylene units. 

The corresponding fatty acids are biosynthesized (see Scheme 7) starting from acetyl-coenzyme A 

(Acetyl-CoA), which is converted into malonyl-CoA via hydrogen carbonate and adenosine 

triphosphate (ATP). The CoA is then replaced by an acyl carrier protein (ACP), allowing chain 

elongation with acetyl-ACP through decarboxylation. Nicotinamide adenine dinucleotide 

phosphate (NADPH, reduced form) reduces acetoacetyl-ACP to D-3-hydroxybutyryl-ACP, followed 

by dehydration to form crotonyl-ACP. After the reduction of the double bond with NADPH, butyryl-

ACP is obtained. This reacts with malonyl-ACP to form the respective C6 building block, which can 

undergo further extension to form higher fatty acids. The fatty acids are then converted into 

triglycerides.90 

 

Scheme 7: Fatty acid biosynthesis.90 Charges and atoms are not fully equated for clarity reasons. 

In industry, triglycerides are transesterified with excess methanol under constant distillation to 

remove the products and shift the equilibrium to the methyl ester and glycerol. The methyl ester is 

hydrogenated to the respective fatty alcohol (Scheme 8).83 
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Scheme 8: Fatty alcohol synthesis from triglycerides. The first step is a transesterification, the second step is a catalytic 
reduction.83 R is not necessarily equal. 

Saturated, linear chains (C14 and higher) can crystallize at room temperature, whereas compounds 

with shorter chains are liquid. Unsaturated triglycerides with cis double bonds are liquid at room 

temperature. After polymerization of the fatty alcohol-based GE, the polymers can be further 

functionalized through thiol-ene click reactions,91,92 (partially) hydrogenated to tailor the melting 

point (see Chapter 6), or crosslinked.75,93 Ozonolysis of the double bond can yield primary alcohols, 

aldehydes, or carboxylic acids by partial cleavage of the side chains.94,95 The ability to introduce 

functional groups allows researchers to adjust material properties beyond hydrophobicity, 

particularly when combined with hydrophilic PEG in block- or statistical copolymers. Subsequent 

coupling of the polymer, for instance with proteins, can further expand the range of potential 

applications. Thus, double bond modification enables the creation of tailor-made materials suited 

for a wide variety of uses. 

With increasing focus on developing bio-based chemicals that do not interfere with the food supply 

chain96,97 it is vital to highlight the efficient use of triglycerides from non-edible oil plants as an 

alternative to food crops.98 Additionally, converting waste into chemicals is significantly more 

economical compared to the production of biofuels or electricity.99  

Terpenoid Alcohols 

Terpenes and terpenoids are a class of naturally occurring compounds, comprising over 38 000 

known substances. These molecules play crucial roles in plant biology, including modulating cellular 

functions, attracting pollinators, repelling natural enemies, and regulating mutualistic 

interactions.100 They are well-known for their distinctive scents and are often named after the fruits 

from which they were first extracted. Common examples are limonene from lemon, geraniol from 

geranium, perillyl alcohol from perilla, senecioic acid from senecio, isovaleric acid from valerian, 
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etc.101 Terpenes are pure hydrocarbons, formally derived from isoprene (C5) units. They are 

classified into the subclasses hemiterpenes (C5), monoterpenes (C10), sesquiterpenes (C15), 

diterpenes (C20), and so forth. Terpenoids are terpenes containing oxygen in various functional 

groups (alcohols, ethers, carboxylic acids, ketones, etc.) and can differ slightly from the isoprene 

derivation.102 The biosynthesis proceeds via two initially different pathways, which is described in 

Scheme 9. One pathway is the synthesis of 2-C-Methyl-D-erythriol-4-phosphate (MEP) from pyruvic 

acid. The second pathway is the synthesis of mevalonic acid (MVA) from acetyl coenzyme A. 

Phosphorylation and dehydration of both MEP and MVA yields isoprenyl pyrophosphate (IPP) or 

dimethyl allyl pyrophosphate (DMAPP). Higher terpenoids, such as geranyl pyrophosphate (GPP) 

and farnesyl pyrophosphate (FPP), are synthesized through consecutive head-to-tail additions of 

the IPP and DMAPP building blocks. 

 

Scheme 9: Terpenoid biosynthesis. Reprinted and adapted from Pharmacognosy, Ludwiczuk, A.; Skalicka-Wozniak, K.; 
Georgiev, M. I., Terpenoids, Page 235, Copyright 2016, with permission from Elsevier.101 
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Direct extraction of terpenoids from plants is not always economically feasible, and it is important 

to avoid competition between their use for chemicals and food. Instead, microbial systems, using 

genetically modified fermentative organisms, offer an alternative by synthesizing terpenoids in cell 

factories. This approach enables large-scale production under controlled conditions, optimizing 

space efficiency and neutralizing dependence on seasonal or geographical factors. As a result, 

microbial production presents a sustainable, ecological, and cost-effective alternative to plant-

based terpenoid extraction in the future.103,104  

Nature offers a plethora of terpenoid structures, including saturated, unsaturated, cyclic, linear, 

and aromatic forms, many of which contain functional groups and vary in molar mass. This 

versatility can be utilized to create novel (multi)functional materials through AROP using bio-based 

monomers. Terpenyl glycidyl ethers represent a scarcely investigated monomer class that exhibits 

unexplored potential for polyethers. Farnesyl glycidyl ether (FarGE) was recently studied in depth 

for its copolymerization with EO. The properties of the resulting amphiphilic statistical and block 

copolymers were also thoroughly investigated.74 Several commercially available terpenoid alcohols 

offer the potential for producing glycidyl ethers, positioning them as viable bio-based alternatives 

to PO. 

Bio-based glycidyl ethers offer versatile, sustainable alternatives in polymer synthesis, reducing 

dependency on fossil-based resources. These renewable monomers enable the creation of tunable 

materials. Expanding their applications through copolymerization and modification marks a critical 

step toward a greener chemical industry and more sustainable materials. 
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Abstract 

Polyether copolymers hold significant interest in various applications, ranging from polyurethanes 

to lubricants. Their properties and applicability are highly dependent on their microstructure, which 

in batch copolymerizations is determined by the reactivity ratios of the comonomers. These ratios 

influence the copolymerization behavior and monomer sequence distribution, i.e. the monomer 

gradient along the polymer chains.  This review summarizes experimental and theoretical 

approaches for determining reactivity ratios, based on key copolymerization models. NMR kinetic 

studies have provided insights into the copolymerization of binary systems. These involve 

functional epoxides through anionic ring-opening polymerization (AROP) and monomer-activated 

anionic ring-opening polymerization (MAROP), with a focus on the resulting microstructures. A 

broad range of epoxide monomers is covered including ethylene oxide, alkylene oxides, glycidyl 

ethers, glycidyl esters, and glycidyl amines, all contributing to the versatility of polyether 

copolymers. 

Introduction 

The recent decade has been marked by strongly increasing research regarding the control of 

monomer sequence and sequence statistics of copolymers and the resulting unique properties. 

Several reviews have provided an overview of the theory and potential applications of gradient 

polymers.1–4 In this review article, we will focus on random, gradient, and block-like polyether 

copolymers relying on the anionic copolymerization of functional epoxide monomers in batch 

processes. Polyethers are of crucial importance for a vast number of commercial applications, 

ranging from surfactants, components of foam stabilizers, and lubricants to components of many 

medical and pharmaceutical products. Particular attention will be given to the determination of 

reactivity ratios using in situ techniques, as these parameters are crucial for understanding the 

resulting copolymer microstructure and consequently the properties of these materials. Following 

this, we will discuss the results of various kinetic studies on anionic epoxide copolymerizations, 

focusing on the microstructure of the multifunctional polymers produced. Ring-opening epoxide 

polymerization has seen a renaissance in recent years due to the emergence of novel borane 

catalysts. Copolymerizations with borane catalysts are not well explored and often focus on 

copolymerization with non-epoxide comonomers. For further information, we refer to the reviews 

of Naumann and Feng et al.5,6 In this review, we will focus on epoxide copolymerization and leave 

out the emerging borane catalysis, as well as the established double metal cyanide (DMC) catalysis 

topic. This work has already been partly published in a dissertation.7 
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The Relevance of Microstructure  

The reactivity ratios of the comonomers determine the microstructure of the copolymer. 

Staudinger observed the influence of monomer reactivity on composition drift as early as the 

1930s.8 Comonomer pairs exhibiting a gradient structure in spontaneous batch polymerization are 

often not disadvantageous, as this strongly depends on the desired properties of the copolymer. 

Different applications and examples will be discussed later. The reactivity ratios are derived from 

the reaction constants of the four possible propagation steps:9 

 

Figure 1: Schematic representation of the four propagation steps. The blue and red balls depict different monomer 
units (blue = monomer 1, red = monomer 2). The constants k represent the respective homo- and crosspropagation. 

The reaction rates R for the four possible steps are therefore defined as: 

𝑅𝑅11 = 𝑘𝑘11[M1
∗][M1] (1) 

𝑅𝑅12 = 𝑘𝑘12[M1
∗][M2] (2) 

𝑅𝑅22 = 𝑘𝑘22[M2
∗][M2] (3) 

𝑅𝑅21 = 𝑘𝑘21[M2
∗][M1] (4) 

With [Mx]: concentration of the monomer x, [Mx
*]: concentration of the Mx active chain end. By 

mathematical conversion,9,10 one derives the following parameters, even without assuming a 

constant active chain end concentration (the so-called “steady-state” assumption):11 

𝑟𝑟1 =
𝑘𝑘11
𝑘𝑘12

 (5) 

𝑟𝑟2 =
𝑘𝑘22
𝑘𝑘21

 (6) 

The reactivity ratios express the tendency of an active chain end to react with the same monomer 

as the active chain end or the other monomer. Detailed discussions can be found in several 

textbooks.9,12–15 Methods to determine the reactivity ratios will be discussed in a later section.  

Harrison et al. summarized the key synthetic approaches for preparing gradient copolymers using 

controlled radical techniques. All polymerization techniques can essentially be categorized into four 

classes: forced, stepwise, tandem catalysis, or spontaneous polymerization.4 The latter involves 

k11

k12

k22

k21
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batch copolymerization with a comonomer pair having distinct reactivity ratios. In the absence of 

azeotropic points or when random copolymerization does not occur, the composition will change 

continuously, resulting in gradient copolymers, provided that high conversion is achieved. Knowing 

these parameters is imperative to manipulate the “natural” gradient occurring in batch 

polymerization due to the reactivity ratios. Allgaier et al. demonstrated that the gradient profile 

typically observed in the batch polymerization of ethylene oxide and butylene oxide can be 

flattened by the stepwise slow addition of both monomers.16 

The terms “statistical”, “random”, “gradient” and “tapered” are sometimes used in the wrong 

manner. Statistical copolymerization means that the sequential distribution of monomer units of 

the resulting copolymer obeys known statistical laws, e.g. Markovian statistics.17,18 This means, that 

random, gradient, tapered, and alternating copolymers are all statistical copolymers. However, the 

term “random” is inconsistently used in several publications and textbooks. IUPAC defines random 

copolymers in the following terms: “If the product of r1 and r2 is 1, then the probability of finding a 

given monomer unit at any given site in a macromolecule chain is independent of the nature of the 

adjacent units and the copolymer is called a random copolymer.”19 This is the case if k11 = k21 and 

k22 = k12, often denoted as “nonterminal”, “ideal”, or “chain-end independent” copolymerization. 

Though all terms are correct, the term “random” is recommended by the IUPAC. Random means 

the last added monomer does not influence the monomer addition probability of both monomers 

(Bernoulli or Markov zero-order statistics). Thereby, the monomer addition is “random” regarding 

the active chain end. However, the monomers can still exhibit different reactivities (r1 = r2
-1).9,18–20 

The term “ideal” cannot be referred to as a desired property, as this just comes from its agreement 

with the differential equations describing the boiling of a mixture of liquids which obey Raoult’s 

law.21,22 The properties of copolymers with the reactivity ratios r₁∙r₂ = 1 can vary significantly 

depending on the specific reactivity ratios. For instance, in the hypothetical cases of r₁ = 0.01, 

r₂ = 100, and r₁ = 1, r₂ = 1, both yield a product of r₁∙r₂ = 1, but the former behaves more like a block 

copolymer and will exhibit different properties compared to the latter. The relationship can be 

easily condensed in the following equations:  

𝑟𝑟1 = 𝑟𝑟2 = 1 ⇒ 𝑟𝑟1𝑟𝑟2 = 1  (7) 

𝑟𝑟1𝑟𝑟2 = 1 ⇏ 𝑟𝑟1 = 𝑟𝑟2 = 1 (8) 

To the best of our knowledge, IUPAC currently provides no more appropriate terminology to 

demarcate the cases r1∙r2 = 1 and r1 = r2 = 1 from each other. The definitions of the IUPAC are 

summarized in Figure 2 with added reactivity ratios for the case of a binary copolymerization. 
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Figure 2: Definition of different types of copolymers according to IUPAC. Indices 1 and 2 follow no rules and can be 
assigned freely. Periodic copolymers are related to alternating copolymers, but not discussed here. aThe term random 
is often interchanged with the term ideal, chain-end independent, or nonterminal, but all describe the relationship 
r1∙r2 ≈ 1. 

However, that term is used in a different and often even vague manner by a vast variety of authors 

in textbooks and publications.1,8,9,12,13,23–35 The term “random” is commonly understood as the 

special case r1 = r2 = 1. It denotes the random distribution of both monomer units throughout the 

copolymer chains. This interpretation appears more reasonable and is used throughout the review. 

To the case r1∙r2 = 1 we will refer to as “ideal statistical copolymer”. For brevity reasons, the term 

“ideal copolymer” is sufficient. The assignment of reactivity ratios towards the different types of 

copolymers is only reasonable for spontaneous batch copolymerizations. The kinetics of the 

comonomer addition cannot be suppressed, but by varying techniques, the forming copolymer can 

be modified during the copolymerization.4 This means, that even if the reactivity ratios would 

indicate a statistical copolymer, a random copolymer can be obtained.16 The IUPAC definitions are 

made from the position of spontaneous batch copolymerization but due to the emergence of 

controlled polymerization techniques, from our point of view, these definitions need to be 

redefined. We propose slight changes to the IUPAC definitions displayed in Figure 2 for 

spontaneous batch copolymerizations.  

Copolymer

Statistical Copolymer:
Sequential distribution of 
monomers follows known 

statistical laws (e.g. Markovian 
statistics ≥0. order)Block Copolymer

Random Copolymer:a

Sequential distribution of 
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statistics (Markov 0. order)
r1∙r2 ≈ 1

Alternating Copolymer:
Sequential distribution of 

monomers follows e.g.
Markovian statistics (Markov 

≥1. order)
r1 ≈ r2 ≈ 0

Graft Copolymer

Periodic 
Copolymer
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Figure 3: Definition of different types of copolymers according to our recommendation (blue borders) used in this 
review. Indices 1 and 2 follow no rules and can be assigned freely. Periodic copolymers are related to alternating 
copolymers, but not discussed here. The term ideal is also often denoted as chain-end independent, or nonterminal, 
but all describe the relationship r1∙r2 ≈ 1. 

Gradient copolymers are available through living and various controlled copolymerization 

techniques, such as the controlled radical polymerization. Distinctive for this type of copolymers, is 

that their average chemical composition changes continuously along a certain section of the 

polymer chain.36 Gradient copolymers are statistical copolymers with nonequal reactivity ratios, 

typically with r1 < 1, r2 > 1. Wurm et al. proposed defining a “soft gradient” by r1 ≤ 2, r2 ≥ 0.5.37 

However, it is worth noting that the hypothetical case, e.g. r1 = 2, r2 = 5 can also yield a copolymer 

with a soft gradient. In this case, the copolymer would show more consecutive monomer 

sequences, M2 would be enriched at the beginning of the chain, and M1 at the end. The same applies 

to the case when both reactivity ratios are below one. In Figure 3, these two special cases are 

denoted as statistical copolymers with either a blocky or alternating tendency, respectively. In 

contrast, the composition of block copolymers remains constant, until an abrupt transition occurs 

between the blocks, whereas random copolymers exhibit no change in composition along the 
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Statistical Copolymer:
Sequential distribution of 
monomers follows known 

statistical laws (e.g. Markovian 
statistics ≥0. order)Block Copolymer
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Sequential distribution of 
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≥1. order)
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monomers follows Bernoullian
statistics (Markov 0. order)

r1∙r2 ≈ 1 and r1 ≈ r2 ≈ 1

Graft Copolymer

Periodic 
Copolymer

Statistical Copolymer
with blocky tendency

r1 > 1 and r2 > 1 

Statistical Copolymer
with alternating tendency

r1 < 1 and r2 < 1 

Tapered Copolymer with 
a strong gradient, usually

r1 >> 1 and r2 << 1 
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polymer chain at all.1 Figure 4 schematically illustrates the composition of random, gradient, and 

block copolymers composed of two different monomers. 

 

Figure 4: Schematic illustration of the monomer sequence in a random, gradient, and block copolymer consisting of 
two different monomers with equal composition (50 mol%). Adapted and reprinted with permission from 
Matyjaszewski et al.1 Copyright © 2000 John Wiley & Sons, Ltd. 

Impact of Reactivity Ratios on the Copolymer Microstructure 

The so-called “copolymerization diagram” is a graphical representation of the differential 

copolymerization equation (21) in the interval of f1 from 0 to 1. Its derivation is discussed in the 

section “Copolymerization Models”. The copolymerization diagram shows graphically, which 

instantaneous copolymer composition results from a certain instantaneous comonomer feed. 

Furthermore, the composition drift always occurs along the curve in the copolymerization diagram. 

Exemplary copolymerization diagrams for ideal and non-ideal copolymerizations are shown in 

Figure 5. 

     

Figure 5: Copolymerization diagrams for different sets of reactivity ratios: ideal (r1∙r2 = 1) copolymerization behavior 
(left) and non-ideal (r1∙r2 ≠ 1) behavior (right). 

For non-ideal copolymerization, there are essentially two cases. If the product r1·r2 is below unity, 

the comonomer distribution in the polymer chain favors an alternating sequence. In the extreme 

case, where no homopropagation is possible for both comonomers, the reactivity ratios are equal 

to 0. In this case, the copolymerization diagram is a horizontal line with F1 = 0.5. For every 

comonomer feed a copolymer with a strictly alternating monomer sequence is obtained which 

contains an equal amount of both comonomers. For large values of the r1·r2-product, the 

copolymers exhibit a tendency to form blocky structures. In the extreme case, only 

Block Copolymer

Gradient Copolymer

Random Copolymer



Chapter 2: Reactivity Ratios of Epoxides 

 
59 

 

homopolymerization of both comonomers occurs, and a polymer blend will form. However, this 

behavior is rarely observed, and most non-ideal systems show an alternating tendency. Non-ideal 

copolymerizations also show a so-called “azeotropic point” where f1 = F1. The term “azeotropic” 

again shows the similarity of the copolymerization equation with the vapor-liquid equilibria in ideal 

liquid mixtures.9,22 At this point, the composition of the monomer feed and the forming copolymer 

is the same.21 

In free radical copolymerization, for which the copolymerization models were originally developed, 

new chains are initiated and terminated throughout the copolymerization. Thus, the composition 

drift leads to an inhomogeneous copolymer mixture.38 Chains started at an early stage of the 

copolymerization may strongly differ in composition from chains initiated in the final stages of the 

copolymerization. The reactivity ratios determine the degree of this composition drift and in some 

cases phase separation of the copolymers with different compositions occurring during chain 

propagation.39 

The impact of reactivity ratios changed with the introduction of living and controlled polymerization 

methods.40–46 In a living and controlled copolymerization, all chains are initiated only at the start of 

the reaction, commonly by a rapid initiation step (criterion for a controlled polymerization). As no 

termination or chain transfer occurs (criterion for a living polymerization), all polymer chains grow 

simultaneously. The change in instantaneous copolymer composition is reflected in the 

composition of a copolymer chain along the backbone.46 Under conditions of living polymerization, 

the total conversion X is a linear function of the degree of polymerization (Pn), with the constant 

factor of the initiator concentration [I]0 and total initial monomer concentration [M]0.42,47 In this 

case the total conversion X can be interchanged with the chain composition (Pn/Pn,final), as shown in 

equation (9). 

𝑃𝑃n =
[M]0 − [M]

[I]0
;𝑋𝑋 =

[M]0 − [M]
[M]0

 ⇨ 𝑋𝑋 =
[I]0𝑃𝑃n
[M]0

=
𝑃𝑃n

𝑃𝑃n,final
 (9) 

For a given set of reactivity ratios r1, r2, and an initial monomer feed f1,0, the average copolymer 

composition of copolymers synthesized by such controlled polymerization methods can be 

predicted with the Meyer-Lowry equation (25). The monomer feed f1, which corresponds to the 

reasonable values of the conversion X in the interval from 0 to 1, must be determined. From these 

f1 values, the instantaneous comonomer incorporation F1 is determined using the equation (21). 

This gives the copolymer composition F1 as a function of total monomer conversion X. Under living 

conditions equation (9) is valid, and the total conversion X can be interchanged with the normalized 
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chain length. The left column of Table 1 shows examples of copolymer microstructures for different 

reactivity ratios. These are ideal copolymerizations (r1·r2 = 1) with initial comonomer feed f1,0 = 0.5. 

The visualization shown on the left side of Table 1 only represents the average copolymer 

composition, originally shown by Skeist,48 and was refined by Meyer and Lowry.49 F1 corresponds 

to the probability of finding monomer 1 at position X. All copolymer chains have discrete values for 

the number and position of the comonomers and a smooth gradient results from the average over 

all chains. This should be kept in mind when discussing gradient copolymers.4 For Pn = 50, 

representations of copolymer chains based on the same values for r1, r2, and f1,0 under living 

conditions are simulated, as shown in the right column of Table 1.  
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Table 1: Simulated microstructures for ideal copolymerizations with an equimolar comonomer mixture: average 
copolymer composition along the chain (left) and individual copolymer chains with an average Pn = 50 (right). 

r1 r2 Average copolymer composition Individual chains 

1 1 

 

 

 

 

2 0.5 

 

 

 

 

5 0.2 

 

 

 

 

20 0.05 

 

 

 

 

 

The same visualization for two cases of non-ideal copolymerizations is shown in Table 2 at the 

azeotropic point. Both examples have a constant composition of F1 = 0.5 along the copolymer chain. 

The first example is a copolymerization that favors an alternating sequence and the second tends 

to form blocky structures. These examples underline that the average copolymer composition does 

not give an exhaustive description of the copolymer microstructure for non-ideal 

copolymerizations. 
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Table 2: Simulated microstructures for non-ideal copolymerizations with an equimolar comonomer mixture at the 
azeotropic point: average copolymer composition along the chain (left) and individual copolymer chains with an 
average Pn = 50 (right). 

r1 r2 Average copolymer composition Individual chains 

0.1 0.1 

 

 

 

 

10 10 

 

 

 

 

 

Sequence Length Distribution 

The reactivity ratios have a direct impact on the probability of finding sequences with a distinctive 

length. The conditional probability p11 to add M1 to an M1 active chain end is defined as:9 

𝑝𝑝11 =
𝑅𝑅11

𝑅𝑅11 + 𝑅𝑅12
 (10) 

By substituting R11 and R12 from equations (1)–(6), one obtains after rearrangement: 

𝑝𝑝11 =
𝑟𝑟1

𝑟𝑟1 + �[M2]
[M1]�

=
𝑟𝑟1[M1]

𝑟𝑟1[M1] + [M2]
 (11) 

The probability or mole fraction of forming a sequence of x consecutive monomer units P(M1)x is 

then defined as: 

𝑃𝑃(M1)𝑥𝑥 = 𝑝𝑝11𝑥𝑥−1 ∙ 𝑝𝑝12 = �
𝑟𝑟1[M1]

𝑟𝑟1[M1] + [M2]
�
𝑥𝑥−1

∙
[M2]

𝑟𝑟1[M1] + [M2]
 (12) 

The number-average sequence length 𝑛𝑛�1 of M1 is defined as: 

𝑛𝑛�1 = � 𝑥𝑥 ∙ 𝑃𝑃(M1)𝑥𝑥

𝑥𝑥=∞

𝑥𝑥=1

 (13) 
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The equations (11–13) demonstrate the significance of the reactivity ratios towards the monomer 

sequence, which directly correlate towards the copolymer properties. Depending on the 

application, knowing the probability of forming certain sequence lengths is imperative.  

Determination of Reactivity Ratios 

Historically, it was only possible to analyze the copolymer composition after termination of the 

polymerization. Furthermore, the copolymer had to be separated from the residual monomer for 

characterization, which can cause significant errors. With the introduction of in situ techniques, the 

comonomer feed and copolymer composition can be determined at any point in the 

copolymerization experiments. In this manner, multiple data points for one copolymerization 

experiment can be obtained. For the observation of copolymerization experiments HPLC,50 
1H NMR,51,52 13C NMR,53 UV-vis spectroscopy,54 Raman spectroscopy55,56 and FTIR measurements54,57 

were employed. Duchateau et al. used MALDI-ToF-MS to extract the reactivity ratios from the 

resulting copolymer.58 Today's most common method is in situ 1H NMR spectroscopy, which has 

been applied to many different polymerization conditions.51,59–62 

Despite the importance of gradient copolymers, to this date there are no reliable methods to 

directly characterize the gradient structure of a copolymer sample.3 Nevertheless, with the 

introduction of in situ NMR kinetics in combination with suitable copolymerization models it is 

possible to predict the microstructure of copolymers. 

Theoretical Approach: From Copolymerization Models to Gradient Copolymers 

It should be noted that all copolymerization models were originally developed for describing radical 

copolymerization. However, these copolymerization models assume no nature of the active chain 

ends. Therefore, it is legitimate to apply them to other polymerization methods equally.22 In the 

following, the different copolymerization models will be described. Then the application of these 

models for the description of experimental copolymerization data and the evaluation of reactivity 

ratios is presented. 
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Table 3: Overview of the most common copolymerization models and the corresponding methods to calculate 
reactivity ratios from experimental data. 

 Non-terminal / ideal model Terminal model 

Introduced by Wall63 1941 Mayo-Lewis10 1944 

Alfrey-Goldfinger64 1944 

Wall21 1944 

Differential form Wall63 1941 Mayo-Lewis10 1944 

linearized by 

Fineman-Ross65 1950 

Kelen-Tüdos66 1975 

Integral form Wall22,63 1941 

Jaacks67,68 1972 

Beckingham-Sanoja-Lynd24 2015 

Mayo-Lewis10 1944 

 

                           Integration with Skeist-relation48 1946 

 Ideal integrated69 2019 Meyer-Lowry49 1965 

 

Copolymerization Models 

Non-Terminal Copolymerization Model 

The non-terminal model is also referred to as Bernoullian model, zero-order Markov, or ideal 

model.9,17 The term “ideal” cannot be referred to as a desired property, as this comes from its 

agreement with the differential equations describing the boiling of a mixture of liquids which obey 

Raoult’s law.21,22  This model was introduced by Wall in 1941, who was the first to neglect absolute 

rates and use relative rates to describe copolymerizations.63 He proposed the following time-

independent differential equation (14) for copolymerizations, assuming first-order 

polymerizations: 

d[M1]
d[M2]

= 𝜀𝜀
[M1]
[M2]

 (14) 

The quantity ε represents the fraction of the two first-order propagation constants. He also showed, 

that this equation can be integrated into the following two forms:22,63 

[M1]
[M1,0]

= �
[M2]

[M2,0]�
𝜀𝜀

; or: log�
[M1]

[M1,0]�
= 𝜀𝜀 ∙ log�

[M2]
[M2,0]�

 (15) 

In the ideal or non-terminal model, the following equations apply: 
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𝑟𝑟1 ∙ 𝑟𝑟2 = 1; 𝑟𝑟1 = 1/𝑟𝑟2 (16) 

𝑘𝑘11 = 𝑘𝑘21;  𝑘𝑘22 = 𝑘𝑘12 (17) 

The reaction of an M1 chain end with M1 is as fast as the reaction of an M2 chain end with M1, and 

vice versa. Thereby, the reaction rates are chain end independent and only controlled by the 

reactivity of the monomers, but not the identity of the chain end. Consumption of the respective 

monomers can display different rate constants. As one can see in equation (16), the 

copolymerization can be described by a sole reactivity ratio. 

The radical homopolymerization of stilbene and maleic anhydride is not feasible. In 1930, the 

alternating copolymerization of maleic anhydride and stilbene was reportet.70 This shows that the 

identity of the chain end can play a vital role in copolymerizations, due to the selectivity of the chain 

end towards the different comonomers. In such cases, the terminal copolymerization model must 

be employed. 

Terminal Copolymerization Model 

The terminal copolymerization model is sometimes referred to as first-order Markov model, as the 

spontaneous batch copolymerization of a comonomer pair obeying this model results in a 

comonomer distribution complying with first-order Markovian statistics.9,17 Three years after the 

development of Wall’s non-terminal model, three independent works regarding the terminal model 

were published in 1944. Basically, the same mathematical framework was obtained by Alfrey and 

Goldfinger64 (submitted March, published June), Mayo and Lewis10 (submitted May, published 

September), and Wall21 (submitted July, published December). In contrast to Wall’s first model, the 

terminal model differentiates between two different types of active chains, depending on the last 

monomer added, and can be expressed in the following time-independent differential equation: 

d[M1]
d[M2]

=
𝑘𝑘11[M1

∗][M1] + 𝑘𝑘21[M2
∗][M1]

𝑘𝑘12[M1
∗][M2] + 𝑘𝑘22[M2

∗][M2] 
(18) 

The steady-state assumption (k12[M1
*][M2] = k21[M2

*][M1]) requires that the sum of active chains 

remains constant during copolymerization, which is true by definition for living polymerizations. 

The concentration of the active chains can be reduced, which results in the copolymerization 

equation of the terminal model in its typical differential form (Mayo-Lewis equation):  

d[M1]
d[M2]

=
[M1]
[M2]

∙
𝑟𝑟1[M1] + [M2]
𝑟𝑟2[M2] + [M1]

 (19) 

The steady-state assumption is the “classic” way the copolymerization equation is derived and 

presented in many textbooks, however, it is not necessary.9,11,71 
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Today, equation (19) it is typically referred to as the “Mayo-Lewis equation”. A reason for this could 

be that Mayo and Lewis already gave instructions on how to use this equation to determine the 

reactivity ratios r1 and r2 from experimental copolymerization data. 

The Mayo-Lewis equation describes the instantaneous composition d[M1]/d[M2] of copolymers 

formed in dependence of the ratio of the monomer feed concentration [M1] and [M2]. In many 

cases, the composition of the instantaneously formed copolymer is not equal to the monomer feed. 

This causes the monomer feed to change throughout the copolymerization, which in turn results in 

a change in copolymer composition, commonly referred to as “composition drift”.8,9 To accurately 

describe copolymerization up to high conversion it is mandatory to integrate the equation (19). An 

integrated equation that allows for the description of copolymerizations for any conversion was 

first presented by Mayo and Lewis in 1944.10 

This “integrated Mayo-Lewis equation” is rarely used, as it requires multiple experiments. More 

convenient is an expression that relates the change of monomer feed to the total conversion of 

both monomers. For this purpose, it is useful to express the ratios [M1]/[M2] and d[M1]/d[M2] in 

the form shown in equation (20). The values of the molar fraction of unreacted monomer f1 and 

the molar fraction of formed copolymer F1 are between 0 and 1. 

𝑓𝑓1 = 1 − 𝑓𝑓2 =
[M1]

[M1] + [M2] ;  𝐹𝐹1 = 1 − 𝐹𝐹2 =
d[M1]

d[M1] + d[M2]
 (20) 

With the definitions of f1 and F1 from the equation (20), the Mayo-Lewis equation (19) takes the 

following mole fraction form:72,73 

𝐹𝐹1 =
𝑟𝑟1𝑓𝑓12 + 𝑓𝑓1𝑓𝑓2

𝑟𝑟1𝑓𝑓12 + 2𝑓𝑓1𝑓𝑓2 + 𝑟𝑟2𝑓𝑓22
=

𝑟𝑟1𝑓𝑓12 + 𝑓𝑓1(1− 𝑓𝑓1)
𝑟𝑟1𝑓𝑓12 + 2𝑓𝑓1(1 − 𝑓𝑓1) + 𝑟𝑟2(1− 𝑓𝑓1)2

 (21) 

In 1946 Skeist derived a relationship between the total monomer conversion X 

𝑋𝑋 = 1 −
𝑓𝑓1 + 𝑓𝑓2
𝑓𝑓1,0 + 𝑓𝑓2,0

= 1 −
𝑀𝑀
𝑀𝑀0

 (22) 

and the molar comonomer fraction f1.48 

𝑓𝑓1𝑀𝑀 − (𝑀𝑀− d𝑀𝑀)(𝑓𝑓1 − d𝑓𝑓1) = 𝐹𝐹1d𝑀𝑀 (23) 

The term dM∙df1 can be neglected, as it is small. Integration yields: 

�
d𝑀𝑀
𝑀𝑀

𝑀𝑀

𝑀𝑀0

= ln �
𝑀𝑀
𝑀𝑀0

� = �
d𝑓𝑓1

𝐹𝐹1 − 𝑓𝑓1

𝑓𝑓1

𝑓𝑓1,0

 (24) 
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Meyer and Lowry solved the Skeist relation analytically for the terminal model in 1965 with the 

restriction r1 ≠ 1; r2 ≠ 1. The conditions r1 = 1; r2 ≠ 1 and vice versa are special cases that can be found 

in the original publication.49 

𝑋𝑋 = 1 −
𝑀𝑀
𝑀𝑀0

= 1 − �
𝑓𝑓1
𝑓𝑓1,0

�
𝛼𝛼

�
1 − 𝑓𝑓1

1 − 𝑓𝑓1,0
�
𝛽𝛽

�
𝑓𝑓1,0 − 𝛿𝛿
𝑓𝑓1 − 𝛿𝛿 �

𝛾𝛾

 

𝛼𝛼 =
𝑟𝑟2

1 − 𝑟𝑟2
;  𝛽𝛽 =

𝑟𝑟1
1 − 𝑟𝑟1

;  𝛾𝛾 =
1 − 𝑟𝑟1𝑟𝑟2

(1 − 𝑟𝑟1)(1− 𝑟𝑟2)
;  𝛿𝛿 =

1 − 𝑟𝑟2
(2 − 𝑟𝑟1 − 𝑟𝑟2)

 

(25) 

In the case of ideal copolymerization (r1∙r2 = 1; r1 = r2
-1) the formula converts to the one derived by 

Wall.21 

The Meyer-Lowry equation (25) describes the total conversion X of the monomers as a function of 

the molar fraction of unreacted monomer f1. This enables describing the composition drift up to 

high conversions when the initial feed composition f1,0 and reactivity ratios r1 and r2 are known. The 

reactivity ratios can be determined by numerical approximation towards the data obtained by 

plotting M/M0 versus f1. Recently, an IUPAC project was completed that explains the use of data 

evaluation procedures for the terminal copolymerization model.74 

Experimental Methods for the Determination of Reactivity Ratios 

Essentially, there are two different methods for determining reactivity ratios from copolymerization 

experiments. The first option uses the differential copolymerization equations. These equations are 

only valid for small conversions since it can then be ensured that the monomer feed composition 

does not change significantly throughout the copolymerization experiment.10 The second option 

uses integrated copolymerization equations, which are valid for any conversion and therefore can 

be applied to experiments with high conversions. Differential, nonintegrated equations should not 

be used anymore to determine reactivity ratios, as they require multiple experiments while being 

inaccurate.75 However, they are still presented in detail in many textbooks. Due to their 

prominence, they are also discussed here. 

Determination of Reactivity Ratios by the Differential Copolymerization Equation 

Traditionally copolymerization experiments were conducted with known comonomer feeds and 

stopped at low conversion. The low conversion is necessary, since d[M1]/d[M2] can be 

approximated by Δ[M1]/Δ[M2]. According to basic differential calculus, the slope of the tangent line 

of the function [M1]([M2]) at the point [M2,0] can be approximated by a secant for small values of 

Δ[M1] and Δ[M2]. Therefore, only low monomer conversion leads to a valid description. 
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The comonomer feed [M1]/[M2] corresponds to the known molar ratio of comonomers used in the 

copolymerization experiment, whereas Δ[M1]/Δ[M2] refers to the copolymer composition, which 

can be determined after the experiment. In this manner, multiple copolymerization experiments 

with different comonomer feeds must be conducted and the resulting copolymer compositions 

must be determined. The Mayo-Lewis equation (19) will be expressed in the abbreviated form in 

the following. 

𝑥𝑥 =
[M1]
[M2]

;𝑦𝑦 =
d[M1]
d[M2]

≈
Δ[M1]
Δ[M2] ⇨ 𝑦𝑦 = 𝑥𝑥 ∙

𝑟𝑟1𝑥𝑥 + 1
𝑟𝑟2 + 𝑥𝑥

 (26) 

From the copolymerization experiments described above, value pairs for x and y are obtained. The 

first method to obtain reactivity ratios from this data was described by Mayo and Lewis in 1944.10 

By solving equation (26) for r1, expression (27) is obtained (m: slope, b: coordinate section), which 

gives a linear relationship between r1 and r2. 

𝑟𝑟1 = 𝑚𝑚 ∙ 𝑟𝑟2 + 𝑏𝑏;𝑚𝑚 =
𝑦𝑦
𝑥𝑥2

;  and 𝑏𝑏 =
𝑦𝑦 − 1
𝑥𝑥

 (27) 

Each copolymerization experiment corresponds to a pair of values for m and b and can be expressed 

as a straight line. By finding the point of interception of these straight lines the reactivity ratios r1 

and r2 are determined. Unfortunately, due to experimental errors, these straight lines rarely 

intersect at a single point, making the determination of the reactivity ratios ambiguous. An 

alternative approach was given by Fineman and Ross in 1950.65 They rearranged equation (26) in 

the following form: 

𝑥𝑥(𝑦𝑦 − 1)
𝑦𝑦

= 𝑟𝑟1
𝑥𝑥2

𝑦𝑦
− 𝑟𝑟2 (28) 

Equation (28) represents a linear equation with r1 as the slope and -r2 as the ordinate intercept. The 

values for x(y-1)/y and x2/y are calculated for every copolymerization experiment. A linear least-

square fit of this data gives the reactivity ratios as slope and ordinate intercept. A disadvantage of 

this method is that the values x(y-1)/y and x2/y are unequally weighted. Therefore, the 

copolymerization experiments have different weights in the least square fit. This was improved by 

Kelen and Tüdos with the introduction of the parameter η, which ensures an even distribution of 

the data points.66 The data is transformed and fitted by a linear least square fit to obtain the 

reactivity ratios. 

An additional extension of this method is the so-called “extended Kelen-Tüdos” approach, which 

approximates the composition drift by Wall’s non-terminal model.76,77 This extension expands the 

applicability of the Kelen-Tüdos method to higher conversions. 
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A drawback of these methods is that the linearization of the Mayo-Lewis equation (19) leads to a 

distortion in the error structure.78,79 Today, with the help of computers it is possible to perform 

non-linear least squares to fit data directly to the differential copolymerization equations (19) or 

(21).52,56,80 Another source of error is the approximation in the equation (26) when the condition of 

a low conversion is not met. 

The differential equations by Mayo-Lewis, Fineman-Ross, or Kelen-Tüdos are often used to 

determine reactivity ratios from in situ data. The values of [M1]/[M2] are directly obtained from the 

measurement. To obtain the instantaneous copolymerization composition, the copolymerization 

experiment is divided into small intervals, in which the condition of a low conversion applies. By 

applying equation (26) for each interval, values for Δ[M1]/Δ[M2] can be calculated. Then, the 

methods described above can be applied to retrieve values for the reactivity ratios. This strategy 

has been especially utilized for 1H NMR data.51,60,81–85 

However, this procedure is only valid for copolymerization with a slight composition drift. It was 

demonstrated to be error-prone when linearizing the copolymerization data for more disparate 

reactivity ratios, causing a high composition drift even in small intervals.62,86 Switching the indices 

of the reactivity ratios results in different values.74 For data of the composition drift of a 

copolymerization experiment carried out to high conversion, it is more reasonable to evaluate 

reactivity ratios by utilizing the integrated form of the equation, as was impressively demonstrated 

by Beckingham, Lynd et al. in 2019.75 In contrast to F1, the values for f1 are usually directly obtained 

from the data. In the determination of reactivity ratios with the integrated copolymerization 

equation, there is no need to evaluate F1 indirectly from the measured data. 

Determination of Reactivity Ratios by Integrated Copolymerization Equations 

The data of the drift of the monomer feed f1 ratio in the copolymerization mixture can be directly 

fitted to an integrated copolymerization equation to obtain reactivity ratios. For this purpose, the 

integrated Mayo-Lewis equation was used in the past.51 More commonly used is the non-linear fit 

of the data of total conversion X and monomer feed f1 to the Meyer-Lowry equation (25) to obtain 

reactivity ratios (exemplary fit Figure 6).49,87–89 

Jaacks demonstrated that a large excess of one comonomer leads to a copolymerization that is only 

determined by one reactivity ratio. In this case, the copolymerization equation (19) can be 

approximated by the ideal copolymerization equation.67,68 This equation, equal to the integrated 

Wall equation (15), is then used to fit the data of two copolymerization experiments, each with a 

large excess of one monomer. For both experiments, the logarithm of the monomer concentration 
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is fitted with the linear equation (15). The reactivity ratios r1 and r2 are equal to the slopes of this 

fit. In an ideal copolymerization without any influence of the terminal unit (r1·r2 = 1), it is possible 

to describe the copolymerization with equation (15) for any ratio of M1/M2 (exemplary fit see Figure 

6).89,90 Due to the equality of the derivations made by Jaacks and Wall, the large excess of one 

comonomer is not necessary for ideal copolymerizations. 

 

Figure 6: Example of the determination of reactivity ratios via the fit to the Meyer-Lowry equation (left) and via the 
Jaacks method (right). Reprinted with permission from reference89. Copyright © 2019 American Chemical Society. 

In 2015 Lynd et al. showed that an equation based on the ideal Wall model can successfully describe 

a variety of epoxide copolymerizations.24 Beckingham et al. demonstrated the superior accuracy of 

the integrated compared to the traditional linearized models on a set of copolymerization data with 

prescribed reactivity ratios in 2019.75 Frey et al. derived an integrated expression based on the ideal 

Wall model similar to the Meyer-Lowry equation (25) for the terminal model in 2019. This ideal 

integrated equation can be fitted to the same in situ NMR data set used for the Meyer-Lowry 

equation and thereby the quality of the fit can be directly compared.69 

Discussion of the Choice of the Copolymerization Model 

The application of the terminal model for radical copolymerization is reasonable. Very frequently 

both reactivity ratios in radical copolymerizations are below one.91 In these cases the product r1·r2 

cannot equal one, which indicates an influence of the terminal units, necessitating the use of the 

terminal model. Various authors transferred this practice to other copolymerization methods like 

ionic copolymerization. Often, only the terminal model is considered to fit experimental data. 

However, following the principle of Ockham’s razor, the simplest model that successfully describes 
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the experimental data should be used.92 A direct consequence of using a model with too many 

degrees of freedom is overfitting.93 Systematic errors in the measurement data will then cause 

incorrect predictions of the copolymerization behavior.56 The translation of Ockham's razor 

principle to the field of copolymerization is that the non-terminal, ideal model should always be 

considered first. Only in cases where the data cannot be explained satisfactorily with the non-

terminal model, the terminal model should be consulted. Apart from the well-known nonterminal, 

terminal, and penultimate model,94 the complex participation model (CPM)95, the complex 

dissociation model (CDM),96 and the comp-pen model97 can be found in the literature.98 As they are 

not known to be applicable to epoxide copolymerization, they are not discussed here. 

In the conventional anionic ring-opening polymerization (AROP), the intensely studied comonomer 

pair EO and PO is known to exhibit a product r1·r2 = 0.9, close to one, indicating the terminal units 

possess neglectable influence.99 A newer study could show that the ideal, nonterminal model 

sufficiently describes the data.100 Many other epoxide copolymerizations under AROP conditions 

were also shown to have r1·r2 values close to one.16,59,89,101–108 Copolymerizations under conditions 

of the monomer-activated anionic ring-opening polymerization (MAROP), adding iBu3Al also 

showed ideal behavior for various epoxide comonomer combinations.59,109–112 This seems to apply 

to aziridine comonomers under the conditions of the AROP as well, as demonstrated in recent 

works.113,114 These findings suggest that Wall’s model sufficiently describes the anionic ring-opening 

copolymerization, as was also stated in recent works.69,75 The AROP and MAROP mechanisms are 

compared in Figure 7. 

 

Figure 7: Exemplary mechanisms for the copolymerization of EO (R1 = H) and PO (R1 = CH3) with functional epoxides via 
AROP (top) and MAROP (bottom), resulting in multifunctional polyether copolymers. 

 

„ate“ complex
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Multi-Functional Polyether Copolymers  

Although poly(ethylene glycol) (PEG) is a well-established polymer, multifunctional PEGs have only 

been introduced in the last decades.115–117 The living copolymerization of EO with epoxide 

derivatives allows for the distribution of functional groups along the polymer backbone, resulting 

in multifunctional PEGs.118 This approach not only imparts new properties to these polyethers but 

also significantly expands their application range.118,119 Frey et al. emphasized the importance of 

PEG, poly(propylene oxide) (PPO), and their multifunctional copolymers in a comprehensive 

review.117 

The incorporation of glycidyl amines such as N,N-diethyl glycidyl amine (DEGA) introduces pH-

responsive behavior into PEG, while the copolymerization of EO with ferrocenyl glycidyl ether (fcGE) 

leads to electroactive and thermo-responsive behavior.120–123 Catechol moieties are highly suitable 

for complexing ions or biomimetic adhesion to a large variety of surfaces. By incorporation and 

acidic deprotection of the acetonide-protected catechyl glycidyl ether CAGE, these properties can 

be transferred to PEG.101 In addition, these properties can be tailored by the variation of the 

comonomer content. 

Bio-derived terpenyl glycidyl ethers can be used to introduce hydrophobicity to hydrophilic PEG, 

either as block or nearly random copolymers. This results in amphiphilic polymers derived from 

natural, renewable resources, offering an alternative to traditional fossil-based α-alkylene oxides 

like PO or butylene oxide (BO),124 which besides exhibit a gradient.16,99 Statistical copolymers of 

linear polyglycerol and poly(ethyl glycidyl ether) enable tailoring of the cloud point of these PEG-

related polymers while preserving their biocompatibility.125 Copolymerization of EO with 

ethoxyvinyl glycidyl ether (EVGE) results in nearly random copolymers that can be modified to 

include lithium trifluoromethanesulfonamide in the side chain, enabling lithium-ion conductivity 

for solid-state battery applications.126 Triblock copolymers composed of hydrophobic random 

copolymers of EO and long-chain alkyl glycidyl ethers as outer blocks, with a hydrophilic PEO (also 

referred to as PEG, see Frey et al.117 for details) inner block, can form pH-independent and 

biocompatible hydrogels.127 Glycidol is a vital initiator monomer (“inimer”) for the synthesis of 

hyperbranched polyether structures and is usually combined with EO to control the molar mass and 

dispersity128,129 Investigations of the copolymerization revealed a gradient microstructure, as the 

hydroxyl group of glycidol can presumably activate the epoxide functionality, which results in an 

enhanced reactivity compared to EO (Figure 8).130 
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Figure 8: Presumed intramolecular activation of the epoxide functionality of glycidol (G). Reprinted and adapted with 
permission from Frey et al.130 Copyright © 2016 American Chemical Society. 

The AROP of EO with functional epoxide monomers allows for the tailoring of the properties of PEG 

and the modification of the polymer architecture. The subsequent addition of monomers leads to 

block copolymers, while the AROP of a monomer mixture results in statistical copolymers. The 

microstructure of the resulting copolymers is highly dependent on the reactivity of the respective 

epoxide comonomers. As a result, the copolymers can form either random or gradient copolymers 

with varying gradient strengths, ranging from weak to strong (tapered) gradients.59,99,102,130  

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

reactions are frequently observed under conventional oxyanionic polymerization conditions.117,131–

133 The abstraction of a proton from the methyl- or methylene group at the epoxide moiety leads 

to the formation of an allyl alkoxide, which may act as an initiator itself, resulting in a limitation of 

the achievable molar mass and an increased dispersity.  

 

Figure 9: Transfer reaction from an active chain end to the PO monomer, yielding an allylic alkoxide initiator and a 
lower degree of deprotonation. Isomerization of the double bond to the vinyl species is omitted. Adapted and 
reprinted from Grobelny et al.134 Wiley © 2016. 

Elevated reaction temperatures and the use of strong bases further limit the range of tolerated 

functional groups. Therefore, the AROP is not suitable for the direct polymerization of glycidyl 

esters,135,136 nitrile,137–139 or the incorporation of protic functional groups such as hydroxy, 

catechol,101,140 or alkyne units.109 Instead, protecting group chemistry or the considerably milder 

MAROP must be applied.117,133,141 Due to the different polymerization mechanisms, the reactivity 

ratios of the comonomer pair can be altered (compare Table 4 and Table 9). However, the MAROP 

also exhibits drawbacks as incompatibility towards highly coordinating functionalities like amines. 

Polymerization only results in low molar mass polymers.142 Transfer reactions can occur as the 

above-discussed transfer to monomer due to proton abstraction, hydride- or iso-butyl-

initiation.117,133,143,144   This limits the end-group fidelity of the resulting polymers, and this late-stage 

initiation leads to inhomogeneous products in gradient copolymers.25,145,146 Achieving a gradual 

shift in instantaneous composition requires initiating all chains simultaneously and ensuring their 
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activity persists until the polymerization is complete.1 The removal of commonly used quaternary 

ammonium salts is laborious, due to their amphiphilic nature and typically results in lower polymer 

yields.147 Additionally, polymers for biomedical applications require rigorous removal of the 

catalyst, as aluminum is neurotoxic.148–150 

Reactivity Ratios of Functional Epoxides 

Copolymerizations of functional epoxides are summarized in the following section, focusing on the 

copolymer microstructure. A special spotlight is on copolymers of EO and PO. Copolymerization 

kinetics from conventional AROP117 and MAROP133 are illuminated. An emphasis is placed on NMR 

kinetics studies (1H NMR analysis of aliquots obtained by sampling, 13C NMR triad analysis, in situ 
1H NMR kinetics) as an evaluation method.  

Numerous works focused on the determination of the incorporation preferences of epoxide 

comonomers making conclusions regarding the copolymer microstructure without determination 

of the actual reactivity ratios e.g., via 13C NMR triad sequence analysis (TSA)99,151–155 or by extracting 

the monomer conversion over time from the in situ NMR experiments.156 From end-group dyads 

(EGD) Lynd et al. extracted the relative monomer reactivity directly from the NMR and determined 

the reactivity ratios utilizing a simple kinetics model.107 Typically mathematical evaluation of NMR 

data was performed according to a variety of methods like Yezuielev-Brohkina-Roskin (YBR),157–159 

Fineman-Ross (FR),51,103,104,131 Kelen-Tüdos (KT),52,104,112 Mayo-Lewis (integral form, MaL),99 Meyer-

Lowry (ML),104,124,160–162 Jaacks (JA),100,124,162,163 Beckingham-Sanoja-Lynd (BSL)164 and Ideal 

Integrated (IdI).69,162 

Functional epoxide derivatives can be broadly classified into four categories: glycidyl ethers (GEs), 

glycidyl amines (GAs), alkylene oxides (AOs), and others.117 In the class of other functional 

monomers, a case-specific subdivision must be made. While glycidyl esters can be synthesized e.g. 

by the reaction of ECH with activated (deprotonated) carboxylic acids,136,165 epihalohydrins can be 

obtained in analogy to AOs from the oxidation of allylic halides.166,167 The asymmetric structure of 

monofunctional epoxides raises the additional question of regioselectivity. They are mainly 

incorporated regioselectively by head-to-tail connections because of steric reasons. The head-to-

head content is in the range of 3–4%.168–170 For racemic epoxides, an atactic polymer structure is 

obtained.117,171 

Anionic Ring-Opening Polymerization (AROP) 

The copolymerization kinetics of functional epoxides will be summarized and discussed, focusing 

first on the AROP of EO as the primary comonomer, followed by PO. AROP is the most widely used 
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method in both academia and industry for the copolymerization of functional epoxides due to its 

efficiency and versatility.172 It dates back to the 1860s when the synthesis of PEG with a low molar 

mass was first described by Lourenco and Wurtz.173–175 This foundational work was later expanded 

in the first polymer-focused research by Staudinger.176,177 Flory predicted the controlled character 

of the AROP in 1940.178 Many reviews summarized the AROP of functional epoxides, including 

reaction conditions, properties, and possible applications of the resulting polyether 

copolymers.117,118,172,179–183 

The influence of different conditions during the AROP, e.g., counterion or temperature, was 

investigated in several studies. Heatley et al. showed that the determined incorporation 

preferences in the copolymerization of EO and PO were not affected by the choice of sodium or 

potassium during the polymerization.99 A similar conclusion could be obtained for the presence of 

crown ethers, but the reactivity ratio for EO was higher compared to bulk polymerization without 

crown ether.16,184 Frey et. al. showed that the counterion has a small impact on the reactivity ratios 

of the copolymerization of EO and glycidol.130 The impact of reaction temperature has been 

investigated in numerous studies, with several employing in situ NMR techniques. These studies 

have shown that the resulting polymer microstructure is independent of temperature,99,156,184–187 

but a recent work shows small changes by increasing the temperature.100 Therefore, despite the 

different reaction conditions applied during the AROP the resulting preferences concerning the 

incorporation of epoxides are roughly comparable. However, as there are numerous reports of 

reactivity ratios, comparing different copolymerization systems should be treated cautiously. The 

combination of the parameters temperature, counterion, comonomer pair, solvent, additives, and 

the degree of deprotonation, have not been elucidated sufficiently to the best of our knowledge. 

The choice of the copolymerization model also plays a role, as discussed above. Heatley et al. 

summarized literature mentioning the reactivity ratios of the EO/PO comonomer pair in 1991. They 

ranged from rEO = 1.34, rPO = 0.14 to rEO = 6.5, rPO = 1.49. The reaction conditions sometimes were 

not clear and non-recommended calculation methods were used. The experiments of Heatley et. 

al. were analyzed using the Mayo-Lewis equation and they reported rEO = 2.8, rPO = 0.25. The 

reactivity ratios were reported to be independent of temperature, but the term “independent” 

could also mean just slight variations.99 Even slight variations in the reactivity ratios still lead to 

changes in the monomer sequence distribution. Depending on the issue and potential application, 

this can have an impact. However, the variations are comparably insensitive to the system, the 

reactivity ratios do not invert like in the carbanionic copolymerization.161 Therefore, we recommend 

future researchers investigate their specific system as closely as possible under the actual 

copolymerization conditions. 
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Copolymerization of Glycidyl Ethers with EO under AROP conditions 

The copolymerization of EO with GEs via AROP is the most studied reaction for determining the 

reactivity ratios of functional epoxides.  

The copolymerization of EEGE with other epoxides is a well-known strategy for the introduction of 

multiple hydroxyl groups at polyethers. The investigations of the copolymerization behavior 

showed random incorporation of EO and EEGE. Reactivity ratios were determined by Huang et al.158 

and Frey et al., resulting in r1 ≈ r2 ≈ 1.59 The results are in good agreement with the random 

incorporation of both monomers found by Frey et al. via TSA.188,189 IGG, a similar GE as EEGE, was 

also found to be randomly incorporated.156,189 Table 4 summarizes the resulting reactivity ratios or 

incorporation preferences. The reactivity ratios from the comonomer pairs can differ. In general, 

TSA can confirm a random or more gradient structure, however, it is unprecise compared to in situ 

methods. Monomer conversion over time (MCT) can indicate a random or preferential 

incorporation, but is insufficient, especially since modern methods to calculate the reactivity ratios 

are available. As described above, integrated methods are superior to differential methods. 

Different reaction conditions can also explain the resulting deviations in reactivity ratios. The 

following trends in conventional anionic copolymerization can be observed: GEs with small or 

flexible residual groups exhibit a similar reactivity ratio as EO or are even faster. The comparison of 

DMPGE with DDPGE shows that branching near the glycidyl ether functionality leads to sterical 

hindering. This results in reduced incorporation compared to EO. Chelatisation of the counterion 

(e.g. potassium) explains the similar reactivity ratios between GEs and EO. Disturbance of this 

chelation by sterically demanding residual groups plausibly leads to a faster EO incorporation.163 

Table 4: GE comonomers copolymerized with EO under AROP conditions with determined reactivity ratios or 
incorporation behavior and analysis methods. 

Comonomer rco rEO Analysis Ref. 

GME  

1.02 0.98 JA 190 

1.43 0.70 JA 190 

1.60 0.63 JA 190 

1.55 0.64 JA 190 

EEGE 
 

0.76 1.20 YBR 158 

0.94 1.05 BSL 59 

1.00 1.00 BSL 59 

random TSA 188 

O
O

O
O O
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random TSA 189 

IGG 
 

random TSA 156 

random TSA 189 

AGE  

1.31 0.54 EGD 107 

random TSA 185 

1.08 0.92 JA 163 

1.29 0.78 JA 163 

1.31 0.54 EGD 163 

EGVGE  

EVGE  

3.50 0.32 EGD 107 

1.23 0.81 JA 163 

2.05 0.48 JA 163 

random TSA 163 

random TSA 151 

DMPGE 
 

1.04 0.96 JA 89 

DDPGE 
 

0.83 1.20 JA 89 

DEGE 
 

1.28 0.82 EGD 106 

MTEGE  1.06 0.92 BSL 102 

CAGE 
 

0.88 1.14 FR 101 

fcGE 
 

random TSA 122 

rcGE 
 

random MCT 191 

C12-AlkGE 
  

1.03 0.97 JA 127 
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O O

O

O
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O
O O
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OlGE 
 

0.78 1.27 JA 192 

IsoPreGE 
 

0.97 1.03 JA 193 

PreGE 
 

0.94 1.06 JA 193 

NerGE 
 

0.93 1.07 JA 193 

GeraGE 
 

0.93 1.08 JA 193 

DHPreGE 
 

0.85 1.18 JA 193 

THGeraGE 
 

0.83 1.21 JA 193 

HHFarGE 
 

0.80 1.25 JA 193 

FarGE 
 

0.85 1.18 JA 124 

YBR: Yezrielev-Brokhina-Roskin;194 BSL: Beckingham-Sanoja-Lynd;24 TSA: Triad sequence analysis; EGD: end-groud dyad 

analysis;107 JA: Jaacks;67,68 FR: Fineman-Ross;65 MCT: monomer conversion over time. 

Copolymerization of Glycidyl Ethers with EO under AROP conditions 

PO is only slightly more sterically hindered than EO. In copolymerizations with EEGE or GME, the 

significantly lower preference for PO incorporation, compared to EO, is apparent. The key factor 

lies in the influence of the glycidyl ether motif, which alters the copolymerization behavior. 

Table 5: GE comonomers copolymerized with PO under AROP conditions with determined reactivity ratios or 
incorporation behavior and characterization methods. 

Comonomer rco rPO Analysis Ref. 

EEGE 
 

preferred  MCT 186 

MGE = GME  3.15 0.305 FR 103 

FR: Fineman-Ross;65 MCT: monomer conversion over time. 
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Copolymerization of Alkylene Oxides with EO under AROP conditions 

As discussed above, the substitution of the alkylene oxides leads to less favored incorporation 

compared to EO. This becomes more evident if one compares PO and BO with EO, respectively. 

Glycidol (G), which can be referred to as the oxide of allylic alcohol, shows a favored incorporation, 

which is due to the activation of the epoxide moiety by the pendant hydroxy group. The following 

Table 6 summarizes the literature dealing with the copolymerization of EO with the comonomers 

PO, BO, and G. 

Table 6: AO comonomers copolymerized with EO under AROP conditions with determined reactivity ratios or 
incorporation behavior and analysis methods. 

Comonomer rco rEO Analysis Ref. 

PO  

0.25 2.8 MaL 99 

0.30 3.1 TSA 99 

1.49 2.35 FR 103 

0.3 1.8 FR 195 

0.30 3.4 IdI 162 

0.29 3.2 ML 162 

BO  

0.148 6.46 MCT* 16 

0.22 4.36 KT 184 

0.17 4.1 KT 184 

G  

2.34 0.42 FR 130 

2.64 0.44 FR 130 

*fitted by least-square method;196 TSA: Triad sequence analysis; FR: Fineman-Ross;65 MCT: monomer conversion over 

time; KT: Kelen-Tüdos;66 IdI: Ideal Integrated;69 MaL: Mayo-Lewis;10 ML: Meyer-Lowry.49 

Copolymerization of Glycidyl Amines with EO under AROP conditions 

Glycidyl amines (GAs) represent the nitrogen analog of glycidyl ethers. Tertiary amines must be 

used to achieve linear copolymers. This leads to sterical hindrance near the epoxide moiety, 

compared to GEs with branched substituents (see above Table 4). Table 7 summarizes the available 

literature regarding the copolymerization of GAs with EO. 

O

O

O
OH
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Table 7: GA comonomers copolymerized with EO under AROP conditions with determined reactivity ratios or 
incorporation behavior and characterization methods. 

Comonomer rco rEO Analysis Ref. 

DEGA 
 

 preferred TSA, MCT 121 

DButGA 
 

0.49 1.84 FR 105 

DOctGA 
 

0.42 1.78 FR 105 

DAGA 
 

 preferred TSA, MCT 197 

DBAG 
 

 preferred TSA, MCT 187 

TSA: Triad sequence analysis; FR: Fineman-Ross;65 MCT: monomer conversion over time. 

Copolymerization of Functional Epoxides under AROP conditions 

Table 8 lists the reactivity ratios of monomers copolymerized with other epoxide monomers than 

EO and PO. The following trends can be observed: 1) GEs react faster compared to AOs. 2) Sterical 

hindrance by branching of the substituents lowers the reactivity ratio. 

Table 8: Comonomers copolymerized under AROP conditions with determined reactivity ratios or incorporation 
behavior and analysis methods. 

Comonomer 1 Comonomer 2 r1 r2 Analysis Ref. 

DBGA 

 

BMGA 
 

0.91 0.98 KT 198 

DBAG BGE  0.80 3.24 KT 198 

BO  A 

 

0.17 6.0 a 108 

BO  C 

 

1.1 0.91 a 108 

BO  E 

 

0.14 7.3 a 108 
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A 

 

E 

 

0.96 1.02 a 108 

C 

 

E 

 

0.12 8.8 a 108 

GME  EGE  

1.31 0.55 FR 199 

1.42 0.53 ML 199 

1.33 0.72 ML 199 

EEGE 
 

EGE  1.787 0.560 JA 125 

EEGE 
 

TGE 

ThpGE  
1.49 0.69 BSL 200 

MTEGE  G  0.27 3.7 FR 201 

SSG  G  G faster MCT 202 

BBAG  G  G faster MCT 203 

BO  G  

0.19 6.1 FR 204 

0.19 6.08 FR 130 

0.11 7.94 FR 130 

AGE  AHGE 
 

1.31 0.77 BSL 205 

AGE  DOGE  0.74 1.40 BSL 206 

AGE  fcGE 
 

random MCT 53 

PO  EPB  1.0  1.0 FR 103 

PO  DEGA 
 

1.90 0.30 FR 103 

1.75 0.88 FR 104 

1.71 0.86 KT 104 

1.74 0.88 ML 104 
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PO  GMTE  0.54 4.45 FR 103 

PO  SO 
 

0.62 2.07 FR 103 

PO  GME  0.31 3.15 FR 103 

PO  TFPO 
 

0.16 18.0 FR 103 

PO  G  0.17 4.70 FR 130 

anumerically solved; BSL: Beckingham-Sanoja-Lynd;24 TSA: Triad sequence analysis; EGD: end-groud dyad analysis;107 JA: 

Jaacks;67,68 FR: Fineman-Ross;65 MCT: monomer conversion over time; KT: Kelen-Tüdos;66 ML: Meyer-Lowry.49 

Monomer-activated Anionic Ring-Opening Polymerization (MAROP) 

The copolymerization of functional epoxides with EO and PO via Lewis acid-activated 

polymerization is discussed, with an emphasis on the resulting copolymer microstructure. 

The use of aluminum-based catalysis for the activation and polymerization of epoxides dates back 

to the 1960s, pioneered by Vandenberg.207 Aida and Inoue developed a diethyl aluminum chloride-

based 5,10,15,20-tetraphenyl porphyrin system, which was significantly improved by introducing 

sterically demanding Lewis acids.208–212 Tsvetanov et al. developed a porphyrin-free catalytic system 

for the polymerization of EO using NaAlBu₄.213 Another porphyrin-free system, developed by 

Braune and Okuda, employed neutral Lewis acid precursors and “ate” complexes for the 

polymerization of PO.214 

In 2004, Deffieux and Carlotti published a seminal work on the polymerization of PO that marked a 

breakthrough in polymerization techniques, now commonly referred to as "monomer-activated 

anionic ring-opening polymerization" (MAROP).215 MAROP has become an important alternative to 

conventional AROP.133 The key element of MAROP is the initiator-catalyst system, typically 

composed of an organic salt such as tetraoctylammonium bromide (NOct₄Br) or methyl 

triphenylphosphonium bromide (MePPh₃Br), serving as an initiator, in combination with a Lewis 

acid such as triisobutylaluminum (TIBAL).216–219 

The MAROP requires one equivalent of iBu3Al based on the initiator to form the necessary “ate” 

complex. Additional iBu3Al is required to activate the corresponding epoxide.110,135,220 Monomers 

containing oxygen atoms capable of coordination, such as GEs, demand higher equivalents of iBu₃Al 

to achieve full monomer conversion.147 Carlotti et al. investigated the influence of the catalyst-to-

initiator ratio in the homopolymerization of ethoxyethyl glycidyl ether (EEGE) and found that 
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increasing the catalyst-to-initiator ratio led to shorter reaction times and higher monomer 

conversions.110  

It is worth noting that the reactivity ratios determined for copolymerizations under MAROP 

conditions may depend on the catalyst-to-initiator ratio. However, to the best of our knowledge, 

no comprehensive study has been conducted on the influence of the amount of catalyst on the 

resulting polymer microstructure. 

Copolymerization of Glycidyl Ethers with EO under MAROP conditions 

The copolymerization of GEs under MAROP conditions typically results in gradient or tapered, 

block-like structures, with EO being preferentially incorporated. This preference is presumably due 

to the additional oxygen atom in glycidyl ethers, such as EEGE, which can coordinate with the 

catalyst, thereby reducing the activation of the epoxide moiety. As a result, GEs are considered less 

activated compared to EO, leading to distinct reactivity ratios, as summarized in Table 9.59 

Table 9: GE comonomers copolymerized with EO under conditions of MAROP with respective reactivity ratios or 
incorporation behavior and characterization methods. 

Comonomer rco rEO Analysis Ref. 

GME   preferred TSA 147 

GPgE  0.076 14.8 BSL 109 

EEGE 
 

0.125 8.00 BSL  59 

GTE 
 

0.45 2.2 IdI, JA 221 

0.73 2.3 ML 221 

BSL: Beckingham-Sanoja-Lynd;24 TSA: Triad sequence analysis; JA: Jaacks;67,68 ML: Meyer-Lowry;49 IdI: Ideal Integrated.69 

Copolymerization of Glycidyl Ethers with PO under MAROP Conditions 

The copolymerization of EEGE with PO displays similar incorporation tendencies, although the 

gradient is less pronounced. This suggests that the additional methyl group in PO reduces its binding 

efficiency to the catalyst compared to the unsubstituted EO. Under conventional AROP conditions, 

the incorporation tendency of PO and EEGE is opposite to MAROP conditions. This inversion allows 

for the tailoring of different polymer microstructures by simply selecting the copolymerization 

method. Glycidyl tosyl ether (GTE) differs from typical glycidyl ethers in both electronic structure 

and steric demand. These differences result in almost random copolymerization with PO, as the 

opposing effects of the tosyl group balance each other, leading to reactivity ratios similar to those 

O
O

O
O

O
O O

O
O

S
O

O



Chapter 2: Reactivity Ratios of Epoxides 

 
84 
 

of PO. Pasini, Coulembier et al. copolymerized AGE with PO utilizing an unusual [18]crown-

6/potassium acetate catalyst. Although long reaction times were required, a quasi-alternating 

microstructure was reported.222 

Table 10: GE comonomers copolymerized with PO under conditions of MAROP with determined reactivity ratios or 
incorporation behavior and analysis methods. 

Comonomer rco rPO Analysis Ref. 

AGE  0.07 0.25 FR 222 

EEGE 
 

0.18 3.58 KT 110 

GTE 
 

1.2 0.85 IdI, JA 221 

1.6 0.95 ML 221 

JA: Jaacks;67,68 ML: Meyer-Lowry;49 IdI: Ideal Integrated;69 FR: Fineman-Ross;65 KT: Kelen-Tüdos.66 

Copolymerization of Alkylene Oxides with EO under MAROP conditions 

The copolymerization of EO with PO has been studied by different groups, with reactivity ratios 

determined through distinct analytical methods. Despite these varied approaches, a consistent 

trend emerges: EO, as the unsubstituted monomer, typically reacts faster than the methyl-

substituted PO. This highlights the role of steric hindrance in reducing the monomer's coordination 

with the catalyst, impacting its reactivity. Epichlorohydrin (ECH) gives a tapered structure with EO, 

whereas copolymerization with the related epicyanohydrin (EPICH) results in a random or gradient 

incorporation. The copolymerization of EO with EPICH was investigated by TSA, a method that is 

more useful in confirming block structures, limiting the validity.137 Methyl-4,5-epoxypentenoate 

(MEP) gives a random microstructure with EO, whereas tert-butyl-4-5-epoxypentenoate (tBEP) 

exhibits a lower reactivity ratio than EO. The difference between the ester functionalities lies in the 

steric demand, possibly explaining their different incorporation behavior. 
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Table 11: AO comonomers copolymerized with EO under conditions of MAROP with determined reactivity ratios or 
incorporation behavior and analysis methods. 

Comonomer rco rEO Analysis Ref. 

PO  

0.013 2.05 KT 223 

0.16 6.4 IdI 69 

0.13 5.8 ML 69 

0.5 0.3 KT 209 

0.13 7.9 IdI 162 

0.085 6.1 ML 162 

0.32 2.15 FR 224 

ECH  

0.10 9.2 FR 225 

0.03 6.55 FR 224 

EPICH  random/gradient TSA 137 

MEP 
 

1.0 0.99 JA 31 

tBEP 
 

0.28 3.5 JA 31 

0.35 2.9 IdI 31 

TSA: Triad sequence analysis; JA: Jaacks;67,68 ML: Meyer-Lowry;49 IdI: Ideal Integrated;69FR: Fineman- Ross;65 KT: Kelen-

Tüdos.66 

Copolymerization of Functional Epoxides under MAROP Conditions 

Table 12 lists several comonomer combinations copolymerized under MAROP conditions. The 

following trends can be seen: 1) the larger the substituent, the lower the reactivity ratio of the 

monomer (PO/BO). 2) Comonomers with similar structures show similar reactivity ratios (GME/EGE, 

GME/EEGE), leading to almost random incorporation. 3) Glycidyl esters have higher reactivity ratios 

than glycidyl ethers (GME/GMA, GC/EEGE). Deffieux et al.,220 as well as Inoue et al.209 investigated 

the copolymerization of PO and epichlorohydrin. The former used iBu3Al, the latter a tetraphenyl 

porphyrine-based aluminum catalyst. As one can see in the first two entries in Table 12, this results 

in completely different reactivity ratios. More data is needed to identify the reasons behind that 

difference. 
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Table 12: Comonomers copolymerized under MAROP conditions with determined reactivity ratios or incorporation 
behavior and analysis methods. 

Comonomer 1 Comonomer 2 r1 r2 Analysis Ref. 

PO  ECH  

1.21 0.16 KT 220 

5.1 6.3 KT 209 

2.75 0.11 FR 224 

PO  BO  1.4 0.9 KT 209 

PO  2,3-BO  1.8 ≈0 KT 209 

GME  EGE  

0.95 0.92 FR 112 

0.98 0.95 KT 112 

GME  EEGE 
 

1.11 0.90 JA 111 

1.33 1.02 KT 111 

GME  GMA 
 

0.37 1.24 KT 135 

EEGE 
 

ECH  
ECH 

preferred 
MCT 226 

AGE  ECH  

1.4 6.6 KT 227 

1.42 0.49 FR 224 

GC 
 

EEGE 
 

3.6 0.28 IdI 136 

3.9 0.25 JA 136 

2.7 0.16 ML 136 

JA: Jaacks;67,68 ML: Meyer-Lowry;49 IdI: Ideal Integrated;69FR: Fineman-Ross;65 KT: Kelen-Tüdos.66 

Comparison of AROP and MAROP 

Copolymerization can give different reactivity ratios, depending on whether conventional AROP or 

MAROP is utilized.  A comparison of the generated polymers’ microstructure of some binary 

systems will be given in the following. For a better visualization, the monomer distribution of the 

polyether copolymers was simulated, based on the reactivity ratios determined from the in situ 

NMR experiments for an equimolar comonomer mixture. As stated in the section “Impact of 

Reactivity Ratios on the Copolymer Microstructure”, the graphical visualization only represents the 

average copolymer composition. 
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Copolymerization of EEGE with EO 

Numerous works have investigated the copolymerization of EO with GEs. A comparison of the 

resulting copolymer microstructures for the EO/EEGE comonomer pair obtained via AROP and 

MAROP is shown in Figure 10. 

                AROP                MAROP 

 

  

Reactivity 

ratios 
                 rEO = 1.05 | rEEGE = 0.94                    rEO = 8.00 | rEEGE = 0.125 

Reference                Frey et al.59               Frey et al.59 

Figure 10: Simulated copolymer composition for an equimolar comonomer mixture, according to determined reactivity 
ratios for AROP (left) and MAROP (right) of EO/EEGE. 

Depending on the applied copolymerization technique, the copolymerization of EO and EEGE 

results in either a random copolymer (AROP) or a copolymer with a strong gradient (MAROP). 

Copolymerization of Alkylene Oxides 

Heatley et al. demonstrated a gradient structure formed in the copolymerization of EO and PO via 

AROP. This gradient microstructure is more pronounced via MAROP, due to an increase in the 

reactivity of EO, which was investigated by Frey et al.69  

           AROP             MAROP 

 

  

Reactivity 

ratios 
                rEO = 2.8 | rPO = 0.25                rEO = 6.4 | rPO = 0.16 

Reference              Heatley et al.99               Frey et al.69 

Figure 11: Simulated copolymer composition for an equimolar comonomer mixture, according to determined reactivity 
ratios for AROP (left) and MAROP (right) of EO/PO. 
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Copolymerization of Glycidyl Ethers 

The copolymerization of a binary system involving two GEs via AROP leads to a weak gradient 

structure, as demonstrated by Schmalz et al.199 Under MAROP conditions, Weinhart et al.112 

observed equal monomer reactivity between GME and EGE. The polymerization method 

significantly influences the distribution of monomers along the polymer chain. 

      AROP           MAROP 

 

  

Reactivity 

ratios 
rGME = 1.42 | rEGE = 0.53             rGME = 0.98 | rEGE = 0.95 

Reference                 Schmalz et al.199            Weinhart et al.112 

Figure 12: Simulated copolymer microstructure for an equimolar comonomer mixture, according to determined 
reactivity ratios for AROP (left) and MAROP (right) of GME/EGE. 

The results cannot be generalized to every system, as more studies regarding the influence of the 

distinct reaction conditions for a broad range of monomers are needed. 

Gradient Copolymers and How to Prepare Them 

In order to achieve a continuous change in copolymer composition, all chains must be initiated fast 

and simultaneously. Further, no termination or chain transfer must occur until the end of the 

polymerization, i.e., full monomer consumption. Since termination reactions lead to heterogeneity 

in the copolymer, living and controlled polymerization methods are essential for the synthesis of 

gradient copolymers.3 In controlled radical polymerizations, the reversible termination of active 

chains, often described as “degenerative transfer,” plays a crucial role in maintaining control over 

the polymerization process.1,43,44,228 The gradient can also be forced by continuously changing the 

feed rate of the monomers.4 

In living and controlled anionic copolymerization, all chains grow continuously due to the 

simultaneous and rapid initiation, and ideally, no termination reactions occur.40,42,229,230 Slow 

initiation leads to a broad dispersity, but according to calculations reported by Gold long ago, it 

should not exceed ≈ 1.38.231 
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Established techniques like the anionic232 and cationic30,233–237 polymerization as well as catalytic 

techniques like catalyst transfer polycondensation238, catalyzed copolymerization of olefins239 and 

epoxides240 and ring-opening metathesis polymerization (ROMP)241–244 are applied for the synthesis 

of gradient copolymers. The most common examples of gradient copolymers prepared by living 

anionic polymerization are copolymers of styrene, or styrene derivatives with butadiene or 

isoprene,29,245–250 as well as polyether copolymers from EO and other epoxide monomers.117,251 In 

the carbanionic copolymerization in apolar solvents like cyclohexane or benzene, small changes in 

the reaction conditions of the copolymerization of styrene and isoprene lead to completely 

different gradient structures. For instance, by adding tetrahydrofuran (THF) to cyclohexane, the 

gradient can be tailored and changes from r(Isoprene) = 10.03, r(Styrene) = 0.015 to 

r(Isoprene) = 0.012, r(Styrene) = 12.58. The strong gradient changes in this system are a result of 

the coordination of the lithium counterion.161  

The particular properties of gradient copolymers differ from those of random and block 

copolymers.2–4,252 A unique and probably the best-known feature of gradient copolymers is their 

broad glass transition temperature (Tg) range.33,253–262 These broad glass transition temperatures 

result from incomplete microphase-segregation and are typically found between the Tgs of the 

respective homopolymers.32,256,263 The Tgs of gradient copolymers show a stronger dependency 

regarding the polymer’s thermal history compared to random or block copolymers.1 

An investigation of the elasticity of gradient copolymers compared to the corresponding random 

copolymers revealed close Young’s moduli, while the toughness of the gradient copolymers was 

increased.255,264 Analysis of shear moduli revealed that diblock copolymers exhibit two segmental 

relaxation processes, while random copolymers show only one. In contrast, gradient copolymers 

display a single, but extremely broad, segmental relaxation, indicating a broad concentration 

distribution related to a continuous composition change in the microphase-separated state of the 

gradient copolymer.1 They also exhibit a lower elastic modulus and greater elongation at break, 

while maintaining similar tensile strength. This behavior is attributed to the facilitation of stress 

concentration resulting from the gradual change in local modulus across different, and often 

smaller, nanodomain types.3,265,266 

Gradient copolymers in selective solvents display behavior similar to their corresponding block 

copolymers, particularly in their tendency to form spherical micelles, provided the gradient in 

composition is sufficiently steep. Unlike block copolymers, which exhibit an abrupt change in 

composition along the polymer chain, gradient copolymers do not have a distinct point of 

composition change. As a result, micelles formed from gradient copolymers typically show less 
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pronounced segregation of monomer units and less defined core-shell structures.267 The critical 

micelle concentration (CMC) of gradient copolymers can be higher or comparable to that of the 

corresponding block copolymers due to the lower probability of long hydrophobic segments.268–270 

The surface properties are strongly influenced by the monomer unit sequence (steepness of the 

gradient).270–272 The monomer sequence plays a significant role in controlling the micellar size in 

water. Random copolymers produce more size-uniform micelles compared to gradient or block 

copolymers composed of random or gradient blocks.273 

Block copolymers of EO and PO are highly relevant nonionic surfactants and have been extensively 

studied.274,275  The hydrophilic PEO and hydrophobic PPO confer these copolymers with amphiphilic 

and biocompatible properties, making them useful in various applications, from everyday products 

like soaps to pharmaceutical and agricultural formulations.117,275,276 Block and statistical copolymers 

are also used in lubricants, such as water-based fire-resistant hydraulic fluids, and metal-working 

applications like high-speed machining of stainless steel. When heated, these copolymers 

precipitate and coat the interface between the tool and metal, providing excellent lubrication. 

However, careful selection of the used polymers and formulation is required to prevent excessive 

foaming due to their amphiphilic nature.277 In the field of lubrication, copolymers are often referred 

to as “random”, but we want to emphasize that they exhibit a pronounced gradient.99 The cloud 

point of the block and statistical copolymers depends on the composition, molar mass,274,278–281 and 

the gradient100  (controlled by the reactivity ratios in the chosen polymerization method69). 

Determination of the reactivity ratios is crucial for controlling the cloud point, among other factors. 

Statistical copolymers of EO and BO are known to exhibit an ordinary gradient structure184 (see 

Table 6), yet they behave similarly to block copolymers concerning their association properties. This 

allows the desired characteristics to be achieved in a single step, without a sequential monomer 

addition.282 In contrast, the copolymerization of EO with GME results in a random microstructure, 

with no discernible pattern in the arrangement of monomer units. The copolymer maintains a 

uniform monomer distribution throughout the reaction, regardless of conversion. This structure 

closely mimics PEG and is discussed as a potential alternative in drug delivery applications, as its 

disordered structure prevents anti-PEG antibodies from recognizing and binding to it.190 

Conclusion 

In the past decade, in situ NMR techniques have become well-established for studying living or 

controlled statistical copolymerizations. Unlike free radical copolymerizations, which involve 

transfer and termination reactions, controlled copolymerizations allow for the direct correlation 

between reactivity ratios and the gradient of the resulting copolymer structure. In situ NMR allows 



Chapter 2: Reactivity Ratios of Epoxides 

 
91 

 

for investigating the microstructure of polyether copolymers based on common monomers such as 

ethylene oxide (EO) and propylene oxide (PO), as well as comonomers like alkylene oxides, glycidyl 

ethers, glycidyl amines, and glycidyl esters. By applying different qualitative and quantitative 

methods discussed in this review, the reactivity of functional epoxides can be precisely determined. 

A detailed understanding of copolymer microstructure is essential for evaluating structure-property 

relationships. 

Functional polyethers hold potential for various applications, including surfactants, dispersants, 

and foam stabilizers. This review has provided a detailed analysis of binary systems comprising 

functional epoxides, highlighting their distinct reactivities based on the chosen polymerization 

method—whether AROP or MAROP. The selection of polymerization techniques allows for 

synthesizing custom copolymer architectures such as random, gradient, or tapered structures in a 

single step. 

The microstructure of copolymers containing EO or PO is influenced by the choice of the binary 

systems. In AROP, glycidyl ethers generally yield random copolymers with EO, except for a few cases 

where a weak gradient is observed. The lower reactivity of PO compared to EO results in more 

gradient-like structures. Overall, alkylene oxides tend to be less reactive than EO and glycidyl ethers, 

typically resulting in gradient microstructures. Glycidyl amines are a unique class of functional 

epoxides, revealing a lower reactivity than glycidyl ethers and alkylene oxides. Therefore, glycidyl 

amines are more likely incorporated at the end of the polymer chain. 

Copolymerizations of EO or PO with glycidyl ethers and alkylene oxides via MAROP typically result 

in gradient and tapered microstructures, with few exceptions. MAROP has been observed to 

enhance gradient structures in binary systems compared to AROP. The findings outlined in this 

review are crucial for understanding and fine-tuning the properties of multifunctional PEG and PPO, 

which hold great potential in bioconjugation, drug transport, and controlled release. In these 

applications, achieving a uniform distribution of functional groups along the polyether backbone is 

often a key objective. Additionally, the synthesis of strongly tapered polyethers through 

straightforward statistical copolymerization presents opportunities for various pharmaceutical and 

biomedical uses. Statistical copolymers with a strong gradient can exhibit similar properties to block 

copolymers but can be prepared in batches. 

The reactivity ratios presented in this review should be approached with some caution. To the best 

of our knowledge, a comprehensive comparison of reaction parameters, (solvents, temperature, 

additives, comonomer pairs, catalysts and their equivalents, etc.) is not published. We have 
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compiled as many reactivity ratios from various copolymerization studies as possible. The data were 

analyzed with a diverse range of models under distinct conditions, which makes direct comparison 

impractical. We encourage researchers to refer to the system that most closely aligns with their 

own as a preliminary reference point. 

Furthermore, we emphasize the importance of determining reactivity ratios specific to the 

researcher’s own system. Modern techniques, such as in situ NMR, make this feasible. When 

evaluating reactivity ratios, it is highly recommended to use integrated models. One should begin 

with integrated nonterminal models (BSL, Jaacks, Ideal Integrated) to analyze the experimental 

data. If these models do not sufficiently explain the experimental data, only then should integrated 

terminal models (Meyer-Lowry) be considered. 
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Abstract 

Copolymerization of ethylene oxide (EO) and glycidyl methyl ether (GME) results in perfect 

structural isomers of poly(ethylene glycol) (PEG). These copolymers are being explored for their 

potential to evade immune recognition. This study investigates the influence of the solvents DMSO, 

toluene, and anisole on the copolymerization of these monomers. Reactivity ratios and apparent 

rates of copolymerization and homopolymerization were determined using online 1H NMR kinetics. 

A striking observation was made for bifunctional initiators. In this case, a pronounced induction 

period was observed in the monomer conversion plots. The copolymerization of EO and GME in 

DMSO leads to an almost ideally random microstructure, while a slight gradient is observed in 

toluene and anisole, correlating with the permittivity. The degree of deprotonation was found to 

have a minor impact on the polymerization process. Among the solvents, DMSO was identified as 

the most effective for producing random copolymers, which can disrupt anti-PEG antibody binding 

and prevent crystallinity. The solvent choice significantly affects both the copolymerization rate and 

microstructure, with toluene demonstrating an unexpectedly high polymerization rate. This study 

underscores the importance of solvent selection in tailoring polymer properties, with significant 

implications for biomedical and materials science applications. 

Introduction 

The copolymerization of ethylene oxide (EO) and racemic glycidyl methyl ether (GME) represents a 

significant advancement in the design of polymers with tailored microstructures and properties. 

Poly(ethylene oxide) (PEO) crystallizes readily due to its regular structure. PEO and poly(ethylene 

glycol) (PEG) denote the same polymer, however, for detailed information regarding the denotation 

we refer to a review from Frey et al.1 PEO transitions from a viscous liquid to a waxy state once its 

molar mass exceeds 1000 g/mol and becomes semicrystalline. PEO is obtained as a powder at molar 

masses above 6000 g/mol.2 While this crystallinity can be advantageous in some applications,1 it 

poses significant limitations in solid-state batteries3,4 and membrane technology, where amorphous 

regions are essential for molecular interactions.5,6 The challenge of reducing the crystallinity of PEO 

without compromising its hydrophilicity has led to exploring copolymerization strategies, with GME 

emerging as a promising comonomer. GME can be conceptualized as an isomeric dimer of EO. The 

anionic ring-opening (co)polymerization (AROP) with EO in solvents like dimethyl sulfoxide (DMSO) 

leads to the formation of copolymers with ideally random microstructures.7 Unlike the more 

commonly used propylene oxide (PO), which forms a pronounced gradient microstructure with EO8–

10 and significantly lowers the polymer’s cloud point,11–15 GME maintains a high degree of 

hydrophilicity akin to EO, while effectively disabling crystallization when incorporated at levels 
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exceeding 25 mol%.7 This ability to suppress crystallinity without drastically affecting the cloud 

point renders GME an attractive comonomer alternative to PO in applications requiring amorphous, 

hydrophilic, and biocompatible PEOs. Despite the potential of GME in modifying the properties of 

PEO, some general aspects of its copolymerization with EO remain underexplored. The solvent 

choice in the copolymerization was found to change the reactivity ratios of the EO/allyl glycidyl 

ether and EO/ethoxy vinyl glycidyl ether comonomer pairs.16,17 Polymerizations in DMSO are known 

to occur at a high rate,18,19 but the high boiling point (189 °C) makes the full removal tedious. Anisole 

features a lower boiling point of 154 °C and is regarded as a green solvent.20,21 Additionally, the 

permittivity ε of anisole is higher than that of toluene (ε = 4.3724 and 2.408)22,23 Moreover, the 

degree of deprotonation during polymerization needs to be investigated, as it could subtly influence 

the resulting polymer architecture. 

In addition to structural considerations, the interaction of these copolymers at the interface as a 

PEG-alternative is of growing interest. PEGylation, the conjugation of PEG (PEO) to e.g. proteins or 

nanoparticles, has been observed to cause enhanced occurrence of anti-PEG antibodies (APAs). 

These target specific motifs of consecutive EO units in the chains24 and pose an issue of increasing 

significance in biomedical applications involving PEGylated materials.25,26 The randomness of the 

microstructure introduced by GME has been shown to reduce the occurrence of these motifs, 

potentially antibody binding. In vitro studies have shown the success of this strategy, making this 

material a promising alternative.7 However, balancing the amount of GME is crucial, as 

incorporation exceeding 70 mol% lowers the microstructural variation, and complicates the 

synthesis of higher molar mass copolymers. The latter is caused by the abstraction of a proton from 

the α-position of the epoxide monomer, leading to an allylic alkoxide species, which itself can 

initiate a new polymer chain.27 

This study aims to provide a comprehensive understanding of the copolymerization of EO and GME 

across different solvents (DMSO, anisole, and toluene), also investigating the effects of the degree 

of deprotonation and the microstructural implications for polymer crystallinity and interaction at 

the biological interface. By understanding these parameters, one can tailor and control the 

properties of EO-co-GME copolymers, paving the way for their application in advanced materials 

and biomedical technologies. 

Experimental Section 

Information regarding the reagents, detailed polymer synthesis, and the characterization 

techniques employed, is available in the Supporting Information (SI). 
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Results and Discussion 

 

Scheme 1: Overview of online 1H NMR kinetic studies of the homo- and copolymerization of EO and GME. 

We investigated the homo- and copolymerization of EO and GME in the solvents DMSO, anisole, 

and toluene by online 1H NMR kinetic studies. EO and GME were copolymerized in the respective 

solvents in an NMR tube with a sealable Teflon stopcock while recording 1H NMR spectra. Partially 

deprotonated potassium alkoxides were used as initiators. All experimental details can be found in 

the SI together with SEC data (number-averaged molar mass Mn and dispersity Đ) of the synthesized 

polymers. We examined the reaction rates of homo- and copolymerization, and reactivity ratios 

were determined in a detailed manner, providing insights into the behavior of the monomers under 

various conditions. EO and GME were also homopolymerized using the monofunctional initiator 2-

(benzyloxy)ethanol (BnO). The reaction rates were compared to those observed in the 

copolymerization of the two monomers, and the reactivity ratios were determined from the 

copolymerization. We examined reaction rates and reactivity ratios in detail, providing insights into 

the behavior of the monomers under various conditions. 

Homopolymerization of EO and GME  

EO and GME Homopolymerization Using a Monofunctional Initiator 

The monofunctional initiator BnO was employed for the homopolymerization of EO and GME in the 

two apolar solvents, anisole and toluene at two different degrees of deprotonation (DOD, further 

explanation is available in the SI (equation S1), namely 50% and 90% (Table 1, entries 1–8). To 

compare the reaction rates in different solvents, we analyzed the slope of the linear regime from 

the pseudo-first-order plots of the copolymerization (Figures S1–S8). The apparent rate constant 

for each monomer (kapp (M)) was determined from the respective monomer signals. The following 

well-known equation yields the pseudo-first-order plot, and the slope affords kapp. It indicates how 

quickly the reaction progresses. This value was used as a proxy for comparison (derivation is 

provided in the SI, equations S2–S10). 

Homopolymerization

Copolymerization

DMSO
Solvents
Anisole Toluene
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ln�
[M]0
[M]𝑡𝑡

� = 𝑘𝑘app ∗ 𝑡𝑡 (1) 

This allows for comparison of the solvents concerning reaction rates at a fixed initiator 

concentration. An induction period, caused by the crown-ether effect28–30 from the initial addition 

of approximately 5–6 monomer units, has been observed for most of the conducted 

polymerizations. GME homopolymerization in anisole showed a poor signal-to-noise ratio, and the 

induction period could not be observed. In general, the induction period indicates the solvation of 

the potassium ion by the growing polyether chain (Figure 1), leading to better charge separation 

between the alkoxide chain end and the potassium counterion.28–31  

 

Figure 1: Exemplary pseudo-first-order plot with a visible induction period, also known as “crown ether effect” or 
“Weibull-Törnquist effect”.32 The turquoise elongation shows the graph without the induction period. Lower Scheme: 
Solvation of the counterion (potassium) by the growing polyether chain. Reprinted and adapted from Reference 
Module in Chemistry 2016, Penczek, S.; Pretula, J.B., Ring-Opening Polymerization, Page 23, Copyright 2016, with 
permission from Elsevier.30 

In anisole, the EO reaction rate increased by a factor of ≈21 when the DOD was increased from 50% 

to 90% (entries 1 and 2). Conversely, in the less polar toluene (entries 3 and 4), the reaction rate 

decreased by 5%, likely due to the increased formation of dormant aggregate species in this apolar 

solvent. At 50% DOD, the difference between the two solvents is negligible (entries 1 and 3). 

Contrastingly, at 90% DOD, the reaction rate in the slightly more polar solvent anisole becomes 

much higher (entries 2 and 4). In literature, the propagation rate in THF at 20 °C is reported to be 

4.8∙10-2 L∙mol-1∙s-1 (Table IV in reference33), while at 70 °C it has been determined as 0.94 L∙mol-1∙s-1 

(Table 2 in reference34). The reaction rate of GME in anisole and toluene is lower compared to the 

Ions in equilibrium

End of induction
period
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respective EO reaction rates under the same conditions. In anisole, the GME reaction rate doubled, 

when the DOD was increased from 50% to 90% (entries 5 and 6), similar to the EO reaction rate, 

but to a lower extent. In toluene, the reaction rate increases by ≈20% (entries 7 and 8), from which 

we conclude less dormant aggregate formation compared to the same conditions with EO. 

Alkoxides at a higher degree of substitution are more dissociated,35 which directly corresponds to 

less aggregation as one might expect upon increasing the DOD. In summary, utilizing a higher DOD 

can increase the reaction rate, but the aggregation phenomenon can counter the higher 

concentration of active chain ends. 

EO was further copolymerized in DMSO (entry 9) as a solvent of high polarity (entries 2 and 4). Due 

to the high dielectric constant and polymerization temperature, a fast reaction occurred, 

necessitating a reduction in initiator concentration compared to the polymerizations of entries 1–

8. Without this change in conditions, the reaction was complete before starting the measurements. 

Despite the initiator concentration being reduced by a factor of 13.6, the reaction rate was still 

comparable to that in anisole. Polymerizations in polar solvents like DMSO and 

hexamethylphosphoric acid triamide (HMPTA) are well-known for their high reaction rates.18,19,28,36 

The high temperature leads to an initial rate acceleration, causing a subsequent temperature 

increase. The high dispersity (Đ = 1.21) may indicate an inhomogeneous temperature distribution 

within the NMR tube at the start, with polymerization occurring faster in “hotspots” compared to 

colder areas (Figure S9). 

Table 1: Apparent rate constants of EO and GME in the respective homopolymerization with the monofunctional 
initiator BnO. Fit was applied for the linear regime in the pseudo-first-order plots. 

Entry (M) Solvent T / °C DODa [I]b / 10-2 mol/L kapp (M) / s-1 R2 

1 (EO) Anisole 55 50% 9.66 (7.34 ± 0.01) ∙10-5 0.99946 

2 (EO) Anisole 55 90% 9.66 (1.54 ± 0.01) ∙10-3 0.99977 

3 (EO) Toluene 55 50% 9.66 (7.14 ± 0.01) ∙10-5 0.99972 

4 (EO) Toluene 55 90% 9.66 (6.80 ± 0.01) ∙10-5 0.99983 

5 (GME) Anisole 55 50% 9.66 (5.00 ± 0.02) ∙10-5 0.98708 

6 (GME) Anisole 55 90% 9.66 (1.02 ± 0.01) ∙10-4 0.99421 

7 (GME) Toluene 55 50% 9.66 (4.16 ± 0.01) ∙10-5 0.99993 

8 (GME) Toluene 55 90% 9.66 (5.04 ± 0.01) ∙10-5 0.99995 

9 (EO) DMSO 55 90% 0.71c (9.10 ± 0.01) ∙10-4 0.99969 
aDegree of deprotonation, btheoretical chain end concentration, cthe initiator concentration had to be drastically reduced 

because, at higher concentrations, the polymerization was completed before recording started. 
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EO Homopolymerization Using a Bifunctional Initiator 

Bifunctional initiators are valuable for block copolymer synthesis and for the preparation of 

telechelic polymers.37 EO homopolymerization is known to be first-order with respect to the 

monomer.18,19,38,39 In preliminary copolymerization experiments, we observed an unexpected and 

pronounced induction period in DMSO when a bifunctional initiator was used, which was not 

present with a monofunctional initiator (compare Figure S12 and Figure S17). To determine 

whether this induction period was specific for copolymerizations, we homopolymerized EO with 

the bifunctional initiator 3-ethoxy-1,2-propanediol (EPD, DOD: 25% and 50%) in DMSO. In both 

cases, a pronounced induction period was observable (Figure 2). The induction period ended when 

approximately 41–46 EO units were consumed, while the dispersity remained low (<1.07, Figures 

S44–S45). Once the chain reached a certain threshold of added EO units, the polymerization 

proceeded at a constant rate. In pronounced contrast, the polymerization initiated with 

monofunctional BnO displayed a fully linear trend in the pseudo-first-order plot (Figure S12) This 

leads us to conclude that the bifunctional initiator with a short distance between the active centers 

indeed causes the induction period shown in Figure 2. The black line shows that the induction 

periods last until ≈20 000 s, afterwards a constant slope is observed. The apparent reaction rate 

kapp from the linear regime increased by only 15% with the increase in the DOD from 25% to 50% 

(Table S1), although the hypothetical amount of active chain ends is doubled.   

 

Figure 2: Pseudo-first-order plot of the homopolymerization of EO in DMSO with EPD as initiator at different degrees 
of deprotonation (DOD). The turquoise arrows indicate the end of the induction period and the beginning of the linear 
regime of the pseudo-first-order plot. 

We attribute this to the small distance between the active sites, which results in a lower 

disaggregation constant (from aggregates to ion pairs) and a lower dissociation constant (from 

contact ion pairs to free ions) at the start. A DOD of 90% was not achievable, as bifunctional 

initiators are known to aggregate strongly and become insoluble upon full deprotonation, even in 

EO (DOD: 50%)
Consumed EO units
EO (DOD: 25%)
Consumed EO units
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a polar solvent like DMSO.40 We scarcely found previous reports that examined the role of 

bifunctional initiators in the AROP of epoxides. The polymerization of EO in THF using living PEO 

showed no induction period. In contrast, naphthalenide initiators, which can be either mono- or 

bifunctional, showed an induction period for EO in THF.34 Tymczyński et al. used glycoxides with 

[18]crown-6 for the polymerization of a glycidyl ether in DMSO, which did not exhibit an induction 

phase. However, SEC showed high dispersities between 1.40 and 2.74, which may raise some 

questions about the reliability of the results and suggest other issues.41 Stolarzewicz equally 

polymerized different glycidyl ethers with KOH as an initiator in anisole and reported a short 

induction period at the beginning of the reaction.42 Polymerization of methyl methacrylate using a 

bifunctional initiator in THF also showed an induction period. The results suggest that in the first 

stage of the polymerization the two ends of the molecule aggregate intramolecularly, forming a 

transient cyclic structure. Intermolecular aggregation was not observed due to the low 

concentration of living chain ends. The aggregated end groups are less reactive than disaggregated 

ones and the equilibrium between cyclic and linear polymers depends on the chain length.43–45 

Polymerization using a monofunctional initiator shows no such induction, which agrees with the 

hypothesis of a cyclic structure.46 An induction period was also observed for the polymerization of 

styrene using a bifunctional initiator, with intramolecular formed negative triple ions. Bifunctional 

growing polymers can propagate slower than those with only one active group.43,47,48 

We want to note that it is plausible that residual water (hydroxide), which can function as an 

initiator, is not necessarily found at low elution volumes in SEC. After the nucleophilic attack of an 

epoxide monomer, it will form a (substituted) bifunctional ethylene glycol initiator (Scheme S1), 

requiring more time to add significant amounts of monomer. Monofunctional initiators, on the 

other hand, can grow without this induction period in DMSO. If the monomer is consumed before 

the bifunctional chains reach their equilibrium reaction rate, this might result in only short 

bifunctional polymer chains. However, a more detailed investigation regarding the reaction rate 

and multifunctional initiators is postponed to future studies. 

Reaction Rates in the EO/GME Copolymerization.  

To compare the reaction rates of the copolymerization in the investigated solvents, the slope of the 

pseudo-first-order plots of the copolymerization (Figures S12–S15) derived from the EO signal was 

used to obtain the apparent rate constant of EO (kapp,copo (EO)), which served as a proxy. This enables 

us to compare the solvents concerning the respective reaction rate at the fixed initiator 

concentration. Surprisingly, the reaction rates under the chosen copolymerization conditions have 
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not been reported, despite their significant role in technical applications. This know-how enables 

targeted polymer synthesis with respect to reaction time. 

Copolymerization in DMSO showed linear behavior without an induction period in the pseudo-first-

order plots (Figure S12). In anisole, a slight induction period was present at the beginning of the 

copolymerization at both DODs (Figure S13, zoom in Figure S14). In toluene (Figure 3), the induction 

period is merely visible at a DOD of 50% (zoom in Figure S16).  

 

Figure 3: Pseudo-first-order plot of the copolymerization of EO with GME. 1) DOD: 50%, green: GME, blue: EO. 2) DOD: 
90%, red: GME, black: EO. 3) DOD: 90%, with addition of [18]crown-6. Purple: GME, yellow: EO. 

At the very beginning in the green and blue graph (Figure 3, zoom in Figure S16), the reaction rate 

increased, probably due to the dissolution of aggregates, leading to more reactive species in the 

system. This is probably accompanied by a slight temperature increase, which also accelerates the 

reaction. The slope then increases slowly after this first initial period, similar to the anisole 

conditions (Figures S13 and S14). An induction period at a DOD of 90% without crown ether addition 

was hardly observable (black and red line in Figure 3), probably due to the high reaction rate. A few 

monomer units had already been added to the initiator before the recording in the NMR device 

started. The same might have happened under DMSO conditions. As anticipated, we did not 

observe an induction period in toluene with crown ether addition (purple and yellow line in Figure 

3), because potassium ions are already chelated. This will be described in more detail in another 

upcoming paper on the copolymerization of EO with propylene oxide.49 If a bifunctional initiator is 

Toluene-d8, 55 °C
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used instead of the monofunctional initiator BnO, a pronounced induction period is observed in 

DMSO (DOD: 50%, Figure S17). This induction period slows down the overall reaction, due to the 

relative inactivity at the start of copolymerization. After the induction period, the reaction rate was 

comparable to the conditions utilizing a monofunctional initiator (see Figures S12 and S17). 

The reaction rates of EO in copolymerization cannot be directly inferred from those of 

homopolymerization. This is because, in addition to homopropagation, there is also the crossover 

reaction when EO is added to a GME chain end, contributing as a second process to the depletion 

of EO in the mixture. Determination of the propagation constant kp ([kp] = L∙mol-1∙s-1) is impossible, 

as the aggregation number is unknown. Furthermore, the reported reaction rates should only be 

compared under similar conditions, as the complex equilibria between different types of ions play 

an important role in the propagation. The apparent reaction rate of GME in copolymerization is 

omitted in Figure 4. The reaction rate only slightly differs when the DOD is changed from 50% to 

90% in DMSO. Polymerization in anisole was twice as fast as in toluene at 50%, but when increased 

to 90%, the polymerization rate in toluene increased further by a factor of ≈1.8. Adding [18]crown-

6 further increased the reaction rate by a factor of ≈1.9 compared to the run without the additive. 

In this case, the ion pairs are converted into crown ether-separated ion pairs, but not into free 

ions.30 As previously reported, if cryptands are used instead of crown ethers, the reactivity further 

increases by a factor of 70.33,50,51 This phenomenon was explained by the oxygen anion being 

partially inserted into the cavity of the complexing agent.29,52 Remarkably, the copolymerization in 

toluene with crown ether addition at a DOD of 90%, exceeded 99% conversion after ≈4 hours. The 

rate constants of homopolymerization differ significantly from those of copolymerization (compare 

Table 1 and Table S2). The significant increase in the homopolymerization reaction rate of EO in 

anisole upon an increase of the DOD is much less pronounced in copolymerization. Conversely, 

while the homopolymerization reaction rate of EO in toluene slightly decreases with an increase in 

DOD, it increases by a factor of 10 in copolymerization.  
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Figure 4: Apparent reaction rates of EO in the copolymerization with GME. The values for experiments in DMSO were 
adjusted to fit the initiator concentrations of the anisole and toluene experiments. DOD: degree of deprotonation. The 
values can be found in the SI (Table S2). 

Reactivity Ratios of EO/GME by In Situ 1H NMR Copolymerization Kinetics 

Determination of the reactivity ratios (r) can be performed by various methods, such as i) 

differential (Kelen-Tüdos53, Fineman-Ross54, Mayo-Lewis55) and ii) integral methods (Jaacks56,57, 

BSL58, Meyer-Lowry59, Ideal Integrated60, DNI61), to name the best-known. Differential methods 

suffer from inaccuracy and require high experimental effort. In a conclusive publication, 

Beckingham et al. described that they are no longer recommended for use.62 Chain-end 

independent or so-called “Ideal” models (r1∙r2 = 1, such as BSL, Jaacks, Ideal Integrated), should be 

applied first. Chain-end dependent, also called terminal or non-ideal models (r1∙r2 ≠ 1, such as 

Meyer-Lowry, DNI) should only be used if the ideal models do not adequately describe the data.58,60 

This principle of preferring the simplest explanation of the data is known as "Ockham’s Razor", 

coined by Sir William Hamilton.63 Given the negligible differences between the Jaacks and BSL 

methods, we chose to present the results using the Jaacks method. The Jaacks equation is derived 

from the Wall equation64 by integration and change of the basis of the logarithm.65 It is 

straightforward to comprehend and can be easily recalculated. The Jaacks equation is defined by 

the following equation:57 

log �
[M1]𝑡𝑡
[M1]0

� = 𝑟𝑟1 ∙ log �
[M2]𝑡𝑡
[M2]0

� (2) 

By plotting log([M1]t/[M1]0) versus log([M2]t/[M2]0), r1 can be derived from the slope. With the 

relation r1∙r2 = 1, so r2 = r1
-1, both reactivity ratios can be calculated. 

Reactivity ratios of the EO/GME comonomer pair were investigated in DMSO, anisole, and toluene 

at two different degrees of deprotonation, using the monofunctional initiator BnO. The summarized 

results are given in Table S3. The results were obtained using the NIREVAL software.66 Figure 5 
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shows the reactivity ratios in dependence of the DOD. In DMSO, the reactivity ratios do not change 

significantly. Furthermore, the results indicate a fully random copolymer, as both reactivity ratios 

are almost one. In anisole and toluene, the reactivity ratios diverge significantly. This divergence 

becomes slightly more pronounced when the degree of deprotonation is increased. 

 

Figure 5: Reactivity ratios of the P(EO-co-GME) copolymers. DMSO experiments were conducted at 25 °C, anisole and 
toluene experiments at 55 °C. DOD: degree of deprotonation, [18]C6: [18]crown-6. 

The difference in reactivity ratios directly affects the polymer composition. While the resulting 

difference may seem small, Figure 6 demonstrates that polymerization in toluene results in a slight 

gradient microstructure. At the start of the polymerization, more GME is incorporated, while 

towards the end, the chains become enriched with EO. In contrast, polymerization in DMSO 

produces a fully random microstructure.  
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Figure 6: Simulated copolymer composition at the denoted polymerization conditions with an equimolar monomer 
feed. The degree of deprotonation was 90% in all cases. 

In an earlier article, we proposed that this is due to the chelating properties of GE’s second oxygen 

atom, leading to the activation of the epoxide functionality,16 confirming the density functional 

theory (DFT) results of Hawker and Lynd.17 This sets GEs apart from alkene oxides such as propylene 

oxide (rPO = 0.30, rEO = 3.1, bulk)10, which exhibits a more pronounced gradient microstructure 

compared to GEs creating a random microstructure when copolymerized with EO.67–69 To determine 

if the reactivity ratios from the DMSO experiment can be applied to the toluene experiment, 

[18]crown-6 was added to reduce the chelation of GME with the potassium counterion. The 

reaction condition with a DOD of 90% in toluene was chosen, as the highest difference in reactivity 

ratios was observed here. Unexpectedly, the reactivity ratios converged just slightly (Figure 5, red 

squares). This unexpected observation suggests that the mechanism of copolymerization and the 

role of DMSO are not fully understood. The exact reactivity ratios from Figure 5 can be found in 

Table S3 and the resulting SEC curves in Figures S36–S38. As expected, the use of EPD as a 

bifunctional initiator yielded the same reactivity ratios BnO (Table S3, entry 8). The copolymer 

composition was simulated for all experiments and is available in the SI (Figures S26–S32). The 

change in reactivity ratios caused by DOD should be considered when using bi- or multifunctional 
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initiators.  For a high DOD, multifunctional initiators aggregate strongly and impair the control over 

initiation and propagation.70 Therefore, a low DOD in the range of 20–30% is typically preferred to 

maintain better control.71,72 To sum up, the choice of solvent and DOD has a non-negligible effect 

on the reactivity ratios and the resulting microstructure. 

Conclusion 

A detailed examination of the copolymerization of EO and GME has been provided, focusing on the 

influence of solvent and DOD on reaction rates and microstructure. Our findings show that while 

GME is consumed faster during copolymerization, it polymerizes slower than EO in 

homopolymerization. This is explained by the secondary alkoxides of the GME chain ends, while EO 

causes primary alkoxide chain ends. The reaction rates in apolar solvents like toluene and anisole, 

although lower overall, demonstrate that such solvents remain viable alternatives to DMSO, 

particularly when specific circumstances make DMSO unsuitable, e.g. its difficult removal from the 

polymers formed due to its high boiling point. Regarding efficient production processes, the faster 

copolymerization in toluene compared to anisole further supports the importance of solvent 

choice. Our results further reveal that increasing the DOD from 50% to 90% with a monofunctional 

initiator significantly accelerates both homo- and copolymerization rates for toluene and anisole 

while the impact for DMSO is minimal. This suggests that while DOD is a critical factor under certain 

conditions, it may be less significant in highly polar solvents like DMSO, which shifts the equilibrium 

from contact ion pairs to faster propagating species. Copolymerization in DMSO leads to fully 

random copolymers, while slight gradient structures are observed in toluene and anisole. Adding 

[18]crown-6 to disrupt the potassium counterion chelation by GME did not significantly alter the 

reactivity ratios in toluene, indicating that solvent-specific effects play a major role in defining the 

polymer microstructure. The microstructure plays a crucial role in the copolymer’s physical 

properties. A more random microstructure reduces the likelihood of consecutive motifs, which is 

critical for applications at the biological interface. Consequently, understanding reactivity ratios and 

their correlation with polymerization conditions is essential for designing materials with specific 

properties. Although the impact of solvent and DOD on reactivity ratios in AROP is subtler, 

compared to carbanionic polymerization,65 solvent choice and degree of deprotonation remain key 

in fine-tuning copolymer microstructures. 
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Supporting Information 

Experimental Section 

Reagents 

Ethylene oxide (EO) was procured from Air Liquide. Deuterated solvents were purchased from 

Deutero GmbH (Germany). GME was prepared according to the reference1. Benzene (Rotipuran®, 

≥99.5%, p.a.) was procured from Carl Roth GmbH + Co. KG and [18]crown-6 (99%) from chemPUR 

Feinchemikalien und Forschungsbedarf GmbH (Germany). 

Instrumentation 

Nuclear Magnetic Resonance (NMR) Spectroscopy 

Polymerization kinetics were conducted on a Bruker Avance III HD (400 MHz) with a 5 mm nitrogen-

cooled BBO-cryoprobe-head (BB+H+F) with z-gradient, automated tune and match (ATM) and 

autosampler SampleXPress 60. All spectra were acquired at 25 °C, if not stated otherwise. Spectra 

were referenced to the residual protons of the used solvents. Data were processed with 

MestReNova 14.3.3-33362. When kinetics in anisole (non-deuterated) were measured, the lock was 

turned off. Shim was performed with TopShim (gradient shim) using the protons of the anisole 

methoxy group. 

Size Exclusion Chromatography (SEC) 

Polymerization samples were analyzed after solvent removal by applying a gentle N2-stream on the 

samples. An Agilent 1100 series SEC system, equipped with UV-detector (254 nm) and RI-detector. 

A HEMA 300/100/40 Å column cascade was used, with N,N-dimethylformamide (DMF) as eluent, 

containing 1 g/L LiBr. The column oven was set to 50 °C, measurements were performed with a flow 

rate of 1 ml/min. Toluene was added to the samples as an internal standard. Calibration was 

performed using poly(ethylene oxide) standards from Polymer Standard Service (PSS). Data were 

recorded and processed using the software PSS WinGPC Unichrom. 

Polymerization Procedures 

Investigation of copolymerization kinetics by in situ 1H NMR analysis of GME and EO 

The following procedure was applied for copolymerization as well as the homopolymerization. Due 

to their parallelism, only this procedure is described. This exemplary procedure describes the 

copolymerization of EO with GME in anisole at 55 °C with 90% degree of deprotonation. 

Measurements in DMSO and toluene were performed using the respective deuterated solvents. 

Reactivity ratios and reaction rates were determined from online 1H NMR measurements. 
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Preparation of the initiator salt solution: In a flame-dried Schlenk flask equipped with a rubber 

septum and a stirring bar, 2-(benzyloxy)ethanol (44.7 mg, 0.294 mmol, 1 eq.) and KOtBu (29.7 mg, 

0.264 mmol, 0.9 eq.) were dissolved in benzene (8 mL, dried over MS 4 Å). If [18]crown-6 was 

present in the polymerization, it would have been added in a dry benzene solution (2 eq. per 

potassium) now. The mixture was heated under static vacuum for 1 h at 60 °C. Then the solvents 

were removed in vacuo overnight at 60 °C, yielding the dry, partially deprotonated initiator salt. 

Subsequently, anisole (2.22 mL, dried over CaH2) was added. The mixture was heated for 1 h at 

60 °C and allowed to cool to room temperature.  

Preparation of the polymerization mixture: ethylene oxide was cryo-transferred into an oven-dried 

Norell S-500-VT-7 sealable NMR tube with a Teflon stopcock using an acetone/liquid N2 bath and 

static vacuum. Under Ar-counterflow, GME (0.05 mL, 0.587 mmol, 10 eq., dried twice over CaH2) 

and one-fifth of the initiator salt solution was added. The mixture was degassed by applying three 

freeze-pump-thaw cycles using the acetone/liquid N2 bath. Then, the NMR tube was transferred to 

the preheated NMR device.  

Sample spinning was turned off, one spectrum was recorded to acquire the receiver gain. One 

spectrum was recorded every two minutes. The respective shifts of the monomers were used to 

track the consumption. To analyze the normalized monomer consumption, the software NIREVAL 

was used.2 After the kinetics study, the solvents were removed by applying a nitrogen stream to 

the solution. Subsequently, the polymer was analyzed by SEC. 

Caveat: We rarely experienced a break of the NMR tube if subjected to liquid nitrogen. We strongly 

recommend only using an acetone/liquid N2 bath. Ethylene oxide is a highly flammable and toxic 

gas; it should only be handled by trained researchers! 
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Degree of deprotonation (DOD) 

The DOD denotes how much base equivalent was added per hydroxyl group of the initiator alcohol 

to prepare the initiator salt. In our case, KOtBu was used for deprotonation, and the resulting tert-

butyl alcohol was removed in a vacuum. For more information, see Polymerization Procedures. 

DOD =
base eq.

hydroxyl group
∙ 100% (S1) 

 

Derivation of the pseudo-first-order plot 

−
d[M]

d𝑡𝑡
= 𝑘𝑘p ∗ [I] ∗ [M] (S2) 

𝑘𝑘app = 𝑘𝑘p ∗ [I] (S3) 

−
d[M]
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The Initiator concentration [I] consists of deprotonated and protonated initiator species and 

assuming all initiator reacts, this equals the concentration of the growing polymer chain ends. The 

apparent rate constant kapp cannot be converted to kp by the relation 𝑘𝑘p = 𝑘𝑘app
[I]

, if the degree of 

association (or aggregation) is unknown.3,4 If ln �[M]0
[M]𝑡𝑡

� is plotted versus t, the slope yields kapp. 
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Data of homopolymerization kinetics 

Monofunctional initiators for EO and GME homopolymerization 

 

Figure S1: Pseudo-first-order plot of the homopolymerization of EO from Table 1, entry 1. The pink graph shows the 
consumed EO units throughout the homopolymerization. 

 

 

Figure S2: Pseudo-first-order plot of the homopolymerization of EO from Table 1, entry 2. The pink graph shows the 
consumed EO units throughout the homopolymerization. Some EO units were already added to the chain ends before 
the recording but could not be calculated due to the overlap of the anisole methoxy group with the polyether 
backbone. 
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Figure S3: Pseudo-first-order plot of the homopolymerization of EO from Table 1, entry 3. The pink graph shows the 
consumed EO units throughout the homopolymerization. 

 

 

Figure S4: Pseudo-first-order plot of the homopolymerization of EO from Table 1, entry 4. The pink graph shows the 
consumed EO units throughout the homopolymerization. 
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Figure S5: Pseudo-first-order plot of the homopolymerization of GME from Table 1, entry 5. The yellow graph shows 
the consumed GME units throughout the homopolymerization. The kink in the red graph is presumably due to a non-
zero baseline. The fit was applied throughout the whole period. 

 

 

Figure S6: Pseudo-first-order plot of the homopolymerization of GME from Table 1, entry 7. The yellow graph shows 
the consumed GME units throughout the homopolymerization. The fit was applied throughout the whole period. 
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Figure S7: Pseudo-first-order plot of the homopolymerization of GME from Figure 4, entry 7. The yellow graph shows 
the consumed GME units throughout the homopolymerization. 

 

 

Figure S8: Pseudo-first-order plot of the homopolymerization of GME from Figure 4, entry 8. The yellow graph shows 
the consumed GME units throughout the homopolymerization. 
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Figure S9: Pseudo-first-order plot of the homopolymerization of EO from Table 1, entry 9. The pink graph shows the 
consumed EO units throughout the homopolymerization. Around 200 EO units were already added to the chain ends 
before the recording. The decrease in reaction rate at the beginning is not due to chain transfer but is caused by 
temperature equilibration after initiation, which leads to a rise in temperature. 

 

Bifunctional initiators for EO homopolymerization 

Table S1: Apparent rate constants of EO in the homopolymerization with the bifunctional initiator EPD. Fit was applied 
for the linear regime in the pseudo-first-order plots. 

Entry Solvent T / °C DODa [I]b / 10-2 mol/L Initiator kapp (EO) / s-1 R2 

1 DMSO 25 25% 9.66∙10-2 EPD 6.78∙10-5 0.99956 

2 DMSO 25 50% 9.66∙10-2 EPD 7.81∙10-5 0.99985 
aDegree of deprotonation, btheoretical chain end concentration. 

EO
Consumed EO units
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Figure S10: Pseudo-first-order plot of the homopolymerization of EO from Table S1, entry 1. The pink graph shows the 
consumed EO units throughout the homopolymerization. Some EO units were already added to the chain ends before 
the recording. 

 

 

Figure S11: Pseudo-first-order plot of the homopolymerization of EO from Table S1, entry 2. The pink graph shows the 
consumed EO units throughout the homopolymerization. Some EO units were already added to the chain ends before 
the recording. 

 

Scheme S1: Water (or hydroxide) initiation of an epoxide, forming a glycol initiator. 
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Data of copolymerization kinetics 
Table S2: Apparent rate constants of EO in the copolymerization with GME and 2-(benzyloxy)ethanol as initiator. Fit 
was applied for the linear regime in the pseudo-first-order plots. 

Entry Solvent T / °C DODa [I]b / 10-2 mol/L kapp,copo (EO) / s-1 R2 

1 DMSO 25 50% 3.80 1.17E-04d±0.01 0.99997 

2 DMSO 25 90% 3.80 1.28E-04d±0.01 0.99995 

3 Anisole 55 50% 9.66 2.99E-05±0.01 0.99807 

4 Anisole 55 90% 9.66 8.10E-05±0.01 0.99969 

5 Toluene 55 50% 9.66 1.46E-05±0.01 0.99720 

6 Toluene 55 90% 9.66 1.43E-04±0.01 0.99923 

7 Toluene 55 90% 9.66c 2.68E-04±0.01 0.99950 

8 DMSO 25 50% 3.60d 4.78E-05±0.01 0.99998 
aDegree of deprotonation, btheoretical chain end concentration, caddition of 2 eq. of [18]crown-6 per potassium, 
dmultiplied by a factor of (9.66/3.80) to be comparable to the [I] of the anisole and toluene experiments. dEPD was used 
as initiator. 

 

 

Figure S12: Pseudo-first-order plot of the copolymerization of EO with GME from Table S2. Green and blue: entry 1. 
Red and black: entry 2.  

GME: DMSO-d6, 25 °C, 90% deprot.
EO:     DMSO-d6, 25 °C, 90% deprot.
GME: DMSO-d6, 25 °C, 50% deprot.
EO:     DMSO-d6, 25 °C, 50% deprot.
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Figure S13: Pseudo-first-order plot of the copolymerization of EO with GME from Table S2. Green and blue: entry 3. 
Red and black: entry 4.  

 

 

Figure S14: Enlargement of the pseudo-first-order plot of the copolymerization of EO with GME from Table S2. Green 
and blue: entry 3. Red and black: entry 4. The graphs follow nonlinear behavior at the beginning of the 
copolymerization, indicating an induction period.  

 

GME: Anisole, 55 °C, 90% deprot.
EO:     Anisole, 55 °C, 90% deprot.
GME: Anisole, 55 °C, 50% deprot.
EO:     Anisole, 55 °C, 50% deprot.

GME: Anisole, 55 °C, 90% deprot.
EO:     Anisole, 55 °C, 90% deprot.
GME: Anisole, 55 °C, 50% deprot.
EO:     Anisole, 55 °C, 50% deprot.
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Figure S15: Pseudo-first-order plot of the copolymerization of EO with GME from Table S2. Green and blue: entry 5. 
Red and black: entry 6. Purple and yellow: entry 7.  

 

 

Figure S16: Enlargement of the pseudo-first-order plot of the copolymerization of EO with GME from Table S2. Green 
and blue: entry 5. Red and black: entry 6. Purple and yellow: entry 7. Green-blue arrow marks the end of the time 
range with an increased reaction rate due to the dissolution of aggregates and/or overheating. 

GME: Toluene -d8, 55 °C, 90% deprot.
EO:     Toluene -d8, 55 °C, 90% deprot.
GME: Toluene -d8, 55 °C, 50% deprot.
EO:     Toluene -d8, 55 °C, 50% deprot.
GME: Toluene -d8, 55 °C, 90% deprot., [18]C6
EO:     Toluene -d8, 55 °C, 90% deprot., [18]C6

GME: Toluene-d8, 55 °C, 90% deprot.
EO:     Toluene-d8, 55 °C, 90% deprot.
GME: Toluene-d8, 55 °C, 50% deprot.
EO:     Toluene-d8, 55 °C, 50% deprot.
GME: Toluene-d8, 55 °C, 90% deprot., [18]C6
EO: Toluene-d8, 55 °C, 90% deprot., [18]C6
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Figure S17: Pseudo-first-order plot of the copolymerization of EO with GME from Table S2, entry 8. Active chain end 
concentration: 3.60∙10-2 mol/L. 

 

Table S3: Copolymerization kinetics of GME and EO with potassium 2-(benzyloxy)ethoxide as initiator. 

Entry Solvent T / °C DODa [I]b / 10-2 mol/L rGME rEO R2 Đd 

1 DMSO 25 50% 3.80 1.03±0.01 0.97±0.01 0.99998 1.06 

2 DMSO 25 90% 3.80 1.02±0.01 0.98±0.01 0.99989 1.07 

3 Anisole 55 50% 9.66 1.37±0.01 0.73±0.01 0.99976 1.09 

4 Anisole 55 90% 9.66 1.43±0.01 0.70±0.01 0.99951 1.08 

5 Toluene 55 50% 9.66 1.52±0.01 0.66±0.01 0.99879 1.10 

6 Toluene 55 90% 9.66 1.60±0.01 0.63±0.01 0.99927 1.10 

7 Toluene 55 90% 9.66c 1.55±0.01 0.64±0.01 0.99935 1.10 

8 DMSO 25 50% 3.60e 1.01±0.01 0.99±0.01 0.99996 1.10 
aDegree of deprotonation, btheoretical chain end concentration, caddition of 2 eq. of [18]crown-6, ddetermined by SEC 

(eluent: DMF, PEG calibration, RI detector), e active chain ends of 3-ethoxy-1,2-propanediol. 

 

GME: DMSO-d6, 25 °C, 50% deprot.
EO:     DMSO-d6, 25 °C, 50% deprot.

Initiator: 3-Ethoxypropan-1,2-diol
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Figure S18: Jaacks fit of the copolymerization of EO and GME from Table S3, entry 1. 

 

 

Figure S19: Jaacks fit of the copolymerization of EO and GME from Table S3, entry 2. 
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Figure S20: Jaacks fit of the copolymerization of EO and GME from Table S3, entry 3. Fit was applied over the whole 
copolymerization until a conversion of 85%, due to a declining signal-to-noise ratio. 

 

 

Figure S21: Jaacks fit of the copolymerization of EO and GME from Table S3, entry 4. Fit was applied over the whole 
copolymerization until a conversion of 84%, due to a declining signal-to-noise ratio. 
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Figure S22: Jaacks fit of the copolymerization of EO and GME from Table S3, entry 5. Fit was applied over the whole 
copolymerization until a conversion of 75%, due to a declining signal-to-noise ratio. 

 

 

Figure S23: Jaacks fit of the copolymerization of EO and GME from Table S3, entry 6. Fit was applied over the whole 
copolymerization until a conversion of 85%, due to a declining signal-to-noise ratio. 
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Figure S24: Jaacks fit of the copolymerization of EO and GME from Table S3, entry 7. 

 

 

Figure S25: Jaacks fit of the copolymerization of EO and GME from Table S3, entry 8. Fit was applied over the whole 
copolymerization. 

Copolymer compositions 

 

Figure S26: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with GME (red) with an 
equimolar monomer ratio (Solvent: DMSO-d6, 25 °C, DOD: 50%) with r(GME)=1.03, r(EO)=0.97. 
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Figure S27: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with GME (red) with an 
equimolar monomer ratio (Solvent: DMSO-d6, 25 °C, DOD: 90%) with r(GME)=1.02, r(EO)=0.98. 

 

Figure S28: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with GME (red) with an 
equimolar monomer ratio (Solvent: anisole, 55 °C, DOD: 50%) with r(GME)=1.37, r(EO)=0.73. 

 

Figure S29: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with GME (red) with an 
equimolar monomer ratio (Solvent: anisole, 55 °C, DOD: 90%) with r(GME)=1.43, r(EO)=0.70. 

 

Figure S30: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with GME (red) with an 
equimolar monomer ratio (Solvent: toluene-d8, 55 °C, DOD: 50%) with r(GME)=1.52, r(EO)=0.66. 

 

Figure S31: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with GME (red) with an 
equimolar monomer ratio (Solvent: toluene-d8, 55 °C, DOD: 90%) with r(GME)=1.60, r(EO)=0.63. 
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Figure S32: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with GME (red) with an 
equimolar monomer ratio (Solvent: toluene-d8, 55 °C, DOD: 90%) with r(GME)=1.55, r(EO)=0.64. 

 

NMR spectra of statistical P(EO-co-GME) copolymers 

 

Figure S33: Exemplary 1H NMR spectrum of PGME. CDCl3, 400 MHz. 
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Figure S34: Exemplary 1H NMR spectrum of P(EO-co-GME). CDCl3, 400 MHz. 

 

Figure S35: Exemplary 1H NMR spectrum of PEO. CDCl3, 400 MHz. 
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Size exclusion chromatography 

  

Figure S36: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent DMSO-d6, degree of deprotonation 50%, temperature 25 °C. 

 

Figure S37: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent DMSO-d6, degree of deprotonation 90%, temperature 25 °C. 

 

Figure S38: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 3-ethoxypropane-1,2-diol, solvent DMSO-d6, degree of deprotonation 50%, temperature 25 °C. 
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Figure S39: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent anisole, degree of deprotonation 50%, temperature 55 °C. 

 

Figure S40: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent anisole, degree of deprotonation 90%, temperature 55 °C. 

 

Figure S41: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent toluene-d8, degree of deprotonation 50%, temperature 55 °C. 
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Figure S42: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent toluene-d8, degree of deprotonation 90%, temperature 55 °C. 

 

Figure S43: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent toluene-d8, degree of deprotonation 90%, temperature 55 °C, addition of 
2 eq. of [18]crown-6 per potassium equivalent. 

 

Figure S44: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 3-ethoxypropane-1,2-diol, solvent DMSO-d6, degree of deprotonation 25%, temperature 25 °C. 

 

Figure S45: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 3-ethoxypropane-1,2-diol, solvent DMSO-d6, degree of deprotonation 50%, temperature 25 °C. 



Chapter 3: Ethylene Oxide and Glycidyl Methyl Ether 

 
171 

 

 

Figure S46: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent toluene-d8, degree of deprotonation 50%, temperature 55 °C. 

 

Figure S47: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent toluene-d8, degree of deprotonation 90%, temperature 55 °C. 

 

Figure S48: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent anisole, degree of deprotonation 50%, temperature 55 °C. 

 

Figure S49: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent anisole, degree of deprotonation 90%, temperature 55 °C. 
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Figure S50: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent anisole, degree of deprotonation 50%, temperature 55 °C. 

 

Figure S51: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent toluene-d8, degree of deprotonation 50%, temperature 55 °C. 

 

Figure S52: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent toluene-d8, degree of deprotonation 90%, temperature 55 °C. 

 

Figure S53: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent anisole, degree of deprotonation 90%, temperature 55 °C. 
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Figure S54: SEC of the polymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Initiator 2-(benzyloxy)ethanol, solvent DMSO-d6, degree of deprotonation 90%, temperature 55 °C. 
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Abstract 

Statistical copolymers of ethylene oxide (EO) and propylene oxide (PO) are widely used in industry 

and academia. Despite their decade-long use, the influence of the polymerization conditions on 

reactivity ratios is underexplored, and surprisingly solution and bulk properties of the resulting 

polyether copolymers have not been reported in a systematic manner. In this study, we examined 

the copolymerization of EO and PO in a variety of solvents (dimethyl sulfoxide, toluene, anisole) 

and at different temperatures, correlating reaction conditions with the thermal and solubility 

properties of the resulting P(EO-co-PO) copolymers. The copolymerization was monitored online 

by in situ 1H NMR spectroscopy to determine the reactivity ratios for the full conversion range. The 

results show a temperature-dependent trend in reactivity ratios (r) for different solvents. In 

toluene, the reactivity ratios converge with increasing temperature, changing from rPO = 0.26 and 

rEO = 3.78 at 40 °C to rPO = 0.31 and rEO = 3.21 at 60 °C. A similar pattern is observed in anisole, with 

the reactivity ratios shifting from rPO = 0.28 and rEO = 3.52 at 40 °C to rPO = 0.30 and rEO = 3.32 at 

60 °C, respectively. In contrast, the reactivity ratios in DMSO are generally more similar, with 

rPO = 0.32 and rEO = 3.10 at 40 °C. 

Thermal characterization revealed similar melting points of approximately 10 °C and enthalpies of 

around 40 J∙g-1. Cloud point measurements of the copolymers showed decreased aqueous solubility 

as the differences in reactivity ratios decreased. These findings demonstrate that the statistical 

EO/PO copolymerization reaction conditions significantly influence copolymer physical properties, 

highlighting the need to consider such factors in applications. 

Introduction 

Statistical copolymers of the type poly(ethylene oxide-co-propylene oxide) (P(EO-co-PO)) are a 

crucially important class of materials.1 They are commonly produced by copolymerizing ethylene 

oxide (EO) with propylene oxide (PO), enabling tailoring the properties of poly(ethylene oxide) 

(PEO), as aiming at reducing or fully avoiding crystallization. On the other hand, introducing a 

certain amount of EO in PPO structures can be used to increase the polarity of polyols.2–5 The 

resulting polyether copolymers are widely used for the large-scale industrial production of polar 

polyether polyols in polyurethane (PU) manufacturing,6,7 while also being tailored for various 

applications such as surfactants for drug delivery, tissue engineering, and biomolecule delivery.8–11 

In PU foam fabrication, P(EO-co-PO) copolymers with moderate hydrophilicity act as intrinsic 

surfactants, enhancing compatibility with water used as a blowing agent. This results in the 

formation of a highly uniform cellular structure. P(EO-co-PO) copolymers with a high EO content 
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enable the production of flexible and soft polyurethane foams without the need for auxiliary 

blowing agents, such as dichloromethane. However, incorporating more than 25% PO is essential 

to prevent the EO-rich segments from forming crystalline domains.12 P(EO-co-PO) copolymers 

exhibit a lower critical solution temperature (LCST), which allows them to be dissolved in aqueous 

solutions at lower temperatures, while undergoing phase separation at higher temperatures, 

particularly at the cloud point temperature (Tcp).13 At temperatures above Tcp, the copolymer chains 

aggregate due to inter- and intramolecular interactions. This transition is thermodynamically driven 

by unfavorable entropy of mixing, leading to numerous applications that require precise control 

over release mechanisms and selective separations in aqueous environments.8,10 The adaptation of 

the thermoresponsive behavior of P(EO-co-PO) copolymers is closely linked to their microstructure, 

which determines the lower critical solution temperature (LCST).8 The distribution of EO and PO 

units within the copolymer chains significantly influences both thermal properties and the 

interaction with water.14 Early fundamental studies, such as that of Bailey and Callard in 1959, have 

shown that the statistical copolymerization of EO and PO allows for tuneable LCSTs that can be 

adjusted depending on the ratio of these two monomers.2,15 Further studies by Tjerneld et al. could 

determine the temperature versus copolymer concentration phase diagram of P(EO45-co-PO34) 

based on the Flory-Huggins theory of polymer solubility.11,13 More recent studies, such as those by 

Persson et al., investigated the phase behavior of copolymers with different PO contents and 

provided information on how changes in composition affect the cloud point temperature.11 In 

addition, Louai et al. studied the influence of salt addition on the solution properties of EO/PO 

copolymers.16 Overall, this research illustrates the crucial role of microstructural control in 

optimizing the thermoresponsive features of P(EO-co-PO) copolymers for a wide range of practical 

applications.2 

Various studies have investigated the kinetics of EO/PO copolymerization, focusing on the resulting 

copolymer microstructure. This is represented by the reactivity ratios (rPO = kPO,PO/kPO,EO; 

rEO = kEO,EO/kEO,PO) with the rate constants k for homo- and crosspropagation, respectively. In the 

widely employed anionic ring-opening copolymerization (AROP), EO reacts faster than PO, which 

contains a methyl group attached to the epoxide moiety. In 1991, Heatley et al. reviewed the 

available literature on the reactivity ratios for the EO/PO comonomer pair, which varied widely 

from rEO = 1.34, rPO = 0.14 to rEO = 6.5, rPO = 1.49. In some cases, details of the reaction conditions 

were not reported.17–22 Furthermore, the calculation methods used are considered outdated and 

not recommended anymore.23 Heatley et al. investigated the copolymerization in bulk and analyzed 

the results using the Mayo-Lewis equation,24 obtaining reactivity ratios of rEO = 2.8 and rPO = 0.25. 

Although the reactivity ratios were stated as independent of temperature, this could imply only 
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slight variations.17 Three years later, in 1994, Holmberg et al. reported reactivity ratios of rEO = 1.8 

and rPO = 0.3 for copolymerization in N,N-dimethyl formamide (DMF) at 90 °C,25 using the Fineman-

Ross method for data analysis.26 Santacesaria et al. investigated the bulk copolymerization between 

100 °C and 130 °C in 1996, reporting reactivity ratios of rEO = 4.8–2.5 and rPO = 0.22–0.17, depending 

on the temperature.27 Applying the related monomer-activated anionic ring-opening 

polymerization (MAROP) further increases this reactivity difference (rPO = 0.16, rEO = 6.4).5 In 

contrast, copolymerizations employing the industrially established double metal cyanide (DMC) 

catalysis28 reverse these reactivity ratios, with PO becoming the more reactive monomer (rPO = 2.4, 

rEO = 0.42).5  

To the best of our knowledge, no conclusive study presents the influence of solvents and 

temperatures on the reactivity ratios of the EO/PO comonomer pair in AROP. In industrial synthesis, 

EO/PO copolymers are commonly prepared in bulk or by using the DMC catalyst.12 No conclusive 

study has investigated the influence of solvent or temperature on the reactivity ratios for this 

comonomer pair. The reactivity ratios of EO and allyl glycidyl ether (AGE) vary with the choice of 

solvent. Copolymerization in dimethyl sulfoxide (DMSO) yields ratios of rEO = 0.92 and rAGE = 1.08, 

while THF gives rEO = 0.78 and rAGE = 1.29. For EO and ethoxy vinyl glycidyl ether (EVGE), the 

difference in reactivity ratios is even more pronounced, leading to a soft gradient structure.29 A 

similar trend is observed for the copolymerization of EO with glycidyl methyl ether (GME). In DMSO, 

the copolymerization yields random copolymers (rEO ≈ rGME ≈ 1),30 whereas slight gradient structures 

are procured in the more apolar solvents toluene and anisole.31,32 

AROP is typically carried out in polar, aprotic solvents like tetrahydrofuran (THF), DMSO, or 

hexamethylphosphoric triamide (HMPTA).12 Polymerizations in DMSO proceed at a high rate,33,34 

albeit its high boiling point (189 °C) makes complete solvent removal challenging. Toluene is less 

polar and has been used occasionally, despite the low polymerization rate of epoxides in this 

solvent.35,36 Anisole, with a lower boiling point of 154 °C, is considered a green solvent 

alternative.37,38  

A critical issue in the AROP of substituted epoxides is the frequent occurrence of undesirable chain 

transfer reactions. Proton abstraction from the methyl or methylene group of the epoxide moiety 

generates an allyl alkoxide, which can act as an initiator. This process limits the achievable molar 

mass and increases the dispersity of the resulting polymer.28,39–41 A low temperature, a moderate 

degree of deprotonation, a low monomer-to-initiator ratio, and using a suitable solvent can 

decrease it.12 Allgaier et al. suppressed the transfer reaction by adding [18]crown-6 in toluene while 

maintaining a reasonable polymerization rate.42 



Chapter 4: Ethylene Oxide and Propylene Oxide 

 
182 
 

This study aims to elucidate the copolymerization kinetics of EO and PO under varied reaction 

conditions, using the solvents DMSO, anisole, and toluene at different temperatures. Copolymers 

with comparable molar masses and comonomer composition were synthesized to assess (i) the 

nature of the gradient formed and (ii) the extent of chain transfer under the chosen reaction 

conditions. Since there is a lack of systematic data on the physical properties of EO/PO copolymers 

in literature, the aqueous solubility and thermal properties in solution and in bulk of the series of 

copolymers prepared have been analyzed in a detailed manner. 

Experimental Section 

Detailed information regarding the reagents, polymer synthesis, and the characterization 

techniques employed, is available in the Supporting Information (SI). 

Results and Discussion 

The influence of the copolymerization conditions on the microstructure of the resulting P(EO-co-

PO) copolymers was investigated. Therefore, multiple copolymerizations were conducted in 

sealable NMR tubes, performing in situ 1H NMR kinetics. Copolymers were synthesized under 

corresponding copolymerization conditions in anionic flasks in an additional series to investigate 

how variations of the microstructure impact the physical properties of the copolymers. The 

frequently employed initiator alcohol 2-(benzyloxy)ethanol was partially deprotonated and used 

for the 1H NMR kinetics measurements as it provided an integrable benzyl group in the 1H NMR and 

exhibited good solubility in the solvents.43–45 Partially deprotonated triethylene glycol monomethyl 

ether was employed for the synthesis of the P(EO-co-PO) copolymers to reduce the impact of the 

initiator on the physical properties, as it comprises three EO repeating units (Scheme 1). 

 

Scheme 1: Polymerization of EO/PO copolymers. 1H NMR kinetics were conducted using 2-(benzyloxy)ethanolate as 
initiator, while monomethyl triethylene glycolate was employed for copolymer synthesis. The termination step is 
omitted for clarity reasons. 

To investigate the kinetics of copolymerization in situ, the polymerizations were conducted within 

an NMR tube. The initiator salt, potassium 2-(benzyloxy)ethanolate, was synthesized by heating 

KOtBu with 2-(benzyloxy)ethanol overnight under azeotropic distillation in vacuo using a Schlenk 

Solvent: DMSO, Toluene, or Anisole

ΔT

Initiator:

1H NMR kinetics

Polymer synthesis
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flask. The resulting salt was then dissolved in different solvents employed for polymerization 

(DMSO-d₆, toluene-d₈, anisole) and transferred to the NMR tube. Dried and freshly distilled PO was 

also transferred into the NMR tube under an argon counterflow. EO was condensed into the tube 

under vacuum at -78 °C, achieving a comonomer ratio of 40/4 eq. (EO/PO) with respect to the 

initiator. Subsequently, the NMR tube was sealed and transferred to the NMR spectrometer, where 

it was heated to the desired polymerization temperatures (25 °C, 40 °C, 50 °C, 60 °C). The entire 

polymerization process was monitored by acquiring 1H NMR spectra usually every 2 minutes 

throughout the reaction. To isolate the effects of solvent and temperature on the polymerization 

process, all other parameters were maintained constant. The degree of deprotonation (base 

equivalents per hydroxyl group of the initiator) was set to 0.45 for all reactions to ensure a 

homogenous solution. All copolymers obtained from the kinetics measurements were subjected to 

SEC characterization and showed monomodal molar mass distributions with a dispersity Đ of <1.1. 

The respective SECs can be found in the SI (Figure S67–Figure S78).  

 

Figure 1: Stacked 1H NMR spectra of the copolymerization of EO and PO. Zoom-in shows the decrease of the PO (red) 
and EO monomer signals (blue). Polymerization temperature 60 °C, solvent: toluene-d8, 400 MHz. Since spectra were 
acquired every 2 minutes, only every 75th spectrum is displayed. 

Experimental details can be found in the SI. An example of the stacked spectra is shown in Figure 

1, demonstrating the time-dependent decrease of the signals of both monomers. The resulting 

time-conversion plots and individual versus total monomer conversion can be found in the SI 

(Figure S1–Figure S59). 

0 h

48 h
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Comparison of the Reaction Rates 

To compare the solvents in terms of reaction rate, pseudo-first-order plots of the online 1H NMR 

kinetics measurements were created (see Figure S60–Figure S66). The apparent rate constant of 

EO (kapp, copo (EO)) was determined from the decrease of the monomer signals with time. The 

following equation 1 leads to the pseudo-first-order plot and the slope yields kapp. It indicates how 

quickly the reaction progresses. This value was used as a proxy for comparing the reaction 

conditions.   

ln�
[M]0
[M]𝑡𝑡

� = 𝑘𝑘app ∗ 𝑡𝑡 (1) 

Both monomers exhibited linear conversion behavior in DMSO, whereas an induction period was 

observed for anisole and toluene at all temperatures. A similar behavior was observed in THF for 

the polymerization of EO in the presence of Li and a phosphazene base by Müller et al.46 This 

induction period is attributed to the so-called “crown ether effect”;47–49 after the addition of the 

first 5–6 monomer units, the slope becomes linear. The potassium ions are more effectively 

solvated by the growing polyether chain, enhancing charge separation between the ions and the 

active alkoxide chain end. 

 

Figure 2: Exemplary pseudo-first-order plot with a visible induction period. The turquoise elongation shows the graph 
without the induction period. Lower Scheme: Solvation of the counterion (potassium) by the growing polyether chain, 
referred to as the Weibull-Törnquist effect.50–52 Reprinted and adapted from Reference Module in Chemistry 2016, 
Penczek, S.; Pretula, J.B., Ring-Opening Polymerization, Page 23, Copyright 2016, with permission from Elsevier.49 

The experiments involving crown ether addition in anisole and toluene displayed linear behavior 

from the beginning, like that observed in DMSO. However, these reactions showed a much smaller 

slope and consequently a lower reaction rate. Figure 3 highlights the induction period in toluene-d8, 

Ions in equilibrium

End of induction
period
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clearly showing the starting phase. Alkoxides are known to aggregate even in polar solvents like 

THF, and their propagation follows fractional-order kinetics depending on the active chain end 

concentration. Kazanskii et al. observed that potassium and cesium alkoxides formed trimers, while 

sodium alkoxides formed tetramers.53,54 At the beginning of the reaction, the growing polyether 

chain complexes with the counterion, shifting the equilibrium from contact ion pairs to solvent-

separated ion pairs. This leads to an increase in the propagation constant. An increased degree of 

ion pair dissociation towards free ions is possible.55 Therefore, the observed induction period in 

solvents that are less polar than THF, such as anisole and toluene, is expected. The induction period 

is not strongly pronounced, as we used a degree of deprotonation of 45%. The aggregation of the 

potassium alkoxides was already decreased, due to the fast proton transfer between alcohols and 

alkoxides.28,56,57 This finding is confirmed by the linear behavior of the polymerization with the 

addition of [18]crown-6 (Figure 3, turquois graph). The crown ether complexes the potassium 

cation, preventing alkoxide aggregation and significantly accelerating the reaction. This 

enhancement goes beyond the typical “crown ether effect”. We would like to emphasize that all 

the reactions were first order with respect to monomer after the induction period, as can be seen 

in Figure S61, Figure S62, and Figure S65. 

 

Figure 3: Enlargement of the pseudo-first-order plot of the copolymerization of EO with PO in Toluene-d8 at different 
conditions obtained by 1H NMR kinetics. The enlarged starting period shows the induction of the EO signal. The graphs 
for PO are omitted for clarity reasons. 

The linear regime in the pseudo-first-order plots was analyzed using a linear fit to compare the 

reaction rates at different conditions. We would also like to emphasize that kapp, copo(EO) is not equal 

to the propagation constant of EO in homopolymerization, but works as a proxy to compare the 

different conditions. The results are visualized in Figure 4, while the values can be found in Table S1. 

60 °C
50 °C

25 °C, [18]C6

40 °C

25 °C
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Figure 4: Comparison of the apparent propagation rate constant of EO in the copolymerization with PO. Left: DMSO-
d6. Right: Comparison of toluene-d8 and anisole. Please note that this does not equal the propagation rate constant kp 
of a homopolymerization. 

In DMSO, [18]crown-6 at 25 °C leads to an increase in the reaction rate, despite the high polarity of 

the solvent (dielectric constant 𝜀𝜀 = 47.13).58 However, the increase occurs only by a factor of ≈1.5. 

In contrast, raising the temperature to 40 °C results in a 2.8-fold increase. The reaction rate in 

toluene (𝜀𝜀 = 2.408),59 and anisole (𝜀𝜀 = 4.3724)60 is similarly influenced by adding crown ether at 

25 °C. The change in reaction rate with increasing temperature remains consistent until the 

temperature reaches 60 °C, at which point the reaction rate in anisole becomes faster by a factor 

of 2.8 compared to toluene at 60 °C. 

Influence of the Polymerization Conditions on Chain Transfer 

A major challenge in the AROP of substituted epoxides is the occurrence of undesirable chain 

transfer reactions. Proton abstraction from the α-methyl or methylene group of the epoxide moiety 

leads to the formation of an allyl alkoxide that can act as a new initiator (Scheme 2).28,39–41 Chain 

transfer of alkoxides to monomer impacts the polymerization outcomes by limiting the achievable 

molar mass, increasing dispersity, and incorporating undesired allylic end groups. Understanding 

the extent of chain transfer is important with respect to the physical properties and microstructural 

control of EO/PO copolymers explored in this study.28 Chain transfer reduces the degree of 

deprotonation, slowing down the reaction, and producing undesired allylic chain ends.18,61–63 As 

demonstrated in previous studies, several factors are known to increase the abundance of proton 

abstraction from the PO monomer. These factors include a high degree of deprotonation,64 a small 

size of the counterion (Li+ > Na+ > K+ > Cs+),28,65 and high target molar masses. Conversely, the 

addition of crown ether has been shown to reduce the formation of allyl species.66,67 It has also 

been shown that the solvent has an impact on this transfer reaction.68,69 
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Scheme 2: Transfer reaction of an active chain end to the monomer PO, resulting in a new allylic initiator and a lower 
degree of deprotonation. Subsequent isomerization of the double bond to the vinyl species is omitted. Adapted and 
reprinted from Grobelny et al.,64 Wiley © 2016. 

Therefore, we also examined the transfer reactions occurring during the copolymerization in our 

selected solvents (DMSO, anisole, and toluene) and the extent of proton abstraction. The ratio of 

proton abstraction was quantified by assessing the ratio of the integral of allylic protons to the 

integral of protons from the initiator, 2-(benzyloxy)ethanol (exemplarily shown in Figure S80). The 

results are summarized in Table 1. 

Table 1: Fraction χ of allylic species from active chain end transfer to PO at different reaction conditions in an EO/PO 
mixture of 40/4 eq. 

Solvent 
T / 

°C 

χ (Allylic Species) / 

% 

DMSO-d6 25a 7 

DMSO-d6 25 7 

DMSO-d6 40 6 

Anisole 25a 0 

Anisole 25 0 

Anisole 40 1 

Anisole 60 3 

Toluene-d8 25a 0 

Toluene-d8 25 0 

Toluene-d8 40 2 

Toluene-d8 50 2 

Toluene-d8 60 2 
a2 eq. [18]crown-6 per potassium. 

Our study shows that the polar solvent DMSO-d6 leads to a higher extent of proton abstraction from 

the PO monomer, consistent with previous findings.70,71 Boileau stated that DMSO is known to be 

excellent for proton abstraction reactions and exhibits low propagation-to-transfer constant 

ratios.48 At 25 °C and 40 °C, DMSO-d6 exhibits a stable presence of allylic species (6–7%). This trend 

underscores the impact of solvent polarity, as polar environments increase the deprotonation 
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potential and transfer reaction abundance.68 In contrast, the results for the apolar solvents anisole 

and toluene-d8 demonstrate a significantly lower abundance of allylic species. Notably, at 25 °C, no 

allylic chain ends were detected in anisole or toluene-d8, strongly indicating that apolar 

environments suppress proton abstraction. It should be noted that this result applies only to the 

specific conditions chosen for this study (T = 25 °C, EO/PO/I = 40/4/1, [M] = 7 mol/L, [I] = 0.16 mol/L, 

degree of deprotonation = 45%) and can therefore only be meaningfully compared with 

polymerizations conducted under identical conditions. However, even at 60 °C, the occurrence of 

allyl groups remains relatively low in toluene-d8 (2%) and anisole (3%). These findings highlight that 

solvent polarity plays a critical role in the chain transfer reactions and the formation of allylic chain 

ends. The apolar solvents anisole and toluene show a significant reduction compared to the polar 

DMSO. Nevertheless, it should be noted that this positive effect is accompanied by a significant 

reduction in polymerization rate. Consequently, depending on the primary focus of the synthesis, 

apolar solvents may not always be the preferred choice. 

Moreover, the data reveal that the addition of crown ether in DMSO-d6 did not produce the 

expected reduction in allylic species. Across the experiments conducted at 25 °C and 40 °C, the 

observed levels of allylic chain ends remained consistent at 6–7%, indicating that the mitigating 

effect of crown ether was not as pronounced in DMSO as anticipated. This result suggests that while 

crown ether is effective at reducing allyl end group formation in apolar solvents by complexing with 

the counterions and reducing deprotonation, its efficacy in polar solvents like DMSO may be 

limited.66 The data imply that the strong solvation and high polarity of DMSO may overshadow the 

counterion complexation effect of crown ether, resulting in similar levels of proton abstraction and 

allylic chain formation, regardless of the addition of crown ether. 

Reactivity Ratios of EO/PO by In Situ 1H NMR Copolymerization Kinetics 

The highly established homopolymers PEO and PPO exhibit completely different properties. 

Poly(ethylene oxide) (PEO) is crystalline and highly hydrophilic, while poly(propylene oxide) (PPO) 

structures are amorphous and hydrophobic. Copolymerization of these two monomers affords 

materials that combine both sets of characteristics, with the specific balance influenced by both 

the monomer composition and the polymerization method as shown in previous works.5,14 This 

highlights the critical role of copolymer microstructure in determining the physical properties of 

the resulting copolymer. Thus, gaining a deeper understanding of how fundamental parameters, 

such as polymerization temperature and solvent, impact the microstructure is highly relevant. To 

this end, online kinetics measurements have been conducted to investigate these effects. 
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Several methods are available to calculate the reactivity ratios from the monomer conversion.5,26,72–

74 Among those, Beckingham et al. recommended using integrated models over differential models, 

as they propose greater accuracy.23 Furthermore, nonterminal or chain end independent models 

should be preferred over terminal models if they describe the data with sufficient precision.5,73 This 

principle of relying on the simplest explanation of the data is termed “Ockham´s Razor”.75 We 

compared the data from the online kinetics measurements by applying a terminal model of Meyer 

and Lowry74 and a nonterminal or ideal model from Jaacks,76,77 both of which are integrated 

methods. Since the integrated nonterminal BSL model73 delivered the very same results as the 

Jaacks model, we decided to omit these results. Equation 2 includes the respective monomer 

concentration at time t ([Mx]t) and the initial concentration ([Mx]0). The Jaacks fit is plotted as 

follows. 

log �
[M1]𝑡𝑡
[M1]0

� = 𝑟𝑟1 ∙ log �
[M2]𝑡𝑡
[M2]0

� (2) 

The slope is used to derive r1. Given the relations r1∙r2 = 1 (because of the nonterminal nature of the 

model) and r2 = 1/r1 both reactivity ratios can be obtained. The Meyer-Lowry fit is shown in the SI 

(Equation S2), together with both plotted graphs and the simulated composition plots (Figure S1–

Figure S59). The results of the kinetics experiments are summarized in Table 2. The Jaacks model 

affords conclusive reactivity ratios throughout all experiments, with coefficients of determination 

R2 > 0.99 in all cases except for toluene at 25 °C, due to the relatively noisy signal, as shown in Figure 

S36. The Meyer-Lowry model also gives reasonable results, showing good agreement with the 

Jaacks model in DMSO. However, for anisole and toluene, the reactivity ratios diverge significantly 

and show higher errors. In the case of copolymerization in toluene at 25 °C, the fit resulted in no 

reasonable solution, indicating the weakness of the terminal model towards noise, which leads to 

overfitting.5,78 Since the Jaacks model provided consistent results for all solvents, we focus on this 

model to explain the data. 
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Table 2: Summarized results of the reactivity ratios obtained under different conditions. 

Solvent 
T / 

°C 

Jaacks Meyer-Lowry 

rPO rEO R2 rPO rEO NormRes 

DMSO-d6 25a 0.32 ± 0.01 3.15 ± 0.01 0.999 0.31 ± 0.01 2.97 ± 0.06 0.006 

DMSO-d6 25 0.31 ± 0.01 3.25 ± 0.01 0.999 0.30 ± 0.01 3.11 ± 0.03 0.004 

DMSO-d6 40 0.32 ± 0.01 3.10 ± 0.01 0.999 0.33 ± 0.01 3.21 ± 0.09 0.001 

Anisole 25a 0.31 ± 0.01 3.26 ± 0.01 0.991 0.83 ± 0.37 5.25 ± 1.43 0.021 

Anisole 25 0.28 ± 0.01 3.54 ± 0.13 0.995 0.22 ± 0.16 2.87 ± 1.72 0.006 

Anisole 40 0.28 ± 0.01 3.52 ± 0.01 0.998 0.39 ± 0.01 4.38 ± 0.08 0.037 

Anisole 60 0.30 ± 0.01 3.32 ± 0.01 0.991 0.32 ± 0.01 3.92 ± 0.14 0.137 

Toluene-d8 25a 0.33 ± 0.01 3.05 ± 0.01 0.990 0.85 ± 0.10 5.87 ± 0.50 0.062 

Toluene-d8 25 0.29 ± 0.01 3.49 ± 0.02 0.958 -b - b - b 

Toluene-d8 40 0.26 ± 0.01 3.78 ± 0.01 0.999 0.33 ± 0.01 4.59 ± 0.02 0.028 

Toluene-d8 50 0.28 ± 0.01 3.62 ± 0.01 0.998 0.33 ± 0.01 4.54 ± 0.01 0.015 

Toluene-d8 60 0.31 ± 0.01 3.21 ± 0.01 0.999 0.34 ± 0.01 3.64 ± 0.02 0.029 
a2 eq. [18]crown-6 per potassium.  bFit did not result in a reasonable solution.  

The kinetics could not be conducted for DMSO at 60 °C due to chain transfer to monomer. The 

reactivity ratios indicate a gradient structure between the two monomers in all cases. The expected 

composition of an equimolar copolymer is given in Figure 5 as an example. All other composition 

plots can be found in the SI. 

 

Figure 5: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) and PO (red) with a 
hypothetical equimolar monomer ratio (Solvent: toluene-d8, 60 °C) showing rPO = 0.31, rEO = 3.21. 

Effect of [18]Crown-6 on the Reactivity Ratios 

Crown ethers are known to accelerate the AROP of epoxides, since they complex the respective 

counterion, enhancing the reactivity of the alkoxide chain end. For long-chain epoxide monomers, 

the addition of crown ether often represents a key step to enable polymerization.79 Since potassium 

was used as a counterion in the AROP, [18]crown-6 was added to the EO/PO copolymerization. The 

effect of crown ether addition on the copolymerization and specifically the reactivity ratios was 
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investigated at 25 °C. The crown ether caused the reactivity ratios to converge slightly in all cases. 

Deviations from the values without crown ether are more pronounced for rEO, due to its larger 

numerical value, making changes in its reactivity ratio more visible. The change observed for the 

polar solvent DMSO is rather small between the experiment with and without crown ether addition 

(3%). In anisole, a much less polar solvent than DMSO, the rEO decreases by 8% with the addition of 

crown ether, equaling rEO in DMSO without crown ether. In toluene, the effect is similar, but slightly 

larger, with a 13% decrease. The addition of crown ether accelerates the reaction rate but has only 

a minor impact on the reactivity ratios in apolar solvents, with an even smaller effect observed in 

DMSO. 

Effect of the Temperature on the Reactivity Ratios 

The increase in temperature to 40 °C in DMSO results in a more pronounced decrease (rEO = 3.10) 

compared to the addition of crown ether at 25 °C (rEO = 3.15). This suggests that the elevated 

temperature increases the reactivity of the chain end, reducing the disparity between the reactivity 

of the two monomers. This conclusion is supported by the higher reaction rate, as discussed before. 

In anisole, the rEO is similar at 25 °C and 40 °C but decreases at 60 °C, suggesting it passes through 

a maximum. A similar pattern is observed in toluene, where rEO peaks at 40 °C and decreases even 

more significantly than in anisole at 60 °C. The intermediate step in toluene at 50 °C underlines this 

gradual decrease as this bridges the rEO between 40 °C and 60 °C. A similar trend was observed for 

the bulk copolymerization of EO and PO between 70 °C and 120 °C. The reactivity ratios shifted 

from rEO = 3.0, rPO = 0.17 to rEO = 1.6, rPO = 0.36.12,18  

Synthesis of P(EO-co-PO) Copolymers for Physical Property Characterization 

Despite the widespread use of EO/PO copolymers, we have not been able to find a compilation of 

the physical properties of the copolyethers, neither in aqueous solution nor in bulk. To explore the 

potential impact of varying solvents and reaction temperatures on the physical properties, a series 

of P(EO-co-PO) copolymers was synthesized under meticulously controlled conditions. All 

copolymers were prepared to have a comparable molar mass (≈ 5000 g/mol) and EO/PO monomer 

ratio of 78/33. The molar mass and comonomer ratio were selected to produce semicrystalline 

materials with distinct melting endotherms and measurable cloud point temperatures. All 

polymerization parameters, apart from the solvent and reaction temperature, were held constant. 

The chosen solvents and temperature conditions matched those used in the kinetic studies. 

However, unlike the kinetics experiments, the initiator applied here was triethylene glycol 

monomethyl ether rather than 2-(benzyloxy)ethanol. Due to its structural similarity to the polymer 

backbone, triethylene glycol monomethyl ether was selected to minimize the influence of the 
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initiator on the copolymers’ physical properties. Furthermore, polymerizations at room 

temperature had to be carried out with the addition of crown ether, as the reaction rates in anisole 

and toluene were so slow at this temperature that achieving molar masses sufficient for the 

characterization of crystallinity and thermoresponsive properties would not be feasible within a 

practical timeframe. 

The initiator salt synthesis was conducted in accordance with the protocol for the kinetic 

measurements, involving heating of triethylene glycol monomethyl ether with KOtBu, followed by 

overnight solvent removal. However, unlike the kinetic experiments, both EO and PO monomers 

were introduced under static vacuum while the reaction mixture was maintained at -78 °C in an 

ethanol/liquid nitrogen bath. Additionally, these polymerizations were performed in a reaction 

flask rather than an NMR tube, with a degree of deprotonation of 90% to reduce the reaction time. 

Upon completion, the polymerizations were terminated. The reaction times were 72 hours for 

copolymerizations in toluene above 40 °C and DMSO. From preliminary experiments we knew, that 

copolymerizations in apolar solvents at lower temperatures required ca. 12 days to complete. This 

included an extra reaction time of 2–4 days to ensure completion due to safety precautions. The 

resulting polymers were purified by dialysis against Milli-Q® water, followed by characterization 

using NMR spectroscopy, size exclusion chromatography (SEC), and MALDI-ToF mass spectrometry. 

The synthesized copolymers are summarized in Table 3. The obtained 1H NMR spectra (Figure S81–

Figure S86), SEC traces (Figure S87) and mass spectra (Figure S88–Figure S93) are summarized in 

the SI.  

The molar mass of the copolymers could not be determined by 1H NMR spectroscopy due to the 

overlap of the initiator’s methyl group signal with signals from the copolyether backbone. SEC 

measurements underestimated the molar mass compared to values obtained from MALDI-ToF MS 

analysis. This discrepancy arises because SEC, a relative method calibrated with PEG standards, 

does not account for the reduced hydrodynamic volume caused by the incorporation of the PO 

comonomer, leading to lower calculated molar masses. In contrast, MALDI-ToF MS analysis 

provided molar masses that were consistent with the target values of approximately 5000 g/mol. 

The comonomer ratio was calculated from the ratio of the copolymer backbone signal and the 

signal of the methyl group stemming from the PO units (Equation S1).  

Melting Temperature and Enthalpy by DSC Measurements 

The thermal properties were examined through differential scanning calorimetry (DSC) 

measurements. The corresponding DSC curves are shown in the SI (Figure S96–Figure S97). Clusters 
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of EO units along the copolymer backbone, which can assemble into PEO segments, are expected 

to enhance not only the solubility of the copolymers in water but also their crystallinity. This 

increased crystallinity should, in turn, result in higher melting temperatures and greater melting 

enthalpy. 

Table 3: Characterization data for the series of statistical P(EO-co-PO) copolymers and the corresponding thermal 
properties. 

Entr

y 

mol%EO
a 

/ 

 % 

Solvent 

T 

/ 

°C 

Δrb 

Mn
c / 

g∙mol-

1 

Mn
d /  

g∙mol-1 
Đd 

Tg
e / 

°C 

Tm
f / 

°C 

ΔHg / 

J∙g-1 

1 72 Tolueneh 25 2.72 4600 4200 1.11 -69 5 38 

2 75 Toluene 40 3.52 4500 4200 1.09 -69 13 42 

3 73 Toluene 50 3.34 4900 4300 1.07 -69 10 40 

4 72 Toluene 60 2.90 4900 4400 1.06 -70 7 39 

5 72 Anisole 40 3.24 4900 4200 1.05 -70 8 39 

6 72 DMSO 40 2.78 4700 4200 1.05 -70 6 38 
aDetermined by 1H-NMR spectroscopy. bΔr = rEO-rPO. cDetermined via MALDI-ToF MS measurement (CHCl3, DCTB matrix). 
dDetermined via SEC measurements (DMF, RI signal, PEG calibration). eGlass transition temperature. fMelting 

temperature. gMelting enthalpy. h2 eq. [18]crown-6 per potassium. 

The copolymers exhibited similar thermal properties, with glass transition temperatures (Tg) 

around -70 °C, regardless of the copolymerization conditions. The endothermic melting peaks were 

broad, with maxima near 10 °C, approximately 55 °C lower than that of a corresponding PEG 

homopolymer.28 This behavior is typical of many gradient copolymers, as the crystalline PEG 

sequences in the P(EO-co-PO) copolymers are disrupted by the incorporation of PO comonomer 

units along the copolymer chains.80–82 The different copolymerization conditions listed in Table 3 

are associated with a compositional gradient, as reflected by the difference in reactivity ratios 

(Δr = rEO - rPO). However, the melting points (Tm) and melting enthalpies (ΔH) remain nearly 

identical, indicating that the observed variations in reactivity ratios show very small influence on 

the physical bulk properties of the copolymers. It is important to emphasize that the differences in 

reactivity ratios are small, and these results align with expectations. Notably, all copolymers 

exhibited a PEG melting point despite containing 30 mol% PO comonomer. This is attributed to the 

gradient microstructure, which arises from differences in reactivity ratios. In contrast, related 

glycidyl ethers (GEs) exhibit random or near-random incorporation with EO in AROP 

(rEO ≈ rGE ≈ 1),29,43,83–86 leading to the random distribution of comonomer units along the polyether 

backbone. As a result, the typically crystalline PEG domains are prevalently disrupted, reducing 
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crystallinity as the comonomer content increases. EO copolymers with glycidyl ether comonomer 

contents of approximately 10–20 mol% become fully amorphous.44,83 This highlights the influence 

of reactivity ratios on the thermal properties of copolymers, although the differences observed in 

this study were too small to produce pronounced effects. 

Cloud Point Temperatures by Turbidimetry Measurements 

The thermoresponsive properties of the synthesized polymers were evaluated by turbidimetry to 

determine the influence of the variation of the polymerization conditions on their physical 

characteristics. The cloud point temperature Tcp of a polymer solution marks the temperature at 

which the polymer transitions from a soluble state to an aggregated, insoluble state, resulting in a 

cloudy appearance of the solution.87 Commonly, turbidimetry is employed to determine Tcp. This 

technique records changes in light transmittance as the temperature increases. When the solution 

reaches Tcp, concentrated polymer droplets form, scattering light and causing a sudden decrease in 

transmittance. This effect can be conveniently measured with a standard UV-vis spectrometer 

equipped with temperature control. Tcp can be finely tuned by adjusting the hydrophilic-

hydrophobic balance of the copolymer chains.3 This tuning can be achieved via chemical 

modifications such as copolymerization88 or end-group alterations,89 as well as through physical 

factors like ionic strength,16,90 making Tcp highly adaptable to meet specific application 

requirements. Tcp values are closely related to the polymer’s microstructure, therefore, variations 

in the arrangement of monomer units or end groups may alter intermolecular interactions, thereby 

impacting the temperature at which phase separation occurs.8 

Copolymers of EO and PO are known for their thermoresponsive behavior, they precipitate from 

aqueous solutions upon heating.91 According to Bailey and Callard, copolymers with a PO content 

of 33 mol% exhibited a Tcp of ≈ 47–60 °C, depending on the copolymer concentration in the aqueous 

solution.15 Extrapolation of their data suggests that a corresponding copolymer with 50 mol% PO 

would not be soluble in water.91 However, the molar mass and synthesis conditions of the 

commercial copolymer were not reported.15 Similarly, Louai observed comparable results but 

investigated a three-arm star copolymer.80 Tjerneld et al. measured the Tcps of three commercial 

EO/PO copolymers with varying PO content. The copolymer with the highest PO content, P(EO15-

co-PO47) (24/76 mol% EO/PO), exhibited a Tcp of 30 °C.92 However, as Tcp values are influenced by 

molar mass and polymer concentration in water, direct comparisons should be interpreted 

cautiously.13,15 

The cloud point temperatures of all synthesized P(EO-co-PO) copolymers were investigated. The 

temperature-dependent transmittance of the polymer solution in Milli-Q® water with a 
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concentration of 5 mg∙ml-1 was determined. The Tcp is defined as the temperature at which the 

normalized transmittance decreases to 50%. Figure S94 and Figure S95 illustrate the transmittance 

vs. temperature profiles for the temperature and solvent variation series, respectively. The 

synthesized copolymers are summarized in Table 4 along with their cloud point temperatures Tcp. 

Table 4: Characterization data for the series of statistical P(EO-co-PO) copolymers and the corresponding cloud point 
temperature Tcp in aqueous solution.  

Entry 
mol%EO

a / 

 % 
Solvent 

T / 

°C 
Δrb 

Mn
c / 

g∙mol-1 

Mn
d /  

g∙mol-1 
Đd 

Tcp
e / 

°C 

1 72 Toluenef 25 2.72 4600 4200 1.11 76 

2 75 Toluene 40 3.52 4500 4200 1.09 86 

3 73 Toluene 50 3.34 4900 4300 1.07 80 

4 72 Toluene 60 2.90 4900 4400 1.06 78 

5 72 Anisole 40 3.24 4900 4200 1.05 79 

6 72 DMSO 40 2.78 4700 4200 1.05 78 
aDetermined by 1H-NMR spectroscopy. bΔr = rEO-rPO. cDetermined via MALDI-ToF MS measurement (CHCl3, DCTB matrix). 
dDetermined via SEC measurements (DMF, RI signal, PEG calibration). eCloud point temperature determined in aqueous 

solution via turbidimetry for c = 5 mg∙ml-1. f2 eq. [18]crown-6 per potassium. 

Influence of Polymerization Temperature on Tcp 

A comparison of the copolymers synthesized in toluene at different temperatures shows that 

decreasing polymerization temperatures from 60 °C to 40 °C led to an increase in the cloud point 

temperature from 78 °C to 86 °C (see Table 4, entries 1–4, and Figure 6).  

 

Figure 6: Results of the turbidimetry measurements in aqueous solution (c = 5 mg∙ml-1) of the polymers obtained from 
toluene at 25 °C with [18]crown-6, 40 °C, 50 °C, and 60 °C. The blue line represents 50% normalized transmittance, 
which is used to determine the cloud point temperatures. 

60 70 80 90 100
Temperature [°C]

0

0.2

0.4

0.6

0.8

1

N
or

m
al

ize
d 

Tr
an

sm
itt

an
ce

 [a
.u

.] 40 °C
50 °C
60 °C
25 °C,[18]C6



Chapter 4: Ethylene Oxide and Propylene Oxide 

 
196 
 

Obviously, the polymerization temperature has a significant influence on the thermoresponsive 

behavior of P(EO-co-PO) copolymers. This is likely due to the microstructure of the copolymers. As 

determined via online kinetics, the polymerization temperature affects the reactivity ratios of the 

copolymerization, impacting the monomer gradient.  

The nature of this compositional gradient is reflected by the difference in the reactivity ratios 

(Δr = rEO - rPO). The observed increase in Tcp in our data indicates enhanced solubility in water, 

demonstrating that the copolymers with a steeper gradient synthesized in this study dissolve more 

readily than those with a gradual composition gradient. 

 

Figure 7: Cloud point temperature (Tcp, blue bars) and reactivity ratio difference (Δr, red line) of P(EO-co-PO) 
copolymers synthesized at various polymerization temperatures in toluene. The far-right column represents a 
polymerization conducted at room temperature in toluene with the addition of crown ether, while the remaining 
polymerizations were performed in pure toluene without crown ether. 

This is explained by the clustering of EO units in some chain segments, which allows the formation 

of highly water-soluble PEO segments. Consequently, polymers synthesized at lower temperatures 

likely possess a sharper gradient, resulting in more distinct EO-rich segments and thereby higher 

aqueous solubility compared to those synthesized at elevated temperatures. The results of the 

online kinetics measurements correlate with this observation. The reactivity ratios for 

polymerizations conducted at 40 °C in toluene exhibit a greater disparity (rPO = 0.26, rEO = 3.78, 

Δr = 3.52, entry 2 in Table 4) than those for polymerizations at 60 °C (rPO = 0.31, rEO = 3.21, Δr = 2.90, 

entry 4 in Table 4), which aligns with a steeper compositional gradient in the first case. The reactivity 

ratio difference for the copolymer synthesized at 25 °C with crown ether (rPO = 0.33, rEO = 3.05, 

Δr = 2.72, Table 4, entry 1) is the smallest compared to those synthesized in toluene at 40–60 °C, 

which also results in reduced aqueous solubility. 

The reactivity ratios do not exhibit as pronounced a difference as typically observed in carbanionic 

polymerizations.93 However, the variations in gradient, as anticipated, significantly influence the 

physical properties, particularly the aqueous solubility of the copolymers. 
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Influence of Solvent on Tcp 

An examination of the cloud point temperatures for polymers synthesized in different solvents at 

40 °C strongly suggests that solvent choice plays a significant role in influencing copolymer 

properties (Figure S95). The Tcp values increase by 8 °C from the copolymer synthesized in the polar 

solvent DMSO (78 °C, Table 4, entry 6) to the one synthesized in the apolar solvent toluene (86 °C, 

Table 4, entry 2), indicating that solvent polarity also influences the solubility behavior of the 

copolymers (Figure 8). This trend is further supported by the reactivity ratios: in DMSO (rPO = 0.32, 

rEO = 3.10, Δr = 2.78), the reactivity ratios exhibit a smaller difference than those observed in toluene 

(rPO = 0.26, rEO = 3.78, Δr = 3.52), which corresponds to a more gradual compositional gradient in 

DMSO and a more segmented structure in toluene. The Tcp of the copolymer synthesized in anisole 

(79 °C, Table 4, entry 5) is similar to that of the copolymer synthesized in DMSO, despite the 

moderate difference in the reactivity ratios. This suggests the existence of a threshold below which 

differences in reactivity ratios have a minor effect. However, further investigation is referred to 

another study. 

 

Figure 8: Cloud point temperature (Tcp, blue bars) and reactivity ratio difference (Δr, red line) of P(EO-co-PO) 
copolymers synthesized at 40 °C in different solvents (toluene, anisole, DMSO).  

Conclusion  

This study aimed to elucidate the effects of solvent choice, temperature, and crown ether addition 

on the copolymerization of ethylene oxide (EO) and propylene oxide (PO), as well as the resulting 

physical properties of P(EO-co-PO) copolymers with a comonomer ratio of 70/30 mol% (EO/PO) and 

a molar mass of ≈ 5000 g/mol. The potential changes in the physical properties due to different 

copolymerization conditions were expected to be clearly visible. We investigated the 

copolymerization by online 1H NMR kinetics measurements in DMSO, anisole, and toluene at 

temperatures ranging from 25 °C to 60 °C, as well as in the presence of [18]crown-6 at 25 °C. The 

reaction rates were highest in DMSO, while anisole and toluene exhibited comparable rates under 

most polymerization conditions. Notably, at 60 °C, the reaction rate in anisole was 2.8 times higher 

than in toluene. For copolymerizations conducted in anisole and toluene, an induction period was 
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observed, attributed to the Weibull-Törnquist or “crown ether” effect, which was eliminated upon 

adding [18]crown-6. NMR spectroscopy indicated that the transfer reaction of active chains to PO 

monomer was significantly higher in DMSO than in toluene and anisole. This lower abundance of 

copolymer chains initiated by allylic species is advantageous, however, it is accompanied by the 

drawback of a reduced reaction rate, especially at low temperatures. This leads to reaction times 

of up to twelve days in toluene and anisole. 

Reactivity ratios in bulk copolymerization of EO and PO were reported as rEO = 2.8 and rPO = 0.25.17 

Our online kinetics measurements in DMSO, toluene and anisole revealed higher reactivity ratios 

in the range of rEO = 3.05–3.78 and rPO = 0.33–0.26, depending on the copolymerization conditions. 

In DMSO, we observed copolymerization to produce less pronounced gradient structures compared 

to anisole and toluene at 25 °C and 40 °C. As temperature increases, the reactivity ratio differences 

decrease in all solvents. In toluene, reactivity ratio differences initially increase from 25 °C to 40 °C 

before converging at higher temperatures. The addition of [18]crown-6 slightly reduces the 

difference in reactivity ratios across all solvents at 25 °C. Thermal analysis of the copolymers 

revealed a broad melting peak with a maximum of around 10 °C. Differences in the reactivity ratios 

had no significant effect on the thermal properties. The P(EO-co-PO) copolymers exhibited a lower 

melting peak compared to a corresponding PEG homopolymer (65 °C).28 The melting peak is visible 

despite the PO comonomer content of 30%. The gradient comonomer structure leads to EO-rich 

segments which are capable of crystallization. Copolymers were synthesized in toluene at various 

temperatures (40 °C, 50 °C, 60 °C, and 25 °C with [18]crown-6), and aqueous solubility was assessed 

via cloud point measurements. A decreased difference in reactivity ratios correlated with a slightly 

lower cloud point, which can be explained by fewer EO-rich segments in the softer gradient 

structure responsible for solubility. A similar trend in cloud point reduction was observed in 

copolymers prepared at 40 °C across the solvents. 

The results demonstrate that selected reaction conditions significantly impact the physical 

properties of the copolymer, primarily due to variations in the gradient, as expressed by the 

reactivity ratios. While the influence of reaction conditions on reactivity ratios may not be 

predominant, they represent an effective tool for tuning material properties. The parameters 

studied here – solvent, temperature, and, in part, crown ether addition – constitute some of the 

possible variables. Future research could explore the effects of various solvents and solvent 

mixtures, as well as different degrees of deprotonation. These findings underscore the critical role 

of reaction conditions in shaping the physical properties of P(EO-co-PO) copolymers.  
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Supporting Information 

Experimental Section 

Reagents 

Ethylene oxide (EO) was procured from Air Liquide. Deuterated solvents were purchased from 

Deutero GmbH (Germany). Potassium tert-Butanolate (KOtBu), propylene oxide (PO), 2-

(Benzyloxy)ethanol (>98%, GC),  and triethylene glycol monomethyl ether were purchased from TCI 

GmbH (Germany) while DMSO and toluene (99% purity over molecular sieve) as well as anisole and 

[18]crown-6 ([18]C6) were purchased from Acros/Fisher scientific.  

Instrumentation 

Nuclear Magnetic Resonance (NMR) Spectroscopy 

All 1H NMR spectroscopic measurements were performed with a Bruker Avance II 400 at a 

frequency of 400 MHz while the kinetic measurements were performed with a Bruker Avance III HD 

400 at a frequency of 400 MHz. The chemical shifts are all reported as ppm in relation to the proton 

signals of the deuteride solvents. Analysis of all spectra was performed with MestReNova 14.3.3 

from Mestrelab Research. When kinetics in anisole (non-deuterated) were measured, the lock was 

turned off. Shim was performed with TopShim (gradient shim) using the protons of the anisole 

methoxy group. 

Size Exclusion Chromatography (SEC) 

SEC characterization was performed using an Agilent 1100 series system, equipped with an UV-

detector (254 nm) and RI-detector. N,N-dimethylformamide (DMF) was utilized as eluent, with 1 g/L 

LiBr. The applied HEMA 300/100/40 Å column cascade was heated by a column oven, set to 50 °C. 

The measurements were performed with a flow rate of 1 ml/min. One drop of internal standard 

(toluene) was added to the samples. Poly(ethylene oxide) standards from Polymer Standard Service 

(PSS) were used for calibration. Data were recorded and processed using the software PSS WinGPC 

Unichrom. 

Matrix-assisted Laser Desorption Ionization Time-of-Flight (MALDI-ToF) Mass Spectrometry 

MALDI-ToF MS measurements were carried out at a Bruker autoflex maX MALDI-TOF/TOF using a 

smartbeam-II solid state laser with a wavelength of 337 nm. The potassium salt of triflouroacetic 

acid (KTFA, ≥99%, HPLC-grade, Sigma Aldrich) and trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB, >98%, TCI  GmbH (Germany)) were utilized as ionization salt 

and matrix, respectively. For sample preparation the polymers were dissolved in chloroform at 10 



Chapter 4: Ethylene Oxide and Propylene Oxide 

 
210 
 

mg/mL. 20 µL of this solution were combined with 20 µL of a 10 mg/mL solution of the matrix in 

chloroform. 5 µL of a 0.1 M solution of the salt in methanol were added and 1 µL of the resulting 

mixture was spotted onto a MTP 384 ground steel target plate. The solvents were allowed to 

evaporate completely before the measurement. 

Differential Scanning Calorimetry (DSC) 

The differential scanning calorimetry measurements were carried out with a DSC250 device from 

TA Instruments. For this purpose, 10–15 mg of the polymers were weighed in Tzero aluminum pans.  

Before the actual measurement, the sample was first heated to 90 °C and recrystallized at a cooling 

rate of 3 °C/min to obtain an ordered structure of the polymer. The measurements were then 

carried out over a temperature range of -90 °C to 70 °C at a heating rate of 10 °C/min. The data 

obtained was analyzed using the second heating curve by Trios software from TA Instruments.  

Turbidimetry 

A Jasco V-730 spectrometer was used for turbidimetry measurements. The polymers were 

dissolved in Milli-Q® water (5 mg/mL) and 0.7 mL of this solution were transferred to a glass cuvette. 

The transmission of this solution was then determined over a temperature range of 60 °C to 100 °C 

using a heating rate of 1 °C/min at a wavelength of λ = 600 nm. The data was obtained using JASCO 

spectra manager version 2.  
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Polymerization Procedures 

Synthesis of statistical P(EO-co-PO) copolymers 

The following section provides a representative synthesis procedure for the Poly(EO-co-PO) 

copolymers. For the synthesis of statistical P(EO-co-PO) copolymers, 1 eq. of triethylene glycol 

monomethyl ether (0.14 mg, 0.14 mL, 0.9 mmol) was dissolved in a mixture of 2 mL of benzene and 

1 mL of THF. This solution was added to an anionic flask in Ar counterflow. Afterwards, 0.9 eq. of 

KOtBu (0.89 mg, 0.8 mmol) dissolved in 2 mL of THF and 2 drops of Milli-Q® water were added as 

well. This mixture was frozen using a liquid nitrogen bath and static vacuum conditions were 

established. Thereafter, the mixture was heated to 60 °C and stirred for 1 hour. The potassium salt 

of the initiator triethylene glycol monomethyl ether was formed under removal of the solvents and 

tert-butanol in vacuo overnight. In the crown ether containing polymerizations, 1.8 eq. of 

[18]crown-6 (420 mg, 1.6 mmol) dissolved in benzene were added together with KOtBu before 

heating and drying azeotropically. 

The initiator salt was dissolved in the respective amount of solvent (DMSO, anisole, toluene) to 

obtain an initiator concentration of 0.18 M. PO (1753 mg, 2.10 mL, 30.2 mmol), dried over CaH2 and 

freshly distilled, was added to the flask under static vacuum conditions and cooling with liquid 

nitrogen bath. EO (3102 mg, 3.20 mL, 70.4 mmol) was condensed under static vacuum conditions 

as well by employing an ethanol/liquid nitrogen bath at -78 °C. The polymerization mixture was 

slowly heated to the respective polymerization temperature (25 °C, 40 °C, 50 °C, 60 °C). 

After full monomer conversion, as determined by 1H NMR spectroscopy, the polymerization was 

terminated by adding 4 eq. of acetic acid per initiator dissolved in 10 mL diethyl ether and 2 mL 

toluene. Precipitated salt was filtered using Celite® and a por 4 frit and the crude polymer 

was isolated by removal of the solvents under vacuum at 40 °C. In a final purification step, 

remaining impurities were removed by dialysis against Milli-Q® water using a dialysis membrane 

(Spectrum Labs) with a molecular weight cut-off of 1 kDa. The purified polymer was dried by 

lyophilization. 

The proportions of the respective monomers in the copolymer were determined using 1H NMR 

spectroscopy. The ratio of the integrals of the copolymer backbone (3.65–3.30 ppm) and the methyl 

group of propylene oxide (1.12–1.02 ppm) were used for this purpose following the method of 

Booth et al.1 The integral of the methyl group was set to 3 protons. 
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𝜒𝜒EO =
𝐼𝐼Backbone − 3
𝐼𝐼Backbone + 1

  
(S1) 

 

It should be mentioned here that the signals of the initiator shift into the backbone signal of the 

polymer. However, since the initiator is composed of EO units, its contribution was included in the 

EO content of the polymer. 

Investigation of copolymerization kinetics by in situ 1H NMR analysis of PO and EO 

For copolymerization of PO and EO during an online kinetics experiment, a Norell S-500-VT-7 

sealable NMR tube with a Teflon stopcock was employed. The initiator salt potassium 2-

(benzyloxy)ethanolate was prepared in a fivefold batch in a Schlenk flask equipped with a magnetic 

stirrer in the following manner. 

1 eq. of 2-(benzyloxy)ethanol (15 mg, 14 mL, 0.09 mmol) was dissolved in a mixture of 2 mL benzene 

and 1 mL THF. This solution was added to a Schlenk flask in Ar counterflow. Afterwards, 0.45 eq. of 

KOtBu (5 mg, 0.04 mmol) dissolved in 2 mL of THF and 2 drops of Milli-Q® water were added as well. 

This mixture was frozen using a liquid nitrogen bath and static vacuum conditions were established. 

Thereafter, the mixture was heated to 60 °C and stirred for 1 hour. The partially deprotonated 

initiator salt potassium 2-(benzyloxy)ethanolate was formed under the removal of the solvents in 

vacuo overnight. 

In the crown ether containing kinetics, 2 eq. of [18]crown-6 were added together with KOtBu before 

heating and drying azeotropically. 

The initiator salt was dissolved in the respective amount of solvent (2 mL) (DMSO-d6, anisole, 

toluene-d8). Anisole was not deuterated. EO (40 eq., 173 mg, 0.17 ml, 3.9 mmol) was condensed 

under static vacuum conditions into the NMR tube by employing an acetone/liquid nitrogen bath 

at -78 °C. PO (4 eq., 23 mg, 0.03 mL, 0.39 mmol), dried over CaH2 and freshly distilled, and one-fifth 

of the initiator stock solution with a concentration of 0.16 mol/L was added under Ar counterflow 

while still cooling. The mixture was subjected to three freeze-pump-thaw cycles to remove residual 

Ar before being inserted into the preheated NMR spectrometer at the respective temperature. No 

sample spinning was applied, in the case of deuterated solvents one spectrum was recorded to 

determine the receiver gain. In the case of anisole, one spectrum was recorded to shim, and a 

second spectrum was recorded to determine the receiver gain. Online kinetics were conducted with 

measuring times between 10 and 92 hours with one scan every one to three minutes. After the 

kinetics, the copolymers underwent SEC analysis. It is important to note that the kinetic studies 
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conducted using toluene-d8 as the solvent at 25 °C were monitored offline. In this approach, the 

polymerization was fully carried out in the kinetic tube under analogous conditions. However, 

instead of continuous online monitoring throughout the entire polymerization process, the 

polymerization tube was periodically transferred to the NMR spectrometer for analysis every 24 to 

48 hours. This offline monitoring method was chosen because the extended duration of the 

polymerization made continuous in situ tracking impractical. 

The respective chemical shift of the PO and EO Epoxide signal was tracked to calculate the individual 

monomer consumption. PO has three epoxide signals that can be utilized for this purpose. 

Whenever possible, we used the signal at around 2.38 ppm of the methylene group. When this 

signal merged with another signal, for example from EO, we utilized the methine proton. The 

software NIREVAL, created by Frey et al.,2 was utilized to analyze the normalized monomer 

consumption. The equation for the Jaacks fit can be found in the main manuscript. The equation 

for the Meyer-Lowry equation with the restriction r1 ≠ 1, r2 ≠ 1 is as follows:3 

𝑀𝑀
𝑀𝑀0

= �
𝑓𝑓1
𝑓𝑓1,0

�
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(S2) 

With f1 as the fraction of monomer 1 from the whole unreacted monomers: 

𝑓𝑓1 =
[M1]

[M1] + [M2] 
(S3) 

 

Caveat: EO is a highly flammable and toxic gas, we recommend handling it only by trained 

researchers. We experienced breakage of the sealable NMR tubes from time to time when it was 

subjected to liquid nitrogen. We strongly recommend using an acetone/liquid nitrogen cooling bath 

of -78 °C. 

  



Chapter 4: Ethylene Oxide and Propylene Oxide 

 
214 
 

Data of copolymerization kinetics 

 

Figure S1: Time-conversion plot of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: DMSO-
d6, 25 °C). 

 

Figure S2: Individual versus total conversion of the in situ 1H NMR copolymerization kinetic study of EO with PO. 
(Solvent: DMSO-d6, 25 °C). 
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Figure S3: Jaacks fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: DMSO-d6, 25 °C). 

 

 

Figure S4: Meyer-Lowry fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: DMSO-d6, 
25 °C). 
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Figure S5: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with PO (red) with a 
hypothetical equimolar monomer ratio (Solvent: DMSO-d6, 25 °C) with r(PO)=0.31, r(EO)=3.25. 

 

 

Figure S6: Time-conversion plot of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: DMSO-
d6, 25 °C, addition of [18]crown-6). 
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Figure S7: Individual versus total conversion of the in situ 1H NMR copolymerization kinetic study of EO with PO. 
(Solvent: DMSO-d6, 25 °C, addition of [18]crown-6). 

 

 

Figure S8: Jaacks fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: DMSO-d6, 25 °C, 
addition of [18]crown-6). 
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Figure S9: Meyer-Lowry fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: DMSO-d6, 25 
°C, addition of [18]crown-6). 

 

 

Figure S10: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with PO (red) with a 
hypothetical equimolar monomer ratio (Solvent: DMSO-d6, 25 °C, addition of [18]crown-6) with r(PO)=0.32, r(EO)=3.15. 
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Figure S11: Time-conversion plot of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: DMSO-
d6, 40 °C). 

 

 

Figure S12: Individual versus total conversion of the in situ 1H NMR copolymerization kinetic study of EO with PO. 
(Solvent: DMSO-d6, 40 °C). 
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Figure S13: Jaacks fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: DMSO-d6, 40 °C). 

 

 

Figure S14: Meyer-Lowry fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: DMSO-d6, 
40 °C). 
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Figure S15: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with PO (red) with a 
hypothetical equimolar monomer ratio (Solvent: DMSO-d6, 40 °C) with r(PO)=0.32, r(EO)=3.10. 

 

 

Figure S16: Time-conversion plot of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Anisole, 
25 °C). Data were acquired during an offline 1H NMR kinetic experiment. 
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Figure S17: Individual versus total conversion of the in situ 1H NMR copolymerization kinetic study of EO with PO. 
(Solvent: Anisole, 25 °C). Data were acquired during an offline 1H NMR kinetic experiment. 

 

 

Figure S18: Jaacks fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Anisole, 25 °C). Data 
were acquired during an offline 1H NMR kinetic experiment. 
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Figure S19: Meyer-Lowry fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Anisole, 
25 °C). Data were acquired during an offline 1H NMR kinetic experiment. 

 

 

Figure S20: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with PO (red) with a 
hypothetical equimolar monomer ratio (Solvent: Anisole, 25 °C) with r(PO)=0.28, r(EO)=3.54. 
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Figure S21: Time-conversion plot of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Anisole, 
25 °C, addition of [18]crown-6). 

 

 

Figure S22: Individual versus total conversion of the in situ 1H NMR copolymerization kinetic study of EO with PO. 
(Solvent: Anisole, 25 °C, addition of [18]crown-6). 
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Figure S23: Jaacks fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Anisole, 25 °C, 
addition of [18]crown-6). 

 

 

Figure S24: Meyer-Lowry fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Anisole, 
25 °C, addition of [18]crown-6). 
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Figure S25: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with PO (red) with a 
hypothetical equimolar monomer ratio (Solvent: Anisole, 25 °C, addition of [18]crown-6) with r(PO)=0.31, r(EO)=3.26. 

 

 

Figure S26: Time-conversion plot of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Anisole, 
40 °C). 
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Figure S27: Individual versus total conversion of the in situ 1H NMR copolymerization kinetic study of EO with PO. 
(Solvent: Anisole, 40 °C). 

 

 

Figure S28: Jaacks fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Anisole, 40 °C). 
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Figure S29: Meyer-Lowry fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Anisole, 
40 °C). 

 

 

Figure S30: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with PO (red) with a 
hypothetical equimolar monomer ratio (Solvent: Anisole, 40 °C) with r(PO)=0.28, r(EO)=3.52. 
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Figure S31: Time-conversion plot of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Anisole, 
60 °C). 

 

 

Figure S32: Individual versus total conversion of the in situ 1H NMR copolymerization kinetic study of EO with PO. 
(Solvent: Anisole, 60 °C). 
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Figure S33: Jaacks fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Anisole, 60 °C). 

 

 

Figure S34: Meyer-Lowry fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Anisole, 
60 °C). 
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Figure S35: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with PO (red) with a 
hypothetical equimolar monomer ratio (Solvent: Anisole, 60 °C) with r(PO)=0.30, r(EO)=3.32. 

 

 

Figure S36: Time-conversion plot of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Toluene-
d8, 25 °C). 
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Figure S37: Individual versus total conversion of the in situ 1H NMR copolymerization kinetic study of EO with PO. 
(Solvent: Toluene-d8, 25 °C). 

 

 

Figure S38: Jaacks fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Toluene-d8, 25 °C). 
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Figure S39: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with PO (red) with a 
hypothetical equimolar monomer ratio (Solvent: Toluene-d8, 25 °C) with r(PO)=0.29, r(EO)=3.49. 

 

 

Figure S40: Time-conversion plot of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Toluene-
d8, 25 °C, addition of [18]crown-6). 
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Figure S41: Individual versus total conversion of the in situ 1H NMR copolymerization kinetic study of EO with PO. 
(Solvent: Toluene-d8, 25 °C, addition of [18]crown-6). 

 

 

Figure S42: Jaacks fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Toluene-d8, 25 °C, 
addition of [18]crown-6). 
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Figure S43: Meyer-Lowry fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Toluene-d8, 
25 °C, addition of [18]crown-6). 

 

 

Figure S44: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with PO (red) with a 
hypothetical equimolar monomer ratio (Solvent: Toluene-d8, 25 °C, addition of [18]crown-6) with r(PO)=0.33, 
r(EO)=3.05. 
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Figure S45: Time-conversion plot of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Toluene-
d8, 40 °C). 

 

 

Figure S46: Individual versus total conversion of the in situ 1H NMR copolymerization kinetic study of EO with PO. 
(Solvent: Toluene-d8, 40 °C). 
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Figure S47: Jaacks fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Toluene-d8, 40 °C). 

 

 

Figure S48: Meyer-Lowry fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Toluene-d8, 
40 °C).  
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Figure S49: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with PO (red) with a 
hypothetical equimolar monomer ratio (Solvent: Toluene-d8, 40 °C) with r(PO)=0.26, r(EO)=3.78. 

 

 

Figure S50: Time-conversion plot of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Toluene-
d8, 50 °C). 
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Figure S51: Individual versus total conversion of the in situ 1H NMR copolymerization kinetic study of EO with PO. 
(Solvent: Toluene-d8, 50 °C). 

 

 

Figure S52: Jaacks fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Toluene-d8, 50 °C). 
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Figure S53: Meyer-Lowry fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Toluene-d8, 
50 °C). 

 

 

Figure S54: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with PO (red) with a 
hypothetical equimolar monomer ratio (Solvent: Toluene-d8, 50 °C) with r(PO)=0.28, r(EO)=3.62. 
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Figure S55: Time-conversion plot of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Toluene-
d8, 60 °C). 

 

 

Figure S56: Individual versus total conversion of the in situ 1H NMR copolymerization kinetic study of EO with PO. 
(Solvent: Toluene-d8, 60 °C). 
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Figure S57: Jaacks fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Toluene-d8, 60 °C). 

 

 

Figure S58: Meyer-Lowry fit of the in situ 1H NMR copolymerization kinetic study of EO with PO. (Solvent: Toluene-d8, 
60 °C).  

 

-2.5 -2 -1.5 -1 -0.5 0
log (M 2/M 2,0)

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1
lo

g 
(M

1/M
1,

0)

log (M2/M2, 0)

lo
g 

(M
1/

M
1,

0)

Data points
Jaacks fit

0.4 0.5 0.6 0.7 0.8 0.9 1
f1

0

0.2

0.4

0.6

0.8

1

1.2

M
/M

0

f1

M
 /

 M
0

Data points
Meyer-Lowry fit



Chapter 4: Ethylene Oxide and Propylene Oxide 

 
243 

 

 

Figure S59: Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with PO (red) with a 
hypothetical equimolar monomer ratio (Solvent: Toluene-d8, 60 °C) with r(PO)=0.31, r(EO)=3.21. 

 

 

Figure S60: Pseudo-first-order plot of the copolymerization of EO with PO in DMSO at different conditions obtained by 
1H NMR kinetics.  
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Figure S61: Pseudo-first-order plot of the copolymerization of EO with PO in Anisole at different conditions obtained 
by 1H NMR kinetics. Anisole measurements at 25 °C without [18]crown-6 were acquired offline, data points are marked 
by squares. 

 

 

Figure S62: Pseudo-first-order plot of the copolymerization of EO with PO in Anisole at 25 °C obtained by offline NMR 
kinetics. Data points are marked by squares.  
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Figure S63: Enlargement of the pseudo-first-order plot of the copolymerization of EO with PO in Anisole at different 
conditions obtained by 1H NMR kinetics. The enlarged start period shows the induction of the EO signal. The PO graphs 
are omitted for clarity reasons. The polymerization condition of Anisole at 25 °C without [18]crown-6 was omitted for 
scale reasons and is displayed in the following graph. 

 

 

Figure S64: Enlargement of the pseudo-first-order plot of the copolymerization of EO with PO in Anisole at 25 °C 
obtained by offline kinetics. The enlarged start period shows the induction of the EO signal. The PO graph is omitted 
for clarity reasons. 

 

EO: Anisole, 25 °C, [18]crown-6
EO: Anisole, 40 °C
EO: Anisole, 60 °C

EO: Anisole, 25 °C



Chapter 4: Ethylene Oxide and Propylene Oxide 

 
246 
 

 

Figure S65: Pseudo-first-order plot of the copolymerization of EO with PO in Toluene-d8 at different conditions obtained 
by 1H NMR kinetics. 

 

 

Figure S66: Enlargement of the pseudo-first-order plot of the copolymerization of EO with PO in Toluene-d8 at different 
conditions obtained by 1H NMR kinetics. The enlarged start period shows the induction of the EO signal. The PO graphs 
are omitted for clarity reasons. 
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Table S1: Apparent propagation constant of EO in the copolymerization (kapp, copo) from the 1H NMR kinetics.  

Solvent 
T / 

°C 

kapp, copo (EO) / 

(10-4 s-1) 

DMSO-d6 25a 3.63 ± 0.01 

DMSO-d6 25 2.37 ± 0.01 

DMSO-d6 40 6.53 ± 0.03 

Anisole 25a 0.0741 ± 0.0001 

Anisole 25 0.0305 ± 0.0003 

Anisole 40 0.103 ± 0.001 

Anisole 60 0.899 ± 0.002 

Toluene-d8 25a 0.0885 ± 0.0001 

Toluene-d8 25 0.0334 ± 0.0001 

Toluene-d8 40 0.116 ± 0.001 

Toluene-d8 50 0.260 ± 0.001 

Toluene-d8 60 0.327 ± 0.001 
a2 eq. [18]crown-6 per potassium. 

 

Size exclusion chromatography 

  

Figure S67: SEC of the copolymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Reaction conditions are in the graph’s description. 
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Figure S68: SEC of the copolymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Reaction conditions are in the graph’s description. 

 

 

Figure S69: SEC of the copolymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Reaction conditions are in the graph’s description. 

 

 

Figure S70: SEC of the copolymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Reaction conditions are in the graph’s description. 

 



Chapter 4: Ethylene Oxide and Propylene Oxide 

 
249 

 

 

Figure S71: SEC of the copolymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Reaction conditions are in the graph’s description. 

 

 

Figure S72: SEC of the copolymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Reaction conditions are in the graph’s description. 

 

 

Figure S73: SEC of the copolymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Reaction conditions are in the graph’s description. 
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Figure S74: SEC of the copolymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Reaction conditions are in the graph’s description. 

 

 

Figure S75: SEC of the copolymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Reaction conditions are in the graph’s description. 

 

 

Figure S76: SEC of the copolymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Reaction conditions are in the graph’s description. 
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Figure S77: SEC of the copolymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Reaction conditions are in the graph’s description. 

 

 

Figure S78: SEC of the copolymer obtained after 1H NMR kinetics (eluent: DMF with 1 g/L LiBr, RI detector, calibration: 
PEG). Reaction conditions are in the graph’s description. 

 

 

Figure S79: Propagation constant of EO in the copolymerization with PO. Please note that this does not equal a 
propagation constant kp of a homopolymerization. 
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1H NMR Spectroscopy 

 

Figure S80: Section of the 1H NMR Spectrum (400 MHz, Toluene-d8) of the P(EO-co-PO) copolymer obtained in toluene-
d8 at 40 °C used for the calculation of the ratio of proton abstraction in relation to desired initiation. 

 

 

Figure S81: 1H NMR Spectrum (400 MHz, CD2Cl2) of the P(EO-co-PO) copolymer obtained in toluene at 40 °C. 
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Figure S82: 1H NMR Spectrum (400 MHz, CD2Cl2) of the P(EO-co-PO) copolymer obtained in toluene at 50 °C. 

 

 

Figure S83: 1H NMR Spectrum (400 MHz, CD2Cl2) of the P(EO-co-PO) copolymer obtained in toluene at 60 °C. 
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Figure S84: 1H NMR Spectrum (400 MHz, CD2Cl2) of the P(EO-co-PO) copolymer obtained in toluene at 25 °C with 
addition of [18]C6. 

 

 

Figure S85: 1H NMR Spectrum (400 MHz, CD2Cl2) of the P(EO-co-PO) copolymer obtained in anisole at 40 °C. 
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Figure S86: 1H NMR Spectrum (400 MHz, CD2Cl2) of the P(EO-co-PO) copolymer obtained in DMSO at 40 °C. 

 

Size exclusion chromatography 

 

Figure S87: SECs of all polymers synthesized for turbidimetry and DSC measurements.  
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MALDI-ToF MS Spectrometry  

 

Figure S88: MALDI-ToF spectrum of the P(EO-co-PO) copolymer obtained in toluene at 40 °C. 

 

 

Figure S89: MALDI-ToF spectrum of the P(EO-co-PO) copolymer obtained in toluene at 50 °C. 
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Figure S90: MALDI-ToF spectrum of the P(EO-co-PO) copolymer obtained in toluene at 60 °C. 

 

 

Figure S91: MALDI-ToF spectrum of the P(EO-co-PO) copolymer obtained in toluene at 25 °C with [18]C6. 
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Figure S92: MALDI-ToF spectrum of the P(EO-co-PO) copolymer obtained in anisole at 40 °C. 

 

 

Figure S93: MALDI-ToF spectrum of the P(EO-co-PO) copolymer obtained in DMSO at 40 °C. 
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Turbidimetry measurements  

 

Figure S94: Results of the turbidimetry measurements of the polymers obtained from toluene at 25 °C with [18]C6, 
40 °C, 50 °C, and 60 °C.  

 

 

Figure S95: Results of the turbidimetry measurements of the polymers obtained at 40 °C in toluene, anisole, and DMSO. 
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DSC measurements 

 

Figure S96: Results of the DSC measurements of the polymers obtained from toluene at 25 °C with [18]C6, 40 °C, 50 °C, 
and 60 °C. 

 

 

Figure S97: Results of the DSC measurements of the polymers obtained at 40 °C in toluene, anisole, and DMSO. 
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Table S2: Summary of obtained reactivity ratios, turbidimetry measurement results and DSC messurement results for 
the analyzed polymerization parameters. 

Solvent T [°C] r1 (PO) r2 (EO) Δrb Tcp [°C]c Tm [°C]d ΔH [J/g]e 

Toluenea 25 0.31 3.05 2.74 76 5 38 

Toluene 40 0.26 3.78 3.52 86 13 42 

Toluene 50 0.28 3.62 3.34 80 10 40 

Toluene 60 0.31 3.21 2.90 78 7 39 

Anisole 40 0.28 3.52 3.24 79 8 39 

DMSO 40 0.32 3.10 2.78 78 6 37 
a2 eq. [18]crown-6 per potassium. bΔr = r2 – r1. cCloud point temperature determined via turbidimetry for c = 5 mg∙ml-1. 

dMelting temperature. eMelting enthalpy. 
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Abstract 

Multifunctional poly(ethylene glycol) copolymers (mfPEGs) are accessible via the anionic 

copolymerization of functional epoxides with ethylene oxide (EO). Glycidyl ethers are conveniently 

synthesized from bio-renewable alcohols and epichlorohydrin (ECH). Herein, we present the 

synthesis of a series of acyclic terpenyl glycidyl ethers (TGEs) and their subsequent 

copolymerization with ethylene oxide (EO) via anionic ring-opening polymerization (AROP). The 

resulting library of copolymers with varying side chain length and comonomer composition 

comprises molar masses in the range of 4 800 to 8 300 g∙mol-1 and narrow molar mass distributions 

(Ð = 1.06 – 1.13). For the copolymerization of the TGEs with EO, detailed 1H NMR in situ kinetic 

studies revealed a change from ideally random to slight gradient copolyether microstructures, with 

increasing chain length and hydrophobicity of the respective TGE. The living nature of AROP 

provides control of molar masses, and optimized reaction conditions, such as low reaction 

temperatures and a weakly bound cesium counterion, suppress the well-known proton abstraction 

of monosubstituted epoxides. Since the incorporation of the terpenyl side chains impedes 

crystallization, thermal properties can be tailored by the monomer feed ratio. Subsequently, 

hydrogenation and thiol-ene click reactions at the side chain double bonds were carried out as post-

polymerization modifications. The application of potassium azodicarboxylate (PADA) in the diimide 

reduction of the polymers was demonstrated to possess immense potential for the full 

hydrogenation of the novel copolymers, offering facile purification options. Overall, the 

copolymerization of EO and TGEs gives access to bio-based, tailormade polyethers with options for 

post-functionalization.  

Introduction 

Poly(ethylene glycol) (PEG) marks a high-value polyether owing to its excellent biocompatibility and 

extraordinary solubility in aqueous media. Known as the gold standard for pharmaceutical and 

biomedical purposes, the application range of PEG also includes cosmetics, surface-active materials 

and polymer electrolytes.1–4 To overcome the limited backbone functionality, the copolymerization 

of ethylene oxide (EO) with functional epoxide building blocks allows for the synthesis of 

multifunctional PEG (mf-PEG) featuring tailormade material properties.1,5 Particularly glycidyl 

ethers (GE) represent an underrated monomer class, which is available from a plethora of alcohols 

and epichlorohydrin (ECH).6,7 Alternatively, the reaction of an alcohol with allyl bromide, followed 

by the epoxidation using meta-chloroperoxybenzoic acid affords the respective GE.8 However, 

despite aiming the use of renewable resources for polymer synthesis, bio-derived epoxides in 

general and specifically glycidyl ethers have scarcely been exploited for more sustainable 
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polyethers.9 Simultaneously, several efforts have been reported that aim at more sustainable 

sources of conventional polyether building blocks, e. g. farnesyl glycidyl ether from farnesol.10 

Intriguingly, Sargent and coworkers have recently improved the electrochemical production of 

ethylene oxide (EO) from CO2 and water.11 Alternatively, “green ethylene” can be transformed into 

EO utilizing the conventional silver-catalyzed epoxidation.12 Furthermore, “green ECH” is readily 

available from glycerol, a byproduct in  the bio-fuel production from biomass.13,14 

The use of natural product-based building blocks in glycidyl ether synthesis is a key objective. Fatty 

acids extracted as value-added chemicals from plant oils have been a long-standing raw material 

for the chemical industry and polymer synthesis.15,16 Relevant parameters, which affect the 

chemical and physical properties, are the length and the degree of unsaturation of the fatty acid 

chain as well as the stereochemistry of the double bond.17 Relying on fatty acids, the respective 

alcohols for glycidyl ether synthesis are accessible via reductive transformation into an alcohol and 

subsequent phase transfer catalysis.16 Verkoyen et al. published an extensive overview of readily 

available long-chain alkyl epoxides and glycidyl ethers, characterized by their hydrophobicity, 

including some examples of fatty acid analogs.7,18 

As another class of relevant, biomass-derived building blocks, terpenoids and terpenes have been 

established as attractive monomer precursors.9,15,19–21 Following the “isoprene rule”, acyclic 

terpenoids vary in their chain length based on their number of linear, head-to-tail condensed (C5H8)n 

units. Thus, the number of repeat isoprene units allows for the classification into hemi- (C5), mono- 

(C10) and sesquiterpenoids (C15).22,23 Linear, acyclic terpenoids are abundant in ethereal oils of fruits 

and plants and their application ranges from pharmaceutical products to flavors, fragrances, and 

pheromones.24,25 Producing GEs from a range of acyclic terpenoids gives rise to a diverse platform 

of bio-renewable epoxide monomers (Scheme 1, left). The proposed terpenyl glycidyl ethers (TGEs) 

are characterized by their unsaturated, hydrophobic side chains. In general, their branched nature 

impedes crystallization, in stark contrast to their linear fatty acid analogs.8 To date, only a handful 

of publications on polyethers and polycarbonates have capitalized on these terpene-derived 

epoxide building blocks, being suitable for anionic and catalytic polymerization techniques.10,26–29 

On one hand, the hydrophobic character of farnesyl glycidyl ether in combination with PEG enables 

the facile synthesis of amphiphilic polyethers.10 On the other hand, the terpenyl side chain flexibility 

leads to a low glass transition temperature (Tg), thus permitting the generation of flexible, low-Tg 

polycarbonates.28,29 Moreover, replacing the commonly applied propylene oxide as a hydrophobic 

building block takes effect on the copolymer microstructure. It is worth emphasizing that the 
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copolymerization of EO with PO entails a strong gradient microstructure, whereas GE and EO are 

expected to produce a random copolymer.30–32 

 

Scheme 1: Scope of prepared bio-renewable TGEs for copolyether synthesis (left). The TGE copolymers are amenable 
to post-polymerization modification e.g. by hydrogenation and thiol-ene click (right).  

In addition, the unsaturated side chains of such acyclic TGEs serve as chemoselective handles due 

to the chemically differing double bonds and, in turn, enable tailor-made materials via post-

functionalization.15,19,25,33 For TGEs, cross-metathesis has been demonstrated by Morris and 

coworkers, who pioneered TGEs for polyether synthesis utilizing prenyl glycidyl ether (PreGE) and 

isoprenyl glycidyl ether (IsoPreGE).26 In this context, PreGE and IsoPreGE can be considered as a 

bio-renewable analog of the commonly applied allyl glycidyl ether (AGE).1,26 Moreover, successful 

click-TAD chemistry on a citronellyl glycidyl ether side chain led to terpene-derived polyether-based 

organo- and hydrogels.27 Yet, the plentiful modification opportunities have not been investigated 

extensively. For instance, the thiol-ene click reaction of polymers offers flexible means to create 

custom materials, as documented in Lowe's comprehensive review.34,35 In addition, hydrogenation 

is a widely adopted approach that enhances the thermal and oxidative stability of polyisoprene by 

using gaseous hydrogen and metal catalysts at high temperatures in a reactor.36 Another small-

scale modification method is hydrogenation using diimide, which can be generated from various 

sources and does not require high-pressure equipment.37,38 
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In this work, we present the use of different bio-based TGEs for the synthesis of mf-PEGs. Applying 

hemi- and monoterpenoids in the synthesis of TGEs (Scheme 1), we expanded the available bio-

derived TGE library for polyether design and synthesis based on PreGE, IsoPreGE, geranyl glycidyl 

ether (GeraGE), and neryl glycidyl ether (NerGE). Statistical polyether copolymers P(EGn-co-TGEm) 

were prepared via living AROP of EO and the TGEs of varying acyclic chain length. The resulting 

polyethers exhibit the targeted molar masses and low dispersity Ð (≤ 1.13), while the thermal 

properties can be fine-tuned by the applied TGE content. 1H NMR in situ kinetics was employed to 

study the impact of the glycidyl ether side chains on the copolymerization behavior of the 

respective EO/TGE comonomer pairs and potential gradient formation. Furthermore, the structural 

variety regarding side chain length and double bond configuration was explored with respect to 

post-polymerization functionalization (Scheme 1). Aiming at introducing hydroxyl-functionalities, 

photochemical thiol-ene click chemistry was performed. Further, the double bond was 

hydrogenated using potassium azodicarboxylate (PADA) diimide reduction, which involves the 

in situ generation of the diimide via acidic decomposition of PADA. Subsequently, we address some 

of the limitations associated with the use of para-toluenesulfonyl hydrazide.  

Experimental Section 

Details on reagents used, instrumentation, methodical procedures and synthesis procedures are 

given in the Supporting Information (SI) Section 1 – 4. 

Results and Discussion 

Monomer Synthesis 

The presented TGEs have all been prepared in a phase transfer catalysis, starting from 

epichlorohydrin and the respective terpenoid.10,29 The products were isolated in high purity after 

distillation work up, which was performed subject to the monomer boiling temperature Tb. 

 

Scheme 2: General monomer synthesis via phase transfer catalysis. TBAHS: tetra-n-butylammonium hydrogen sulfate. 

During the phase transfer catalysis, elimination and substitution reactions lead to the formation of 

undesired byproducts, specifically 3-chloro-allyl glycidyl ether and diglycidyl ether.10,29 While the 

resulting byproducts can be easily separated from the long-chain TGEs (C10 and C15) due to a 

significant difference in Tbs, the C5-analogs, namely PreGE, IsoPreGE, and dihydroprenyl glycidyl 

ether (DHPreGE), required an altered synthetic protocol.10,29 To suppress byproduct formation, the 
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synthesis approach utilizing the C5-alcohols was performed under prolonged cooling and for shorter 

reaction times, ultimately resulting in lower overall yields (51 – 64%) compared to the C10 and C15-

analogs GeraGE and NerGE (78 – 83%). We designed a synthesis protocol that circumvented the 

purification step via column chromatography and improved the C5-monomer yields compared to 

literature.26 Detailed NMR characterization for all TGEs (Figures S1 – S14) as well as an explicit 

synthetic protocol are provided in the SI.  

Statistical Copolymerization of EO and TGEs 

Living statistical copolymerizations of bio-renewable TGEs with EO were performed in a THF-DMSO 

solvent mixture (VTHF:VDMSO = 5:1) at 40 °C, using conventional AROP conditions, employing cesium 

2-(benzyloxy)ethoxide as an initiator salt (Scheme 3).  

 

Scheme 3: Synthetic strategy for the copolymerization of EO with TGEs of varying terpenyl chain length, resulting in 
terpenyl-functionalized PEGs.  

In order to maintain the remarkable properties of PEG while extending its functionality, we 

designed a series of copolymers for each TGE by varying the comonomer content between 3.0 and 

9.6 mol%. The rationale for this intended low amount of TGE comonomer encompasses significant 

property changes using small TGE amounts while increasing functionality and maintaining the 

aqueous solubility of the copolymers. Table 1 summarizes the copolymerization results as well as 

the thermal characterization data of the statistical P(EGn-co-TGEm) copolymers. Number averaged 

molar masses (Mn) were calculated via 1H NMR end group analysis by referencing to the methylene 

group of the 2-(benzyloxy) ethanol initiator (Figures S19, S21, S23, and S25), in the range of 4 800 

to 8 300 g∙mol-1.  

Typical 1H NMR spectra show the anticipated signals of the polyether backbone and the terpenyl 

side chain, which can be clearly distinguished. Notably, we observed side chain isomerization for all 

polymers, which is a known phenomenon for allyl glycidyl ether, when applying the general basic 

conditions of AROP.39–41 We will briefly readdress the isomerization in the kinetic investigation 

section. Size exclusion chromatography (SEC) indicates well-defined copolymers with monomodal 



Chapter 5: Poly(Terpenyl Glycidyl Ether)s 

 
272 
 

distributions and low dispersity Ð (1.06 – 1.11) (Figures S15 – S18). Deviations of the Mn determined 

by SEC from 1H NMR characterization are ascribed to the structural and polarity difference of the 

P(EGn-co-TGEm) copolymers compared to the PEG calibration standards for SEC.  

Table 1: Overview of polymer characterization of P(EGn-co-TGEm) statistical copolymers  

aNumber averaged molar mass and experimental monomer content determined via 1H NMR spectroscopy. bDetermined 

via SEC measurements (RI detector, eluent: DMF, calibration: PEG).  cDetermined from second heating cycle at a heating 

rate of 10 °C∙min-1.  

In situ 1H NMR Copolymerization Kinetics of TGEs with EO 

Glycidyl ethers can be applied in the copolymerization with EO, introducing functionality along the 

polyether backbone.5 For a detailed understanding of the material’s properties, it is pivotal to 

elucidate the copolymer microstructure.31 Capitalizing on in situ 1H NMR kinetic investigations in 

combination with suitable copolymerization models, it is possible to translate monomer conversion 

into the respective reactivity ratios of a given comonomer pair.31,42,43 Motivated by the different 

Entry Sample 
XTGE,exp

a/ 

(mol%) 

Mn,NMR
a/ 

g∙mol-1 

Mn,SEC
b/ 

g∙mol-1 
Ðb 

Tg
c/ 

°C 

Tm
c/ 

°C 

∆Hm
c/ 

J ∙g-1 

1 P(EG121-co-PreGE5) 4.0 6190 4800 1.08 -59 39 79 

2 P(EG113-co-PreGE5) 4.2 5840 4600 1.06 -60 31 74 

3 P(EG107-co-PreGE10) 8.5 6290 4700 1.09 -63 21 47 

4 P(EG102-co-PreGE10) 8.9 6070 4900 1.07 -62 18 43 

5 P(EG96-co-IsoPreGE3) 3.0 4810 4700 1.07 -61 40 76 

6 P(EG117-co-IsoPreGE7) 5.6 6300 5200 1.07 -64 29 56 

7 P(EG100-co-IsoPreGE10) 9.1 5980 4400 1.10 -66 18 44 

8 P(EG126-co-IsoPreGE12) 8.7 7410 4800 1.11 -65 15 44 

9 P(EG123-co-GeraGE4) 3.1 6250 4700 1.07 -61 40 77 

10 P(EG117-co-GeraGE6) 4.9 6540 4800 1.08 -65 26 37 

11 P(EG110-co-GeraGE8) 6.8 6680 4200 1.07 -66 23 40 

12 P(EG120-co-GeraGE12) 9.1 7960 5400 1.10 -63 14 35 

13 P(EG109-co-NerGE4) 3.5 5640 4400 1.07 -63 38 70 

14 P(EG125-co-NerGE8) 6.0 7180 5100 1.07 -65 32 51 

15 P(EG115-co-NerGE10) 8.0 7160 5600 1.07 -67 21 48 

16 P(EG123-co-NerGE13) 9.6 7980 5500 1.08 - - - 
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structure of the terpenyl side chains, we systematically performed in situ 1H NMR copolymerization 

kinetics in a vacuum-sealed NMR tube to compare the copolymerization behavior for all TGE/EO 

comonomer pairs. It is important to note that we also investigated the fully hydrogenated analogs 

of the C5, C10 and C15 side chains to evaluate the influence of hydrophobicity on the 

copolymerization behavior, also aiming at further understanding the role of the allylic double bond. 

Based on the living AROP copolymerization without chain transfer and termination, we accurately 

followed monomer conversion, specifically for EO at 2.59 ppm (blue) and PreGE at 3.05 ppm (green, 

Figure 1 and Figure S39, left). As previously reported, the ideal non-terminal model is known to be 

valid for the copolymerization of EO and glycidyl ethers. The copolymerizations follow ideal 

copolymerization behavior, which is expressed by the simple relation: r1 = r2
-1.31,44,45 Plotting the 

individual monomer conversion versus total conversion (Figure S39, right), we applied the ideal 

Jaacks fit (Figure S27) to obtain reactivity ratios of rPreGE = 0.94 and rEO = 1.06, revealing an almost 

ideally random copolymerization for PreGE and EO.46 

 

Figure 1: Selection of 1H NMR spectra (400 MHz, THF-d8 : DMSO-d6= 5:1) of the in situ copolymerization kinetics of 
PreGE with EO at 40 °C. Relevant proton signals are highlighted in green (PreGE) at 3.05 ppm and blue (EO) at 2.59 
ppm.  As spectra were collected every 2 min over a period of 51.5 h, only every 30th spectrum is displayed. 

Table 2 summarizes the reactivity ratios determined for the statistical copolymerization of EO with 

the TGEs employed in this work. Detailed in situ kinetic data, characterization as well as the 

respective SEC traces (Ð ≤ 1.13) are compiled in the SI, Figures S27 – 33 and S39 – 58. In general, 
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the copolymerization behavior is governed by steric and electronic properties of the epoxide 

monomers.31 The side chain impact on reactivity ratios is manifest as a collective of three 

parameters: (i) length, (ii) hydrophobicity, and (iii) flexibility. At first glance, an increase in chain 

length and hydrophobicity leads to a more pronounced incorporation of EO at the start of the 

copolymerization. This is consistent with previously reported results for farnesyl glycidyl ether.10 

PreGE and IsoPreGE manifest no significantly different copolymerization behavior, although the 

isoprenyl main chain is more flexible. Both copolymerizations show almost ideally random 

behavior. On the other hand, the reactivity ratio of EO is higher for all other comonomer pairs, 

resulting in a (soft) monomer gradient in the copolymer chain. The difference in cis- and trans-

stereoconfiguration of NerGE and GeraGE, respectively, appear to be a negligible factor during the 

copolymerization. In contrast, an increase of side chain hydrophobicity by full hydrogenation 

appears to be the most influential parameter for the copolymer microstructure, affording a 

stronger gradient. Altogether, the observed trends are in good agreement with previously reported 

results, as GEs generally copolymerize in an ideally random manner with EO.31,32 Due to the 

additional oxygen in the GE side chain, Lynd and coworkers postulated a “crown ether-effect” at 

the active polymer chain end, enhancing the GE reactivity.32 Following our findings, we hypothesize 

that the steric demand of the branched terpene structures impedes counterion complexation and, 

in turn, leads to an inversion of the comonomer reactivity.10 Furthermore, a slight deviation in 

reactivity ratios could also be due to solvent and counterion effects.31,47 

Table 2: Reactivity ratios for the AROP of various TGEs with EO in a mixture of THF-d8 and DMSO-d6 (5:1) at 40 °C, 
evaluated by the non-terminal model and the ideal Jaacks fit. 

Monomer Pendant group rEO
a rTGE

a R2 

Isoprenyl glycidyl ether C5H9O 1.03 ± 0.01 0.97 ± 0.01 0.99 

Prenyl glycidyl ether C5H9O 1.06 ± 0.01 0.94 ± 0.01 0.99 

Geranyl glycidyl ether C10H17O 1.08 ± 0.01 0.93 ± 0.01 0.99 

Neryl glycidyl ether C10H17O 1.07 ± 0.01 0.93 ± 0.01 0.99 

Farnesyl glycidyl etherb C15H25O 1.18 ± 0.01 0.85 ± 0.01 0.99 

Dihydroprenyl glycidyl ether C5H11O 1.18 ± 0.01 0.85 ± 0.01 0.99 

Tetrahydrogeranyl glycidyl ether C10H21O 1.21 ± 0.01 0.83 ± 0.01 0.99 

Hexahydrofarnesyl glycidyl ether C15H31O 1.25 ± 0.01 0.80 ± 0.01 0.99 

aErrors for reactivity ratios have been rounded up to the last significant digit.  bReactivity ratios of the FarGE/EO 

comonomer pair have been previously published for identical polymerization conditions.10 
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Figure 2: Molar-based composition diagrams of a P(EGn-co-IsoPreGEm) (top, left); a P(EGn-co-HHFarGEm) (top, right) and 
a P(EGn-co-POm) copolymer (bottom), respectively, modelled at an equimolar monomer ratio, with FX = molar fraction 
of TGE or PO. Calculations for TGEs are based on the reactivity ratios derived from a linear Jaacks fit46 (top, right), 
whereas reactivity ratios for the EO/PO comonomer pair are derived from literature (rEO = 2.80; rPO = 0.25).30 

In our kinetics study, IsoPreGE, and hexahydrofarnesyl glycidyl ether (HHFarGE) show the strongest 

discrepancy in their copolymerization behavior. To visually demonstrate the difference between 

the ideally random and gradient structures, we simulated the molar-based composition diagram of 

a statistical copolymer for EO with IsoPreGE and HHFarGE at an equimolar monomer ratio, 

respectively. Figure 2 demonstrates the effect of the reactivity ratio difference on the polymer 

microstructure. While the isoprenyl side chains are randomly distributed along the polyether chain, 

the copolymerization with HHFarGE produces a noticeable, but weak gradient copolyether, which 

determines the nature of the terminal units. HHFarGE units are slightly less incorporated at the 

onset of the growing polymer chain, whereas the gradient shows a noticeable increase towards the 

chain terminus. Based on a previous kinetic study by Heatley et al. and for comparison purposes we 

additionally depict the molar composition diagram for the highly relevant EO/PO comonomer pair 

(Figure 2, bottom).30 While statistical P(EGn-co-POm) copolymers feature a significantly stronger 

gradient composition profile, a nearly random microstructure can be realized by simply substituting 

PO by a TGE. 
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Having revealed the subtle reactivity differences of the available TGEs, we directed our attention 

to unraveling the unexpected appearance of novel signals during the in situ kinetics of the 

unsaturated C5-TGEs. Figure 3 depicts a zoom-in of the time-resolved overlay of 1H NMR spectra 

between 4.6 and 6.6 ppm, documenting the unexpected appearance of new signals during the 

copolymerization. Chain transfer to the monomer is a well-known drawback of the alkali metal 

mediated AROP of substituted epoxides, leading to the formation of new allylic species with signals 

in a similar down-field region, as evidenced by 1H NMR spectroscopy.48 More importantly, chain 

transfer would lead to an inaccurate PreGE consumption in our study, falsifying the determined 

reactivity ratios. Owing to the similarity of the signals’ shifts, we sought to obtain a deeper 

understanding of our observations regarding (i) signal assignment and (ii) validity of the determined 

reactivity ratios.  Interestingly, our findings indicate the occurrence of base-catalyzed γ-elimination 

of the prenyl protective group (Scheme S2) and formation of isoprene during the copolymerization 

(≤ 0.5% of overall monomer, Figure S34) rather than chain transfer.49–51 A cryotransfer of all volatile 

compounds following our kinetic study corroborated our hypothesis, as we identified isoprene via 

GC and NMR analysis (Figures S35 – S37). Concurrently, a hydroxyl functionality is released, which 

can act as an additional initiating species due to the degenerative proton transfer in the AROP.1 Yet, 

as the elimination occurs in trace amounts of less than 1%, a hyperbranched structure is not 

expected. The aforementioned observations and conclusions are conferrable to the 

copolymerization of EO and IsoPreGE as a structural isomer of PreGE (Figure S41).  
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Figure 3: Zoom-in region of stacked 1H NMR spectra (400 MHz, THF-d8 : DMSO-d6= 5:1) of the copolymerization kinetic 
investigation of PreGE and EO, validating the elimination of isoprene in small quantities. The doublet forming between 
4.71 and 4.77 ppm shows the concurrent prenyl-to-isoprenyl isomerization under basic AROP conditions. 

We observed that decreasing the base concentration in the NMR tube leads to a decrease in the 

overall isoprene formation by base-catalyzed elimination. This is in line with the results of the 

significantly more dilute copolymerization conditions in a flask, for which no isoprene formation 

has been observed. Additionally, we used dihydroprenyl glycidyl ether (DHPreGE) as a saturated 

model compound in an in situ kinetic measurement (Figures S50 – S52), for which, as anticipated, 

no new signals are witnessed (Figure S50). Intriguingly, the elimination reaction was only observed 

for the unsaturated C5-TGEs, which is presumably favored by a six-membered transition state 

(Scheme S2). Conclusively, the chosen copolymerization conditions suppress chain transfer 

reactions whilst trace elimination does not impact the accurate determination of the reactivity 

ratios. An additional finding is the partial base-catalyzed prenyl-to-isoprenyl isomerization of the 

side chain under basic conditions (and vice versa for IsoPreGE), as evidenced in Figure 3 and 

Figure S38.52 In contrast, the copolymerization EO with neryl and geranyl glycidyl ether (NerGE, 

GeraGE), respectively, shows little to no isomerization. The different degree of isomerization is 

further supported by 13C NMR characterization of P(EGn-co-PreGEm) and P(EGn-co-IsoPreGEm) 

copolymers, which show more pronounced carbon shifts of the isomerized side chain (compare 

Figures S20 and S22 vs. Figures S24 and S26). Similar in situ isomerization has already been reported 

for the AROP of EO with AGE, which undergoes a transformation from allyl- to cis-prop-1-enyl 
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ether.39,40 Due to the degree of substitution, PreGE isomerization is sterically promoted towards the 

isoprenyl structure. Overall, the different copolymerization behavior renders TGE highly promising 

building blocks to fine-tune the microstructure of mf-PEGs under the established AROP conditions. 

Thermal Properties of Statistical P(EG-co-TGE) Copolymers 

Differential scanning calorimetry (DSC) of the copolymers not only reveals the thermal properties 

(Figures S79 – S82), but also provides indirect support for the copolymer microstructure. PEG is a 

semicrystalline polyether with a melting temperature (Tm) of 65 °C. Generally, all synthesized co-

polymers exhibit a Tm that depends on the comonomer content. Accordingly, a gradual TGE increase 

results in an incremental decrease of Tm and the respective melting enthalpy. In contrast to block-

like structures, statistical copolymers with side chain functionalization show significant reduction 

of the PEG crystallization.5,10 The branched terpenyl side chains lead to regularly distributed steric 

disturbances along the PEG chain, prohibiting packing in highly ordered crystalline domains. For 

instance, incorporation of approximately 3 mol% TGE already reduces the Tm by ~ 25 °C. Melting 

points in the range of 30 °C to 40 °C, i.e., in a physiological temperature range are promising for a 

variety of pharmaceutical applications. Furthermore, branching does also not allow for side chain 

crystallization for the longer terpenyl side chains (C10), as indicated by the absence of a second Tm.8 

As expected for statistical copolymers with a random or soft gradient microstructure, only a single 

glass transition temperature Tg in the range of  -59 °C to -67 °C is observed.53 The prenyl side chain 

leads to a slightly higher Tg than isoprenyl,  which is tentatively ascribed to decreased chain 

flexibility. The results show that the difference in side chain length or side chain double bond 

configuration of the incorporated C5 and C10 TGE chain does not represent a key parameter in 

tailoring the thermal properties. Overall, the thermal properties of the copolymers observed for a 

low content of the TGE comonomers are a consequence of the almost ideally random 

microstructure. 

Post-Polymerization Modification 

The unsaturated side chains of the P(EG-co-TGE) copolymers are characterized by chemically 

different double bonds. Therefore, we investigated the different copolymer structures, focusing on 

their post-polymerization potential capitalizing on thiol-ene click and hydrogenation.  

Thiol-Ene Click Reaction 

Thiol-ene click photo reactions were carried out overnight in DCM using 2,2-dimethoxy-2-

phenylacetophenone (DMPA) as a radical photoinitiator and 2-mercaptoethanol as a functional 

thiol to demonstrate the general applicability. As trisubstituted, internal double bonds represent a 
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particular challenge with respect to modification, P(EG120-co-GeraGE12) was used as the model 

copolymer (Scheme 4). The ratios of double bonds/DMPA/thiol were varied to obtain fully 

functionalized copolymers with monomodal molar mass distributions. After the photoreaction, 

residual 2-mercaptoethanol was removed via aqueous extraction, followed by further purification 

via dialysis. 

 

Scheme 4: Thiol-ene modification of P(EG120-co-GeraGE12) employing 2-mercaptoethanol as a functional thiol. The 
copolymers in entries 4, 8, and 16 were modified in the same manner. For experimental details see Table S1. 

Generally, the reactivity of double bonds towards hydrothiolation decreases from terminal towards 

internal and subsequently multiple substituted double bonds.54–56 As the formation of the carbon-

sulfur bond is reversible and depends on the olefin and thiol structures, it is anticipated that the 

reverse reaction will be more pronounced for olefins with trisubstituted internal double bonds than 

less substituted olefins. Terpene-based small molecules with terminal double bonds can be 

modified with small amounts of excess equivalents of thiol.25 However, the respective modification 

conditions commonly used for small molecules induce cross-linking of double bond-containing 

polymers, leading to a multimodal molar mass distribution. This is evidenced in the high Mn of the 

polymer as determined by SEC (Figure 4, gray curve). A strategy to overcome crosslinking is the use 

of large excess thiol equivalents (Figure 4, compare red, cyan and purple curve) while keeping the 

required amount of the photoinitiator DMPA at a minimum (Figure 4, red and green curve). When 

200 equivalents of thiol per double bond are applied, a monomodal molar mass distribution is 

achieved. Comparing the functionalized copolymers to the starting P(EG120-co-GeraGE12) 

copolymer, a shift of the SEC elugram toward higher molar masses indicates the successful 

functionalization (dotted blue and purple curve).  
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Figure 4: SEC traces of P(EG120-co-GeraGE12) modified with different equivalents of the thiol 2-mercaptoethanol and 
DMPA with respect to one double bond (Eluent DMF, RI detector, PEG calibration). Purple line represents the SEC curve 
of the successful modification without crosslinking.  

Furthermore, 1H NMR analysis revealed complete conversion of both double bonds in all 

experiments (Figures S63 – 66). The incisive protons at 2.75 and 2.36 ppm refer to the methine 

protons from the anti-Markovnikov product of the two double bonds (Figure S65). The infrared 

spectrum illustrates a broad band at approximately 3400 cm-1 due to the added hydroxyl 

functionalities. The absence of the R-S-H band at 2500 cm-1 indicates complete removal of 2-

mercaptoethanol by dialysis (Figure S69). MALDI-ToF analysis provides further proof for complete 

modification, as the peak intervals solely correspond to the EO unit and the double functionalized 

GeraGE unit with 366 g∙mol-1 (Figure S73). It is noteworthy that unreacted 2-mercaptoethanol was 

recovered by fractional distillation in yields of 80% (see SI for details), reducing the overall thiol 

equivalents required for functionalization. Equally, we modified P(EG102-co-PreGE10), requiring 

600 eq. of thiol per double bond to suppress cross-linking (Figure S59). Surprisingly, SEC 

characterization still indicated a shoulder towards higher molar masses, even when 300 equivalents 

of thiol were used. P(EG123-co-NerGE13) required similar reaction conditions, despite its similarity to 

GeraGE. A different reactivity towards hydrothiolation of those species was not expected, however, 

adjusting the modification conditions enabled us to obtain monomodal distributions for both 

copolymer types (Figure S62).  

Hydrogenation via diimide reduction 

Typically, the production of diimide involves the thermal decomposition of para-toluenesulfonyl 

hydrazide (pTSH). Despite its effectiveness, the use of this reagent is accompanied by several 

limitations. These include the requirement for reflux in solvents with a high boiling point such as 

ortho-xylene, inefficient byproduct removal, and the occurrence of undesirable reactions towards 
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polyisoprene, such as chain degradation, cyclization, and nucleophilic attack of para-tolylsulfinate 

anion.57,58 Chain degradation can be reduced by the addition of a tertiary amine and, conclusively, 

the pTSH route represents a reasonable alternative to catalyzed hydrogenation. While the diimide 

reduction using pTSH is a well-known hydrogenation method, the use of potassium 

azodicarboxylate (PADA) as an in situ hydrogenation agent has been scarcely investigated to date.59 

Thus, we investigated the post-polymerization hydrogenation of terpenoid structures employing 

PADA with respect to (i) hydrogenation temperature, (ii) applied PADA equivalents and (iii) the 

solvent volume required. Detailed experimental procedures and further results (Table S2) are 

provided in the SI. PADA was utilized to generate the diimide, which upon decomposition produced 

potassium acetate as a byproduct. The general procedure involved dissolving the dry polymer in 

dry pyridine, followed by the addition of PADA. A slurry was created, into which dry glacial acetic 

acid was added dropwise to induce decomposition. It is important to note that the decomposition 

of PADA is strongly influenced by the concentration of acid.60 

 

Scheme 5: Hydrogenation of P(EG120-co-GeraGE12) employing potassium azodicarboxylate (PADA). Intermediate steps 
towards diimide are omitted but can be found in the introduction. 

The acyclic TGE side chains incorporate two types of double bonds: an in-chain double bond in allyl-

position to the oxygen in either cis- or trans-configuration as well as a double bond of varying 

degree of substitution. In this study, we deliberately selected GeraGE carrying both types of double 

bonds to highlight the proof-of-principle and robustness of our approach. First experiments showed 

that decreasing the temperature from RT to 0 °C only affects the degree of hydrogenation in 

concentrated solutions, yet the efficiency was reduced to a maximum of 53% (Table S2, entry 1 – 

4). Next, we increased the volume of the solvent to 3 ml, which increased the degree of 

hydrogenation from 25% to 53% according to 1H NMR characterization (Table S2, entry 4 and 8). As 

the slower decomposition of PADA directly correlates with the slower dosage and reduced 

concentration of acetic acid in the reaction mixture, improved hydrogenation and reduction of side 

reactions are observed. A similar effect was observed upon increasing the PADA equivalents from 

2.5 to a maximum of 15 per double bond (Table S2, entries 4 and 8). Figure 5 illustrates the double 
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bond resonances before and after hydrogenation, respectively, showing a decrease in double bond 

signals and an increase in the region of aliphatic resonances (Full analysis in Figures S75 – S77 of 

the SI). 

 

 

Figure 5: Stacked 1H NMR spectra of P(EG120-co-GeraGE12) before (top) and after (bottom) hydrogenation employing 
PADA. The double bond with a deficiency of electrons (colored green, resonating at 5.30 ppm) undergoes 
hydrogenation with a slight preference. The orange star denotes the terminal double bond of the isomerized product 
and is not considered in the calculations. 

This described method of producing diimide using PADA is suitable for post-polymerization 

hydrogenation, even with partial hydrogenation. We would like to emphasize that the structures 

presented are difficult to hydrogenate, both due to the trisubstituted double bonds and the 

attachment to a polymer chain. The reactivity of a double bond is lowered significantly by alkyl 

substitution.61 For instance, the relative hydrogenation rate constant of 2-methyl-1-pentene, which 

represents a terminal disubstituted substrate, is 7.3 times higher than that of 2-methyl-2-butene, 

which is comparable to a terpene unit.37,62 Additionally, upon an increase of acetic acid equivalents 

(> 2 equivalents), we observed a broadening of the molar mass distribution via SEC (Figure S78). 

Similar observations have been reported for the hydrogenation of polyisoprene-based polymers 

using para-toluenesulfonyl hydrazide, caused by the formation of para-toluene-sulfonic acid as a 

byproduct.57 Ultimately, the diimide reduction of P(EG-co-TGE) copolymers requires further 

optimization, but PADA already shows good hydrogenation efficiencies of less substituted double 

Avg. degree of hydrogenation: 53 %
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bonds in polymers in model experiments. Nevertheless, it is a particularly interesting method for 

the hydrogenation of amphiphilic structures, as facile purification is enabled due to the volatile 

coupling product, i.e., carbon dioxide.  

Conclusion 

TGEs represent a bio-derived class of epoxide monomers, which yet have been hardly employed. 

The easy-to-synthesize nature and structural variety of terpenes lead to a versatile monomer 

platform for polyethers, polycarbonates, and polyester synthesis. We have demonstrated the 

successful copolymerization of EO with TGEs (PreGE, IsoPreGE, GeraGE, NerGE), introducing 

branched terpenyl side chains along the polyether backbone. Four systematic series of well-defined 

statistical copolymers with a TGE content up to 10 mol% have been prepared, maintaining aqueous 

solubility and crystallizability of PEG, while introducing backbone functionality. A molar mass range 

between 4 800 and 8 300 g∙mol-1 was explored. Generally, the molar mass distribution showed low 

dispersities Ð in the range of 1.05 – 1.13. As expected, the statistical distribution of the branched 

terpenyl side groups gradually reduced PEG crystallization with increasing TGE content. Thus, 

thermal properties can be tailored by varying the comonomer ratio. Melting points in the range of 

14 to 40 °C were obtained. Only marginal differences in glass transition temperatures were 

observed, despite the differing side chain length.  

In situ 1H NMR kinetic investigations revealed a TGE reactivity trend and unraveled the copolymer 

microstructure. TGE reactivity only slightly decreases with increasing side chain length, flexibility, 

and hydrophobicity. Ideally random behavior was found for the EO/IsoPreGE comonomer pair, 

whereas HHFarGE features the strongest, but mild gradient in the copolyether series.  

The unsaturated double bonds of the terpenyl side chains allow for post-polymerization 

modification.33 Both modification reactions, thiol-ene click and hydrogenation, addressed the 

unsaturated double bonds (di- and trisubstituted) of the terpenyl side chains. A representative 

thiol-ene click reaction was performed using 2-mercaptoethanol on all four types of synthesized 

copolyethers, comprised of ~ 10 mol% of TGE units. We achieved full functionalization for all 

copolymers, however, the thiol equivalents had to be varied between 200 and 600, depending on 

the respective TGE side chain to prevent crosslinking. Recycling of the thiol equivalents was possible 

by up to 80%. Furthermore, the diimide reduction using PADA for side chain hydrogenation has 

been studied for the first time. Despite the difficulty of the hydrogenation of trisubstituted double 

bonds, we were able to achieve a hydrogenation of 53%, while the gaseous release of CO2 as the 

coupling product did not require further purification. 
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In contrast to commonly reported para-toluenesulfonyl hydrazide for hydrogenation purposes, 

PADA may have been overlooked as a hydrogenation agent in previous research. However, if side 

chain double bonds are not desired, the utilization of fully hydrogenated TGEs may prove 

advantageous, given the low hydrogenation efficiency. While the subtle differences in the reactivity 

ratios of hydrogenated TGEs compared to their non-hydrogenated counterparts result in a slight 

gradient microstructure, the resulting copolyethers are likely to exhibit enhanced heat and 

oxidation resistance while minimizing crosslinking side reactions. 

Altogether, we consider the extended TGE library as a versatile platform, allowing for the controlled 

synthesis of P(EGn-co-TGEm) copolymers as promising PEG derivatives of a partially bio-based 

nature. The structural variety and potential for postfunctionalization is promising for a diverse 

scope of applications, ranging from surfactants to polymeric drug carriers and microgels.1,5,63,64 
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Supporting Information 

Experimental Section 

Reagents 

All chemicals and solvents were acquired from commercial suppliers (Sigma-Aldrich, Fluka, Alfa 

Aesar, Acros, TCI) and used without prior purification, unless otherwise stated. Deuterated solvents 

were purchased from Deutero GmbH. Ethylene oxide (EO) was obtained by Air Liquide. All 

terpenoids were purchased from Sigma-Aldrich. The long-chain terpenyl glycidyl ethers (TGEs), 

farnesyl glycidyl ether (FarGE) and hexahydrofarnesyl glycidyl ether (HHFarGE), were dried 

azeotropically with benzene overnight under reduced pressure. All other TGEs were dried by cryo-

transfer after stirring over calcium hydride (CaH2) for 2 h prior to polymerizaton. Tetrahydrofuran 

(THF) was dried over diphenylhexyllithium (adduct of sec-butyllithium and 1,1-diphenylethylene), 

degassed by three freeze-pump-thaw cycles and stored under vacuum until distilled into the 

polymerization flask. Anhydrous dimethyl sulfoxide (DMSO) stored over molecular sieves was used 

for the statistical copolymerizations. Prior to all in situ 1H NMR kinetics, deuterated THF (THF-d8) 

was cryo-transferred after stirring over CaH2 overnight. For each kinetic, a new bottle of deuterated 

DMSO (DMSO-d6) was utilized to ensure the absence of water residues. 

Instrumentation 

Nuclear Magnetic Resonance (NMR) Spectroscopy 

Standard NMR spectra were recorded at 23 °C either on a Bruker Avance II HD 400 spectrometer or 

on a Bruker Advance III HD 300 spectrometer, referenced internally to residual protium signals of 

the deuterated solvent (1H NMR spectra) and the deuterated solvent itself (13C NMR spectra). 

2D NMR analysis and in situ 1H NMR copolymerization kinetics were investigated on a Bruker 

Avance III HD 400 spectrometer operated at 400 MHz (5 mm BBFO-SmartProbe (Z-gradient), an 

ATM and a SampleXPress 60 auto sampler). Diffusion-Ordered Spectroscopy (DOSY) spectra were 

collected using a Bruker Avance III HD 400 spectrometer at 23 °C. Spectra were processed using 

MestReNova software 14.2.0. NMR spectroscopy data is reported as follows: chemical shift, 

multiplicity and integration. Spectra annotation uses lowercase letters for proton signals and capital 

letters for carbon signals. 
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Fourier-Transformations-Infrared Spectroscopy (FT-IR Spectroscopy) 

FT-IR spectroscopy was performed on a Nicolet iS10 FT-IR spectrometer (Thermo Scientific, 

Waltham, MA, USA) equipped with a diamond ATR unit. Spectra were recorded in a frequency range 

of 650–3500 cm-1. 

Size Exclusion Chromatography (SEC) 

SEC analysis was performed with an Agilent 1100 series SEC system with a HEMA 300/100/40 Å 

column cascade, equipped with UV (254 nm) and RI detectors. Measurements were conducted with 

a flow rate of 1 mL·min-1 with DMF as eluent (with 1 g·mL-1 lithium bromide) at 50 °C. Toluene was 

used as a reference for the baseline. The SEC calibration was carried out with poly(ethylene glycol) 

standards provided from Polymer Standard Service (PSS). PSS WinGPC UniChrom software was used 

for all data recording and processing. 

Matrix-assisted Laser Desorption Ionization Time-of-Flight (MALDI-ToF) Mass 

Spectrometry 

MALDI-ToF was conducted on a Bruker autoflex maX MALDI-ToF-MS/MS with multi target plate in 

linear mode. Trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile was used as 

a matrix (DCTB) and potassium trifluoroacetate (KTFA) as a salt additive.  

Differential Scanning Calorimetry (DSC) 

DSC measurements of the polymer samples were carried out on a DSC 250, TA Instrument, applying 

indium and n-octane as calibration standard. After drying all samples azeotropically, each sample 

was sealed in an aluminum pan and measured against an empty pan as reference under a nitrogen 

atmosphere. The DSC samples were cooled from 40 °C to -90 °C and then heated to 100 °C, followed 

by an additional cooling and heating cycle in the temperature range of -90 °C and 100 °C. Heating 

and cooling cylces were set to a rate of 10 °C/min. All melting temperatures (Tms) and glass 

transition temperatures (Tgs) values were evaluated from the second heating cycle to ensure the 

removal of the thermal history.  

Gas Chromatography (GC) 

GC measurements were conducted using a Shimadzu GC-2010 (Shimadzu, Japan) with a VWR 

AvantorTM Hichrom HI-5 MS column (VWR International GmbH, Germany). Dimensions of the 

column: Length 30 m, inner diameter 0.25 mm, coating thickness 0.25 µm. Carrier gas hydrogen. 

Injector temperature 250 °C, start temperature 27 °C for 3 min. Heating rate 1 °C/min to 32 °C, 

heating rate 40 °C/min to 300 °C, hold for 4 min. Detector temperature 330 °C. Total time 18.7 min. 
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Monomer Synthesis 

The phase transfer catalysis by Mouzin et al. was modified subject to the terpenyl side chain 

targeted.1,2 The presented synthesis for TGEs of hemiterpenoids has been altered to previously 

reported synthetic approaches.  

Synthesis of TGEs from hemiterpenoids 

The following synthesis protocol was used for the short-chain TGEs, namely prenyl glycidyl ether 

(PreGE), isoprenyl glycidyl ether (IsoPreGE) and dihydro glycidyl ether (DHPreGE). 

An aqueous sodium hydroxide solution (33 % (w/w) solution, Vsolution = 150.5 mL; NaOH: 50.14 g, 

1.25 mol, 12.7 equiv.), tetrabutylammonium hydrogen sulfate (TBAHS, 1.89 g, 0.006 mol, 0.04 

equiv.) and epichlorohydrin (ECH, 57.9 mL, 68.32 g, 0.738 mol, 5.30 equiv.) were added to a three-

necked flask, equipped with a dropping funnel and mechanical stirrer. The mixture was cooled to 0 

°C using an ice bath and the prenol (3-methyl-2-buten-1-ol, 13.6 mL, 12.00 g, 0.139 mol, 1 equiv.) 

was added dropwise over 90 min whilst vigorously stirring the suspension. Note that it is imperative 

to keep the reaction temperature below 5 °C to avoid the augmented formation of side products. 

Stirring continued at 0 °C for 3.5 h, followed by another 90 min at r.t.. The reaction was quenched 

with ice and the crude product was extracted with diethyl ether (DEE). The combined organic 

phases were washed with brine until a neutral pH value was obtained and dried using magnesium 

sulfate (MgSO4). DEE was removed under reduced pressure and a first distillation at 25 mbar 

enabled the removal of undesired side products. Fractionated distillation at high vacuum (p= 6∙10-

3 mbar, Tb,PreGE = 30 - 33 °C) afforded PreGE as a colorless liquid in yields of 64 %. 

 

Prenyl glycidyl ether 

 

Yield: 64 % 

Purification by distillation: p = 6∙10-3 mbar, Tb,PreGE = 30 - 33 °C  

1H NMR (400 MHz, chloroform-d1): δ (ppm) = 5.26 (tdq, J = 7.1, 2.8, 1.4 Hz, 1H, He), 4.01 – 3.86 (m, 

2H, Hd), 3.59 (dd, J = 11.4, 3.2 Hz, 1H, Hc), 3.29 (dd, J = 11.4, 5.8 Hz, 1H, Hc), 3.05 (ddt, J = 5.9, 4.2, 



Chapter 5: Poly(Terpenyl Glycidyl Ether)s 

 
294 
 

2.9 Hz, 1H, Hb), 2.69 (dd, J = 5.1, 4.1 Hz, 1H, Ha), 2.51 (dd, J = 5.1, 2.7 Hz, 1H, Ha), 1.66 (s, 3H, Hg), 

1.59 (s, 3H, Hh). 

13C NMR (100 MHz, chloroform-d1): δ (ppm) = 137.16 (CF), 120.72 (CE), 70.55 (CC), 67.57 (CD), 50.71 

(CB), 44.20 (CA), 25.63 (CG), 17.86 (CH). 

 

Isoprenyl glycidyl ether 

 

Yield: 59 % 

Purification by distillation: p = 11∙10-3 mbar, Tb,IsoPreGE = 32 - 35 °C 

1H NMR (300 MHz, chloroform-d1): δ (ppm) =  4.81 – 4.67 (d, 2H, Hh), 3.72 (dd, J = 11.6, 3.0 Hz, 1H, 

Hd), 3.59 (qt, J = 9.4, 6.9 Hz, 2H, Hc), 3.37 (dd, J = 11.6, 5.8 Hz, 1H, Hd), 3.12 (ddt, J = 5.8, 4.1, 2.9 Hz, 

1H, Hb), 2.77 (dd, J = 5.1, 4.1 Hz, 1H, Ha), 2.58 (dd, J = 5.0, 2.7 Hz, 1H, Ha), 2.35 – 2.23 (m, 2H, He), 

1.73 (s, 3H, Hg). 

13C NMR (75 MHz, chloroform-d1): δ (ppm) = 142.72 (CF), 111.65 (CH), 71.56 (CC), 69.98 (CD), 50.94 

(CB), 44.33 (CA), 37.82 (CE), 22.74 (CG). 

 

Dihydroprenyl glycidyl ether 

 

Yield: 51 % 

Purification by distillation: p = 3.5∙10-2 mbar, Tb,DHPreGE = 27 – 28 °C 

1H NMR (300 MHz, chloroform-d1): δ (ppm) =  3.68 (dd, J = 11.5, 3.1 Hz, 1H, Hc), 3.58 – 3.40 (m, 2H, 

Hd), 3.35 (dd, J = 11.5, 5.8 Hz, 1H, Hc), 3.11 (ddt, J = 5.8, 4.2, 2.9 Hz, 1H, Hb), 2.76 (dd, J = 5.1, 4.1 Hz, 
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1H, Ha), 2.58 (dd, J = 5.1, 2.7 Hz, 1H, Ha), 1.81 – 1.57 (m, 1H, Hf), 1.46 (q, J = 6.7 Hz, 2H, He), 0.88 (d, 

J = 6.6 Hz, 6H, Hg, Hh). 

13C NMR (75 MHz, chloroform-d1): δ (ppm) = 71.56 (CC), 70.10 (CD), 50.98 (CB), 44.38 (CA), 38.56 (CE), 

25.10 (CF), 22.71 (CG, CH). 

Synthesis of TGEs from mono- and sesquiterpenoids 

The procedure refers to the synthesis of geranyl glycidyl ether (GeraGE), neryl glycidyl ether 

(NerGE), tetrahydrogeranyl glycidyl ether (THGeraGE) and hexahydrofarnesyl glycidyl ether 

(HHFarGE).2,3 

A three-necked flask, equipped with a mechanical stirrer and dropping funnel, was charged with an 

aqueous sodium hydroxide solution (50 % (w/w) solution, Vsolution = 96.26 mL; NaOH: 48.13 g, 

1.20 mol, 12.7 equiv.), tetrabutylammonium hydrogen sulfate (TBAHS, 1.29 g, 0.004 mol, 

0.04 equiv.) and epichlorohydrin (ECH, 39.38 mL, 46.47 g, 0.738 mol, 5.30 equiv.). The reaction 

mixture was cooled to 0 °C with an ice bath, followed by the dropwise addition of 

tetrahydrogeraniol (3,7-dimethyloctan-1-ol, 15.0 mL, 17.05 g, 0.095 mol, 1 equiv.) within 30 min 

under vigorous stirring. Stirring was continued at r.t. until complete consumption of the terpenoid 

(20 – 24 h). After quenching the reaction with ice, the crude product was extracted with DEE and 

the combined organic phases were washed with brine until neutrality, then dried over MgSO4. DEE 

was removed using rotary evaporation and subsequent Kugelrohr distillation served as a first 

purification step. A high vacuum distillation (p = 5 – 12 ∙10-3 mbar) enables the removal of potential 

side products (3-Chloroallyl glycidyl ether (3-Chloro-AGE), diglycidyl ether). Finally, Kugelrohr 

distillation (p = 12∙10-3 mbar, TKugelrohr,THGeraGE = 130 – 135 °C) isolated purified THGeraGE as a 

colorless liquid in yields of 81%.  

As previously established for long-chain TGEs, we pretreated the TGEs with methyl iodide (MeI) and 

sodium hydride (NaH), deactivating any residual protic impurities while extensively drying the 

monomer.2 Therefore, a flame-dried Schlenk flask, charged with NaH (0.22 equiv.), was cooled to 

0 °C, followed by the addition of the TGE (1.00 equiv.). MeI (0.10 equiv.) was syringed into the flask 

after 2 h and the reaction mixture was allowed to warm up to r.t.. After 22 h, the mixture was 

diluted with hexane and filtered multiple times to remove accrued sodium iodide. The TGEs were 

isolated in quantitative yields after Kugelrohr distillation.  
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Geranyl glycidyl ether 

 

Yield: 83% 

Purification by Kugelrohr distillation: p = 7∙10-3 mbar, TKugelrohr, GeraGE = 130 – 135 °C 

1H NMR (400 MHz, chloroform-d1): δ (ppm) = 5.32 (ddq, J = 6.8, 5.4, 1.3 Hz, 1H, He), 5.06 (ddp, J = 

6.9, 5.7, 1.5 Hz, 1H, Hj), 4.10 – 3.95 (m, 2H, Hd), 3.65 (dd, J = 11.4, 3.2 Hz, 1H, Hc), 3.36 (dd, J = 11.4, 

5.8 Hz, 1H, Hc), 3.12 (ddt, J = 5.9, 4.2, 3.0 Hz, 1H, Hb), 2.76 (dd, J = 5.1, 4.1 Hz, 1H, Ha), 2.57 (dd, J = 

5.1, 2.7 Hz, 1H, Ha), 2.13 – 1.96 (m, 4H, Hi, Hh), 1.64 (dt, J = 2.3, 1.2 Hz, 6H, Hg, Hl), 1.57 (d, J = 1.4 Hz, 

3H, Hm). 

13C NMR (100 MHz, chloroform-d1): δ (ppm) = 140.64 (CF), 131.66 (CK), 123.98 (CJ), 120.53 (CE), 70.63 

(CC), 67.77 (CD), 50.89 (CB),  44.45 (CA), 39.62 (CH), 26.37 (CI), 25.71 (CM), 17.70 (CL), 16.49 (CG). 

 

Neryl glycidyl ether 

 

Yield: 81% 

Purification by Kugelrohr distillation: p = 7∙10-3 mbar, TKugelrohr, NerGE = 135 – 145 °C 

1H NMR (400 MHz, chloroform-d1): δ (ppm) = 5.35 (tq, J = 6.9, 1.5 Hz, 1H, He), 5.08 (ttd, J = 5.9, 3.0, 

1.5 Hz, 1H, Hj), 4.09 – 3.94 (m, 2H, Hd), 3.66 (dd, J = 11.3, 3.3 Hz, 1H, Hc), 3.38 (dd, J = 11.3, 5.8 Hz, 

1H, Hc), 3.14 (ddt, J = 5.9, 4.1, 3.0 Hz, 1H, Hb), 2.78 (dd, J = 5.0, 4.1 Hz, 1H, Ha), 2.59 (dd, J = 5.0, 2.7 

Hz, 1H, Ha),  

2.12 – 1.99 (m, 4H, Hh, Hi), 1.74 (s, 3H, Hg), 1.68 (s, 3H, Hm), 1.59 (s, 3H, Hl). 
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13C NMR (100 MHz, chloroform-d1): δ (ppm) = 140.97 (CF), 132.08 (CK), 123.90 (CJ), 121.59 (CE), 

70.79 (CC), 67.60 (CD), 50.97 (CB), 44.56 (CA), 32.35 (CH), 26.79 (CI), 25.80 (CM), 23.59 (CG), 17.74 (CL). 

 

Tetrahydrogeranyl glycidyl ether 

 

Yield: 81 % 

Purification by Kugelrohr distillation: p = 12∙10-3 mbar, TKugelrohr,THGeraGE = 130 – 135 °C  

1H NMR (300 MHz, chloroform-d1): δ (ppm) =  3.71 (dt, J = 11.5, 2.9 Hz, 1H, Hc), 3.63 – 3.42 (m, 2H, 

Hd), 3.38 (ddd, J = 11.5, 5.8, 3.0 Hz, 1H, Hc), 3.15 (ddt, J = 5.8, 4.1, 2.9 Hz, 1H, Hb), 2.80 (dd, J = 5.1, 

4.1 Hz, 1H, Ha), 2.61 (dd, J = 5.1, 2.7 Hz, 1H, Ha), 1.73 – 1.01 (m, 8H, He, Hf, Hh, Hi, Hj, Hk), 0.88 (dd, J 

= 6.6, 5.2 Hz, 9H, Hg, Hl, Hm). 

13C NMR (75 MHz, chloroform-d1): δ (ppm) = 71.59 (CC), 70.07 (CD), 51.00 (CB), 44.41 (CA), 39.36 (CJ), 

37.46 (CH), 36.79 (CE), 29.91 (CF), 28.06 (CK), 24.76 (CI), 22.80 (CM, CL), 19.76 (CG). 

 

Hexahydrofarnesyl glycidyl ether 

 

Yield: 78 % 

Purification by Kugelrohr distillation: p = 5∙10-3 mbar, TKugelrohr,HHFarGE = 160 °C 

1H NMR (400 MHz, chloroform-d1): δ (ppm) = 3.70 (dt, J = 11.5, 3.4 Hz, 1H, Hc), 3.60 – 3.43 (m, 2H, 

Hd), 3.38 (ddd, J = 11.5, 5.8, 4.2 Hz, 1H, Hc), 3.14 (ddt, J = 5.8, 4.1, 2.9 Hz, 1H, Hb), 2.79 (dd, J = 5.1, 

4.1 Hz, 1H, Ha), 2.60 (ddd, J = 5.1, 2.8, 0.9 Hz, 1H, Ha), 1.70 – 0.96 (m, He, Hf, Hh, Hi, Hj, Hk, Hm, Hn, 

Ho), 0.96 – 0.78 (m, Hg, Hl Hr, Hq). 
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13C NMR (100 MHz, chloroform-d1): δ (ppm) = 71.63 (CC), 70.17, 70.14 (CD), 51.05 (CB), 44.50, 

44.49 (CA), 39.50 (CO), 37.63, 37.59 (CM), 37.51 (CH), 37.47, 37.40 (CJ), 36.88, 36.80, (CE), 32.91 (CK), 

30.00, 29.99, 29.97 (CF), 28.12 (CP), 24.96, 24.93 (CN), 24.49 (CI), 22.86, 22.77 (CQ, CR), 19.88, 19.84, 

19.81, 19.78 (CG, CL). 

Polymerization Procedures 

Synthesis procedure for statistical copolymerization of TGEs with EO  

The statistical copolymerization of TGEs and EO was conducted in an equal manner for all epoxide 

monomers applied. In the following, the general polymerization procedure is exemplified for 

P(EG120-co-GeraGE12) (Table 1, entry 12). In a flame-dried anionic polymerization flask, cesium 

hydroxide monohydrate (95.4 mg, 0.57 mmol, 0.9 equiv.) and 2-(benzyloxy)ethanol (91.0 mg, 0.59 

mmol, 1.0 equiv., BzEtOH), were suspended in benzene (10 mL) under an argon atmosphere. After 

stirring the mixture for 1 h at 60 °C, the removal of benzene under reduced pressure afforded the 

partially deprotonated initiator salt. Subsequently, the dried initiator was dissolved in anhydrous 

DMSO (0.80 mL) and tetrahydrofuran (THF, 4.2 mL) (VDMSO/VTHF=1:5) and stirred for 20 min at r.t.. 

THF was added via cryo-transfer to remove protic stabilizers. The reaction mixture was cooled 

to -82 °C using an ethanol/liquid nitrogen bath and previously dried GeraGE (1.63 mL, 1.43 g, 6.82 

mmol, 11.4 equiv.) was syringed into the flask. Quantification of EO (2.82 mL, 2.70 g, 61.3 mmol, 

102.6 equiv.) was realized via distillation into a graduated ampule under vacuum, followed by a 

cryo-transfer into the cooled polymerization flask. The polymerization was undertaken at 40 °C for 

24 h and terminated with an excess of methanol (MeOH). All solvents were evaporated under 

reduced pressure and dialysis (MWCO = 1000 g∙mol-1) against a Milli-Q® water/MeOH mixture 

(VMeOH/Vwater=5/1) removed salt impurities and DMSO traces. Lyophilization afforded a brown 

viscous copolymer in yields of 77 %. Table 1 summarizes the copolymer characterization data. 

In situ 1H NMR kinetic study of a statistical copolymerization of TGEs with EO 

In situ 1H NMR kinetic investigations for the copolymerization of a variety of TGEs with EO were 

performed in a sealable Norell S-500-VT-7 NMR tube subject to a procedure by Herzberger et al.4 

In general, the polymerization set up in an NMR tube is restricted by its volume. To reproduce the 

optimized polymerization conditions (40 °C, THF-d8/DMSO-d6 = 5/1 (VTHF/VDMSO)) for the TGE copoly-

merizations, batch calculations and theoretical comonomer ratios vary with each monomer in 

dependance of its chain length. This results from the varying molecular weights and densities of the 

applied TGEs. Note that EO is a highly toxic, flammable gas, which requires careful handling. As 

small amounts of EO are required for the in situ kinetic measurements, comonomer ratios are 

further impacted by small variations of the measured EO volumes.   
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The pre-dried initiator salt, cesium 2-(benzyloxy)ethanolate (degree of deprotonation: 95 %), was 

prepared in a 10-fold excess and dissolved in anhydrous DMSO-d6 under stirring for 30 min (initiator 

stock solution). Its preparation was carried out in accordance with the statistical copolymerization 

protocol described in the previous section. After evacuating the oven-dried NMR tube, using a 

Teflon stopcock using Schlenk-line vacuum, EO was cryo-transferred into the NMR tube under static 

vacuum at -45 °C with an acetone/nitrogen bath. Subsequently, an aliquot of the initiator stock 

solution and THF-d8 were syringed into the tube under argon atmosphere while cooling was 

maintained. After a final evacuation cycle, the reaction mixture was allowed to warm to room 

temperature and shaken vigorously to homogenize the solution. Then, the NMR tube was placed in 

the preheated NMR spectrometer (40 °C) and a control spectrum was recorded once a stable 

temperature in the probe head was reached (~10 min, ΔT = 0.1 K). The sample rotation was turned 

off and 1H NMR spectra with 1 scan per spectrum were recorded in 2 min intervals. After the kinetic 

study, the copolymer was characterized via SEC analysis.  

Monitoring the integrals of the epoxide functionality of EO and the respective TGE renders the 

calculation of the monomer consumption with preceding copolymerization possible. Therefore, the 

normalized monomer consumption was analyzed using the NIREVAL software from Johann et al.5 

For the evaluation of the reactivity ratios of the comonomer pair the Jaacks method was applied 

for a 90 % TGE conversion to ensure a significant signal-to-noise ratio.6 

Procedures for Post-polymerization Functionalizations 

Thiol-Ene Click 

The following procedure was applied to all double bond containing monomers. As an example, the 

modification of P(EG120-co-GeraGE12) is described. The polymer (50 mg, 6.76 µmol) and 2,2-

dimethoxy-2-phenylacetophenone (DMPA, 83.1 mg, 0.324 mmol, 48 eq., 0.01 eq. to the thiol) were 

added to a Schlenkflask equipped with a magnetic stirrer and rubber septum. 8 ml of DCM was 

added, followed by 2-mercaptoethanol (2.53 g, 32.4 mmol, 4800 eq., 200 eq. per double bond). 

After mixing, three freeze-pump-thaw cycles were applied. Subsequently, an argon-filled balloon 

was attached to the Schlenkflask through the septum. The stirred mixture was irradiated overnight 

using a UV lamp (254 nm) at a distance of 5 cm. After the reaction the mixture was extracted against 

water (20 ml) thrice. Additionally, the polymer was purified by dialysis against MeOH (Orange 
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Scientific, Molecular weight cut-off 1000 g/mol, 1 L, solvent changed thrice). The solvents were 

evaporated obtaining the modified polymer in typical yields of 80 %. 

Since every copolymer needed slightly different ratios of DMPA and 2-mercaptoethanol the set-ups 

are displayed in the following table. The authors would like to emphasize that the quantities 

mentioned are not necessarily the lowest possible. The experimental procedure was optimized for 

P(EG120-co-GeraGE12) first. The amounts were adjusted to the polymers. DMPA was modified and/or 

2-mercaptoethanol was increased to suppress crosslinking. 

Table S1: Precursor polymers and the respective equivalents of Thiol and DMPA in the thiol-ene click 
postpolymerization modification. 

 

Recovery of unreacted 2-mercaptoethanol  

After the reaction, the volatile compounds, mainly DCM and 2-mercaptoethanol, were 

cryotransferred into a schlenkflask equipped with a magnetic stirrer. The volatile compounds were 

fractionally distilled, 2-mercaptoethanol was received in a yield of 80 %. 

Synthesis of potassium azodicarboxylate (PADA) 

PADA was synthesized according to Groves and Ma.7 30 mL of a 40 w.-% aqueous potassium 

hydroxide solution was added to a 50 mL round-bottom flask equipped with a magnetic stirrer. The 

flask was immersed into a water bath at 6 °C. Azodicarboxylate (4.84 g, 41.7 mmol) was added 

portion wise over 2 h. The precipitate was filtered off using a glass frit and washed 20 times with 

ice cold methanol. The product was dried in a desiccator over 1.5 d employing vacuum, giving an 

intense yellow powder. The yield was 7.18 g, 37.0 mmol, 89 %. 

Hydrogenation 

Hydrogenation of polymers with potassium azodicarboxylate (PADA) is rarely employed.8 The 

described procedure was developed during the optimization experiments and represents the best 

result. We oriented on the procedures described from Groves and Ma7 as well as Snyder and 

Hamersma.9 

Entry Polymer Thiol/Double bond DMPA eq./Thiol 

1 P(EG102-co-PreGE10) 600 0.010 

2 P(EG126-co-IsoPreGE12) 200 0.010 

3 P(EG120-co-GeraGE12) 200 0.010 

4 P(EG123-co-NerGE13) 600 0.015 
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Scheme S1: Acidic decomposition of potassium azodicarboxylate (PADA) to generate diimide and subsequent polymer 
hydrogenation. Gaseous carbon dioxide and nitrogen as well as readily water-soluble potassium acetate are produced 
as coupling products. 

The hydrogenation was applied to P(EG120-co-GeraGE12). 50 mg (6.76 µmol) were transferred in a 

flame dried Schlenk flask equipped with a rubber septum and a magnetic stirrer using Toluene. The 

solvent was removed in vacuo yielding the dried polymer due to azeotropic distillation. PADA 

(423 mg, 360 eq., 15 eq. per double bond) and 3 ml of dry pyridine (stored over mole sieve, Fisher 

Scientific) were added. To the stirred slurry glacial acetic acid (distilled from P4O10 and stored over 

Argon, 0.28 ml, 720 eq., 2 eq. per PADA) was slowly added dropwise with a syringe. After complete 

addition of the glacial acetic acid the mixture was allowed to react overnight. The now colorless 

suspension was suspended in CHCl3, solids were filtered off and the organic phase was washed with 

water twice (20 ml). The solvents were evaporated yielding the polymer in a yield of 85 %.  

Table S2: Reaction conditions of the hydrogenation of P(EG120-co-GeraGE12) employing potassium azodicarboxylate 
(PADA). 

    Remaining signal of the DB  

Entry T / °C Eq. PADA/DB V(Py) / mL 5.30 ppm 5.08 ppm avg. efficiency 

1 0 2.5 0.4 58 % 64 % 39 % 

2 25 2.5 0.4 92 % 89 % 10 % 

3 0 15 0.4 44 % 49 % 53 % 

4 25 15 0.4 73 % 78 % 25 % 

5 0 2.5 3 71 % 74 % 28 % 

6 25 2.5 3 74 % 80 % 23 % 

7 0 15 3 48 % 55 % 48 % 

8 25 15 3 43 % 49 % 53 % 
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NMR Spectra of TGEs 

 

Figure S1: 1H NMR spectrum (300 MHz, CDCl3) of PreGE. 

 

 

Figure S2: 13C NMR spectrum (75 MHz, CDCl3) of PreGE. 
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Figure S3: 1H NMR spectrum (300 MHz, CDCl3) of IsoPreGE. 

 

 

Figure S4: 13C NMR spectrum (75 MHz, CDCl3) of IsoPreGE. 
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Figure S5: 1H NMR spectrum (400 MHz, CDCl3) of GeraGE. 

 

 

Figure S6: 13C NMR spectrum (100 MHz, CDCl3) of GeraGE. 
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Figure S7: 1H NMR spectrum (400 MHz, CDCl3) of NerGE. 

 

 

Figure S8: 13C NMR spectrum (100 MHz, CDCl3) of NerGE. 
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Figure S9: 1H NMR spectrum (300 MHz, CDCl3) of DHPreGE. 

 

 

Figure S10: 13C NMR spectrum (75 MHz, CDCl3) of DHPreGE. 
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Figure S11: 1H NMR spectrum (300 MHz, CDCl3) of THGeraGE. 

 

 

Figure S12: 13C NMR spectrum (75 MHz, CDCl3) of THGeraGE. 
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Figure S13: 1H NMR spectrum (400 MHz, CDCl3) of HHFarGE. 

 

 

Figure S14: 13C NMR spectrum (100 MHz, CDCl3) of HHFarGE. 
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Characterization of Statistical Copolymers of TGEs and EO  

 

Figure S15: SEC traces of P(EGn-co-PreGEm) (RI detector, eluent: DMF, PEG calibration). 

 

 

Figure S16: SEC traces of P(EGn-co-IsoPreGEm) (RI detector, eluent: DMF, PEG calibration). 
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Figure S17: SEC traces of P(EGn-co-GeraGEm) (RI detector, eluent: DMF, PEG calibration). 

 

 

Figure S18: SEC traces of P(EGn-co-NerGEm) (RI detector, eluent: DMF, PEG calibration). 
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Figure S19: 1H NMR spectrum (400 MHz, CDCl3) of P(EG102-co-PreGE10). 

 

 

Figure S20: 13C NMR spectrum (100 MHz, CDCl3) of P(EG102-co-PreGE10). 
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Figure S21: 1H NMR spectrum (400 MHz, CDCl3) of P(EG126-co-IsoPreGE12). 

 

 

Figure S22: 13C NMR spectrum (100 MHz, CDCl3) of P(EG126-co-IsoPreGE12). 
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Figure S23: 1H NMR spectrum (400 MHz, CDCl3) of P(EG120-co-GeraGE12). 

 

 

Figure S24: 13C NMR spectrum (100 MHz, CDCl3) of P(EG120-co-GeraGE12). 
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Figure S25: 1H NMR spectrum (400 MHz, CDCl3) of P(EG123-co-NerGE13). 

 

 

Figure S26: 13C NMR spectrum (100 MHz, CDCl3) of P(EG123-co-NerGE13). 
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In situ 1H NMR Copolymerization Kinetics of TGEs with EO 

Non-terminal, ideal copolymerization model and Jaacks fit 

The evaluation of the reactivity ratios is based on the non-terminal, ideal copolymerization model, 

which was introduced by Wall in 1941.10 Assuming first order polymerizations, the following 

polymerization rates apply for a binary copolymerization system: 

𝑑𝑑[M1]
𝑑𝑑𝑑𝑑

= −𝑘𝑘1[M1][P]     (1) 

 

𝑑𝑑[M2]
𝑑𝑑𝑑𝑑

= −𝑘𝑘2[M2][P]     (2) 

[P] refers to the active chain end. Eliminating t from the equations by dividing rate (1) by rate (2), 

followed by rearrangement, the time-independent differential equation (4) is obtained: 

                                                                   𝑑𝑑[M1]
𝑑𝑑[M2]

= 𝑘𝑘1
𝑘𝑘2

[M1]
[M2]

              (3) 

 

                                                                   𝑑𝑑[M1]
[M1]

= 𝑟𝑟1
𝑑𝑑[M2]
[M2]

       with  𝑟𝑟1 = 𝑘𝑘1
𝑘𝑘2

      (4) 

Wall was the first to use relative rates to describe copolymerizations and the resulting reactivity 

ratios r1 and r2 represent the compositional drift due to different comonomer reactivities.11 The 

model assumes a copolymerization behavior that is not dependent on the identity of the growing 

chain end, but solely on the comonomer reactivities.  

The integration of the rearranged Wall’s equation (4) leads to the Jaacks equation (5)6: 

                        log [M1,𝑡𝑡=𝑥𝑥]
[M1,𝑡𝑡=0]

= 𝑟𝑟1log [M2,𝑡𝑡=𝑥𝑥]
[M2,𝑡𝑡=0]

 (5) 

The Jaacks equation allows for the determination of the reactivity ratios at any comonomer ratio 

when ideal copolymerization conditions are applicable (r1·r2 = 1).6  

In line with the Ockhams razor, the non-terminal model represents the most basic model for the 

determination of the reactivity ratios and poses the model of choice to avoid overfitting.12,13 

Experimental data suggest its suitability for the copolymerization of EO and monosubstituted 

epoxides, which tend to obey ideal copolymerization behavior.11 
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Jaacks fit for the copolymerization of TGEs with EO 

The signal scattering noticeably increases at high copolymerization conversions while the signal-to-

noise ratio decreases. Hence, all reactivity ratios were calculated for a TGE monomer conversion of 

approximately 90 %. The results are summarized in Table 2. 

 

Figure S27: Jaacks fit of the in situ 1H NMR copolymerization kinetics of PreGE with EO in a mixture of THF-d8 and 
DMSO-d6 (5:1) at 40 °C. 

 

 

Figure S28: Jaacks fit of the in situ 1H NMR copolymerization kinetics of IsoPreGE with EO in a mixture of THF-d8 and 
DMSO-d6 (5:1) at 40 °C. 



Chapter 5: Poly(Terpenyl Glycidyl Ether)s 

 
317 

 

 

Figure S29: Jaacks fit of the in situ 1H NMR copolymerization kinetics of GeraGE with EO in a mixture of THF-d8 and 
DMSO-d6 (5:1) at 40 °C. 

 

 

Figure S30: Jaacks fit of the in situ 1H NMR copolymerization kinetics of NerGE with EO in a mixture of THF-d8 and 
DMSO-d6 (5:1) at 40 °C. 
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Figure S31: Jaacks fit of the in situ 1H NMR copolymerization kinetics of DHPreGE with EO in a mixture of THF-d8 and 
DMSO-d6 (5:1) at 40 °C. 

 

 

Figure S32: Jaacks fit of the in situ 1H NMR copolymerization kinetics of THGeraGE with EO in a mixture of THF-d8 and 
DMSO-d6 (5:1) at 40 °C. 

 



Chapter 5: Poly(Terpenyl Glycidyl Ether)s 

 
319 

 

 

Figure S33: Jaacks fit of the in situ 1H NMR copolymerization kinetics of HHFarGE with EO in a mixture of THF-d8 and 
DMSO-d6 (5:1) at 40 °C.  

Investigation of side reaction during in situ copolymerization kinetics of PreGE with EO 

Note that we unexpectedly observed the appearance of new signals between 4.9 – 6.6 ppm during 

the in situ copolymerization kinetics (Figure 3 + Figure S34). Chain transfer to the monomer due to 

proton abstraction of the α-methylene proton is a literature-known side reaction of the AROP, 

prevailing proton signals in a similar down-field region.14 To reliably determine the reactivity ratios, 

we sought to further investigate this phenomenon as proton abstraction would falsely simulate an 

increased PreGE consumption. On account of previous reports applying the prenyl functionality as 

an OH protective group, we hypothesized that a base-catalyzed elimination by the alkoxide chain 

end leads to the formation of isoprene.15,16 Scheme S2 suggests a six-membered transition state 

prior to elimination, which tentatively explains the elimination predominantly occuring for the short 

TGEs.   

 

Scheme S2: Proposed base-catalyzed elimination of isoprene during the copolymerization of PreGE with EO.  

In a second in situ kinetic experiment, all volatile components were cryo-transferred (THF-d8, 

DMSO-d6, isoprene) into a Young NMR tube. Subsequent NMR and GC analyses corroborate the 

hypothesis of isoprene forming during the copolymerization (Figure S35 – Figure S37). In summary, 
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monomer consumption is solely caused by monomer incorporation into the polymer chain, 

legitimizing the determined reactivity ratios and the related copolymer microstructure. Figure S38 

additionally reveals the partial base-catalyzed prenyl-to-isoprenyl isomerization of the side chain 

under basic conditions (and vice versa for IsoPreGE).17,18 

 

 

Figure S34: Overlay of the first and last 1H NMR spectrum (400 MHz, THF-d8) of the in situ kinetics, proving the 
elimination of isoprene in small quantities during copolymerization. The monomer amount undergoing elimination is 
below 0.5%.  
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Figure S35: Overlay of 1H NMR spectra (400 MHz, THF-d8) of the commercial isoprene and cryo-transferred isoprene.  

 

Figure S36: GC analysis of isoprene eliminated during the copolymerization with a tretention, isorprene = 3.721 (area 98.8 %). 
Isoprene and THF-d8 were isolated via cryo-transfer from the NMR tube and the major peak can be ascribed to THF-d8 
with a tretention, THF = 5.777. All other signals are impurities in DMSO, which was used to prepare the GC sample. 
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Figure S37: GC analysis of commercial isoprene with a tretention, isorprene = 3.718 (area 98.8 %). All other signals are 
impurities in DMSO, which was used to prepare the GC sample. 

 

 

Figure S38: Overlay of 1H NMR spectra (400 MHz, CDCl3) of the spectrum of the cryo-transferred isoprene (top) and the 
final spectra of the in situ kinetic measurements of IsoPreGE (middle) with EO and PreGE with EO (bottom). In situ NMR 
kinetics mirror the formation of isoprene in trace amounts. The overlay also demonstrates a slight isomerization of the 
prenyl and isoprenly side chain to the respective isomer (Ha and Hb). 
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Kinetic data of the copolymerization of PreGE with EO 

 

Figure S39: Time-conversion plot of the anionic copolymerization of IsoPreGE and with EO, determined via in situ 1H 
NMR kinetics (left). Individual monomer conversion versus total monomer conversion (right). 

 

 

 

Figure S40: SEC elugram (RI detector, eluent: DMF, PEG calibration) of the P(EG10-co-PreGE26) copolymer synthesized 
from the in situ 1H NMR copolymerization kinetics. SEC analysis: Mn = 3200 g·mol-1, Ð = 1.13. 
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Kinetic data of the copolymerization of IsoPreGE with EO 

Note that the isoprene formation has additionally been observed during the copolymerization of 

IsoPreGE and EO. We conclude an elimination of isoprene (Scheme S2) from the glycidyl side chain 

occurring, which is confirmed in analogy to the PreGE/EO comonomer pair in the previous section 

(Figure S38). 

 

Figure S41: Selection of 1H NMR spectra (400 MHz, THF-d8 : DMSO-d6= 5:1) for the in situ NMR kinetics of the statistical 
copolymerization of IsoPreGE with EO at 40 °C. Relevant epoxide signals for evaluation are highlighted in green at 
3.05 ppm (IsoPreGE) and blue at 2.59 ppm (EO). Since spectra were recorded at 2 min intervals over a period of 32.9 h, 
only every 20th spectrum is displayed. The zoom-in section displays the appearance of new signals, which is ascribed 
to the isoprene formation during the copolymerization. 
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Figure S42: Time-conversion plot of the anionic copolymerization of IsoPreGE and with EO, determined via in situ 1H 
NMR kinetics (left). Individual monomer conversion versus total monomer conversion (right).  

 

 

Figure S43: SEC elugram (RI detector, eluent: DMF, PEG calibration) of the P(EG13-co-IsoPreGE21) copolymer synthesized 
from the in situ 1H NMR copolymerization kinetics. SEC analysis: Mn = 2800 g·mol-1, Ð = 1.12. 
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Kinetic data of the copolymerization of GeraGE with EO 

 

Figure S44: Selection of 1H NMR spectra (400 MHz, THF-d8 : DMSO-d6= 5:1) for the in situ NMR kinetics of the statistical 
copolymerization of GeraGE with EO at 40 °C (top). Relevant epoxide signals for evaluation are highlighted in green at 
3.05 ppm (GeraGE) and blue at 2.59 ppm (EO). Since spectra were recorded at 2 min intervals over a period of 46.0 h, 
only every 30th spectrum is displayed.  

 

 

Figure S45: Time-conversion plot of the anionic copolymerization of GeraGE and with EO, determined via in situ 1H 
NMR kinetics (left). Individual monomer conversion versus total monomer conversion (right).  
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Figure S46: SEC elugram (RI detector, eluent: DMF, PEG calibration) of the P(EG15-co-GeraGE18) copolymer synthesized 
from the in situ 1H NMR copolymerization kinetics. SEC analysis: Mn = 3100 g·mol-1, Ð = 1.08. 
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Kinetic data of the copolymerization of NerGE with EO 

 

Figure S47: Selection of 1H NMR spectra (400 MHz, THF-d8 : DMSO-d6= 5:1) for the in situ NMR kinetics of the statistical 
copolymerization of NerGE with EO at 40 °C. Relevant epoxide signals for evaluation are highlighted in yellow at 3.04 
ppm (NerGE) and blue at 2.59 ppm (EO). Since spectra were recorded at 2 min intervals over a period of 44.6 h, only 
every 30th spectrum is displayed.   

 

 

Figure S48: Time-conversion plot of the anionic copolymerization of NerGE and with EO, determined via in situ 1H NMR 
kinetics (left). Individual monomer conversion versus total monomer conversion (right).  
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Figure S49: SEC elugram (RI detector, eluent: DMF, PEG calibration) of the P(EG17-co-NerGE25) copolymer synthesized 
from the in situ 1H NMR copolymerization kinetics. SEC analysis: Mn = 4100 g·mol-1, Ð = 1.08. 
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Kinetic data of the copolymerization of DHPreGE with EO 

 

Figure S50: Selection of 1H NMR spectra (400 MHz, THF-d8 : DMSO-d6= 5:1) for the in situ NMR kinetics of the statistical 
copolymerization of DHPreGE with EO at 40 °C. Relevant epoxide signals for evaluation are highlighted in cyan at 3.04 
ppm (DHPreGE) and blue at 2.59 ppm (EO). Since spectra were recorded at 2 min intervals over a period of 48.4 h, only 
every 30th spectrum is displayed.   

 

 

Figure S51: Time-conversion plot of the anionic copolymerization of DHPreGE and with EO, determined via in situ 1H 
NMR kinetics (left). Individual monomer conversion versus total monomer (right). 
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Figure S52: SEC elugram (RI detector, eluent: DMF, PEG calibration) of the P(EG25-co-DHPreGE26) copolymer synthesized 
from the in situ 1H NMR copolymerization kinetics. SEC analysis: Mn = 3100 g·mol-1, Ð = 1.10. 
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Kinetic data of the copolymerization of THGeraGE with EO 

 

Figure S53: Selection of 1H NMR spectra (400 MHz, THF-d8 : DMSO-d6= 5:1) for the in situ NMR kinetics of the statistical 
copolymerization of THGeraGE with EO at 40 °C. Relevant epoxide signals for evaluation are highlighted in red at 3.03 
ppm (THGeraGE) and blue at 2.59 ppm (EO). Since spectra were recorded at 2 min intervals over a period of 48 h, only 
every 30th spectrum is displayed.  

 

 

Figure S54: Time-conversion plot of the anionic copolymerization of THGeraGE and with EO, determined via in situ 1H 
NMR kinetics (left). Individual monomer conversion versus total monomer conversion (right).  
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Figure S55: SEC elugram (RI detector, eluent: DMF, PEG calibration) of the P(EG42-co-THGeraGE13) copolymer 
synthesized from the in situ 1H NMR copolymerization kinetics. SEC analysis: Mn = 3200 g·mol-1, Ð = 1.07. 
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Kinetic data of the copolymerization of HHFarGE with EO 

 

Figure S56: Selection of 1H NMR spectra (400 MHz, THF-d8 : DMSO-d6= 5:1) for the in situ kinetics of the statistical 
copolymerization of HHFarGE with EO at 40 °C. Relevant epoxide signals for evaluation are highlighted in purple 
(HHFarGE) at 3.05 ppm and blue (EO) at 2.59 ppm. Since spectra were recorded every 2 min over a period of 34.0 h, 
only every 30th spectrum is displayed.  

 

 

Figure S57: Time-conversion plot of the anionic copolymerization of HHFarGE and with EO, determined via in situ 1H 
NMR kinetics (left). Individual monomer conversion versus total monomer conversion (right). 
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Figure S58: SEC elugram (RI detector, eluent: DMF, PEG calibration) of the P(EG38-co-HHFarGE9) copolymer synthesized 
from the in situ 1H NMR copolymerization kinetics. SEC analysis: Mn = 2700 g·mol-1, Ð = 1.07. 
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Postpolymerization Functionalizations 

Thiol-Ene Click 

 

Figure S59: SEC traces of modified P(EG102-co-PreGE10) (blue) and its respective precursor polymer (green, dotted line). 
(Eluent: DMF, RI-Detector, PEG calibration). 

 

 

Figure S60: SEC traces of modified P(EG126-co-IsoPreGE12) (blue) and its respective precursor polymer (green, dotted 
line). (Eluent: DMF, RI-Detector, PEG calibration). 
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Figure S61: SEC traces of modified P(EG120-co-GeraGE12) (blue) and its respective precursor polymer (green, dotted line). 
(Eluent: DMF, RI-Detector, PEG calibration). 

 

 

Figure S62: SEC traces of modified P(EG123-co-NerGE13) (blue) and its respective precursor polymer (green, dotted line) 
(Eluent: DMF, RI-Detector, PEG calibration). 
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Figure S63: 1H NMR spectrum of P(EG102-co-PreGE10) functionalized with 2-mercaptoethanol via Thiol-ene click reaction 
(400 MHz, CDCl3). 

 

 

Figure S64: 1H NMR spectrum of P(EG126-co-IsoPreGE12) functionalized with 2-mercaptoethanol via Thiol-ene click 
reaction (400 MHz, CDCl3). Isoprenyl glycidyl ether partially isomerized to prenyl glycidyl ether during polymerization 
and was also functionalized. Signals are omitted for clarity. 
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Figure S65: 1H NMR spectrum of P(EG120-co-GeraGE12) functionalized with 2-mercaptoethanol via thiol-ene click 
reaction (400 MHz, CDCl3). 

 

 

Figure S66: 1H NMR spectrum of P(EG123-co-NerGE13) functionalized with 2-mercaptoethanol via thiol-ene click reaction 
(400 MHz, CDCl3). 
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Figure S67: IR spectrum of P(EG102-co-PreGE10) functionalized with 2-mercaptoethanol via thiol-ene click reaction. 

 

 

Figure S68: IR spectrum of P(EG126-co-IsoPreGE12) functionalized with 2-mercaptoethanol via thiol-ene click reaction. 
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Figure S69: IR spectrum of P(EG120-co-GeraGE12) functionalized with 2-mercaptoethanol via thiol-ene click reaction. 

 

 

Figure S70: IR spectrum of P(EG123-co-NerGE13) functionalized with 2-mercaptoethanol via Thiol-ene click reaction. 
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Figure S71: MALDI-ToF of P(EG102-co-PreGE10) functionalized with 2-mercaptoethanol via Thiol-ene click reaction. Small 
arrow denotes the mass difference of one EO unit with 44 g/mol. Large arrow denotes the mass difference of the 
functionalized PreGE unit with a mass difference of 220 g/mol. To be exact, 220 g/mol could also be a multiple of 
44 g/mol. 

 

 

Figure S72: MALDI-ToF of P(EG126-co-IsoPreGE12) functionalized with 2-mercaptoethanol via Thiol-ene click reaction. 
Small arrow denotes the mass difference of one EO unit with 44 g/mol. Large arrow denotes the mass difference of the 
functionalized IsoPreGE unit with a mass difference of 220 g/mol. To be exact, 220 g/mol could also be a multiple of 
44 g/mol. 
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Figure S73: MALDI-ToF of P(EG120-co-GeraGE12) functionalized with 2-mercaptoethanol via Thiol-ene click reaction. 
Small arrow denotes the mass difference of one EO unit with 44 g/mol. Large arrow denotes the mass difference of the 
double functionalized GeraGE unit with a mass difference of 366 g/mol. 

 

 

Figure S74: MALDI-ToF of P(EG123-co-NerGE13) functionalized with 2-mercaptoethanol via Thiol-ene click reaction. Small 
arrow denotes the mass difference of one EO unit with 44 g/mol. Large arrow denotes the mass difference of the 
double functionalized NerGE unit with a mass difference of 366 g/mol. 
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Hydrogenation 

 

Figure S75: SEC traces of P(EG120-co-GeraGE12) with a degree of hydrogenation of 53 %. (Eluent: DMF, RI-Detector, PEG 
calibration). 

 

 

Figure S76: 1H NMR spectrum of P(EG120-co-GeraGE12) hydrogenated with PADA (300 MHz, CDCl3). The degree of 
hydrogenation is 53 %. Note that the electron-poor double bond is hydrogenated preferentially. Red letters denote 
atoms of residual not hydrogenated precursor polymer. 
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Figure S77: Zoom of the 1H NMR spectrum of P(EG120-co-GeraGE12) before (top) and after (bottom) the hydrogenation. 
The spectrum shows the increase of observed protons after hydrogenation.  

 

Figure S78: SEC traces of P(EG120-co-GeraGE12) before and after hydrogenation utilizing 2.4 eq. of acetic acid (standard: 
2 eq., compare Figure S75). Higher amounts of acid result in an increase in dispersity and a small lower molecular 
weight shoulder. 
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Thermal Characterization of Polymers 

 

Figure S79: DSC thermograms of P(EGn-co-PreGEm) copolymers (second heating cycle, from -90 to 100 °C, 10 °C·min-1). 

 

Figure S80: DSC thermograms of P(EGn-co-IsoPreGEm) copolymers (second heating cycle, from -90 to 100 °C, 
10 °C·min-1). 
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Figure S81: DSC thermograms of P(EGn-co-GeraGEm) copolymers (second heating cycle, from -90 to 100 °C, 10 °C·min-1). 

 

Figure S82: DSC thermograms of P(EGn-co-NerGEm) copolymers (second heating cycle, from -90 to 100 °C, 10 °C·min-1). 
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Abstract 

Oleyl glycidyl ether (OlGE) is a highly hydrophobic monomer synthesized from a fatty alcohol and 

epichlorohydrin. When combined with hydrophilic monomethoxy poly(ethylene glycol) (mPEG) 

macroinitiators, well-defined, highly amphiphilic AB block copolymers are obtained via anionic ring-

opening polymerization (Đ ≤ 1.08). Surprisingly, an investigation of the copolymerization kinetics of 

OlGE and ethylene oxide revealed an almost ideally random copolymerization (rEO = 1.27, 

rOlGE = 0.78). Both statistical and block copolymers were investigated regarding their behavior in 

aqueous solution. The block copolymers featured two distinct melting temperatures (Tms). Besides 

a melting transition of mPEG, a second Tm is attributed to the crystallization of the cis-alkenyl side 

chain of OlGE. Varying degrees of side chain hydrogenation of the POlGE homopolymer allowed 

tailoring of the Tm. The thiol-ene click reaction allowed subsequent functionalization. This work not 

merely highlights the prospect of novel surfactants, but it also emphasizes the potential for 

developing drug delivery systems featuring temperature-controlled release. 

Introduction 

Surfactants play a key role in numerous everyday applications, in which the compatibilization of 

components with different polarity is required. They typically alter the surface properties of water. 

These applications include surfactants, cosmetics, coatings, paints, biotechnology, water 

purification, and many others.1,2 Polymer surfactants, due to their vast structural complexity, 

provide a means to tune and finely control these behaviors. Mostly, when discussing polymer 

surfactants, reference is made to block copolymers. However, the term 'surfactant' also includes 

polysoaps, which are random copolymers of hydrophilic and hydrophobic monomers, among many 

other architectural configurations. The domain of polymer surfactants is extensive, and 

comprehensive reviews are available.1,3 The hydrophilic component of surfactants can either be 

charged, as seen in examples such as poly(acrylic acid),4 quaternized arylamines,5 and sulfonates,6 

or uncharged, as in saccharides,7 polyoxazolines,8 and poly(ethylene glycol) (PEG).9 The industry 

provides a series of ethoxylated compounds as surfactants, such as Tween®, Myrj®, Span®, Triton 

X®, and Brij®.10 

Fats and oils represent renewable feedstocks for the chemical industry. Their substantial 

production volume (208.1 Mt in 2019) enables the cost-efficient supply of a diverse range of linear 

alkyl and alkenyl alcohols from triglycerides.11–15 The side product glycerol can be converted to 

epichlorohydrin and is equally commercially available as Epicerol® in a green process from Solvay. 

Glycerol is chlorinated twofold with HCl and after one elimination reaction, epichlorohydrin is 
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formed.16–18 Epichlorohydrin can be utilized to introduce epoxide functionalities in molecules.19 

With a growing emphasis on the development of bio-based chemicals that do not affect the food 

chain,20,21 it is crucial to underscore the effective utilization of triglycerides derived from non-edible 

oil plants as an alternative to using food crops.22 Moreover, converting waste into chemicals proves 

to be significantly more economical when compared to biofuel or electricity production.23 Ethylene 

oxide, the monomer used to produce PEG can be generated from bio-based sources using two 

primary methods: dehydration of bioethanol to produce ethylene, followed by oxidation24,25 or 

electrosynthesis from bioethanol.26 Another viable approach involves production from CO2 and 

water.27  

The field of drug solubilization via implementation of multifunctional polymeric micelles is highly 

active in research, focusing on the purposeful treatment of diseases. These systems effectively 

handle the limitations of free hydrophobic drugs such as low solubility, dose-limiting toxicity, and 

inadequate biodistribution.28,29 The trigger to release drugs from external stimuli-responsive 

polymers can be changes in pH, temperature, magnetic fields, light, engineered sensitivities to 

enzymes, or radiofrequency.30–32 The lower critical solution temperature of poly(N-isopropyl 

acrylamide) can be employed to trigger drug release during local hyperthermia.33 Magnetically 

responsive nanoparticles (Fe3O4 or Fe2O3) can be incorporated into micelles or liposomes loaded 

with drugs while the drug release can be induced by an alternating external field.34 Brazel et al. 

employed poly(EG)-b-poly(ε-caprolactone) micelles in combination with iron oxide nanoparticles. 

The release of doxorubicin was demonstrated to occur by melting of the crystalline core when 

subjected to external magnetic field-induced heating.35 Block copolymers of PEG and glycidyl ethers 

with a hydrophobic chain have been synthesized and investigated for their use as cosurfactants,36 

and show low cytotoxicity for splenic immune cells.37 ABA-type triblock copolymers of these 

structures can also be employed to prepare thermoresponsive hydrogels, capable of taking up Nile 

Red as a model for a hydrophobic drug. By variation of the alkyl side chain length, the Tm of the 

hydrophobic block was altered to 49 °C in pure water.38  

Here we present the monomer oleyl glycidyl ether (OlGE), prepared from oleyl alcohol and 

epichlorohydrin. This monomer was utilized in anionic ring-opening polymerization (AROP), 

affording block copolymers, statistical copolymers, and homopolymers. Long-chain glycidyl ethers 

can modify the properties of highly water-soluble PEG, thereby allowing the fine-tuning of the 

physical characteristics of aqueous solutions.9,39 Furthermore, mPEG-b-poly(alkyl glycidyl ether) 

surfactants were synthesized and the ‘efficiency-boosting effect’ was investigated. The polymers 
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increased the efficiency of medium- and longer-chain surfactants to stabilize water/oil interfaces.36 

Analogously, terpenoid-derived systems that cannot crystallize due to their branched structure 

were explored and showed comparable results.40,41 OlGE is a potentially biorenewable and versatile 

platform for a variety of surfactants. 

Experimental Section 

Information regarding the reagents used, detailed monomer and polymer synthesis, as well as the 

analysis techniques employed, is available in the Supporting Information (SI). 

Results and Discussion 

Monomer Synthesis 

The precursor oleyl alcohol is typically obtained through the hydrogenation of methyl oleate in 

industrial settings. Conventional industrial methods employ hydrogen gas and catalysts for the 

hydrogenation of methyl oleate. However, we opted for a more classical reduction method that 

employs lithium aluminum hydride (LiAlH4, Scheme 1).42 This choice was made to avoid the need 

for a high-pressure hydrogen gas apparatus. Methyl oleate is a byproduct of transesterification, a 

process that involves triglycerides commonly sourced from large quantities of bio-derived oils and 

fats.12 Additionally, epichlorohydrin can be obtained from both petroleum-based resources and 

glycerol, which is a byproduct of biodiesel production and is available in abundance from fats and 

oils.16,17 The combination of oleyl alcohol and green epichlorohydrin obtained by this pathway 

results in a completely bio-based monomer. 

Oleyl glycidyl ether (OlGE) features a long hydrophobic side chain with a cis double bond at the C9 

carbon atom. This prevents the side chain from crystallizing at room temperature and can serve as 

an anchoring point for post-polymerization modification if incorporated along the polymer 

backbone. The two-step reaction involves the reduction of methyl oleate followed by an 

etherification of the oleyl alcohol with epichlorohydrin (ECH) via phase transfer catalysis, as 

illustrated in Scheme 1. Hence, oleyl alcohol and epichlorohydrin underwent a two-phase reaction 

in the presence of a phase transfer catalyst under highly alkaline conditions, resulting in the 

formation of OlGE with yields of up to 71%. However, a known side reaction occurred during this 

process: the deprotonation of ECH with subsequent ring-opening led to 3-chloroallylalcohol. This 

alcohol is capable of reacting with ECH, leading to the formation of 3-chloroallyl glycidyl ether.19 

The byproduct was effectively removed using Kugelrohr distillation, facilitated by the significant 

difference in boiling points between the byproduct and OlGE. 
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All experimental details as well as the characterization are given in the SI. 

 

Scheme 1: Two-step reaction for the synthesis of the oleyl glycidyl ether monomer. 

Synthesis of Oleyl Glycidyl Ether-Based Polymers 

All polymers were synthesized using standard AROP techniques. Experimental details along with 

characterization are provided in the SI. For block copolymers, the monofunctional initiator 

monomethoxy poly(ethylene glycol) (mPEG) with molar masses of 2 000 g/mol (45 ethylene glycol 

units) and 5 000 g/mol (114 ethylene glycol units) was utilized. Prior to polymerization, mPEG was 

deprotonated to an extent of 90% using KOtBu with the aid of [18]crown-6 and subsequently, the 

dried monomer OlGE was added. After the polymerization, the active chain ends were terminated 

using acidified methanol, and the resulting polymer was purified by precipitation. POlGE 

homopolymers were synthesized in the same way, but potassium(2-benzyloxy)ethanolate was used 

as the initiator. Since POlGE homopolymers are not the primary focus of this study, they have been 

excluded in Scheme 2. In the case of statistical copolymers, CsOH∙H2O was employed as the 

deprotonating agent. This choice was made to maintain consistency in the experimental procedures 

between the copolymerization kinetics measurements (as described below) and the actual polymer 

synthesis. The procedure involved dissolving the cesium(2-benzyloxy)ethanolate initiator salt in dry 

DMSO and THF, after which dried OlGE was introduced into the reaction vessel. Subsequently, 

ethylene oxide was condensed to the custom-made anionic flask. Statistical copolymers with an 

overall number of both repeating units of 120 were targeted. Slight deviations stem from difficult 

measuring of liquefied EO at -80 °C, as small temperature increases led to a volume expansion of 

EO in the graduated ampule. 

MeO O
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Scheme 2: Synthesis of block and statistical copolymers containing oleyl glycidyl ether by employing AROP techniques. 

Table 1 presents a summary of the synthesized polymers, including their characterization data and 

the intended composition compared to the calculated composition. Notably, all polymers based on 

oleyl glycidyl ether exhibited narrow dispersities ranging from 1.06 to 1.11. The shift in the SEC 

traces towards higher molar masses supports the block copolymer formation. (Figures S5 and S6). 

Statistical copolymers showed slightly larger dispersities in the range of 1.11 to 1.15, although they 

still maintained a monomodal distribution, as illustrated in Figure S9. SEC analysis revealed an 

increase in molar mass for all polymers with the incorporation of higher amounts of OlGE. 

Variations are anticipated due to differences in the hydrodynamic volume behavior compared to 

the PEG calibration, which is particularly notable for POlGE homopolymers with their long side 

chains, leading to a bottlebrush-like structure (Figure S12). It is essential to recognize that the molar 

mass calculated from SEC should be considered a rough estimate given the relative nature of the 

method employed. The NMR spectra can be found in the SI (Figure S3, S4, S7, S8). Differences 

observed between the theoretical and achieved degree of polymerization can be attributed to 

contamination by small amounts of OlGE homopolymer, initiated by residual traces of water. These 

polymers were subsequently removed during the work-up process. 



Chapter 6: Oleyl Glycidyl Ether 

 
360 
 

Table 1: Polymer characterization of the OlGE block copolymers, statistical copolymers, and homopolymers. 

Polymer compositiona n(OlGE)th n(EO)th Mn(SEC)b (g/mol) Mn(NMR)a (g/mol) Ðb 

mPEG45-b-POlGE2.4 3 - 3000 2800 1.06 

mPEG45-b-POlGE5.0 6 - 4300 3600 1.06 

mPEG45-b-POlGE7.5 9 - 4500 4400 1.06 

mPEG45-b-POlGE11.3 12 - 4800 5700 1.08 

mPEG114-b-POlGE2.9 3 - 6400 5900 1.08 

mPEG114-b-POlGE5.8 6 - 7700 6900 1.07 

mPEG114-b-POlGE7.3 9 - 8200 7400 1.06 

mPEG114-b-POlGE9.9 12 - 9100 8200 1.07 

P(EG123-co-OlGE7) 6 114 7500 7800 1.14 

P(EG94-co-OlGE13) 12 108 7800 8500 1.15 

P(EG103-co-OlGE35) 30 90 16300 16000 1.12 

POlGE13 10 - 3400 4400 1.07 

POlGE25 25 - 5800 8300 1.11 
aDetermined via 1H NMR analysis, beluent THF, PEG calibration, RI detector, ththeoretical. 

Reactivity Ratios of OlGE/EO by In Situ 1H NMR Copolymerization Kinetics 

Knowledge of microstructure is crucial to understand polymer characteristics. Depending on the 

type of monomers and polymerization techniques employed, various microstructures can typically 

be achieved, ranging from random copolymers to nearly blocklike, tapered structures. These 

microstructures have a significant impact on various polymer properties such as thermal and 

mechanical properties, micellization, and solubility among others.43,44 In our study, we investigated 

the copolymerization behavior via in situ 1H NMR analysis. To this end, EO and OlGE were 

copolymerized at 40 °C in an NMR tube equipped with a Teflon stopcock, using a mixture of DMSO-

d6 and THF-d8 at a 1:5 (V/V) ratio. Cesium 2-(benzyloxy)ethanolate was used as the initiator for the 

polymerization. Cesium was chosen as a counterion for all statistical copolymers, as it enhances the 

propagation rate compared to potassium and reduces the time required for the kinetic 

investigation experiment.45 Experimental details are given in the SI. Monomer consumption was 

tracked by observing the monomer resonances at 2.68 ppm for OlGE and 2.58 ppm for EO during 

the copolymerization. Figure 1 displays a selection of stacked spectra. 
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Figure 1: Stacked selection of 1H NMR spectra of the copolymerization of OlGE and EO. Zoom-in shows the decrease of 
the OlGE (orange) and EO monomer signals (blue). Polymerization temperature 40 °C, solvent: DMSO-d6 and THF-d8 
1:5 (V/V), 400 MHz. As spectra were collected every 2 min for 55 h, only every 200th spectrum is displayed. 

Both monomers exhibited nearly complete conversion after 55 hours. The gradual decrease of the 

signals is illustrated in Figure 2, which shows the amount of unreacted monomer versus total 

conversion. Clearly, EO is incorporated more rapidly, while OlGE is consumed at a slightly lower 

rate. This already suggests that copolymerization is not ideally random. 

 

Figure 2: Unreacted monomer versus total conversion of the in situ 1H NMR copolymerization kinetic study of EO with 
OlGE. Solvent: DMSO-d6/THF-d8 1:5 (V/V), 40 °C. 

To determine reactivity ratios r1,2 the data extracted from the kinetic experiment were fitted 

according to the Jaacks plot.46–48 For this, the following Equation (1) was used. 

log �
[M1]𝑡𝑡
[M1]0

� = 𝑟𝑟1 ∙ log �
[M2]𝑡𝑡
[M2]0

� (1) 

0 h
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In an ideal copolymerization, the following correlation is defined: r1∙r2=1. Both reactivity ratios were 

determined with the results rEO=1.27 and rOlGE=0.78 (Figure S39). As the coefficient of determination 

R2 was 0.99, an ideal or chain-end independent copolymerization can be concluded. The use of 

more complex terminal models such as the Meyer-Lowry method49 should be avoided as long as 

the more simple, non-terminal model explains the data well. This principle was coined by Sir William 

Hamilton as “Ockham’s Razor”50 and its application to copolymerization kinetics was already 

described.51 The fit is displayed in Figure S40, and the results are summarized in Table 2. 

Table 2: Summary of different fitting models of the EO/OlGE copolymerization kinetic. 

Method Model rEO rOlGE  

Jaacks Non-terminal, ideal 1.27 ± 0.01 0.78 ± 0.01 R2 = 0.99 

Meyer-Lowry Terminal, non-ideal 1.32 ± 0.12 0.80 ± 0.14 NormRes = 0.38 

 

The obtained reactivity ratios enable the simulation of the comonomer composition in the course 

of the copolymerization (Figure 3), which directly translates to the monomer gradient in the 

copolymer chains formed. As previously indicated in Figure 2, EO is initially incorporated with a 

slight preference during copolymerization. With increasing conversion, approaching full monomer 

conversion, more OlGE units are incorporated at the chain end. This subtle variation in reactivity 

ratios results in the enrichment of monomer units towards either the beginning or the terminus of 

the polymer chains, respectively. We would like to emphasize that this gradient is not pronounced, 

compared to other systems like the carbanionic copolymerization of isoprene and styrene.48 This 

result is remarkable in view of the large steric bulk of the OlGE monomer in comparison to EO. 

 

Figure 3: Simulated composition versus total conversion of the EO (blue)/OlGE (orange) comonomer pair for a 
hypothetical equimolar ratio. 

Even though glycidyl ethers (GEs) exhibit a substituted epoxide functionality, usually the correlation 

rEO≈rGE≈1 is valid.37,52,53 This observation is counterintuitive, especially since propylene oxide 

copolymerizes with a much stronger gradient with EO, which is assigned to the methyl group 
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substitution.54 Due to their ability to chelate the counterion and thereby activate the epoxide, 

glycidyl ethers show a transient “crown ether-effect”.55 Since the side chain contains additional 

oxygen atoms, glycidyl ethers react faster than the unsubstituted EO.56–58 Bulky and/or inflexible 

side chains, in contrast, prevent sufficient chelation and also lead to hindered nucleophilic attack 

of an active chain end at the epoxide functionality, resulting in less favored incorporation.40,58–60 

This finding is confirmed by our study, as the bulky, apolar monomer is less prone to nucleophilic 

attack, translating to slower incorporation in the growing polymer chain.  

Amphiphilic Nature and CMC Determination of OlGE Copolymers 

The determination of the CMC is commonly achieved by employing pyrene as a fluorescent 

probe.2,61 When pyrene transitions from a polar to an apolar environment, the emission spectrum 

experiences a pronounced shift towards higher values in the ratio of the I3 and I1 bands, correlated 

to the alteration in the polarity of the surrounding molecules. The experimental procedure used in 

this work is based on the method described by Zhu et al.62 In short, pyrene was mixed with the 

respective polymer solution in a serial dilution. Then the fluorescence spectra of pyrene were 

measured at 23 °C, and I3/I1 was plotted against the logarithmic polymer concentration. A 

Boltzmann sigmoidal fit (Equation S1) was performed and the CMC was determined from the 

inflection point of the fit.40,61 The graphs are shown in the SI (Figures S18-S24).  

The Hydrophilic-Lipophilic Balance (HLB) is an empirical scale ranging from 1 to 20, employed to 

assess the utility of surfactants in various applications. Higher HLB values are indicative of 

surfactants with a greater affinity for polar environments, making them suitable for tasks such as 

solubilization and oil-in-water emulsification. Conversely, lower HLB values denote surfactants with 

a stronger preference for nonpolar environments, rendering them more appropriate for purposes 

such as water-in-oil emulsification and foam reduction. The HLB scale serves as a valuable tool for 

understanding the contrasting characteristics of surfactants.63  

Table 3 gives an overview of the synthesized OlGE-containing polymers with their HLB values and 

the CMC determined by fluorometry. The sole water-soluble compound within the series of 

statistical copolymers was P(EG123-co-OlGE7), which exhibited a CMC of 24.5 mg/L. Of the four block 

copolymers obtained from mPEG45, only two displayed aqueous solubility and had a CMC threshold 

of 23.8 mg/L. This observation is attributed to a significant increase in the weight percentage of the 

hydrophobic block due to the incorporation of additional 2.6 OlGE units, each with a high molar 

mass of 324 g/mol, in contrast to ethylene glycol units with a mass of only 44 g/mol each. A 

comparable outcome was noted in the case of block copolymers based on mPEG114. The CMCs 
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exhibited a notable reduction from 73.4 to 25.4 mg/L, with just a slight 2.1 mg/L difference between 

mPEG114-b-POlGE7.3 and mPEG114-b-POlGE9.9. As reported by Lodge et al., the CMC decreases 

exponentially, but is weakly dependent on the hydrophobic block length for longer blocks and is 

notably less dependent on the hydrophilic block length.1,64 Noteworthy, all three varieties of 

copolymers exhibited a CMC threshold of approximately 25 mg/L. When contrasting our system 

with existing literature, the CMC of Brij® 98, a twentyfold ethoxylated oleyl alcohol, is reported to 

fall within the range of 7–29 mg/L.65–68 Variations in CMC values for the same compound may arise 

from differences in measurement methods, among other factors.69 Block copolymers of mPEG114-

b-poly(farnesyl glycidyl ether)m (m = 5 and 9) showed slightly lower CMCs of 53 and 15 mg/L, 

respectively.40 

Table 3: Hydrophilic-lipophilic balances (HLBs) and critical micelle concentrations (CMCs) of the OlGE-containing 
copolymers. 

Polymer mol% (OlGE) w% (OlGE) HLB CMC (mg/L) 

P(EG123-co-OlGE7) 5.4 30 14.1 24.5 

P(EG94-co-OlGE13) 12.1 50 9.9 n.d.a 

P(EG103-co-OlGE35) 25.4 71 5.7 n.d.a 

mPEG45-b-POlGE2.4 5.1 28 14.4 41.9 

mPEG45-b-POlGE5.0 10.0 45 11.0 23.8 

mPEG45-b-POlGE7.5 14.3 55 9.0 n.d.a 

mPEG45-b-POlGE11.3 20.1 65 7.1 n.d.a 

mPEG114-b-POlGE2.9 2.5 16 16.8 73.4 

mPEG114-b-POlGE5.8 4.8 27 14.5 44.2 

mPEG114-b-POlGE7.3 6.0 32 13.6 27.5 

mPEG114-b-POlGE9.9 8.0 39 12.2 25.4 
aValues could not be determined due to insufficient solubility in water. 

Dynamic Light Scattering of OlGE Copolymers 

Polymer solutions of the water-soluble copolymers were investigated by dynamic light scattering 

(DLS) to determine the hydrodynamic radius of the respective micelles and larger aggregates. 

Additionally, the results were compared to TEM observation of the aggregates. The polymer 

concentration was significantly above the CMC determined via fluorometry. The amplitude 

autocorrelation function was subjected to a biexponential fit (represented by equation S4), given 

that TEM images hinted at the presence of multiple types of aggregates for all copolymers. The 

diffusion coefficient of each measured angle was received from the relation D=(τR∙q2)-1. This 
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diffusion coefficient was subsequently plotted versus q2 to calculate the z-average diffusion 

coefficient for each specific aggregate. Additional details on the calculation of diffusion coefficients 

and hydrodynamic radii are described in the SI. A summary of the results obtained from DLS analysis 

is provided in Table 4. Among the statistical copolymers examined, P(EG123-co-OlGE7) was the only 

sample that could be analyzed, as the others were insoluble. The block copolymer mPEG114-b-

POlGE9.9 was not analyzed by DLS, as a turbid solution was obtained. P(EG123-co-OlGE7) exhibited 

aggregates with an RH,1 of 5.31 nm, corresponding to a single chain (micelle), as the comparable 

mPEG114 unimer exhibited a hydrodynamic radius of 2 nm.40 In contrast, the larger aggregates 

displayed a significantly greater RH,2 of 107 nm. This discrepancy is attributed to chain folding, 

resulting in the formation of multicompartment micelles. This phenomenon has been discussed in 

previous studies.70–72 The corresponding TEM micrograph equally indicates small circular structures 

as well as larger aggregates but with a smaller radius (Figure S25).  

Block copolymers composed of mPEG45 generally displayed larger RH,1 values, despite having a 

significantly greater number of repeating units in comparison to the statistical copolymer. This 

observation implies the aggregation of multiple chains into micelles. When the size of the POlGE 

block is doubled, there is a notable four- to fivefold increase in the hydrodynamic radius of both 

aggregates. This finding aligns with the structures observed in the TEM micrographs (Figure 4, A 

and B). 
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Figure 4: TEM micrograph of mPEG-b-POlGEn block copolymers in aqueous solution (0.1 g/L). A: mPEG45-b-POlGE2.4, B: 
mPEG45-b-POlGE5.0, The circular structure in the upper left corner is caused by irradiation damage. C: mPEG114-b-
POlGE2.9, D: mPEG114-b-POlGE5.8, E: mPEG114-b-POlGE7.3, F: mPEG114-b-POlGE9.9. Samples were treated with 2% uranyl 
acetate solution as a negative stain. Original micrographs obtained by the software can be found in the SI (Figure S26–
27). 

The behavior of block copolymers containing mPEG114 demonstrates subtle variations. While the 

hydrodynamic radius (RH,1,2) for the POlGEn block (with n = 2.9 and 7.3, C and E) only experiences a 

slight increase as n increases, the block copolymer with n = 5.8 (D) exhibits a larger RH,1,2 compared 

to the one with 7.3 OlGE monomer units. This outcome may seem unexpected, but it can be 
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attributed to the fact that due to the larger hydrophobic block, there are fewer chains present 

within the respective micelles, resulting in a reduced aggregation number. Consequently, the 

hydrodynamic radius does not increase as one might anticipate. The polymer mPEG114-b-POlGE2.9 

reveals only small structures in the TEM micrograph, a finding that contrasts with the DLS analysis 

results indicating clustering in solution. The TEM micrograph of the block copolymer with the 

largest POlGE part, mPEG114-b-POlGE9.9 (F), displays well-resolved, fibrillar structures. Nevertheless, 

further analysis has been deferred to a later study. Original TEM micrographs can be found in the 

SI (Figures S25 – S27). 

Table 4: DLS results of the investigated water-soluble OlGE copolymers. Index 1 denotes the smaller observed 
aggregates, whereas 2 denotes the larger observed aggregates. 

Polymer D1 (10-7 cm2∙s-1) D2 (10-7 cm2∙s-1) RH,1 (nm) RH,2 (nm) 

P(EG123-co-OlGE7) 4.64 ± 0.03 0.23 ± 0.01 5.3 ± 0.1 107 ± 5 

mPEG45-b-POlGE2.4 2.54 ± 0.02 0.51 ± 0.05 9.7 ± 0.1 48 ± 4 

mPEG45-b-POlGE5.0 0.51 ± 0.02 0.12 ± 0.01 48 ± 2 206 ± 5 

mPEG114-b-POlGE2.9 1.41 ± 0.02 0.35 ± 0.01 17.5 ± 0.2 70 ± 1 

mPEG114-b-POlGE5.8 0.55 ± 0.03 0.10 ± 0.01 45 ± 2 240 ± 20 

mPEG114-b-POlGE7.3 1.12 ± 0.01 0.21 ± 0.01 21.9 ± 0.2 117 ± 7 

 

Thermal Properties of Polymers Containing OlGE 

PEG plays an important role as ointment base and tailoring the melting point slightly above human 

body temperature enables softening into a semi-solid during application and even spreading while 

lasting at the applied area.9,73,74 The synthesized OlGE (co)polymers were investigated by 

differential scanning calorimetry (DSC) (Table 5). The thermograms are displayed in the SI (Figures 

S13 – S17). Detection of glass transition temperatures (Tgs) was performed with the second heating 

curve with a heating rate of 10 K/min. As OlGE has a long, flexible side chain, the Tg is shifted 

towards lower temperatures compared to PEG (< -60 °C).9 Melting temperatures (Tms) and melting 

enthalpies were determined with a 1 K/min heating rate. Reducing the heating/cooling rate to 

1 K/min allowed for ordering of the side chains and prevention of recrystallization. Otherwise, a 

pronounced recrystallization was detected during the melting event in the measurements with a 

heating/cooling rate of 10 K/min (Figure S13). Substituted polyethers are typically amorphous 

materials. However, due to the elongated and linear structure of the side chain, POlGE displays a 

distinct Tm, despite the racemic monomer. This indicates a propensity for side chain crystallization. 
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The microphase separation driven by crystallization was previously described in literature with 

comparable side chains, albeit for polyacrylates or polyesters.70,75,76 

Statistical P(EG-co-OlGE) Copolymers 

The random incorporation of 5 mol% OlGE in P(EG-co-OlGE) copolymers (Table 5, entry 3) results in 

a notable reduction in crystallinity, as evidenced by the decrease of the melting enthalpy (ΔHm) of 

PEG. For comparison, mPEG114 (Table 5, entry 11), which closely resembles the polymer under 

investigation, was utilized. 12 mol% OlGE (Table 5, entry 4) further inhibited crystallization of the 

polyether backbone, and the material showed the PEG Tm already below room temperature. When 

25 mol% OlGE was incorporated (Table 5, entry 5), the Tm (-41.7 °C) was solely dominated by the 

OlGE side chain.  

mPEG-b-POlGE Block Copolymers 

Block copolymers initiated by mPEG45 showed decreasing ΔHm with increasing POlGE block (Table 

5, entry 6–10), again indicating partial miscibility of the two different blocks. Comparing entries 8 

and 9, an unusual behavior appears: with an increasing amount of POlGE (entry 9), the Tm of both 

copolymer blocks decreased. This indicated a transition zone where both blocks were too small to 

crystallize. By further increase of the POlGE content, the Tm of the POlGE block increased again 

(entry 10), whereas the thermal properties of the PEG block remained unchanged. Very similar 

thermal behavior was observed for mPEG114-b-POlGE block copolymers as well: both Tms decreased 

with increasing POlGE content (entries 13 and 14), but with higher POlGE content the Tms elevated 

again. This indicated that a more effective phase separation between the two polymers contributed 

to the rise in the Tms (entry 15). 
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Table 5: Overview of the thermal properties of the OlGE (co)polymers. 

Entry Polymer OlGE mol% Tg
a / °C Tm

b / °C ΔHm
b / J/g 

1 POlGE13 100 n.d. -27.8 32.2 

2 POlGE25 100 n.d. -23.2 63.4 

3 P(EG123-co-OlGE7) 5 n.d. 35.7 64.9 

4 P(EG94-co-OlGE13) 12 -81 12 46.5 

5 P(EG103-co-OlGE35) 25 -80 -41.7 30.3 

6 mPEG45 0 -60 – / 52.3 – / 164.7 

7 mPEG45-b-POlGE2.4 3 -75 n.d. / 48.1 n.d. / 104.0 

8 mPEG45-b-POlGE5.0 10 n.d. -39.5 / 42.7 9.0 / 67.1 

9 mPEG45-b-POlGE7.5 14 -78 -46.8 / 37.2 6.6 / 48.2 

10 mPEG45-b-POlGE11.3 20 -79 -32.1 / 35.0 21.8 / 45.4 

11 mPEG114 0 -60 – / 61.9 – / 190.1 

12 mPEG114-b-POlGE2.9 2 -79 n.d. / 57.4 n.d. / 133.8 

13 mPEG114-b-POlGE5.8 5 -80 -50.5 / 53.7 4.2 / 108.5 

14 mPEG114-b-POlGE7.3 6 -76 -58.0 / 51.9 0.8 / 89.8 

15 mPEG114-b-POlGE9.9 8 n.d. -41.3/ 53.3 10.2 / 88.9 

 aHeating rate 10 °C/min, second heating curve, bHeating rate 1 °C/min, second heating curve. In the case of block 

copolymers, the first Tm and ΔHm denote the POlGE block crystallization, whereas the second denote the PEG block 

crystallization. 

Post-Polymerization Modification 

Hydrogenation via Diimide Reduction 

Oleyl alcohol exhibits a Tm of 0–5 °C,77 in contrast to its fully saturated alcohol counterpart, known 

as stearyl alcohol, showing a considerably higher Tm of 57 °C.78 Accordingly, a similar correlation 

was expected for the respective GE monomers and the resulting polymers. The POlGE 

homopolymer exhibited a Tm of approximately -23 °C. To cover a broad range of side chain Tms, 

particularly in the physiological range, we aimed at partial to complete hydrogenation as a post-

polymerization modification. While copolymerization of saturated and unsaturated monomers is 

possible, the transfer of a solid monomer via a syringe entails additional effort and may represent 

a challenge. Moreover, elucidating the reactivity ratios of the GE monomers would be essential. 

Traditional hydrogenation in organic synthesis involves reacting the unsaturated substrate with 

hydrogen gas and a palladium catalyst. Although this method is widely used in industrial settings, it 

requires high pressures and involves handling highly explosive hydrogen, making it impractical in a 
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laboratory environment. Therefore, we turned to the reduction of the double bond using diimide 

reduction.79–82 Potassium azodicarboxylate (PADA) was treated with acetic acid in pyridine to 

generate diimide. This compound transfers hydrogen to the cis-double bond of the OlGE side chain. 

The degree of hydrogenation was controlled by the amount of PADA equivalents used. In cases of 

high degrees of hydrogenation, PADA was employed in significant excess. Experimental details can 

be found in the SI. The decrease of the double bond resonance is visible in the 1H NMR spectra of 

the hydrogenated polymer (Figure 5). We achieved a maximum degree of hydrogenation of 95% 

(H95%), which we refer to as fully hydrogenated. As the copolymers comprise a polyether structure 

lacking bonds susceptible to cleavage under hydrogenation conditions, SEC still showed 

monomodal distributions with only minor changes in Mn and Đ (Figure S46). Statistical as well as 

block copolymers were hydrogenated for testing purposes. However, since the melting points of 

the hydrogenated OlGE monomer overlapped with the PEG part, the changes in thermal properties 

were uncertain: whether they are attributed to the higher Tm resulting from the hydrogenation of 

OlGE or a change in PEG crystallization. Therefore, only POlGE homopolymers were included in this 

study. 

 

Figure 5: 1H NMR spectra of POlGE25 and the respective hydrogenated Polymers (400 MHz, CDCl3). The value of H 
denotes the degree of hydrogenation. The intensity was locally normalized to the initiator benzyl group (gray). 

To confirm the anticipated effect of hydrogenation concerning side chain crystallization, the 

thermal properties after hydrogenation were investigated by DSC (Figure S48). With an increasing 

degree of hydrogenation, the Tm of POlGE25 rises above room temperature and reaches its peak at 

51.9 °C when fully hydrogenated. Up to 53% of hydrogenation results in a significant increase of Tm, 

whereas the difference in Tm decreases with higher degrees of hydrogenation (entries 3 and 4). The 

POlGE25 before hydrogenation

POlGE25 (H53%)

POlGE25 (H76%)

POlGE25 (H95%)
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melting enthalpy increases only slightly, going from 63.4 to 75.2 J/g. This relatively small change 

occurs even though the hydrogenated side chains were expected to be hindered from 

crystallization due to the assumed miscibility of the saturated and unsaturated side chains. Here, 

the melting enthalpy is almost independent of the degree of hydrogenation, albeit the melting 

point increases by 75.1 °C in total. In summary, the hydrogenation experiments show that POlGE 

can be fully hydrogenated in a post-polymerization modification. With a Tm in the physiological 

range, copolymers containing OlGE repeating units possess potential for applications in drug 

delivery systems. Tailoring can be conveniently performed, as no copolymerization of high and low 

Tm monomers is necessary. Instead, one starting material is sufficient. 

Table 6: Thermal properties of POlGE25 homopolymer before (H0%) and after hydrogenation at various degrees 
investigated by DSC. 

Entry Polymera Tm
b / °C ΔHm

b / J/g 

1 POlGE25 (H0%) -23.2 63.4 

2 POlGE25 (H53%) 33.6 69.2 

3 POlGE25 (H76%) 43.7 73.0 

4 POlGE25 (H95%) 51.9 75.2 
aThe value of H denotes the degree of hydrogenation. bHeating rate 1 °C/min, second heating curve.  

Not only does the double bond content provide the opportunity to customize thermal properties, 

but it also allows for the modification of the structure to meet specific requirements. It enables the 

incorporation of hydroxyl groups or other functional groups, which enables the tuning of 

hydrophobicity and facilitates further coupling with various other groups.83–85 

Thiol-Ene Click 

The addressability of the internal double bond of the side chains as a proof of concept reaction was 

demonstrated by a thiol-ene click reaction with thioglycol in a post-polymerization modification. As 

a model polymer, mPEG114-b-POlGE2.9 reacted with the thiyl radicals generated by irradiation of the 

photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA) in DCM.86 Detailed experimental 

information is available in the SI.  
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Scheme 3: Thiol-Ene Click reaction of mPEG114-b-POlGE2.9 with thioglycol. Note that two possible addition products can 
be present. 

Complete conversion was confirmed by 1H NMR by the disappearance of the double bond and allylic 

proton signal. The appearance of the methine and methylene group of the respective thioether 

further demonstrated the successful modification (Figure S42). SEC revealed a shift towards higher 

molar masses, again keeping the dispersity constant (Figure S43). DOSY NMR confirmed no residual 

thioglycol precursor after work-up by dialysis (Figure S44). MALDI-ToF MS analysis showed the new 

repeating unit with a molar mass of 402 g/mol (Figure S45).  

Conclusion 

OlGE was introduced as a biorenewable, apolar epoxide building block for the AROP 

copolymerization with EO. Investigation of the reactivity ratios revealed an ideal statistical 

copolymerization of OlGE (rOlGE = 0.78) with EO (rEO = 1.27), leading to an almost ideally random 

copolymer structure. This is a remarkable observation, considering the large steric bulk of the OlGE 

monomer in comparison to EO. In addition to statistical copolymers, utilization of two different 

mPEG macroinitiators yielded block copolymers. Capitalizing on block copolymers of POlGE with 

mPEG, amphiphilic polymers were successfully produced. The CMCs of mPEG-based block 

copolymers show a limit in the same range as the established surfactant Brij® 98. The water-soluble 

statistical copolymer also showed micelle formation, owing to the long hydrophobic side chain. TEM 

and DLS reveal the ability to form spherical and more elongated micellar aggregates, which can be 

explained by the arrangement of the sterically demanding, linear side chains. The utilization of OlGE 

allows the synthesis of bio-based surfactants from readily accessible starting materials. The bulk 

properties of the polymers showed two distinguishable Tms, indicating partial miscibility of the EO 

and OlGE monomers, which are highly different in polarity. The cis-alkenyl side chain was 

successfully modified by a thiol-ene click reaction, demonstrating the accessibility and emphasizing 

the versatility of the hidden functionality. This grants coupling potential of the polymers to thiol-

containing compounds, comparable to the PEGylation of proteins. Tailored hydrogenation of the 

double bond with PADA enables adjusting the material Tm, eradicating the mixing of monomers 

with high and low side chain Tm, respectively. The achieved range is suitable for developing 
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potential thermoresponsive drug delivery systems as it matches the human body temperature. In 

future drug delivery applications, active pharmaceutical ingredients could be released from micellar 

solutions if the Tm of the precisely adjusted side chain is reached. 

In brief, our study shows that the bio-based novel monomer OlGE and its copolymerization can be 

employed to manufacture a wide range of structurally varied polymeric surfactants. This approach 

paves the way for replacing traditional petroleum-based surfactants and also unlocks the potential 

for generating diverse and sophisticated polymer architectures. Green, easily modifiable polymers 

towards the needs of the user with respect to melting temperatures or hydrophobicity can present 

a future platform for customized drug-delivery systems. 
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Supporting Information 

Experimental Section 

Reagents 

The chemicals were sourced from commercial suppliers, such as Sigma-Aldrich, TCI, Fluka, and 

Acros, and were used without purification unless otherwise specified. The deuterated solvents were 

obtained from Deutero GmbH (Germany). Oleic acid methyl ester (99% purity) was procured from 

Sigma-Aldrich. Ethylene oxide (EO) was purchased from Air Liquide. Oleyl glycidyl ether (OlGE) was 

dried overnight using benzene under a high vacuum prior to polymerization. [18]Crown-6 was dried 

by azeotropic distillation under high vacuum, dissolved in a defined amount of dry benzene in a 

flame-dried Schlenk flask, and stored under argon. DMSO was stored over molecular sieves and 

added to the initiator salt using a syringe. Tetrahydrofuran (THF) was dried over a mixture of 

butyllithium and diphenylethylene, degassed, and stored under vacuum. The mixture was then 

transferred to the polymerization flask using cryogenic techniques. For online 1H NMR kinetics, 

deuterated THF (THF-d8) was dried over CaH2 overnight and subsequently cryogenically transferred. 

DMSO-d6 from a fresh bottle was used. Uranyl acetate solution for negative staining in transmission 

electron microscopy was purchased from Polyscience. The carbon-coated copper grids with 

400 mesh (CF-400-Cu) were acquired from Electron Microscopy Sciences. 

Instrumentation 

Nuclear Magnetic Resonance (NMR) Spectroscopy 

Standard 300 MHz NMR measurements were performed on a Bruker Avance III HD 300 equipped 

with a 5 mm BBFO probe head with z-gradient and ATM. Standard 400 MHz NMR spectra were 

measured on a Bruker Avance II 400 spectrometer with a 5 mm BBFO probe head with z-gradient 

and ATM. The spectra were referenced internally to the residual proton signal (1H NMR) of the 

signal of the naturally occurring 13C atom in the respective solvent (13C NMR). 

Two-dimensional- NMR Experiments, such as COSY, HSQC, DOSY, and HMBC, as well as in situ 1H 

NMR copolymerization kinetics, were performed on a Bruker Avance III 400 with a 5 mm BBO cryo 

probe head (BB/H+F), which was cooled with liquid nitrogen, with z-gradient, and ATM. All spectra 

were acquired at 23 °C unless stated otherwise and processed using MestReNova 14.3.32681. 
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Size Exclusion Chromatography (SEC) 

SEC analysis using N,N-dimethylformamide (DMF) as the eluent was performed using an Agilent 

1100 series SEC system. The system was equipped with UV (254 nm) and RI detectors, and a HEMA 

300/100/40 Å column cascade was used. The measurements were conducted at a flow rate of 

1 mL/min, with DMF as the eluent containing 1 g/mL lithium bromide at a temperature of 50 °C. 

SEC analysis with THF as the eluent was conducted using an MZ-Gel SD plus e5/e3/100 column 

cascade, P100 pump, and Waters 717 plus injector. The SEC system was equipped with UV (254 nm) 

and refractive index (RI) detectors. The eluent flow rate was set to 1 mL/min. Toluene was used as 

the internal standard in both cases. The SEC calibration was performed using poly(ethylene glycol) 

standards provided by Polymer Standard Service (PSS). Data recording and processing were 

performed using the PSS WinGPC UniChrom software. 

Matrix-assisted Laser Desorption Ionization Time-of-Flight (MALDI-ToF) Mass 

Spectrometry 

MALDI-ToF analysis was performed using a Bruker autoflex maX MALDI-ToF-MS/MS instrument in 

linear or reflector mode. The analysis was conducted on a multi-target plate. trans-2-[3-(4-tert-

Butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) or Dithranol (Dit) were used as the 

matrix. Potassium trifluoroacetate (KTFA) was used as a salt additive. 

Differential Scanning Calorimetry (DSC) 

DSC measurements were conducted using a TA Instruments DSC 250 instrument equipped with a 

Recovery Cooling System 90. The measurements were conducted under a dry nitrogen flow at a 

rate of 20 mL/min. The instrument was calibrated using indium and n-octane as standards. Before 

analysis, all samples were dried by azeotropic distillation with benzene and weighed in aluminum 

pans with pinholes. The heating and cooling steps during the measurement were as follows. 

1) Cool to -90 °C with 10 K/min, and hold for 5 min. 

2) Heat to 100 °C with 10 K/min, and hold for 5 min. 

3) Cool to -90 °C with 10 K/min, and hold for 5 min. 

4) Heat to 100 °C with 10 K/min, and hold for 5 min. 

Additionally, Steps 3 and 4 were repeated at a slower rate of 1 K/min in a separate run. All the 

reported physical values were extracted from the second heating cycle to ensure removal of the 

thermal history of the sample.  
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Transmission Electron Microscopy (TEM) 

TEM images were acquired using an FEI Tecnai G2 12 BioTwin electron microscope operating at an 

acceleration voltage of 120 kV with a LaB6 cathode emitter. The microscope was equipped with 

two cameras: an on-axis 4kx4k Tietz CMOS camera and a side-entry MegaSYS 1kx1k CCD camera. 

Prior to imaging, carbon-coated copper grids with 400 mesh (CF-400-Cu) were hydrophilized using 

a plasma cleaner for one minute. Subsequently, 20 µL of the sample solution (0.1 g/L) was added 

to the grid and incubated for one minute. After the incubation period, excess liquid was removed 

by gently blotting the grid with filter paper. To enhance the contrast, 20 µL of uranyl acetate 

solution (2%) was added to the grid and blotted with filter paper after one minute. 

Importantly, all the prepared grids were promptly investigated on the same day as their preparation 

to ensure the integrity and consistency of the sample during imaging. 

CMC determination by fluorescence spectroscopy 

Polymer solutions were prepared using stock solutions at concentrations of 1 g/L, 0.1 g/L, and 

0.01 g/L, with Milli-Q® water as the solvent. Pyrene, dissolved in ethanol (Uvasol®), was introduced 

into empty graduated flasks, aiming for a final concentration of 7∙10-7 mol/L. The ethanol was 

subsequently evaporated, and the desired concentration was achieved by adding an appropriate 

volume of polymer stock solution along with Milli-Q® water. The flasks were gently agitated 

overnight on a laboratory shaker at room temperature to facilitate the equilibration of both pyrene 

and the micelles. Emission spectra were captured using a Jasco FP-8200 spectrofluorometer with 

an excitation wavelength of 335 nm. The range covered 350–450 nm, with a data interval of 0.5 nm 

and a scanning rate of 20 nm/min. The excitation bandwidth was 2.5 nm, and the emission 

bandwidth was 2.5 nm. Quartz cells with a path length of 10 mm were employed for the solutions 

and were pre-treated with the corresponding polymer solution once. The data obtained from 

plotting the intensity ratio between the first (I1) and third (I3) vibronic bands in the fluorescence 

spectrum of pyrene against the logarithmic concentration of the polymer were analyzed using a 

Boltzmann sigmoidal fit (equation (S1)).1 

𝐼𝐼3
𝐼𝐼1

=
𝐴𝐴1 − 𝐴𝐴2

1 + 𝑒𝑒(log (𝑐𝑐)−log (CMC))/𝑑𝑑𝑑𝑑 + 𝐴𝐴2 (S1) 

A1 represents the lower boundary, while A2 represents the upper boundary of the sigmoid curve. 

The point of inflection denotes the logarithm of the CMC, and dx signifies the slope or steepness of 

the curve.  
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Monomer Synthesis 

The monomer synthesis of oleyl glycidyl ether (OlGE) involved a two-step process that started with 

methyl oleate and led to the formation of oleyl alcohol. Subsequently, oleyl alcohol was subjected 

to phase-transfer catalysis using epichlorohydrin (ECH). Methyl oleate, with a purity of 99%, was 

purchased because commercially available oleyl alcohol of comparable quality could not be 

obtained at a reasonable cost.  

Synthesis of oleyl alcohol from methyl oleate 

The reduction of methyl oleate to oleyl alcohol was performed following a standard organic 

synthesis procedure.2 A 250 mL three-necked round-bottom flask, equipped with a Dimroth cooler 

(metal cooling coil), mechanical stirrer, and a dropping funnel, was thoroughly dried using a heat 

gun and purged with dry nitrogen. Diethyl ether (Et2O, 84 mL), which was dried over sodium and 

freshly distilled, was added to the flask. Powdered lithium aluminum hydride (LAH, 1.76 g, 

46.4 mmol, 0.55 eq.) was gradually added to the flask. Methyl oleate (25.00 g, 84.3 mmol, 1 eq.) 

was mixed with 24 mL of dry Et2O and placed in a dropping funnel. The methyl oleate-Et2O mixture 

was slowly added dropwise to the LAH suspension, maintaining a slightly boiling Et2O. After 

complete addition, 50 mL of dry Et2O was added and the resulting mixture was stirred overnight. 

Subsequently, ice-cold water was added dropwise, and the precipitate was dissolved by adding 10% 

sulfuric acid (H2SO4). The aqueous phase was extracted thrice with 100 mL portions of petroleum 

ether. The combined organic phases were washed three times with brine and dried overnight with 

sodium sulfate. The solid was removed by filtration and the solvents were evaporated. Column 

chromatography was performed using a stepwise solvent gradient. The eluent mixture of 

cyclohexane/ethyl acetate ranged from 4/1 to 1/20 (VCy/VEtOAc) and yielded 21.87 g (81.5 mmol) of 

colorless liquid as the sum of four columns, corresponding to a yield of 97%. 

 

Yield: 97% 
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Purification by column chromatography, RF=0.4, eluent 4/1 (Vcy/VEtOAc) 

1H NMR (400 MHz, CDCl3) δ 5.39 – 5.26 (m, 2H, Hj, Hk), 3.60 (t, J = 6.7 Hz, 2H, Hb), 2.04 – 1.95 (m, 

4H, Hi, Hl), 1.60 – 1.48 (m, 2H, Hc), 1.39 – 1.18 (m, 22H, Hd-h, Hm-r), 0.86 (t, J = 6.8 Hz, 3H, Hs). 

13C NMR (101 MHz, CDCl3) δ 130.03 (CJ,K), 63.02 (CB), 32.87 (CC), 32.02 (CQ), 29.87 (CH,M), 29.54 (CE), 

29.73 – 29.28 (CF,G,N,O,P), 27.30 (CI,L), 25.87 (CD), 22.79 (CR), 14.20 (CS). 

Synthesis of oleyl glycidyl ether from oleyl alcohol 

The following procedure was adapted from Mouzin et al.3  

A 500 mL three-necked round-bottom flask equipped with a mechanical stirrer, dropping funnel, 

and plug was charged with oleyl alcohol (21.87 g, 81.5 mmol, 1 eq.), tetra-n-butylammonium 

hydrogen sulfate (1.134 g, 3.34 mmol, 0.041 eq.), and 50 w.-% aqueous NaOH (60.6 mL). Toluene 

(29.27 mL) was introduced, and the biphasic mixture was vigorously stirred while being cooled in 

an ice/water bath. Epichlorohydrin (22.85 mL, 432 mmol, 5.3 eq.) was added dropwise using a 

dropping funnel. Upon complete addition, the cooling bath was removed, and the reaction mixture 

was allowed to react overnight. 

Subsequently, water (250 mL) was carefully added to the reaction mixture under ice cooling 

followed by brief stirring to dissolve the precipitate. The phases were separated, and the aqueous 

phase was subjected to three extractions with 200 mL of petroleum ether each. The combined 

organic phases were washed with brine until a neutral pH was reached and then dried using MgSO4. 

Subsequent removal of the solvents and residual epichlorohydrin was achieved under high vacuum. 

To purify the crude product and eliminate the side product, 3-chloroallyl glycidyl ether, fractional 

distillation was performed using a Kugelrohr apparatus at 140 °C (pressure: 5∙10-3 mbar). The 

fraction obtained at 185–198 °C was collected and further purified by column chromatography 

using a gradient eluent ranging from 50/1 to 8/1 (VCy/VEtOAc). The final yield of the pure product 

from the four columns was determined to be 18.62 g (57.5 mmol), corresponding to a 71% yield. 
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Yield: 71%  

Purification by column chromatography, RF=0.4, eluent 6/1 (Vcy/VEtOAc) 

1H NMR (400 MHz, CDCl3) δ 5.37 – 5.27 (m, 2H, Hl,m), 3.68 (dd, J = 11.5, 3.1 Hz, 1H, Hc’), 3.53 – 3.40 

(m, 2H, Hd), 3.36 (dd, J = 11.5, 5.8 Hz, 1H, Hc’’), 3.16 – 3.08 (m, 1H, Hb), 2.81 – 2.72 (m, 1H, Ha’), 2.62 

– 2.54 (m, 1H, Ha’’), 2.06 – 1.92 (m, 4H, Hk,n), 1.62 – 1.51 (m, 2H, He), 1.36 – 1.21 (m, 22H, Hf-j, Ho-t), 

0.86 (t, J = 6.7 Hz, 3H, Hu). 

13C NMR (101 MHz, CDCl3) δ 129.95 (CL,M), 71.79 (CD), 71.55 (CC), 50.96 (CB), 44.37 (CA), 32.01 (CS), 

29.86 (CJ,O), 29.80 (CE), 29.67 – 29.34 (CG,H,I,P,Q,R), 27.29 (CK,N), 26.18 (CF), 22.78 (CT), 14.19 (CU). 

 

Polymerization Procedures 

Synthesis of mPEG-b-POlGE block copolymers 

The following procedure outlines the synthesis of block copolymers using monomethyl 

poly(ethylene glycol) (mPEG) initiators with molecular weights of 2000 and 5000 g/mol. The specific 

example described here is the synthesis of mPEG114-b-POlGE9.9. 

In a flame-dried Schlenk flask equipped with a rubber septum and a neodymium magnetic stirring 

bar, mPEG (5000 g/mol, 650 mg, 0.13 mmol, 1 eq.) and KOtBu (13.1 mg, 0.117 mmol, 0.9 eq.) were 

dissolved in 8 mL of benzene, along with dry [18]crown-6 (61.9 mg, 0.234 mmol, 1.8 eq., 2 eq. 

towards KOtBu). The mixture was then heated at 60 °C under reduced pressure for approximately 

one hour. The solvent was then removed under high vacuum at room temperature. Once most of 

the solvent evaporated, the temperature was maintained at 60 °C overnight, forming the dried 

initiator salt. 
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The monomer (OlGE) was dried by azeotropic distillation using benzene. OlGE was mixed with 8 mL 

of benzene in a flame-dried Schlenk flask. The mixture was subsequently frozen with liquid nitrogen, 

and the solvent was removed under reduced pressure at room temperature overnight. The 

monomer was then heated to 60 °C under a high vacuum for 1 h to remove any residual benzene. 

Next, OlGE (0.60 mL, 506 mg, 12 eq.) was added to the initiator salt at 80 °C and stirred overnight 

to initiate polymerization in bulk. The reaction was terminated by adding a mixture of 1 M 

hydrochloric acid (0.117 mmol, 0.9 eq., 1 eq. to KOtBu), and 1 mL of MeOH, followed by stirring for 

a few minutes. The polymer was then suspended in n-pentane at room temperature and frozen 

overnight. The resulting mixture was centrifuged, decanted, and suspended in fresh n-pentane, and 

the procedure was repeated. Subsequently, the polymer was dialyzed against MeOH using a dialysis 

tube with a molecular weight cut-off (MWCO) of 2000 g/mol to remove any potentially unreacted 

monomer as well as crown ether. The dialysis medium was exchanged after approximately 3 and 

18 h. The workup procedures for the different polymers were varied and are summarized in 

Table S1. Polymers that were dissolved in solvents at or above room temperature did not 

precipitate sufficiently and needed to be deep-frozen. 

Table S1: mPEG-b-POlGE block copolymers and their respective workup. 

Polymer Precipitation medium MWCO dialysis tube 

mPEG45-b-POlGE2.4 MeOH (RT), then freezer 1000 g/mol 

mPEG45-b-POlGE5.0 MeOH (50 °C), then freezer 1000 g/mol 

mPEG45-b-POlGE7.5 MeOH (50 °C), then freezer 1000 g/mol 

mPEG45-b-POlGE11.3 *Dialysis against THF 1000 g/mol 

mPEG114-b-POlGE2.9 n-Pentane (-18 °C) 2000 g/mol 

mPEG114-b-POlGE5.8 n-Pentane (-18 °C) 2000 g/mol 

mPEG114-b-POlGE7.3 n-Pentane (RT), then freezer 2000 g/mol 

mPEG114-b-POlGE9.9 n-Pentane (RT), then freezer 2000 g/mol 

 

After dialysis, the solvent was removed and the final product was dried under a high vacuum at 

60 °C overnight, yielding 508 mg, which corresponded to a yield of 44%. 
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Synthesis of statistical P(EG-co-OlGE) copolymers 

The synthesis of statistical copolymers using 2-(benzyloxy)ethanol as the initiator, with P(EG123-co-

OlGE7) as a specific example, was conducted as follows. Please note that the procedure describes 

the use of ethylene oxide, a toxic and flammable gas which should be treated with caution. 

In a flame-dried custom-made anionic flask equipped with a Teflon stopcock, rubber septum, and 

magnetic stirrer, CsOH∙H2O (24.8 mg, 0.148 mmol, 0.9 eq.) and 2-(benzyloxy)ethanol (25 mg, 

0.164 mmol, 1 eq.) were dissolved in 8 mL of benzene. The mixture was heated at 60 °C under static 

vacuum for 1 h. Subsequently, the solvent was removed under vacuum and the residue was further 

heated at 60 °C overnight to obtain the dried initiator salt. 

The monomer (OlGE) was dried by azeotropic distillation using benzene. OlGE was mixed with 8 mL 

of benzene in a flame-dried Schlenk flask. The mixture was then frozen with liquid nitrogen, and 

the solvent was removed under reduced pressure at room temperature overnight. The monomer 

was further heated to 60 °C under high vacuum for 1 h to remove any residual benzene. 

Next, the initiator salt was dissolved in 0.83 mL of DMSO (dried over molecular sieves) and dry THF 

(4.17 mL) was condensed into a glass ampule using an ethanol/liquid nitrogen cooling bath. The 

condensed THF was then cryo-transferred to the anionic flask. The solvents were then mixed at 

room temperature and frozen in the cooling bath. Following this, OlGE (320 mg, 0.38 mL, 

0.986 mmol, 6 eq.) was then added using a syringe. Ethylene oxide (EO) (0.83 mL at 80 °C, 

18.73 mmol, 114 eq.) was condensed into a glass ampule and cryo-transferred to the anionic flask 

with the cooling bath. The resulting mixture was stirred at 40 °C for at least 72  h to ensure complete 

EO consumption during copolymerization. 

After polymerization, the reaction was terminated by adding a mixture of 1 M hydrochloric acid 

(0.148 mmol, 0.9 eq., 1 eq. to CsOH∙H2O) and 1 mL of MeOH. The solvents were roughly removed 

by a strong nitrogen flow through the anionic flask. The raw product was then dissolved in DCM 

and extracted thrice with water to remove DMSO. The resulting polymer was dialyzed against 

MeOH using a membrane with a molecular weight cut-off (MWCO) of 1000 g/mol, with the dialysis 

medium being exchanged after 3 and 18  h. The solvents were removed, and the polymer was dried 

at 60 °C under high vacuum, resulting in a yield of 883 mg, which corresponds to 77% yield. 

Synthesis of POlGE homopolymers 

The following procedure describes the synthesis of POlGE homopolymers using 2-

(benzyloxy)ethanol as the initiator and POlGE25 as an illustrative example. 
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In a flame-dried Schlenk flask equipped with a rubber septum and a neodymium magnetic stirring 

bar, 2-(benzyloxy)ethanol (15 mg, 98.6 µmol, 1 eq.) and KOtBu (10 mg, 88.7 µmol, 0.9 eq.) together 

with [18]crown-6 (46.9 mg, 0.177 mmol, 1.8 eq., 2 eq. to KOtBu) were dissolved in benzene (8 mL). 

The mixture was heated at 60 °C under static vacuum. After one hour, the solvents were removed 

in vacuo to yield the dried initiator salt. Azeotropic distillation with benzene was used to dry the 

OlGE monomer. First, a Schlenk flask equipped with a magnetic stirrer was heated in flame. 

Subsequently, more OlGE than required for the batch was mixed with benzene (8 mL). The benzene 

was subsequently removed under vacuum overnight, resulting in dried OlGE. OlGE (0.94 mL, 

800 mg, 2.46 mmol) was transferred to the initiator salt at 80 °C under an Ar counterflow using a 

syringe. The polymerization was allowed to proceed for 18 h. Then, the polymerization was 

terminated using a mixture of 1 M hydrochloric acid (88.7 µmol, 1 eq. to KOtBu) and 1 mL MeOH. 

The mixture was dissolved in a small amount of DCM and precipitated using ice-cold MeOH. After 

centrifugation for at least 45 min, the solvent was decanted, and the procedure was repeated twice. 

Heating of the polymer at 60 °C yielded 650 mg, corresponding to 80% yield.  

In situ 1H NMR kinetical investigation of statistical copolymerization of EO and OlGE 

A Norell S-500-VT-7 sealable NMR tube with a Teflon stopcock was used to determine the reactivity 

ratios of EO and OlGE. The setup was similar to that described by Frey et al. described.4 Preparation 

of the initiator salt (cesium 2-(benzyloxy)ethanolate) was done in a five-fold batch as described on 

page 8 The initiator salt was dissolved in the respective amount of DMSO-d6, yielding an initiator 

stock solution. EO was condensed into the oven-dried NMR tube under static vacuum employing 

an acetone/nitrogen cooling bath. Next, THF-d8 (which had been dried over CaH2), dry OlGE, and 

one-fifth of the initiator stock solution were added while cooling under Ar counterflow. The mixture 

underwent three freeze-pump-thaw cycles to remove any remaining gas and was then cooled with 

liquid nitrogen before being inserted into the preheated NMR spectrometer at 40 °C. Sample 

spinning was turned off, and a spectrum was recorded before measuring the receiver gain. Online 

kinetic was conducted at 40 °C for 55 hours, with one scan every two minutes. Following the kinetic 

study, the copolymer underwent SEC analysis. 

The distinctive chemical shift of the OlGE and EO epoxide functionality was observed to track the 

consumption of each respective monomer. The software NIREVAL, created by Frey et al.,5 was 

utilized to analyze the normalized monomer consumption. 
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Post-polymerization procedures 

Thiol-Ene Click 

To modify the polymer mPEG114-b-POlGE2.9, the following steps were carried out. Firstly, 50 mg 

(8.33 µmol, 1 eq.) of the polymer was dissolved in DCM (0.3 mL) along with the photoinitiator 2,2-

dimethoxy-2-phenylacetophenone (DMPA, 12.8 mg, 50 µmol, 6 eq.) in a 10 mL Schlenk tube with a 

magnetic stirring bar and rubber septum. Then, thioglycol (78.1 mg, 1 mmol, 120 eq., 40 eq. per 

double bond) was added to the mixture, and an additional 0.3 mL DCM was flushed into the tube. 

The mixture was subjected to three freeze-pump-thaw cycles and was then irradiated overnight 

under continuous stirring using a UV lamp with a wavelength of 254 nm at a 5 cm distance. Next, 

the mixture was diluted with DCM (10 mL) and extracted three times against water (15 mL) to 

remove any unreacted thioglycol. The organic phase was dialyzed (MWCO 2000 g/mol) against 

MeOH (1 L, solvent changed thrice). After the solvent was evaporated, and the polymer was 

exposed to high vacuum at 60 °C, the modified polymer (42 mg) was obtained in 84% yield. 

Hydrogenation 

For post-polymerization hydrogenation, the in situ-formed diimide was utilized. It was generated 

by the acidic decomposition of potassium azodicarboxylate (PADA): 

Synthesis of potassium azodicarboxylate (PADA) 

The described procedure was inspired by Ma and Groves.6 

To synthesize PADA, 30 mL of a 40% aqueous potassium hydroxide solution was added to a 50 mL 

round-bottom flask with a magnetic stirrer. The flask was then placed into a water bath at 6 °C. 

Azodicarboxylate (4.84 g, 41.7 mmol) was added slowly over 2 hours. Afterward, the precipitate 

was filtered using a glass frit with filter paper and washed 20 times with ice-cold methanol. Finally, 

the product was dried in a desiccator for 1.5 days under vacuum, resulting in an intense yellow 

powder with a yield of 7.18 g, 37.0 mmol, or 89%. 

Hydrogenation as post-polymerization modification 

The utilization of PADA for generating diimide is a distinctive approach. In our study, we adjusted 

the synthesis methods previously reported by Groves and Ma,6 as well as Snyder and Hamersma.7 

We also applied the method towards a similar system.8 

 Please note, that the in situ diimide generation may produce toxic hydrazine as a byproduct. 

 



Chapter 6: Oleyl Glycidyl Ether 

 
393 

 

 

Scheme S1: Diimide generation of PADA by acidic decomposition, followed by polymer hydrogenation. Coupling 
products include gaseous carbon dioxide, nitrogen, and water-soluble potassium acetate. 

Hydrogenation was subjected to the homopolymer POlGE25 to achieve different degrees of 

hydrogenation. The procedure described here for the synthesis of POlGE25 (H95%) (degree of 

hydrogenation 95%) was as follows: POlGE25 (50 mg, 6.02 µmol, 1 eq.) was transferred into a flame-

dried Schlenk tube equipped with a magnetic stirrer and a rubber septum using toluene. The solvent 

was removed in vacuo resulting in the azeotropically dried educt. The polymer was dissolved in 

2.4 mL of pyridine, which had been previously dried over molecular sieves. To this solution, PADA 

(439 mg, 2.26 mmol, 375 eq., 15 eq. to the double bonds) was added. Additionally, 0.27 mL of 

glacial acetic acid, previously dried over P4O10, was mixed with 0.6 mL of dry pyridine. This acetic 

acid-pyridine mixture was then slowly added to the stirred polymer solution over 14 hours using a 

syringe pump, with the dead volume of the tube considered for precise proportion. After the 

complete addition, the mixture was further stirred for at least 2 hours until the colorless precipitate 

dissolved in water. The aqueous phase was then subjected to two extractions with chloroform 

(10 mL each), while the organic phase underwent three extractions with water (10 mL each) to 

remove any remaining salts. Next, the solvent was removed, and the resulting hydrogenated 

polymer was dried under high vacuum at 60 °C overnight to obtain the final product (47 mg) in 94% 

yield. To reach a hydrogenation level of 76% in POlGE25 (H76%), three equivalents of PADA were 

needed per double bond. On the other hand, to achieve a hydrogenation level of 53% in POlGE25 

(H53%), 1.25 equivalents of PADA were required per double bond. 
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NMR Spectra of OlGE 

 

Figure S1: 1H NMR of oleyl glycidyl ether (OlGE) (CDCl3, 400 MHz). 

 

Figure S2: 13C NMR of oleyl glycidyl ether (OlGE) (101 MHz, CDCl3).  
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Characterization of Block copolymers of OlGE and EO 

OlGE repeating units could not be calculated by integration of the initiator methoxy group due to 

the shift of the backbone into the highfield after copolymerization. Instead, the following equation 

was used to determine the OlGE repeating units (n(OlGE)) from the integral of the mPEG precursor 

and the integral of the synthesized polymer. 

𝑛𝑛(OlGE) =
𝐼𝐼(mPEG)

𝐼𝐼(Backbone)− 7
 (S2) 

 

 

Figure S3: 1H NMR of mPEG-b-POlGE (600 MHz, CDCl3, 21 °C). 
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Figure S4: 13C NMR of mPEG-b-POlGE (151 MHz, CDCl3, 21 °C). 

 

 

Figure S5: SEC traces of mPEG45-b-POlGE (RI detector, eluent: THF, PEG calibration). 



Chapter 6: Oleyl Glycidyl Ether 

 
397 

 

 

Figure S6: SEC traces of mPEG114-b-POlGE (RI detector, eluent: THF, PEG calibration). 
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Characterization of statistical copolymers of OlGE and EO 

 

Figure S7: 1H NMR of a statistical P(EG-co-OlGE) copolymer (400 MHz, CDCl3). 

 

Figure S8: 13C NMR of a statistical P(EG-co-OlGE) copolymer (101 MHz, CDCl3). 
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Figure S9: SEC traces of statistical P(EG-co-OlGE) copolymers (RI detector, eluent: THF, PEG calibration). 

 

Characterization of Homopolymers of OlGE 

 

Figure S10: 1H NMR of a POlGE homopolymer (400 MHz, CDCl3). 
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Figure S11: 13C NMR of a POlGE homopolymer (101 MHz, CDCl3). 

 

Figure S12: SEC traces of POlGE homopolymers (RI detector, eluent: THF, PEG calibration). 
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Thermal Characterizations of Polymers 

 

Figure S13: DSC thermograms of POlGE homopolymer measured at different heat and cool rates. Second heating curve. 
Black arrow marks a strong recrystallization peak at a heat rate of 10 K/min. 

 

 

Figure S14: DSC thermograms of mPEG45-based OlGE block copolymers and the precursor. Second heating curve, 1 
K/min. Melting areas which are only visible in strong zoom are marked by black arrows. 
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Figure S15: DSC thermograms of mPEG114-based OlGE block copolymers and the precursor. Second heating curve, 
1 K/min. Melting areas which are only visible in strong zoom are marked by black arrows. 

 

 

Figure S16: DSC thermograms of statistical EO/OlGE copolymers. Second heating curve, 1 K/min. 
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Figure S17: DSC thermograms of POlGE homopolymers. Second heating curve, 1 K/min. Melting areas which are only 
visible in strong zoom are marked by black arrows. 

 

CMC determination by fluorescence spectroscopy 

 

Figure S18: CMC determination of P(EG123-co-OlGE7) by fluorescence spectroscopy with pyrene as a probe. Black 
squares: data point, red line: fitting curve. 
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Figure S19: CMC determination of mPEG45-b-POlGE2.4 by fluorescence spectroscopy with pyrene as a probe. Black 
squares: data point, red line: fitting curve. 

 

Figure S20: CMC determination of mPEG45-b-POlGE5.0 by fluorescence spectroscopy with pyrene as a probe. Black 
squares: data point, red line: fitting curve. 
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Figure S21: CMC determination of mPEG114-b-POlGE2.9 by fluorescence spectroscopy with pyrene as a probe. Black 
squares: data point, red line: fitting curve. 

 

Figure S22: CMC determination of mPEG114-b-POlGE5.8 by fluorescence spectroscopy with pyrene as a probe. Black 
squares: data point, red line: fitting curve. 
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Figure S23: CMC determination of mPEG114-b-POlGE7.3 by fluorescence spectroscopy with pyrene as a probe. Black 
squares: data point, red line: fitting curve. 

 

Figure S24: CMC determination of mPEG114-b-POlGE9.9 by fluorescence spectroscopy with pyrene as a probe. Black 
squares: data point, red line: fitting curve. 
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Transmission Electron Microscopy 

 

Figure S25: TEM micrograph of statistical P(EG123-co-OlGE7) copolymer in aqueous solution (0.1 g/L). Samples were 
treated with 2% uranyl acetate solution as negative stain. 

 

 

Figure S26: TEM micrograph of mPEG45-b-POlGEn block copolymers in aqueous solution (0.1 g/L). Left: n=2.4, right: 
n=5.0. The circular structure in the upper left corner is caused by irradiation damage. Samples were treated with 2% 
uranyl acetate solution as negative stain. 
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Figure S27: TEM micrograph of mPEG114-b-POlGEn block copolymers in aqueous solution (0.1 g/L). Top left: n=2.9, top 
right: n=5.8. Bottom left: n=7.3, bottom right: n=9.9. Samples were treated with 2% uranyl acetate solution as negative 
stain. 

Dynamic Light Scattering 

Cylindrical quartz glass cuvettes were thoroughly cleaned with hot acetone before usage to ensure 

they were free of any dust particles. Temperature control was maintained using a Huber Pilot One 

thermostat manufactured by Peter Huber Kältemaschinenbau AG. The measurements were 

conducted at a temperature of 25 °C, with a polymer concentration of 0.3 g/L. To eliminate any 

dust contaminants from the polymer solution, the solutions were filtered through a Millex-HV filter 

(0.45 µm, 13 mm). The filtering process was carried out within a dust-free laminar flow box. The 

measurements were executed across an angular range from 30° to 150° in 10° increments. The laser 

was from Thorlabs and had a wavelength of 632.8 nm. The respective scattering vector q can be 

defined using the following equation, considering the refractive index of water n, the scattering 

angle θ and the wavelength λ: 
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𝑞𝑞 =
4π𝑛𝑛
𝜆𝜆

sin(𝜃𝜃/2) (S3) 

The amplitude autocorrelation functions 𝑔𝑔(1)(𝑞𝑞, 𝜏𝜏) were fitted using the following biexponential 

function: 

𝑔𝑔(1)(𝑞𝑞, 𝜏𝜏) = 𝐴𝐴 + 𝐵𝐵 ∙ exp �−
𝜏𝜏
𝜏𝜏R,1

�+ 𝐶𝐶 ∙ exp�−
𝜏𝜏
𝜏𝜏R,2

� (S4) 

With time τ, baseline A, amplitudes B and C, as well as the characteristic relaxation times of the 

respective modes τR. The diffusion coefficient of each measured angle is received from the relation 

D=(τR∙q2)-1. Graphing D in relation to q2 yielded z-average D from the coordinate section. Applying 

the Stokes-Einstein equation gives the hydrodynamic radius RH: 

𝑅𝑅H =
𝑘𝑘B𝑇𝑇

6π𝜂𝜂𝜂𝜂
 (S5) 

With the Boltzmann constant kB, absolute temperature T in K, and the dynamic viscosity of water 

η. 

 

Figure S28: Auto correlation function of P(EG123-co-OlGE7) at a scattering angle of 30° plotted against τ. 
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Figure S29: Diffusion coefficient plotted against the square of the scattering vector of the polymer P(EG123-co-OlGE7). 

 

Figure S30: Auto correlation function of mPEG45-b-POlGE2.4 (black squares) and mPEG45-b-POlGE5.0 (blue triangles) at a 
scattering angle of 30° plotted against τ. 
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Figure S31: Diffusion coefficient plotted against the square of the scattering vector of the polymer mPEG45-b-POlGE2.4. 

 

Figure S32: Diffusion coefficient plotted against the square of the scattering vector of the polymer mPEG45-b-POlGE5.0. 
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Figure S33: Auto correlation function of mPEG114-b-POlGE2.9 (black squares), mPEG114-b-POlGE5.8 (blue triangles) and 
mPEG114-b-POlGE7.3 (red circles) at a scattering angle of 30° plotted against τ. 

 

Figure S34: Diffusion coefficient plotted against the square of the scattering vector of the polymer mPEG114-b-POlGE2.9. 
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Figure S35: Diffusion coefficient plotted against the square of the scattering vector of the polymer mPEG114-b-POlGE5.8. 

 

Figure S36: Diffusion coefficient plotted against the square of the scattering vector of the polymer mPEG114-b-POlGE7.3. 

 



Chapter 6: Oleyl Glycidyl Ether 

 
414 
 

In Situ 1H NMR Copolymerization Kinetics of OlGE and EO 

 

Figure S37: Time-conversion plot of the in situ 1H NMR copolymerization kinetic study of EO with OlGE. (Solvent: DMSO-
d6/THF-d8 1:5 (V/V), 40 °C. 

 

 

Figure S38: Individual versus total conversion of the in situ 1H NMR copolymerization kinetic study of EO with OlGE. 
(Solvent: DMSO-d6/THF-d8 1:5 (V/V), 40 °C. 
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Figure S39: Jaacks fit of the in situ 1H NMR copolymerization kinetic study of EO with OlGE. (Solvent: DMSO-d6/THF-d8 
1:5 (V/V), 40 °C. Conversion threshold 75% to ensure significant signal to noise ratio of the epoxide functionalities. 

 

Figure S40: Meyer-Lowry fit of the in situ 1H NMR copolymerization kinetic study of EO with OlGE. (Solvent: 
DMSO-d6/THF-d8 1:5 (V/V), 40 °C. Conversion threshold 75% to ensure significant signal to noise ratio of the epoxide 
functionalities. 
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Figure S41: SEC trace of the P(EG76-co-OlGE15) copolymer synthesized during the in situ 1H NMR kinetic study (RI 
detector, eluent: DMF, PEG calibration). 

Post-polymerization Functionalization 

Thiol-Ene Click 

 

Figure S42: 1H NMR of mPEG114-b-POlGE2.9 before and after modification via thiol-ene click (300 MHz, CDCl3). 
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Figure S43: SEC traces of the polymer mPEG114-b-POlGE2.9 before (green) and after modification (blue) via thiol-ene 
click. Note that the apparent molecular weight decreases upon modification with thioglycol (eluent: THF, RI detector, 
PEG calibration). 

 

Figure S44: DOSY of modified mPEG114-b-POlGE2.9 with thioglycol (400 MHz, CDCl3). 
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Figure S45: MALDI-ToF of mPEG114-b-POlGE2.9 functionalized with thioglycol (KTFA, linear mode, matrix: DCTB). Long 
arrow denotes the mass difference of the functionalized OlGE. Small arrow denotes the mass difference of the EO 
repeating unit. Note that the OlGE repeating unit (324 g/mol) was not found. 

Hydrogenation via diimide from PADA 

 

Figure S46: SEC trace of POlGE25 and the respective hydrogenated Polymers (eluent: THF, RI detector, PEG calibration). 
The value of H denotes the degree of hydrogenation. 
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Figure S47: 1H NMR spectra of POlGE25 and the respective hydrogenated Polymers (400 MHz, CDCl3). The value of H 
denotes the degree of hydrogenation. 

 

 

Figure S48: DSC thermograms of POlGE (partially) hydrogenated homopolymers and the respective precursor. Second 
heating curve, 1 K/min.  
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Outlook 
The copolymerization of epoxides presents an invaluable pathway for synthesizing innovative, 

customizable polyethers. Simultaneous, i.e. statistical copolymerization opens access to a vast 

variety of possible structures relevant to many areas of application, depending on monomer 

selection and reactivity ratios. This thesis discusses multiple examples, where copolymerization is 

controlled by the structures of the monomers and the reaction conditions. A particular focus has 

been placed on the role of solvent polarity and other parameters.  

Bio-based monomers, such as those derived from fatty alcohols and terpenoids, offer significant 

potential to replace fossil-based monomers, creating new sustainable materials. These monomers, 

when copolymerized with ethylene oxide, tend to form random copolymers, making them excellent 

candidates for multifunctional poly(ethylene glycol) (PEG) derivatives. Anionic ring-opening 

polymerization is a living polymerization method, characterized by the absence of termination 

reactions. Therefore, the reactivity ratios provide insight into monomer incorporation and the 

resulting compositional gradient along the polymer chains. 

Advanced online techniques enable the investigation of reactivity ratios in greater detail. Although 

many reactivity ratios have been reported since the 1960s, they are not aligned with the latest 

technological advancements. In the last decades, many experimental methods have advanced, 

making the in situ observation of monomer conversion possible. The copolymerization conditions 

are still too unheeded, even though they can influence the reactivity ratios. Besides, choosing the 

right copolymerization model is important to avoid erroneous results, but many authors still use 

outdated models. Nonetheless, the required inert conditions and potentially gaseous monomers in 

anionic ring-opening polymerization increase experimental effort. Future research needs to 

consider the influence of the reaction conditions. Systematic variation of the reaction conditions 

(degree of deprotonation, solvent, different monomers, etc.) can illuminate the impact of the 

combined factors. This enables the determination of more accurate reactivity ratios, which aids in 

understanding the influence of reaction conditions. The copolymerization of ethylene oxide with 

glycidyl methyl ether results in almost ideally random copolymers, while the copolymerization with 

propylene oxide yields gradient copolymers. The reaction conditions slightly alter reactivity ratios 

and understanding the influence of the conditions is essential to predict copolymer properties. This 

especially applies to copolymers for biomedical applications, where structural precision is crucial. 

Decarbonizing the chemical industry will be the defining goal of the century. Societal demands for 

readily available, cheap, and renewable resources must be fulfilled to reduce greenhouse gas 
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emissions below the preindustrial level. Bio-based monomers will play a key role in polymer 

technology, they can provide a large variety of especially hydrophobic compounds. Terpenyl 

glycidyl ethers from terpenoids are already available, and their structural diversity allows them to 

be used in manifold applications. As such, they could be used in surfactants to solubilize apolar 

compounds or serve as sustainable alternatives in drug delivery systems. With nearly equal 

reactivity ratios, terpenyl glycidyl ethers and ethylene oxide enable the synthesis of gradient 

copolymers via continuous monomer addition during polymerization. This approach allows for a 

diverse range of innovative, sustainable materials, ranging from random, over gradient, to block 

copolymers. The comonomer content modifies the aqueous solubility of PEG, offering a potential 

lever to adjust drug release profiles. Postpolymerization reactions can further serve to tailor these 

materials for specific applications. Fatty alcohols are another promising resource for glycidyl ethers. 

In contrast to terpenoids, they exhibit linear side chains. The saturated, long-chain derivatives 

crystallize at room temperature. By tuning the melting point of the apolar segment in these block 

copolymers, they can form thermoresponsive micelles, enabling controlled drug release from the 

micellar core at a specific temperature in the patient. Nature also provides unsaturated alcohols 

that can be converted to glycidyl ethers. The side chains can be altered by postpolymerization 

modification of the double bonds, similar to the terpenyl glycidyl ethers.  

Future research has the potential to revolutionize sustainable material development by integrating 

bio-based monomers and advancing copolymerization techniques. This progress will not only 

reduce environmental impact but also pave the way for innovative applications across diverse 

industries. 
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A1: Isomerization of poly(ethylene glycol): A 
strategy for the evasion of immune recognition 
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Abstract:  

PEGylation, the conjugation of poly(ethylene glycol) (PEG) to bioactive peptide drugs or 

nanocarriers, is a key strategy in nanomedicine to extend the circulation time of therapeutics in the 

bloodstream based on the stealth-effect of PEG. However, the growing prevalence of anti-PEG 

antibodies in the population can lead to pronounced immune responses upon drug administration 

and accelerated blood clearance of PEGylated drugs, resulting in the loss of the stealth-effect. We 

introduce the randomized PEG (rPEG) technology designed to mitigate the antigenicity of PEG while 

preserving its core benefits. This approach is based on an ideally random introduction of hydrophilic 

side chains along the PEG backbone. This effectively diminishes antigen recognition by anti-PEG 

antibodies. However, all relevant pharmaceutical properties of PEG are preserved. 

Introduction 

PEGylation, the conjugation of poly(ethylene glycol) (PEG) to proteins, small molecules or lipids, is 

a crucial strategy for the delivery of peptide and protein drugs (1, 2). It is frequently used in 

liposomal formulations (3, 4) and in PEGylated lipids as solubilizing and crucial stabilizing 

components of lipid nanoparticles, e.g. SARS-CoV-2 vaccines (5, 6). Presently, over 40 PEGylated 

therapeutics are on the market or in clinical phase III, with market introduction pending (7). It is 

appropriate to state that PEGylation represents a key technology of current nanomedicine. The 

non-ionic PEG provides a hydrophilic shield that protects conjugates from recognition by the 

patient’s immune system, commonly referred to as “stealth-effect”. It effectively increases the size 

of the biomolecule, consequently reducing clearance from the bloodstream (8). The investigation 

of PEG-coated nanocarriers additionally revealed the impact of PEG on the composition of the 

protein corona formed at the particles, which is important to prevent non-specific cellular uptake 

(9). However, whereas it was initially believed that PEG is immunologically inert, it has become 

evident in recent decades that an increasing number of individuals have developed anti-PEG 

antibodies (APAs), extensively boosted by PEG lipid-containing SARS-CoV-2 lipid nanoparticles 

(LNPs) used for mRNA vaccinations (10–12). The induction of APAs in humans may not only result 

from PEGylated therapeutics but could also arise from exposure to PEG present in food, cosmetics 

and other common sources. The potential antigenicity of PEG has been confirmed by the existence 

of APAs in healthy individuals who have never received PEGylated therapeutics systemically (13, 

14). A recent study revealed that 83% of individuals in a typical western population are positive for 

either anti-PEG IgG or IgM (15). 

The presence of APAs results in the recognition and accelerated blood clearance of PEGylated 

therapeutics up to complement activation-related pseudo allergy and anaphylactic shocks in severe 
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cases. A phase III clinical study regarding anti-coagulation factor IXa RNA PEG-conjugated aptamer 

had to be interrupted since anaphylactic reactions in 0.6% of the patients were observed, most 

likely caused by the pre-existence of APAs in the bloodstream (16). Recent clinical works regarding 

Pegaspargase have shown that the presence of APAs permits the prediction of allergic reactions 

and failure of rechallenge, emphasizing the clinical relevance of APA-Fabs for the success of treating 

leukemia in this case (17). Based on these concerns, the search for PEG replacement structures has 

intensified in recent years. Several alternatives based on polymer classes other than polyethers, i.e. 

polysarcosine, polyoxazolines and polymethacrylates have been discussed (7, 8, 18). However, it is 

important to note that antigenicity was also observed for some homopolymers of polymer classes 

other than PEG (19, 20) due to the flexibility of the adaptive immune system. 

In contrast to the aforementioned approaches, the presented study targets the ‘PEG alternative 

dilemma’ via a fundamentally different PEG isomerization approach. Our strategy aims to preserve 

the wide spectrum of beneficial properties of PEG, while diminishing its immunological drawbacks 

by the introduction of statistical heterogenicity, retaining precise control over the chain length. 

Additionally, we aim at a PEG-based alternative that could be seamlessly integrated into existing 

PEG manufacturing and PEGylation processes. 

Tackling APAs by introducing ‘synthetic point mutations’ to PEG via isomerization  

Recently, crystal-structures of two types of APAs that bind to the PEG backbone (21) or the methoxy 

end group of mPEG (22) were determined for the first time. In both cases, an open ring-like 

substructure of the APA Fab paratope recognizes ethylene glycol (EO) units of PEG via multiple van 

der Waals and polar interactions. While the backbone-specific APA binds 16 EO units, seven units 

and the methoxy residue at the chain end are recognized by the investigated end group-specific 

APA. Inspired by these observations, we hypothesized that an interruption of the periodic and linear 

PEG structure by randomly distributed branching points should significantly alter the interaction of 

the APA with the PEG epitope. This random disruption of the regular PEG structure may be viewed 

as an introduction of ‘synthetic point mutations’ along the polyether backbone. In this context, we 

chose methoxy methylene side chains as branching points to preserve the carbon-hydrogen-oxygen 

ratio of PEG while altering the underlying architecture of the polyether (Fig. 1A).  
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Figure 1. Synthesis and characterization of rPEGs. (A) Applied synthesis strategy for rPEG by copolymerization; (B) 
comonomer consumption ([Mt]/[M0]) vs. total conversion obtained from in-situ 1H NMR kinetics in DMSO-d6; (C) molar-
based composition diagram of rPEG (50 mol% GME) derived from the in-situ 1H NMR kinetics data in DMSO-d6; (D) 
stacked MALDI ToF mass spectra of investigated rPEGs; (E) zoom-in of rPEG105

0.74 MALDI ToF MS; (F) stacked GPC traces 
of investigated rPEGs. 

The repeating unit can be introduced via the epoxide monomer glycidyl methyl ether (GME). As 

GME is a formal dimer of EO (C2nH4nOn; n = 1 (EO), 2 (GME)), all copolymers of EO and GME 

represent constitutional isomers of PEG, independent of their monomer composition. We assumed 

that these randomized PEG (rPEG) structures hold potential as a highly suitable non-antigenic 

alternative to PEG, albeit preserving the polyether backbone and the beneficial physicochemical 

properties of PEG. The random incorporation of EO and GME units into the polymer backbone is an 
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essential parameter to decrease the occurrence of EO-rich epitope segments in the polyether 

chains. In principle, the incorporation of GME repeating units can be achieved via copolymerization 

of EO and GME. Noteworthy, anionic homo- and copolymerization of GME has rarely been 

investigated to date due to synthetic challenges and impurities (scheme S2), resulting in ill-defined 

polymers that are not suitable for pharmaceutical applications. PGME homopolymers were either 

obtained as oligomers (23) or with high dispersity (24). EO-GME copolymer structures are accessible 

using an activated monomer mechanism (24) albeit resulting in ill-defined materials with poor end 

group fidelity and non-tolerable traces of the aluminum catalyst in the products. It is important to 

note that for a polymer to be regarded as a viable alternative to PEG, it must meet the standard 

specifications of pharmaceutical-grade PEG. Specifically, it must possess high purity and a dispersity 

(Mw/Mn) lower than 1.10. High end group fidelity (>99%) is critical for the subsequent conjugation 

of the polymers to proteins, nanocarriers or surfaces. 

Via utilization of analytically pure GME (>99%) (fig. S1, S4 and S5) and anionic ring-opening 

(co)polymerization (AROP) of EO and GME (Fig. 1A), the first successful synthesis of well-defined 

rPEGs was accomplished, circumventing the abovementioned synthetic challenges (scheme S2). 

AROP was selected as polymerization method of choice, as it represents the standard 

polymerization technique for pharmaceutical grade PEG, characterized by the absence of toxic side 

products or catalysts, high end-group fidelity and the ability to precisely control molar masses due 

to quantitative conversion of the epoxide monomers (25). The method is also utilized in the 

industrially established synthesis of pharmaceutical-grade PEG. Therefore, it is the key for the 

potential synthesis of a polyether-based PEG alternative in existing PEG production facilities. 

In the AROP of epoxides, the choice of solvent is a crucial reaction parameter because it has a direct 

influence on the copolymerization kinetics and the resulting microstructure of the copolymer (26). 

Therefore, in a first optimization step, we elucidated the incorporation of EO and GME into the 

polymer backbone by following the mean composition at all chain positions during the 

copolymerization. This was achieved by performing in-situ 1H NMR kinetics measurements in 

various non-protic solvents suitable for AROP of monosubstituted epoxides (fig. S8 – S39 and tables 

S1 and S2). In the case of DMSO-d6, an almost linear decrease of comonomer consumption with 

progressing conversion (Fig. 1B) for both comonomers is observed. This demonstrates that the 

incorporation of EO and GME units occurs in an ideally random manner (rEO ≈ rGME ≈ 1) (Fig. 1C) 

independent of temperature and degree of deprotonation (figs. S15 – S18, S24 – S26). In the case 

of less polar solvents, a slightly preferred incorporation of GME over EO was observed, resulting in 

soft gradient microstructures (figs. S19 – S23, S27 – S31). As a random distribution of GME along 
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the polymer backbone is preferred to statistically minimize the occurrence of EO-rich segments, we 

chose DMSO as a suitable solvent for the optimization of the rPEG synthesis on multi-gram scale.  

To ensure systematic comparability of the side groups´ influence on the physicochemical properties 

and their behavior in the bioassays, copolymers in analogy to 5000 g mol-1 mPEG were synthesized. 

This translates to a constant degree of polymerization of 114, while varying the GME content, 

leading to higher molar masses that depend on the introduced GME content. In this context, we 

designed and utilized the potassium salt of 1-methoxy-3-(2-methoxyethoxy)propan-2-ol (MMEPOK) 

as initiator (Fig. 1A) for the synthesis of the rPEG samples to lock a ‘synthetic point mutation’ at the 

second repeating unit of each polymer chain (supplementary text). The design of the initiator 

structure was derived from preliminary enzyme-linked immunosorbent assay (ELISA) experiments 

of PGME samples with differing initiator molecules (fig. S40). We further designed and conducted 

an additional purification protocol via semi-preparative high-performance liquid chromatography 

(HPLC) (supplementary text) to obtain rPEG samples in high purity which is an essential 

requirement for potential pharmaceutical applications (fig. S43, table S5). Additionally, the 

purification protocol was applied using a commercial mPEG sample to allow for comparison 

between mPEG and rPEG in the following studies. Hence, rPEGs with varying molar compositions 

of 21 – 74 mol% GME and molecular weights of 6.0 – 8.4 kg mol-1 were synthesized and purified 

(tables S3 and S4). All isomeric rPEGs and mPEG were analyzed by 1H NMR spectroscopy (fig. S44) 

and MALDI ToF MS. The latter reveals one distinct distribution which is assigned to the potassium-

ionized and methoxy-initiated species ([rPEG + K]+) carrying an alcohol group at the ω-chain end 

exclusively (Fig. 1D and 1E, figs. S45 and S46). This confirms the purity and high end group fidelity 

of the synthesized rPEGs. It is important to note that due to the isomeric character of the rPEGs, 

only a single distribution with intervals of 44 m/z is observed, despite the copolymer structure. 

Additionally, all synthesized rPEGs show monomodal distributions and dispersity <1.10 (GPC) 

independent of their molar comonomer composition (Fig. 1F, fig. S47). Therefore, from a synthetic 

point of view, the requirements of rPEGs as a PEG alternative are fully met. 

Preservation of stealth properties 

The application of PEG alternatives in polymer-protein conjugates and in lipid-nucleic acid 

formulations under physiological conditions necessitates sufficient solubility of the polymer in 

aqueous solutions significantly above body temperature. Since the formation of a hydration shell is 

crucial for the stealth effect and therefore shielding of the active pharmaceutical ingredient (API) 

or nanoparticle, a collapse of the PEGylation alternative in aqueous solutions must be prevented.  
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Therefore, we investigated the thermo-responsive behavior of the synthesized rPEG samples in PBS 

buffer via turbidimetry. In the measurements, the cloud point temperatures (Tcp), marking phase 

separation of polymers and the solvent of the rPEGs with varying amounts of GME were determined 

at a concentration of 2 mg mL-1 (Fig. 2A, table S6). The investigation shows that no cloud point is 

observed up to a molar GME content of 43% in the rPEG samples. The observed Tcps at a 

transmittance of 50% for rPEG110
0.55 and rPEG105

0.74 at 86 °C and 75 °C, respectively, demonstrate that 

even for high content of GME no coil-globule transition is to be expected at physiological 

temperatures. Additionally, Tcps for rPEG105
0.74 at varying polymer concentrations (0.5-10.0 mg mL-1) 

were investigated showing merely a slight decrease of the Tcp up to 71 °C (10.0 mg mL-1) with 

increasing polymer concentration (Fig. 2B, table S6).  

Figure 2. Physicochemical properties of rPEGs. (A) Stacked turbidimetry plots (heating curves) (2.0 mg mL-1) of mPEG117 
and rPEG samples in PBS buffer; (B) stacked turbidimetry plots (heating curves) of rPEG105

0.74 at different concentrations 
in PBS buffer; (C) diffusion coefficients in dependence of the molecular weight for mPEG and rPEG samples in D2O 
obtained via DOSY NMR; dashed line shows PEG fit determined from different well-defined PEG samples; (D) 
comparison of hydrodynamic radii of mPEG and rPEG samples based on the obtained diffusion coefficients from DOSY 
experiments. 

Pursuing, we utilized diffusion-ordered NMR spectroscopy (DOSY NMR) in D2O (figs. S48 – S52) to 

evaluate the influence of the methoxy methylene side chains on the properties of rPEGs in solution. 

The obtained data (table S7) was referenced to a PEG fit (fig. S53) to elucidate differences of the 

rPEG samples to conventional PEG. In this context, the rPEG samples exhibit slight deviations from 

the expected PEG fit values, whereas the mPEG117 sample aligns closely with the fit (Fig. 2C). This 

confirms that the methoxy end group of the investigated samples has no significant influence on 

C)
D)
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the diffusion of the polymers in the investigated molar mass range. Calculation of the hydrodynamic 

radii (rH) from the diffusion data (supplementary text) reveals unexpected behavior. Despite the 

significant increase in molar mass with higher content of GME, the rH of the rPEG samples remains 

comparable to that of the mPEG reference (Fig. 2D, table S7). In comparison, a PEG sample with 

the same molecular weight as rPEG105
0.74  (rH = 1.73 nm) possesses a rH of ≈2.23 nm based on the 

determined PEG fit (fig. S53). From these observations, we conclude that the primary contribution 

to the hydrodynamic radius of the rPEG polymer coil derives from the hydration of the backbone, 

while the methoxy methylene side groups play a rather minor role.  

In summary, the study of the thermoresponsiveness and hydrodynamic radii of rPEGs in buffer 

solution and D2O, respectively, show similar results as for PEG, hinting towards comparable 

shielding capability for drug or protein conjugates and nanoparticles. 

Sustainment of cell viability  

Further, we investigated the cell viability and the activation of human leukocytes via flow cytometry 

to assess the behavior of rPEGs in biomedical applications. It was shown in earlier studies that the 

PGME homopolymer and other glycidyl ether-based polyethers show excellent biocompatibility in 

cell viability tests (23, 27). To establish biocompatibility for the series of rPEGs, we incubated 

peripheral blood mononuclear cells (PBMCs) of four healthy donors with rPEGs and mPEG117 in a 

broad concentration range (5.0, 1.0 and 0.1 mg mL-1) for 16 h. Cytokine release in the supernatants 

was measured to evaluate immunomodulatory effects of rPEGs. rPEGs exhibit high cell viability for 

all cell types at all investigated concentrations (Fig. 3A, fig S59).  
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Figure 3. PBMC Cell viability & B cell activation in the presence of mPEG117 and rPEGs. (A) Cell viability of human 
leukocytes; (B) CD80 expression on B Cells (CD20 positive) as a biomarker for immunomodulatory effects; determined 
via flow cytometry at different concentrations (5.0, 1.0 and 0.1 mg mL-1). 

No influence on the viability of B cells, T cells, neutral killer cells (NK) and monocytes is observed 

for rPEGs. At the highest concentration of 5 mg mL-1 some rPEG samples show a slight effect on 

dendritic cells (DC) and the remaining polymorphonuclear leukocytes, but their viability remains 

above 75% (fold ctrl) (fig S59). This effect can be attributed to the high polymer concentration and 

heterogeneity of human donors. A reduction of the cell viability with increasing GME content is not 

observed. The CD80 and CD86 expressions on B cells remain at a basal level (Fig. 3B. fig. S60) 

Therefore, it can be established that rPEG does not activate resting B cells. A possible influence of 

pre-existing APAs is not observed. Given the significant variability in immune activity among 

individual donors, cytokine release data permits only relative assessments. To account for this 

variability, cytokine levels were normalized to the positive control (R848) of each respective donor 

(supplementary text). The relative cytokine release sustains near zero and never increased above 

0.05-fold R848 control (fig. S61, tables S10– S14). To conclude, all investigated rPEGs are non-

cytotoxic and do not feature a notable immune-modulatory effect for clinically relevant 

concentrations. Thus, rPEG appears to be suitable for utilization in in vivo experiments and addition 

preclinical studies. 

A)

B)
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Suppression of antibody recognition  

Based on the reactivity ratios determined in DMSO-d6 (rEO ≈ rGME ≈ 1), calculations and simulations 

with different molar compositions were performed (supplementary text) to illustrate the random 

distribution of the ‘synthetic point mutations’ along the rPEG chains (Figs. 4A and 4B, figs. 

S54 – S56). The targeted chemical heterogeneity within the polymer sample is evident from the 

simulation, as each distinct chain possesses a different sequence of repeating units (Fig. 4B). The 

methoxy methylene groups as ‘synthetic point mutations’ are randomly distributed in the polyether 

backbone, and the statistical diversity within each chain within one sample is tremendously high. 

As an example, for a copolymer with 114 monomer units, among which 23 monomer units are GME 

(20 mol%), the number of possible chain isomers with different monomer sequences is 7.3 ∙ 1023. 

This illustrates that the induction of polymer-specific antibodies targeting a regular chain segment 

should be highly hampered or even impossible. The calculations show that a decrease in the molar 

fractions of longer, merely EO containing segments with increasing GME amount occurs (Fig. 4A). 

This is confirmed by the simulations (Fig. 4B, figs. S54 – S56) where the probability of finding at 

least one repeating pattern of 16 or more consecutive EO repeating units (highlighted in orange) in 

a rPEG chain decreases from 46% for rPEG114
0.20 to below 0.1% in the case of rPEG114

0.50 (table S8). 

Besides the decrease in consecutive EO units, the increased spatial requirement of rPEGs and the 

random distribution of methoxy methylene side chains should additionally impede or even disable 

interaction with APAs according to the specific “lock and key principle”. In addition, GME is utilized 

as a racemic mixture, which introduces additional symmetry inhomogeneities of the individual 

chains within one sample.   

To investigate our hypothesis regarding APAs, we tested the effect of a varied concentration of 

synthetic point mutations (0 to 74 mol% GME) on the binding capability of backbone- and end 

group-specific APAs via competitive ELISA. The concentration-dependent interaction between the 

APA and polyether is detected by a decrease of fluorescence intensity. In summary, the backbone-

specific APA ELISA results confirm the effect of the incorporation of methoxy methylene groups 

along the PEG backbone on the APA recognition, in alignment with the simulations. 
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Figure 4. Calculation and influence of ‘synthetic point mutations’. (A) Mole fractions of EO sequence lengths for 
different comonomer compositions; (B) section of 15 chains from the simulation (104 chains) of EO (white) and GME 
(red) repeating unit distribution at different chain positions of rPEG114

0.20; repeating patterns with 16 consecutive EO 
repeating units are highlighted in orange; yellow circles represent the initiator; (C) backbone-specific APA ELISA of 
investigated rPEGs and mPEG117; the dashed grey line represents the EC50 value; (D) relative affinity of backbone-
specific APA for investigated rPEGs and mPEG117 based on EC50 values obtained from backbone-specific APA ELISA; (E) 
end group-specific APA ELISA of investigated rPEGs and mPEG117; the dashed grey line represents the EC50 value; (F) 
relative affinity of end group-specific APA for investigated rPEGs and mPEG117 based on EC50 values obtained from 
backbone-specific APA ELISA. 
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A major increase of the EC50 value is observed with increasing GME content. Comparing the relative 

affinities (1/EC50) of the APA towards mPEG117 and rPEGs (Fig. 4C and 4D, table S9) underlines the 

significance of the diminished antigenicity. With incorporation of 21 – 74 mol%GME within the 

polyether, its affinity drops to 0.4 – 4.6∙10-6% relative to mPEG117, respectively. Following the 

simulations, the random nature of ‘synthetic point mutation’ incorporation in the PEG chains 

reduces the length of undisrupted PEG segments, thereby minimizing the probability of forming a 

PEG epitope. Nevertheless, binding of the APA is still observed at very high rPEG concentrations. 

We consider two possible explanations for this behavior: (i) an interaction of less than 16 

consecutive EO units may already cause weak binding; (ii) the initial interaction between APA and 

PEG is based on van der Waals interactions before trapping the polymer by a conformational change 

(21). At polymer concentrations as high as tested, an unspecific aggregation or entanglement of 

polymer and APA could cause a decrease in binding affinity to the competitive PEG coated on the 

ELISA plate wells. Considering the overall polymer portion of PEGylated therapeutics, antigenic 

concentrations of rPEGs in the performed studies are magnitudes higher than those of PEG in 

current clinical applications. While the introduction of pendant methoxy methylene groups strongly 

reduces the antigenicity of rPEGs towards backbone-specific APAs, this assay does not provide 

information regarding end group-specific APA interactions. In principle, each GME repeating unit 

contains a methoxy group which could theoretically be detected by the end group-specific APAs.  

Compared to the backbone-specific APA, the EC50 value of mPEG117 in the end group-specific APA 

assay is shifted to higher concentrations, indicating an overall lower polymer affinity. In accordance 

with the backbone-specific APA ELISA, a notable shift of EC50 values of all rPEGs in relation to 

mPEG117 is observed (Fig. 4E). The relative APA affinity drops to 1.6 – 6∙10-2% (Fig. 4F, table S9). 

While the EC50 value of rPEG112
0.21 significantly differs from mPEG117, a further increase of the GME 

content has a minor impact on the APA binding relative to rPEG112
0.21. This can be explained with the 

two different binding domains of the end group-specific APA. The APAs’ end group binding domain 

cannot contribute to the overall binding, as all rPEGs are furnished with a blocked α-chain end 

(Fig. 1A). Consequently, merely the domain that interacts with PEG7 sequences along the polymer 

backbone can mediate binding. Since the change in affinity is significantly affected by blocking of 

the end group binding domain, this appears to be the primary binding site for the end group-specific 

APA. The results further confirm that the methoxy groups of the side chains do not enable binding 

of the end group-specific APAs, in stark contrast to a methoxy end group. 
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Summary 

The increasing abundance of anti-PEG antibodies (APA) in the population leads to undesired 

immune responses to PEGylated drugs as well as PEG-based formulations and causes accelerated 

blood clearance. This has become an increasingly severe issue over the years, since it renders the 

stealth effect of PEG ineffective. Recently, this issue has increased drastically, as the containment 

of the global COVID-19 pandemic strongly relied on PEGylated lipids for the transport of mRNA 

vaccines. We introduce the concept of random polyether copolymers that are structural PEG 

isomers, i.e., randomized PEGs (rPEG), containing ‘synthetic point mutations’ as a key alternative 

to PEG for applications in therapeutic nanomedicine.  

Detailed in situ 1H NMR kinetics experiments revealed an ideally random introduction of sterically 

demanding branching points in PEG by random copolymerization of EO and the comonomer glycidyl 

methyl ether (GME). The highly hydrophilic rPEGs demonstrate drastically reduced recognition by 

both backbone and end group-selective anti-PEG antibodies in competitive enzyme-linked 

immunosorbent assays (ELISA). Simulations and calculations regarding the microstructure of such 

copolymers further support the experimental ELISA results. A wide structural diversity, due to the 

statistical copolymerization process, is present in rPEG samples, despite the precise control of chain 

length and high end group fidelity.  

The presented rPEG strategy can rely on existing PEG technology at every stage, allowing for the 

use of established PEG GxP manufacturing processes and supply chains. Versatile conjugation 

chemistry has been established for PEG for more than three decades and is, in principle, fully 

transferrable to rPEG. On the other hand, the possibility of separating medical and pharmaceutical 

application of PEG from its widespread use in everyday products, e.g., surfactants, by use of rPEGs 

is relevant to avoid severe immune responses in individuals. We firmly believe that the statistical 

variation approach bears universal potential in different areas, ranging from bioconjugation to 

PEGylated nanocarriers such as LNPs, for the treatment of chronic diseases. 
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1. Materials and Instrumentation  

1.1. Reagents and Equipment 
All chemicals and solvents were purchased from Acros Organics, Roth, TCI, Sigma-Aldrich, Fisher 

Scientific. BLDpharm and Fluka, unless otherwise noted. Deuterated solvents were received from 

Deutero GmbH. Ethylene Oxide was acquired from Air Liquide. THF was flashed over basic 

aluminum oxide before usage. Glycidyl methyl ether was dried over CaH2 and cryo-transferred 

before polymerizations. 

 
1.2. NMR spectroscopy 
1H and 13C NMR spectra were recorded on a Bruker Avance III HD 400 spectrometer with 400 and 

100 MHz, respectively, and referenced internally to residual proton signals of the deuterated 

solvent. All spectra were acquired at 23 °C. Spectra were processed and analyzed utilizing the 

MestReNova 14.3.3-33362 software. 

in-situ 1H NMR kinetics: Polymerization kinetics were conducted on a Bruker Avance III HD (400 

MHz) with a 5 mm nitrogen-cooled BBO-cryoprobe-head (BB+H+F) with z-gradient, automated tune 

and match (ATM) and autosampler SampleXPress 60. All spectra were acquired at temperatures 

stated in Table S1 and Table S2. Spectra were referenced to the residual protons of the used 

solvents. Data were processed with MestReNova 14.3.3-33362 software. For kinetics in anisole 

(non-deuterated), lock was turned off. Shim was performed with TopShim (gradient shim) using the 

protons of the anisole methoxy group. Sample spinning was turned off and one spectrum was 

recorded to acquire the receiver gain. Afterwards, one spectrum was recorded every two minutes. 

The respective resonances of the monomers were used to track the consumption (𝛿𝛿(EO) = 2.26–

2.31 ppm, 𝛿𝛿(GME) = 2.35–2.43 ppm). To analyze the normalized monomer consumption, the 

software NIREVAL was used (28). 

 
Diffusion-ordered NMR spectroscopy (DOSY NMR): Polymer samples were measured in D2O at a 

concentration of 1 mg mL-1. DOSY measurements were conducted on a Bruker Avance III HD 

(400 MHz) with a 5 mm nitrogen-cooled BBO-cryoprobe-head (BB+H+F) with z-gradient, automated 

tune and match (ATM) and autosampler SampleXPress 60. A total of 8 scans were acquired. The 

time domain consisted of 64 data points. The diffusion delay was set to 0.2 s. Additionally, the 

duration of each gradient pulse was 2500 µs. All spectra were acquired at 23 °C. Spectra were 

referenced to the residual protons of the used solvents. Spectra were processed and analyzed 

utilizing the MestReNova 14.3.3-33362 software. 
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1.3. Gel permeation chromatography (GPC) 
Measurements were conducted using an Agilent 1100 series HPLC system, which included a 

degasser, isocratic pump (G1310A), autosampler (G1313A), column oven (G1316A), and detectors 

for refractive index (RI) (G1310A) and variable wavelength (VWD) (G1314A). Separations were 

carried out employing a four-column set-up (MZ-Analysentechnik GmbH) connected sequentially: 

i) HEMA-40 guard column (40 Å pore size, 10 µm particle size, 50x8.0 mm) 

ii) HEMA-40 analytical column (40 Å pore size, 10 µm particle size, 300x8.0 mm) 

iii) HEMA-100 analytical column (100 Å pore size, 10 µm particle size, 300x8.0 mm) 

iv) HEMA-300 analytical column (300 Å pore size, 10 µm particle size, 300x8.0 mm) 

The eluent consisted of DMF (Fisher Chemical) with 1 mg mL-1 anhydrous LiBr (Acros Organics), 

delivered at a flow rate of 1 mL min-1. Both, the column oven and RI detector cell were maintained 

at 50 °C. Calibration was performed using well-defined poly(ethylene glycol)s from PSS (PSS 

Standards Kit) with molar mass values (Mp) ranging from 106 to 42700 g mol-1. Samples were 

dissolved in DMF (with 1 mg mL-1 anhydrous LiBr) at a concentration of 1 mg mL-1 with the addition 

of 1 drop of toluene. Injection of 100 µL of the stock solutions was carried out via the autosampler, 

with a measurement duration of 45 min. Elution times were referenced using toluene as an internal 

standard. RI traces were analyzed using the PSS WinGPC Unichrom V8.31 software. 

1.4. MALDI-TOF Mass Spectrometry (MS) 
MALDI-TOF MS measurements were carried out at a Bruker autoflex maX MALDI-TOF/TOF using a 

smartbeam-II solid state laser with a wavelength of 337 nm. Spectra were recorded using the 

software Bruker flexControl 3.4 and analyzed using Bruker flexAnalysis 3.4 and Bruker polytools 

1.31. The potassium salt of triflouroacetic acid (KTFA) and trans-2-[3-(4-tert-butylphenyl)-2-methyl-

2-propenylidene]malononitrile (DCTB) were utilized as ionization salt and matrix, respectively. For 

sample preparation, the polymers were dissolved in chloroform at 10 mg mL-1. 20 µL of this solution 

were combined with 20 µL of a 10 mg mL-1 solution of the matrix in chloroform. 5 µL of a 0.1 M 

solution of the salt in methanol were added and 1 µL of the resulting mixture was spotted onto a 

MTP 384 ground steel target plate. The solvents were allowed to evaporate completely before the 

measurement. All measurements were performed in linear mode. 

1.5. High-performance liquid chromatography (HPLC) 
Analytical Protocol: The HPLC system consisted of an Agilent Technologies 1260 Infinity system with 

a 1260 Quat pump, a 1260 ALS autosampler, a 1260 VWD UV−vis variable-wavelength 

spectrophotometric detector, a Softa 1300 evaporative light scattering detector (ELSD), a PSS 
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TCC6000 column thermostat and a solvent degasser. The UV detector was operated at a wavelength 

of 254 nm. The ELSD was operated with a spray chamber temperature of 30 °C, a drift tube 

temperature of 60 °C and an air pressure of 3.0 bar. The column oven temperature was set to 30 °C. 

A flowrate of 1 mL min-1 was applied. For analysis, a PerfectSil 300 (C4, 5 μm particle size, 

250 × 4.6 mm (L × ID) column from MZ-Analysentechnik GmbH was used. The mobile phases 

consisted of MeOH (HiPerSolv Chromanorm (HPLC gradient grade) and H2O (LiChrosolv® Merck 

Chemicals, LC-MS grade). Samples were dissolved in H2O at a concentration of 1 mg mL-1, filtered 

through a Rotilabo® syringe filter (PTFE, pore size 0.45 μm). 25-50 μL of the stock solution was 

injected and analyzed by RP-HPLC with a MeOH/H2O gradient:  

i) 0-5 min: isocratic at 60% MeOH  

ii) 5-15 min: linear gradient from 60 to 100% MeOH  

iii) 15-20 min: isocratic at 100% MeOH  

Subsequently, the starting gradient was restored within 1 min and a 20 min reconditioning time at 

60% MeOH was allowed before further analysis. ELSD elugrams were analyzed using the PSS 

WinGPC Unichrom V8.31 software. 

Semi-preparative Protocol: The HPLC system consisted of an Agilent Technologies 1260 Infinity 

system with a 1260 Quat pump, a 1260 ALS autosampler, a 1260 VWD UV−vis variable-wavelength 

spectrophotometric detector, a solvent degasser and a fraction collector (ADVANTEC CHF122SC). 

The UV detector was operated at a wavelength of 254 nm. A flowrate of 10 mL min-1 was applied. 

A PerfectSil 300 (C4, 5 μm particle size, 250 × 20 mm (L × ID) column from MZ-Analysentechnik 

GmbH was used. The mobile phases consisted of MeOH (HiPerSolv Chromanorm (HPLC gradient 

grade) and H2O (LiChrosolv® Merck Chemicals, LC-MS grade). Samples were dissolved in H2O at a 

concentration of 200 mg mL-1, filtered through a Rotilabo® syringe filter (PTFE, pore size 0.45 μm). 

500 μL of the stock solution was injected and purified by RP-HPLC with a MeOH/H2O gradient:  

i) 0-10 min: isocratic at 60% MeOH  

ii) 10-30 min: linear gradient from 60 to 100% MeOH  

iii) 30-60 min: isocratic at 100% MeOH  

Subsequently, the starting gradient was restored within 1 min and a 40 min reconditioning time at 

60% MeOH was allowed before further purification runs. Each fraction consisted of a volume of 

30 mL. Product fractions were visualized via consecutive tapping of six drops of each fraction on a 

silica gel TLC plate (Sigma Aldrich), subsequent staining with potassium permanganate solution and 

heating of the plate.  
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1.6. Turbidimetric Measurements 
Turbidimetric measurements were performed with a JASCO UV-Vis Spectrometer (V730) at a light 

wavelength of 600 nm and a heating rate of 1 K min-1 using the software JASCO Spectra Manager 

Ver.2. Polymers were dissolved in PBS buffer solution (pH = 7.4) at various concentrations. Pure PBS 

buffer solution was utilized as a reference value of 100% transmittance and was measured prior to 

each experiment. All measurements were performed in a quartz glass cuvette from Hellma 

Analytics with a light path of 10 mm. Cloud point temperatures (Tcp) were determined at a 

transmittance of 50 %. Raw data was normalized to maximum and minimum values of the 

respective heating curves. 

 

1.7. Enzyme-linked Immunosorbent Assay (ELISA) 
Competitive backbone-specific anti-PEG antibody ELISA: The assessment of anti-PEG antibody 

affinity for the respective polymer involved performing assays on mPEG (20 kDa)-BSA coated 96-

well plates. The LifeDiagnostics anti-PEG-ELISA Kit, including TMB staining solution, stop-solution, 

anti-PEG antibody HRP-conjugate and dilution buffer was utilized. Absorption measurements were 

conducted with a BMG Labtech FLUOstar Omega multi-mode reader at a wavelength of 450 nm 

and all samples were measured in triplicates. The data acquired was analyzed utilizing both Omega 

Software and OriginPro 8. To create samples of varying concentrations, 10 mg of polymer was 

dissolved in dilution buffer and aliquots were prepared through a dilution series. The anti-PEG 

antibody (9 µL) was dissolved in 12 mL of dilution buffer. The wash buffer concentrate (50 mL) was 

diluted with MilliQ water to yield 1 L of wash buffer. In the assay process, 50 µL of each polymer 

solution was added to the coated 96-well plate, followed by 50 µL of the anti-PEG antibody solution. 

The samples were incubated for 1 h at 25 °C with shaking at 300 rpm. After discarding the solution, 

each well underwent six washes with 300 µL of wash buffer. Excess wash buffer was removed by 

gently tapping the plate on the bench. Subsequently, 100 µL of TMB staining solution was added to 

each well, followed by a 20 min incubation at 25 °C with shaking at 300 rpm. The reaction was 

quenched by adding 100 µL of stop-solution to each well and immediate absorption measurements 

were taken. The determined absorbance values were normalized to visualize the percentage of 

maximal binding. The sample concentrations were transformed to a function of log10. The sigmoidal 

fits were calculated using the following equation with A2 representing the upper limit A1 the lower 

limit c the inflection point and d the hill slope. 

𝑦𝑦 = 𝐴𝐴1 
𝐴𝐴2 − 𝐴𝐴1

1 + 10(𝑐𝑐−𝑥𝑥)𝑑𝑑 (S1) 
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Competitive end group-specific anti-PEG antibody ELISA: The assessment of anti-mPEG antibody 

affinity for the respective polymer involved performing assays on mPEG (20 kDa)-BSA coated 96-

well plates. The LifeDiagnostics anti-mPEG-ELISA Kit was utilized. Additionally, the mPEG (20 kDa)-

BSA coated 96-well plate from the anti-PEG-ELISA Kit of LifeDiagnostics was used. Absorption 

measurements were conducted with a BMG Labtech FLUOstar Omega multi-mode reader at a 

wavelength of 450 nm and all samples were measured in triplicates. The data acquired was 

analyzed utilizing both Omega Software and OriginPro 8. 

To create samples of varying concentrations, 10 mg of polymer was dissolved in dilution buffer and 

aliquots were prepared through a dilution series. The anti-mPEG antibody (9 µL) was dissolved in 

12 mL of dilution buffer. The wash buffer concentrate (12.5 mL) was diluted with MilliQ water to 

yield 250 mL of wash buffer. In the assay process, 50 µL of each polymer solution was added to the 

coated 96-well plate, followed by 50 µL of the anti-mPEG antibody solution. The samples were 

incubated for 1 h at 25 °C with shaking at 300 rpm. After discarding the solution, each well 

underwent six washes with 300 µL of wash buffer. Excess wash buffer was removed by gently 

tapping the plate on the bench. Subsequently, 100 µL of TMB staining solution was added to each 

well, followed by a 20 min incubation at 25 °C with shaking at 300 rpm. The reaction was quenched 

by adding 100 µL of stop-solution to each well and immediate absorption measurements were 

taken. The determined absorbance values were normalized to visualize the percentage of maximal 

binding. The sample concentrations were transformed to a function of log10. The sigmoidal fits were 

calculated using equation S1. 

1.8. Cell viability assays  
Cell viability and immune cell immunophenotypes were analyzed using fluorescence-activated cell 

sorting (FACS). mPEG and rPEGs were purified by semi-preparative HPLC to ensure endotoxin-free 

samples and lyophilized prior to analysis. The viability of primary immune cells and expression of 

activation markers CD80 and CD86 were determined using human PBMCs. PBMC isolation was 

performed under sterile conditions using a laminar flow bench. Fluorescent-dye labeled antibodies 

for flow cytometric analysis were purchased from Thermo Fisher Scientific, BD Bioscience or 

BioLegend. Human whole blood (CPD-stabilized, citrate-phosphate buffer) of healthy donors was 

received from the transfusion central of the University Medical Centre of the Johannes Gutenberg 

University Mainz. The PBMCs were isolated using the common density gradient technique. In detail 

20 mL Histopaque-1077 (1.077 g mL-1, Sigma Aldrich) were carefully under-layered with a mixture 

of 10 mL blood pre-diluted in 10 mL DPBS in 50 mL tubes. Afterward, the tubes were centrifuged 

(20 min, room temperature, 700 g) with break switched off. The plasma phase and the PBMC 
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interphase were separately retrieved. The Plasma was heat-inactivated for at least 30 min at 56 °C, 

centrifuged (10 min, 4 °C, 1500 g) and stored at 4 °C until further usage. The PBMCs of two tubes 

from one donor (total blood volume 20 mL) were combined in a new 50 mL tube, which was then 

filled up to 50 mL with DBPS. The mixture was centrifuged (10 min, 4 °C, 600 g) and the supernatant 

was discarded. The cell pellet was resuspended in fresh DPBS and again filled up to 50 mL with 

DPBS. This washing procedure was performed five times. Afterwards, the PBMCs were resuspended 

in RPMI-1640 culture medium (+100 U/mL penicillin, +100 U/mL streptomycin, +50 µM 

2-mercaptoethanol, +2 mM L-glutamine) at a concentration of 5 x 10⁶ cells mL-1. Aliquots of 

0.450 mL were transferred into FACS tubes. mPEG and rPEG formulations were dissolved in DPBS 

and added to final concentrations of 5.0, 1.0 and 0.1 mg mL-1 to the cell suspensions. Additionally, 

resiquimod (R848, 0.1 µg mL-1) was prepared in parallel as a positive control to assess 

immunostimulatory effects. After 16 h of incubation (37 °C, 7.5% CO2), the samples were 

centrifuged (10 min, 4 °C, 300 g) and 100 µL aliquots of supernatants were collected and stored at 

-20 °C for cytokine analysis. Each cell pellet was resuspended in 1 mL human FACS buffer (DPBS, 

2 mM EDTA, 0.5 vol-% fetal calf serum), then all samples were centrifuged (10 min, 4 °C, 300 g) and 

the supernatants were discarded. Afterward, the Fc receptors were blocked for 10 min at 4 °C using 

5 µL human FcR blocking reagent (Miltenyi Biotec) to prevent non-specific binding. Lineage and 

immune activation markers were detected using fluorescence-label antibodies specific for CD80 

(PerCP-eFluor710), CD15 (APC), CD20 (V450), CD11b (BV510), CD1c (BV605), CD3 (BV711), CD86 

(PE), CD14 (PE-eFluor610) and CD56 (PE-Cy7) for 20 min at 4 °C. The samples were washed twice 

with 1 mL human FACS buffer. The cells were resuspended in 0.5 mL human FACS buffer and stored 

at 4 °C until measurement (maximum 3 hours). 0.5 mL of the viability dye solution (30 nM, SytoxTM 

GreenTM) was added 15 min before the measurement of each donor. Each sample was stored on 

ice until immanent flow cytometric measurements using an Attune NxT acoustic focusing cytometer 

(Lasers: BRVK, Instrument model: 4486521, Thermo Fisher Scientific) with Attune Nxt Software 

v3.2.1526.0. The raw data was evaluated with Attune NxT software v3.1.1 according to the gating 

strategy depicted in Fig. S57. The exclusion of doublets was applied after the lineage gating to 

improve the detection of low numbers of small cells in the heterogeneous cell mixture (29). Cell 

viability as well as CD80 and CD86 mean fluorescence intensity (MFI) were normalized to the 

untreated control for each respective donor. The mean values and the standard deviation were 

visualized using GraphPad Prism 5.  

1.9. Human Inflammatory Cytokine Cytometric Bead Array (CBA) 
The contents of interferon-γ (INF-γ), tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), 

interleukin-6 (IL-6) and interleukin-10 (IL-10) were determined using a BD Bioscience Cytometric 
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Bead Array Flex Kit with minor adjustments according to the manufacturer's protocol. A standard 

calibration containing all five cytokines was prepared in CBA buffer (DPBS +1.0 vol-% fetal calf 

serum) comprising 2500, 1250, 625, 312.5, 156, 80, 40, 20, 10 and 0 pg mL-1. A capture bead master 

mixture was prepared by mixing 0.2 µL/sample of each capture bead with 10 µL/sample CBA buffer. 

10 µL of each sample were added to 10 µL master bead mixture and incubated for one hour, in the 

dark at room temperature. Afterward, 10 µL of the detection reagent master mixture 

(0.2 µL/sample of each detection reagent in 10 µL/sample CBA buffer) were added and incubated 

for two hours, in the dark at room temperature. 1 mL of CBA buffer was added to the samples. The 

tubes were centrifuged (5 min, 4 °C, 300 g) and the supernatants were carefully discarded. 200 µL 

CBA buffer were added to each sample just before the measurement. The MFI values of each bead 

were recorded using an Attune NxT acoustic focusing cytometer (Lasers: BRVK, Instrument model: 

4486521, Thermo Fisher Scientific) with Attune Nxt Software v3.2.1526.0. The FCS 3.0 files were 

evaluated using FCAP Array (v1.0.1). The standard calibration curves were calculated with a five-

parameter logistic fit function and the respective cytokine concentrations were determined. The 

concentrations were normalized to the R848 positive control (PBMCs incubated for 16 h with 1 µg 

mL-1 R848) for each respective donor. The mean values and the standard deviation were visualized 

using GraphPad Prism 5. 

𝑦𝑦 = 𝐷𝐷 
𝐴𝐴 − 𝐷𝐷

1 + �𝑥𝑥 −  𝐸𝐸𝐶𝐶�
𝐵𝐵 (S2) 
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2. Experimental Procedures 

2.1. Synthesis of 1-chloro-3-methoxy-propan-2-ol  
A 1 L three-necked flask equipped with neodym stirrer bar, reflux condenser and dropping funnel 

was charged with MeOH (306 g, 388 mL, 9.57 mol) and sulfuric acid (98%, 7 mL, 125 mmol). The 

flask was immersed in an oil bath and epichlorohydrin (295 g, 250 mL, 3.19 mol) was added 

dropwise through the dropping funnel to the solution under vigorous stirring. After complete 

addition of epichlorohydrin, the reaction was heated to reflux and stirred overnight under reflux. 

The reaction mixture was cooled to room temperature and BaCO3 (37.0 g, 187 mmol) was added 

under vigorous stirring. After 1 h of stirring, excess MeOH was evaporated under reduced pressure. 

1-Chloro-3-methoxy-propan-2-ol (320 g, 2.60 mol, 81%) was obtained as colorless liquid after 

fractional distillation (Tb = 83-87 °C (85 mbar)) of the residue. 1H and 13C NMR spectra can be found 

in Figure S2 and Figure S3, respectively. 

1H NMR (400 MHz, DMSO-d6) δ [ppm]: 5.26 (d, J = 5.3 Hz, 1H), 3.87 – 3.71 (m, 1H), 3.61 (dd, 

J = 11.0, 4.5 Hz, 1H), 3.51 (dd, J = 11.0, 5.6 Hz, 1H), 3.33 (dd, 2H), 3.26 (s, 3H). 

13C NMR (100 MHz, DMSO-d6) δ [ppm]: 73.53 (CH2), 68.93 (CH), 58.51 (CH3), 47.12 (CH2). 

 
2.2. Synthesis of glycidyl methyl ether (GME) 
1-Chloro-3-methoxy-propan-2-ol (320 g, 2.57 mol) was added to a three-necked flask equipped 

with mechanical stirrer, thermometer and reflux condenser. Diethyl ether (320 mL) was added and 

the solution was cooled to 0 °C with an ice bath under stirring. Sodium hydroxide (123 g, 3.08 mol) 

was added portion wise to the solution under vigorous stirring while the temperature was kept 

below 15 °C. The reaction mixture was allowed to reach room temperature over 4 h. The reaction 

mixture was filtered through a G2 frit and the filter was washed four times with diethyl ether 

(160 mL each). The combined organic phases were dried over MgSO4 (96 g) and filtered through a 

pleated filter. The filter was washed with diethyl ether (160 mL). Diethyl ether was evaporated 

under reduced pressure. Glycidyl methyl ether (156 g, 1.77 mol, 69%) was obtained as a colorless 

liquid after fractional distillation (Tb = 72-74 °C (300 mbar)) of the residue. 1H and 13C NMR spectra 

can be found in Figure S4 and Figure S5, respectively. 

1H NMR (400 MHz, DMSO-d6) δ [ppm]: 3.63 (dd, J = 11.4, 2.6 Hz, 1H), 3.28 (s, 3H), 3.16 (dd, 

J = 11.4, 6.5 Hz, 1H), 3.12 – 3.04 (m, 1H), 2.72 (dd, J = 5.1, 4.2 Hz, 1H), 2.53 (dd, J = 5.1, 2.7 Hz, 1H). 

13C NMR (100 MHz, DMSO-d6) δ [ppm]: 72.90 (CH2), 58.27 (CH3), 50.14 (CH), 43.27 (CH2). 
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2.3. Synthesis of 1-methoxy-3-(2-methoxyethoxy)propan-2-ol (MMEPOH) 
A flame-dried two-necked Schlenk flask equipped with stirrer bar, septum and reflux condenser 

was charged with 2-methoxy ethanol (33.6 g, 36.0 mL, 442 mmol) under argon. The flask was 

immersed in an ice-bath. Sodium (2.84 g, 124 mmol) was added portion wise to the alcohol under 

stirring and argon. The reaction mixture was allowed to reach room temperature. After complete 

reaction of the sodium, the solution was heated to 55 °C and GME (9.31 g, 9.50 mL, 106 mmol) was 

slowly added via syringe pump (1 mL h-1) under argon. The reaction mixture was stirred overnight, 

cooled to room temperature and neutralized by the addition of aqueous 2 M HCl solution. After 

evaporation of water and excess 2-methoxy ethanol under reduced pressure, 1-methoxy-3-(2-

methoxyethoxy)propan-2-ol (12.03 g, 73.2 mmol, 69%) was obtained after fractional distillation 

(Tb =60 °C (5 10-2 mbar)) of the residue. 1H and 13C NMR spectra can be found in Figure S6 and Figure 

S7, respectively. 

1H NMR (400 MHz, DMSO-d6) δ [ppm]: 4.79 (d, J = 5.2 Hz, 1H), 3.76 – 3.60 (m, 1H), 3.54 – 3.46 

(m, 2H), 3.46 – 3.39 (m, 2H), 3.39 – 3.16 (m, 10H). 

13C NMR (100 MHz, DMSO-d6) δ [ppm]: 74.26 (CH2), 72.63 (CH2), 71.28 (CH2), 69.92 (CH2), 68.38 

(CH), 58.41 (CH3), 58.09 (CH3). 

 
2.4. Synthesis of polyether copolymers (rPEG) 
Caveat: Ethylene oxide is a highly flammable and toxic gas; it must be handled by trained 

researchers and staff! 

The following synthesis protocol was applied for rPEG samples rPEG112
0.21, rPEG112

0.43 and rPEG110
0.55. The 

EO and GME ratio varied depending on the targeted GME content. In the case of rPEG109
0.74, two 

sequential comonomer addition steps were performed, each with half of the total EO and GME 

amounts. The second addition was performed after full conversion of both comonomers of the first 

addition.  

Potassium tert-butoxide (KOtBu) (21.0 mg, 191 µmol) was dissolved in stabilizer-free THF and small 

quantities of Millipore water and transferred into a flame-dried and argon flushed flask equipped 

with a teflon stopcock and a septum. MMEPOH (32.0 mg, 195 µmol) was dissolved in benzene and 

transferred into the flask. High vacuum (1 ∙ 10-3mbar) was applied to the flask and the solvents were 

removed at 30 °C. The resulting initiator salt was further dried under high vacuum at 60 °C 

overnight. The initiator salt was dissolved in dry DMSO (10 mL). After freezing the resulting solution 

at -80 °C, CaH2-dried glycidyl methyl ether (GME) (97.9 mg, 1.00 mL, 11.1 mmol) was added to the 



Appendix 

 
454 
 

flask via syringe. Ethylene oxide (EO) (48.9 mg, 500 µL, 11.1 mmol) was added to the flask via cryo-

transfer from a graduated ampoule. The cooling bath was removed, and the reaction mixture was 

allowed to reach room temperature. The resulting solution was stirred for 1 d at 30 °C under static 

high vacuum. The flask was ventilated and DMSO was evaporated under reduced pressure. The 

residue was redissolved in diethyl ether (17 mL) and toluene (2 mL) and acetic acid (34.0 µL) was 

added under stirring. After 15 min the reaction mixture was filtered through a dense layer of celite. 

rPEG110
0.55 (1.44 g, 96%) was obtained as a yellow-colored viscous liquid after evaporation of the 

solvents and excess acetic acid under reduced pressure. 1H NMR spectra of all synthesized rPEGs 

can be found in Figure S44. 

1H NMR (D2O, 400 MHz) δ [ppm]: 3.85-3.45 (m, polyether backbone), 3.36 (s, OCH3). 

 
2.5. in-situ 1H NMR kinetics 
The following procedure was applied for all kinetics. This exemplary procedure describes the 

copolymerization of EO with GME in anisole at 55 °C with a degree of deprotonation of 90 %. 

Measurements in DMSO and toluene were performed using the respective deuterated solvents. 

Reactivity ratios and reaction rates were determined from in situ 1H NMR measurements. 

Preparation of the initiator salt solution: In a flame-dried Schlenk flask equipped with a rubber 

septum and a stirring bar, 2-(benzyloxy)ethanol (44.7 mg, 294 µmol, 1 eq.) and KOtBu (29.7 mg, 

0.264 mmol, 0.9 eq.) were dissolved in benzene (8 mL, dried over MS 4 Å). For kinetics utilizing 

[18]crown-6, a dry benzene solution, using 2 equivalents per potassium cation was added. The 

mixture was heated under static vacuum for 1 h at 60 °C. The solvents were removed in vacuo 

overnight at 60 °C, yielding the dry, partially deprotonated initiator salt. Subsequently, anisole 

(2.22 mL, dried over CaH2) was added. The mixture was heated for 1 h at 60 °C and allowed to cool 

to room temperature.  

Preparation of the polymerization mixture: EO was cryo-transferred into an oven-dried Norell S-

500-VT-7 sealable NMR tube with a Teflon stopcock using an acetone/liquid N2 bath and static 

vacuum. Under argon counterflow, glycidyl methyl ether (50.0 µL, 587 µmol, 10 eq., dried twice 

over CaH2) and one-fifth of the initiator salt solution was added. The mixture was degassed by 

applying three freeze-pump-thaw cycles using the acetone/liquid N2 bath. Then, the NMR tube was 

transferred into the preheated NMR device. After the kinetics study, the solvents were removed by 

applying a nitrogen stream to the solution. 
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Caveat: We experienced seldom break of the NMR tube if subjected to liquid nitrogen. We strongly 

recommend only using an acetone/liquid N2 bath for cooling. Ethylene oxide is a highly flammable 

and toxic gas; it must be handled by trained researchers and staff! 
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3. Supplementary Text 

3.1. Sample description 
The samples composition is described with 

rPEGDP
f  

where f is the molar fraction of GME in the sample and DP the total degree of polymerization. All 

samples carry a methoxy and hydroxy group at the α- and ω-group, respectively. 

 
3.2. Calculation of incorporated GME content and achieved degree of polymerization 
The calculation of the GME content and total degree of polymerization (DPtotal) in the rPEG samples 

is not feasible via end group analysis from their respective 1H NMR spectrum because of the overlap 

of methoxy groups deriving from the initiator and the methoxy methylene side groups. Therefore, 

the GME content was determined by a combination of MALDI ToF MS and 1H NMR spectroscopy. 

First, the number average molecular weight (Mn,MALDI) and the ratio (Ibackbone/IMeO) of the integrals of 

backbone signals (Ibackbone) from 3.90 to 3.45 ppm to methoxy groups signals (IMeO) from 3.45 to 

3.25 ppm was determined via MALDI ToF MS and 1H NMR spectroscopy, respectively. Based on the 

relationship 

�
𝐼𝐼backbone
𝐼𝐼MeO

� =
5 ∙ 𝐷𝐷𝐷𝐷GME + 4 ∙ 𝐷𝐷𝐷𝐷EO

3 ∙ 𝐷𝐷𝐷𝐷GME + 3
 (S3) 

and 

 

𝐷𝐷𝐷𝐷total = 𝐷𝐷𝐷𝐷GME + 𝐷𝐷𝐷𝐷EO =
𝑀𝑀n,MALDI − 𝑀𝑀initiator group − 𝑀𝑀end group

44.05 ∙ �100−𝑚𝑚𝑚𝑚𝑚𝑚%GME
100 � + 88.11 ∙ �𝑚𝑚𝑚𝑚𝑚𝑚%GME

100 �
 (S4) 

 

DPGME and therefore the molar content of GME (mol%GME) and DPtotal of the sample can be 

determined by choosing values that fit the experimental data. It is important to note that the GME 

and EO repeating unit of the initiator is included in DPGME and DPEO, respectively. The obtained 

values can be found in Table S3 and Table S4. 
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3.3. Determination of diffusion coefficients and hydrodynamic radii 
To determine the diffusion coefficient (D) of the investigated polymer samples, the decay of the 

polymer backbone signal between 3.85-3.35 ppm in the DOSY NMR (Fig. S48 – S52) was integrated 

and the resulting data points were fitted with a three-parameter fit, 

𝐼𝐼 = 𝐵𝐵 + 𝐹𝐹 ∙ 𝑒𝑒−𝑔𝑔𝑔𝑔 (S5) 

wherein I is the intensity of the signal, g is the gradient strength, D is the diffusion coefficient and 

B and F are fit-dependent values. From the obtained D, the hydrodynamic radii (rH) were calculated 

utilizing the rearranged Stokes-Einstein equation 

𝑟𝑟H =
𝑘𝑘𝐵𝐵𝑇𝑇

6𝜋𝜋𝜋𝜋𝐷𝐷
 (S6) 

wherein kB is the Boltzmann constant, T the applied temperature and η the viscosity of the solvent 

at T. Table S7 shows an overview of the obtained D and rH. The obtained values were compared to 

the expected values of the PEG fit (Fig. S53). 

 

3.4. Determination of retention times and purification of rPEGs and mPEG via HPLC 
An analytical reversed-phase (RP) HPLC method (Fig. S41) was applied to analyze the dependence 

of the mPEG and rPEG samples’ properties on the interaction with the hydrophobic column 

material. Herein, the retention time of a sample depends on both the molecular weight and the 

polarity of the polymer sample. Therefore, it is possible to estimate the polarity of the rPEG samples 

by comparing their retention times relative to the one of mPEG (30). In the case of the rPEG 

samples, a trend is observed. The increase of GME content results in increasing retention times (Fig. 

S41, Table S5) which can be attributed to both the increase in molecular weight and a decrease in 

polarity of the rPEG samples. This is in accordance with the observed cloud points of the 

turbidimetry measurements (Table S6). 

In similarity to the analytical results, product fractions obtained from the semi-preparative 

purification depended on the comonomer composition, molecular weight and polarity of the 

samples (Fig. S43). Repetitions of the purification runs using the same conditions resulted in 

identical purity profiles and GME contents of the samples (Fig. S46). 

 
3.5.  ELISAs of PGME with different α-end groups and selection of initiator 
The influence of methoxy methylene groups of PGME on the interaction of end group-specific APAs 

was assessed via ELISA. Therefore, PGME homopolymers without terminal methoxy groups (BisOH-

PGME), with an α-methoxy group followed by two EO repeating units MeO-(EO)2-PGME and with 
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an α-methoxy group followed by three EO repeating units (MeO-(EO)3-PGME) were compared. 

mPEG (2 kg mol-1) was utilized as a reference. As presented in Fig. S40, the end group-specific APA 

exhibits no affinity for BisOH-PGME and MeO-(EO)2-PGME in the tested concentration range. A 

binding is visible for MeO-(EO)3-PGME and its affinity is 10.8 times lower than for mPEG. Based on 

these results, MMEPOH was chosen as initiator (Fig. 1A) to allow a direct comparison of all rPEG 

samples and prevent the formation of an epitope at the α-chain end because of the statistical 

nature of the monomer incorporation. MMEPOH consists of a methoxy group followed by one EO 

and one GME repeating unit resembling the polymer backbone and the isomeric character of rPEG. 

 
3.6. Calculation of EO Sequences in rPEGs 
Calculations were performed based on the following fundamentals (31). The copolymerization of 

two monomers M1 and M2 can be divided in four propagation reactions 

M1
∗ + M1 → M1

∗ 

M1
∗ + M2 → M2

∗ 

M2
∗ + M1 → M1

∗ 

M2
∗ + M2 → M2

∗ 
where M1

* and M2
* represent the polymer chain end with an active chain end of an ultimate M1 and 

M2 unit, respectively. The consumption rate is described by  

𝑑𝑑[M1]
𝑑𝑑𝑑𝑑

= 𝑘𝑘11[M1
∗][M1] + 𝑘𝑘21[M2

∗][M1] (S7) 

 
𝑑𝑑[M2]
𝑑𝑑𝑑𝑑

= 𝑘𝑘12[M1
∗][M2] + 𝑘𝑘22[M2

∗][M2] (S8) 

where k11, k21, k12, k22 are the rate constants. Combining the equations with the reactivity ratios r1 

and r2 which are defined as  

 

𝑟𝑟1 =
𝑘𝑘11
𝑘𝑘12

 (S9) 

 

𝑟𝑟2 =
𝑘𝑘22
𝑘𝑘21

 (S10) 

respectively, one obtains the copolymerization composition equation 

𝑑𝑑[M1]
𝑑𝑑[M2] =

[M1](𝑟𝑟1[M1] + [M2])
[M2]([M1] + 𝑟𝑟2[M2]) (S11) 

Based on mole fractions, the copolymerization composition equation can be expressed as 
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𝐹𝐹1 =
𝑟𝑟1𝑓𝑓12 + 𝑓𝑓1𝑓𝑓2

𝑟𝑟1𝑓𝑓12 + 2𝑓𝑓1𝑓𝑓2 + 𝑟𝑟2𝑓𝑓22
 (S12) 

or 

𝐹𝐹1
𝐹𝐹2

=
𝑓𝑓1(𝑟𝑟1𝑓𝑓1 + 𝑓𝑓2)
𝑓𝑓2(𝑟𝑟2𝑓𝑓2 + 𝑓𝑓1) (S13) 

where f1 and f2 are the mole fractions of monomers M1 and M2 in the feed, respectively, and F1 and 

F2 are the mole fractions of M1 and M2 in the copolymer, respectively. In the case of a random 

copolymerization (r1 = r2 = 1) no composition drift is obtained because f1 = F1 and f2 = F2 over the 

whole range of the copolymerization. This allows a simplified calculation of the mole fraction of a 

sequence of M1 units N1,x over the whole polymer chain with 

𝑁𝑁1,𝑥𝑥 = (𝑝𝑝11)(𝑥𝑥−1)𝑝𝑝12 (S14) 

Where p11 and p12 are the probability of forming a M1M1 and M1M2 dyad, respectively, and x is the 

sequence length from 1 to infinity. p11 and p12 are defined as  

𝑝𝑝11 =
𝑟𝑟1

𝑟𝑟1 + ([M2]/[M1]) (S15) 

 

𝑝𝑝12 =
[M2]

𝑟𝑟1[M1] + [M2] 
(S16) 

 
3.7. Analysis of microstructure based on simulations 
To provide an insight into chemical composition distribution, more precisely the consecutive EO 

repeating units in the rPEGs, simulations were performed. Hence, four polymerizations were 

conducted in silico. For this purpose, the rationale of a living anionic polymerization was taken as a 

foundation which implies the absence of chain termination or chain transfer reactions and a Poisson 

distribution of the chain lengths. The copolymerization reaction can be described by the four rate 

constants: The homo-propagation rate constants 𝑘𝑘11 and 𝑘𝑘22 as well as the cross-propagation rate 

constants 𝑘𝑘12  and 𝑘𝑘21 . The copolymerization kinetics was assumed to be perfectly random, 

implying 

𝑘𝑘11 = 𝑘𝑘22 = 𝑘𝑘12 = 𝑘𝑘21 (S17) 

As a result, it was assumed in the simulations that EO and GME monomers possess the same 

probability to be incorporated into the chain. For each polymerization, 104 chains were simulated. 

The simulations were run with a targeted quantitative conversion and an overall degree of 

polymerization of 114. Molar ratios of 20 up to 50% of GME with a stepwise increase by 10 mol% 

were presumed. In Table S8 the four simulated polymerizations and the respective proportional 
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occurrence of hektakaidekads (16 consecutive EO units) are listed. To visualize the results of the 

simulations, 15 exemplary chains for each respective GME content are shown in Fig. 2, Fig. S54  –  

S56.  

 

3.8. Calculation of possible GME unit distributions in individual chains 
The number of possible combinations (P) of 23 GME units (k) in a polymer with a total chain length 

(n) of 114 repeating units can be calculated by 

𝑃𝑃 =  �
𝑛𝑛
𝑘𝑘
� =

𝑛𝑛!
𝑘𝑘! (𝑛𝑛 − 𝑘𝑘)!

=
114!

23! (114− 23)!
= 7.3 ∙ 1023 (S18) 

 
3.9. in-situ 1H NMR kinetics 
Rate constants of EO and GME: We investigated the copolymerization of EO and GME in the 

solvents DMSO-d6, toluene-d8, and anisole by in-situ 1H NMR kinetics studies. EO and GME were 

copolymerized in the respective solvents in an NMR tube with a sealable Teflon stopcock. 

Copolymerizations were conducted with the potassium salt of 2-(benzyloxy)ethanol at two 

different degrees of deprotonation (dod) 50% and 90%.  

𝑑𝑑𝑑𝑑𝑑𝑑 =
base eq.

hydroxyl group
∙ 100% (S19) 

The dod denotes how much base equivalent was added per hydroxyl group of the initiator alcohol 

to prepare the initiator salt. From the slope of the pseudo-first-order plots of the copolymerization 

(Fig. S8 – S13) obtained from the monomer integrals in the 1H NMR spectra the resulting apparent 

rate constant of EO (kapp,EO) was determined based on equation S29. This allows the comparison of 

the reaction rate in different solvents at a constant initiator concentration. Copolymerization in 

DMSO showed a linear behavior in the pseudo-first-order plots (Fig S8). In anisole, a slight induction 

period was present at the beginning of the copolymerization with both dods (Fig. S9, enlargement 

in Fig. S10). In toluene (Fig. S11), the induction period is only observed at a dod of 50% (enlargement 

in Fig. S12). At the beginning of the copolymerization, the reaction rate increases which can be 

explained by the dissolution of aggregates, leading to more reactive active species in the 

copolymerization system. The slope increases slowly after the initial period, comparable to the 

copolymerization in anisole. A pronounced induction period is observed in DMSO (dod: 50%, Fig. 

S13) if a bifunctional initiator was utilized. This induction period slows down the overall reaction 

due to the relatively slow reaction rate at the beginning of the copolymerization. After the induction 

period, the reaction rate was comparable to the monofunctional initiator conditions (Fig. S8 and 
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S13). We want to emphasize that the reaction rates of EO in the copolymerization cannot be treated 

as the homopolymerization reaction rates. Determination of the propagation constant kp 

([kp] = L mol-1 s-1) is not possible, as the aggregation number is unknown. The reaction rate is slightly 

influenced by a change of dod from 50% to 90% in DMSO. Polymerization in anisole occurs twice as 

fast as in toluene at a dod of 50%. However, at a dod of 90%, kapp,EO in toluene is ≈1.8 times higher 

than in anisole. Addition of [18]crown-6 further increases the reaction rate by a factor of ≈1.9 

compared to the run without [18]crown-6.  

Reactivity ratios of EO and GME: Determination of the reactivity ratios (r) can be performed by 

various methods, such as differential and integral methods. Herein, ideal models (r1∙r2 = 1) which 

are chain end independent (such as BSL, Jaacks, Ideal Integrated) should be applied if the models 

adequately describe the data (32, 33). The Jaacks method (34) is given by the equation 

log �
[M1]𝑡𝑡
[M1]0

� = 𝑟𝑟1 ∙ log �
[M2]𝑡𝑡
[M2]0

� (S20) 

We decided to present the results using the Jaacks method as it is comprehensible and can be 

readily recalculated. By plotting log([M1]t/[M1]0) versus log([M2]t/[M2]0), r1 can be derived from the 

slope. With the relation r1∙r2 = 1, both reactivity ratios can be calculated.  

Reactivity ratios of the EO/GME comonomer pair were investigated at two different degrees of 

deprotonation, using the monofunctional 2-(benzyloxy)ethanol (BnO) or 3-ethoxypropane-1,2-diol 

(EPD). The summarized results can be found in Table S2. The results were obtained using the 

NIREVAL software (1). Fig. S15 shows the reactivity ratios in dependence on the dod. In DMSO, they 

do not change significantly. Furthermore, the results indicate a fully random copolymer, as both 

reactivity ratios are almost one. In anisole, and especially in toluene, the reactivity ratios diverge 

significantly. This divergence becomes slightly more pronounced when the degree of deprotonation 

is increased. The difference in reactivity ratios directly affects the polymer composition. While the 

resulting difference may seem small, Fig. S16 demonstrates that polymerization in toluene results 

in a slight gradient microstructure. In contrast, copolymerization in DMSO yields an almost ideal 

random microstructure. To determine if the reactivity ratios from the DMSO experiment can be 

applied to toluene, [18]crown-6 was added to reduce the chelation of GME to the potassium 

counterion. The reaction condition with a dod of 90% in toluene was chosen because of the highest 

difference in reactivity ratios. Unexpectedly, the reactivity ratios converged just slightly (Fig. S15, 

red squares). This finding suggests that the role of the solvent in the copolymerization in DMSO is 

not yet fully understood. The determined reactivity ratios can be found in Table S2 and the resulting 
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GPC curves in Fig. S32 to Fig. S39. The use of EPD as a bifunctional initiator yielded the same 

reactivity ratios as BnO (Table S2, entry 8). The copolymer composition was simulated for all 

experiments and is shown in Fig. S25 to S31. In summary, the reaction rates in apolar solvents like 

toluene and anisole, although slower overall, demonstrate that such solvents remain viable 

alternatives to DMSO, particularly when specific circumstances make DMSO unsuitable. The faster 

copolymerization in toluene compared to anisole further underscores the importance of solvent 

choice. Our results also reveal that increasing the dod from 50% to 90% with a monofunctional 

initiator significantly accelerates copolymerization rates, except in DMSO, where a minor influence 

is observed. 

Derivation of the pseudo-first-order plot: 

−
d[M]

d𝑡𝑡
= 𝑘𝑘p ∗ [I] ∗ [M] (S21) 

𝑘𝑘app = 𝑘𝑘p ∗ [I] (S22) 

−
d[M]

d𝑡𝑡
= 𝑘𝑘app[M] (S23) 

−d[M]
1

[M] = 𝑘𝑘app d𝑡𝑡 (S24) 

−�
1

[M] d[M] = 𝑘𝑘app �  d𝑡𝑡
𝑡𝑡

0

[M]𝑡𝑡

[M]0
 (S25) 

�
1
𝑥𝑥

= ln (𝑥𝑥) (S26) 

−(ln([M]𝑡𝑡) − ln([M]0)) = 𝑘𝑘app ∗ 𝑡𝑡 (S27) 

−ln�
[M]𝑡𝑡
[M]0

� = 𝑘𝑘app ∗ 𝑡𝑡 (S28) 

ln�
[M]0
[M]𝑡𝑡

� = 𝑘𝑘app ∗ 𝑡𝑡 (S29) 

The Initiator concentration [I] consists of deprotonated and protonated initiator species and 

assuming all initiator reacts, this equals the concentration of the growing polymer chain ends. It is 

important to note, that the apparent rate constant kapp cannot be converted to kp by the relation 
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𝑘𝑘p = 𝑘𝑘app
[I]

, if the degree of association (or aggregation) is unknown (8, 9). If ln �[M]0
[M]𝑡𝑡

� is plotted 

versus t, the slope yields kapp. 

 

4. Scheme S1 to S2 

 

 

Scheme S1. Synthesis of glycidyl methyl ether. 

 

 

Scheme S2. Occurring chain termination reaction in the presence of epichlorohydrin in the polymerization mixture. 
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5. Figs. S1 to S66 

 

Figure S1. Stacked 1H NMR spectra (CDCl3, 400 MHz) of synthesized GME (top), commercial GME after fractional 
distillation (middle) and epichlorohydrin (bottom); traces of non-removable epichlorohydrin impurities are indicated via 
green arrows.  

 

Figure S2. 1H NMR spectrum (DMSO-d6, 400 MHz) of 1-chloro-3-methoxy-propan-2-ol; Integration of signal at 3.33 ppm 
(dd) is not possible because of resonance from water traces in DMSO-d6. 
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Figure S3. 13C NMR spectrum (DMSO-d6, 100 MHz) of 1-chloro-3-methoxy-propan-2-ol. 

 

Figure S4. 1H NMR spectrum (DMSO-d6, 400 MHz) of glycidyl methyl ether. 
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Figure S5. 13C NMR spectrum (DMSO-d6, 100 MHz) of glycidyl methyl ether. 

 

Figure S6. 1H NMR spectrum (DMSO-d6, 400 MHz) of 1-methoxy-3-(2-methoxyethoxy)propan-2-ol; Integration of signal 
at 3.38-3.26 ppm (m) is not possible because of resonance from water traces (3.33 ppm) in DMSO-d6. 
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Figure S7. 13C NMR spectrum (DMSO-d6, 100 MHz) of 1-methoxy-3-(2-methoxyethoxy)propan-2-ol. 

 

Figure S8. Pseudo-first-order plot of the copolymerization of EO with GME from Table S1. Green and blue: entry 1. Red 
and black: entry 2.  
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Figure S9. Pseudo-first-order plot of the copolymerization of EO with GME from Table S1. Green and blue: entry 3. Red 
and black: entry 4.  

 

Figure S10. Enlargement of the pseudo-first-order plot of the copolymerization of EO with GME from Table S1. Green and 
blue: entry 3. Red and black: entry 4. The graphs follow nonlinear behavior at the beginning of the copolymerization, 
indicating an induction period.  

 

Figure S11. Pseudo-first-order plot of the copolymerization of EO with GME from Table S1. Green and blue: entry 5. Red 
and black: entry 6. Purple and yellow: entry 7.  
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Figure S12: Enlargement of the pseudo-first-order plot of the copolymerization of EO with GME from Table S1. Green and 
blue: entry 5. Red and black: entry 6. Purple and yellow: entry 7. Green-blue arrow marks the end of the time range with 
an increased reaction rate due to the dissolution of aggregates and/or overheating. 

 

Figure S13: Pseudo-first-order plot of the copolymerization of EO with GME from Table S1, entry 8. Active chain end 
concentration: 3.60∙10-2 mol/L. 

 

Figure S14. Apparent reaction rates of EO in the copolymerization with GME. The values for experiments in DMSO were 
adjusted to fit the initiator concentrations of the anisole and toluene experiments. dod: degree of deprotonation. Orange 
squares ■: DMSO, 25 °C. Green triangles ▲: anisole, 55 °C. Blue circles ●: toluene, 55 °C. Red upside square ◆: toluene, 
55 °C, [18]crown-6 addition. The values can be found in Table S1. 
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Figure S15. Reactivity ratios of the P(EO-co-GME) copolymers. DMSO experiments were conducted at 25 °C, anisole and 
toluene experiments at 55 °C. dod: degree of deprotonation. The values can be found in Table S2. 

 

Figure S16. Simulated polymer composition at the denoted polymerization conditions with an equimolar monomer feed 
and a degree of deprotonation of 90%. 

 

Figure S17. Jaacks fit of the copolymerization of EO and GME from Table S2, entry 1. 
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Figure S18. Jaacks fit of the copolymerization of EO and GME from Table S2, entry 2. 

 

Figure S19. Jaacks fit of the copolymerization of EO and GME from Table S2, entry 3. Fit was applied over the whole 
copolymerization until a conversion of 85%, due to a declining signal-to-noise ratio. 

 

Figure S20. Jaacks fit of the copolymerization of EO and GME from Table S2, entry 4. Fit was applied over the whole 
copolymerization until a conversion of 84%, due to a declining signal-to-noise ratio. 
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Figure S21. Jaacks fit of the copolymerization of EO and GME from Table S2, entry 5. Fit was applied over the whole 
copolymerization until a conversion of 75%, due to a declining signal-to-noise ratio. 

 

Figure S22. Jaacks fit of the copolymerization of EO and GME from Table S2, entry 6. Fit was applied over the whole 
copolymerization until a conversion of 85%, due to a declining signal-to-noise ratio. 

 

Figure S23. Jaacks fit of the copolymerization of EO and GME from Table S2, entry 7. 
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Figure S24. Jaacks fit of the copolymerization of EO and GME from Table S2, entry 8. Fit was applied over the whole 
copolymerization. 

 

 

Figure S25. Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with GME (red) with an 
equimolar monomer ratio (Solvent: DMSO-d6, 25 °C, dod: 50%) with r(GME) = 1.03, r(EO) = 0.97. 

 

 

Figure S26. Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with GME (red) with an 
equimolar monomer ratio (Solvent: DMSO-d6, 25 °C, dod: 90%) with r(GME) = 1.02, r(EO) = 0.98. 
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Figure S27. Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with GME (red) with an 
equimolar monomer ratio (Solvent: anisole, 55 °C, dod: 50%) with r(GME) = 1.37, r(EO) = 0.73. 

 

 

Figure S28. Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with GME (red) with an 
equimolar monomer ratio (Solvent: anisole, 55 °C, dod: 90%) with r(GME) = 1.43, r(EO) = 0.70. 

 

 

Figure S29. Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with GME (red) with an 
equimolar monomer ratio (Solvent: toluene-d8, 55 °C, dod: 50%) with r(GME) = 1.52, r(EO) = 0.66. 
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Figure S30. Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with GME (red) with an 
equimolar monomer ratio (Solvent: toluene-d8, 55 °C, dod: 90%) with r(GME) = 1.60, r(EO) = 0.63. 

 

 

Figure S31. Composition plot of the in situ 1H NMR copolymerization kinetic study of EO (blue) with GME (red) with an 
equimolar monomer ratio (Solvent: toluene-d8, 55 °C, dod: 90%) with r(GME) = 1.55, r(EO) = 0.64. 

 

Figure S32. GPC elugram of the polymer obtained after 1H NMR kinetics. Initiator: 2-(benzyloxy)ethanol, solvent: DMSO-
d6, degree of deprotonation: 50%, temperature: 25 °C. 
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Figure S33. GPC elugram of the polymer obtained after 1H NMR kinetics. Initiator: 2-(benzyloxy)ethanol, solvent: DMSO-
d6, degree of deprotonation: 90%, temperature: 25 °C. 

 

Figure S34. GPC elugram of the polymer obtained after 1H NMR kinetics. Initiator: 3-ethoxypropane-1,2-diol, solvent: 
DMSO-d6, degree of deprotonation: 50%, temperature: 25 °C. 

 

Figure S35. GPC elugram of the polymer obtained after 1H NMR kinetics. Initiator: 2-(benzyloxy)ethanol, solvent: anisole, 
degree of deprotonation: 50%, temperature: 55 °C. 
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Figure S36. GPC elugram of the polymer obtained after 1H NMR kinetics. Initiator: 2-(benzyloxy)ethanol, solvent: anisole, 
degree of deprotonation: 90%, temperature: 55 °C. 

 

Figure S37. GPC elugram of the polymer obtained after 1H NMR kinetics. Initiator: 2-(benzyloxy)ethanol, solvent: toluene-
d8, degree of deprotonation: 50%, temperature: 55 °C. 

 

Figure S38. GPC elugram of the polymer obtained after 1H NMR kinetics. Initiator: 2-(benzyloxy)ethanol, solvent: toluene-
d8, degree of deprotonation: 90%, temperature: 55 °C. 
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Figure S39. GPC elugram of the polymer obtained after 1H NMR kinetics. Initiator: 2-(benzyloxy)ethanol, solvent: toluene-
d8, degree of deprotonation: 90%, temperature 55 °C, addition of 2 eq. of [18]crown-6 per potassium equivalent. 

 

 

Figure S40. Influence of consecutive EO units at the initiator on the interactions of PGME with end group-specific APA. 
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Figure S41. Stacked HPLC elugrams of investigated mPEG117 and rPEG samples. 

 

 

Figure S42. Applied solvent gradient conditions for mPEG and rPEG samples via analytical HPLC. 
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Figure S43. Applied solvent gradient conditions for mPEG and rPEG samples purification via semipreparative HPLC (blue 
graph); death time and product fractions of each sample are highlighted. 

Figure S44. Stacked 1H NMR spectra (D2O, 400 MHz) of investigated rPEG samples. 
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Figure S45. Stacked MALDI ToF mass spectra of synthesized rPEGs before HPLC purification. 

 

Figure S46. Stacked MALDI ToF mass spectra of purified rPEG109
0.74 after different runs. 
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Figure S47. Stacked GPC elugrams of rPEG samples before HPLC purification. 

 

 

Figure S48. DOSY NMR (400 MHz, D2O) of mPEG117. 
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Figure S49. DOSY NMR (400 MHz, D2O) of rPEG112
0.21. 

 

Figure S50. DOSY NMR (400 MHz, D2O) of rPEG112
0.43. 
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Figure S51. DOSY NMR (400 MHz, D2O) of rPEG110
0.55. 

 

Figure S52. DOSY NMR (400 MHz, D2O) of rPEG109
0.74. 
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Figure S53. Diffusion coefficient (D) of PEG samples with different molecular weights from PSS and resulting fit. 

 

Figure S54. Section of 15 chains from the simulation (104 chains) of EO (white) and GME (red) repeating unit distribution 
at different chain positions of rPEG114

0.30; repeating patterns with 16 consecutive EO repeating units are highlighted in 
orange; yellow circles represent the initiator. 

 

Figure S55. Section of 15 chains from the simulation (104 chains) of EO (white) and GME (red) repeating unit distribution 
at different chain positions of rPEG114

0.40; yellow circles represent the initiator. 

 

Figure S56. Section of 15 chains from the simulation (104 chains) of EO (white) and GME (red) repeating unit distribution 
at different chain positions of rPEG114

0.50; yellow circles represent the initiator. 
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Figure S57. Schematic gating strategy applied to the flow cytometry evaluation. First cell debris was excluded, then the 
cell types were distinguished based on differential expression of lineage markers. Cell duplets were excluded and the 
viability of each singlet cell population was determined with Sytox™ Green™. 
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Figure S58. Exemplary gating strategy applied to the untreated control of donor 6 for flow cytometry evaluation. First cell 
debris were excluded, then the cell types were distinguished by detecting cell type-specific surface markers. Cell duplets 
were excluded and the viability of each singlet cell population was measured with Sytox™ Green™. For viable B cells 
(CD20+ Live) the MFI of the activation markers CD80 and CD86 were determined. 
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Figure S59. Normalized viability of human T cells, B cells, monocytes, dendritic cells (DC), neutral killer cells (NK), 
neutrophils and the remaining Basophils + Eosinophils. Determined with flow cytometry. The PBMC were isolated with 
density gradient centrifugation from whole blood of healthy donors (N = 4). Afterward, the PBMCs were incubated with 
the respective mPEG & rPEG samples for 16 hours. 
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Figure S60. Analysis of immunomodulatory effects. Normalized mean fluorescence intensity (MFI) of CD80 and CD86 for 
viable CD20 positive cells (B cells). The PBMC were isolated with density gradient centrifugation from whole blood of 
healthy donors (N = 4). Afterward, the PBMCs were incubated with the respective formulations for 16 hours. As positive 
control, R848 was added to a final concentration of 1 µg mL-1 before incubation.  
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Figure S61. Relative cytokine release after 16 hours of incubation. Cytokine concentrations are given in pg mL-1 according 
to an external standard calibration. To account for this variability, cytokine levels were normalized to each donor's 
positive control (R848). All polymer samples were measured with N = 4 whereas the untreated and the R848 control were 
measured with N = 8. 
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Figure S62. IFN-γ standard calibration curve. 

 

 

Figure S63. TNF-α standard calibration curve. 
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Figure S64. IL-1β standard calibration curve. 

 

 

Figure S65. IL-6 standard calibration curve. 
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Figure S66. IL-10 standard calibration curve. 
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6. Tables S1 to S14 

Table S1. Apparent rate constants of EO in the copolymerization with GME and 2-(benzyloxy)ethanol as initiator. Fit was 
applied for the linear regime in the pseudo-first-order plots. 

Entry Solvent T [°C] dod* [I]† / 10-2 [mol L-1] kapp,copo (EO) [s-1] R2 

1 DMSO 25 50% 3.80 1.17E-04§±0.01 >0.99 

2 DMSO 25 90% 3.80 1.28E-04§±0.01 >0.99 

3 Anisole 55 50% 9.66 2.99E-05±0.01 >0.99 

4 Anisole 55 90% 9.66 8.10E-05±0.01 >0.99 

5 Toluene 55 50% 9.66 1.46E-05±0.01 >0.99 

6 Toluene 55 90% 9.66 1.43E-04±0.01 >0.99 

7‡ Toluene 55 90% 9.66 2.68E-04±0.01 >0.99 

8 DMSO 25 50% 3.60¶ 4.78E-05±0.01 >0.99 

*) Degree of deprotonation; †) theoretical chain end concentration; ‡) addition of 2 eq. of [18]crown-6 per potassium 
cation, §) multiplied by a factor of (9.66/3.80) to be comparable to the [I] of the anisole and toluene experiments; ¶) 3-
ethoxy-1,2-propanediol was used as initiator. 

 

Table S2. Copolymerization kinetics of GME and EO with potassium 2-(benzyloxy)ethoxide as initiator. 

Entry Solvent T [°C] dod* [I]† / 
 10-2 [mol L-1] rGME rEO R2 Đ§ 

1 DMSO 25 50% 3.80 1.03±0.01 0.97±0.01 >0.99 1.06 

2 DMSO 25 90% 3.80 1.02±0.01 0.98±0.01 >0.99 1.07 

3 Anisole 55 50% 9.66 1.37±0.01 0.73±0.01 >0.99 1.09 

4 Anisole 55 90% 9.66 1.43±0.01 0.70±0.01 >0.99 1.08 

5 Toluene 55 50% 9.66 1.52±0.01 0.66±0.01 >0.99 1.10 

6 Toluene 55 90% 9.66 1.60±0.01 0.63±0.01 >0.99 1.10 

7‡ Toluene 55 90% 9.66 1.55±0.01 0.64±0.01 >0.99 1.10 

8 DMSO 25 50% 3.60¶ 1.01±0.01 0.99±0.01 >0.99 1.10 

*) Degree of deprotonation; †) theoretical chain end concentration; ‡) addition of 2 eq. of [18]crown-6; §) determined by 
GPC (eluent: DMF, PEG calibration, RI detector); ¶) active chain ends of 3-ethoxy-1,2-propanediol. 

 

Table S3. Overview of characterizations of synthesized rPEG samples before HPLC purification. 

Sample DPcalc. DPMALDI+NMR GMEcalc  

[%] 
GMENMR 

[%] 
Mn,calc. 

[kg mol-1] 
Mn,MALDI 

[kg mol-1] 
Mn,GPC 

[kg mol-1] ĐGPC 

rPEG112
0.21 114 112 20 21 6.0 6.0 5.6 1.04 

rPEG112
0.43 114 113 40 43 7.2 7.1 5.7 1.08 

rPEG110
0.55 114 114 50 57 7.7 7.9 6.0 1.06 

rPEG109
0.74 114 108 80 78 9.2 8.5 6.0 1.10 
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Table S4. Overview of characterizations of mPEG and rPEG samples after HPLC purification. 

Sample DPcalc. DPMALDI+NMR GMEcalc  

[%] 
GMENMR 

[%] 
Mn,calc. 

[kg mol-1] 
Mn,MALDI 

[kg mol-1] 
Mn,GPC 

[kg mol-1] ĐGPC 

mPEG117 114 117 0 0 5.0 5.2 4.9 1.04 

rPEG112
0.21 114 112 20 21 6.0 6.0 5.2 1.06 

rPEG112
0.43 114 112 40 43 7.2 7.1 5.6 1.05 

rPEG110
0.55 114 110 50 55 7.7 7.5 5.9 1.04 

rPEG109
0.74 114 109 80 74 9.2 8.4 6.2 1.07 

 

Table S5. Overview of HPLC data for investigated rPEGs. 

Sample te,max [min] purityELSD [%a] 

mPEG117 8.9 >99 

rPEG112
0.21 15.1 >99 

rPEG112
0.43 16.9 >99 

rPEG110
0.55 17.6 >99 

rPEG109
0.74 18.7 >99 

 

Table S6. Turbidimetric measurements of the cloud point temperatures (Tcp) of investigated rPEG samples with varying 
molar GME contents in PBS buffer. 

Sample concentration 
[mg mL-1] 

Tcp at 90 % 
transmittance [°C] 

Tcp at 50 % 
transmittance [°C] 

Tcp at 0 % 
transmittance [°C] 

mPEG117 2.0 -* -* -* 

rPEG112
0.21 2.0 -* -* -* 

rPEG112
0.43 2.0 -* -* -* 

rPEG105
0.55 2.0 85.9 86.3 89.0 

rPEG109
0.74 2.0 74.1 74.6 78.4 

rPEG109
0.74 0.5 77.0 77.7 84.8 

rPEG109
0.74 1.0 75.8 76.3 81.4 

rPEG109
0.74 5.0 71.7 72.1 74.9 

rPEG109
0.74 10.0 70.8 71.2 73.7 

*) no decrease in transmittance observed. 

Table S7. Diffusion coefficient (D) and calculated hydrodynamic radii (rH) of investigated rPEG samples. 

Sample D [m2 s-1] rH [nm] 

mPEG117 9.92 10-11 1.8 

rPEG112
0.21 1.07 10-10 1.7 

rPEG112
0.43 9.10 10-11 1.9 

rPEG110
0.55 9.21 10-11 1.9 

rPEG109
0.74 1.02 10-10 1.7 
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Table S8. Analysis concerning the occurrence of at least one hektakaidekads (16 EO units) within the 104 simulated rPEG 
chains with varying GME ratios (20 to 50 mol%).  

Polymer mol% GME [%] probability of  
hektakaidekads [%] 

rPEG114
0.20 20 46.0 

rPEG114
0.30 30 10.1 

rPEG114
0.40 40 0.99 

rPEG114
0.50 50 0.09 

 

Table S9. ELISA results for mPEG and rPEG samples. 

Sample EC50,backbone [ng ml-1] relative affinitybackbone EC50,end group [ng ml-1] relative affinityend 

group 

mPEG117 3.31 101 1 6.95 104 1 

rPEG112
0.21 8.00 103 4.14 10-3 4.35 106 1.60 10-2 

rPEG112
0.43 1.28 105 2.58 10-4 1.54 107 4.50 10-3 

rPEG110
0.55 1.04 106 3.18 10-5 3.64 107 1.91 10-3 

rPEG109
0.74 7.10 106 4.66 10-6 1.10 108 6.23 10-4 
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Table S10. Interferon-gamma (INF-γ) concentrations determined by CBA analysis. 

Donor 
INF-γ [pg mL-1] 

1 2 3 4 5 6 7 8 

Untreated 0 1 0 36 0 3 4 0 

R848 
[1 µg mL-1] 1374 1931 1744 1678 1255 1621 277 1481 

mPEG117 
[5.0 µg mL-1] 0 0 0 7 -† -† -† -† 

mPEG117 

[1.0 µg mL-1] 0 0 0 12 -† -† -† -† 

mPEG117 

[0.1 µg mL-1] 0 0 0 12 -† -† -† -† 

rPEG112
0.21 

[5.0 µg mL-1] -* -* -* -* 0 1 1 1 

rPEG112
0.21 

[1.0 µg mL-1] -* -* -* -* 0 1 2 0 

rPEG112
0.21 

[0.1 µg mL-1] -* -* -* -* 0 2 2 0 

rPEG112
0.43 

[5.0 µg mL-1] 0 0 0 20 -† -† -† -† 

rPEG112
0.43 

[1.0 µg mL-1] 0 0 0 7 -† -† -† -† 

rPEG112
0.43 

[0.1 µg mL-1] 0 0 0 7 -† -† -† -† 

rPEG110
0.55 

[5.0 µg mL-1] 0 0 0 10 -† -† -† -† 

rPEG110
0.55 

[1.0 µg mL-1] 0 0 0 11 -† -† -† -† 

rPEG110
0.55 

[0.1 µg mL-1] 0 1 0 11 -† -† -† -† 

rPEG108
0.74 

[5.0 µg mL-1] 0 8 0 5 -† -† -† -† 

rPEG108
0.74 

[1.0 µg mL-1] 0 0 0 21 -† -† -† -† 

rPEG108
0.74 

[0.1 µg mL-1] 0 0 0 20 -† -† -† -† 

*) Sample was contaminated during the cell culture and discarded. 

†) A second assay was deemed unnecessary due to success of the initial test. 
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Table S11. Tumor necrosis factor-alpha (TNF-α) concentrations determined by CBA analysis. 

Donor 
TNF-α [pg mL-1] 

1 2 3 4 5 6 7 8 

Untreated 4 25 8 100 1 1 5 3 

R848 
[1 µg mL-1] 12104 12937 10143 11766 6947 7763 7005 7602 

mPEG117 
[5.0 µg mL-1] 1 5 3 7 -† -† -† -† 

mPEG117 

[1.0 µg mL-1] 2 5 2 19 -† -† -† -† 

mPEG117 

[0.1 µg mL-1] 0 7 5 62 -† -† -† -† 

rPEG112
0.21 

[5.0 µg mL-1] -* -* -* -* 48 114 195 454 

rPEG112
0.21 

[1.0 µg mL-1] -* -* -* -* 319 3 7 11 

rPEG112
0.21 

[0.1 µg mL-1] -* -* -* -* 1 2 4 52 

rPEG112
0.43 

[5.0 µg mL-1] 2 4 0 9068‡ -† -† -† -† 

rPEG112
0.43 

[1.0 µg mL-1] 2 6 1 5 -† -† -† -† 

rPEG112
0.43 

[0.1 µg mL-1] 0 9 0 12 -† -† -† -† 

rPEG110
0.55 

[5.0 µg mL-1] 2 5 3 80 -† -† -† -† 

rPEG110
0.55 

[1.0 µg mL-1] 2 7 1 5 -† -† -† -† 

rPEG110
0.55 

[0.1 µg mL-1] 2 6 2 17 -† -† -† -† 

rPEG108
0.74 

[5.0 µg mL-1] 0 1350‡ 0 25 -† -† -† -† 

rPEG108
0.74 

[1.0 µg mL-1] 1 3 0 162 -† -† -† -† 

rPEG108
0.74 

[0.1 µg mL-1] 2 2 0 11 -† -† -† -† 

*) Sample was contaminated during the cell culture and discarded. 

†) A second assay was deemed unnecessary due to success of the initial test. 

‡) Excluded outliner. 
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Table S12. Interleukin-1 beta (IL-1β) concentrations determined by CBA analysis. 

Donor 
IL-1β [pg mL-1] 

1 2 3 4 5 6 7 8 

Untreated 3 5 3 3 15 23 43 12 

R848 
[1 µg mL-1] 1212 1411 466 778 14349 13632 11554 10659 

mPEG117 
[5.0 µg mL-1] 4 4 3 3 -† -† -† -† 

mPEG117 

[1.0 µg mL-1] 4 4 3 4 -† -† -† -† 

mPEG117 

[0.1 µg mL-1] 3 4 3 3 -† -† -† -† 

rPEG112
0.21 

[5.0 µg mL-1] -* -* -* -* 25 20 48 383 

rPEG112
0.21 

[1.0 µg mL-1] -* -* -* -* 31 8 11 10 

rPEG112
0.21 

[0.1 µg mL-1] -* -* -* -* 5 9 18 72 

rPEG112
0.43 

[5.0 µg mL-1] 4 5 3 44‡ -† -† -† -† 

rPEG112
0.43 

[1.0 µg mL-1] 4 4 3 2 -† -† -† -† 

rPEG112
0.43 

[0.1 µg mL-1] 3 3 2 2 -† -† -† -† 

rPEG110
0.55 

[5.0 µg mL-1] 4 4 2 3 -† -† -† -† 

rPEG110
0.55 

[1.0 µg mL-1] 3 4 2 2 -† -† -† -† 

rPEG110
0.55 

[0.1 µg mL-1] 3 3 2 2 -† -† -† -† 

rPEG108
0.74 

[5.0 µg mL-1] 3 23 3 2 -† -† -† -† 

rPEG108
0.74 

[1.0 µg mL-1] 3 3 2 5 -† -† -† -† 

rPEG108
0.74 

[0.1 µg mL-1] 3 3 2 2 -† -† -† -† 

*) Sample was contaminated during the cell culture and discarded. 

†) A second assay was deemed unnecessary due to success of the initial test. 

‡) Excluded outliner. 
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Table S13. Interleukin-6 (IL-6) concentrations determined by CBA analysis. 

Donor 
IL-6 [pg mL-1] 

1 2 3 4 5 6 7 8 

Untreated 11 70 20 242 58 112 117 787 

R848 
[1 µg mL-1] 98783 113245 114487 103224 41024 38029 29742 298497 

mPEG117 
[5.0 µg mL-1] 21 124 65 195 -† -† -† -† 

mPEG117 

[1.0 µg mL-1] 33 97 24 209 -† -† -† -† 

mPEG117 

[0.1 µg mL-1] 17 88 24 202 -† -† -† -† 

rPEG112
0.21 

[5.0 µg mL-1] -* -* -* -* 240 1159 2172 17191 

rPEG112
0.21 

[1.0 µg mL-1] -* -* -* -* 3597 111 125 699 

rPEG112
0.21 

[0.1 µg mL-1] -* -* -* -* 83 100 111 3288 

rPEG112
0.43 

[5.0 µg mL-1] 116 250 36 92779‡ -† -† -† -† 

rPEG112
0.43 

[1.0 µg mL-1] 27 414 25 140 -† -† -† -† 

rPEG112
0.43 

[0.1 µg mL-1] 16 104 19 132 -† -† -† -† 

rPEG110
0.55 

[5.0 µg mL-1] 183 730 97 2773 -† -† -† -† 

rPEG110
0.55 

[1.0 µg mL-1] 18 504 13 165 -† -† -† -† 

rPEG110
0.55 

[0.1 µg mL-1] 14 79 16 139 -† -† -† -† 

rPEG108
0.74 

[5.0 µg mL-1] 25 126369‡ 68 541 -† -† -† -† 

rPEG108
0.74 

[1.0 µg mL-1] 66 559 18 8815 -† -† -† -† 

rPEG108
0.74 

[0.1 µg mL-1] 16 91 17 283 -† -† -† -† 

*) Sample was contaminated during the cell culture and discarded. 

†) A second assay was deemed unnecessary due to success of the initial test. 

‡) Excluded outliner. 
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Table S14. Interleukin-10 (IL-10) concentrations determined by CBA analysis. 

Donor 
IL-10 [pg mL-1] 

1 2 3 4 5 6 7 8 

Untreated 2 4 4 9 3 1 1 1 

R848 
[1 µg mL-1] 5539 4615 5291 3421 2094 930 593 358 

mPEG117 
[5.0 µg mL-1] 2 5 5 7 -† -† -† -† 

mPEG117 

[1.0 µg mL-1] 3 6 2 5 -† -† -† -† 

mPEG117 

[0.1 µg mL-1] 2 5 3 5 -† -† -† -† 

rPEG112
0.21 

[5.0 µg mL-1] -* -* -* -* 7 5 3 9 

rPEG112
0.21 

[1.0 µg mL-1] -* -* -* -* 8 2 1 2 

rPEG112
0.21 

[0.1 µg mL-1] -* -* -* -* 3 1 1 3 

rPEG112
0.43 

[5.0 µg mL-1] 8 10 2 5352‡ -† -† -† -† 

rPEG112
0.43 

[1.0 µg mL-1] 2 21 2 9 -† -† -† -† 

rPEG112
0.43 

[0.1 µg mL-1] 2 6 2 4 -† -† -† -† 

rPEG110
0.55 

[5.0 µg mL-1] 14 20 12 167 -† -† -† -† 

rPEG110
0.55 

[1.0 µg mL-1] 2 24 2 8 -† -† -† -† 

rPEG110
0.55 

[0.1 µg mL-1] 2 4 2 4 -† -† -† -† 

rPEG108
0.74 

[5.0 µg mL-1] 2 2421‡ 5 13 -† -† -† -† 

rPEG108
0.74 

[1.0 µg mL-1] 10 18 3 320 -† -† -† -† 

rPEG108
0.74 

[0.1 µg mL-1] 2 4 2 17 -† -† -† -† 

*) Sample was contaminated during the cell culture and discarded. 

†) A second assay was deemed unnecessary due to success of the initial test. 

‡) Excluded outliner. 
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