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Motivation and Objectives 

Using a sulfonyl group to substitute the N-proton of aziridines activates the aziridine and 

allows anionic ring-opening reactions. Sulfonyl groups act as both an activation and protecting 

group. Sulfonyl activated aziridines are a compatibly new class of monomers that have been 

explored in 2005. To determine their properties and application in anionic ring-opening 

polymerization (AROP) more novel monomers carrying functionalities should be designed to 

expand the existing scope of activated aziridines. Currently, most monomers functionalities are 

introduced in the aziridine side group instead of the N-activation group itself. The inclusion of 

different functionalities enables a greater range of potential applications of polyaziridines to be 

achieved. This functionality can be used to give adjustable solubility or thermal properties of the 

polysulfonamides. New functional aziridine monomers have been developed, and the properties 

of the resulting polymers have been studied. Polymers formed from activated aziridines are 

polysulfonamides which belong to a class of polyamines, due to the presence of nitrogen in the 

polymer backbone. 

The most popular strategy to access linear polyamines is the cationic ring-opening 

polymerization (CROP) of 2-oxazolines. The CROP methodology has been developed several years 

ago and is applied in industry and performs very well. Nevertheless, AROP does not suffer of 

increased chain transfer, termination or recombination reactions, and is by this superior to CROP. 

One major goal of this thesis was the deprotection of polysulfonamides to show a mild synthetic 

alternative to the L-PEI strategy via CROP from 2-oxazolines. Several methods to desulfonylate 

these polymers have already been reported. Due to the strength of the sulfonyl-amine bond most 

of them suffer from low yields or require very toxic chemicals and harsh conditions. This makes 

further application in biological studies challenging. The monomer, which was developed in this 

work, allows a mild nucleophilic desulfonylation mechanism. Moreover, the ring is sufficiently 

activated to enable efficient initiation and controllable polymerization.  

In addition, the electron withdrawing (EWD) nature of activating groups pull electron 

density from the active chain end of the polymers. This effects the nucleophilicity as well as the 

basicity of the active species. In previous studies, only the effect of the EWD groups on the 

monomer activity was partly analyzed and discussed. Investigating the effect EWD groups have 

on the active polymer chain-end during polymerization gives us a better understanding of the 

role of the activating group. A strong nucleophilicity of the chain-end is required to ensure 

propagation. While conversely, strong nucleophilicity increases the probability of termination by 

electrophiles or protons. 
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Using a systematic library of different electron withdrawing substituents, allows tuning of 

monomer reactivities. This enables the production of different gradient polymer microstructures 

in copolymerization mixtures. As part of this thesis, the concept of tuning polymer gradient will 

be revealed and correlations between the monomer activation and propagation rates will be 

discussed. The precise control of the polymer structure enables a gradual distribution of 

functionalities in the polymer microstructure to be obtained. We see adjustable gradient strength 

in copolymers as a central goal in polymer synthesis according to adjust polymer properties. 

Tuning the gradient over this enormous range from statistical to block copolymers with 

copolymerizations is a synthetic challenge. The conventional strategy to access gradient 

copolymers uses monomer-dosing apertures. Detailed understanding of the copolymerization 

behavior and the correlations to monomer properties allows the access this polymer structures 

by single-step and one-pot reactions. Building on the concept of copolymerizing different 

activated aziridines and single-step polymerization set-ups, the copolymerization of aziridines 

with ethylene oxide (EO), as representative of the oxyanionic polymerization, was a major goal, 

which was tested, but not achieved before this thesis.  

Chapter 1: The first chapter introduces the anionic polymerization of activated aziridines. 

It further gives an overview of the state of the art research and how polyaziridines are obtained 

by anionic and other polymerization methods. Copolymerization techniques to novel 

polysulfonamides and various monomers are introduced.  

Chapter2: The impact of the electron withdrawing activation groups on the active chain-

end is studied in this chapter. Different EWD groups are used to study the influence of 

homopolymerization kinetics according to the presents of additives such as protic solvents 

(alcohols and water). Furthermore, the influence on polymerization kinetic, polymer dispersities 

and secondary initiation should be explored to understand the AROP of activated aziridines with 

focus on the active chain-end in detail.  

Chapter 3: To achieve a copolymerization of activated aziridines ethylene oxide is the 

priority in the third chapter. As monomers appear to be very similar, both are three membered 

rings with a heteroatom, both polymerize via AROP, both have a similar ring tension, the 

copolymerization and analysis of the microstructure a major importance of this chapter. EO and 

the tested aziridines showed to have highly different monomer reactivities; therefore the 

copolymerization could be used to generate amphiphilic multiblock systems. Additionally, routes 

and applications of novel water-soluble polymers with diverse architectures should be explores 

in this chapter. 
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Chapter 4: The intention of the fourth chapter was to further expand the scope of the 

different activation groups to understand and practically observe the detailed effect of the 

reactivity difference and gradient strength of the copolymer microstructure. The co-monomers 

library and the correlations between the reactivity differences could be used to prepare more 

different gradient structures. Gradient systems are used as functional polyamines after removal 

of the sulfonyl group or directly as compatibilizer for polysulfonamides.  

Chapter 5: The fifth chapter is dedicated to the desulfonylation reaction of the 

polysulfonamides. Developing novel activation groups, which are covalent attached on the 

nitrogen of the aziridine rings, can be used to fine-tune the propagation rates, like in chapter 4 

and 3. Seeing the sulfonyl group as a protecting group and not as a simple activating group should 

be in the focus of this chapter. Depending also on the EWD behavior of the sulfonyl group of the 

monomers, the polymer is deprotectable. A method should be designed to use the 

polysulfonamides as a precursor for linear, functionalized polyamines. PEI derivatives synthesized 

via AROP should be tested as cell transfection agent. 

Chapter6: The last chapter is about the great variety of functional activated aziridine 

monomers. The activation group of the aziridines cannot only be used to trigger the reactivity. 

Here, the activation group should also act a functional group allowing further post modification, 

which were previously only introduced via the 2-possition. Bearing a styrene moiety the 

anionically synthesized polysulfonamides should be further functionalized and simultaneously 

the vinyl moiety should act as a polymerizable group for radical polymerization, which makes this 

activated aziridine become an orthogonal bivalent monomer for both, radical and AROP. 
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Graphical Abstract 

 

TOC 1: Table of content, symbolizing the wide spectra of polymerizing activated aziridines and azetidines 
to novel linear polyethyleneimines by anionic ring-opening polymerization (from the flask to the right, 
and the polymerization of aziridine and azetidine by cationic ring-opening polymerization (left side) 

 

TOC 2: Table of content, symbolizing the robust polymerization of activated aziridines, resistant against 
protic additives (alcohols and water) 

 

TOC 3: Table of content, symbolizing fast an easy synthesis of amphiphilic multiblock architectures from 
EO (blue) and Aziridines (orange) 
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TOC 4: Table of content, symbolizing the combination different monomers for a copolymerization: 
Depending on the activation difference between two copolymers the microstructure is adjustable from 
statistical over gradient to block-copolymers. 

 

TOC 5: The TOC illustrates the desulfonylation of the polysulfonylamine, which was polymerized by 
anionic ring-opening polymerization. 

 

 

TOC 6: Table of content, symbolizing the combination of two different monomers (Styrene and tosyl 
activated 2-methylaziridine) to access bivalent monomer with orthogonal moieties for radical (red) and 
anionic (green) polymerization. 
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Abstract 

14 Years after anionic ring-opening polymerization was applied to activated aziridines for 

the first time, this rather novel monomer class became interesting for more and more research 

groups. The polymer class originated from activated aziridines offers several hidden potentials to 

be further explored e.g. their unique properties concerning the polymerization behavior and 

expanding the scope of new aziridine monomers to study functional polyamine derivatives. In 

contrast to cationic polymerization, anionic polymerization requires proton-free conditions, why 

the N-terminal hydrogen is substituted with a sulfonyl group which withdraws electrons from the 

aziridine ring and thereby allows nucleophilic attacks and consequently, living anionic 

polymerization. The polymers from activated aziridines represent functionalizable, linear 

polyamine derivatives or polysulfonamides.  

This PhD thesis focuses primarily on a deeper understanding of synthesizing gradient and 

block copolymers with aziridines as well as further explain the nature of aza-anionic 

polymerization to classify it next to other anionic polymerizations. In addition, this novel class of 

linear polyamine derivatives were investigated in fundamental studies on potential applications 

as cell transfection agents or as amphiphilic surfactants. The thesis itself is divided in six main 

chapters of published results, an outlook and appendix. The first Chapter is an introduction on 

polyamines synthesized from aziridines and azetidines. It provides an overview of different routes 

to access polyamines with various structures and refer to applications of those polyamine classes, 

introduces the different routes to synthesize the activated aziridines and summarizes the 

different polymerization techniques to access the polysulfonamides.  

The second chapter focus on the unique finding that anionic polymerization of aziridines 

appears to be tolerant and robust towards protic impurities. Further, this polymerization 

technique does not require inert atmosphere and stays living in the presence of large amounts of 

water or alcohols. Different activated aziridines were polymerized with up to 100-fold excess of 

an added protic impurity (like water or alcohols), proven to be active and fulfilling the 

requirements of a living polymerization. The electron withdrawing effect of the activating groups 

causes this unique tolerance towards protic additives. This effect decreases the basicity of the 

propagating species, while maintaining a strong nucleophilic character. Alcohol or water is only 

slightly involved in the polymerization, which further allows the direct preparation of polyols by 

anionic polymerization without protective groups. 
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The third chapter demonstrates the first single step one pot copolymerization of activated 

aziridines with ethylene oxide (EO). Copolymerization of these two highly strained three-

membered heterocycles results by a one-pot copolymerization to well-defined amphiphilic block 

copolymers with a single step. The polymerization was followed by real-time 1H NMR 

spectroscopy, finding the biggest reactivity difference of r1 = 265 and r2 = 0.004 for 2-methyl-N-

tosylaziridine/EO and r1 = 151 and r2 = 0.013 for 2-methyl-N-mesylaziridine/EO ever reported for 

anionic copolymerizations. The obtained amphiphilic diblock copolymers were used to stabilize 

emulsions and to prepare polymeric nanoparticles by mini-emulsion polymerization. Synthesis 

strategies towards amphiphilic penta- and tetrablock copolymers in one or two steps are 

presented additionally in this section. These example of epoxide and aziridine copolymerizations 

represent a novel strategy to produce sophisticated macromolecular architectures. They are an 

ideal system to study stimuli-responsive and amphiphilic (block) polymers consisting of 

polyamines and water soluble polyglycols.  

The fourth chapter is dedicated to the individual copolymerizations of activated aziridines 

with two different activation groups. Due to the beneficial living nature of anionic polymerization, 

gradient copolymers can be obtained with low dispersities and adjustable molar mass. The great 

variety of the activation groups allows tuning the electron withdrawing behavior precisely and 

thereby the degree of the monomer activation. The combination of different activating groups 

allows further fine-tuning the gradient strength of copolymers. Sulfonyl activated aziridines are 

to date the only monomer class providing access to gradient copolymers with microstructures 

ranging from statistical to block-copolymers solely by adjusting the activation groups. This 

detailed study allowed correlations between the monomer activation given by Hammett 

parameters and the propagation parameters of the individual homo polymerizations. This is used 

to predict polymerization rates (kp) for aziridines, not synthesized so far. For the first time 

correlation of copolymerization ratios for ring-opening polymerization with the EWD nature of 

the monomers was possible. This knowledge allows accessing various tailored gradient 

copolymers with controlled monomer sequence in a single step and predicting copolymer 

structures of not synthesized monomers. 

The last two chapters (chapter 5 & 6) represent the synthesis of lately developed functional 

activated aziridines. In both chapters the obtained polysulfonamides were further used for post 

modification. As the anionic polymerization of sulfonamide-activated aziridines leads to polymers 

with a linear polyamine backbone, this pathway is after a successful desulfonylation an 

alternative to the 2-oxazoline route. Poly (2-oxazoline)s are usually used to access linear 

polyethyleneimine (L-PEI) after acidic hydrolysis from. The 1-(4-cyanobenzenesulfonyl) 2-methyl-
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aziridine, an aziridine containing a highly electron withdrawing activation group was found to 

polymerize as good as the other monomers of the aziridine family. Additionally, the 4-

cyanobenzenesulfonyl allows mild reaction conditions to cleave the nitrogen – sulfur bond to 

convert the polysulfonamine into linear polypropyleneimine (L-PPI). The high control over 

molecular weight and weight dispersities achieved by living anionic polymerization are the key 

advantages of this strategy, especially if used for biomedical applications, as molecular weight 

correlates with toxicity. The synthesized polypropylene-imine showed further to be an adequate 

cell transfection agent. 

4-Styrenesulfonyl‐(2‐methyl)aziridine (StMAz) is a monomer containing a functional 

activation group. This makes is the first orthogonal aziridine monomer, applicable for both anionic 

ring‐opening and radical polymerization. Both polymerization pathways are accessible without 

using protective groups. While azaanionic ring‐opening polymerization (AAROP) of StMAz and 

other methyl‐aziridine derivatives provides multifunctional polyaziridines, radical polymerization 

of the vinyl group gives access to polyalkylenes with aziridine side groups, which are known to be 

efficiently addressable via nucleophiles.  

Chapter 7 contains unpublished results on the synthesis and polymerization of 

enantiomerically pure aziridines. These and discussed applications correspond to an outlook on 

further research with activated aziridines. 
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Zusammenfassung 

14 Jahre nach dem die anionische Ringöffnungspolymerisation erstmals an aktivierten 

Aziridinen angewandt wurde, gewinnt diese Monomerklasse der aktivierten Aziridine immer 

mehr an Bedeutung. Die aus aktivierten Aziridinen stammende Polymerklasse bietet weiterhin 

verborgenes Potential, um die einzigartigen Eigenschaften hinsichtlich der Polymerisation und 

des Anwendungsbereichs neuer Aziridinmonomere weiter zu erforschen. Im Gegensatz zur 

kationischen Polymerisation erfordert die anionische Polymerisation in der Regel strikt aprotische 

Bedingungen, weshalb der N-terminale Wasserstoff durch eine Sulfonylgruppe substituiert ist. 

Diese Schutzgruppe entzieht dem Aziridinring Elektronen und ermöglicht nukleophile Angriffe. 

Somit wird eine lebende anionische Polymerisation an Aziridinen ermöglicht. Bei den Polymeren 

von aktivierten Aziridinen handelt es sich um lineare funktionalisierbare Polyaminderivate, hier 

auch als Polysulfonamide und Polyaziridine bezeichnet. 

Diese Doktorarbeit beschäftigt sich in erster Linie damit, ein tieferes Verständnis für die 

Synthese von Gradienten- und Blockcopolymeren mit Aziridinen zu erhalten, sowie die 

azaanionische Polymerisation zwischen den anderen anionischen Polymerisationsklassen 

einzuordnen. Darüber hinaus wurde diese neue Klasse von linearen Polyaminderivaten 

grundlegenden Studien unterzogen, um die Anwendungen als Zelltransfektionsmittel oder den 

Nutzen als amphiphile Tenside zu zeigen. Die Arbeit selbst ist in sechs Kapitel mit publizierten 

Ergebnissen gegliedert und enthält ein Ausblick mit unpublizierten Ergebnissen, sowie ein 

Appendix. Das erste Kapitel dient zur Einführung in Polyamine, welche aus Aziridinen und 

Azetidinen synthetisiert werden können. Es bietet zudem einen Überblick über diverse Wege zu 

Polyaminen mit verschiedenen Strukturen und bezieht sich auch auf Anwendungen von 

Polyaminen. Es werden verschiedene Wege zur Synthese von aktivierten Aziridinen erläutert und 

die verschiedenen Polymerisationstechniken, welche die Synthese von Polysulfonamiden 

ermöglichen, zusammengefasst. 

Das zweite Kapitel befasst sich mit der einzigartigen Erkenntnis, dass die anionische 

Polymerisation von Aziridinen robust gegenüber protischen Verunreinigungen ist und Wasser 

sowie Alkohole toleriert werden. Zusätzlich verlangt diese Polymerisationstechnik keine inerte 

Atmosphäre und bleibt in Gegenwart großer Mengen von Wasser oder Alkoholen nachweislich 

lebend. Verschiedene aktivierte Aziridine wurden mit einem bis zu 100-fachen Überschuss einer 

zugesetzten protischen Verunreinigung (wie Wasser oder Alkohole) polymerisiert. Die 

Kettenenden blieben dabei aktiv und die Polymerisationen erfüllten die Anforderungen einer 

lebenden Polymerisation. Der elektronenziehende Effekt der Aktivierungsgruppen ist 
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verantwortlich für die einzigartige Toleranz gegenüber protischen Additiven. Er verringert die 

Basizität des aktiven Kettenendes, während der stark nukleophile Charakter erhalten bleibt. 

Alkohole oder Wasser sind nur geringfügig an der Polymerisation beteiligt, was die direkte 

Herstellung von Polyolen durch anionische Polymerisation ohne Schutzgruppen ermöglicht. 

Das dritte Kapitel zeigt die erste Einschritt-Eintopfcopolymerisation von aktivierten 

Aziridinen und Ethylenoxid (EO). Die Copolymerisation dieser beiden hochgespannten 

dreigliedrigen Heterozyklen führt auf schnellem und einfachem Weg zu definierten amphiphilen 

Blockcopolymeren. Die Polymerisation wurde durch Echtzeit 1H NMR-Spektroskopie verfolgt, 

wobei der, für anionische Copolymerisationen, größte Reaktivitätsunterschied von r1 = 265 und 

r2 = 0,004 für 2-Methyl-N-tosylaziridin / EO, sowie r1 = 151 und r2 = 0,013 für 2-Methyl-N-

mesylaziridin / EO gefunden wurde. Die erhaltenen amphiphilen Diblockcopolymere wurden 

verwendet, um Emulsionen zu stabilisieren und Nanopartikel durch 

Miniemulsionspolymerisation herzustellen. In diesem Kapitel werden zusätzlich 

Synthesestrategien für amphiphile Penta- und Tetrablockcopolymere in wenigen 

Syntheseschritten vorgestellt. Diese Copolymerisation von EO und Aziridinen ermöglicht neue 

Strategien zur Herstellung komplexer makromolekularer Architekturen. Diese sind ein ideales 

System zur weiteren Erforschung von responsiven und amphiphilen Blockcopolymeren, welche 

aus Polyaminen und wasserlöslichen Polyethern bestehen. 

Das vierte Kapitel behandelt die Copolymerisationen von aktivierten Aziridinen mit zwei 

verschiedenen Aktivierungsgruppen. Aufgrund des lebenden Charakters der anionischen 

Polymerisation können Gradientencopolymere mit geringen Dispersitäten und einstellbaren 

Molmassen erhalten werden. Die große Vielfalt der Aktivierungsgruppen ermöglicht es das 

elektronenziehende Verhalten und damit die Monomeraktivität exakt einzustellen. Die 

Kombination von verschiedenen aktivierenden Gruppen ermöglicht es, die Gradientenstärke der 

Copolymere zu beieinflussen. Die Klasse der sulfonamidaktivierten Aziridine ist bis heute die 

einzige Monomerklasse, welche es erlaubt, durch Wahl der Aktivierungsgruppen, 

Gradientencopolymeren mit unterschiedlichen Mikrostrukturen von statistisch bis zu blockartig 

zu synthetisieren. Diese detaillierte Studie ermöglichte Korrelationen zwischen dem durch den 

Hammett-Parameter beschriebenen Elektronenzug und der Monomeraktivität, wiedergespiegelt 

durch die Propargationsparameter (kp) der einzelnen Homopolymerisationen zu erkennen. Die 

gefundenen Gesetzmäßigkeiten lassen sich nutzen, um die Polymerisationsgeschwindigkeiten für 

Aziridine vorherzusagen, welche bislang noch nicht synthetisiert wurden. Dieses Wissen erlaubt 

den Zugriff auf verschiedene maßgeschneiderte Gradientencopolymere mit einstellbarer 
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Monomersequenz, welche in einem Schritt synthetisiert werden können. Darüber hinaus können 

auch Copolymerstrukturen von noch nicht synthetisierten Monomeren vorhergesagt werden. 

Die letzten beiden Kapitel (Kapitel 5 und 6) beschreiben die Synthese kürzlich entwickelter 

funktionalisierter Aziridine. In beiden Kapiteln wurden die erhaltenen Polysulfonamide 

modifiziert. Da die anionische Polymerisation aktivierter Aziridine zu Polymeren mit linearen 

Polyamingrundgerüst führt, ist dieser Weg nach einer erfolgreichen Desulfonylierung eine 

mögliche Alternative zu dem Weg über 2-Oxazoline. Poly-(2-oxazoline) werden üblicherweise 

verwendet, um lineares Polyethylenimin (L-PEI) nach saurer Hydrolyse zu erhalten. 1-(4-

Cyanobenzolsulfonyl)-2-methylaziridin, ein neues Aziridinmonomer, welches eine stark 

elektronenziehende Aktivierungsgruppe enthält, polymerisiert ähnlich gut wie die anderen 

Monomere der Aziridinfamilie. Zusätzlich ermöglicht die 4-Cyanobenzolsulfonylgruppe die 

Spaltung der Stickstoff-Schwefel-Bindung unter milden Reaktionsbedingungen. Somit kann 

lineares Polypropylenimin (L-PPI) aus Polysulfonamiden erhalten werden. Die gute Kontrolle des 

Molekulargewichts und der Molmassendispersitäten, welche durch lebende anionische 

Polymerisation ermöglicht werden, sind die Hauptvorteile dieser Strategie. Insbesondere wenn 

L-PPI für biomedizinische Anwendungen verwendet wird, ist eine gute 

Molekulargewichtseinstellung erforderlich, da die Molmasse von L-PEI mit der Toxizität korreliert. 

Das synthetisierte Polypropylenimin erwies sich als adäquates Zelltransfektionsmittel. 

4-Styrolsulfonyl-(2-methyl)aziridin (StMAz) ist ein Monomer mit einer funktionellen 

Aktivierungsgruppe. Damit ist es das erste orthogonale Aziridinmonomer, das sowohl für die 

anionische Ringöffnungspolymerisation als auch für die radikalische Polymerisation geeignet ist. 

Beide Polymerisationsmethoden sind ohne Verwendung von zusätzlichen Schutzgruppen 

möglich. Während die azaanionische Co- und Homoringöffnungspolymerisation von StMAz 

werden funktionalisierbare Polyaziridine erhalten. Die radikalische Polymerisation der 

Vinylgruppe ermöglicht wiederrum den Zugang zu Polyalkylenen mit Aziridinseitengruppen, 

welche bekanntermaßen effizient über Nucleophile modifizierbar sind. 

Kapitel 7 enthält unpublizierte Ergebnisse zu der Syntese und der Polymerisation von 

enantiomerenreinen Aziridinen. Diese und diskutierte Anwendungen entsprechen einem 

Ausblick auf weitere Forschung mit diesen Monomeren. 
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• Cationic ring-opening polymerization of aziridines and azetidines 

• Anionic polymerization of azetidines 

Tassilo Gleede, Elisabeth Rieger, Frederik R. Wurm were responsible for following paragraphs:  

• Anionic polymerization of aziridines 

• Organocatalytic ring-opening polymerization (OROP) of activated aziridines 

• Desulfonylation reactions 

• Combination of aziridines and azetidines with other polymerization techniques: 

copolymers and polymer architectures 

• Polymer architectures 

All authors contributed to the content of the review, they wrote and edited the review. 

This chapter is based on an open access review article under the terms of the Creative Commons 

Attribution‐Non-Commercial License: Tassilo Gleede, Louis Reisman, Elisabeth Rieger, Pierre 

Canisius Mbarushimana, Paul A. Rupar and Frederik R. Wurm Aziridines and azetidines: building 

blocks for polyamines by anionic and cationic ring-opening polymerization Polym. Chem., 2019, 

10, 3257-3283. 

 

Content: Despite the difficulties associated with controlling the polymerization of ring-strained 

nitrogen containing monomers, the resulting polymers have many important applications, such 

as antibacterial and antimicrobial coatings, CO2 adsorption, chelation and materials templating, 

and non-viral gene transfection. This review highlights the recent advances on the 

polymerizations of aziridine and azetidine. It provides an overview of the different routes to 

produce polyamines, from aziridine and azetidine, with various structures (i.e. branched vs. 

linear) and degrees of control. We summarize monomer preparation for cationic, anionic and 

other polymerization mechanisms. This comprehensive review on the polymerization of aziridine 

and azetidine monomers will provide a basis for the development of future macromolecular 

architectures using these relatively exotic monomers. 
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1.1 Introduction 

Despite being structural analogs with comparable ring strain (Figure 1.1), aziridine and 

oxirane have very different polymerization chemistries. Oxirane can be polymerized via a variety 

of mechanisms, including cationic ring-opening polymerization (CROP)1 and anionic ring-opening 

polymerization (AROP)2,3 to form linear poly(ethylene oxide) (PEO) with high degrees of control. 

In contrast, aziridine can only polymerize via CROP to produce (hyper)branched polyethylenimine 

(hbPEI) with little control over molecular weight, dispersity, and microstructure.4–8 The situation 

is similar with azetidine (Figure 1.1), the nitrogen analog of oxetane, which also only forms 

hyperbranched poly(trimethylenimine) (hbPTMI) via CROP.9  

  

 Figure 1.1: Chemical structures of aziridine, azetidine, oxirane, and oxetane and their ring-strains.10,11  

Even with the challenges in controlling its polymerization, the high amine density of hbPEI 

lends its use in a wide range of applications including non-viral gene-transfection,7,12–44 anti-

microbial and anti-viral coatings,37,45–52 CO2 capture,53–63 flocculation of negatively charged fibers 

in paper-making industries,64–66 metal chelation in waste water treatments,67 as additives for 

inkjet paper production,16 as electron injection layers in organic light-emitting diodes,68,69 and 

materials templating.70 As such, hbPEI is made industrially, initially under the commercial name 

Polymin, and today is marketed under the trade name Lupasol® by BASF.71 Aziridine is produced 

at a rate of ∼9000 t/a (2006),72 where, due to its toxicity, it is usually converted directly into its 

nontoxic intermediates and branched polymers. 

The lack of control over aziridine polymerizations has significantly limited the research of 

linear PEI (L-PEI), especially when compared to PEO and related polymers.6,73 Polyethers, 

especially PEO, are produced on the scale of several million tons per year and found in many 

everyday applications,74 while linear polyaziridines are barely used today (Figure 2.2).75 This is 

unfortunate as the potential structural diversity of aziridines is notably greater than oxygen-

containing analogs as substitution on aziridines can occur both at the carbon and nitrogen atoms 

of aziridine. 
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 Figure 2.2: Epoxides vs. aziridines. General polymerization scheme and important facts about both 
material classes. 

 

Use in non-viral gene-transfection has sparked renewed academic and pharmaceutical 

interest in PEI, especially L-PEI. L-PEI is attractive compared to hbPEI as it can have a well-defined 

architecture with narrow molecular weight distributions. This makes it ideal for structure–

property relationship studies and its incorporation into polymer–drug conjugates. However, since 

L-PEI cannot be made from aziridine, it is instead synthesized indirectly via polyoxazolines.14 

Typically, 2-oxazoline-based monomers, such as 2-ethyl-2-oxazoline, in the presence of cationic 

initiators, such as stannic chloride and boron trifluoride etherate, undergo a controlled CROP.76–

78 Conversion of poly(2-oxazoline)s to L-PEI can occur under acidic or alkaline conditions 

(Scheme 1.1).79–81 However, this route to L-PEI has drawbacks in that the polymerization is 

difficult to control when targeting high degrees of polymerization and it is challenging to achieve 

quantitative removal of the acyl groups.7 
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Scheme 1.1: (1) Synthesis of linear polyethylenimine (L-PEI) from 2-oxazoline by cationic ring-opening 
polymerization in comparison to (2) anionic ring-opening polymerization of sulfonyl aziridines as an 
alternative pathway to linear PEI derivatives.82,83 

 

The new appreciation for the applications of L-PEI and unresolved challenges associated 

with azirdine polymerization means that it remains an active area of research. Since there have 

been no recent reviews on aziridine polymerizations (Kobayashi6 was published in 1990), we feel 

that such a review is warranted. This is especially true given the recent breakthroughs in the AROP 

of activated aziridines, which have yet to be summarized in the literature. 

This review gives a comprehensive overview on the synthesis of polymers based on both 

aziridines and azetidines. We have chosen to include azetidines in this review as their 

polymerization chemistry closely mirrors that of aziridines and the resulting polymers are 

structurally similar to that of aziridine derived polymers. We first discuss the early literature on 

the CROP of aziridines and azetidines. Next, we highlight recent work on the AROP and 

organocatalytic ring-opening polymerization (OROP) of N-sulfonyl aziridines and azetidines and 

strategies to produce linear polyamines from these monomers. We conclude with routes to 

aziridine and azetidine copolymers and highlight the possibilities for functionalization or 

preparation of various polyamine structures. Spaced through the review are summaries of the 

synthetic methods to synthesize the aziridine and azetidine monomers. Detailed analysis of the 

literature on gene-transfection can be found elsewhere.84 This review will also not cover 

oxazoline polymerization chemistry; the interested reader is encouraged to consult recent 

reviews.85–87 
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1.2 Cationic ring-opening polymerization of aziridines and 

azetidines 

The differences in polymerization chemistry between nitrogen and oxygen containing 

strained heterocycles arise due to the reduced electronegativity of nitrogen, the presence of an 

acidic hydrogen atom on the nitrogen atom, and the increased nucleophilicity of the lone-pair of 

electrons on nitrogen. The decreased electronegativity of nitrogen prevents the nucleophilic ring-

opening of aziridine and azetidine in AROP and increases the nucleophilicity of the lone pair 

electrons on nitrogen, leading to branching and loss of control in CROP. In addition, use of very 

basic nucleophiles simply deprotonates the secondary amine in aziridine and azetidine rather 

than inducing ring-opening. Therefore, the majority of aziridine and azetidine polymerizations 

proceed through a cationic mechanism.  

1.2.1 Cationic ring-opening polymerization of aziridine 

The cationic polymerization of aziridine and related cyclic amines were recorded in the 

patent literature as early as 1937.88 However, the nature of the polymerization and the structure 

of the resulting polymer was first thoroughly explored by Jones and coworkers in 1944.89 

Numerous studies have been performed, elaborating on this work, resulting in the mechanism, 

depicted in Scheme 1.2.5 Polymerization is initiated by electrophilic addition of an acidic catalyst 

to aziridine to form an aziridinium cation. An additional aziridine monomer, acting as a 

nucleophile, ring opens the active aziridinium ion resulting in the formation of a primary amine 

and a new aziridinium moiety. Subsequent aziridines attack the propagating aziridinium terminus, 

resulting in the linear propagation of the polymer chain. However, as the secondary amine groups 

in the developing polymer chain are also nucleophilic, they also ring open aziridinium species 

leading to branching and results in hbPEI. For hbPEI synthesized in solution, this leads to a ratio 

of primary : secondary : tertiary amines of 1 : 2 : 1 (determined by 13C NMR).90 This ratio can be 

varied depending upon the reaction conditions and the molar mass of the polymer (i.e. lower 

molar mass hbPEI has more primary amines).90 The polymerization of aziridine is likely more 

complex than that depicted in Scheme 1.2. 
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 Scheme 1.2 Mechanism of the cationic ring-opening polymerization of aziridine, leading to hbPEI.  

Barb and coworkers91 studied the kinetics and mechanism of the polymerization of 

ethylenimine in the presence of different catalysts, such as p-toluenesulfonic acid, benzoic acid 

and others. They noted that the polymerization proceeds much like a step-growth 

polymerization, and that aziridine dimer is the dominate species early in the polymerization. A 

recent study on the polymerization of azetidine reached similar conclusion (cf. section 2.5).8 

Furthermore, they noted an increase in molar masses in polymerization mixtures containing no 

monomeric species. This suggests that both monomer and polymer molecules are capable of 

activation and deactivation, thus making it more difficult to control the molecular weight and 

architecture of the resulting hbPEI. 

1.2.2 Cationic ring-opening polymerization of 2-substituted 
aziridines 

In general, the CROP of 2-substituted aziridines proceeds similarly to the parent aziridine. 

2-Methylaziridine, or propylene imine, was reported to undergo polymerization initiated by 

BF3Et2O.92 The resulting polypropylenimine appeared as a viscous oil insoluble in water but 

soluble in CHCl3 and DMSO. The structure of polypropylenimine formed from the cationic 

polymerization of 2-methylaziridine has been determined to be highly branched, similarly to 

hbPEI formed from the CROP of aziridine. A photoinitiated cationic polymerization of 2-

methylaziridine has also been reported.93 Regardless of the initiator used, the polymerization of 

2-methylaziridine suffers from termination. This is due to nucleophilic addition of a tertiary amine 
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within the polymer to an aziridinium, resulting in the formation of an unreactive quaternary 

amine.  

CROP of 2-phenylaziridine, initiated by methyl triflate, perchloric acid, BF3Et2O, dimethyl 

sulfate or hydrochloric acid, was found to form only low molecular weight polymers of ≤3000 g 

mol−1.94 These polymerizations did not result in full monomer consumption due to high rates of 

termination. Although the polymerization occurred at a much slower rate, Bakloutl and 

coworkers found that employing methyl triflate as initiator led to the formation of the highest 

molecular weight polymers of 2500–3000 g mol−1. Further investigation by studying the kinetics 

revealed this was due to an increase in the ratio of the propagation rate constant to the 

termination rate constant. It was proposed that this was due to the triflate counter ion stabilizing 

the aziridinium ion better than the counter ions of the other initiators. 

1.2.3 Monomer preparation for cationic polymerization of 2-
substituted aziridines 

A pioneering approach to aziridines is the “β-chloroethylamine process”, which uses vicinal 

chloro amine hydrochloride salts and sodium hydroxide. As corrosive hydrochloric acid (HCl) is 

released during the reaction, which could also lead to a CROP of aziridine, this process lost 

industrial relevance in 1963 (Scheme 1.3i).72 The “Dow Process” (Scheme 1.3ii) was used on the 

industrial scale beginning in 1978, but was stopped due to the drawbacks of high corrosion rates 

to reactors and waste stream disposal. Per one equivalent starting material, three equivalents of 

ammonia are necessary, which gives the Dow Process a low atom economy.72 Today, aziridine is 

prepared via the “Wenker synthesis” (Scheme 1.3iii). This two-step process starts with the 

reaction of 2-aminoethanol, or other vicinal amino alcohols, with sulfuric or chlorosulfuric acid. 

The sulfates are treated with 5 eq. sodium hydroxide or saturated sodium carbonate solution to 

give the aziridine after a nucleophilic cyclization with 2-step yields of ∼90%.72 Significant waste 

disposal problems are avoided through high atom economy and nontoxic side products.95 For 

laboratory scales, sulfates can be purified by filtration and washing with excess ether. Low 

molecular weight aziridines such as 2-methyl aziridine can be further purified by steam 

distillation. If stored longer, alkali hydroxide stabilizes aziridine against spontaneous cationic 

polymerization. N-Substituted aziridines can also be obtained if secondary amines are used as 

starting material.95–97  
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 Scheme 1.3: Synthesis of aziridines with and without a ring substituent (R) by i: the β-chloroethylamine 
process, ii: the Dow Process, iii: the Wenker synthesis. 

 

1.2.4 The cationic ring-opening polymerization of N-substituted 
aziridines 

The ring-opening polymerization of N-substituted aziridines typically proceeds via a 

cationic mechanism. The details of the polymerization of N-substituted aziridines is like that of 

aziridine, with one important distinction: the possibility of an irreversible termination reaction.5 

Termination occurs due to the (inter and intramolecular) nucleophilic attack of tertiary amines 

on aziridinium moieties, which results in the formation of unreactive, non-strained quaternary 

ammonium salts (Scheme 1.4).  

 

 Scheme 1.4: Competition between propagation and termination reactions during the CROP of N-
substituted aziridines. 
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As such, the polymerizations of simple N-substituted aziridines, often proceed only to low 

conversions (<55%).5 This is exemplified by the fact that in acetone the reaction of allyl bromide 

with 9-fold excess of N-(n-butyl)aziridine produces the piperazinium cation in a 96% yield with 

excess aziridine being recovered (Scheme 1.5).98 

 

 Scheme 1.5: Reaction of N-(n-butyl)aziridine to form a piperazinium with no detectable 
polymerization. 

 

Goethals performed a series of detailed studies on the polymerization of N-alkylaziridines 

primarily focusing on the kinetics of the polymerization.5 A key focus of this study was to measure 

the propagation rate constants (kp) vs. the rates of termination (kt). Employing Et3OBF4 as a Lewis 

acid, due to its rapid initiation, Goethals found that alkyl substituents with low steric bulk tended 

to have low kp/kt ratios, which leads to the polymerizations proceeding to only low conversion. 

For instance, N-ethylaziridine has a kp/kt of 6 while the kp/kt for N-isopropylaziridine was 21. In 

contrast, N-tert-butylaziridine polymerized with essentially no termination (kp/kt ≈ ∞) and no 

transfer reactions, thus allowing the polymerization to be living-like. The introduction of a methyl 

group in the 2-position of N-alkylaziridines was found to greatly reduce the rate of termination 

relative to propagation. For example, the polymerization of N-benzyl aziridine stops at very low 

conversion due to termination (kp/kt = 85), while N-benzyl-2-methylaziridine polymerizes with 

almost no termination (kp/kt = 1100) (Figure 1.3). 

 

 Figure 1.3 N-Alkyl aziridines that undergo CROP.5  
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While substitution in the 2-position greatly increases the kp/kt ratio, geminal substitution 

at the 2-position completely inhibits the polymerization. Specifically, N-benzyl-2,2-

dimethylaziridine was only found to form N-benzyl-N-ethyl-2,2-dimethylaziridinium when 

reacted with Et3OBF4.5 Interestingly, N-benzyl-N-ethyl-2,2-dimethylaziridinium could initiate the 

polymerization of N-benzylaziridine (Scheme 1.6). 

 

 

 Scheme 1.6: Formation of N-benzyl-N-ethyl-2,2-dimethylaziridinium and polymerization according to 
ref. 5. 

 

Goethals also reported on the CROP of neat N-(2-tetrahydropyranyl)aziridine initiated by 

Lewis acids (Scheme 1.7).99 This polymerization also appears to proceed without termination due 

to the bulky tetrahydropyranyl substituent. Hydrolysis of the polymer produced from N-(2-

tetrahydropyranyl)aziridine in dilute HCl, followed by neutralization with NaOH, resulted in the 

formation of high molecular weight linear PEI (L-PEI). Mw for the L-PEI, as determined by LALLS, 

was as high as 19.6 kg mol−1, which is the highest molecular weight L-PEI produced from an 

aziridine to date. 

 

 

 Scheme 1.7: Polymerization of N-(2-tetrahydropyranyl)aziridine in route to L-PEI according to ref. 99.  

Polymerization of N-(2-hydroxyethyl)aziridine has also been reported to occur via 

traditional Lewis acid catalysts and also through electroinitated polymerization.100 The resulting 

poly(N-(2-hydroxyethyl)aziridine) (PHEA) has been shown to be an excellent chelator of metal 

cations. By simple adjustment of pH, PHEA can selectively remove various metals.101 At pH = 3, 

PHEA can remove Cu(II) from solution with as high as 99.5% retention. With neutral pH, Co(II), 

Cr(III), Fe(III), Ni(II), Zn(II), and Cd(II) can be removed from solution at as high as 99.5%. These 

results are similar to those of hbPEI, with the exception of Cr(III) at neutral pH, when PHEA is a 

much stronger chelator. 
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CROP of aziridines have also been employed in the synthesis of copolymers. Utilizing N-(2-

hydroxyethyl)aziridine, Pooley and coworkers synthesized a copolymer with 1,2,3,6-

tetrahydropthalic anhydride (THPhA) (Scheme 1.8).102 This polymerization was accomplished in 

the absence of an initiator. These polymers are formed by employing a nucleophilic monomer 

with an electrophilic comonomer. These monomers form a zwitterion which leads to initiation 

and propagation in the polymerization. Pooley extended this work with N-(2-

hydroxyethyl)aziridine to produce copolymers with a library of other electrophilic monomers.103–

109 

Although not present in the open literature, there are reports in the patent literature on 

the CROP of sulfonylaziridines.110 These polymerizations were performed neat by melting the 

monomers and were performed in the presence of Lewis acids such as AlCl3, FeCl3, and ZnCl2. 

Employing different monomer : catalyst feeds from 200 : 1 to 10 000 : 1 polymers were 

obtained, but no further characterization details were given.110 

 

 Scheme 1.8: Copolymerization of N-(2-hydroxyethyl)aziridine with THPhA according to ref. 102.  
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1.2.5 Cationic ring-opening polymerization of azetidines 

While the polymerization of aziridines has been studied, there are significantly fewer 

examples of the four-membered ring, azetidine, in the literature. Unsurprisingly, most of this 

work on the polymerization of azetidines focuses on the polymerization of N-substituted 

azetidines.4,111–115 While the first polymerization of an azetidine ring was reported by Kornfeld, in 

1960, regarding the polymerization of conidine,113 Goethals provided the greatest contributions 

to the field due to his studies of multiple azetidines.4,5,99,115–118  

In 1974, Goethals reported of the polymerization of unsubstituted azetidine (Scheme 1.9).4 

The polymerization proceeded via a cationic mechanism, similar to the CROP of aziridine, to form 

hyperbranched poly(trimethylenimine) (hbPTMI).5,6 This study found that after 8 h at 70 °C in 

methanol nearly all monomer had been consumed. Interestingly, it was found that when all the 

monomer had been consumed, 70% of the reaction mixture consisted of dimer. This is explained 

by the pKB difference of azetidine and N-methylazetidine. The pKB of azetidine is 11.29 (ref. 115) 

and 10.40 (ref. 119) for N-methylazetidine. Due to the differences in basicity, and the similarity 

in structure of the azetidine dimer to N-methylazetidine, it is expected that a proton would 

transfer from the protonated tertiary amine to the more basic monomer. Because of preferential 

formation of dimer to propagation it was hypothesized that the resulting polymer should contain 

many primary and tertiary amines, rather than exclusively producing secondary amines. This can 

be explained by two possible reaction pathways. Propagation only occurs once the tertiary amine 

in the dimer is protonated. The cyclic ammonium salt can then be opened by nucleophilic addition 

of either a primary amine or a tertiary amine. If propagation occurred by only addition of primary 

amines the expected polymer would contain only secondary amines. If propagation occurred by 

only addition of tertiary amines the expected polymer would contain equal numbers of primary 

and tertiary amines but no secondary amines. 1H NMR spectroscopy revealed that the PTMI 

produced contained 20% primary, 60% secondary, and 20% tertiary amines, suggesting that both 

mechanisms are occurring. However, tertiary amines may also be formed by the addition of 

secondary amines along the backbone of the polymer to the cyclic ammonium salt. Similarly, a 

tertiary amine along the backbone of the polymer could add to a cyclic ammonium salt. However, 

this is less probable due to the lower basicity of a tertiary amine to a secondary amine.120  
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 Scheme 1.9: The cationic ring-opening polymerization of azetidine to produce hyperbranched PTMI 
(hbPTMI). 

 

Additionally, this reaction would lead to chain termination. Goethals determined in this 

work, by monitoring the increase in molecular weight over time, that this termination must be 

very slow, if occurring at all. In 2017, Goethals’ initial work on the polymerization of unsubstituted 

azetidine was confirmed by Sarazen and Jones.8 They provided a report of the cationic 

polymerization of azetidine, which was impregnated onto a silica scaffold. These porous materials 

were then employed in the capturing of CO2, which is a promising preliminary application of PTMI. 
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1.2.6 Cationic ring-opening polymerization of substituted 
azetidines 

Goethal's work was not limited to unsubstituted azetidines. He also reported the 

polymerization of 1,3,3-trimethylazetidine.4,115 In this work, Goethals studied the CROP of 1,3,3-

trimethylazetidine. After initially screening multiple solvents and initiators, the kinetics of the 

polymerization were studied in nitrobenzene employing Et3OBF4 as the initiator at temperatures 

>60 °C.  

The CROP of 1,3,3-trimethylazetidine is first-order with respect to monomer concentration 

and the number of active chain ends remains constant throughout the polymerization with a 

propagation rate constant, kp, of 1.2 × 10−4 L/(mol s)−1 at 78 °C in nitrobenzene, making the 

polymerization notably slow. Additionally, molecular weights increased linearly with increase in 

the monomer to initiator ratio when studied using vapor pressure osmometry. This data, coupled 

with studies showing that initiation is significantly faster than propagation, suggests that the 

polymerization displays living character. Indeed, upon a second addition of monomer, following 

complete consumption of the initial monomer concentration, molecular weight increased 

following the same rate as the initial polymerization, confirming this hypothesis. This contrasts 

from other heterocyclic CROP, such as oxetanes,121 thietanes,122 and selenetanes123 in which the 

polymerizations either slowed or stopped at low conversions. This is attributed to the reaction of 

the heteroatoms in the polymer backbone to the growing chain end, producing unstrained, 

unreactive cations. It is suggested that the polymerization of 1,3,3-trimethylazetidine is living due 

to the increased basicity of 1,3,3-trimethylazetidine compared to the tertiary amines contained 

in the polymer backbone.120 

Goethals further studied the polymerization kinetics of 1,3,3-trimethylazetidine in 

nitrobenzene employing Et3OBF4 as the initiator by varying the polymerization temperature and 

monomer to initiator ratio. In varying the temperature, an Arrhenius plot was also constructed 

and the activation energy of 1,3,3-trimethylazetidine was found to be 19 kcal mol−1. Additionally, 

in varying the monomer to initiator ratio, little deviation was found in the value of kp, suggesting 

the reaction is first order with respect to initiator, Et3OBF4. 
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1.3 Anionic polymerization of aziridines 

Recently, a number of researchers have been interested in the newly established anionic 

polymerization of N-activated aziridines to prepare linear polyaziridines. In contrast to cationic 

polymerization, anionic polymerization uses nucleophilic initiators and propagates through an 

anionic chain end. Anionic polymerizations are attractive due to the high degree of control over 

molecular weight and dispersity of the resulting polymers compared to other polymerization 

methods.  

The first anionic polymerization of an aziridine, via an azaanion was reported by Bergman 

and Toste in 2005.124 When investigating the reactivity of a nucleophilic transition metal complex, 

Bergman, Toste, and coworkers unexpectedly observed ring-opening polymerization of 

enantiopure (+)-2-benzyl-N-tosylaziridine to form a poly(sulfonylazirdine).124 This molecule is 

activated at the ring-nitrogen by an electron-withdrawing sulfonyl group, enabling nucleophilic 

attack at the aziridine ring in the 3-position. The electron withdrawing effect of the sulfonyl group 

further stabilizes the evolving azaanion at the growing chain end by delocalization, and 

propagation continues via sulfonamide anions (Scheme 1.10). Different activating groups have 

also been investigated for the anionic polymerization of aziridines. Examples include 

diphenylphosphinyl, acetyl, and ethylcarbamoyl substituents, but exclusively the sulfonamide-

aziridines were suitable for azaanionic polymerization to date.124 

 

 

 
Scheme 1.10: Top: Established anionic ring-opening polymerization of epoxides vs. no anionic ring-
opening polymerization of aziridines. Bottom: Activation strategy of aziridines to sulfonyl-aziridines, 
allowing for anionic ring-opening polymerization. 
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1.3.1 Preparation of sulfonyl aziridines for anionic 
polymerizations 

Since anionic polymerization does not tolerate acidic protons, the aziridine N–H needs to be 

substituted with electron-withdrawing sulfonyl groups, i.e. “activation groups” (Scheme 1.11). In 

analogy to the Hinsberg reaction,125 secondary amines react with sulfonyl chlorides to produce 

the respective sulfonyl aziridines. Xu et al..126 presented an efficient microwave-assisted one-pot 

reaction of valinol, L-phenylalaninol, L-leucinol, L-alaninol and L-serine methylester, along with 

methyl-, phenyl-, and 4-methoxyphenyl-sulfonic chlorides to yield sulfonyl aziridines. Potential 

solvents for this strategy were diethyl ether, THF, acetonitrile, and dichloromethane. Bases such 

as alkali carbonates and hydroxides are used with DMAP as catalyst. In 30 minutes Xu et al.. were 

able to prepare different sulfonyl aziridines with high yields of 84%–93%.  

 

 

Scheme 1.11: Synthesis of aziridine monomers for the azaanionic polymerization: i: Wenker synthesis 
of aziridine: (1) vicinal amino alcohol derivate, sulfuric acid or sulfuric acid chloride (2) NaOH (aq.); ii: 
sulfonyl chloride, TEA, DCM; iii: sulfonic chloride, DCM, DMAP or K2CO3 (Microwave, 400 W); iv: (1) 
amino acid, NaOH (aq.), 0 °C, TsCl. (2) THF dry, BH3–SMe2, reflux. (3) DCM, TsCl, DMAP, Py; v: RSO2NH2, 
K2CO3, BnEt3N+Cl−, dioxane, 90 °C, MsCl, DCM, 0 °C to reflux; vi: (1) chloramine salts, ACN, PTAB, 12 h; 
(2) IPrCu(DBM), PhI O, RSO2–NH2, chlorobenzene, r.t., 25 h; (3) Rh2(cap)4, TsNH2, NBS, K2CO3. 

 

Amino acids have also been used to produce N-tosylaziridines in a three-step process 

(Scheme 1.12).127 This was achieved by the N-tosylation of the amino acid, followed by reduction 

of the carboxylic acid to yield N-tosyl-2-amino alcohols and finally O-tosylation with an in situ 

ring-closing. Particularly interesting is that this method does not require any purification of 

intermediates. 

 

Scheme 1.12: i: Preparation of N-tosyl-2-aminoacids via N-tosylation with TsCl; ii: preparation of N-tosyl-
2-aminoalcohols reduction of the carbonyl group; iii: preparation of 2-substituted N-tosylaziridines. 
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Aziridination of olefins (route (vi) in Scheme 1.11) was also utilized to produce sulfonyl 

aziridines. Sulfonyl aziridines with varying lengths of alkyl chains were produced in a single step 

that is tolerant to functional side groups, such as alcohols and acetals. An important advantage 

of this strategy is that toxic aziridine is avoided and the activated sulfonyl aziridines are obtained 

directly. This route employing non-functionalized alkenes to produce sulfonyl aziridines has high 

yields of 95% with rhodium catalysts and up to 93% with PTAB as catalyst, however, the yields 

vary depending on the pendant groups. Increasing the viability of this method, the catalysts are 

either commercially available or can be prepared with ease.128–130 Sharpless and coworkers 

proposed a mechanism for bromine-catalyzed aziridination (Scheme 1.13). In the first step, the 

olefin reacts with a Br+ source, given by PTAB. The brominium ion is then ring-opened by TsNCl−, 

to form the α-bromo-N-chloro-N-toluenesulfonamide (Step 2). Attack of the bromide anion (Br−) 

(or TsNCl−) on the N–Cl group of the intermediate generates the anion and a Br–X species (Step 

3). Expulsion of Br− from the anion finally yields the aziridine and the regenerated Br–X species 

(Step 4) initiates another turn of the catalytic cycle.130 This synthesis route has been successfully 

used for monomer synthesis by the Wurm group by using chloramine-T and chloramine-M to 

synthesize MsDAz (49%) and TsDAz (47%)131 and acetal functionalized aziridine monomers (17%–

30%).132 

 

 
Scheme 1.13: Catalytic cycle of the PTAB catalyzed aziridination of olefins, adopted from previous 
work of Sharpless. Copyright@1998 The American Chemical Society. Reprinted with permission from 
Journal of the American Chemical Society.130 
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Epoxides were also used as attractive starting materials for the sulfonyl aziridine synthesis 

(Scheme 1.14).124,133 2-Benzyl-1-(2,4,6-triisopropylbenzene-sulfonyl)aziridine was synthesized in 

two-steps: the first step was the nucleophilic ring-opening of 2-benzyloxirane with the primary 

sulfonamide (2,4,6-iPr3C6H2SO2NH2). This reaction requires 0.1 eq. of potassium carbonate and 

BnNEt3
+Cl− as catalyst in dioxane (73% yield). The subsequent mesylation–cyclization of the 

hydroxyl-sulfonamide was achieved by the addition of mesyl chloride to activate the hydroxy 

group under basic conditions (86% yield). This route might be extended to other N-sulfonyl 

groups.134 

 

 Scheme 1.14: Synthesis of 2-benzyl-1-(2,4,6-triisopropylbenzenesulfonyl)aziridine from 2-
benzyloxirane, R = 2,4,6-iPr3C6H2. 

 

Another route, starting from epoxides, was used by Bergman and Toste124 to synthesize 2-

n-decyl-N-methanesulfonyl aziridine (MsDAz). Thomi and Wurm133 followed this procedure to 

synthesize 2-(oct-7-en-1-yl)-N-mesylaziridine. This procedure involves three steps; first the 

epoxide is ring-opened with sodium azide to give the azido-hydroxyalkane as intermediate, which 

is converted in the second step, by a Staudinger reaction, to the corresponding alkyl aziridine. To 

activate the obtained aziridine for anionic polymerization mesylchloride is used to replace the N-

terminal hydrogen in the third step. Table 1.1 summarizes activated aziridines and azetidines 

which were successfully polymerized via azaanionic polymerization to date. 
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Table 1.1: Activated aziridines which were successfully tested for AAROP  

Monomer Ref. Monomer Ref. Monomer Ref. 

N-Activated, 2-substituted aziridines 

 

131 

 

136 

 

137 

 

138 

 

131 

 

139 

 

131 and 
133 

 

138 

 

124 

 

131 

 

131 

 

132 
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Monomer Ref. Monomer Ref. Monomer Ref. 

 

133 

 

131 

 

140 

N-Activated, non-substituted aziridines 

 

83 

 

141 

 

Com. 

 

83 

 

141 

N-Activated, non-substituted azetidines 

 

83 

 

83 

 

142 
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1.3.2 Initiators for the anionic polymerization of activated 
aziridines 

The anionic ROP of sulfonyl aziridines is typically initiated by secondary N-sulfonamide-

initiators, such as the alkali salts of N-benzyl-4-methylbenzenesulfonamide,138 N-pyrene-

methanesulfonamide,124,132,136 or butyl lithium (Table 1.2).143,144 Also a bifunctional initiator N,N′-

(1,4-phenylenebis(methylene))dimethane-sulfonamide was introduced in 2017.143 To date, the 

standard protocol uses alkali bis(trimethylsilyl)amide salts to deprotonate the sulfonamide-

initiators.143 KHMDS alone was also proven to be able to ring-open sulfonyl aziridines, but bimodal 

molecular weight distributions were obtained.132,140 With these initiators, functional 

poly(sulfonylaziridine)s are available. Recently, Reisman et al.83 showed that the terminal group 

can be used to prepare telechelic polymers by terminating AROPs with propargyl bromide, which 

allows further modifications by click chemistry.  

Table 1.2: Different initiators for the ring-opening polymerization of sulfonyl aziridines reported to date  

Initiator Ref. Initiator Ref. Initiator Ref. 

 

124 

 

145 

 

147 

 

124 
 

143 

 

148 

 

143 
 

145 

 

145 

 

138 
 

146 

 

140 

 

https://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2019/PY/c9py00278b/c9py00278b-u27_hi-res.gif
https://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2019/PY/c9py00278b/c9py00278b-u29_hi-res.gif
https://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2019/PY/c9py00278b/c9py00278b-u37_hi-res.gif
https://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2019/PY/c9py00278b/c9py00278b-u31_hi-res.gif
https://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2019/PY/c9py00278b/c9py00278b-u33_hi-res.gif
https://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2019/PY/c9py00278b/c9py00278b-u35_hi-res.gif


Aziridines and azetidines: building blocks for polyamines by anionic and cationic ring-opening polymerization 

37 

1.3.3 Anionic polymerization of activated aziridines 

 

 Scheme 1.15: Anionic ring-opening polymerization of sulfonyl aziridines and subsequent 
desulfonylation (with 2-methyl-mesylaziridine as an example). 

 

When initiated with a suitable nucleophile (Table 1.1), the anionic polymerization of 

sulfonyl aziridines follows living conditions (Scheme 1.15).143 The solubility of 

poly(sulfonylazirdine)s is highly dependent on the substituents on the sulfonyl group and the 

tacticity of the polymer. If (+)-2-benzyl-N-tosylaziridine was used as monomer, only insoluble 

oligomers were produced.124 In contrast, racemic monomers produce linear polymers with 

degrees of polymerization (DP) of up to 200 (with Mn = 20 000 g mol−1) and narrow molecular 

weight distributions, Ð < 1.10.124,143 Furthermore, the polymerization follows first order kinetics 

with respect to monomer, suggesting a living polymerization (Figure 1.4). In addition, chain 

extension experiments proved that the polymerization of N-sulfonylaziridines is living. The 

sulfonyl groups of the obtained poly(sulfonylaziridine)s can be removed after the polymerization 

with different strategies, e.g. using alkali metal naphthalides or acidic conditions to yield the 

corresponding polyamines (Scheme 1.15).82 
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Figure 1.4: (A) Kinetic plots of ln([M]0/[M]t) vs. time for the azaanionic polymerization of TsMAz with 
BnNHMs (initiator) in DMF-d7 at 50 °C with different bis(trimethlsilyl)amide-salts. (B) SEC-kinetics of 
MsMAz, BnNKMs at 50 °C in DMF (RI-signal), reproduced from ref. 143 with permission from Royal 
Chemical Society, copyright 2017. 

 

The low solubility of poly(sulfonylaziridine)s was also a challenge for the polymerization of 

unsubstituted sulfonyl aziridines. In general, poly(sulfonylaziridine)s that lack substitution along 

the polymer backbone, or that have backbone substituents but are tactic, are generally insoluble 

in all solvents. For example, Thomi et al.144 attempted to polymerize tosylaziridine and found that 

only insoluble oligomers were obtained. Later, Rupar and coworkers83 were able to produce 

soluble polymers by copolymerizing mesylaziridine and sec-busylaziridine up to DP = 200. Such 

copolymers produced well-defined linear polyamines after desulfonylation by lithium metal 

(Scheme 1.16). 
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Scheme 1.16: Azaanionic copolymerization of unsubstituted sulfonyl aziridines as precursors for L-PEI. 
High degree of polymerization was only obtained when the monomers were used in a 1 : 1 ratio (n = m). 
Other ratios produced only insoluble oligomers.83 

Recently, Rupar and coworkers141 reported the first example of a poly(sulfonylaziridine) 

homopolymer which lacked substitution on the backbone. They studied the AROP of 

nitrophenylsulfonyl-activated aziridine monomers, namely N-((p-nitrophenyl)sulfonyl)aziridine 

(pNsAz) and N-((o-nitrophenyl)sulfonyl)aziridine (oNsAz) (Scheme 1.17). pNsAz formed an 

insoluble white powder upon heating in all attempts at polymerization. With oNsAz, on the other 

hand, the resulting poly(oNsAz) was soluble in both DMF and DMSO at all molecular weights, 

making it the first example of a soluble poly(N-sulfonylaziridine) homopolymer. The obtained 

homopolymer was subsequently deprotected using sodium thiomethoxide in DMF at 50 °C to 

yield an off-white residue. Although evidence was found for the formation of L-PEI from the 

deprotection of poly(oNsAz), satisfactory purification of the residue was not achievable. Control 

over the molecular weight of poly(oNsAz) was also attempted by initiating the anionic 

polymerization of oNsAz with BnN(Li)Ms. However, the resulting poly(oNsAz) was a mixture of 

the BnN(Li)Ms initiated polymer chains and hydroxyl initiated chains. This was attributed to the 

fact that oNsAz readily undergoes spontaneous polymerization, and thus could not be 

satisfactorily purified and dried. 

 

Scheme 1.17: Azaaonionc polymerization of nitrophenylsulfonyl-activated aziridines.141 
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Copolymerizations of different sulfonyl aziridines give access to random or gradient 

copolymers, depending on the nature of the sulfonyl group.136 The reactivity ratios of 2-methyl 

tosyl aziridine (TsMAz) and 2-decyl tosyl aziridine (TsDAz) were determined via real-time 1H NMR 

spectroscopy and proven to be an ideal random copolymerization with r(TsMAz) = 1.08 and 

r(TsDAz) = 0.98 and r(TsMAz)·r(TsDAz) = 1.05. In contrast, combining monomers with different 

sulfonyl groups, resulted in (multi)gradient copolymers.131 Sulfonyl groups with stronger electron 

withdrawing effects increase the rate of polymerization, which led to gradient incorporation. 

Figure 1.5 shows the real-time 1H NMR kinetics of a statistical terpolymerization of 2-methyl 

brosylaziridine (BsMAz), 2-methyl tosyl aziridine (TsMAz), and 2-methyl mesylaziridine (MsMAz), 

which form a copolymer with distinct domins along the polymer chain, due to the individual 

reactivity ratios of each monomer.131 DFT-calculations of the electrophilicity indices (ω+) support 

these empirically determined comonomer reactivities, with BsMAz (2.22 eV) > TsMAz (1.98 eV) > 

MsMAz (1.25 eV).139 Contrarily, the nucleophilicity (ω−) of the azaanion at the growing chain end 

changes only ca. 0.14 eV, proving that the crucial factor which determines the incorporation rate 

is the monomer reactivity, and not the azaanion nucleophilicity.139 

 

 

 

Figure 1.5: Simultaneous copolymerization of BsMAz, TsMAz, and MsMAz. (A) Real-time 1H NMR 
spectra of the terpolymerization of BsMAz (yellow), TsMAz (green), MsMAz (red) showing the 
consumption of the monomers. (B) Normalized monomer concentrations in the reaction vs. total 
conversion. (C) Assembly of each monomer in the polymer vs. reaction time. (D) Visualization of a 
single chain for poly(BsMAz-co-TsMAz-co-MsMAz) – each sphere stands for 10% conversion. 
(Reproduced from ref. 131 with permission from Wiley, copyright 2016). 
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Gradient copolymers were also prepared by copolymerization of tosylated aziridines in 

emulsion.54 The comonomer pair TsDAz and TsMAz produce random copolymers in solution, but 

when separated from each other by an emulsion consisting of DMSO-droplets and cyclohexane 

as the continuous phase, variable gradients can be obtained by partitioning of both monomers, 

when the continuous phase is diluted.136,143,149 This is represented in the apparent reactivity 

ratios, which are rapp(TsMAz) = 4.98 and rapp(TsDAz) = 0.20 in case of a 1 : 20-DMSO/cyclohexane 

emulsion, revealing the formation of strong gradient copolymers.150–152 

1.3.4 Functional polyaziridines prepared by anionic 
polymerization 

Functional groups can be installed as substituents at the activating group or at the aziridine 

ring. 2-Oct(en)yl N-mesyl-aziridine (Figure 1.6a) with an olefin functionality was homo- and 

copolymerized via AROP. The olefins were post-modified by a radical thiol–ene reaction with N-

acetyl-L-cysteine methyl ester providing quantitative conversion.133 2-Methyl-N-(4-

styrenesulfonyl) aziridine (StMAz)137 was the first bivalent aziridine derivative to undergo either 

anionic or radical polymerization (Figure 1.6d). After anionic polymerization, thiol–ene addition 

of mercaptoethanol or mercaptopropionic acid to the styrenic double bond was achieved. After 

radical polymerization, the pending sulfonyl aziridines could be further modified by nucleophilic 

additions, which was described for other polymers with aziridine side groups.153–156  

Also, polyols have been prepared by the AROP of sulfonyl aziridines. In analogy to ethoxy 

ethyl glycidyl ether (EEGE), the well-known precursor in oxyanionic polymerization to obtain 

linear poly(glycerol),74,157 acetal-protected N-tosyl-activated aziridines were introduced in 2016 

(Figure 1.6b).132 Three different acetal-protected monomers with variable alkyl chain lengths 

were prepared and could be polymerized by living AROP. The hydroxyl groups were released by 

mild acidic hydrolysis, leaving the sulfonamides attached. Additional removal of the sulfonyl 

groups under reductive conditions resulted in polyamine-polyols, which might be used as 

chelating or transfection agents.132 
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Figure 1.6: Functional polyaziridines: (A) terminal double bond can be converted via thiol–ene reaction. 
(B). Acetal-protected polyaziridines yield hydroxyl functionalities. (C) Ferrocene-containing 
polyaziridines are redox-responsive. (D) Orthogonal aziridine allows anionic and radical polymerization. 

Organometallic 2-methyl-N-ferrocenylsulfonyl-aziridine was polymerized to prepare 

redox-responsive poly(sulfonylaziridine)s (Figure 1.6c).140 Similar to other poly(sulfonylaziridine)s 

(see above), the homopolymerization resulted in insoluble materials. However, solid state NMR 

(ssNMR) and MALDI-TOF spectra supported the expected polymeric structure. Copolymerization 

with TsMAz or MsMAz resulted in soluble copolymers with moderate molecular weight 

dispersities (Ð < 1.4), and chain extension experiments proved the living nature of the 

polymerization. Such organometallic polymers showed reversible oxidation/reduction by cyclic 

voltammetry, similar to other ferrocene-containing polymers.158 
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1.4 Anionic polymerization of azetidines 

Reisman et al.142 reported the first example of AROP of an azetidine monomer, N-

(methanesulfonyl)azetidine (MsAzet) (Scheme 1.18). Unlike the three-membered ring 

sulfonylaziridines, the polymerization of MsAzet required high temperatures (>100 °C) in order 

to polymerize. The resulting polymer, p(MsAzet), proved to contain branching due to chain 

transfer. As evidenced by H–D exchange experiments, this chain transfer occurs through the 

deprotonation of methanesulfonyl groups of the polymer backbone and the monomer to form 

sulfamoyl methanide anions. Evidence of minimal chain transfer to DMSO that occurs through 

the formation of dimsyl anions was also found. More importantly, the concentration of the active 

chain ends was found to be constant during the polymerization of MsAzet, which indicates that 

the controlled and living polymerization of sulfonylazetidines can be made possible if chain 

transfer can be inhibited.  

 

Scheme 1.18: Anionic ring-opening polymerization of N-(methanesulfonyl)azetidine.142 

Recently, N-(tolylsulfonyl)azetidines were found to undergo living AROP to form linear 

polymers.159 These monomers do not contain protons likely to be activated under the 

polymerization conditions. Initial work was done by attempting to produce homopolymers from 

the two monomers N-(p-tolylsulfonyl)azetidine (pTsAzet) and N-(o-tolylsulfonyl)azetidine 

(oTsAzet) by AROP (Scheme 1.19). However, both resulting homopolymers precipitated from 

solution during polymerization at low molecular weight, similarly to sulfonylaziridine 

homopolymers.83,144 Drawing motivation from the literature, in which the copolymerization of 

two sulfonylaziridines was used to produce a soluble copolymer,83 the copolymerization of 

pTsAzet with oTsAzet was attempted and produced the soluble copolymer, P(pTsAzet-co-

oTsAzet) (Scheme 1.19). Similarly to MsAzet, the polymerization showed first order kinetics with 

respect to the total monomer concentration and the number of active chain ends remains 

constant. By a series of polymerizations, it was demonstrated that the polymerization was both 

living and controlled and produced polymers with narrow molecular weight distributions. 
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Scheme 1.19: Polymerization of TsAzet monomers to produce insoluble homooligomers and a soluble 
copolymer.159 

The sulfonyl groups of P(pTsAzet-co-oTsAzet) were removed under reductive conditions to 

produce the first example of LPTMI by living anionic polymerization.Additionally, due to the need 

for high temperatures in order to polymerize, the N-(tolylsulfonyl)azetidines could be used to 

produce block copolymers by living anionic polymerization in a closed-system in which all 

monomers are present at the time of initiation (Scheme 1.20, Figure 1.7).159 This was 

accomplished by combining all monomers, pTsMAz, pTsAzet, and oTsAzet, in solution prior to 

initiation. Due to the differences in reactivities, pTsMAz could be polymerized selectively at lower 

temperatures (50 °C) while pTsAzet and oTsAzet do not polymerize. Upon total consumption of 

pTsMAz, the temperature was increased to 180 °C to polymerize pTsAzet and oTsAzet to produce 

block copolymers. This allowed for the formation of block copolymers without homopolymer 

impurities. In the field of high performance block copolymers, this finding is of particular 

importance, as small amounts of homopolymer impurities can alter the properties of block 

copolymer materials. 
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Scheme 1.20: Block copolymerization of pTsMAz with oTsAzet and pTsAzet to produce P(pTsMAz)-b-
P(pTsAzet-co-oTsAzet). 

 

 

 

Figure 1.7: (A) Plot of conversion vs time for the block copolymerization of pTsMAz, pTsAzet, and 
oTsAzet in DMSOd6 to produce P(pTsMAz)20-b-P(pTsAzet-co-oTsAzet)40. The reaction is kept at 50 °C for 
4 h, then heated to 180 °C for 10.25 h. The 1H NMR measured conversion of pTsMAz appears to not 
reach 100% due to signal overlap between the monomer and polymer resonances in 1H NMR spectra 
of the reaction mixture. (B) SEC trace of P(pTsMAz)20 prior to block copolymer chain extension ( ). 
SEC trace of P(pTsMAz)20-b-P(pTsAzet-co-oTsAzet)80 ( ). Block copolymerization to produce 
P(pTsMAz)20-b-P(pTsAzet-co-oTsAzet)80 was performed with a [pTsMAz] : [oTsAzet] : [pTsAzet] : [I] 
ratio of 20 : 40 : 40 : 1 in NMP at 70 °C for 12 h, then 205 °C for 16 h. Reproduced from ref. 159 with 
permission from American Chemical Society, copyright 2018. 

 

https://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2019/PY/c9py00278b/c9py00278b-u1_hi-res.gif
https://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2019/PY/c9py00278b/c9py00278b-u2_hi-res.gif
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1.5 Organocatalytic ring-opening polymerization (OROP) of 

activated aziridines 

N-Heterocyclic carbenes (NHC), such as 1,3-bis(isopropyl)-4,5(dimethyl)imidazole-2-

ylidene, are powerful catalysts in many types of polymerizations. Their near unlimited structural 

diversity, inherent high Brønsted-basicity, and nucleophilicity make NHCs powerful 

organocatalysts.160,161 Examples of applications of NHCs include some of the most important 

commercial monomers in the step-growth polymerization of terephthalaldehyde,162 the group 

transfer polymerization of methacrylic monomers,163 and the zwitterionic ring-opening 

polymerization (ZROP) of ethylene oxide (EO),164 which was discovered in 2009 by Taton and 

coworkers. As activated aziridines polymerize with nucleophilic bases, similar to EO, via AROP, it 

was of interest if organocatalytic ring-opening polymerization (OROP) can also be successfully 

performed with this new monomer class. The first living OROP of 2-alkyl-N-sulfonyl aziridines was 

presented by Carlotti, Taton and coworkers in 2016 (Scheme 1.21).147 The OROP of N-tosyl-2-

substituedaziridines takes place in the presence of 1,3-bis(isopropyl)-4,5(dimethyl)imidazole-2-

ylidene, as a sterically hindered organocatalyst, and activated secondary N-tosyl amine as the 

initiator. This mechanism offers a mild and metal-free route for the polymerization of activated 

aziridines to obtain identical polyaziridines to those from AROP, with narrow molecular weight 

distributions (1.04 < Ð < 1.15) and molecular weights up to 21 000 g mol−1. Depending on the 

steric hindrance of the ring-substituent, on the monomer, the reaction time to full conversion 

varies between 1 and 5 days at 50 °C in THF. Depending on the nature of the monomers, the NHCs 

either react as nucleophilic initiators or behave as organic catalysts by activating the 

initiator/active chain end. MALDI-TOF spectrometry clearly demonstrated the incorporation of 

the initiator (secondary N-tosyl amines) into the polymer, and a distribution with NHCs covalently 

bond to the polymer was not observed. The scope of practical initiators was expanded, when 

non-activated amines145 and unprotected aminoalcohols were investigated, which allows further 

post-modification of the poly(aziridine)s. 
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Scheme 1.21: Possible mechanism for the NHC-OROP of 2-alkyl N-p-toluenesulfonyl aziridines initiated 
by N-allyl N-p-toluenesulfonyl amine, di-n-butylamine and trimethylsilyl azide. Reproduced from ref. 
145 with permission from Elsevier, copyright 2017. 

 

Carbene-organocatalyzed ring-opening polymerization (NHC-OROP) of activated aziridines has 

also been conducted with an unprotected aminoalcohol as the initiator. The NHC catalyst 

selectively initiated the polymerization at the secondary amine, while the alcohol group remained 

untouched.148 This allows for the synthesis of hydroxyl-functionalized poly(sulfonylaziridine)s 

which can be employed as macroinitiators for the synthesis of block copolymers. The hydroxyl 

group was used to initiate the ROP of lactide, catalyzed by the same carbene, to prepare PAz-b-

PLLA diblock copolymers (Scheme 1.22).148 

 

 Scheme 1.22: NHC-OROP of TsMAz initiated by 2-(methyl amino) ethanol, synthesis of poly(TsMAz)-b-
poly(L-lactide) by sequential NHC-OROP with Me5-IPr as organocatalyst.148 
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Recently, another metal-free azaanionic polymerization of sulfonyl aziridines was reported,138 

relying on different organic superbases, namely TMG, DBU, MTBD, TiPP and t-Bu-P4 (Scheme 

1.23). The basicity (pKa-values of the conjugated acids) of these compounds increases in the order 

TMG < DBU < MTBD < TiPP < t-Bu-P4 and correlates with their increasing catalytic activity. The 

OROP performed best (regarding reaction time (20 min), conversion, and dispersity (Ð = 1.05)) 

using the most basic organic base, t-Bu-P4, but TiPP also showed satisfactory results. The 

remaining three bases were found to catalyze the polymerization of sulfonyl aziridines but 

showed higher molecular weight distributions (Ð up to 1.4). This is caused by the increased 

nucleophilicity of the bases leading to multiple initiators with varying rates of initiation. Overall, 

the strongest bases had the best catalytic activity. Moreover, the amount of catalyst could be 

lowered to 0.05% respect to the initiator, which indicates a very fast proton exchange, similar to 

oxyanionic polymerizations.74 

 

 Scheme 1.23: AROP of N-sulfonyl aziridines mediated by organic superbases.138  

1.6 Desulfonylation reactions 

L-PEI is a linear polyamine, which is of high interest for applications in non-viral gene 

transfection and as polyelectrolytes.167 Today L-PEI is produced from polyoxazolines following 

hydrolysis of the pendant amides (see above).16,26,165,166 The primary attraction to synthesizing 

linear PEI via the oxazoline route is due to the controlled character of the cationic polymerization 

of poly(2-oxazoline)s, which allows control over molar masses and dispersity.168 Generally, 

strongly acidic or alkaline media, and temperatures as high as 100 °C are required to transform 

acylated poly(2-oxazoline)s into L-PEI, a process that is difficult to drive to completion.  
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In a recent publication, Tauhardt and coworkers reported 99% hydrolysis of poly(2-

oxazoline)s using 6 M HCl at 130 °C in a microwave synthesizer; the closest to complete 

conversion to L-PEI from a poly(2-oxazoline) yet reported.169 In contrast, if aziridines or azetidines 

are polymerized by an anionic or organocatalytic route, desulfonylation of the poly(sulfonamide)s 

needs to be achieved. Many published strategies exist in the literature for the reduction of low 

molecular weight sulfonamides to amines.170,171 According to Bergman and Toste,124 a successful 

desulfonylation of poly(sulfonylaziridine) was achieved by lithium napthalenide. However, no 

spectral analyses or molecular weight distributions of the obtained structures were given. In 

another approach from Wurm's group,144 tosylamides were cleaved by acidic hydrolysis with 

hydrobromic acid (HBr) and phenol. In spite of the harsh reaction conditions, the method was 

reported to be successful. Later, Wurm and coworkers were able to remove tosylamides with 

sodium bis(2-methoxyethoxy)aluminiumhydride (Red-Al) to ∼80% (Scheme 1.24).132 Rupar and 

coworkers were able to prepare L-PEI under reductive conditions, using elemental lithium (Li), 

with tert-butanol (t-BuOH) in hexamethylphosphoramide (HMPA) and THF at low temperatures.83 

Acidic hydrolysis under microwave irradiation, which proved to be efficient for hydrolysis of 

polyoxazolines,171,172 also produced desulfonylated linear polypropylenimine (L-PPI, 100% 

desulfonylation for tosyl groups and ca. 90% for mesyl groups).82 However, chain scission could 

not be prevented under these harsh conditions. 

 

 Scheme 1.24: Desulfonylation methods for PAz: (a) acidic hydrolysis, using pTsOH in toluene under 
microwave irradiation. (b) Reductive deprotection using Red-Al in toluene.82 
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1.7 Combination of aziridines and azetidines with other polymeri-

zation techniques: copolymers and polymer architectures 

1.7.1 Copolymers of aziridines with CO2 

Ihata et al. synthesized poly(urethane-co-amine)s by copolymerization of several aziridines 

with CO2 (Scheme 1.25).
173,174 The polymerizations were performed without the addition of 

catalyst or initiator in supercritical CO2 as the solvent, producing branched polymers of molar 

masses between 7000 and 15 000 g mol−1. Branching occurs during the polymerization, when the 

secondary amines react with CO2, resulting in a carbamate and a protonated aziridine. The latter 

is ring-opened by nucleophilic attack, leading to branched polymers. The ratio of urethane to 

amine linkages in the poly(urethane-co-amine)s is affected by the CO2 pressure. By variation of 

the CO2 pressure from 3 to 22 MPa, copolymers with urea contents from 32 to 62% were 

produced. The reported yields were <35% and decreased further when the aziridine was 

substituted with sterically demanding side groups (i.e. 2,2 dimethylaziridine, 2-

cyclohexylaziridine, etc.). The copolymers of methylaziridine and CO2 exhibited lower critical 

solution temperatures in water between 34 to 85 °C, which might be beneficial for the 

development of smart nanomaterials.  

 

 Scheme 1.25: Copolymerization of aziridines and CO2 to branched poly(urethane-co-amines)s.173,174  
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1.7.2 Copolymers of aziridines with CO 

Jia et al. explored the alternating copolymerization of aziridine with carbon monoxide 

mediated by a cobalt catalyst to prepare polyamides (Scheme 1.26).175 High CO pressures of up 

to 69 bar were necessary to obtain high polymer yields of ca. 90%. High molecular weight 

polyamides between 14 100 and 63 300 g mol−1 were synthesized. However, molar mass 

dispersities of up to 11.5 indicate low degrees of control over the polymerization. The authors 

further proposed a mechanism, in which consecutive aziridine attacks during the polymerization 

could lead to an amide–amine copolymer, to rationalize the broad distributions of the polymers. 

The amine linkages act also as nucleophiles and thereby induce branching or crosslinking.176  

 

 Scheme 1.26: Copolymerization of aziridine and carbon monoxide towards branched poly(amide-co-
amines)s.175 

 

Well-defined poly-β-peptoids can be obtained in quantitative yields with Ð = 1.11 when N-

alkylated aziridines are copolymerized with carbon monoxide (Scheme 1.27).177 N-Methyl and N-

ethyl groups enhance the selectivity of the cobalt catalyst and improve the alternating 

copolymerization. The mechanism involves aziridine insertion into the cobalt–acyl bond, with the 

rate determining step being the ring-opening of the aziridine, followed by a migratory CO 

insertion.178 As crossover reactions, chain transfer, or combination reactions were not observed, 

the copolymerization of N-substituted aziridines with CO seems to follow the characteristics of a 

living alternating copolymerization. 

 

 Scheme 1.27: Alternating copolymerization of alkylated aziridines and carbon monoxide towards well-
defined poly-β-peptoides.177 
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1.7.3 Copolymers of azetidines with CO 

More recently, Jia provided the first example of a transition metal catalyzed azetidine 

polymerization.179 This work provided a route to poly(γ-lactams) by overcoming the difficulties 

associated with the ring-opening polymerization of γ-lactams.180 This was accomplished by using 

a cobalt catalyst to perform a carbonylative polymerization with N-n-butylazetidine and N-iso-

butylazetidine. While the polymer contains only amide units for N-iso-butylazetidine, in the case 

of N-n-butylazetidine, it was discovered that CO is unincorporated in some instances, leaving 

tertiary amines along the back bone of the polymer.181 Interestingly, it was discovered that THF 

also participates in the reaction, leading to the formation of ester units in the polymers produced 

(Scheme 1.28).  

 

 Scheme 1.28: Co catalyzed carbonylative polymerization of azetidine with THF to produce poly(amide-
co-ester)s.179 

 

This was a significant finding as the incorporation of THF does not occur in the related aziridine 

systems.175–177,182,183 Further probing of the incorporation of THF led to the finding that increased 

azetidine concentration produced polymers with lower degrees of ester incorporation. This 

suggests that the reaction of the active chain end with THF is favored when the azetidine 

concentration is low. The living character, displayed by narrow molecular weight distributions 

and the linear increase in molecular weight with increase in conversion, coupled with in situ IR 

spectroscopy, suggests that the incorporation of ester units into the polymer backbone likely 

occurs in a gradient manner. The cobalt catalyzed carbonylative polymerization of azetidine does 

have a drawback in that the formation of γ-lactam also occurs. This reaction was attributed to 

“back-biting”,178 rather than catalyst decomposition183 due to the continued living character of 

the polymerizations. Jia further hypothesized that this back-biting reaction occurs at the 

acylazetidinium intermediate, and not the acyl-Co(CO)4 intermediate.180 This hypothesis was 

tested by the addition of nucleophilic I− anions to facilitate ring-opening of the acylazetidinium 

intermediate. The addition of LiI (2 eq. relative to Co catalyst) eliminated the γ-lactam side-

product, confirming Jia's hypothesis. Curiously, it was also found that the Li counter ion also 

played a role in the polymerizations. This was discovered because while nBu4NI also suppressed 

the formation of γ-lactam, it greatly slowed the rate of polymerization. Interestingly, the addition 
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of LiI also prevented the formation of ester linkages prior to complete consumption of azetidine. 

This finding allowed for the formation of block copolymers (Scheme 1.29). To further support the 

hypothesis of the Li+ cation being instrumental in the polymerization, no ester linkages were 

formed when nBu4NI was used as an iodide source. 

 

 

 Scheme 1.29: Synthesis of poly(amide-co-ester) block copolymers with LiI and sequential addition of 
azetidine.180 

 

Due to the cobalt catalyzed carbonylative polymerization of azetidine having a living 

character, equal feeds of monomer were added over time in order to produce alternating amide 

and ester blocks. These polymers yielded narrow molecular weight distributions (<1.23) and 

produced low molecular weight polymers with similar dispersities (1.11–1.30) upon methanolysis 

under acidic conditions at room temperature. Complete degradation of the resulting polyamides 

could be further achieved by refluxing the polymers in aqueous acidic conditions. This allows for 

poly(amide-co-ester) block copolymers to undergo a two-stage degradation. 
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1.7.4 Combination of aziridines with other anionic polymerization 
techniques 

In living anionic polymerization (LAP) no termination occurs, allowing the synthesis of block 

copolymers by sequential addition of the monomers. Thomi et al.144 prepared polystyrene-block-

poly(N-tosylaziridine) by consecutive living anionic polymerization of styrene and N-tosyl aziridine 

(Scheme 1.30).  

 

 Scheme 1.30: Two step synthesis of polystyrene-block-polytosylaziridine and desulfonylation to 
polystyrene-block-polyethylenimine.144 

 

Quantitative transfer from the carbanions to azaanions was proven and oligomerization of 

the sulfonyl-activated aziridine was confirmed. Thomi et al. further demonstrated the 

quantitative removal of the sulfonyl groups by acidic hydrolysis with hydrobromic acid and 

phenol, releasing the amino groups attached to polystyrene to produce PS-b-L-PEI.144 The 

introduced amine functionalities are a suitable platform for further efficient modifications which 

was shown by reaction with acryloyl chloride (Scheme 1.30). Short oligomers of the second block 

(1 < m < 5) were easily obtained, but block copolymers (up to 30 repeat units TsAz) with an 

increasing number of TsAz needed longer reaction times, due to the insolubility which inhibits 

further propagation.144 

Copolymers of aziridine and ethylene oxide are interesting materials for biomedical 

applications or as surfactants. Attempts for the cationic ring-opening copolymerization of 

epoxides and N-substituted aziridines failed.184 Very recently, the anionic copolymerization of 

sulfonyl aziridines and ethylene oxide was achieved (Scheme 1.31).146 In a single step, well-

defined amphiphilic block copolymers were obtained by a one-pot copolymerization. The highest 

difference of reactivity ratios ever reported for an anionic copolymerization (with r1 = 265 and r2 

= 0.004 for 2-methyl-N-tosylaziridine/EO and r1 = 151 and r2 = 0.013 for 2-methyl-N-

mesylaziridine/EO) led to the formation of block copolymers in a closed system. The amphiphilic 

diblock copolymers were used as a novel class of nonionic and responsive surfactants. In addition, 

this unique comonomer reactivity allowed fast access to multiblock copolymers: we prepared the 
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first amphiphilic penta- or tetrablock copolymers containing aziridines in only one or two steps, 

respectively. These examples render the combination of epoxide and aziridine copolymerization 

to be a powerful strategy to sophisticated macromolecular architectures and nanostructures. 

 

 

Scheme 1.31: Synthesis of poly(aziridine)-b-poly(ethylene glycol) block copolymers by anionic 
copolymerization (2-methyl-N-tosylaziridine (TsMAz), 2-methyl-N-mesylaziridine (MsMAz), and N-
tosylaziridine (TsMAz) were used in this study). Top: In a single step, either AB-diblock or ABABA-
pentablock copolymers can be prepared. Bottom: Sequential addition of aziridine/EO mixture 
produces ABAB-tetrablock copolymers. Reproduced from ref. 146 with permission from American 
Chemical Society, copyright 2018. 

 

1.7.5 Polymer architectures 

The aziridine building block can be used to prepare three-dimensional, polymer 

architectures. The typical polymer architectures for polyethylenimine-derivatives are, however, 

only hyperbranched (from CROP of aziridine) or linear (from CROP of oxazolines or AROP of 

sulfonyl aziridines). Few more complex copolymer architectures are reported to date. Current 

literature has studied the influence of different PEI architectures and molar masses on DNA 

complexation behavior, cell transfection efficiency, and toxicity.135,185–187 Various multiarm star 

polymers with hbPEI as core were synthesized (Scheme 1.32). The arms of shell type star-PEIs can 

be obtained by different synthetic strategies. ROP allows the use of hbPEI as a macroinitiator to 

graft several different “shell-polymers” to the core. The most well known are: polyamide-12, ε-

caprolactone, polylactide, and other polyesters. Multiarm star polymers can be afforded as well-

defined nanoparticles with potential uses in nanomedicine, catalysis, and drug or gene delivery. 

Furthermore, star-like topologies were studied due to their unusual physical and rheological 

properties. These properties were found to be mainly dependant on the number of end groups, 

molecular weight, and the length of the arms.188 
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 Scheme 1.32: Illustration of hbPEI and core shell type star-PEI.  

Since the polymerization of ethyleneimine was first developed by Zomlefer and co 

workers89 in 1943, tuning and adjusting of the hbPEI architecture has been investigated. 

Comparing low molecular weight hbPEI (12 kg mol−1) (LMW-PEI) and high molecular weight hbPEI 

(1600 kg mol−1) (HMW-PEI) shows that the degree of branching increases with the degree of 

polymerization. Commercially available high molecular mass hbPEI exhibits a ratio of primary :

secondary : tertiary amines close to 1 : 1 : 1, which indicates a very dense polymer structure with 

a branching unit on every second nitrogen.129 This ratio changes towards an excess of primary 

amines when decreasing the molecular weight; the amine ratio of this PEI, is mostly independent 

of molar masses from 8600–24 300 g mol−1, is close to 3 : 5 : 2. Commercial PEI (DP = 16) has an 

amine ratio of ∼4 : 3 : 3. Such LMW-PEI is usually synthesized in dilute acidic aqueous 

environment. The less dense structure consists on average of two linear repeating units.129,187,189 

Kissel and coworkers189 demonstrated, that by varying the reaction temperature from 35 °C to 

100 °C, the molecular weight of PEI can be adjusted from 24 300 to 8610 g mol−1. Though certain 

relationships between molar mass, synthetic route, and degree of branching are known, 

systematic studies of these polymers regarding their properties remain challenging due to 

increasing dispersities with increasing DP caused by uncontrolled crosslinking. 

Cyclic PEI (c-PEI) was first synthesized by Grayson et al.190 (Scheme 1.33). They used 

propargyl p-toluene-sulfonate as initiator to polymerize ethyloxazoline under anhydrous 

conditions. To minimize termination and chain transfer reactions caused by aqueous impurities, 

the polymerization was performed in a microwave reactor. Selective termination by adding 

sodium azide gives α-, ω-functionalized polyoxazoline. Subsequent click-chemistry, to cyclize the 

polymers, followed by acidic hydrolysis, leads to c-PEI. The effect of polymer structure (i.e. linear, 

cyclic, branched, etc.) on DNA complexation was studied and it was determined that c-PEI 

polymers showed reduced toxicity and stronger complexation. This is most likely contributed to 

the higher charge density compared to the linear analogue. Grayson's study precisely points out 

the need to develop new strategies for new PEI architectures for increased understanding in 

terms of their properties and potential applications. 
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 Scheme 1.33: Synthesis route towards c-PEI.190  

Haag and coworkers191 investigated the influence of the length of the alkylene spacer, as 

an efficient complexation agent for DNA needs to optimize the number of phosphate units bound. 

Their study investigated the complexation behavior of ethylene, propylene, and butylene spacers 

synthesized with different strategies (Figure 1.8). Polyamines containing a butylene spacer 

showed stronger DNA complexation as well as decreased cytotoxicity. It was proposed, due to 

calculations, that the N–N distance aligns more precisely with the P–P distance of the DNA in 

polymers with a butylene spacer than in those with an ethylene spacer. Additionally, the 

increasing hydrophobicity likely also effects the biological properties. 

 

 Figure 1.8: Schematic representation of the nitrogen spacing in polyamine analogs and their 
interaction with RNA. 
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1.8 Conclusions 

The polymerization of aziridines (especially ethylenimine) has had industrial relevance for 

several decades and polyethylenimine is used in a wide range of applications from chelators to 

biomedical applications. Hyperbranched PEI is available commercially at low cost, however its 

molecular characteristics, molar mass, and dispersity are only poorly controlled by the industrial 

cationic ring-opening polymerization of ethylenimine. Due to these issues, aziridine 

polymerizations have been sparsely studied over the course of the last couple decades. Azetidine 

polymers are even more exotic in both industrial and academic polymer research.  

However, with the development of the living anionic polymerization of sulfonyl aziridines 

and azetidines, the possibility to install well-defined polyamine building blocks in different 

macromolecular architectures has been achieved. However, to date, only very few of these 

polysulfonamides have been transformed into the respective polyamines, as the desulfonylation 

step is challenging and proceeds typically under harsh conditions, but some recent efforts have 

paved the way to feasible synthetic routes with control over molar mass and dispersity. While 

these polyamines contain high value, the polysulfonamides are also interesting, novel polymers 

that have been only scarcely characterized for their potential applications. 

The development of the living polymerization of aziridine- and azetidine-derivatives was a 

milestone to develop polymer architectures with these building blocks and will open the 

possibility to a plethora of future applications. 
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2.1 Abstract 

Living anionic polymerization gives access to well-defined polymers, but demands strict 

purification of reagents and solvents. This work presents the azaanionic polymerization (AAROP) 

of aziridines as a robust living polymerization technique, with the ease of controlled radical 

polymerizations. AAROP does not require inert atmosphere and remains living in the presence of 

large amounts of water or alcohols. Mesyl-, tosyl-, or brosyl-activated aziridines were polymerized 

with up to 100-fold excess of a protic impurity and still being active for chain extension. This 

allowed the preparation of polyols by anionic polymerization without protective groups, as only 

minor initiation occurred from the alcohols. The tolerance towards protic additives lies in the 

electron withdrawing effect of the activating groups, decreasing the basicity of the propagating 

species, while maintaining a strong nucleophilic character. In this way, competing alcohols and 

water are only slightly involved in the polymerization, making living anionic polymerization an 

easy-to-conduct technique to well-defined polyamides and –amines (Scheme 2.1) 

 

Scheme 2.1: Schematic overview of the AAROP with protic additives showing the dormant polymer 
species and active polymer species. 
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2.2 Introduction 

Living anionic polymerization (LAP) is the best technique to control molar mass, chain-end 

fidelity, and to achieve a well-defined (co)polymers.1-2 It also provides a precise way for 

introducing of heteroatoms in the polymer backbone.3-4 LAP is, however, sensitive to protic 

impurities and, in many cases, oxygen. Thorough drying of reagents and solvents, high vacuum 

and inert gas purifications make it much more difficult to carry out than, for example, a controlled 

radical polymerization.5-6 It would therefore be beneficial to combine the robustness of the 

controlled radical polymerization with the precision of the living ionic polymerization. Ionic 

polymerizations can be terminated by moisture, protic solvents or CO2.7 In the epoxide 

polymerization water or alcohols act as initiator and only low molecular weight products are 

obtained.8-10 Importantly, protic impurities at concentrations above the initiator concentration 

inhibit the propagation, which makes protecting groups, e.g. for alcohols, essential. 

A robust LAP that can tolerate protic solvents, especially water, while maintaining the living 

character, is not known. To circumvent the demanding conditions of LAP, emulsion 

polymerization elegantly exploits the hydrophobic nature of monomers and polymers and 

separates the active chain end from the protic aqueous phase. As a result, the polymerization 

takes place at the interface or inside of the hydrophobic dispersed phase and is the only strategy 

for conducting an ionic polymerization in the presence of protic solvents. Unfortunately, it cannot 

suppress termination or transfer reactions, as reported for the aqueous emulsion polymerization 

of cyclic siloxanes11-12 or phenyl glycidyl ether, leading to oligomers.13 Similar approaches of 

anionic polymerizations of α-carbonyl acids14 or glycidol in the presence of water15 bypass the 

typical anionic polymerization mechanism, e.g., by monomer-activation. 

We present the first living anionic polymerization that proceeds in open air and in the 

presence of large amounts of protic impurities, such as water and alcohols. The azaanionic ring-

opening polymerization (AAROP) is chosen as a unique technique to access well-defined 

polysulfonamides or -amines (Scheme 1). The exceptional tolerance towards water and alcohols 

during the polymerization allows, for the first time, synthesis of polyols without using any 

protective groups. Such polyols might be interesting for the preparation of polyurethanes or for 

antifouling surface coatings. 

Polysulfonamides, prepared from the AAROP of sulfonyl-activated aziridines, have been 

first polymerized via living polymerization in 2005.16 The monomer family has been significantly 

expanded since then,17-18 and new methods were developed to polymerize sulfonamides via 

organocatalytic19-22 or anionic polymerization in solution23-25 and in emulsion.26 After cleavage of 

the sulfonyl groups, polysulfonamides are an alternative pathway to linear polyethylene imine (L-
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PEI),24, 27 which, together with hyperbranched PEI (hbPEI), is a standard synthetic cationic 

transfection agent.28-31  

The role of the sulfonamide activating groups is two-fold: they control the microstructure of co-

polymers,25 as well as regulate the nucleophilicity and basicity of the active chain end. The latter 

allows tuning reaction tolerance to additives, protic solvents, or nucleophilic functionalities in the 

monomers, which is the focus of this contribution. We believe that the ease of conducting a living 

anionic polymerization to access well-defined polyamines will contribute to diverse fields, such 

as gene delivery or the preparation of chelating agents or polyols for polyurethane fabrication. 

To control the polymerization of sulfonyl aziridines, all previously published articles 

highlighted the necessity to strictly avoid moisture, impurities and the protection of nucleophilic 

monomer functionalities. Preparation of the experiment were thus conducted in a glovebox or 

with Schlenk techniques under an inert gas atmosphere.19-20, 23-24 Concerning the water content 

of solvents, an in situ distillation from elemental sodium or calcium hydride is established for 

anionic polymerization, but it is known that some solvents are difficult to dry efficiently.6, 9 A 

method that sustains the presence of protic compounds is necessary. The tolerance of the active 

chain end in an anionic polymerization towards nucleophilic impurities (such as water or alcohols) 

strongly depends on the pKb-value of the growing chain end and the propagation rate constants. 

For sulfonyl-aziridines, both factors can be tuned by the choice of the activating group that 

influences the basicity of the azaanionic chain end, but at the same time, also the propagation 

rates and thus controls the chance of initiation of protic impurities in the reaction mixture. We 

selected three different monomers, in order of their increasing propagation rates and different 

nucleophilicity of the chain end: 2-methyl-N-mesyl-aziridine (MsMAz, 1) 2-methyl-N-

tosylaziridine (TsMAz, 2), 2-methyl-N-brosylaziridine (BsMAz, 3) (Scheme 2.1).25 Monomers 1-3 

have all been previously shown to undergo AAROP under an inert environment. 
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2.3 Results and Discussion 

Strikingly, we found that polymerizations could be carried out in open vials in DMF (without 

any purification or drying), resulting in narrowly distributed PAz (Ð ≤ 1.11), which remained living 

and allowed further chain extension, proving the living nature under such wet conditions, without 

recognizable initiation of water and achieving the targeted degree of polymerization (see SEC`s 

in SI 2 Section F). Additionally, the AAROP followed living characteristics in reactive solvents, 

which would inhibit other anionic polymerizations (P(2)50 was prepared in acetone (Ð = 1.16), 

ethyl acetate (Ð = 1.18) and iPrOH (Ð = 1.23)). The low dispersity from the polymers prepared in 

open air or such solvents prove that the AAROP is unaffected by CO2 and O2 remains living in 

“non-conventional” solvents of anionic polymerization (Figure S2.25, S2.30, S2.31). 

In order to understand the influence of chain-end and monomer reactivity on the control 

of the AAROP, (1) and (2) were polymerized in the presence of protic additives. Different amounts 

(1 eq. – 1000 eq. relatively to the initiator) of water (H2O), methanol (MeOH), ethanol (EtOH) and 

isopropanol (iPrOH), which usually act as transfer- or as terminating agents for other anionic 

polymerizations, were added to the reaction medium. The maximum amount of each additive 

was limited due to the solubility of the polymers in polar solvent mixtures (see experimental for 

details in the SI 2). However, if the amounts of water were increased to 1170 eq. for (2) and 

740 eq. for (1), a significant reduction in the molar mass from targeted 5500 to 1200 g/mol and 

from 4000 to 500 g mol-1 of the final polymer was detected, indicating a non-negligible amount 

of competitive initiation by the additive (Figure S2.22, S2.27). Lower amounts of the additive had 

no or only little influence on the molar mass as similar elution times by SEC were detected for the 

polymers (Figure S2.26, Table S2.8). In all cases, chain extension experiments with additives were 

performed (90 – 360 equivalents depending on the solvent), proving that the chain ends 

remained reactive for further monomer addition with reasonable final dispersities (Ð ≤ 1.25) and 

quantitative conversions ≥ 99% for 1 with all additives tested (see SI 2 Section F, Figure S2.38 – 

S2.41). Taking a closer look at the monomers 1 and 2, TsMAz (2), with its stronger electron 

withdrawing group, demonstrated a higher tolerance to the presence of additives, as propagation 

rates were fivefold faster compared to MsMAz (compare Figure S 2.22 – S 2.25 for (1) and Figure 

S 2.26 – S 2.30 for (2)). The influence of counter ions (K+, Li+) was also studied with all additives 

tested, showing no significant difference; both indeed show full monomer conversion and low 

molecular weight distributions (Ð < 1.25, compare Figure S2.26 – S2.30, S2.32, S2.33).  
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The polymerization kinetics and the amount of the PAz initiated by the additive were 

determined via real-time 1H NMR spectroscopy of the polymerizations of 1, 2, and BsMAz (3) in 

the presence of 13C-labeled alcohols. In Figure 2.1, the polymerization kinetics of 2 are 

summarized, proving an influence of the protic additives on the overall reaction rates. Within the 

presence of 100 eq. of isopropanol (green), almost the same kp-value was determined as for the 

polymerization in dry DMF (black) without any additive. However, propagation rates decreased 

in the presence of ethanol (orange), water (blue) and methanol (red), probably due to an 

increased concentration of initiating species from the additives and the equilibrium between 

active and dormant species, since the rate constant depends on the nature of the alcohol. 

Nevertheless, in all cases, the degrees of polymerization were close to the control (typically above 

95%) and had narrow molecular weight distributions (Ð≤ 1.18, Figure 2.1b).  
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Figure 2.1: a) Kinetic plots of ln([M]0/[M]t) vs. time of 
TsMAz (2) and 100 equivalents of different additives in 
DMF-d7 at 50 °C. b) SEC traces in DMF (RI signal) (data 
listed in Table 2.1.). c) SEC traces (RI signal) of chain 
extension of P(TsMAz and P(TsMAz-b-TsMAz), 
polymerization was performed with 90 equivalent excess 
of ethanol (compared to 1 equivalent initiator). 
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Table 2.1 summarizes the data from the real-time NMR measurements of TsMAz. The trend 

observed from the kinetic plots in Figure 2.1A is reflected in the propagation rates (kp), that range 

between 22.9±1.4 ∙ 10-3 L mol-1 s-1 for methanol to 49.9±3.6  10-3 L mol-1 s-1 for the pure 

reaction mixture (Figure 2.2). Also reaction times from 2.6 h (pure) to 9.4 h (MeOH) for full 

conversion, indicate the presence of the dormant species, as the protonation of the chain end is 

reversible (Scheme S 2.1). For the other two monomers (1 and 3), similar trends were observed 

(see SI 2, Section B). A comparison of their propagation rates (kp) in Figure 2.2 (solid line, points) 

depicts that the general reactivity of the monomers increases from MsMAz (1, red) to TsMAz (2, 

green) to BsMAz (3, yellow), as reported earlier.25 The trend of decreasing molar mass (Mn) 

(Figure 2.2, dotted line, squares) is in accordance to the decreasing propagation rates, which is 

due to a certain side initiation by the additives. MALDI-TOF-spectra of P(TsMAz) obtained in the 

presence of 100 equivalents of additives (H2O, MeOH, EtOH, iPrOH) (see SI 2, Section E), show a 

narrowly distributed main population of PAz chains initiated with the sulfonamide initiator. In all 

cases, a smaller fraction can be identified as TsMAz initiated by the additive. Notably, iPrOH as a 

secondary alcohol does not influence the kp-value, with only a minor influence on Mn or Ð.  

Table 2.1: Overview of the polymerization kinetics of TsMAz (2) in DMF-d7 with the respective additive, 
including SEC-analyses and calculated propagation rates (kp). 

Monomer TsMAz  TsMAz  TsMAz  TsMAz  TsMAz  

Additive Pure H2O MeOH EtOH iPrOH 

kp / 10-3 L mol-1 s-1 49.9 ±3.6 28.1 ±2.0 22.9 ±1.4 29.6 ±2.1 48.6 ±3.5 

Mna / g mol-1 5500 4700 4400 4800 5100 

DP / units 56 -- 55.8 53.7 55.4 

DP / % 100 -- 99.6 95.9 98.9 

Ða 1.11 1.18 1.18 1.16 1.13 

Reaction time / h 2.6 5.5 9.4 4.7 2.8 

Conversion / % >99 >99 >99 >99 >99 

a Number-average molar mass and molecular weight dispersities determined via SEC in DMF (vs. 

PEO standards). 
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As MALDI is not quantitative, we used 13C NMR to quantify the amount of alcohol-initiated 

polymers from the integral of the ether signal of 13C-labeled alcohols, used as additives. HSQC-

spectra proved the existence of 13C-labeled ethers (see SI, Section C). Distinctive 13C-ether  

resonances below 10% (except for MsMAz with MeOH as additive) were detected, as depicted in 

Figure 2.2 (dashed line, triangles) and summarized in Table S2.3. TsMAz (2) is the most tolerant 

monomer, as all 13C-ether signals are below the quantification limit of NMR-spectroscopy (≤1%), 

determined by a high signal / noise ratio (S/N). For all three monomers, the signals of 13C-

isopropyl ether are also below the quantification limit of NMR-spectroscopy, showing a negligible 

amount of initiation for this secondary alcohol. The more acidic and nucleophilic the additive, the 

higher the amount of secondary initiation. 

Because of the much lower pKa value of the sulfonamide compared to the protic additives, 

the majority of living chains remains on the aza-anion, and only an almost negligible amount of 

the additive is deprotonated and can initiate the polymerization (Figure 2.3B, and Scheme S2.1 

for a detailed mechanistic explanation). 

Figure 2.2: Comparison of the molar masss (Mn) (dotted line, squares, left y-axis), amount of 13C-initiation 
(dashed line, triangles, first right y-axis) and propagation rates (kp) (solid line, points, right y-axis) of all online 
NMR-kinetics of the three monomers MsMAz (1, red), TsMAz (2, green) and BsMAz (3, yellow) with the 
respective additives (pure, water, MeOH, EtOH, iPrOH). 
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Figure 2.3. DFT (B3LYP/6-311++G**(SCRF, DMF)//B3LYP/6-31+G*) calculations of: A) HOMO levels of the 
active species: chain ends and alkoxides (left), and LUMO levels of the monomers (right). B) pKa-values 
(DMF, calculated) (dark red solid line, squares, left y-axis) and the nucleophilicity index (ω-) (grey dotted 
line, triangles, right y-axis and grey x-axis on the bottom) for the additives – highlighted in red (left) - and 
the chain ends – highlighted in green (right). 
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Such amounts of “undesired” initiation can be circumvented by working under absolute 

inert conditions as typical for anionic polymerizations. However, compared to controlled radical 

polymerizations, where up to 10% of all chain ends can be undesirably initiated (in RAFT), even 

without including “dead” polymers by radical termination,32-34 we believe the ease of reaction 

conditions makes the AROP of aziridines an attractive alternative. In most cases, the secondary 

initiation was below 10%, (MsMAz with MeOH around 22%), but without “dead” polymers, i.e. 

the chain end remains always active. The highest percentage of secondary initiation was 

demonstrated for MsMAz (1), because its slow reaction kinetics allows also the slow initiation of 

alkoxides to occur. Whereas, BsMAz (3) (the most reactive monomer), reveals a higher 

percentage of 13C-signals than TsMAz (2), most likely due to its stronger electrophilic character, 

which makes the monomer susceptible for nucleophilic attacks. Concluding, TsMAz (2) is well 

balanced between fast reaction kinetic and susceptibility for nucleophilic attacks, (2) is the most 

robust monomer of the three tested sulfonyl aziridines (Figure 2.3). 

2.3.1 DFT Calculations.  

To rationalize the effect of initiation of different additives, we performed density functional 

theory (DFT) calculations for the propagation steps. The results are summarized in Figure 2.3 and 

Table S2.19-S2.21 (for computational details see SI 2, Section G). The chain end and monomer 

reactivity can be elaborated from the comparison of the energies of the frontier orbitals 

(Figure 2.3A). The highest occupied molecular orbitals (HOMO) of the active chain ends were 

calculated from corresponding model compounds of deprotonated sec-butyl(-R-)amides 

((Table S2.20), R = brosyl (Bs), tosyl (Ts) or mesyl (Ms)). The activating groups proved to have a 

stronger effect on the monomer reactivity compared to the active chain ends, as the difference 

(-0.24 to -1.75 eV) in LUMO levels are larger than the HOMO levels (-5.30 to -5.44 eV). In addition, 

calculations show that the alkoxides (from deprotonation of the added alcohols) exhibit more 

reactive HOMO levels of ca. -4.7 eV, which are around 0.7 eV higher in energy than the HOMO 

levels of the chain ends. These findings go along with the expectations that lower LUMO levels 

are easier to be occupied by nucleophiles with higher HOMO levels, i.e. the alkoxides should 

preferably act as an initiator for the azaanionic polymerization, as soon as they are formed in 

solution. Moreover, we have computed the electrophilicity index ω+ and the nucleophilicity index 

ω- regarding the homopolymerization of each monomer (Figure 2.3B and Table S2.19, S2.20). The 

nucleophilicity of additives and sulfonamides varies in the range of 0.13 to 0.27 eV, which show 

that alkoxides are strong competitors to the active chain ends, especially if the concentration of 

alcohol exceeds the initiator concentration. However, due to the enormous difference in the pKa-
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values of a sulfonamide (pKa = -0.5 to 1.5 in DMF) and the additives (pKa = 12.0 to 14.0 in DMF) 

propagation via the azaanion is clearly favored over the deprotonation and initiation by additives 

(Figure 2.3B and Table S2.21, pKa values were calculated using equation 5 in the SI 2, section G). 

DFT calculations therefore help to rationalize the fact that additives such as alcohols or water can 

be tolerated by the azaanionic ring-opening polymerization. 

2.3.2 Synthesis of Polyols without Protective Group.  

Since hydroxyl group are relatively inert during the anionic ROP of sulfonyl aziridines, there 

is no need to protect protic functionalities in the monomers. This allows a direct access to polyols 

via living AROP.27 Indeed, the unprotected 2-ω-propanol-N-tosylaziridine (6) was polymerized 

with full monomer conversion and reasonable molecular weight distributions of (Ð = 1.26-1.37) 

were obtained under standard conditions of AAROP (compare SI 2, Section H). A small amount of 

branching cannot be ruled out, but neither 1H, 13C NMR spectra (Figure S2.44, S2.45) nor SEC-data 

(Figure 2.4) can provide this information, since the monomer is not 13C-labeled and from the 

experiments in the presence of alcohols, only a small amount of branching can be assumed. 

Figure 2.4: Anionic polymerization of 6, including SEC traces of three different polymers of 6 with 
theoretical repeating units (20, 30, 40) in DMF (RI signal) (data listed in Table S2.22). 
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2.3.3 Conclusion 

To conclude, the AROP of aziridines eliminates the tedious purification steps and high-

vacuum techniques, which make an anionic polymerization unattractive compared to controlled 

radical polymerizations. Herein, we systematically investigated the influence of protic additives 

that are water and different alcohols (methanol, ethanol, isopropanol) on the AROP of different 

sulfonyl aziridines. Even at large excess of the protic impurity (more than 100 eq. compared to 

the initiator), the AROP of sulfonyl aziridines leads to quantitative monomer conversion and 

retains excellent control over molar mass and dispersity. The combination of different analyses 

(real-time 1H NMR spectroscopy, MALDI-TOF, SEC, and 13C NMR) and additional DFT-calculations 

confirmed a second slow initiation of protic solvents, of up to 10% with 100 eq. of additives 

(except for MsMAz with MeOH as additive). In spite of the high nucleophilicity of additives, but 

their high pKa-values, the propagation of the aza-anions (with much lower pKa-values) remained 

almost unaffected by the presence of additives (especially for TsMAz) and the polymerization 

keeps its living character. As a high control over molar mass, chain fidelity, size distribution and 

quantitative monomer conversion remains, the access to well-defined polyamides (and 

polyamines after hydrolysis) is still guaranteed. With this robust AROP polyols are accessible 

without the need of protection groups, which are interesting materials for future applications. 

The AROP of sulfonyl aziridines offers the simplicity of a controlled radical polymerization, where 

less than 10% of initiator- initiated polymers are accepted, and any termination is avoided. 
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2.5 Supporting Information for Alcohol- and water-tolerant living 

anionic polymerization of aziridines 

2.6 Materials and Methods 

2.6.1 Chemicals 

All solvents and reagents were purchased from Sigma-Aldrich, Acros Organics or Fluka and 

used as received unless otherwise mentioned. All deuterated solvents were purchased from 

Deutero GmbH and were distilled from CaH2 or sodium and stored over molecular sieve prior to 

use. The 13C-labeled solvents were purchased from Sigma-Aldrich and dried with molecular 

sieves. All monomers and initiators were dried extensively by azeotropic freeze drying with 

benzene prior to polymerization unless otherwise mentioned. 2-methyl-N-mesyl-aziridine 

(MsMAz, 1) 2-methyl-N-tosylaziridine (TsMAz, 2), 2-methyl-N-brosyl aziridine (BsMAz, 3), N-

pyrene-methanesulfonamide (PyNHMs, 4) and N-benzyl sulfonamide (BnNHMs, 5) were 

synthesized according to our previously published protocol.1-2  
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2.6.2 Methods. 

NMR. 1H NMR spectra were recorded using a Bruker Avance 300, a Bruker Avance III 500 

or a Bruker Avance III 700 spectrometer. All spectra were referenced internally to residual proton 

signals of the deuterated solvent.  

SEC. Size exclusion chromatography (SEC) measurements of standard polymers were 

performed in DMF (1 g L-1 LiBr added) at 60°C and a flow rate of 1 mL min-1 with an PSS SECcurity 

as an integrated instrument, including a PSS GRAM 100-1000 column and a refractive index (RI) 

detector. Calibration was carried out using poly(ethylene glycol) standards provided by Polymer 

Standards Service.  

MALDI-TOF. MALDI TOF spectra were performed by the CESAMO (Bordeaux, France) on a 

Voyager mass spectrometer (Applied Biosystems). Spectra were recorded in the positive-ion 

mode using the reflectron and with an accelerating voltage of 20 kV. Samples were dissolved in 

THF at 10 mL min-1. The matrix solution (trans-3-indoleacrylic acid, IAA) was prepared by 

dissolving 10 mg in 1 mL of THF. A MeOH-solution of cationization agent (NaI, 10 mL min-1) was 

also prepared. Solutions were combined in a 10:1:1 volume ratio of matrix to sample to 

cationization agent. 

General procedure for the azaanionic polymerization. All polymerizations were run in 

screw cap vials if not otherwise noted. Vials were taken directly from the box, not flame dried 

neither treated in vacuo or using standard Schlenk technique. Neither monomers nor the 

initiators and the bases (bis(trimethylsilyl)amide salts) were pretreated for purification. The 

monomers and the initiator were dissolved in dry N,N-dimethylformamide (DMF). The initiator 

solution was added to the bis(trimethylsilyl)amide salt under normal atmosphere, the initiator-

solution was transferred to the reaction flask, containing the monomer. The resulting 

concentration was kept constant by 10 wt.% monomer in DMF. The mixture was stirred at the 

desired temperature and over the desired time (to ensure complete reaction: 18 h Reaction time 

at 50 °C). The polymers were obtained as off-white powders after evaporation of the solvent. 

Colorless dry powders can be obtained if the polymers are precipitation of the reaction mixture 

into 30 mL methanol and after drying at reduced pressure.1-3 For experiments with different 

amount of protic solvents the above mentioned general procedure for the azaanionic 

polymerization was followed. After initiation (5 to 10 seconds) the protic solvent was added by 

an Eppendorf Pipette. 
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2.7 Section A: Mechanistic explanation of AAROP with protic 

additives. 

Scheme S 2  shows a proposed, schematic mechanism for the AAROP with protic additives, 

including a dormant species: boxes a) and b) illustrate the initiation (𝑘i,I) and propagation (𝑘p) of 

the polymerization. For a living polymerization,4 the initiation needs to be faster than the 

propagation (𝑘i,I ≫ 𝑘p), resulting in first-order kinetics, therefore, equation (1) can be neglected. 

Additionally, every initiator (I) starts a growing chain (P−), the starting initiator-concentration [I]0 

is equal to [P−]0, resulting in the overall equation (2) for the reaction kinetics.3 This set of 

equations is expanded, when protic additives (ROH) in DMF are introduced that take part in 

deprotonation equilibria, depending on their respective pKa-value ((Scheme 2 (e), equation 3). 

The concentration of the competing nucleophiles (RO−), which act as a secondary initiator, is 

given in equation (4) and illustrated in Scheme 2 (d). Due to the strong nucleophilic character of 

deprotonated additives, very fast 

initiation is expected (𝑘𝑖,A ≫ 𝑘p). The 

concentration of propagating chain ends 

would then increase to [P−], (equation 5). 

Consequently, protons (H+) from the 

additives will form a dormant species of 

the original living chain end (PH) (Scheme 

2 (c)). Equation (6) illustrates, the 

equilibrium between active and dormant 

species highly depends on the amount of 

protons, which are only released by 

additives. To fully describe the system, the 

monomer consumption and the chain 

concentration of the active chain ends are 

expressed in equations 7 and 8. 

 

 

Scheme S 2.1. Simplified scheme including the involved 
protic species (ROH), followed by their equations. 
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2.8 Section B. Kinetics Monitoring polymerizations by real-time 

1H NMR spectroscopy 

All polymerizations were carried out in analogy to the conventional procedure in a Schlenk 

flask and already described in previous publications.1, 3 All glassware was dried by in vacuo for at 

least three times. All reactants (except the bis(trimethylsilyl)amide salts) were dried from 

benzene in vacuo for at least 4 h. Inside of a glovebox in a nitrogen-atmosphere, the respective 

monomer was dissolved DMF-d7 as a total volume of 5.0 mL of DMF-d7, calculated for a monomer 

to the initiator of [M]0:[I]0 = 50:1. The initiator-solution in 1 mL DMF-d7 was prepared separately. 

Therefore 1 eq. of PyNHMs was solved in 1 mL DMF-d7 and transferred to Lithium 

bis(trimethylsilyl)-amide (LiHMDS) 0.95 eq. The active initiator was then transferred to the 

monomer-solution to yield a 10 wt.% solution. Previously dried (drying oven at 50 °C under 

vacuum) conventional NMR-tubes were equipped with 100 eq. of the protic additives (none, H2O, 

13C-MeOH, 13C-EtOH, 13C-iPrOH). The NMR-tubes were filled with the reaction mixture and sealed 

by melting the top of the NMR-tube with a hot flame. To prevent polymerization of the samples, 

which were monitored the following days, the NMR-tubes were shock frosted in liquid nitrogen 

and stored at -80 °C (below the melting point of DMF). 

The NMR-tubes were one after another warmed up to room temperature and all 1H NMR 

kinetics were recorded using a Bruker Avance III 700. All spectra were referenced internally to 

residual proton signals of the deuterated solvent dimethylformamide-d7 at 8.03 ppm. The π/2-

pulse for the proton measurements was 13.1 µs. The spectra of the polymerizations were 

recorded at 700 MHz with 16 scans (equal to 404 s (acquisition time of 2.595 s and a relaxation 

time of 20 s after every pulse)) over a period of time until the polymerization had full conversion. 

No B-field optimizing routine was used over the kinetic measurement time. The spin-lattice 

relaxation rate (T1) of the ring-protons, which are used afterward for integration, was measured 

before the kinetic run with the inversion recovery method.5 

The method for the evaluation of the NMR-data to calculate the respective kp-values is 

followed as described in previous publications.3 
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2.8.1 Kinetics of MsMAz (1) 

 

Figure S2.1. a) Kinetic plots of ln([M]0/[M]t) vs. time of MsMAz (1) and different additives in DMF-d7 at 
50 °C. b) SEC traces in DMF (RI signal) (data listed in Table S1). 

 

Table S2.1. Overview of the polymerization kinetics of MsMAz (1) in DMF-d7 with the respective additive, 
including SEC-analyses and calculated propagation rates (kp). 

Monomer MsMAz (1) MsMAz (1) MsMAz (1) MsMAz (1) MsMAz (1) 

Additive Pure H2O MeOH EtOH iPrOH 

kp / 10-3 L mol-1 s-1 12.0±0.8 6.4±0.5 5.0±0.4 6.4±0.4 7.7±0.5 

Mn
a / g mol-1 4000 3400 2600 3400 3800 

DPb / units 50 -- 40.8 46.9 48.4 

DPb / %  100 -- 81.6 93.8 96.8 

Đa 1.10 1.15 1.20 1.14 1.12 

Reaction time / h 10.3 23 >23.9 22.2 17.5 

Conversion / % >99 >99 98 >99 >99 
a Number-average molecular weight and molecular weight dispersity determined via SEC 
in DMF (vs. PEO standards). b calculated from 13C ether initiation. 
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2.8.2 Kinetics of BsMAz (3)  

 

Figure S2.2. a) Kinetic plots of ln([M]0/[M]t) vs. time of BsMAz (3) and different additives in DMF-d7 at 50 
°C. b) SEC traces in DMF (RI signal) (data listed in Table S2). 

 

Table S2.2. Overview of the polymerization kinetics of BsMAz (3) in DMF-d7 with the respective additive, 
including SEC-analyses and calculated propagation rates (kp). 

Monomer BsMAz (3) BsMAz (3) BsMAz (3) BsMAz (3) BsMAz (3) 

Additive Pure H2O MeOH EtOH iPrOH 

kp / 10-3 L mol-1 s-1 67.3±4.6 44.0±3.0 45.3±3.1 52.0±3.6 67.7±4.6 

Mn
a / g mol-1 5500 3700 3900 4300 5000 

DPb / units 56 -- 52.6 53.1 54.8 

DPb / %  100 -- 93.9 94.8 97.9.8 

Đa 1.12 1.25 1.20 1.18 1.15 

Reaction time / h 2.1 3.3 3.0 2.8 2.1 

Conversion / % >99 >99 >99 >99 >99 
a Number-average molecular weight and molecular weight dispersity determined via SEC 
in DMF (vs. PEO standards). b calculated from 13C ether initiation. 
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Table S2.3. Overview of the performed polymerization kinetics regarding initiation via alkoxides:  

Sample 
eq 

(monomer)a 
Integral 

13C etherb 

S/N 
(rms) 

13C 
etherc 

S/N (rms) 
reference 
signal c 

13C ether / %d 

Relative 
standard 

deviation / 
%e 

P(MsMAz)-MeOH 50 0.57 83.6 18.2 22.4 4.5 

P(MsMAz)-EtOH 50 0.14 22.1 18.0 6.6 4.5 

P(MsMAz)-iPrOH 50 0.07 1.8 19.6 3.4* ≥20.0 

P(TsMAz)-MeOH 56 0.003 3.6 82.4 0.2* ≥20.0 

P(TsMAz)-EtOH 56 0.08 4.0 106.0 4.3* ≥20.0 

P(TsMAz)-iPrOH 56 0.02 3.9 78.0 1.1* ≥20.0 

P(BsMAz)-MeOH 56 0.12 15.8 80.8 6.4 ≥4.5 

P(BsMAz)-EtOH 56 0.10 14.4 147.7 5.4 ≥4.5 

P(BsMAz)-iPrOH 56 0.04 7.5 170.0 2.2* ≥20.0 
a Determined by 1H NMR from stock solution without additives. b Determined by 13C NMR 

normalized to repeating unit (reference signal, integral = 1).c Determined with Top Spin software. 

d Calculated by the equation below. e Estimation refers to literature.6-7 * Value of 13C ether is 

overestimated due to high signal to noise ratios (S/N). 

 

=

∫ 𝑪 𝒆𝒕𝒉𝒆𝒓 
𝟏𝟑

𝟗𝟗
∙ 𝒆𝒒(𝒎𝒐𝒏𝒐𝒎𝒆𝒓) 

𝟏 +
∫ 𝑪 𝒆𝒕𝒉𝒆𝒓 

𝟏𝟑

𝟗𝟗
∙ 𝒆𝒒(𝒎𝒐𝒏𝒐𝒎𝒆𝒓)

∙ 𝟏𝟎𝟎% 

Example P(MsMAz)-MeOH: 

𝟎. 𝟓𝟕
𝟗𝟗 ∙ 𝟓𝟎 

𝟏 +
𝟎. 𝟓𝟕

𝟗𝟗 ∙ 𝟓𝟎
∙ 𝟏𝟎𝟎% = 𝟐𝟐. 𝟒% 
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2.9 Section C. 13C-NMRs and 2D-NMRs of the kinetics 

To quantify the amount of alcohol acted as an initiator, 13C-labeled additives were used to 

follow this process by NMR. After evaporating the solvent and residual 13C-labeled alcohols at 

reduced pressure, quantification of polymers with 13C-labeled ethers, which are formed after 

initiation, is possible by 13C NMR- and HSQC NMR-spectroscopy. 

2.9.1 P(TsMAz) 

 

Figure S2.3. 13C NMR, quantitative (176 MHz, 323 K, DMF-d7) of P(TsMAz), H2O as additive. δ [ppm] = 
145.07 (s, 1C, arom., i), 138.04 (s, 1C, arom., h), 131.16 (s, 2C, arom., g), 128.70 (s, 1C, arom., f), 128.31 
(s, 1C, arom., e), 56.32-54.19 (m, 1C, backbone, d), 49.06 – 52.62 (m, 1C, backbone, c) 21,75 (s, 1C, aromat-
CH3, b), 13.76-17.58 (m, 1C, backbone-CH3, a). 
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Figure S2.4. 13C NMR, quantitative (176 MHz, 323 K, DMF-d7) of P(TsMAz), methanol-13C as additive. δ 
[ppm] = 145.07 (s, 1C, arom.), 138.04 (s, 1C, arom.), 131.16 (s, 2C, arom.), 128.70 (s, 1C, arom.), 128.31 
(s, 1C, arom.), 58.68-59.04 (m, 0.03, methyl-13C-ether) 56.32-54.19 (m, 1C, backbone), 49.06 – 52.62 (m, 
1C, backbone) 21,75 (s, 1C, aromat-CH3), 13.76-17.58 (m, 1C, backbone-CH3). 

 

Figure S2.5. HSQC NMR (700, 176 MHz, DMF-d7) of P(TsMAz), methanol-13C as additive. 



Alcohol- and water-tolerant living anionic polymerization of aziridines 

90 

 

Figure S2.6. 13C NMR, quantitative (176 MHz, 323 K, DMF-d7) of P(TsMAz), ethanol-1-13C1 as additive. δ 
[ppm] = 145.07 (s, 1C, arom.), 138.04 (s, 1C, arom.), 131.16 (s, 2C, arom.), 128.70 (s, 1C, arom.), 128.31 
(s, 1C, arom.), 66.10 (m, 0.05, ethyl-1-13C1-ether) 56.32-54.19 (m, 1C, backbone), 49.06 – 52.62 (m, 1C, 
backbone) 21,75 (s, 1C, aromat-CH3), 13.76-17.58 (m, 1C, backbone-CH3). 

 

 

Figure S2.7. HSQC NMR (700, 176 MHz, DMF-d7) of P(TsMAz), ethanol-1-13C1 as additive. 
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Figure S2.8. 13C NMR, quantitative (176 MHz, 323 K, DMF-d7) of P(TsMAz), isopropanol-2-13C1 as additive. 
δ [ppm] = 145.07 (s, 1C, arom.), 138.04 (s, 1C, arom.), 131.16 (s, 2C, arom.), 128.70 (s, 1C, arom.), 128.31 
(s, 1C, arom.), 73.04 (s, 0.03, isopropyl-2-13C1-ether) 56.32-54.19 (m, 1C, backbone), 49.06 – 52.62 (m, 1C, 
backbone) 21,75 (s, 1C, aromat-CH3), 13.76-17.58 (m, 1C, backbone-CH3). 

 

 

Figure S2.9. HSQC NMR (700, 176 MHz, DMF-d7) of P(TsMAz), isopropanol-2-13C1 as additive.  
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2.9.2 P(BsMAz) 

 

Figure S2.10. 13C NMR, quantitative (176 MHz, 323 K, DMF-d7) of P(BsMAz), methanol-13C as additive. δ 
[ppm] = 139.26 (s, 1C, arom., h), 133.08 (s, 2C, arom., g), 129.81 (s, 1C, arom., f), 129.41 (s, 1C, arom., e), 
127.82 (s, 1C, arom., d), 58.24, 55.10 (m, 0.29, methyl-13C-ether) 56.83-53.51 (m, 1C, backbone, c), 52.19 
– 47.99 (m, 1C, backbone, b), 17.55-13.35 (m, 1C, backbone-CH3, a). 

 

13  

Figure S2.11. HSQC NMR (700, 176 MHz, DMF-d7) of P(BsMAz), methanol-13C as additive. 
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Figure S2.12. 13C NMR, quantitative (176 MHz, 323 K, DMF-d7) of P(BsMAz), ethanol-1-13C1 as additive. δ 
[ppm] = 139.26 (s, 1C, arom.), 133.08 (s, 2C, arom.), 129.81 (s, 1C, arom.), 129.41 (s, 1C, arom.), 127.82 
(s, 1C, arom.), 58.24, 64.17 (s, 0.14, methyl-13C-ether) 56.83-53.51 (m, 1C, backbone), 52.19 – 47.99 (m, 
1C, backbone), 17.55-13.35 (m, 1C, backbone-CH3). 

 

Figure S2.13. HSQC NMR (700, 176 MHz, DMF-d7) of P(BsMAz), ethanol-1-13C1 as additive. 
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Figure S2.14. 13C NMR, quantitative (176 MHz, 323 K, DMF-d7) of P(BsMAz), isopropanol-2-13C1 as 
additive. δ [ppm] = 139.26 (s, 1C, arom.), 133.08 (s, 2C, arom.), 129.81 (s, 1C, arom.), 129.41 (s, 1C, arom.), 
127.82 (s, 1C, arom.), 58.24, 72.27 (s, 0.07, methyl-13C-ether) 56.83-53.51 (m, 1C, backbone), 52.19 – 
47.99 (m, 1C, backbone), 17.55-13.35 (m, 1C, backbone-CH3). 

 

Figure S2.15. HSQC NMR (700, 176 MHz, DMF-d7) of P(BsMAz), isopropanol-2-13C1 as additive. 



Alcohol- and water-tolerant living anionic polymerization of aziridines 

95 

2.9.3 P(MsMAz) 

 

Figure S2.16. 13C NMR, quantitative (176 MHz, 323 K, DMF-d7) of P(MsMAz), methanol 13C as additive. δ 
[ppm] = 58.14 (m 0.57, methyl-13C-ether), 56.06-53.20 (m, 1C, backbone, d), 51.87 – 48.62 (m, 1C, 
backbone, c) 40.13-37.96 (m, 1C, mesyl-CH3, b), 16.86-14.81 (m, 1C, backbone-CH3, a). 

 

Figure S2.17. HSQC NMR (700, 176 MHz, DMF-d7) of P(MsMAz), methanol 13C as additive. 
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Figure S2.18. 13C NMR, quantitative (176 MHz, 323 K, DMF-d7) of P(MsMAz), ethanol-1-13C1 as additive. δ 
[ppm] = 66.06 (s 0.20, ethyl-1-13C1-ether), 56.06-53.20 (m, 1C, backbone), 51.87 – 48.62 (m, 1C, backbone) 
40.13-37.96 (m, 1C, mesyl-CH3), 16.86-14.81 (m, 1C, backbone-CH3). The signal at 57.4 ppm belongs to 
residual ethanol-1-13C1. 

 

Figure S2.19. HSQC NMR (700, 176 MHz, DMF-d7) of P(MsMAz), ethanol-1-13C1 as additive. 
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Figure S2.20. 13C NMR, quantitative (176 MHz, 323 K, DMF-d7) of P(MsMAz), isopropanol-2-13C1 as 
additive. δ [ppm] = 71.8 (m, 0.01, isopropyl-1-13C1-ether), 56.06-53.20 (m, 1C, backbone), 51.87 – 48.62 
(m, 1C, backbone) 40.13-37.96 (m, 1C, mesyl-CH3), 16.86-14.81 (m, 1C, backbone-CH3). 

 

Figure S21. HSQC NMR (700, 176 MHz, DMF-d7) of P(MsMAz), isopropanol-2-13C1 as additive. 
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2.10 Section D. Polymerization in open vials 

2.10.1 P(MsMAz) 

MsMAz (1) (100 mg, 0.739 mmol) in 1 mL DMF, BnNHMs (5) (2.8 mg, 0.015 mmol) and KHMDS 

(3.0 mg, 0.015 mmol) in 0.1 mL DMF at 50 °C. Samples taken after 24, 48 and 120 hours. 

Table S2.4. Overview of the performed polymerizations of MsMAz (1) in DMF with different amounts of 
water as an additive, including SEC-analyses. 

Monomer MsMAz (1) MsMAz (1) MsMAz (1) 

Additive H2O H2O H2O 

V / µL 50 100 200 

Equivalents (to initiator) 185 370 740 

Mn
a / g mol-1 1400 900 500 

Đa 1.48 1.37 > 2 

Reaction time / h <120 <120 >120 

Conversion / % ~95 ~95 ~60 

Name 
P(Ms)-H2O-

50-µL 
P(Ms)-H2O-

100-µL 
P(Ms)-H2O-

200-µL 
a Number-average molecular weight and molecular weight dispersity determined via SEC 
in DMF (vs. PEO standards). 

 

Figure S2.22. SEC traces of P(MsMAz) with water (50, 100, 200 µL) as an additive in DMF (RI signal). 

25 26 27 28 29 30 31 32 33 34 35 36 37 38

elution volume / mL

 P(Ms)-H
2
O-50µL

 P(Ms)-H
2
O-100µL

 P(Ms)-H
2
O-200µL
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Table S2.5. Overview of the performed polymerizations of MsMAz (1) in DMF with different amounts of 
methanol as an additive, including SEC-analyses. 

Monomer MsMAz (1) MsMAz (1) MsMAz (1) 

Additive MeOH MeOH MeOH 

V / µL 50 100 200 

Equivalents (to initiator) 115 229 458 

Mn
a / g mol-1 2800 1700 800 

Đa 1.23 1.27 1.29 

Reaction time / h <24 <48 <120 

Conversion / % >99 ~95 ~95 

Name 
P(Ms)-MeOH-

50-µL 
P(Ms)-MeOH-

100-µL 
P(Ms)-MeOH-

200-µL 
a Number-average molecular weight and molecular weight dispersity determined via SEC in DMF 

(vs. PEO standards). 

 

Figure S2.23. SEC traces of P(MsMAz) with methanol (50, 100, 200 µL) as an additive in DMF (RI signal). 

  

25 26 27 28 29 30 31 32 33 34 35 36
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 P(Ms)-MeOH-50µL

 P(Ms)-MeOH-100µL

 P(Ms)-MeOH-200µL
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Table S2.6. Overview of the performed polymerizations of MsMAz (1) in DMF with different amounts of 
ethanol as an additive, including SEC-analyses. 

Monomer MsMAz (1) MsMAz (1) MsMAz (1) MsMAz (1) 

Additive EtOH EtOH EtOH EtOH 

V / µL 50 100 200 400 

Equivalents (to initiator) 57 114 228 457 

Mn
a / g mol-1 3500 2100 2900 1900 

Đa 1.15 1.24 1.19 1.22 

Reaction time / h <24 <24 <48 <24 

Conversion / % >99 >99 ~95 ~95 

Name 
P(Ms)-EtOH-

50-µL 
P(Ms)-EtOH-

100-µL 
P(Ms)-EtOH-

200-µL 
P(Ms)-EtOH-

400-µL 
a Number-average molecular weight and molecular weight dispersity determined via SEC in DMF 

(vs. PEO standards). 

 

Figure S2.24. SEC traces of P(MsMAz) with ethanol (50, 100, 200, 400 µL) as an additive in DMF (RI signal). 

  

25 26 27 28 29 30 31 32 33 34 35
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 P(Ms)-EtOH-50µL

 P(Ms)-EtOH-100µL

 P(Ms)-EtOH-200µL
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Table S2.7. Overview of the performed polymerizations of MsMAz (1) in DMF in an open vial and with 
isopropanol as an additive, including SEC-analyses. 

Monomer MsMAz (1) MsMAz (1) 

Additive Open iPrOH 

V / µL --- 400 

Equivalents (to initiator) --- 349 

Mn
a / g mol-1 3400 2900 

Đa 1.09 1.15 

Reaction time / h <24 <24 

Conversion / % >99 ~95 

Name 
P(Ms)-

open vial 
P(Ms)-iPrOH-

400-µL 
a Number-average molecular weight and molecular weight dispersity determined via SEC 
in DMF (vs. PEO standards). 

 

Figure S2.25. SEC traces of P(MsMAz) in an open vial and with isopropanol (400 µL) as an additive in DMF 
(RI signal). 

  

25 26 27 28 29 30 31 32 33 34

elution volume / mL

 P(Ms)-iPrOH-400µL

 P(Ms)-open vial
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2.10.2 P(TsMAz) 

TsMAz (2) (100 mg, 0.473 mmol) in 1 mL DMF, BnNHMs (5) (1.75 mg, 0.0095 mmol) and KHMDS 

(1.89 mg, 0.0095 mmol) in 0.1 mL DMF at 50 °C. Samples taken after 24, 44 and 48 hours. 

Table S2.8. Overview of the performed polymerizations of TsMAz (2) in DMF with different amounts of 
water as an additive, including SEC-analyses. 

Monomer TsMAz (2) TsMAz (2) TsMAz (2) TsMAz (2) TsMAz (2) TsMAz (2) 

Additive H2O H2O H2O H2O H2O H2O 

V / µL 0.17 1.7 17 50 100 200 

Equivalents (to 
initiator) 

1 10 100 292 584 1170 

Mn
a / g mol-1 4400 4000 3600 2700 2000 1200 

Đa 1.15 1.16 1.27 1.25 1.41 1.31 

Reaction time / h <40 <40 <40 <24 <24 >48 

Conversion / % >99 >99 >99 >99 ~95 ~60 

Name 
P(Ts)-H2O-

1eq 
P(Ts)-H2O-

10eq 
P(Ts)-H2O-

100eq 
P(Ts)-H2O-

50-µL 
P(Ts)-H2O-

100-µL 
P(Ts)-H2O-

200-µL 
a Number-average molecular weight and molecular weight dispersity determined via SEC in DMF 

(vs. PEO standards). 

 

Figure S2.26. SEC traces of P(TsMAz) with water (1, 
10, 100 eq.) as an additive in DMF (RI signal). 

 

 

Figure S2.27. SEC traces of P(TsMAz) with water 
(50, 100, 200 µL) as an additive in DMF (RI 
signal). 
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Table S2.9. Overview of the performed polymerizations of TsMAz (2) in DMF with different amounts of 
dry methanol as an additive, including SEC-analyses. 

Monomer TsMAz (2) TsMAz (2) TsMAz (2) TsMAz (2) 

Additive MeOH MeOH MeOH MeOH 

V / µL 38 50 100 200 

Equivalents (to initiator) 100 181 362 724 

Mn
a / g mol-1 4000 3400 2600 1500 

Đa 1.21 1.25 1.25 1.28 

Reaction time / h <40 <24 <24 >48 

Conversion / % >99 >99 >99 >99 

Name 
P(Ts)-MeOH-

100eq 
P(Ts)-MeOH-

50-µL 
P(Ts)-MeOH-

100-µL 
P(Ts)-MeOH-

200-µL 
a Number-average molecular weight and molecular weight dispersity determined via SEC in DMF 

(vs. PEO standards). 

 

 

Figure S2.28. SEC traces of P(TsMAz) with methanol (100 eq., 50, 100, 200 µL) as an additive in DMF (RI 
signal). 

25 26 27 28 29 30 31 32 33 34
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 P(Ts)-MeOH-100eq
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 P(Ts)-MeOH-200µL
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Table S2.10. Overview of the performed polymerizations of TsMAz (2) in DMF with different amounts of 
dry ethanol as an additive, including SEC-analyses. 

Monomer TsMAz (2) TsMAz (2) TsMAz (2) TsMAz (2) 

Additive EtOH EtOH EtOH EtOH 

V / µL 50 55 100 200 

Equivalents (to initiator) 90 100 180 361 

Mn
a / g mol-1 3800 3700 3600 3100 

Đa 1.16 1.18 1.20 1.21 

Reaction time / h <24 <40 <24 >48 

Conversion / % >99 >99 >99 >99 

Name 
P(Ts)-EtOH-

50-µL 
P(Ts)-EtOH-

100eq 
P(Ts)-EtOH-

100-µL 
P(Ts)-EtOH-

200-µL 
a Number-average molecular weight and molecular weight dispersity determined via SEC in DMF 

(vs. PEO standards). 

 

 

Figure S2.29. SEC traces of P(TsMAz) with ethanol (100 eq., 50, 100, 200 µL) as an additive in DMF (RI 
signal). 

  

25 26 27 28 29 30 31 32 33 34

elution volume / mL

 P(Ts)-EtOH-50µL

 P(Ts)-EtOH-100eq.

 P(Ts)-EtOH-100µL

 P(Ts)-EtOH-200µL
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Table S2.11. Overview of the performed polymerizations of TsMAz (2) in DMF with different amounts of 
dry isopropanol as an additive, including SEC-analyses. In case of 1000 µL iPrOH, the monomer was only 
dissolved in iPrOH, only the initiator was added from a stock solution in DMF. 

Monomer TsMAz (2) TsMAz (2) TsMAz (2) 

Additive iPrOH iPrOH iPrOH 

V / µL 73 200 1000 

Equivalents (to initiator) 100 275 872 

Mn
a / g mol-1 3900 3800 2500 

Đa 1.18 1.16 1.23 

Reaction time / h <40 <24 <48 

Conversion / % >99 ~60 ~95 

Name 
P(Ts)-iPrOH-

100-eq 
P(Ts)-iPrOH-

200-µL 
P(Ts)-iPrOH-

1000-µL 
a Number-average molecular weight and molecular weight dispersity determined via SEC in DMF 

(vs. PEO standards). 

 

 

Figure S2.30. SEC traces of P(TsMAz) with isopropanol (100 eq., 200, 1000 µL) as an additive in DMF (RI 
signal). 

23 24 25 26 27 28 29 30 31 32 33 34
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 P(Ts)-iPrOH-100eq
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Table S2.12. Overview of the performed polymerizations of TsMAz (2) in DMF in an open vial and with 
dry acetone and ethyl acetate (EtOAc) as an additive, including SEC-analyses. In case of 1000 µL solvent, 
the monomer was only dissolved in the respective solvent, only the initiator was added from a stock 
solution in DMF. 

Monomer TsMAz (2) TsMAz (2) TsMAz (2) 

Additive Open Acetone Ethyl acetate 

V / µL --- 1000 1000 

Mn
a / g mol-1 4400 6400* 3700 

Đa 1.11 1.16 1.18 

Reaction time / h <40 <24 <24 

Conversion / % >99 >99 >99 

Name 
P(Ts)-

open vial 
P(Ts)-acetone-

1000-µL 
P(Ts)-EtOAc-

1000-µL 
a Number-average molecular weight and molecular weight dispersity determined via SEC in DMF 

(vs. PEO standards). * Higher molecular weight, as less than the usual 100 µL of the initiator-

solution was added. 

 

Figure S2.31. SEC traces of P(TsMAz) in an open vial, acetone and ethyl acetate in DMF (RI signal). 

 

  

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38

elution volume / mL

 P(Ts)-open vial

 P(Ts)-acetone-1000µL

 P(Ts)-EtOAc-1000µL
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TsMAz (2) (100 mg, 0.473 mmol) in 1 mL DMF, BnNHMs (1.75 mg, 0.0095 mmol) and LiHMDS 

(1.58 mg, 0.0095 mmol) in 0.1 mL DMF at 50 °C.  

Table S2.13. Overview of the performed polymerizations of TsMAz (2) from stock solutions in DMF, with 
Lithium as counterion and different amounts of water as an additive, including SEC-analyses. 

Monomer TsMAz (2) TsMAz (2) TsMAz (2) 

Additive H2O H2O H2O 

V / µL 0.17 1.7 17 

Equivalents (to initiator) 1 10 100 

Mn
a / g mol-1 5700 7700 4600 

Đa 1.14 1.11 1.20 

Reaction time / h <48 <48 <48 

Conversion / % >99 >99 >99 

Name 
P(Ts)-Li-
H2O-1eq 

P(Ts)-Li-
H2O-10eq 

P(Ts)-Li-
H2O-100eq 

a Number-average molecular weight and molecular weight dispersity determined via SEC in DMF 

(vs. PEO standards). 

 

Figure S2.32. SEC traces of P(TsMAz), with lithium as the counterion with water (1, 10, 100 eq.) as an 
additive in DMF (RI signal). 
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Table S2.14. Overview of the performed polymerizations of TsMAz (2) in DMF, with lithium as the 
counterion and different additives, including SEC-analyses. 

Monomer TsMAz (2) TsMAz (2) TsMAz (2) TsMAz (2) 

Additive H2O MeOH EtOH iPrOH 

V / µL 17 38 55 73 

Equivalents (to initiator) 100 100 100 100 

Mn
a / g mol-1 4600 5400 5400 5000 

Đa 1.20 1.19 1.16 1.16 

Reaction time / h <48 <48 <48 <48 

Conversion / % >99 >99 >99 >99 

Name 
P(Ts)-Li-

H2O-100eq 
P(Ts)-Li-

MeOH-100eq 
P(Ts)-Li-

EtOH-100eq 
P(Ts)-Li-

iPrOH-100eq 
a Number-average molecular weight and molecular weight dispersity determined via SEC in DMF 

(vs. PEO standards). 

 

Figure S2.33. SEC traces of P(TsMAz), with lithium as the counterion and different additives (100 eq.) in 
DMF (RI signal). 
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2.11 Section E. MALDI-TOF spectra 

 

 

 
Figure S2.34. MALDI-TOF-spectrum of P(Ts)-H2O-100eq (Table S7). 

 

 

 

 

 
Figure S2.35. MALDI-TOF-spectrum of P(Ts)-MeOH-100eq (Table S8). 
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Figure S2.36. MALDI-TOF-spectrum of P(Ts)-EtOH-100eq (Table S9). 

 

 

 

Figure S2.37. MALDI-TOF-spectrum of P(Ts)-iPrOH-100eq (Table S10). 
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2.12 Section F. Chain extension experiments 

For chain extension experiments the polymerizations were carried out in analogy to the 

procedure above. After stirring the mixtures for at least 18 h, a 100 µL-sample was taken out for 

further analyses and the second monomer, in 1 mL DMF, was added to the screw cap vial and 

stirred for further 24 h at the same temperature. 

 

Table S2.15. Overview of the performed chain extension polymerizations of TsMAz (2) in DMF with 100 
equivalents water as an additive, including SEC-analyses. 

Monomer TsMAz (2) TsMAz (2) 

Additive H2O  

V / µL 17  

Equivalents (to initiator) 100  

Mn
a / g mol-1 3700 5800 

Đa 1.16 1.18 

Reaction time / h <24 <24 

Conversion / % >99 >99 

Name 
P(Ts)-H2O-

100eq 
P(Ts-b-Ts)-
H2O-100eq 

a Number-average molecular weight and molecular weight dispersity determined via SEC in DMF 

(vs. PEO standards). 

 

Figure S2.38. SEC traces of the chain extension of P(TsMAz) and P(TsMAz-b-TsMAz) with water (100 eq.) 
as an additive in DMF (RI signal).  
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Table S2.16. Overview of the performed chain extension polymerizations of TsMAz (2) in DMF with 
100 µL methanol as an additive, including SEC-analyses. 

Monomer TsMAz (2) TsMAz (2) 

Additive MeOH  

V / µL 100  

Equivalents (to initiator) 362  

Mn
a / g mol-1 2600 5400 

Đa 1.25 1.21 

Reaction time / h <24 <24 

Conversion / % >99 >99 

Name 
P(Ts)-MeOH-

100µL 
P(Ts-b-Ts)-

MeOH-100µL 
a Number-average molecular weight and molecular weight dispersity determined via SEC in DMF 

(vs. PEO standards). 

 

 

Figure S2.39. SEC traces of the chain extension of P(TsMAz) and P(TsMAz-b-TsMAz) with methanol (100 
eq.) as an additive in DMF (RI signal). 
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Table S2.17. Overview of the performed chain extension polymerizations of TsMAz (2) in DMF with 50 µL 
ethanol as an additive, including SEC-analyses. 

Monomer TsMAz (2) TsMAz (2) 

Additive EtOH  

V / µL 50  

Equivalents (to initiator) 90  

Mn
a / g mol-1 3800 6200 

Đa 1.16 1.17 

Reaction time / h <24 <24 

Conversion / % >99 >99 

Name 
P(Ts)-EtOH-

50µL 
P(Ts-b-Ts)-
EtOH-50µL 

a Number-average molecular weight and molecular weight dispersity determined via SEC in DMF 

(vs. PEO standards). 

 

Figure S2.40. SEC traces of the chain extension of P(TsMAz) and P(TsMAz-b-TsMAz) with ethanol (50 µL) 
as an additive in DMF (RI signal). 
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Table S2.18. Overview of the performed chain extension polymerizations of TsMAz (2) in DMF with 100 
µL isopropanol as an additive, including SEC-analyses. 

Monomer TsMAz (2) TsMAz (2) 

Additive iPrOH  

V / µL 200  

Equivalents (to initiator) 275  

Mn
a / g mol-1 3800 6200 

Đa 1.16 1.20 

Reaction time / h <24 <24 

Conversion / % ~60 >99 

Name 
P(Ts)-iPrOH-

200µL 
P(Ts-b-Ts)-

iPrOH-200µL 
a Number-average molecular weight and molecular weight dispersity determined via SEC in DMF 

(vs. PEO standards). 

 

Figure S2.41. SEC traces of the chain extension of P(TsMAz) and P(TsMAz-b-TsMAz) with isopropanol (200 
µL) as an additive in DMF (RI signal). 
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2.13 Section G: Computational Detail 

All DFT calculations were carried out with the Gaussian 09 package.8 The structures were 

optimized at the B3LYP level of theory,9 with the basis set of 6-31+G*.10-11 The harmonic 

frequency calculations were performed at the same level of theory to characterize the nature of 

stationary points, i.e. no imaginary frequencies were found for all optimized structures. The 

thermostatistical contributions to the free energy were obtained from a harmonic oscillator 

approximation at a temperature of 323.15 K and for 1 atm pressure. Accurate electronic energies 

were obtained from single point calculations at the B3LYP level upon the optimized structures, in 

conjunction with the 6-311++G** basis set.10, 12 The single point calculations were performed 

together with PCM (Polarizable Continuum Model) model13-15 by employing DMF as the solvent. 

To calculate the pKa values, the SMD solvation model16 was used to compute the solvation Gibbs 

free energies by employing the gas-phase optimized structures, and with DMF as the solvent. 

Gibbs free energy of the proton was back corrected by assigning the pKa value of water equal to 

14. Note that the aim of our DFT calculations on pKa values was not to have accurate numbers 

compared to the experimental data, but to describe the relative strength of the acidities. IPs and 

EAs were computed with the solution-phase single point electronic energies while the pKa values 

with the solution-phase Gibbs free energies which are the summation of gas-phase single point 

electronic energies, the gas-phase thermostatistical contributions and the SMD solvation Gibbs 

free energies.  

The following equations have been used to calculate the interested properties: 

                                                                                                                   (1) 

                                                                     (2) 

where IP is ionization potential, EA is electron affinity, η is chemical potential and μ is chemical 

hardness. The IP and EA were calculated based on the relax geometries of cations and anions.  

                                                                           (3) 

                                                                   (4) 

where ω+ is electrophilicity index,17 and ω− is nucleophilicity index.18 Details of these two indexes 

can be found in ref.19. 
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The pKa values were calculated according to equation 5: 

p𝐾a =
Δ𝐺

2.303 R𝑇
                                                                  (5) 

where ΔG is the Gibbs free energy difference of the deprotonation reactions (in kcal mol−1), R is 

the gas constant (1.987×10−3 kcal mol−1 K−1), and T is the temperature (in K).  

 

 

 

Table S2.19. Calculated ionization potential (IP), electron affinity (EA), the chemical potential (μ), 
chemical hardness (η), energies of LUMO (εLUMO) and HOMO (εHOMO), electrophilicity index (ω+) all values 
are in eV. NBO C atoms. 

Monomer IP EA μ η εLUMO ω+ qC 

 

7.06 2.22 -4.64 4.84 -1.75 2.22 -0.1937 

 

6.96 1.95 -4.45 5.01 -1.44 1.98 -0.1952 

 

7.19 0.80 -3.99 6.39 -0.24 1.25 -0.1945 
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Table S2.20. Calculated ionization potential (IP), electron affinity (EA), the chemical potential (μ), 
chemical hardness (η), energies of LUMO (εLUMO) and HOMO (εHOMO), nucleophilicity index (ω-), all values 
are in eV. NBO charges on N/O atoms. 

Nucleophile IP EA μ η εHOMO ω− N/O 

 

4.91 -2.76 -1.07 7.67 -5.44 0.27 -1.0303 

 

4.82 -0.74 -2.04 5.56 -5.36 0.14 -1.0328 

 

4.81 -0.57 -2.12 5.38 -5.30 0.13 -1.0405 

isoPrO- 4.55 -0.42 -2.07 4.97 -4.72 0.14 -1.0525 

EtO- 4.37 -0.48 -1.94 4.85 -4.70 0.16 -1.0484 

MeO- 4.38 -0.53 -1.93 4.91 -4.67 0.16 -1.0569 

HO- 5.16 -0.63 -2.27 5.79 -5.40 0.13 -1.4002 
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Table S2.21. Calculated ΔG (in kcal mol-1) and pKa values with DMF as a solvent and at 323.15 K. 

Protonated species ΔG pKa 

H2O 20.7 14.0 

MeOH 17.9 12.1 

EtOH 17.8 12.0 

isoPrOH 18.5 12.5 

 

-0.8 -0.5 

 

2.0 1.4 

 

2.3 1.5 
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2.14 Section H. Polymerization of unprotected hydroxyl-

functionalized sulfonyl aziridine 

2.14.1 Monomer synthesis of 2-ω-propanol-N-tosylaziridine (6) 

Chloramine-T (7.01 g, 46 mmol, 1 eq.) was dried by freeze-drying with benzene in vacuum 

overnight. But-3-en-1-ol (12 mL, 138 mmol, 3 eq.) was added together with Chloramine-T and 

phenyltrimethylammonium tribromide (PTAB) (1.74 g, 4.6 mmol, 0.1 eq.) to the reaction flask, 

the mixture was dissolved in anhydrous acetonitrile (ACN) (100 mL). The mixture was stirred at 

room temperature for 3 days. 100 mL of ethyl acetate and water were added to the reaction flask, 

the organic phase was washed with brine, separated, and dried with Mg2SO4. The organic phase 

was concentrated at reduced pressure. The crude product was purified by column 

chromatography over silica gel (Et2O 100%; Rf: 0.2). The pure product crystallized as white 

crystals. 

1H NMR (300 MHz, 298K, CD2Cl2) δ [ppm] = 7.70 (d, 2H, a), 7.30 (d, 2H, b), 3.61 – 3.46 (m, 2H, c), 

2.76 (m, 1H, d), 2.51 (d, 1H, d), 2.37 (s, 3H, f), 2.06 (d, 1H, g), 1.92 – 1.69 (m, 2H, h), 1.37 (m, 1H, 

i). 

 

Figure S2.42: 1H NMR (300 MHz, 298K, DCM-d2) of (6). 
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2.14.2 Polymerizations: Example for P(6)20 

(6) (0.38 mmol, 20 eq.) was dissolved in 1 mL N,N-dimethylformamide (DMF). The Initiator 

(BnNHMs) was dissolved in 1 mL DMF and added to KHMDS (1/1), 1 eq. of the deprotonated 

initiator was then transferred with a syringe to the reaction flask, containing the monomer. The 

mixture was stirred at 55 °C for 20 h. The polymer was isolated by removing DMF at reduced 

pressure (yields: quantitative). 

1H NMR (300 MHz, 298 K, DCM-d2) of P(6)20: δ 7.84 (s, 2H, a), 7.33 (s, 2H, b), 4.50 – 2.67, 1.30-

2.12 (m, 7H, c).  

13C NMR (176 MHz, 323 K, DMF-d7) of P(6)20, δ [ppm] =144.02 (s, 1C, arom.), 137.21 (s, 1C, arom.), 

130.40 (s, 2C, arom.), 127.41 (s, 2C, arom.), 59.49-45.72 (m, 4C, backbone), 21.10 (s, 1C, aromat-

CH3).  

 

Table S2.22: Overview of performed polymerizations with (6). 

 

Sample Ð Mn (SEC) Mp(SEC) Mn(Theory) 

P(6)20 1.26 1600 2000 3300 

P(6)30 1.30 1700 2100 5000 

P(6)40 1.34 2300 2800 6600 
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Figure S2.43: 1H NMR (300 MHz, 298 K, DCM-d2) of P(6)20. 

 

Figure S2.44: 13C NMR (176 MHz, 323 K, DMF-d7) of P(6)20.  
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3.1  Abstract 

An ideal system for stimuli-responsive and amphiphilic (block) polymers would be the 

copolymerization of aziridines with epoxides. However, to date, no copolymerization of these two 

highly strained three-membered heterocycles had been achieved. Herein, we report the 

combination of the living oxy- and azaanionic ring-opening polymerization of ethylene oxide (EO) 

and sulfonamide-activated aziridines. In a single step, well-defined amphiphilic block copolymers 

are obtained by a one-pot copolymerization. Real-time 1H NMR spectroscopy revealed the 

highest difference in reactivity ratios ever reported for an anionic copolymerization (with r1 = 265 

and r2 = 0.004 for 2-methyl-N-tosylaziridine/EO and r1 = 151 and r2 = 0.013 for 2-methyl-N-

mesylaziridine/EO), leading to the formation of block copolymers with monomodal and moderate 

molecular weight distributions (Mw/Mn mostly ≤1.3). The amphiphilic diblock copolymers were 

used to stabilize emulsions and to prepare polymeric nanoparticles by miniemulsion 

polymerization, representing a novel class of nonionic and responsive surfactants. In addition, 

this unique comonomer reactivity of activated-Az/EO allows fast access to multiblock copolymers, 

and we prepared the first amphiphilic penta- or tetrablock copolymers containing aziridines in 

only one or two steps, respectively. These examples render the combination of epoxide and 

aziridine copolymerizations via a powerful strategy for producing sophisticated macromolecular 

architectures and nanostructures. 
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3.2 Introduction 

Today, a detailed understanding and control of the monomer sequence distribution during 

copolymerization and the synthesis of gradient and block copolymers are of growing interest.1−3 

Multiblock copolymers have been attracting increased amounts of attention as they have 

superior properties compared to those of diblock copolymers, for example, in the 

compatibilization of polymer blends, but also give access to sophisticated nanostructures by self-

assembly.4−6 Their synthesis is typically achieved by the sequential monomer addition of each 

block via living or controlled polymerization techniques. Living anionic polymerization (LAP) is the 

polymerization technique with the highest control over the molecular weight and weight 

distribution and the highest precision for the synthesis of block copolymers. It also provides a 

precise way to end-functionalize polymers and other well-defined and complex polymer 

architectures.7−9 This requires strict purification and inert handling of all reagents to minimize 

chain termination or other side reactions during the whole multistep process.10,11 Several 

approaches have been recently developed in order to simplify the synthesis protocol. An elegant 

example was reported by Williams and others, who developed a catalyst that can be switched 

from the homopolymerization to copolymerization of different monomer families such as 

epoxides, lactones, anhydrides, and carbon dioxide to produce block copolymers in a one-pot 

reaction.12−14 Coates and Darensbourg’s group elegantly used mono- and bimetallic catalysts to 

selectively synthesize block copolymers from monomer mixtures, resulting in semicrystalline 

polymers from racemic propylene oxide;15 multiblock polymers from ethylene and propylene;16 

or ethylene oxide, carbon dioxide, and lactide.17 The living anionic polymerization of vinyl 

monomers was used to prepare multisegmented copolymers by the subsequent polymerization 

of gradient-forming comonomers. This approach reduced the number of steps by a factor of 2; 

however, tapered structures were obtained.18 A protocol for reducing the steps and achieving a 

perfect switch between the segments to prepare multiblock copolymers with a water-soluble 

block has, to the best of our knowledge, not been reported to date. 

An ideal system for stimuli-responsive and amphiphilic polymers would be the 

copolymerization of aziridines with epoxides, which surprisingly has not been achieved to date. 

Previous attempts to carry out cationic ring-opening copolymerization of epoxides and N-

substituted aziridines failed, as reported by Overberger and Tobkes.19 They also investigated 

activated tosylated aziridine and other aziridines such as aziridine carboxamide in the cationic 

copolymerization with epoxides but were not able to produce any copolymers from epoxides and 

aziridines. The anionic ring-opening polymerization of activated aziridines with sophisticated 

polymer architectures has been reported: the one-pot synthesis of gradient copolymers in 
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solution20,21 or in emulsion,22 organocatalytic polymerization,23−25 and the combination with 

carbanionic26 or lactide polymerization.27 Other well-defined polysulfonamides and polyamine 

derivatives with additional functional groups were reported in the last few years by our 

laboratory28,29 and Rupar’s group.30,31 They are especially interesting because linear 

poly(ethylenimine) derivatives are important gene transfection agents, which are available only 

via the cationic polymerization of oxazolines with subsequent hydrolysis or as undefined 

hyperbranched materials.32−34 

3.3 Results and Discussion 

Herein, we present the first anionic copolymerization of activated aziridines and ethylene 

oxide. This one-step protocol produces block copolymers of P(aziridine)-b-PEO with basically no 

tapered structures (Scheme 3.1). This monomer pair allows the design of di-, tetra-, or pentablock 

copolymers in only one or two steps. Such amphiphilic copolymers can be used as responsive 

surfactants to stabilize emulsion polymerization but also pave the way to well-defined PEO-based 

transfection or chelating agents or the design of sequence-controlled multiblock copolymers. 

 

Scheme 3.1: Synthesis of Polyaziridine-b-poly(ethylene oxide) Block Copolymers by Anionic 
Copolymerization (2-Methyl-N-tosylaziridine (TsMAz), 2-methyl-N-mesylaziridine (MsMAz), and N-
tosylaziridine (TsAz) were used in this study. (Top) In a single step, either AB-diblock or ABABA-
pentablock copolymers can be prepared. (Bottom) Sequential addition of aziridine/EO mixture produces 
ABAB-tetrablock copolymers. 

To enable the anionic ROP of aziridines, the ring is activated by amidation at the ring 

nitrogen with electron-withdrawing substituents such as tosyl or mesyl groups.35,36 The electron-

deficient aziridines can be ring-opened by different nucleophiles and undergo living 

polymerization (Scheme 3.1). Here, we used the cesium alkoxide of 2-benzyloxyethanol as the 
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initiator in order to guarantee an efficient nucleophilic attack of both monomers and to prevent 

any side reactions during the oxyanionic polymerization of ethylene oxide.36 Copolymers of the 

sulfonyl aziridines and ethylene oxide with different monomer ratios were obtained by placing 

both monomers in the reaction flask containing the initiator and the solvent (THF and DMSO). All 

copolymers were characterized by 1H NMR spectroscopy and size exclusion chromatography 

(SEC) (Tables 3.1 and 3.2). After copolymerization, the full conversion of both monomers was 

determined. The SEC elugrams of all copolymers exhibit moderate to narrow monomodal 

molecular weight distributions. As SEC is a relative method, no absolute molecular weights were 

determined, and all molecular weights are apparent vs PEO standards. Presumably, the 

hydrodynamic radii of PAz are smaller than those of PEO in DMF due to the higher hydrophobicity. 

Compared to the theoretical molecular weight (Table 3.1), the absolute molecular weight (from 

NMR) is higher than that measured in SEC under these conditions, which is in accordance with 

the molecular weight determination via 1H NMR measurements.37 1H DOSY NMR further 

confirmed a successful crossover reaction between tosyl- and mesyl-activated aziridines and 

ethylene oxide (Figures S3.4 and S3.5). The 1H NMR spectra show resonances for both PEO and 

PAz. From the 1H NMR spectra, the absolute Mn was calculated by comparing the resonances of 

the initiator (at 7.3–7.2 ppm, 5H and 4.6–4.5 ppm, 2H) to the resonances of both comonomers 

(7.8–7.5, 2H ppm for TsMAz; 2.1–1.9 ppm, 3H for MsMAz; and 4H for ethylene glycol repeating 

units). If 2-methyl-N-tosylaziridine (TsMAz) is used as the comonomer, polymers with Mw/Mn ≤ 

1.23 were obtained, indicating an efficient crossover reaction from the activated aziridine to EO. 

2-Methyl-N-mesylaziridine (MsMAz) and EO were polymerized with a narrow molecular weight 

distribution of Mw/Mn = 1.12 for P4. With higher degrees of polymerization of MsMAz (P5 and 

P6), moderate Mw/Mn ratios of around 1.5 were obtained. (SECs are shown in Figures S3.2, S3.3, 

S3.6, and S3.7). 
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Table 3.1: Characterization Data for All Polymers Based on Ethylene Oxide (EO), 2-Methyl-N-
tosylaziridine (TsMAz), and 2-Methyl-N-mesylaziridine (MsMAz) 

P# Polymera Mn
a Mn

b Mw/Mn
b 

PTsMAz-b-PEO 

1 P(TsMAz6-b-EO116) 7200 3700 1.20 

2 P(TsMAz35-b-EO45) 9500 3200 1.23 

3 P(TsMAz12-b-EO195) 11300 7900 1.28 

PMsMAz-b-PEO 

4 P(MsMAz5-b-EO116) 5500 4300 1.12 

5 
P(MsMAz50-b-

EO176) 
14500 5200 1.56 

6 
P(MsMAz56-b-

EO168) 
15000 6400 1.53 

a Absolute Number-average molecular weight (in g/mol) 

determined via 1H NMR b Number-average molecular weight and 

molecular weight dispersity determined via SEC in DMF (vs. 

PEO standards). 

 

Table 3.2: Characterization Data for Multiblock Copolymers of Ethylene Oxide (EO) and 2-Methyl-N-
tosylaziridine (TsMAz) 

P# Polymera Mn
a Mn

b Mw/Mn
b 

Tetra block 

7 P(TsMAz15-b-EO211) 12600 3600 1.33 

8 
P(TsMAz15-b-EO211- 

b-TsMAz7-b-EO170) 
21600 5100 1.25 

Penta block 

9 P[(EO67)]2 6000 3300 1.14 

10 P[(EO67-b-TsMAz5-b-EO95)]2 16400 4100 1.15 

 

To elucidate the comonomer sequence, the reactivity ratios for ethylene oxide and 

TsMAz/MsMAz were determined by real-time 1H NMR kinetics. The copolymerization was 

performed in sealed NMR tubes, and the resonances of both monomers at 2.05–1.90 ppm for the 

MsMAz ring protons or at 2.20–2.10 ppm for the TsMAz ring protons were integrated over time 

and compared to the integral of the resonance of EO (2.6–2.7 ppm) (Figures 3.1A and S3.12 and 

S3.16 for MsMAz). The highlighted relevant signals of the monomers show the consumption of 

the monomers over time. 
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Figure 3.1. (A) Close-up image of the real-time 1H NMR spectra of the one-pot block polymerization of 
EO (blue) and TsMAz (orange). (Figure S12 shows the full spectra.) (B) Meyer–Lowry fit of the real-time 
NMR kinetics of TsMAz and EO. (C) Copolymerization diagram of TsMAz and EO. 

Figures S3.18 (MsMAz) and S3.14 (TsMAz) show the individual monomer conversion vs the 

total conversion of monomers; Figures S3.17 (MsMAz) and S3.13 (TsMAz) show the assembly of 

the individual monomers in the polymer over time, and direct information on the comonomer 

incorporation is accessible. In addition, the linearity of these plots underlines the living character 

of this copolymerization. Both MsMAz and TsMAz confirmed a much faster conversion compared 

to that for EO. The activated aziridines are consumed first, and EO is ring-opened only after the 

respective aziridine monomer has been consumed almost completely. This results in a very sharp 

monomer gradient with basically no tapered structure, that is, a selective polymerization of the 

activated aziridine first and the formation of block copolymer PAz-b-PEO. From the monomer 

conversion plots (Figures S3.14 and S3.18), only a very slight tapering effect for MsMAz is 

detected after about 15% conversion. A conversion of ethylene oxide of about 2% was measured, 

which might also be in the range of errors. For the TsMAz/EO copolymerization, no tapering was 

detected. In both cases, we assume the formation of block copolymers, and in the following text, 

we call the products “block copolymers”, even if a very small gradient might be formed. In 

previous work, we have proven that the sulfonamide group strongly influences the reaction 

kinetics for aziridines.20,36 Because of the electron-withdrawing effect of the sulfonamide on the 

aziridine ring, nucleophilic ring-opening is favored compared to that on the nonactivated ethylene 

oxide, resulting in higher propagation rates for the sulfonyl aziridines. This results in the selective 

polymerization of TsMAz or MsMAz before the propagation of EO is initiated. Thus, the 

electrophilicity of the activated aziridines determines the reaction rate. This however, might be 

different for other activating groups. As the tosyl group has a higher electron-withdrawing effect 

than the mesyl group, the propagation rate of TsMAz (kp = 12.15 × 10–4 L/mol·s) is ca. 5-fold faster 

than that of MsMAz (kp = 2.49 × 10–4 L/mol·s), and the overall reaction time is faster compared to 

those of MsMAz and EO. The reactivity ratios were determined by Meyer–Lowry (terminal model) 
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and Jaacks (non-terminal model, with the corresponding fits for TsMAz/EO shown in Figure 3.1B 

and those for MsMAz/EO shown in Figures S3.20 and S3.21).38,39 The reactivity ratios determined 

by Meyer–Lowry were used to visualize the microstructure of block copolymers for MsMAz and 

TsMAz (Figure 2). To the best of our knowledge, such a large difference in reactivity ratios has 

never been reported for anionic copolymerization. The extreme reactivity difference of these 

monomer pairs leads to the formation of perfect linear block copolymers for TsMAz/EO (rTsMAz = 

265.0 and rEO = 0.004) and grafted block copolymers (branching in the SI 3, 3.6.13 and 3.6.14) and 

for MsMAz/EO (rMsMAz = 151.0, rEO = 0.013). Both methods (Jaacks and Meyer–Lowry) had very 

similar values for reactivity ratios, and (r1·r2) in all cases very close to 1, confirming an ideal 

copolymerization and indicating that the influence of the reactive chain end is far inferior to the 

reactivity of the monomers. In comparison to this extreme difference in monomer reactivity, Frey 

and co-workers18,40 recently reported on the anionic copolymerization of styrene with isoprene, 

which produces tapered copolymers with a relatively sharp gradient (rI = 11.0 and rS = 0.049). This 

example was long seen as one of the most pronounced gradients reported for living anionic 

copolymerization. In the case of 4-methylstyrene and isoprene, an even sharper gradient with rI 

= 25.4 and r4MS = 0.007 was obtained, which shortens the tapered “midblock” significantly, leading 

to the formation of more blocklike copolymers. More pronounced reactivity ratios are known 

only for catalytic polymerizations or the radical copolymerization of a sterically demanding or 

halogenated monomers.41 

 

Figure 3.2: Mean composition (F) of the polymer chains versus the total conversion determined by the 
Meyer–Lowry fit. (Top) Simulated monomer distribution of a 50:50 block copolymer based on the 
reactivity ratios of MsMAz (pink) and EO (blue). (Bottom:) TsMAz (orange) and EO (blue). 

Copolymers containing longer segments of MsMAz (P5 and P6) exhibited a broadened 

molar mass distribution, which is probably attributed to branching by deprotonation at the CH3 

group in the mesyl activating group from the active chain. This deprotonation was recently 

postulated by Rupar’s group and others for the anionic polymerization of mesyl-activated 
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azetidine (Scheme S3.1).42 With the fast conversion of MsMAz and the subsequent transfer to the 

epoxide, the basic living alkoxides chain can deprotonate the mesyl CH3 group, and the additional 

PEO arms are grafted. This would lead to P(MsMAz-co-(MsMAz-g-PEO))-b-PEO structures (cf. 

Scheme S3.1). This grafting of PEO in the case of MsMAz was confirmed by determining the 

number of hydroxy groups in the copolymer. The terminal OH groups were reacted with 2-chloro-

4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, and the number of hydroxy groups was quantified 

by 31P NMR as reported previously.43 Although the number of hydroxy groups (n(OH)) in P1 was 

determined to be close to n(OH) ≈ 1 as expected for a linear copolymer, P5 carries n(OH) ≈ 5, 

which is attributed to branching by the proton abstraction of the mesyl group (Table S3.3, Figures 

S3.27−S3.33. Additionally, quantitative 13C NMR spectra of the different polymers further show 

the branching, and MsMAz as the integral of the terminal CH2–OH group is 5-fold higher for P5 

than for linear polymers as in P1 (Figures S3.32 and S3.33). 

Having the one-pot diblock copolymer preparation established, fast access to PEO/PAz 

multiblock structures is available. After the one-step synthesis of a poly(TsMAz)-b-PEO, a second 

addition of the TsMAz/EO monomer pair to the living chains leads to an amphiphilic tetrablock 

copolymer, and with further n/2 additions, the synthesis of A-B multiblock polymers with n 

segments becomes possible. SEC and NMR clearly prove the block transfer and the formation of 

the ABAB-tetrablock copolymer (Figure 3.3A). The first addition of both monomers yielded a 

diblock copolymer with PTsMAz15-b-PEO211, and after the second addition, the ABAB-tetrablock 

with a composition of PTsMAz15-b-PEO211-b-PTsMAz7-b-PEO170 was obtained. 

 

Figure 3.3: (A) SEC traces of P(TsMAz-b-PEO) (black, P7) and a tetrablock of TsMAz and EO (green, P8). 
(B) SEC traces of P(EO) macroinitiator (black, P9) and a pentablock of TsMAz and EO (green, P10). 
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ABABA-pentablock copolymers can be prepared even faster: using difunctional PEO as a 

macroinitiator for the copolymerization of the TsMAz/EO mixture, due to the different reactivity 

ratios an amphiphilic pentablock copolymer is prepared in a single step, as again confirmed by 

NMR and SEC (Figure 3.3B). With a PEO134 macroinitiator, an ABABA-pentablock with the 

composition of P[(EO67-b-TsMAz5-b-EO95)]2 and a dispersity of 1.20 was obtained. 

Prepared diblock copolymers PAz-b-PEO were readily soluble in tetrahydrofuran, dimethyl 

sulfoxide, chloroform, dichloromethane, and benzene. Except for P2 with a block ratio of 35:45 

aziridine to epoxide repeating units, all polymers could be dissolved in water. Because of their 

amphiphilic nature, micelles are formed in water, rendering those block copolymers as interesting 

surfactants. The sulfonamide is additionally responsive to changes in the ionic strength of the 

medium (e.g., by the addition of acid or salts), allowing the block copolymers to be switched to 

double-hydrophilic materials by the addition of an acid. Surface tension measurements were 

performed on P1 (HLB = 16) and P5 (HLB = 10) as a result of their similarity to other nonionic 

surfactants (such as Lutensol, HLB = 18, in which HLB stands for the hydrophilic lipophilic 

balance).44,45 Analyzing the concentration-dependent surface tension showed critical micelle 

concentration (CMCs) for P1 of 0.05 g/L and P5 of 0.01 g/L, which are comparable to those of 

commercial nonionic surfactants such as Lutensol AT 50 and 80 with 0.01 g/L (Figures S3.25 and 

S3.26 and Table S3.2). The surface tension of the tested samples at 1 g/L was extrapolated to 

almost the same values with 49.3 mN/m for P1 and ca. 55 mN/m for P5 (Lu AT50 = 49.3 mN/m, 

Lu AT 80 = 48.6 mN/m). As the amphiphilic PAz-b-PEO block copolymers exhibit surfactant 

properties that were similar to those of conventional nonionic surfactants, we tested their 

capability to stabilize free-radical miniemulsion polymerization in preparing polymer 

nanoparticles. PAz-b-PEO (P1) was selected to stabilize styrene nanodroplets in direct 

miniemulsion polymerization. P1 was able to sterically stabilize the styrene nanodroplets and the 

resulting polystyrene nanoparticles effectively. The final dispersion contained well-defined PS 

nanoparticles with an average diameter of 92 nm (Đ = 0.01, from dynamic light scattering, Figure 

3.4, zeta potential = −11 mV, SEM is shown in Figure S3.23). The addition of aqueous HCl resulted 

in the destabilization of the dispersion resulting from the interaction of the protons with the 

sulfonamides (Figure S3.24) and thus allowed the film formation of polymer dispersions under 

acidic conditions and the recovery of the surfactant in the supernatant. 
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Figure 3.4: Autocorrelation function (C(q, t)) of PS particles (blue) and the relaxation time distribution 
(H(ln(t)) (black). The photograph shows the aqueous dispersion (solid content = 2.0 wt %). 

3.4 Summary 

The first combination of aza- and oxyanionic ring-opening polymerization was performed 

by copolymerizing EO and MsMAz or TsMAz. Because of distinct differences in reactivity, the 

activated aziridines polymerize selectively as the first block and produce block copolymers in a 

one-pot and one-step reaction. We proved that the sulfonamide anion is able to perform an 

efficient crossover reaction to EO, i.e., oxyanionic ring-opening polymerization. Difunctional 

initiators and multiple additions of the monomers further open doors to a variety of amphiphilic 

ABAB or ABABA-multiblock copolymers in a reduced number of synthesis steps. The amphiphilic 

block copolymers can be further used as nonionic surfactants for emulsion polymerization or the 

production of various nanostructures by self-assembly. 



Fast Access to Amphiphilic Multiblock Architectures by the Anionic Copolymerization of Aziridines and Ethylene Oxide 

134 

3.5 References Chapter 3 

1 Shanmugam, S.; Boyer, C. Stereo-, temporal and chemical control through photoactivation of living 
radical polymerization: synthesis of block and gradient copolymers. J. Am. Chem. Soc. 2015, 137 
(31), 9988– 9999 

2. Matyjaszewski, K.; Ziegler, M. J.; Arehart, S. V.; Greszta, D.; Pakula, T. Gradient copolymers by atom 
transfer radical copolymerization. J. Phys. Org. Chem. 2000, 13 (12), 775– 786. 

3. Bates, F. S.; Fredrickson, G. H. Block Copolymers—Designer Soft Materials. Phys. Today 1999, 52 (2), 
32– 38. 

4. O’Reilly, R. K.; Hawker, C. J.; Wooley, K. L. Cross-linked block copolymer micelles: functional 
nanostructures of great potential and versatility. Chem. Soc. Rev. 2006, 35 (11), 1068– 1083. 

5. Cui, H.; Chen, Z.; Zhong, S.; Wooley, K. L.; Pochan, D. J. Block copolymer assembly via kinetic control. 
Science 2007, 317 (5838), 647– 650.  

6. Bates, F. S.; Hillmyer, M. A.; Lodge, T. P.; Bates, C. M.; Delaney, K. T.; Fredrickson, G. H. Multiblock 
polymers: panacea or Pandora’s box?. Science 2012, 336 (6080), 434– 440. 

7. Tonhauser, C.; Frey, H. A road less traveled to functional polymers: epoxide termination in living 
carbanionic polymer synthesis. Macromol. Rapid Commun. 2010, 31 (22), 1938– 1947. 

8. Baskaran, D.; Müller, A. H. E. Anionic vinyl polymerization - 50 years after Michael Szwarc. Prog. 
Polym. Sci. 2007, 32 (2), 173– 219. 

9. Hirao, A.; Goseki, R.; Ishizone, T. Advances in living anionic polymerization: from functional 
monomers, polymerization systems, to macromolecular architectures. Macromolecules 2014, 47 
(6), 1883– 1905. 

10. Hadjichristidis, N.; Pitsikalis, M.; Pispas, S.; Iatrou, H. Polymers with complex architecture by living 
anionic polymerization. Chem. Rev. 2001, 101 (12), 3747– 3792. 

11. Hadjichristidis, N.; Pispas, S.; Floudas, G. Block Copolymers: Synthetic Strategies, Physical Properties, 
and Applications; John Wiley & Sons: 2003. 

12. Paul, S.; Romain, C.; Shaw, J.; Williams, C. K. Sequence Selective Polymerization Catalysis: A New 
Route to ABA Block Copoly(ester-b-carbonate-b-ester). Macromolecules 2015, 48 (17), 6047– 6056. 

13. Romain, C.; Zhu, Y.; Dingwall, P.; Paul, S.; Rzepa, H. S.; Buchard, A.; Williams, C. K. Chemoselective 
Polymerizations from Mixtures of Epoxide, Lactone, Anhydride, and Carbon Dioxide. J. Am. Chem. 
Soc. 2016, 138 (12), 4120–4131. 

14. Stosser, T.; Chen, T. T. D.; Zhu, Y.; Williams, C. K. ‘Switch’ catalysis: from monomer mixtures to 
sequence-controlled block copolymers. Philos. Trans. R. Soc., A 2018, 376 (2110), 20170066. 

15. Childers, M. I.; Vitek, A. K.; Morris, L. S.; Widger, P. C. B.; Ahmed, S. M.; Zimmerman, P. M.; Coates, 
G. W. Isospecific, Chain Shuttling Polymerization of Propylene Oxide Using a Bimetallic Chromium 
Catalyst: A New Route to Semicrystalline Polyols. J. Am. Chem. Soc. 2017, 139 (32), 11048– 11054. 

16. Eagan, J. M.; Xu, J.; Di Girolamo, R.; Thurber, C. M.; Macosko, C. W.; LaPointe, A. M.; Bates, F. S.; 
Coates, G. W. Combining polyethylene and polypropylene: Enhanced performance with PE/iPP 
multiblock polymers. Science 2017, 355 (6327), 814– 816. 

17. Darensbourg, D. J.; Wu, G. P. A one-pot synthesis of a triblock copolymer from propylene 
oxide/carbon dioxide and lactide: intermediacy of polyol initiators. Angew. Chem., Int. Ed. 2013, 52 
(40), 10602–10606. 

18. Grune, E.; Appold, M.; Müller, A. H. E.; Gallei, M.; Frey, H. Anionic Copolymerization Enables the 
Scalable Synthesis of Alternating (AB)n Multiblock Copolymers with High Molecular Weight in n/2 
Steps. ACS Macro Lett. 2018, 7, 807– 810. 

19. Overberger, C. G. Polymerization Behavior of Aziridines with 1,2-Epoxides. J. Polym. Sci., Part A: Gen. 
Pap. 1964, 2 (5), 2181– 2187. 

20. Rieger, E.; Alkan, A.; Manhart, A.; Wagner, M.; Wurm, F. R. Sequence-Controlled Polymers via 
Simultaneous Living Anionic Copolymerization of Competing Monomers. Macromol. Rapid 
Commun. 2016, 37 (10), 833–839. 

21. Rieger, E.; Gleede, T.; Weber, K.; Manhart, A.; Wagner, M.; Wurm, F. R. The living anionic 
polymerization of activated aziridines: a systematic study of reaction conditions and kinetics. Polym. 
Chem. 2017, 8 (18), 2824– 2832. 

22. Rieger, E.; Blankenburg, J.; Grune, E.; Wagner, M.; Landfester, K.; Wurm, F. R. Controlling the 
Polymer Microstructure in Anionic Polymerization by Compartmentalization. Angew. Chem., Int. Ed. 
2018, 57 (9), 2483– 2487. 



Fast Access to Amphiphilic Multiblock Architectures by the Anionic Copolymerization of Aziridines and Ethylene Oxide 

135 

23. Bakkali-Hassani, C.; Rieger, E.; Vignolle, J.; Wurm, F. R.; Carlotti, S.; Taton, D. Expanding the scope of 
N -heterocyclic carbene-organocatalyzed ring-opening polymerization of N-tosyl aziridines using 
functional and non-activated amine initiators. Eur. Polym. J. 2017, 95, 746– 755. 

24. Bakkali-Hassani, C.; Rieger, E.; Vignolle, J.; Wurm, F. R.; Carlotti, S.; Taton, D. The organocatalytic 
ring-opening polymerization of N-tosyl aziridines by an N-heterocyclic carbene. Chem. Commun. 
2016, 52 (62), 9719–9722. 

25. Wang, X.; Liu, Y.; Li, Z.; Wang, H.; Gebru, H.; Chen, S.; Zhu, H.; Wei, F.; Guo, K. Organocatalyzed 
Anionic Ring-Opening Polymerizations of N-Sulfonyl Aziridines with Organic Superbases. ACS Macro 
Lett. 2017, 6, 1331– 1336. 

26. Thomi, L.; Wurm, F. R. Aziridine Termination of Living Anionic Polymerization. Macromol. Rapid 
Commun. 2014, 35 (5), 585–589. 

27. Bakkali-Hassani, C.; Coutouly, C.; Gleede, T.; Vignolle, J.; Wurm, F. R.; Carlotti, S.; Taton, D. Selective 
Initiation from Unprotected Aminoalcohols for the N-Heterocyclic Carbene-Organocatalyzed Ring-
Opening Polymerization of 2-Methyl-N-tosyl Aziridine: Telechelic and Block Copolymer Synthesis. 
Macromolecules 2018, 51 (7), 2533– 2541. 

28. Rieger, E.; Manhart, A.; Wurm, F. R. Multihydroxy Polyamines by Living Anionic Polymerization of 
Aziridines. ACS Macro Lett. 2016, 5 (2), 195– 198. 

29. Gleede, T.; Rieger, E.; Homann-Müller, T.; Wurm, F. R. 4-Styrenesulfonyl-(2-methyl)aziridine: The 
First Bivalent Aziridine-Monomer for Anionic and Radical Polymerization. Macromol. Chem. Phys. 
2018, 219, 1700145. 

30. Reisman, L.; Mbarushimana, C. P.; Cassidy, S. J.; Rupar, P. A. Living Anionic Copolymerization of 1-
(Alkylsulfonyl) aziridines to Form Poly (sulfonylaziridine) and Linear Poly (ethylenimine). ACS Macro 
Lett. 2016, 5 (10), 1137– 1140. 

31. Mbarushimana, P. C.; Liang, Q.; Allred, J. M.; Rupar, P. A. Polymerizations of Nitrophenylsulfonyl-
Activated Aziridines. Macromolecules 2018, 51 (3), 977– 983. 

32. Tauhardt, L.; Kempe, K.; Knop, K.; Altuntaş, E.; Jäger, M.; Schubert, S.; Fischer, D.; Schubert, U. S. 
Linear Polyethyleneimine: Optimized Synthesis and Characterization - On the Way to 
“Pharmagrade” Batches. Macromol. Chem. Phys. 2011, 1918– 1924. 

33. Jager, M.; Schubert, S.; Ochrimenko, S.; Fischer, D.; Schubert, U. S. Branched and linear 
poly(ethylene imine)-based conjugates: synthetic modification, characterization, and application. 
Chem. Soc. Rev. 2012, 41 (13), 4755–4767. 

34. Monnery, B. D.; Hoogenboom, R. Synthesis and Properties of Polyalkylenimines. Cationic Polymers 
in Regenerative Medicine; Royal Society of Chemistry: London, 2015; pp 30– 61. 

35. Stewart, I. C.; Lee, C. C.; Bergman, R. G.; Toste, F. D. Living Ring-Opening Polymerization of N-
Sulfonylaziridines: Synthesis of High Molecular Weight Linear Polyamines. J. Am. Chem. Soc. 2005, 
127 (50), 17616– 17617. 

36. Gleede, T.; Rieger, E.; Liu, L.; Bakkali-Hassani, C.; Wagner, M.; Carlotti, S.; Taton, D.; Andrienko, D.; 
Wurm, F. R. Alcohol- and Water-Tolerant Living Anionic Polymerization of Aziridines. 
Macromolecules 2018, 51 (15), 5713– 5719. 

37. Thomi, L.; Wurm, F. R. Living Anionic Polymerization of Functional Aziridines. Macromol. Symp. 
2015, 349 (1), 51– 56. 

38. Blankenburg, J.; Wagner, M.; Frey, H. Well-Defined Multi-Amino-Functional and Stimuli-Responsive 
Poly (propylene oxide) by Crown Ether Assisted Anionic Ring-Opening Polymerization. 
Macromolecules 2017, 50 (22), 8885– 8893. 

39. Rieger, E.; Blankenburg, J.; Grune, E.; Wagner, M.; Landfester, K.; Wurm, F. R. Controlling the 
polymer microstructure in anionic polymerization by compartmentalization. Angew. Chem., Int. Ed. 
2017, 57 (9), 2483– 2487. 

40. Grune, E.; Johann, T.; Appold, M.; Wahlen, C.; Blankenburg, J.; Leibig, D.; Müller, A. H. E.; Gallei, M.; 
Frey, H. One-Step Block Copolymer Synthesis versus Sequential Monomer Addition: A Fundamental 
Study Reveals That One Methyl Group Makes a Difference. Macromolecules 2018, 51 (9), 3527– 
3537. 

41. Brandrup, J.; Immergut, E. H.; Grulke, E. A.; Abe, A.; Bloch, D. R. Polymer Handbook; Wiley: New 
York, 1989; Vol. 7. 

42. Reisman, L.; Rowe, E. A.; Liang, Q.; Rupar, P. A. The anionic ring-opening polymerization of N-
(methanesulfonyl) azetidine. Polym. Chem. 2018, 9, 1618– 1625. 

43. Balakshin, M.; Capanema, E. On the quantification of lignin hydroxyl groups with 31P and 13C NMR 
spectroscopy. J. Wood Chem. Technol. 2015, 35 (3), 220– 237. 



Fast Access to Amphiphilic Multiblock Architectures by the Anionic Copolymerization of Aziridines and Ethylene Oxide 

136 

44 Griffin, W. C. Calculation of HLB values of non-ionic surfactants. J. Soc. Cosmet. Chem. 1954, 5 (4), 
249– 256. 

45 Guo, X.; Rong, Z.; Ying, X. Calculation of hydrophile-lipophile balance for polyethoxylated surfactants 
by group contribution method. J. Colloid Interface Sci. 2006, 298 (1), 441– 450. 



Fast Access to Amphiphilic Multiblock Architectures by the Anionic Copolymerization of Aziridines and Ethylene Oxide 

137 

3.6 Supporting Information for Fast access to amphiphilic multi-

block architectures by anionic copolymerization of aziridines 

and ethylene oxide 

3.6.1 Chemicals.  

Solvents and reagents were purchased from Acros Organics, TCI, Sigma-Aldrich or Fluka 

and used as received unless otherwise stated (2-(benzyloxy)ethan-1-ol, 1,4-bis(hydroxy-methyl)-

benzene) methanol, diethylether, anhydrous DMSO, sodium, benzophenone). Deuterated 

solvents were purchased from Deutero GmbH. 2-methyl-N-tosylaziridine (TsMAz) and 2-methyl-

N-mesylaziridine (MsMAz) were synthesized according to already published procedures and dried 

by azeotropic distillation from benzene to remove traces of water.1 Ethylene oxide was purified 

before use by distillation from dry butyl lithium into a clean and dry ampule. Cesium hydroxide 

monohydrate was handled inside of a glove box. Tetrahydrofuran was freshly distilled and stored 

over blank sodium with traces of benzophenone, purple color indicating absence of water. 

3.6.2 Methods. 

1H NMR 31P NMR and 13C NMR spectra were recorded using, a Bruker Avance 300, a Bruker 

Avance III 500, or a Bruker Avance III 700. All spectra were referenced internally to residual proton 

signals of the deuterated solvent, 31P NMR were referenced to the used standard signal at 

148.60 ppm. For P1-P6 SEC measurements in dimethylformamide (DMF) (containing 1.0 g/L of 

lithium bromide as an additive) an Agilent 1100 Series was used as an integrated instrument, 

including a GRAM (PSS) column (10000/1000/100 A), a UV detector (270 nm), and a RI detector 

at a flow rate of 1 mL/min at 60 °C. Calibration was carried out using PEO standards provided by 

Polymer Standards Service. For P7-P10 SEC measurements were done in dimethylformamide 

(DMF) (containing 0.25 g/L of lithium bromide as an additive) an Agilent 1100 Series was used as 

an integrated instrument, including a PSS HEMA column (106/105/104 g/mol), a UV detector (275 

nm), and a RI detector at a flow rate of 1 mL/min at 50 °C. Calibration was carried out using PEO 

standards provided by Polymer Standards Service. 

Differential scanning calorimetry measurements were performed using a Mettler. Toledo 

DSC 823 calorimeter. Three scanning cycles of heating-cooling were performed in the 

temperature range from −140 to 250 °C. Heating rates of 10 °C/min were employed under 

nitrogen (30 mL/min). Surface tension measurements to determine the critical micelle 

concentration were performed using a DCAT 11 EC tensiometer (Dataphysics, Filderstadt, 
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Germany) equipped with a TV 70 temperature control unit, an LDU 1/1 liquid dosing and a refill 

unit, as well as an RG 11 Du Nouy ring. All solutions were stirred for 120 s at a stirring rate of 50%. 

The tension values were measured three times after 300 s. The CMC was determined by linear 

regression of the slopes at high and at low concentration. The point of intersection was 

determined as the CMC. The Du Nouy ring was washed with water and annealed in a butane 

flame prior to use.  

Scanning electron microscopy (SEM) was performed on a 1530 LEO Gemini microscope 

(Zeiss, Oberkochen, Germany). The nanoparticle dispersion (10 µL) was diluted in 3 mL of distilled 

water, drop-cast onto silica wafers, and dried under ambient conditions. Afterward the silica 

wafers were placed under the microscope and each sample was analyzed at a working distance 

of ~3 mm and an accelerating voltage of 0.2 kV. 

Dynamic light scattering measurements (DLS) were performed on an ALV spectrometer 

consisting of a goniometer and an ALV-5004 multiple-tau full-digital correlator( 320 channels) 

which allows measurements over an angular range from 20° to 150. A He-Ne Laser operating at 

a laser wavelength of 632.8 nm was used as light source. For temperature controlled 

measurements the light scattering instrument is equipped with a thermostat from Julabo. Diluted 

samples were filtered through PTFE membrane filters with a pore size of 0.45 µm (LCR syringe 

filters). Measurements were performed at 20°C at different angles ranging from 30° to 150°. 
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3.6.3 One Pot block polymerization procedure 

3.6.3.1 General procedure for the copolymerization of activated aziridines and EO.

  

 

 

Example with the calculated amounts for P1: All glassware was flame-dried at reduced 

pressure before the reaction. The initiator 2-(benzyloxy)ethan-1-ol (28.8 mg, 190 µmol, 1 eq), and 

28.6 mg (170 µmol, 0.9 eq.) cesium hydroxide monohydrate were placed in a 100 mL Schlenk flask 

and suspended in 10 mL benzene. The mixture is stirred at 60 °C under an argon atmosphere for 

1 h, evacuated at 80 °C (10-2 mbar) for 3 h to remove benzene and residual water azeotropically 

and to generate the corresponding cesium alkoxides initiator. Subsequently, approx. 20 mL dry 

THF were cryo-transferred into the Schlenk flask to dissolve the initiator. 0.9 mL (18 mmol, 95 eq) 

ethylene oxide were cryo-transferred into a graduated ampule and then into the reaction flask 

containing the initiator in THF. In a separate flask, the respective amount of the activated aziridine 

(TsMAz or MsMAz) was dissolved in ca. 3 mL benzene and dried for ca. 4h at reduced pressure to 

remove traces of water by azeotropic distillation. Then 200 mg (0.95 mmol, 5 eq) TsMAz was 

added via syringe with 1 mL anhydrous DMSO. The reaction mixture was heated to 60 °C and 

stirred for 12 h before the living chain ends were terminated with methanol and the copolymer 

was precipitated in cold diethyl ether to remove potentially unreacted monomers and DMSO. The 

copolymers were obtained as white to a light yellow solid in high yield (82%).  

1H NMR (300 MHz, Chloroform-d) δ 7.76 (m, 12H) TsMAz, 7.42 – 7.12 (m, 12H) TsMAz, 4.54 (d, 

2H) Initiator, 4.42 – 4.16 (m, 6H) 3.64 (s, 464H) PEO, 2.40 (m, 18H), 1.16 – 0.69 (m, 18H) TsMAz. 
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Figure S3.1: 1H NMR of P1 (300 MHz, Chloroform-d). 
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Figure S3.2: SEC trace of P(TsMAz6-b-PEO116) (P1) in DMF, RI-signal. 
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Figure S3.3: SEC trace of P(TsMAz35-b-PEO45) (P2) in DMF, RI-signal. 

 

 

Figure S3.4: 1H NMR-DOSY (CDCl3, 700 MHz, 298K) of P(TsMAz9-b-PEO116) (P1). 

 

 



Fast Access to Amphiphilic Multiblock Architectures by the Anionic Copolymerization of Aziridines and Ethylene Oxide 

142 

The copolymerization of MsMAz and EO was performed in direct analogy to TsMAz and EO. 
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Figure S3.6: SEC trace of P(MsMAz5-b-PEO116) (P4) in DMF, RI-signal. 

 

Figure S3.5: 1H NMR-DOSY (CDCl3, 700 MHz, 298K) of P(MsMAz5-b-PEO116) (P4). 
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Figure S3.7: SEC trace of P(MsMAz50-b-PEO176) (P5) in DMF, RI-signal. 
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3.6.4 General procedure for the synthesis of ABABA-pentablock 
copolymers with A=PEO and B=PTsMAz. 

 

In a flame-dried reaction tube, 28.8 mg of cesium hydroxide monohydrate (0.17 mmol, 

1.5 eq) were added to 16 mg of 1,4-bis(hydroxy-methyl)-benzene (0.11 mmol, 1 eq). 2 mL of 

methanol was added to dissolve the mixture. Then 5 mL of benzene were added and the mixture 

was stirred for 60 min at 60 °C, methanol, benzene, and water were removed at reduced pressure 

(ca. 10-2 mbar) during 3 h at 60 °C. The drying procedure was repeated with an additional 5 mL of 

benzene (60°C, 3h, 10-2 mbar). The initiator was then dissolved in 5 mL of dry DMSO and 0.5 mL 

ethylene oxide (10.3 mmol, 90 eq) were added to the reaction flask. The mixture was allowed to 

stir for16 h. 

To the freshly synthesized difunctional PEO, 0.5 mL ethylene oxide (10.3 mmol, 90 eq) and 

0.250 g of predried TsMAz (1.2 mmol, 11 eq) were added in DMSO via a gas-tight syringe. The 

polymerization was continued for 16h at 60°C and terminated by the addition of methanol. The 

mixture was then diluted with water and dialyzed against deionized water to remove DMSO. 

Yield: (897 mg, 72%). 

1H NMR of P9 (difunctional PEO ) (300 MHz, Chloroform-d) δ 7.30 (s, 4H) Initiator, 4.54 (s, 4H) 

Initiator, 3.64 (s, 532H) PEG. 

1H NMR of P10 (ABABA-pentablock) (300 MHz, Chloroform-d) δ 8.05 – 7.55 (m, 20H) TsMAz, 7.46 

– 7.09 (m, 20H) TsMAz, 4.53 (s, 4H) Initiator, 4.42 – 4.16 (m, 10H) 3.36 (s, 1296H) PEG, 2.50 – 2.23 

(m, 30H) TsMAz, 1.19 – 0.75 (m, 30H) TsMAz. 
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Figure S3.8: 1H NMR of P9 (300 MHz, Chloroform-d). 

 

 

 

Figure S3.9: 1H NMR of P10 (300 MHz, Chloroform-d). 
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3.6.5 General procedure for the synthesis of ABAB-tetrablock 
copolymers with A=PEO and B=PTsMAz. 

 

All glassware was flame-dried at reduced pressure before the reaction. The initiator 2-

(benzyloxy)ethan-1-ol (16.0 mg, 105 µmol, 1eq) and 15.6 mg (92 µmol, 0.9 eq.) of cesium 

hydroxide monohydrate were placed in a Schlenk flask and suspended in 5 mL benzene. The 

mixture was stirred at 60 °C under an argon atmosphere for 1 h, evacuated at 80 °C (10-2 mbar) 

for 3 h to remove benzene and water to generate the corresponding cesium alkoxide. In a 

separate flask, the respective amount of TsMAz was dissolved in ca. 3 mL benzene and dried for 

ca. 4h at reduced pressure to remove traces of water by azeotropic distillation. 4 mL of anhydrous 

DMSO were then added to the freshly generated initiator and 0.5 mL (10.3 mmol, 100 eq) of 

ethylene oxide were cryo-transferred into the reaction flask and 250 mg (1.2 mmol, 12 eq) TsMAz 

was added via syringe dissolved in 1 mL of anhydrous DMSO. The reaction mixture was heated to 

60 °C and stirred for 16h. To the living diblock copolymer solution, 0.5 mL (10.3 mmol, 100 eq) of 

ethylene oxide were cryo-transferred into the reaction flask and 250 mg (1.2 mmol, 12 eq) of 

TsMAz was added via syringe dissolved in 1 mL of anhydrous DMSO. After 16 h at 60 °C the living 

chain ends were terminated by the addition of methanol and the copolymer was dialyzed against 

water to remove DMSO. The copolymer were obtained as white to a light yellow solid with high 

yield (1.12 g, 84%). 

1H NMR of P 7 (AB-diblock) (300 MHz, Chloroform-d) δ 8.10 – 7.56 (m, 30H) TsMAz, 7.55 – 7.12 

(m, 30H) TsMAz, 4.56 (s, 2H) Initiator, 4.42 – 4.16 (m, 15H), 3.85 – 3.42 (m, 841H) PEG, 2.57 – 2.15 

(m, 45H) TsMAz, 1.25 – 0.68 (m, 45H) TsMAz. 

1H NMR of P 8 (ABAB-tetrablock) (300 MHz, Chloroform-d) δ 8.08 – 7.51 (m, 44H) TsMAz, 7.45 – 

7.08 (m, 44H) TsMAz, 4.55 (s, 2H) Initiator, 4.42 – 4.16 (m, 22H), 3.85 – 3.42 (m, 1520H) PEG, 2.57 

– 2.15 (m, 66H) TsMAz, 1.25 – 0.68 (m, 66H) TsMAz. 
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Figure S3.10: 1H NMR of P 7 (300 MHz, Chloroform-d). 

 

 

Figure S3.11: 1H NMR of P 8 (300 MHz, Chloroform-d). 
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3.6.6 Example procedure for the real-time 1H NMR kinetics: 
copolymerization of activated aziridines and ethylene oxide. 

The initiator 2-(benzyloxy)ethan-1-ol 72.0 mg (10 eq) and 71.0 mg (9 eq) of cesium 

hydroxide monohydrate were placed in a Schlenk flask and suspended in ca. 3 mL benzene. The 

mixture was stirred at 60 °C under an argon atmosphere for 1 h, evacuated at 80 °C (10-2 mbar) 

for 3 h to remove benzene and water to generate the corresponding cesium alkoxide. 2.0 mL of 

anhydrous DMSO-d6 were added to dissolve the initiator. From this solution, 0.2 mL (1 eq) were 

added to a dry, valved NMR tube for high-pressure measurements (Wilmad® low 

pressure/vacuum NMR tube (Wilmad, 507-LPV-7)). Then, a solution of TsMAz (100 mg, 470 µmol) 

in 0.5 mL DMSO-d6 was added to the opened NMR tube under argon atmosphere. After 

solidification of the DMSO-d6, the initiator and the aziridine by cooling the NMR tube with liquid 

nitrogen vacuum (10-2 mbar) was applied to the NMR tube. Ethylene oxide (7600 µmol)* was than 

cryo-transferred to the reaction mixture. The tube was left in liquid nitrogen to be further 

evacuated (10-2 mbar). The NMR tube was sealed by the valve and the mixture was allowed to 

melt. It was mixed by shaking by hand and placed in the NMR spectrometer to record the first 

spectrum. The temperature was kept at 40°C with sample spinning turned off for 20 h. Intervals 

between two measurements were 409 s. Conversion of TsMAz and EO was quantitative. 

* Ethylene oxide was directly cryotransfer from the ethylene oxide reservoir, EO amount added 

to the NMR tube was calculated from the final 1H NMR of the polymer by comparing the amount 

TsMAz (100 mg, 470 µmol) and ethylene oxide. 
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Figure S3.12: A: Zoom into the real-time 1H NMR spectra of the one pot block polymerization of EO (blue) 
and TsMAz (orange). Degreasing EO signal is overplayed by DMSO and CH3- signal.  

 

 

Figure S3.13: Assembly of each monomer in the polymer verus reaction time in min. Linearity proves 
living character of the polymerization. 
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Figure S3.14: Normalized single monomer concentration versus total monomer conversion. 
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Figure S3.15: SEC trace of P(TsMAz12-b-PEO195) (P3 from the NMR kinetics) in DMF, RI-signal. 
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3.6.7 Real-time 1H NMR kinetics (Data for MsMAz and EO): 

The copolymerization of MsMAz and EO was performed in direct analogy to TsMAz and EO. 

 

Figure S3.16: Zoom into the real-time 1H NMR spectra of the one-pot block polymerization of EO (blue) 
and MsMAz (pink). 

 

 

Figure S3.17: Assembly of each monomer in the polymer verus reaction time in min. linearity proves 
lining character of the polymerization. 
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Figure S3.18: Normalized single monomer concentration versus total monomer conversion. 
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Figure S3.19: SEC trace of P(MsMAz56-b-PEO168) (P6) in DMF, RI-signal. 
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3.6.8 Evaluation of reactivity ratios via Jaacks assuming an ideal 
copolymerization 

For the ideal case of a copoylmerizationen r1*r2=1 the copolymerization the 

copolymerization equation simplifies and is transformed in its integrated form:2 

Equation S1: Copolymerization equation of an ideal copolymerization: 
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According to Jaacks this equation can be used assuming the copolymerization is ideal to fit the 

experimental data:3 

 

 

Figure S3.20: Jaacks fit from the real-time NMR data of MsMAz and EO (left), Jaacks fit from the real-time 
NMR data of TsMAz and EO (right). 
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3.6.9 Evaluation via the Meyer-Lowry equation 

The integration of the Mayo Lewis equation introduced by Skeist and first performed 

analytically by Meyer-Lowry yields the Meyer-Lowry equation. This equation enables the fit of 

the experimental compositional drift of f1 during the total conversion X. 4  

Equation S3.2. Meyer-Lowry equation for the evaluation of reactivity ratios. 
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Figure S3.21: Meyer-Lowry fit from the real-time NMR data of MsMAz and EO. 
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3.6.10 Calculation of the copolymer microstructure. 

The resulting microstructure of the copolymers can be calculated by numerical integration 

according to Skeist or directly with the Meyer Lowry equation in the interval of conversion from 

0 to 1 with a given set of reactivity ratios. We used the reactivity ratios determined by the Meyer-

Lowry method. This process gives values for total conversion X and fraction of comonomer 

concentration f1. To determine the values of F1 which corresponds to instantaneous comonomer 

incorporation, the values of f1 can be converted by the altered Mayo-Lewis equation using the 

same reactivity ratios.  
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The determined slopes y determined above by linear interval fits can be converted to the 

fractions F1 incorporated into the polymer by the relationship shown below. The total conversion 

X is calculated as mentioned above. This process requires no knowledge regarding the reactivity 

ratios, and it is possible to determine the microstructure from a copolymerization experiment. 

This enables the comparison of the experimental data with the calculated microstructure. 

Equation S3.3. Calculation of F1 and total conversion X. 
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In this manner, the copolymerization diagram depicted in Figure S 21 and Figure 1C were created. 
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Figure S3.22: Copolymerization diagram of MsMAz and EO. 

 

 

Table S3.1. Overview of the determined reactivity ratios for the comonomer pairs TsMAz and EO or 
MsMAz and EO. 

 r(MsMAz) r(EO) 𝑟1 ∙ 𝑟2 r(TsMAz) r(EO) 𝑟1 ∙ 𝑟2 

Jaacks Fit 136 0.007 1.0 253 0.004 1.0 

Meyer-Lowry Fit 151 0.013 1.9 265 0.004 1.1 

 



Fast Access to Amphiphilic Multiblock Architectures by the Anionic Copolymerization of Aziridines and Ethylene Oxide 

157 

3.6.11 General procedure for the miniemulsion polymerization of 
styrene stabilized by P1.  

P1 (541 mg) was dissolved in 24 g of water. A solution of 6.10 g styrene, 253 mg of hexadecane 

and 103.63 mg of 2,2'-azobis(2-methylbutyronitrile) (V59) was prepared and added dropwise to 

the vigorous stirring aqueous solution containing P1. The emulsion was stirred for 1 h at 1000 

rpm. The emulsion was ultrasonicated (450 W, 2 min, 90% amplitude) to produce a stable 

miniemulsion and sealed. The miniemulsion was placed in an oil bath at 70°C and the 

polymerization was allowed to proceed for 24 h. The final nanoparticle dispersion had a solid 

content of w=19,9%. DLS: Particle size = 92 nm, PDI = 1.01 
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Figure S3.23: SEM images of PS nanoparticles stabilized with P1 

 

 

Figure S3.24: PS nanoparticle dispersion stabilized with PTsMAz-b-PEO (left), addition of hydrochloric 
acid destabilizes the dispersion by protonation of the sulfonamide groups (photo taken after 4 days 
(right)). 
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3.6.12 Surface Tension Measurements 

 

Figure S3.25: Surface tension of P1 (black) and commercially available surfactants (Lu AT50, LU AT80) as 
comparison at different concentrations. Illustration shows foaming property of aqueous P1 solution 
(1.5 g/L). 

 

Figure S3.26: Surface tension of P5 (black) at different concentrations. Illustration shows foaming 
property of aqueous P5 solution (1.5 g/L). 
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Table S3.2: Surface tension measurements. 

Sample σA / 𝒎𝑵 ∙ 𝒎−𝟏 SFTB / 𝒎𝑵 ∙ 𝒎−𝟏 SFTC / 𝒎𝑵 ∙ 𝒎−𝟏 

P1 0.05 49.3 n.a. 

P5 0,01 55.0 n.a. 

Lu AT50 0.01 49.3 48 

Lu AT80 0.01 48.6 50 

A  CMC, determines by ring tensiometry, BSFT, extrapolated value at 1 g/L, CSFT from 

Literature in destilled water at 23 °C at 1 g/L (Technical information BASF SE). 

 

 
 

3.6.13 Grafting by deprotonation during MsMAz/EO 
copolymerization:  

 

Scheme S3.1: Proposed mechanism for the grafting of PEO-arms onto the PMsMAz block during the 
copolymerization of MsMAz and EO: the CH3-group from the pendant mesyl groups can be deprotonated 
by the alkoxides, resulting in grafting of PEO-chains resulting in a P(MsMAz-co-(MsMAz-g-PEO))-b-PEO.  
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3.6.14 Determination of hydroxyl groups 

Hydroxyl groups of the polymers P1, P5 were determined in analogy to M. Balakshin and E. 

Capanema.5 As a control of this method, a sample of mPEG 5k and mPEG 10k were analyzed. The 

control shows, that this method is able to quantify the amount of hydroxyl groups in polymers 

with different molecular weights, n(OH theo) and n(OH exp) in Table S3. 

 

Table S3.3: Determination of hydroxyl groups. 

polymer m(polymer / mga n(OH theo) / µmolb 
n(added 

standard) / µmolc 
n(OH exp) / µmold 

mPEG 5k 41.1 8.2 13.0 9.5 

mPEG 10k 40.5 4.1 12.5 4.7 

P1 9.9 1.4 10.6 2.9 

P5 47.8 3.3 12.9 18.4 

a: Mass of dry polymer in mg added in the NMR tube, b: molar amount of polymer corresponding to 

m(polymer) in the NMR Tube, If the polymer of ideal linear architecture this molarity corresponds exactly 

to the molarity of hydroxyl groups (n(OH theo)). c:molar quantity of the added OH standard in the NMR 

tube, this corresponding 31P-signal at 148.60 ppm was normalized. d: Molar quantity of determined 

hydroxyl groups n(OH exp.) in the polymer sample. 
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Figure S3.27: 31P NMR of modified mPEG 5k, 121 
MHz: Hydroxyl standard: 148.60 ppm, polymeric 
hydroxy groups: 143.98 ppm. 

 

Figure S3.28: 31P NMR of modified P5, 121 MHz: 
Hydroxyl standard: 148.60 ppm, polymeric 
hydroxy groups: 143.98 ppm. 

 

Figure S3.29: 31P NMR of modified mPEG10k, 121 
MHz: Hydroxyl standard: 148.60 ppm, polymeric 
hydroxy groups: 143.98 ppm. 

 

Figure S3.30: 31P NMR of modified P1, 121 MHz: 
Hydroxyl standard: 148.60 ppm, polymeric 
hydroxy groups: 143.98 ppm. 
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Figure S3.31: Plot of the theoretical and experimental concentration of hydroxyl groups (i.e. PEO chain 
ends), determined from the reaction of the PAz-PEO copolymers with 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane via 31P NMR spectroscopy. The values for TsMAz-b-PEO (P1) indicate a linear 
copolymer (with a single OH end groups), while copolymers of MsMAz and EO (P5) have a higher OH-
number, indicating chain grafting as illustrated in Scheme S1. 



Fast Access to Amphiphilic Multiblock Architectures by the Anionic Copolymerization of Aziridines and Ethylene Oxide 

164 

 

 

 

 

Figure S3.32: Quantitative 13C NMR of P5 (126 MHz, Methylene Chloride-d2) with zoom in from 72 to 58 
ppm showing carbon signal of PEO repeating units at 70.4 ppm (red) and of terminal alcohol carbon at 
61.4 ppm (blue). 

 

 

 

 

Figure S3.33: Quantitative 13C NMR of P1 (126 MHz, Methylene Chloride-d2) with zoom in from 72 to 58 
ppm showing carbon signal of PEO repeating units at 70.4 ppm (red) and of terminal alcohol carbon at 
61.4 ppm (blue). 
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4.1 Abstract 

Competitive copolymerization gives access to gradient copolymers with simple one-step 

and one-pot strategies. Due to the living nature of the sulfonyl-aziridine polymerization, gradient 

copolymers can be obtained with low dispersities and adjustable molar masses. The combination 

of different sulfonyl activating groups allowed to fine-tune the reactivity difference of the 

comonomers and thus an exact adjustment of the gradient strength. Sulfonyl-activated aziridines 

are to date the only monomer class providing access to gradient copolymers with reactivity ratios 

ranging from: (1 ≤ r1 ≤ 2; 1≥ r2 ≥ 0.5) for statistical- or soft gradient copolymers to block-

copolymers (r1 ≥ 20, r2 ≤ 0.02), only by adjusting the electron-withdrawing effect of the activation 

groups: The reactivity ratios were calculated by different models for a library of eight 

comonomers. This library was further used to classify between hard, medium, and soft gradients. 

From the data obtained from the monomer library, it was possible to predict polymerization rate 

coefficients (kp) for aziridines, which were not prepared so far: correlation of the shifts in the 

13C NMR spectra, the Hammett Parameters and secondary parameters such as calculated LUMO 

levels of the monomers and the natural charge at the electrophilic carbon, etc. were used to 

predict (co)monomer reactivity and the resulting gradient strength. We believe our findings allow 

to access tailored gradient copolymers with a controlled monomer sequence distribution 

depending on chemical control of comonomer reactivity. With these systematic data on activated 

aziridines, also more complex copolymer structures can be predicted and prepared. Such 

materials might find application as linear polyethylenimine derivatives to act as functional 

polyelectrolytes, or predesigned compatibilizers and surface-active gradient copolymers by a 

predictable one-step copolymerization. 
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4.2 Introduction 

The properties of many biopolymers are defined by their monomer sequence. The precise 

order of monomers, e.g. nucleotides in our DNA and RNA contains our genetic code, the order of 

amino acids in polypeptides controls the shape of enzymes and thereby determines their activity. 

Driven by their complex structure, sequence control became a field of research also for artificial 

polymers, but today’s polymer chemistry is still far behind nature’s complexity.1, 2 However, also 

in several synthetic examples polymer microstructures had a huge impact on materials science.3, 

4  

Herein, we controlled monomer sequence distribution by a competitive, living 

copolymerization of monomers with adjustable reactivity that will reflect their positioning along 

the polymer chain, resulting in adjustable gradient copolymers. Nature uses gradient materials to 

connect soft and hard tissues or surfaces, such as in bone tissue or nacre.5 Gradual mineralization 

or hierarchical pore structures play a crucial role in bio-inspired high-performance materials. 

Squid beaks are a prominent example representing a natural gradient material consisting of chitin 

and binding proteins which gradually introduce crosslinking which causes a hydrophobic 

environment in the chitin/protein network and a much higher break modulus and hardness.6, 7 

The gradient compared to a discrete section material has the advantage, that mechanical 

mismatches at the interface (weak spot) are avoided.5 Graded mechanical properties also exist in 

byssal threads of marine mussels, which represent a well-studied underwater adhesive material 

consisting of protein gradients, which allow fascinating properties regarding adhesive, water-

resistance and tensile strength.8 

In artificial copolymers, gradual monomer incorporation had resulted in unique mechanical 

properties or self-assembled structures.9, 10 Using the bio-inspired principle of gradient materials 

to produce graded structures and materials is of high interest in orthopedic implants and other 

high-performance materials.11 The application of Styrolux® and Styroflex® as gradient materials 

and polymer blend compatibilizers shows the impact of using gradients copolymers as additives. 

Such materials are superior to others in terms of impact strength and toughness of polymer 

films.12, 13  

Gradient copolymers with different gradient strengths would offer a plethora of 

possibilities. However, the adjustment of the gradient strength is difficult to achieve, as often 

chain-end reactivity is limiting the monomers’ compatibility or fixed reactivity ratios result in a 

single gradient profile only. Continuous monomer addition has been reported to control 

monomer gradients in controlled radical copolymerization (CRP), but this required precise control 

over the rate of addition and is thus error-prone.14-16 To further optimize gradient control in CRP, 
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D`Hooge and coworkers used in silico optimations to get predetermined feeding strategies based 

on the Mayo-Lewis equation to achieve a high gradient quality.17 With atom transfer radical 

polymerization they achieved a linear gradient microstructure of n-butyl acrylate and methyl 

methacrylate via a batch approach. Linear gradients in CRP need an appropriate catalytic system, 

which leads to low dispersities and high monomer conversions.18 Figure 4.1A illustrated such a 

graded polymer microstructure obtained by using continuous monomer addition, resulting in a 

typical linear monomer feed. Depending on the speed of monomer addition, copolymers with 

smooth (area a) or up to hard gradients (area c) can be obtained. In this context, the term 

“gradient” copolymer is often used for materials with very different gradient profiles. We suggest 

specifying gradient copolymers according to their gradient profile: soft, medium, hard, and block-

like with respect to the differences of their reactivity ratios. 

 

Figure 4.1: Polymer microstructures of gradient copolymers (of two monomers) with different gradient 
strengths prepared by living / controlled polymerization: plotted is the copolymer composition of 
monomer 1, against the total conversion of monomers 1 and 2, for living copolymerizations without 
termination. (A) Synthesized by continuous monomer feeding, with linear gradients. (B) Synthesized by 
competitive copolymerization of monomer mixtures with different reactivity ratios, with hyperbolic S-
shape gradient. 

In (competitive) copolymerizations the gradient strength depends on the reactivity ratios 

of the individual monomers and their crossover reactions. Reactivity ratios of the comonomers 

describe the reactivity differences for certain reaction conditions. The comonomer reactivity is 

chemically fixed and thus should be superior to error-prone dosing techniques. We have studied 

the anionic copolymerization kinetics for sulfonyl activated aziridines in recent years and present 

herein a systematic library of comonomers with precisely adjusted (co)monomer reactivity ratios 

covering the overall spectrum of gradient strengths (Figure 4.1B).19, 20 The gradients in Figure 4.1B 

can be distinguished from the linear gradients in Figure 4.1A by its natural S-shape, which can 
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occur symmetrically or asymmetrically. Ganesan used the term “hyperbolic” for gradients 

prepared by competitive/ statistical copolymerizations of monomer mixtures.21 By the 

introduction of different sulfonyl activation groups, the (co)monomer’s reactivity is controlled, 

depending on their electron-withdrawing effect (Scheme 4.2). A combination of different sulfonyl 

aziridines allows thereby a precise adjustment of the gradient strength in the resulting copolymer. 

To the best of our knowledge, this is the first example of a comonomer family that allows 

adjusting the reactivity ratios from perfectly random copolymerization to a formation of block 

copolymers. If the activating groups are removed after polymerization,22, 23 a full range of gradient 

polyamines can be prepared. Further combination with epoxides had resulted in a selective 

copolymerization sequence with access to multi-block copolymers.24 With this versatile synthesis 

platform for gradient-copolymers with a variable gradient strength, the terminology of “gradient” 

needs to be specified. With the in situ techniques to follow (co)polymerization reactions reliable 

methods to calculate reactivity ratios and polymer microstructures have been developed. From 

the recorded data, reactivity ratios, and Monte-Carlo simulations of the comonomer 

distributions, are provided. Monte-Carlo simulation as a kinetic model allows illustrating the 

polymer microstructure. Kinetic models, however, can also determine distributions, chain lengths 

and many more features of the copolymers.25 Due to the systematic data obtained from our 

monomer library, also the prediction of reactivity ratios by Hammett parameters or the 13C- NMR 

shift of monomers was feasible. These easy design principles will allow the preparation of 

functional poly(sulfonyl aziridine)s or (after hydrolysis) polyamines for various applications.22, 23 

 

 

Scheme 4.1: Synthesis of sulfonyl-activated aziridines starting from 2-methyl aziridine and sulfonyl 
chlorides (1-8). The monomers are sorted by increasing the electron-withdrawing effect of the activation 
group (AG). 
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4.3 Experimental Section 

4.3.1 Materials 

All solvents and reagents were purchased from Sigma-Aldrich, Acros Organics or Fluka and 

used as received unless otherwise mentioned. All deuterated solvents were purchased from 

Deutero GmbH and were distilled from CaH2 or sodium and stored in a glovebox prior to use. All 

monomers and initiators were dried extensively by azeotropic distillation with benzene prior to 

polymerization. 2-decyl-N-busyl-aziridine (1) was synthesized according to previous protocols.18 

2-methyl-N-mesyl-aziridine (2), 2-methyl-N-tosylaziridine (4), 2-methyl-N-brosylaziridine (6), 2-

methyl-N-nosylaziridine (8), and N-benzyl methane sulfonamide (BnNHMs) were synthesized to 

our previously published protocol.26 2-decyl-N-mesyl-aziridine and 2-decyl-N-tosyl-aziridine were 

synthesized according to a previously published protocol.27, 28 5 was synthesized according to 

literature.29 2-methyl-N-(4-methoxyphenyl)sulfonyl aziridine (3), 2-methyl-N-(4-

cyanophenyl)sulfonyl aziridine (7) were synthesized in analogy to 4 (analytical details below and 

1H NMR, 13C NMR in the Supporting Information Section 3). 

 

4.3.2 Instrumentation 

NMR: 1H NMR spectra were recorded using a Bruker Avance 300, a Bruker Avance III 700. 

All spectra were referenced internally to residual proton or carbon signals of the deuterated 

solvent, if not noted otherwise. SEC: Size exclusion chromatography (SEC) measurements of 

polymers were performed in DMF either at 60 °C and a flow rate of 1 mL/min with a PSS SECcurity 

as an integrated instrument (1 g L-1 LiBr added) with a PSS GRAM 100-1000 column and a 

refractive index (RI) detector or in DMF (containing 0.25 g L−1 LiBr) on an Agilent 1100 Series as 

an integrated instrument, including a PSS HEMA column (106/105/104 g mol−1) and a RI detector 

at a flow rate of 1 mL min−1 at 50 °C. Calibration was carried out using poly(ethylene glycol) 

standards provided by Polymer Standards 

Service. 

4.3.2.1 Synthesis of 7 

In a dry 250 mL, round bottom flask equipped with a stirring bar the 

4-cyanobenzolsulfonylchloride (7.5 g, 36 mmol) was dissolved in 200 mL of dry dichloromethane. 

The reaction mixture was cooled in a dry-ice acetone bath at -30 °C. 4.5 mL triethylamine (3.3 g, 
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33 mmol) was added slowly via syringe. 2.4 mL freshly distilled methyl aziridine (33 mmol) diluted 

in 20 mL dry dichloromethane was added dropwise to the reaction mixture. After stirring for 30 

min at -30 °C the reaction mixture was further stirred at room temperature for 2 hours. The DCM 

phase was washed with water (3x 50 mL), 0.2N HCl (1x 50 mL), saturated sodium bicarbonate 

solution (1x 50 mL) and brine (1x 50 mL). The organic layer was dried over MgSO4, filtered and 

concentrated below 30 °C at reduced pressure to give the product as a colorless solid. (Yield: 

6.8 g, 93%). Polymerizations were conducted with freshly recrystallized monomer. Therefore the 

monomer was dissolved in tert-butyl methyl ether (1 g in 2 mL) and recrystallized at -20 °C (small 

amounts of petroleum ether can be added if not crystallization occurs under these conditions); 

yield 400 mg (40%) purified monomer. Note: The supernatant after recrystallization can be 

concentrated at reduced pressure and recrystallization can be performed again. Attempted 

purification by sublimation or column chromatography over silica indicted ring- opened product. 

1H NMR (300 MHz, benzene-d6) δ 7.66 – 7.47 (m, 2H), 6.88 – 6.70 (m, 2H), 2.53 (h, J = 5.7 Hz, 1H), 

2.24 (dd, J = 7.0, 1.6 Hz, 1H), 1.34 (dd, J = 4.6, 1.6 Hz, 1H), 0.71 (dd, J = 5.6, 1.6 Hz, 3H). 

13C NMR (176 MHz, chloroform-d) δ 142.92, 132.99, 128.52, 117.32, 36.82, 35.56, 16.90 

4.3.2.2 Synthesis of 3 

In a dry 100 mL, round bottom flask equipped with a stirring bar, 

4-methoxybenzolsulfonylchloride (3.0 g, 14.4 mmol, 1 equiv.) was dissolved in 70 mL of dry 

dichloromethane. The reaction mixture was cooled in a dry-ice acetone bath at -30 °C. 3 mL 

triethylamine (21  mmol, 1.5 equiv.) was added slowly via syringe. Freshly distilled methyl 

aziridine (1.0 mL, 16 mmol, 1.1 equiv.) diluted in 20 mL dry dichloromethane was added dropwise 

to the reaction mixture. After stirring for 30 min at -30 °C the reaction mixture was further stirred 

at room temperature for 2 hours. The DCM phase was washed with water (3x 50 mL), saturated 

sodium bicarbonate solution (1x 50 mL) and brine (1x 50 mL). The organic layer was than dried 

over MgSO4, filtered and the solvent was removed at reduced pressure (yield: 2.5 g, 83%). Further 

purification by column chromatography over silica can be conducted with petrol ether and ethyl 

acetate (3:7 volume ratio) Rf: 5.4. The product was obtained as a colorless solid. 

1H NMR (300 MHz, chloroform-d) δ 7.94 – 7.82 (d, 2H), 7.05 – 6.96 (d, 2H), 3.88 (s, 3H), 2.88 – 

2.72 (m, 1H), 2.59 (d, J = 7.0 Hz, 1H), 2.01 (d, J = 4.6 Hz, 1H), 1.25 (d, J = 5.6 Hz, 3H). 

13C NMR (75 MHz, chloroform-d) δ 163.68, 130.11, 130.00, 118.30, 114.40, 55.79, 35.92, 34.84, 

16.94. 
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4.3.2.3 Monitoring polymerizations by in-situ 1H NMR spectroscopy.  

Inside of a glovebox in a nitrogen-atmosphere, 100 mg of the respective monomer or 

monomer mixture was dissolved as a 10 wt% solution with a total volume of 1.0 mL deuterated 

DMF. A monomer to initiator ratio of [M]0:[I]0 = 50:1 was used in all cases. The initiator-solution 

in 1 mL deuterated DMF was prepared separately. E.g.: BnNHMs (10 eqiv.), Potassium 

bis(trimethylsilyl)-amide (KHMDS) (10 eqiv.) in 1mL DMF-d7. From this 1/10th (1equiv.) was used. 

A conventional NMR-tube was filled with the monomer(s) in DMF and sealed with a rubber 

septum. From the initiator stock solution, 100 µL were added to the monomer mixture, mixed 

quickly and inserted into the spectrometer. All 1H NMR kinetics were recorded using a Bruker 

Avance III 700. All spectra were referenced internally to residual proton signals of the deuterated 

solvent dimethylformamide-d7 at 8.03 ppm. The π/2-pulse for the proton measurements was 

13.1 µs. The spectra of the polymerizations were recorded at 700 MHz with 32 scans (equal to 

404 s (acquisition time of 2.595 s and a relaxation time of 10 s after every pulse)) until the 

polymerization was completed. No B-field optimizing routine was used over the kinetic 

measurement time. The spin-lattice relaxation rate (T1) of the ring-protons, which are used 

afterward for integration, was measured before the kinetic run with the inversion recovery 

method.30 

4.3.2.4 Determination of reactivity ratios 

The reactivity ratios illustrated in Table 4.1 were calculated by three different nonterminal 

models following the instructions of Jaacks,31 Frey,32 or BSL33 and the Meyer-Lowry34 model as a 

terminal model. For the anionic polymerization of aziridines, a nonterminal approach should be 

valid, given our previous studies: the propagating sulfonamide anions do not differ significantly 

in their size or nucleophilicity,35 indicating a similar chain-end reactivity for all growing chains. We 

further assume efficient initiation by the activated initiator because the sulfonamide initiator 

(BnNHMs) is fully deprotonated.  

Calculation of reactivity ratios by using the Jaacks model: 

The Jaacks model estimates the reactivity ratios under the assumption of an ideal 

copolymerization r1*r2=1.31 Using this assumption the following equation can be used to fit the 

experimental data.36 

Copolymerization equation of an ideal copolymerization.36 

𝑑[𝑀1]

𝑑[𝑀2]
= 𝑟1

[𝑀1]

[𝑀2]
 (equation 1) 

[𝑀1]

[𝑀1,0]
= (

[𝑀2]

[𝑀2,0]
)

𝑟1

 (equation 2) 
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𝑙𝑜𝑔 (
[𝑀1]

[𝑀1,0]
) = 𝑟1𝑙𝑜𝑔 (

[𝑀2]

[𝑀2,0]
) (equation 3) 

𝑟2 =
1

𝑟1
 (equation 4) 

Calculation of reactivity ratios by using the Meyer-Lowry model:34 

𝑋 = 1 − (
𝑓

𝑓0
)

𝑟2
1−𝑟2 ∙ (

1−𝑓

1−𝑓0
)

𝑟1
1−𝑟1 ∙ (

𝑓−
1−𝑟2

2−𝑟1−𝑟2

𝑓0−
1−𝑟2

2−𝑟1−𝑟2

)

𝑟1𝑟1−1

(1−𝑟1)(1−𝑟2)

(equation 5) 

Calculation of reactivity ratios by using the Frey model:32 

The ideal integrated model estimated the reactivity ratios under the assumption of a simplified 

version of an ideal copolymerization and defined 𝑟1*𝑟2=1. This model is mathematically less 

complex and prevents overfitting. 𝑟2 is calculated with equation 4 and not by fitting. Equation 6 

is similar to the first two terms of the Meyer-Lowry equation. However, the exponents, containing 

the reactivity ratios, only consider a single r-value as its origin is a non-terminal ideal 

model (𝑟2 ∙ 𝑟2 = 1) 

𝑋 = 1 − (
𝑓

𝑓0
)

1

𝑟1−1
∙ (

1−𝑓

1−𝑓0
)

𝑟1
1−𝑟1 (equation 6) 

Calculation of reactivity ratios by using the BSL model: 

The BSL model is another non-terminal model for the calculation of the reactivity ratios, using the 

following definition for the monomer conversion using equations 7 and 8 from literature.33 The 

equation enables the determination of reactivity ratios at any conversion for copolymerizations, 

which follow the nonterminal model of copolymerization kinetics.  

𝑋 = 1 − 𝑓1,0 (
𝑀1

𝑀1,0
) − (1 − 𝑓1,0) (

𝑀1

𝑀1,0
)

𝑟2

 (equation 7) 

𝑋 = 1 − 𝑓1,0 (
𝑀2

𝑀2,0
)

𝑟1

− (1 − 𝑓1,0) (
𝑀2

𝑀2,0
) (equation 8) 

 

4.3.2.5 Calculation of the copolymer microstructure 

The copolymer microstructure can be calculated by the previously obtained reactivity 

ratios 𝑟1 and 𝑟2. Therefore, the instantaneous copolymer composition F1 is plotted against the 

total monomer conversion 𝑋. 

Equations used for the calculation of the copolymer microstructure: 

𝑋 = 1 −
[𝑀1]+[𝑀2]

[𝑀1,0]+[𝑀2,0]
 (equation 9) 

𝑏 =
[𝑀1]

[𝑀2]
 (equation 10) 

𝜀 =
1+𝑟1𝑏

1+𝑟2𝑏−1 (equation 11) 
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𝐹1 =
𝜀

1+𝜀
 (equation 12) 

4.3.2.6 Computational Details 

All DFT calculations were carried out with the Gaussian 09 package.37 The structures were 

optimized at the B3LYP level of theory,38 with the basis set of 6-31+G*.39, 40 Accurate electronic 

energies were obtained from single point calculations at the B3LYP level upon the optimized 

structures, in conjunction with the 6-311++G** basis set.39, 41 The single point calculations were 

performed together with the PCM (Polarizable Continuum Model) model by employing DMF as 

the solvent.42-44 Vertical ionization potentials and electron affinities were computed with the 

solution-phase single point electronic energies. Population analysis was carried out using the 

natural bond orbital option within the single point calculations.45 

The following equations have been used to calculate the interested properties: 

µ = −
1

2
(𝐼𝑃 + 𝐸𝐴) (equation 13) 

𝜂 = 𝐼𝑃 − 𝐸𝐴 (equation 14) 

with IP is the ionization potential, EA is the electron affinity, η is the chemical potential and μ is 

the chemical hardness. The IP and EA were calculated based on the relax geometries of cations 

and anions. 
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4.4 Results and Discussion 

To synthesize gradient copolymers in a batch or one-pot reaction it is essential to use a 

controlled or living polymerization techniques. Living anionic polymerization of aziridines was 

conducted in 2005 for the first time by substituting the N-proton with a sulfonyl group.46 The 

electron withdrawing nature of the sulfonyl group allows a nucleophilic attack on the non-

substituted side of the aziridine ring. Depending on the electron-withdrawing strength of the 

sulfonyl substituents, the monomer reactivity can be adjusted.20 By choosing functional groups 

either as a side group in the 2-position27, 47 or on the activation group29 multiple functional 

polyethylenimine derivatives are accessible.  

 

Scheme 4.2: The living anionic ring-opening polymerization of activated aziridines (AG = activation 
group). 

We previously studied the polymerization kinetics of activated aziridines under different 

conditions. In contrast to epoxide polymerization, different alkali metal counter ions only slightly 

influenced the polymerization kinetics;48 the presence of protic impurities is tolerated by the 

weakly basic sulfonamide chain-end but slowed down propagation rates.35 Multi-gradient 

copolymers had been prepared by copolymerization of up to five different activated aziridines in 

solution20 or adjustable gradient copolymers were prepared by polymerization in emulsion.28  

4.4.1 Monomer Synthesis and Polymerization 

Monomers 1, 2, 4-6, 8 were prepared according to our previous protocols.20, 29, 46 3 and 7 

were synthesized to enlarge the comonomer reactivity library by a similar protocol: the one-step 

reaction of 2-methyl aziridine and the respective sulfonyl chlorides was applied with yields higher 

than 80% in most cases.20, 29, 46 Both, the novel monomer 7 and monomer 820 are highly reactive 

to moisture and special care has to be taken in their purification and storage (see experimental 

part for details). Similar findings were reported by Rupar and coworkers for other nitrosyl 

aziridines.49 To suppress spontaneous polymerization of 7 or 8, it proved to be essential to remain 

the temperatures below 30 °C during workup and to use mild recrystallization for purification. 

The polymerizations were conducted in an NMR tube, resulting in well-defined polysulfonamides 

with narrow molar mass distributions and monomodal SEC elugrams (representative examples 

for P(3) and P(7) are reported in Figures S4.15 and S4.17). 
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4.4.2 Prediction of the monomer reactivity and a forecast on the 
polymer microstructure 

The electron-withdrawing (EWD) behavior of the sulfonyl groups in the monomer library 

(1-8) was quantified (Scheme 4.1): To predict comonomer gradient profiles, the 13C NMR shifts of 

the ring carbons can be used easily to illustrate the electron-withdrawing strength of the different 

sulfonamides. Figure 4.2A shows a zoom into the 13C NMR spectra of the monomers. For a better 

comparison between the different electron withdrawing groups, the chemical shift of the 

pendant methyl group was set as a reference. The relative chemical shifts of the electrophilic 

carbons in the 2- and 3-position clearly shifted downfield, with increasing EWD strength of the 

substituents from 1 to 8. The Hammett parameter (σ), a substituent constant correlating 

originally to the reaction coefficient of benzoic acid derivatives, correlates also with the carbon 

shift of the 13C NMR spectra, allowing to quantify and to predict the copolymerization behavior. 

Figure 4.2B illustrates the relation of the Hammett parameter of each monomer with the 

chemical shifts determined from the 13C NMR spectra. A similar linear relation of the Hammett 

parameter with the β -carbon shifts of different vinyl monomers was reported by Ishizone et al.50 

We here observed this trend for monomers which undergo ring-opening polymerization, to the 

best of our knowledge a similar reactivity profile has not been reported for oxiranes, thiiranes, 

cyclic esters or other cyclic monomers for ring-opening polymerization.  

 

 

Figure 4.2: A: Zoom into the 13C NMR spectra of activated aziridines 1-8 ordered from top to bottom with 
increasing EWD behavior (note: the chemical shift of the pendant methyl group was used as a reference), 
B: Correlation between the 13C NMR shift and the Hammett substituent parameter 𝝈. (Note: Values for 
monomers 1 and 2 are not listed, as they carry aliphatic sulfonamides.) 
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The propagation rate coefficient (kp) for the polymerizations of monomers 1-8 (except 5) 

were determined from in-situ 1H NMR spectroscopy by a previously reported method.20 The kp-

values correspond to the electron-withdrawing effect of the sulfonyl group in the order 1 (slow) 

to 8 (fast), 1H NMR data for the new P3 and P7 are summarized in Figure S4.16, S4.18. Table 4.1 

summarizes the kinetic data for the polymerizations, the 13C NMR shifts, and the Hammett 

parameters (σ) for all monomers. Section 3 in the Supporting Information summarizes the 

theoretical and experimental molar masses and the dispersities (determined by SEC). The 

apparent molar masses from SEC of polyaziridines (e.g. 3 and 7) are underestimated compared 

to the theoretical molar mass on our setup, which might be attributed to the hydrophobic 

character of the polymers. Also the relatively high molar mass of the pendant chains does not 

increase the hydrodynamic radii of the polymers, which further decreases the apparent molar 

masses in SEC. 

Table 4.1: Relative 13C NMR shifts and Hammett parameters for monomers 1-8 and kinetic data and molar 
mass characteristics of for P1-P8.* 

Monomer (1)* (2)* (3) (4) (5)** (6)*** (7) (8)*** 

reference 20 20 This work 20 29 20 This work 20 

C2-13C NMR shift 34.03 35.13 35.75 35.85 36.03 36.26 36.70 36.84 

Hammett 

Parameter σ 
--- --- -0.27 -0.17 -0.04 0.23 0.66 0.78 

kp / 10-3 L mol-1 s-1 5 15 37 41 50 71 90 97 

* calibration to solvent signal (77.16 ppm). ** kp value of 5 was determined via a correlation 
method using equation 15. *** kp values were taken from the literature. Polymerizations 
conducted with 10 wt% monomer concentration, with 50 equivalents monomer to 1 equivalent 
initiator at 50 °C in DMF-d7, 
 

Besides the 13C NMR shift of each monomer, also the propagation rate coefficient (kp) 

correlated in the same trend to the Hammett parameters (Figure 4.3; note: monomers having a 

non-aromatic activation group (1 and 2) are shown in grey, not included in the fit). Based on the 

13C NMR shifts and/or the Hammett parameters, prediction of the propagation rates of other 

activated aziridines becomes feasible by the following fit equations calculated from the 

experimental data (from Figures 4.3A and 4.3B): 

𝑘𝑝 = 58 ∙ 𝜎 + 52 (equation 15) 

𝑘𝑝 = 56 ∙ 𝐶 𝑠ℎ𝑖𝑓𝑡13 − 1973 (equation 16) 
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Figure 4.3: (A) Correlation between the determined kp values and the Hammett Substituent Parameter. 
(B) Correlation between kp values and 13C shift of the 3 positioned ring carbon (in gray the aliphatic 
activation groups, excluded from the linear fit. 

The kp value for monomer 5 was calculated exemplarily: equation 15 gave 

kp = 50·10-3 L mol-1 s-1, while equation 16 gave a very similar kp = 52·10-3 L mol-1 s-1, indicating that 

both relations can be used to estimate polymerization kinetics, which corresponded well with its 

copolymerization behavior (cf. Table 4.3). Figure 4.4 shows several predicted values for aromatic 

sulfonyl-activated aziridines based on the Hammett parameters of the substituents (Table S4.1 

summarizes the Hammett parameters according to reference51 and the calculated kp values 

according to equation 15. Note: the Hammett parameters are only valid for aromatic 

sulfonamides, the aliphatic sulfonamides, however, seem to follow the same trend of reactivity 

controlled by the EWD of the respective group). 
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Figure 4.4: Prediction of propagation rate constants (kp) of various sulfonyl aziridines vs. Hammett 
parameters (black squares: measured, grey circles: Hammett parameters are taken from literature and 
estimated kp value). 

In addition to NMR data and Hammett parameters, DFT calculations were conducted to 

quantify the electron-withdrawing behavior and correlate this to the monomer reactivity. 

Calculations were performed employing the Gaussian self-consistent reaction field (SCRF) option 

with N,N-dimethylformamide as solvent. Details on this option can be found here 

https://gaussian.com/scrf/ and details on the overall setup of the calculations can are provided 

in the section to computational details. To assess the monomers’ reactivity, LUMO and HOMO 

energies of the sulfonyl aziridines, bond lengths of the N-S bond and the natural charge of the 

electrophilic site of the activated aziridines were used (cf. Table S4.2). In all cases, also these 

calculated values allow sorting sulfonyl-activated aziridines to their expected 13C NMR shifts or 

propagation rates (Figure S4.1). Figure S4.1A shows, the LUMO and HOMO energies of all 

monomers. As LUMO energies decrease with increasing EWD, this calculation allows a quick 

estimation of monomer reactivity. The data indicated that a potential monomer with a reactivity 

higher than monomer 8 has a LUMO energy which is lower than -3.5 eV and thereby probably 

very unstable and plagued by spontaneous polymerization. The nitrosyl monomers prepared by 

Rupar et. al.49 are an example of such highly reactive sulfonyl aziridines as they spontaneously 

ring-opened. Such findings are supported by data from Stanetty and coworkers, who reported on 

dinosyl activated aziridines that ring-opened rapidly in the presence of alcohols.52 As Figures 

S4.1B and S4.1D illustrate the N-S bond distance shortens systematically, which correlates with 

the explanations that the free electron pair of the nitrogen compensated the electron loss on the 

sulfur caused by the activation group. The natural charge at the electropositive carbon in Figure 

S4.1 C and S4.1E represent the electrophilicity of the 3-positioned carbon caused by the EWD 
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nature of the activation groups, with very reactive monomers having a higher natural charge. In 

summary, sulfonyl activated aziridines allow a systematic adjustment of comonomer reactivity 

and thus the preparation of a variety of gradient copolymers. 

4.4.3 Copolymers: Reactivity ratios and variation of polymer 
gradient strength 

The monomer sequence distribution in copolymers of sulfonyl aziridines depends on the 

different EWD group of each comonomers. Hoogenboom and coworkers recently studied cationic 

ring-opening copolymerizations of oxazolines and oxazines and reported that the reactivity ratios 

depended on the nucleophilicity of the monomers and less on the electrophilicity of the chain 

end.53, 54 For anionic polymerization, the comonomer reactivity depends mostly on the 

electrophilic nature of the monomers but not on the nucleophilicity of the active chain end.35 

Copolymers with different gradient profiles had been reported from carbanionic,55-57 

oxyanionic,32, 58 and azaanionic copolymerization.20, 28 In general, reactivity ratios can be 

calculated from copolymerization data via different models. The oldest methods to extract 

reactivity ratios were developed by Wall,31 followed by Alfrey and Goldfinger,59 as well as Mayo 

and Lewis.60 They can be used for either terminal or nonterminal polymerizations. However, the 

differential equations are replaced by modern integrated fitting models. Meyer and Lowry 

applied an integrated Mayo-Lewis equation. The Meyer-Lowry model can directly fit the 

experimental data; comonomers composition (f) in the reaction mixture depending on the total 

comonomers conversion (X) in the form of a compositional drift.34 Meyer-Lowry and other 

integrated models are further distinguished by being nonterminal or terminal models, meaning 

that the nature of the active chain end has or has no effect on the polymerization. Modern in 

silico modeling techniques can also consider the influence of the monomer sequence just before 

the active chain end, e.g. two monomers (penultimate), three monomers (pen-penultimate).25, 61 

Reactivity ratios were calculated by nonterminal models; Recently, Lynd and coworkers 

suggested that reliable reactivity ratios could be calculated either via the Meyer-Lowry (if the 

terminal model is required) or the Beckingham-Sanoja-Lynd method (BSL / nonterminal model) 

because the integrated methods are more accurate than linearized models. The authors also 

pointed out the importance of choosing the right method to distinguish between non-terminal 

and terminal copolymerizations to determine accurate reactivity ratios.62 Non-terminal models 

like BSL should be preferred for the oxyanionic ring-opening polymerization.32, 33 In addition to 

the existing non-terminal methods, the authors introduced a method to calculate reactivity ratios 

based on a simplified version of the Meyer-Lowry equation. The original Meyer-Lowry approach 
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fits both reactivity ratios, while the adapted version fits only one and calculates the other from 

the reciprocal of r1 (see equations 5 and 6). This fitting plot has the same axis as the Meyer-Lowry 

method (an integrated form of Mayo Lewis), which allows direct comparison of non-terminal with 

a terminal model 
32 In 1972, Jaacks reported an elegant method, which does not use the Meyer-

Lowry equation to extract reactivity ratios. His approximate terminal model is also applicable to 

copolymerizations like the one of styrene and methacrylate, which require a terminal model.36  

In contrast to most literature, in which typically only a single calculation method is used, which 

might lead to inaccurate results, we used four models to calculate the reactivity ratios for our 

copolymerizations. We monitored all copolymerizations by in situ 1H NMR and extracted the 

monomer conversions by selecting one or more distinct proton resonances. To calculate the 

reactivity ratios, we applied different methods on the data (varying the conversions to minimize 

the difference of the obtained values). Therefore, we calculated the respective reactivity ratios 

by the different methods at different conversions (usually up to 40%) to minimize the difference 

of the resulting reactivity ratios by the linear least square method (data, which was not used to 

determine the fit function is illustrated in grey in the plots in the Supporting Information or Figure 

4.5). In most cases at least three methods resulted in very similar reactivity ratios (Tables 4.2 and 

4.3), which also correlate with the reactivity of each monomer expected from the electron-

withdrawing effects of the sulfonamide activating groups. To the best of our knowledge, this 

calculation and optimization of reactivity ratios by different methods and varying conversion has 

not been reported before. The electron-withdrawing effects of the sulfonamides, i.e. the 

electrophilicity of each comonomer allows prediction of the expected reactivity ratios and is an 

additional control over the calculated values. To visualize the polymer microstructures, we used 

the reactivity ratios based on the method reported recently (Tables 4.2 and 4.3)32 using the 

equation for comonomers composition (F1) : 

𝐹1 =
𝑑[𝑀1]

𝑑[𝑀1]+𝑑[𝑀2]
=  

𝑟1𝑓1
2+𝑓1𝑓1

2

𝑟1𝑓1
2+2𝑓1𝑓2+𝑟2𝑓2

2 (equation 17) 

We present two visual illustrations of the monomer distribution in the copolymers: the monomer 

fraction (F) was plotted against the total conversion for a theoretical 50:50 mixture of both 

comonomers. This plot easily allows predicting the copolymer microstructure visualizing the 

gradient strength (Table 4.2 and 4.3 middle plot). In addition, we performed Monte Carlo 

simulations to better visualize the comonomer incorporation. We used the monomer reactivities 

and plotted a theoretical monomer distribution of 10 individual copolymer chains vs. the degree 

of polymerization. In contrast to previous visualizations for comonomer sequence distributions 

calculated by Monte Carlo simulations,32 we set the molar mass dispersity to unity to exclude 

chain length effects on the visualization. Both plots, allow estimating the percentage of the 
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tapered part in the polymer and the actual gradient strength. Table 4.2 shows the copolymer 

compositions of tosyl- and mesyl activated aziridines with varying side chains. This set of 

copolymerizations underline that the monomer reactivity is dominated by the electron 

withdrawing effect of the activation group, while the side group in the 2-position of the aziridines 

had only little influence on the comonomer reactivity in those cases. If tosyl monomers were 

copolymerized with mesyl activated aziridine (Table 4.2, entries 1 and 2), copolymers with a 

medium gradient strength were obtained. No significant difference for the reactivity ratios (r1≈5 

and r2≈0.2) and microstructures was determined in both cases. In contrast, for copolymerization 

of aziridines with the same activation groups, random copolymers were obtained (Entries 3 and 

4 of Table 4.2). 



Competitive Copolymerization: Access to Aziridine Copolymers with Adjustable Gradient Strengths 

185 

 

 

Figure 4.5: Copolymerization data for the combination of monomers 2 and 7. A: Monomer concentration 
as function of total conversion; B: logarithmic plot of monomer consumption over time (linearity proves 
living character); C: Jaacks fit on in-situ NMR data of the copolymerization; D: BSL fit on in-situ NMR data 
of the copolymerization; E: Frey fit on in-situ NMR data of the copolymerization; F: Meyer-Lowry fit on 
in-situ NMR data of the copolymerization. All methods used data from 0 to 50% conversion to determine 
reactivity values. 
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Table 4.2: Comonomer reactivity and distributions for copolymerizations of sulfonyl aziridines with 
different activating groups and the reactivity ratios calculated with nonterminal models from Jaacks,36 
Frey,32 BSL.33, 62 and Meyer-Lowry34 (M-L). Visualization of the copolymer compositions calculated from 
the reactivity ratios and via Monte Carlo simulated microstructure of the copolymers. 

Co-Monomers 
Reactivity  

ratios 
Illustrations of microstructures 

  Method 𝒓𝟏, 𝒓𝟐 
Monomer fraction F plotted 

against total conversion 
Monte Carlo simulation of 
comonomer distribution 

 

Jaacks 5.476, 0.182 

  

Frey 5.526, 0.180 

BSL 5.540, 0.181 

M-L 5.634, 0.190 

 

Jaacks 5.508, 0.181 

  

Frey 5.493, 0.182 

BSL 5.487, 0.182 

M-L 5.461, 0.178 

 

Jaacks 0.929, 1.074 

  

Frey 0.900, 1.110 

BSL 0.903, 1.106 

M-L n. c. 

 

Jaacks 1.354, 0.737 

  

Frey 1.359, 0.735 

BSL 1.359, 0.735 

M-L 1.428, 0.784 

n. c. not calculated. M-L did not give reasonable reactivity ratios for the fitted data with any monomer conversion 

 

Besides these random and medium gradients (region b in Figure 4.1), activated aziridines 

allowed the preparation of other gradient profiles as well. Copolymers with soft gradients were 

accessible for example, when (3) and (4) with reactivity ratios of 1.75 and 0.57 were 

copolymerized. The gradient with 5 represented with similar reactivity ratios also a copolymer 

with a soft gradient.  We suggest defining a soft gradient for reactivity ratios of r1: ≤ 2 and r2: ≥ 

0.5.  

Increasing the slope of the tapered block further leads to medium gradient copolymers 

(region b in Figure 4.1). During the final stages of the copolymerization exclusively to the less 

reactive monomers is reacting and building a separated block (cf. Table 4.2, entries 1 and 2). The 

properties of copolymers with a medium gradient microstructure differ measurably from random 

copolymers. Copolymers with medium gradients had been reported as compatibilizers in polymer 

blends which decreased domain size significantly when compared to block copolymers.14, 21, 63, 64  
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As (6) has a stronger EWD group, it generated, like MsMAz (2) with TsMAz (4), a more 

pronounced gradient yielding in a polymer with exclusively consisting of the less active monomer 

(4) in the terminal 10%, which is illustrated by the Monte Carlo simulation and the monomer 

fraction plot. Other soft gradient copolymers were reported for the carb-anionic 

copolymerization of isoprene with myrcene.56 Reactivity ratios of r1: 4.4 and r2: 0.23 formed a soft 

gradient with a smoothly increasing concentration of isoprene over the total conversion towards 

a novel bio-based natural rubber. The cationic polymerization also gives examples for the 

formation of gradients, oxazolines, for example, are known to form soft to medium gradient 

copolymers, depending on either on steric hindrance or electron pushing or withdrawing 

behavior of the oxazoline side group.65, 66  

Further increase of slope of the tapered microstructure led to polymers which can be seen 

as “triblock” copolymers consisting of a monomer “A” block at the beginning and a monomer “B” 

block at the end, connected by a mixed block composed of A and B, as illustrated in the green 

region c in Figure 4.1.13, 67 Due to the tapered middle block, the chemical interface is smoothed 

out, which had been detected by electron microscopy.64, 68 We suggest using the term hard 

gradient copolymer, whenever the structure for a triblock copolymer is clearly visible. Reactivity 

ratios leading to hard gradients are typically in the order of around r1: 7.5-25 and r2: 0.13-0.04. 

Such hard gradient copolymers were obtained in poly(7-co-4) and poly(8-co-4) (entries 4 and 5, 

Table 4.3), proving that ca. 30 to 40 % of the terminal blocks consist exclusively of the monomer 

with the lower reactivity. The “middle block” exhibits a hard gradient and spans over 20-30% of 

the total degree of polymerization. 
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Table 4.3: Comonomer reactivity and distributions for copolymerizations of sulfonyl aziridines of 
monomers with different activating groups and the reactivity parameters calculated with nonterminal 
models from Jaacks,36 Frey,32 BSL33, 62 and Meyer-Lowry34 (M-L). Visualization of the copolymer 
compositions calculated from the reactivity ratios and via Monte Carlo simulated microstructure of the 
copolymers. 

Co-Monomers 
Reactivity  

ratios 
Visualization of copolymer microstructures 

  Method 𝒓𝟏, 𝒓𝟐 
Monomer Fraction F plotted 

against total conversion 
Monte Carlo simulation of 
comonomer distribution 

 

Jaacks 1.674, 0.596 

  

Frey 1.752, 0.570 

BSL 1.759, 0.573 

M-L n. c. 

 

Jaacks 1.681, 0.590 

  

Frey 1.682, 0.594 

BSL 1.675, 0.590 

M-L 1.477, 0.495 

 

Jaacks 4.245, 0.235 

 
 

Frey 4.245, 0.235 

BSL 4.245, 0.235 

M-L 4.251, 0.236 

 

Jaacks 13.791, 0.072 

  

Frey 14.021, 0.071 

BSL 14.084, 0.071 

M-L 17.625, 0.199 

 

Jaacks 22.664, 0.044 

  

Frey 23.347, 0.042 

BSL 23.801, 0.043 

M-L 28.880, 0.132 

 

Jaacks 68.997, 0.014 

  

Frey 76.306, 0.013 

BSL 99.825, 0.013 

M-L 87.036, 0,027 

n. c. not calculated. M-L did not give reasonable reactivity ratios for the fitted data with any monomer 
conversion. 
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If the reactivity ratio difference further increases, the gradient profile in this “middle block” 

gets even harder and a block-like copolymer is obtained, which is probably not to distinguish from 

a “real” block copolymer, prepared by sequential monomer addition. In the aziridine family, such 

block copolymers can be obtained by a competitive copolymerization of a highly activated (7) and 

a less activated monomer (2) (entry 6 in Table 4.3). Poly(7-co-2) copolymers proved a tapered 

middle segment of only 5% and reactivity ratios of r1=76.31 and r2=0.01. A further increase in 

reactivity differences was achieved in a previous study by our group when sulfonyl aziridines were 

copolymerized with ethylene oxide. This comonomer mixture produced block copolymers with 

the largest difference in comonomer reactivity reported for anionic polymerization to date 

(r1=151, r2=0.013 (2 and EO) and r1=265, r2=0.004 (3 and EO)).  

Grune at. al. conducted recently copolymerization studies of 4-methylstyrene and isoprene 

and observed the formation of a hard gradient copolymer with a tapered section of around 10% 

for reactivity ratios of r1: 25.4, r2: 0.0007.55 Carbanionic copolymerization of the rapid 

polymerizing myrcene with styrene showed to give a hard gradient copolymer.56 Reactivity ratios 

of r1: 36, r2: 0.028 formed a block-polymer with a tapered section less than 10% (hard gradient) 

while the copolymerization of myrcene with an even less reactive partner (4-methylstyrene) 

formed a block-copolymer without visible tapering effect (r1: 140, r2: 0.0074).56 To form block like 

copolymers according to a one-step polymerization on a monomer mixture, reactivity ratios of 

r1 ≥ 20, r2 ≤ 0.02 are required. An actual difference in the polymer microstructure is not visible if 

reactivity ratios become extremer than r1: ~100 and r2: ~0.01. Figure 4.6 illustrates the effect of 

the increasing reactivity difference of the comonomer set plotted as a copolymerization diagram 

(the grey dashed line shows an ideal statistical copolymerization, at any time the monomer ratios 

in the solution is similar to the monomer content in the polymer). With an increasing reactivity 

difference between the monomers the curves deviate further from the ideal statistical 

copolymerization, i.e. the more reactive monomer is converted into the polymer faster than the 

less reactive one.  
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Figure 4.6: Copolymerization diagram of different comonomer pairs (reactivity ratios are listed in 
Table 4.3). 

4.5 Conclusion 

Gradient copolymers further expand the properties of copolymers in polymer science. 

Adjusting the gradient strength by the chemical design of the comonomer reactivity gives access 

to a variety of new copolymer structures. The family of sulfonyl-activated aziridines was used to 

prepare a series of gradient copolymers with adjustable gradient profile, by adjusting the electron 

withdrawing effect of the sulfonyl group. The determination of the reactivity ratios of all 

copolymerizations was conducted by four different methods. The similarity of the results proves 

that the AROP of aziridines can be described with terminal and non-terminal models. The 

comonomer library used herein further allowed prediction of the comonomer reactivity of other 

activated aziridines and will result in the preparation of even more gradient structures with the 

potential to be used as compatibilizers or polyelectrolytes after removal of the activating group. 
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4.7 Supporting Information for: Competitive Copolymerization: 

Access to Aziridine Copolymers with Adjustable Gradient 

Strengths 

4.7.1 Section 1: DFT results & further correlations 

Table S4.1: Substituents of the aromatic activating group of the aziridines with corresponding Hammett 
parameters (taken from reference1) 

Substituent in 

para position 
𝝈𝒑 𝒌𝒑 

-CF3 0.54 84.1 

-I 0.18 63.2 

-F 0.06 56.3 

-CH=CH2 -0.04 50.4 

-S-Me 0.0 52.8 

-SS-Me 0.13 60.3 

-NH-Et -0.61 17.3 

-NMe2 -0.83 4.6 

Substituent in 

metha position 
𝝈𝒎 𝒌𝒑 

-N(CF3)2 0.40 76.0 

-NO2 0.71 94.0 
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Table S4.2: Overview of the different monomers with their carbon shifts (taken from 13C spectra), 
Hammett Parameters (taken from reference 1) EHOMO and ELUMO (calculated), Bond lengths between 
nitrogen and sulfur (calculated), electrophilicity index ω+ (calculated). 

 

Figure S4.1: HOMO and LUMO energies of the individual aziridines with the activation groups 1-8 (A) 
Correlation of reactivity parameter kp with (B) nitrogen-sulfur bond distance N-S, (C) Natural charge at 
the electropositive carbon (NC@C). And Correlation of carbon chemical shift in ppm with (D) nitrogen-
sulfur bond distance N-S, (E) NC@C. 

Monomer (1) (2) (3) (4) (5) (6) (7) (8) 

EHOMO / eV -7.747 -7.872 -6.852 -7.348 -6,873 -7.339 -7.795 -7.886 

ELUMO / eV -0.263 -0.268 -1.297 -1.453 -2,071 -1.766 -2.492 -3.402 

N-S bond 

length 
1.727 1.719 1.722 1.721 1,720 1.717 1.714 1.713 

NC@C  -0.191 -0.191 -0.194 -0.193 -0.193 -0.19133 -0.189 -0.188 
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4.7.2 Section 2: Analytical details / Analysis of reactivity ratios 

 

Figure S4.2; A: Monomer concentration as function of total conversion of activated aziridines (2 and 4); 
B: Mean composition (F) of 2 and 4 at 50:50 feed ratios versus total conversion (reactivity ratios 
calculated with equation 8); C: Individual copolymer chains of polymerization mixture assuming an ideal 
AROP (Ð=1.0), simulated by kinetic Monte-Carlo simulations (red: less reactive monomer); D: Logarithmic 
plot of monomer consumption over time (linear nature proves living polymerization); E: 
Copolymerization diagram (dashed line corresponds to ideal statistical copolymerization) F: Jaacks fit on 
in situ NMR data of monomers; G: BSL fit on in situ NMR data of monomers. H: Frey fit on in situ NMR 
data of monomers; I: Meyer-Lowry fit on in situ NMR data. All methods used in situ NMR data until 60% 
conversion to extract reactivity ratios. 
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Figure S4.3:A: Monomer concentration as function of total conversion of activated aziridines with and 
without alkyl chain (activation group 2 and 4 were used); B: Mean composition (F) of 2 and 4 at 50:50 
feed ratios versus total conversion (reactivity ratios calculated with equation 8); C: Individual copolymer 
chains of polymerization mixture assuming an ideal AROP (Ð=1.0), simulated by kinetic Monte-Carlo 
simulations (red: less reactive monomer); D: Logarithmic plot of monomer consumption over time (linear 
nature proves living polymerization); E: Copolymerization diagram (dashed line corresponds to ideal 
statistical copolymerization) F: Jaacks fit on in situ NMR data of monomers; G: BSL fit on in situ NMR data 
of monomers. H: Frey fit on in situ NMR data of monomers; I: Meyer-Lowry fit on in situ NMR data. All 
methods used in situ NMR data until 51% conversion to extract reactivity ratios. 
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Figure S4.4: A: Monomer concentration as function of total conversion of activated aziridines with and 
without alkyl chain (activation group of 4 were used); B: Mean composition (F) of both monomers at 
50:50 feed ratios versus total conversion (reactivity ratios calculated with equation 8); C: Individual 
copolymer chains of polymerization mixture assuming an ideal AROP (Ð=1.0), simulated by kinetic 
Monte-Carlo simulations (red: less reactive monomer); D: Logarithmic plot of monomer consumption 
over time (linear nature proves living polymerization); E: Copolymerization diagram (dashed line 
corresponds to ideal statistical copolymerization) F: Jaacks fit on in situ NMR data of monomers; G: BSL 
fit on in situ NMR data of monomers. H: Frey fit on in situ NMR data of monomers; I: Meyer-Lowry fit on 
in situ NMR data. All methods used in situ NMR data until 47% conversion to extract reactivity ratios. 
Comment to M-L: in situ NMR data was variated from 0 to 100% conversion. In all cases M-L method gave 
no reasonable reactivity ratios for this system. 
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Figure S4.5: A: Monomer concentration as function of total conversion of activated aziridines with and 
without alkyl chain (activation group of 2 were used); B: Mean composition (F) of both monomers at 
50:50 feed ratios versus total conversion (reactivity ratios calculated with equation 8); C: Individual 
copolymer chains of polymerization mixture assuming an ideal AROP (Ð=1.0), simulated by kinetic 
Monte-Carlo simulations (red: less reactive monomer); D: Logarithmic plot of monomer consumption 
over time (linear nature proves living polymerization); E: Copolymerization diagram (dashed line 
corresponds to ideal statistical copolymerization) F: Jaacks fit on in situ NMR data of monomers; G: BSL 
fit on in situ NMR data of monomers. H: Frey fit on in situ NMR data of monomers; I: Meyer-Lowry fit on 
in situ NMR data. All methods used in situ NMR data until 61% conversion to extract reactivity ratios. 
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Figure S4.6: A: Monomer concentration as function of total conversion of activated aziridines(activation 
group of 4 and 5 were used); B: Mean composition (F) of both monomers at 50:50 feed ratios versus total 
conversion (reactivity ratios calculated with equation 8); C: Individual copolymer chains of 
polymerization mixture assuming an ideal AROP (Ð=1.0), simulated by kinetic Monte-Carlo simulations 
(red: less reactive monomer); D: Logarithmic plot of monomer consumption over time (linear nature 
proves living polymerization); E: Copolymerization diagram (dashed line corresponds to ideal statistical 
copolymerization) F: Jaacks fit on in situ NMR data of monomers; G: BSL fit on in situ NMR data of 
monomers. H: Frey fit on in situ NMR data of monomers; I: Meyer-Lowry fit on in situ NMR data. All 
methods used in situ NMR data until 69% conversion to extract reactivity ratios. 
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Figure S4.7: A: Monomer concentration as function of total conversion of activated aziridines(activation 
group of 3 and 4 were used); B: Mean composition (F) of both monomers at 50:50 feed ratios versus total 
conversion (reactivity ratios calculated with equation 8); C: Individual copolymer chains of 
polymerization mixture assuming an ideal AROP (Ð=1.0), simulated by kinetic Monte-Carlo simulations 
(red: less reactive monomer); D: Logarithmic plot of monomer consumption over time (linear nature 
proves living polymerization); E: Copolymerization diagram (dashed line corresponds to ideal statistical 
copolymerization) F: Jaacks fit on in situ NMR data of monomers; G: BSL fit on in situ NMR data of 
monomers. H: Frey fit on in situ NMR data of monomers; I: Meyer-Lowry fit on in situ NMR data. All 
methods used in situ NMR data until 60% conversion to extract reactivity ratios. Comment to M-L: in situ 
NMR data was variated from 0 to 100% conversion. In all cases M-L method gave no reasonable reactivity 
ratios for this system. 
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Figure S4.8: A: Monomer concentration as function of total conversion of activated aziridines(activation 
group of 4 and 6 were used); B: Mean composition (F) of both monomers at 50:50 feed ratios versus total 
conversion (reactivity ratios calculated with equation 8); C: Individual copolymer chains of 
polymerization mixture assuming an ideal AROP (Ð=1.0), simulated by kinetic Monte-Carlo simulations 
(red: less reactive monomer); D: Logarithmic plot of monomer consumption over time (linear nature 
proves living polymerization); E: Copolymerization diagram (dashed line corresponds to ideal statistical 
copolymerization) F: Jaacks fit on in situ NMR data of monomers; G: BSL fit on in situ NMR data of 
monomers. H: Frey fit on in situ NMR data of monomers; I: Meyer-Lowry fit on in situ NMR data. All 
methods used in situ NMR data until 66% conversion to extract reactivity ratios. 
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Figure S4.9: A: Monomer concentration as function of total conversion of activated aziridines(activation 
group of 4 and 7 were used); B: Mean composition (F) of both monomers at 50:50 feed ratios versus total 
conversion (reactivity ratios calculated with equation 8); C: Individual copolymer chains of 
polymerization mixture assuming an ideal AROP (Ð=1.0), simulated by kinetic Monte-Carlo simulations 
(red: less reactive monomer); D: Logarithmic plot of monomer consumption over time (linear nature 
proves living polymerization); E: Copolymerization diagram (dashed line corresponds to ideal statistical 
copolymerization) F: Jaacks fit on in situ NMR data of monomers; G: BSL fit on in situ NMR data of 
monomers. H: Frey fit on in situ NMR data of monomers; I: Meyer-Lowry fit on in situ NMR data. All 
methods used in situ NMR data until 30% conversion to extract reactivity ratios. 
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Figure S4.10: A: Monomer concentration as function of total conversion of activated aziridines(activation 
group of 4 and 8 were used); B: Mean composition (F) of both monomers at 50:50 feed ratios versus total 
conversion (reactivity ratios calculated with equation 8); C: Individual copolymer chains of 
polymerization mixture assuming an ideal AROP (Ð=1.0), simulated by kinetic Monte-Carlo simulations 
(red: less reactive monomer); D: Logarithmic plot of monomer consumption over time (linear nature 
proves living polymerization); E: Copolymerization diagram (dashed line corresponds to ideal statistical 
copolymerization) F: Jaacks fit on in situ NMR data of monomers; G: BSL fit on in situ NMR data of 
monomers. H: Frey fit on in situ NMR data of monomers; I: Meyer-Lowry fit on in situ NMR data. All 
methods used in situ NMR data until 40% conversion to extract reactivity ratios. 
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Figure S4.11: A: Monomer concentration as function of total conversion of activated aziridines(activation 
group of 2 and 7 were used); B: Mean composition (F) of both monomers at 50:50 feed ratios versus total 
conversion (reactivity ratios calculated with equation 8); C: Individual copolymer chains of 
polymerization mixture assuming an ideal AROP (Ð=1.0), simulated by kinetic Monte-Carlo simulations 
(red: less reactive monomer); D: Logarithmic plot of monomer consumption over time (linear nature 
proves living polymerization); E: Copolymerization diagram (dashed line corresponds to ideal statistical 
copolymerization) F: Jaacks fit on in situ NMR data of monomers; G: BSL fit on in situ NMR data of 
monomers. H: Frey fit on in situ NMR data of monomers; I: Meyer-Lowry fit on in situ NMR data. All 
methods used in situ NMR data until 50% conversion to extract reactivity ratios. 
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4.7.3 Section 3 / Analytical details & NMR 

 

Figure S4.12 *H NMR (300 MHz, Benzene-d6) of 1-((4-cyanophenyl)sulfonyl)-2-methylaziridine. 

 

 

Figure S4.13: 13C NMR (176 MHz, Chloroform-d) of 1-((4-cyanophenyl)sulfonyl)-2-methylaziridine. 
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Figure S4.14: 1H NMR (300 k-d) of 1-((4-methoxyphenyl)sulfonyl)-2-methylaziridine. 

 

Figure S4.15: 13C NMR (75 MHz, Chloroform-d) of 1-((4-methoxyphenyl)sulfonyl)-2-methylaziridine. 
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Figure S4.16: 1H NMR (700 MHz, DMF-d7) of Poly (3). 

 

 

Figure S4.17: 1H NMR (700 MHz, DMF-d7) of Poly (6). 
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13C NMR spectra (raw data) of previously reported activated aziridines: 

 

Figure S4.18: 13C NMR of tert-BusDecAz (1) (176 MHz, Chloroform-d) δ 59.34, 38.89, 34.03, 32.03, 31.45, 
29.71, 29.66, 29.58, 29.44, 29.34, 26.44, 24.35, 22.81, 14.24. 

 

 

Figure S4.19: 13C NMR of MsMAz (2) (176 MHz, Chloroform-d) δ 39.59, 35.18, 34.23, 16.82. 



Competitive Copolymerization: Access to Aziridine Copolymers with Adjustable Gradient Strengths 

211 

 

Figure S4.20: 13C NMR of TsMAz (4) (176 MHz, Chloroform-d) δ 144.48, 135.41, 129.76, 127.85, 35.92, 
34.79, 21.68, 16.84. 

 

Figure S4.21: 13C NMR of BsMAz (6) (176 MHz, Chloroform-d) δ 137.61, 132.49, 129.38, 128.72, 36.36, 
35.13, 16.87. 
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Figure S4.23: 13C NMR of NsMAz (8) (176 MHz, Chloroform-d) δ 150.70, 144.41, 129.21, 124.41, 36.94, 
35.61, 16.88. 
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SECs coresponding to copolymerizations in Table 2 

  
Mn (theo): 8835, Mn (SEC): 3400, Đ: 1.11 

 
Mn (theo): 11985, Mn (SEC): 2400, Đ: 1.14 

  

 
Mn (theo): 13885, Mn (SEC): 3000, Đ: 1.10 

 
Mn (theo): 10085, Mn (SEC): 2100, Đ: 1.06 
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SECs coresponding to copolymerizations of Table 4.3* 

  
Mn (theo):11135, Mn (SEC): 3100, Đ: 1.13 

 
Mn (theo):21885, Mn (SEC):5000, Đ:1.15 

  

 
Mn (theo):12360 Mn (SEC):3900, Đ:1.12 

 
Mn (theo):11010, Mn (SEC):3000, Đ:1.32 

  

 
Mn (theo):11510, Mn (SEC):2900, Đ:1.28 

 
Mn (theo): 9110, Mn (SEC): 1900, Đ: 1.16 

*Note: SECs performed on two different setups  
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SECs of Homopolymerizations coresponding to Table 4.1* 

 
Mn (theo): 15335, Mn (SEC): 2100, Đ: 1.14 

 
Mn (theo): 6935, Mn (SEC): 2200, Đ: 1.07 

  

 
Mn (theo): 11535, Mn (SEC):2800, Đ:1.17 

 
Mn (theo): 10735, Mn (SEC): 2300, Đ:1.09 

  

 
Mn (theo): 13880, Mn (SEC): 3000, Đ: 1.19 

 
Mn (theo): 11285, Mn (SEC): 1900, Đ: 1.16 

*Note: SECs performed on two different setups.  

  



Competitive Copolymerization: Access to Aziridine Copolymers with Adjustable Gradient Strengths 

216 

 
Mn (theo): 12285, Mn (SEC): 3000, Đ: 1.16 

 

  

 

 

4.7.4 Additional References Chapter 4 
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TOC 5: The TOC illustrates the desulfonylation of the polysulfonylamine, which was polymerized by 
anionic ring-opening polymerization. 



Linear well-defined polyamines via anionic ring-opening polymerization of activated aziridines:  
from mild desulfonylation to cell transfection 

218 

Note: Fangzhou Yu, Ying-Li Luo, Youyong Yuan supervised by Jun Wang conducted all 

biological assays and edited this part in the manuscript. Frederik R. Wurm supervised the 

project. Tassilo Gleede did the synthetic work. Tassilo Gleede and Frederik R. Wurm 

wrote and edited the manuscript.  

This chapter is based on a published article under the terms of the Copyright this chapter is used 

with the permission of ACS Publications: Tassilo Gleede, Fangzhou Yu, Ying-Li Luo, Youyong Yuan, 

Jun Wang and Frederik R. Wurm, Linear Well-Defined Polyamines via Anionic Ring-Opening 

Polymerization of Activated Aziridines: From Mild Desulfonylation to Cell Transfection, ACS Macro 

Lett. 2020, 9, XXX, 20-25 

5.1 Abstract 

Linear polyethylenimine (L-PEI), a standard for non-viral gene delivery, is usually prepared 

by hydrolysis from poly(2-oxazoline)s. Lately, anionic polymerization of sulfonamide-activated 

aziridines had been reported as an alternative pathway towards well-defined L-PEI and linear 

polyamines. However, desulfonylation of the poly(sulfonyl aziridine)s typically relied on harsh 

conditions (acid, microwave) or used a toxic solvent (e.g. hexamethylphosphoramide). In 

addition, the drastic change of polarity requires solvents, which keep poly(sulfonyl aziridine)s as 

well as L-PEI in solution and only a limited number of strategies were reported. Herein, we 

prepared 1-(4-cyanobenzenesulfonyl) 2-methyl-aziridine (1) as a monomer for the anionic ring-

opening polymerization. It was polymerized to well-defined and linear poly(sulfonyl aziridine)s. 

The 4-cyanobenzenesulfonyl- activating groups were removed under mild conditions to linear 

polypropylenimine (L-PPI). Using dodecanethiol and diazabicyclo-undecene (DBU) allowed ≥98% 

desulfonylation and a reliable purification towards polyamines with high purity and avoiding 

main-chain scission. This method represents a fast approach in comparison to previous methods 

used for post-polymerization desulfonylation and produces linear well-defined polyamines. The 

high control over molecular weight and dispersities achieved by living anionic polymerization are 

the key advantages of our strategy, especially if used for biomedical applications, in which 

molecular weight might correlate with toxicity. The synthesized polypropylenimine was further 

tested as cell-transfection-agent and proved with 16.1 % transfection efficiency of the cationic 

nanoparticles to be an alternative to L-PEI obtained from the 2-oxazoline route. This general 

strategy will allow the preparation of complex macromolecular architectures containing 

polyamine segments, which were not accessible before. 
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5.2 Indroduction 

Linear polyamines, especially polyethylen- or propylenimine, would be ideal building 

blocks for macromolecular architectures for pH-responsive or metal-chelating (nano)materials. 

However, to date, only a very limited number of polymers with well-defined polyamine-segments 

have been reported.1 Living anionic polymerization (LAP) is the superior method, when it comes 

to the synthesis of well-defined polymers with low dispersity and complex architectures. In direct 

analogy to the oxy-anionic ring-opening polymerization of epoxides, LAP of sulfonyl-activated 

aziridines gives access to well-defined linear poly(sulfonyl aziridine)s, where N-substituted 

nitrogen is part of the polymer backbone.2 However, the free polyamines are only obtained, after 

removal of the sulfonamides under typically harsh conditions, which potentially resulted in the 

scission of the main chain and incomplete desulfonylation or by using toxic solvents, such as 

hexamethylphosphoramide (HMPA).3 

LAP of sulfonyl aziridines stands out from oxy- and carbanionic polymerization by its 

unique tolerance against water and other protic additives due to the low nucleophilicity of the 

growing chain end.4 Polymerization of sulfonyl aziridines was also achieved by organo-catalyzed 

polymerization with a variety of superbases5 and carbenes, recently.6-8 The electron- withdrawing 

effect of the activating N-substituent directly correlates to the propagation rates coefficient and 

allowed the design of sequence-controlled gradient copolymers by competing copolymerization 

of different aziridines in a one-pot synthesis.9, 10 Sulfonyl aziridines copolymerized with ethylene 

oxide gave access to amphiphilic block copolymers by a fast one-pot polymerization procedure, 

due to highly different propagation rates.11 Those amphiphilic block copolymers were used as 

emulsifiers and for the preparation of multi-block copolymers. A similar protocol for a one-step 

synthesis was more recently established by Rupar and coworkers, to access block copolymers 

from sulfonyl-activated azetidines and aziridines.12 Block-polyamines with defined N-N distances 

of 2 or 3 CH2-groups were prepared. Other block copolymers of aziridines with styrene13 or 

lactide6 were also prepared recently, relying on sequential monomer addition 

Even though poly(sulfonyl aziridine)s could be beneficial materials for several 

applications, in which hydrophobicity or high thermal resistance might be beneficial, to date they 

are mainly considered as intermediates to polyamines after removal of the sulfonyl groups. Linear 

polyethylenimine (L-PEI) of well-defined size and dispersity are important for non-viral gene 

transfection.14 L-PEI is also used in applications such as anti-fouling coatings,15 chelation,16 or CO2 

capture.17, 18 However, only a limited number of synthetic strategies give access to L-PEI: the 

cationic ROP of aziridines only provides branched polymers and probably the most common 

pathway towards L-PEI is the acidic or basic hydrolysis of poly(2-oxazoline)s.19-22 Synthesis of 
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poly(2-oxazoline)s was developed more than 50 years ago and was continuously improved.23, 24 

Today, CROP of 2-oxazolines can be conducted as living cationic polymerization providing well-

defined polymers with low dispersities.25-27 Other methods are rare and, one to be mentioned is 

the mild acidic hydrolysis of poly(N-pyranyl ethylenimine)s.28 However, the cationic ring-opening 

(CROP) suffered from chain transfer and termination reactions and this strategy was not further 

continued. 

We developed a strategy based on living anionic ROP to linear polyamines. LAP avoids 

termination reactions and gives access to complex polymer architectures. Several monomer 

classes are polymerized by LAP and aziridines might be a powerful addition to this monomer set 

for additional complex structures. Sulfonyl aziridines gave access to polyamines by different 

desulfonylation strategies.3, 29, 30 However, the need for toxic solvents or harsh reaction conditions 

(e.g. highly acidic, microwave,29 or lithium metal in HMPA30) made this strategy less attractive 

compared to the oxazoline route. Additionally, chain-scission had reported and the work-up 

procedures reduced yields in some cases. Sulfonamides, however, have adjustable stability 

depending on their substitution pattern, which can be utilized to tailor desulfonylation 

conditions.31 While tosyl groups need strong acids or reducing conditions to be removed from the 

polymer, desulfonylation of nitrophenylsulfonyl groups had been removed under much milder 

conditions, recently.32 However, the purity and yield of the obtained L-PEI were lower compared 

to L-PEI from poly(2-oxazoline)s. Further, the nitrophenylsulfonyl activated monomer proved to 

be highly reactive and spontaneous polymerization was reported.32  

 

 

Scheme 5.1: Anionic ring-opening polymerization of 1-(4-cyanobenzenesulfonyl) 2-methyl-aziridine (1). 
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5.3 Results and Disscussion 

Here, we present the synthesis and polymerization of the activated sulfonyl aziridine (1) 

(Scheme 5.1). The monomer 1 was prepared by the reaction of 2-methyl aziridine with 4-

cyanobenzenesulfonyl chloride and purified crystallization from tert-butyl methyl ether. The 

monomer was obtained as a white powder with a 93% yield and was bench-stable over several 

weeks without polymerization.  

The 1H NMR spectrum of 1 revealed the typical resonance pattern for a 2-substituted 

sulfonyl aziridine with resonances from 3.53 ppm (m), 2.24 ppm (d) and 1.34 ppm (d) 

(Figure S5.1). In the 13C NMR spectrum, the resonances of the ring-carbons were detected at 36.8 

and 35.6 ppm, respectively, indicating a stronger electron-withdrawing effect of the 

cyanobenzenesulfonyl group compared to other sulfonyl aziridines (Figure S2, note: the tosyl-

substituted analog exhibited 13C NMR resonances at higher field (ca. 35.9, 34.7 ppm)).33 ESI mass 

spectrometry proved the successful preparation of 1 with a single mass peak for the protonated 

monomer at 223.1 Da (MH+, Figure S3).33 For the polymerization of 1, the monomer was freshly 

recrystallized, and dissolved in DMF at 50°C. After the addition of the initiator, the polymerization 

followed living characteristics and in all cases, full monomer conversion was achieved.  

The polymers were purified by precipitation from the crude reaction mixture into cold 

methanol or diethyl ether and gave yields of 68 – 96 %. Polymers with degrees of polymerization 

(DP) from 25 to 200 repeating units, Mn = 6,300-44,700 gmol-1 were synthesized with narrow to 

moderate molecular weight distributions (Ð= 1.15 – 1.43, Figure 5.1 and Table 5.1). The increased 

molar mass dispersities with increasing degree of polymerization might be caused by decreased 

solubility of the polymers as we had encountered for previous poly(sulfonyl aziridine)s. 1H NMR 

spectroscopy proved the successful formation of the polymer, with typical resonances for 

poly(sulfonyl aziridine)s (cf. Figure 5.2 and labels in the spectra). 
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Figure 5.1: Size exclusion chromatograms of Poly1-Poly5 (in DMF). 

The polyamines were released by a mild desulfonylation via a nucleophilic attack to the 

electron-deficient 4-cyanophenylsulfonyl group by a thiolate forming a Meisenheimer-complex 

(Scheme 5.2). Desulfonylation was performed in DMF with a 5-fold excess of dodecanethiol and 

DBU as base (note: the cyanobenzenesulfonyl groups can be removed directly after the 

polymerization by adding DBU and the thiol or after work-up of the intermediate poly(sulfonyl 

aziridine)). 

Linear polypropylenimine (L-PPI) was isolated after the addition of ethyl acetate to the 

crude mixture and extraction with water. L-PPI was obtained after subsequent dialysis and 

lyophilization with ca. 40% yield. As the desulfonylation occurred under very mild conditions, also 

the SEC traces of the linear PPIs exhibited narrow molar mass dispersities, comparable to the 

starting materials. In addition, the fluorescent initiator remained intact (Scheme 5.2A), proving 

the possibility to install further functionalities at the alpha-position of the polymer chain end. The 

PPIs (1, 2, and 5) eluted at earlier elution volumes compared to the precursors Poly-1 and Poly-2 

and Poly-2 (compare SEC in HFIP Figures S5.4 and S5.5), which is probably related to a larger 

hydrodynamic radius than the precursor polymer in HFIP. The desulfonylation was reproducible 

also for high molar mass PPIs (Table 5.2, PPI-1), indicating that during the process chain scission 

was avoided.  
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Table 5.1. Molar mass characterization of different polymers based on monomer 1.  

# DP Mn
a / gmol-1 Mn

b,c/ gmol-1 Ɖb,c 

Poly-1 200* 44,700* 8,600 b 1.45b 

Poly-2 90 20,500 6,500b 1,14b 

Poly-3 79 17,500 5,200b 1.18b 

Poly-4 42 9,300 3,500b 1.15b 

Poly-5 30* 6,300* 1900b 1.12b 

PPI-1 215 12,400 17,800c 1.22c 

PPI-2 83 5,000 12,100c 1.29c 

PPI-5 30* 1,800* 5.600c 1.16c 

a: determined via 1H NMR, b: determined via SEC (DMF), 
c: determined via SEC in hexafluoroisopropanol (HFIP)*: 
theoretical value. 
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Scheme 5.2: (A) Desulfonylation of Poly(1) to linear PPI (the photo shows the fluorescence of the PPI in 
water (2 mg / mL, 266 nm). (B) Mechanism of desulfonylation by nucleophilic addition of the thiolate via 
a Meisenheimer intermediate, followed by the release of sulfur dioxide, thioether and the polyamine. 

The purified L-PPI was analyzed by 1H NMR (Figures 5.2, S5.6) and 13C NMR spectroscopy 

(Figure S5.7) proving that a high to quantitative desulfonylation of at least 98% was achieved. 

Similar values are reported for the hydrolysis of commercially available L-PEI from poly(2-

oxazoline)s with 92-93% hydrolysis.27 Laboratory produced L-PEI from poly(2-oxazoline)s is with 

99% to quantitative hydrolysis efficiency for L-PEI was reported,27 similar to the herein reported 

L-PPI from poly(sulfonyl aziridine)s. MALDI ToF MS of PPI-2 (Figure S5.8) underlines the effective 

desulfonylation. All main signals in the spectrum were attributed to PPI confirming the removal 

of the cyanobenzenesulfonyl groups and showing only the repeating unit of propyleneimine (with 

57.1 gmol-1). Other peaks for molar masses referring to partly deprotected polymer were not 

detected. Compared to the result of SEC and 1H NMR, the MALDI ToF MS analysis underestimated 

the mass of the polymer, only smaller fractions of polyamine were detected, which is probably 

due to mass discrimination effects. It was reported that the multiple charges on polyamines 

resulted in complexation to impurities during the sample preparation and adhesion to the metal 

substrate and thus reducing the resolution of mass spectra.34 
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Figure 5.2. Desulfonylation of Poly-2: (A) SEC traces of poly propylene imines PPI-1 (black), PPI-2 (red) 
PPI-5 (orange) in HFIP. (B) Overlay of the 1H NMR spectra of Poly-2 (in CD2Cl2) and PPI-2 (in D2O). * 
Residues of aromatic signals. 

The linear PPI-5 was used to study cellular transfection efficiency. The gene-loaded cationic 

PPI-5 nanoparticles (abbreviated as PPI5-DNA-NPs below) were obtained by means of 

electrostatic attraction between the anionic plasmid DNA and the cationic PPI. Figure S5.9 shows 

the representative size distribution profiles and zeta potentials of the nanoparticles. The particle 

size and polydispersity index (PDI) of PPI5-DNA-NPs (N/P=40) were 89 nm and 0.206, respectively, 

demonstrating a relatively narrow particle size distribution. In addition, as N/P increased, the 

surface charge with zeta potential change from -20.8 to 24.5 mV were measured. The results of 

agarose gel electrophoresis (Figure S5.10) proved that PPI5-DNA-NPs binds with DNA to various 
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degrees with different N/P-ratio in the complex. There was decreasing free DNA present in the 

lane with the increase of the ratio of PPI5/DNA. When the N/P of NPs reached 20:1 or above, 

almost all DNA was combined with NPs without free DNA bands in the lane visible. Detection of 

expression of EGFP was carried out using inverted fluorescent microscope (Figure S5.12) and flow 

cytometry (Figure 5.3). The results underlined that PPI5-DNA-NPs successfully transferred 

plasmid DNA into 293T cells, and the transfection efficiency can reach 16.1% when the N/P of 

PPI5-DNA-NPs is 50:1 (Figure 5.3). To the best of our knowledge, this is the first example for a 

gene transfection conducted with a polyamine, prepared from poly(sulfonyl aziridine)s. 

 

Figure 5.3: GFP expression levels after transfection using Lipofectamine and PPI5-DNA-NPs (N:P=20:1, 
30:1, 40:1, 50:1). 
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5.4 Summary 

In summary, we present a novel activated sulfonyl aziridine, 1, a monomer for the living 

anionic ring-opening polymerization. Similar to other monomers of the family of sulfonyl 

aziridines, well-defined linear poly(sulfonyl aziridine)s were obtained by ROP. In contrast to 

previously reported highly activated aziridines, 1, was stable and did not undergo spontaneous 

polymerization. More importantly, mild desulfonylation via a nucleophilic aromatic substitution 

removed the 4-cyanobenzenesulfonyl groups almost quantitatively and linear 

polypropylenimines were obtained. We believe this strategy is to date the fastest and mildest 

pathway to well-defined linear polyamines. The reaction conditions avoid very low or high 

temperatures, harsh reaction conditions, toxic solvents (such as HMPA) and exhibit an easy work-

up procedure, to access linear polyamines by anionic ring-opening polymerization, which further 

allows the combination with other anionic polymerization techniques for macromolecular 

architectures. We further demonstrated the successful application of PPI as cell transfection 

agent; the cationic L-PPI can bind DNA through electrostatic attraction, and the gene vectors PPI5-

DNA-NPs were used successfully to transfer reporter gene EGFP to 293T cells, leading to gene 

expression and subsequent protein synthesis. We believe this general strategy will broaden the 

synthetic toolbox for the preparation of complex macromolecular architectures containing well-

defined polyamine segments. 
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5.6 Supporting Information for Linear well-defined polyamines 

via anionic ring-opening polymerization of activated 

aziridines:  

from mild desulfonylation to cell transfection 

5.7 Materials and analytic methods 

5.7.1 Chemicals.  

Solvents and reagents were purchased from Acros Organics, TCI, Sigma-Aldrich or Fluka 

and used as received unless otherwise stated (methanol, diethylether, anhydrous DMF, DCM, 4-

Cyanobenzenesulfonyl chloride, CaH2, CaSO4, tert-butyl methyl ether, Dodecane thiol). 

Deuterated solvents were purchased from Deutero GmbH. 2-Methylaziridine was synthesized 

according to already published procedures1 DBU and 2-methylaziridine were purified by 

distillation from CaH2 to remove traces of water. DBU was than stored over molecular sieve 3 Å 

and 4 Å. 2-Methyl-N-tosylaziridine (TsMAz) and 2-methyl-N-mesylaziridine (MsMAz), PyNHMs-

initiator were synthesized according to already published procedures and dried by azeotropic 

distillation from benzene to remove traces of water.1  

Fetal bovine serum (FBS) was purchased from Excell Bio (Shanghai, China). Dulbecco’s 

Modified Eagle Medium (DMEM) was purchased from Thermo Fisher Scientific (Suzhou, China) 

Methyl thiazol tetrazolium (MTT) was obtained from Sigma-Aldrich (St Louis, MO). 

LipofectamineTM 3000 Reagent were obtained from Invitrogen (Carlsbad, CA). GelRed and 

Orange Loading Buffer was obtained from TSINGKE Biological Technology (Beijing, China). All the 

other chemicals and reagents used were of analytical purity grade or higher, obtained 

commercially. 
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5.7.2 Cell culture 

The 293T cell line was obtained from the Type Culture Collection of the Chinese Academy 

of Sciences (Shanghai, China) and maintained in DMEM with 10% FBS under a humidified 

atmosphere containing 5% CO2 at 37 °C. 

5.7.3 Analytic methods. 

1H NMR and 13C NMR spectra were recorded using, a Bruker Avance 300, a Bruker Avance 

III 500, or a Bruker Avance III 700. All spectra were referenced internally to residual proton signals 

of the deuterated solvent. For all polymers SEC measurements in dimethylformamide (DMF) 

(containing 1.0 g/L of lithium bromide as an additive) an Agilent 1100 Series was used as an 

integrated instrument, including a GRAM (PSS) column (10000/1000/100 A), a UV detector 

(270 nm), and a RI detector at a flow rate of 1 mL/min at 60 °C. Calibration was carried out using 

PEO standards provided by Polymer Standards Service. Deprotected Polyamines and there 

corresponding polysulfonamides were additionally analyzed with hexafluoroisopropanol (HFIP) 

as eluent. HFIP SEC measurements of were performed in HFIP (3 g/L potassium trifluoroacetate 

(KTFA) added) at 40°C and a flow rate of 0.8 mL min-1. The columns were packed with modified 

silica (PFG columns particle size: 7 µm, porosity: 100 Å and 1000 Å). Calibration was carried out 

using PMMA standards (provided by Polymer Standards Service) with toluene as an internal 

standard. A refractive index (RI) detector (G1362A RID) and a UV/VIS detector (at 230 nm; Jasco 

UV-2075 Plus) were used for polymer detection. MALDI-FTICR. The PPI was characterized by 

MALDI-FTICR-MS using a solariX mass spectrometer (Bruker). The samples were prepared using 

a dried droplet method with trans-3-indoleacrylic acid (IAA) (40 mg mL-1 in THF) as a matrix. ESI 

MS. Monomer mass was determined by Advion Expression CMS via direct injection Analysis from 

methanolic sample solution (c = 1 mg / mL). 
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5.8 Synthesis Procederes 

5.8.1 Synthesis of 1 

 

The synthesis of 1 is orientated of previous synthesized monomers such as MsMAz and 

TsMAz. In a pre-dried 250 mL round bottom flask equipped with a stirring bar the 

4-cyanobenzolsulfonylchlorid (7.00 g, 33 mmol) was dissolved in 150 mL of dry dichloromethane. 

The Reaction mixture was cooled in a dry ice acetone bath at -30 °C. 4.35 g trimethylamine 

(33  mmol) was added slowly via syringe. Freshly distilled methylaziridine (2.4 mL, 33 mmol) 

diluted in 20 mL dry dichloromethane was added dropwise to the reaction mixture. After stirring 

for 30 min at -30 °C the reaction mixture was further stirred at room temperature for 2 hours. 

The DCM phase was washed with water (3x 50 mL) 0.2N HCl (1x 50 mL), saturated sodium 

bicarbonate solution (1x 50 mL) and Brine (1x 50 mL). The organic phase was than dried over 

MgSO4, filtered and concentrated below 30 °C under vacuum to give the product. (yield: 93%). 

Polymerization was done with freshly recrystallized monomer. Therefor the monomer was solved 

in tert-butyl methyl ether and recrystallized at -20 °C after the addition of small amounts of petrol 

ether. Purification by sublimation or column chromatography over silica showed to ring open the 

product.  

 

Figure S5.1 1H NMR (300 MHz, Benzene-d6 of 1) δ 7.66 – 7.47 (d, 2H), 6.88 – 6.70 (d, 2H), 2.53 (h, J = 5.7 
Hz, 1H), 2.24 (dd, J = 7.0, 1.6 Hz, 1H), 1.34 (dd, J = 4.6, 1.6 Hz, 1H), 0.71 (dd, J = 5.6, 1.6 Hz, 3H). 
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Figure S5.2: 13C NMR (176 MHz, Chloroform-d) of (1) δ 142.92, 128.52, 117.32, 36.82, 35.56, 16.90. 

 

Figure S5.3: Spectrum of (1) background subtracted. Main fraction corresponds to monomer mass + H+ 
of 223.1 g/mol. 
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5.8.2 General procedure for the azaanionic polymerization of 1.  

 

All glassware (Schlenk flasks) was flame-dried by in vacuo for at least three times. All 

reactants (except potassium bis(trimethylsilyl)amide (KHMDS)) were dried from benzene in vacuo 

for at least 4 h. The monomers were dissolved in anhydrous N,N-dimethylformamide (DMF) to 

give a 10 wt% solution, the PyNHMs-initiator were dissolved in 1 mL DMF. The initiator solution 

was activated by adding it to KHMDS under argon-atmosphere. From the initiator-solution, the 

appropriate volume was added to the monomer solution. The mixture was stirred at 60 °C over 

night. To terminate the polymers, 0.5 mL acidic methanol was added and the reaction mixture 

was precipitated in ca. 30 mL methanol or diethylether. The pale white solids were collected by 

centrifugation and dried at room temperature in vacuo, yields: 95-98%. 
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5.8.3 Procedure for Desulfonation of Poly(CNsMAz) 

 

The desulfonation can be performed ether directly after the polymerization or after 

purification of the polymer. In case for P4 500 mg polymer(1 eqiv. corresponding to sulfonamide 

unit) of the poly(sulfonylaziridine) remained in 3 mL dry DMF, to the polymer solution 1.6 mL dry 

DBU (4.7 eqiv.) and 2.6 mL dodecanethiol (5 eqiv) was added. Thereby the clear solution tunes 

into a pale yellow solution. The solution is than allowed to stirr over night to full conversion. For 

purification, the organic Phase was diluted with ethyl acetate (10 mL) and washed with water 

(3x10 mL). The aqueous phase, containing the PPI and DBU was further washed with ethyl acetate 

and petrol ether (10 mL) and freeze dried to concentrate the product. By dialysis (MWCO = 3000 

g/mol) against Milli-Q water DBU was removed and the polymer was obtained after freeze drying 

as pale yellow solid with 40% yield 

 

Figure S5.4: Overlay of SEC traces, P(4) (black) and the corresponding L-PPI (PPI-4, green) in HFIP 
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Figure S5.5: Overlay of SEC traces, Poly-2 (black) and the corresponding L-PPI (PPI-2, green) in HFIP 

 

Figure S5.6: 1H NMR of P1 (500 MHz, water-d2) with zoom in from 6.9 to 8.5 ppm. PPI-3 
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Figure S5.7: 13C NMR of PPI (126 MHz, water-d2) 

 

 

Figure S5.8: MALDI ToF MS spectrum of PPI-3: Individual superimposition labeled with number of 
repeating units (RU): red: Py-CH2-NMs[PIRU]·K+, yellow: Py-CH2-NMs[PIRU]·Na+, green: Py-CH2-
NMs[PIRU]·H+, 
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5.8.4 Formation of PPI5-DNA-NPs 

The gene loaded cationic PPI-5 nanoparticles (abbreviated as PPI5-DNA-NPs below) were 

obtained by means of electrostatic attraction between the anionic plasmid DNA and the cationic 

PPI-5. Fistly, accurately weighed (10 mg) liner-PPI-5 was dissolved into 1 mL DNAase-free water 

under sonication; PX458 plasmid DNA(30 µg) was dissolved into 1 mL DNAase-free water. 

According to Table S5.1, after diluting PPI-5 to corresponding concentration, the plasmid DNA 

solution was added into PPI-5 solution at an equal volume under vortex. The mixture was kept 

for 30 min at room temperature, the resultant PPI5-DNA NPs were stored at 4 ℃ and directly 

used for further study. The diameter and zeta potential of PPI5-DNA-NPs were characterized 

using a Malvern Zetasizer Nano ZS90 system (Worcestershire, UK) see figure S9. 

 

Table S5.1: Quality Ratio of PPI-5 to DNA in Nanoparticles with different N/P 

N/P（molar） m(PPI5)/m(DNA) 

2.5 

5 

11:60 

22:60 

10 44:60 

20 88:60 

30 132:60 

40 176:60 

50 220:60 

60 

80 

264:60 

352:60 
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5.8.5 Determination of DNA Binding Efficiency 

In order to investigate the binding efficiency between PPI-5 and DNA, the PPI5-DNA-NPs 

were analyzed by agarose gel electrophoresis. The gels were prepared with 1.0% (w/v) agarose 

in 20 mL TAE buffer (40 mM Tris, 40 mM Acetic acid, 1 mM EDTA, pH 8.5) containing 2 μL GelRed 

(10,000×) as stains. The PPI5-DNA NPs with different N\P and control plasmid DNA were applied 

to gel electrophoresis at a constant 100 V for 40 min. After the electrophoresis, images were 

obtained using UV transilluminator (Alpha Imagers EC, Alpha Innotech Corporation) to show the 

location of DNA.  

5.8.6 Cell Viability Test of PPI5-DNA-NPs 

The cytotoxicity of PPI5-DNA-NPs was evaluated by MTT method in 293T cell line. Briefly, 

the cells were seeded into a 96-well microtiter plates at a density of 5×103 cells per well in 0.1 mL 

of DMEM culture medium supplemented with 10% fetal bovine serum (FBS) in 5% CO2 incubator 

at 37 ℃ for 24 h. After that, the culture medium was replaced by 0.1 mL fresh complete DMEM 

medium with different concentrations of the nanoparticles (expressed as PPI-5 

concentration,0.20, 0.39, 0.78, 1.56, 3.13, 6.25, 12.50, 25.00 and 50.00 µg/mL). The result of Cell 

Viability Test was showed in Figure S11. 

5.8.7 Detection of the EGFP expression efficiency in vitro 

The transfection activity of PPI5-DNA-NPs were evaluated in 293T cell lines using plasmid 

DNA, encoding enhanced green fluorescence protein (EGFP) as reporter gene in the transfection 

studies. The cells were seeded into 24-well plates at a density of about 5×104 cells per well in 0.5 

mL of DMEM culture medium with 10% FBS, 24 h prior to transfection. At a confluence level of 

50–60%, cells were washed twice with PBS, then incubated with 0.5 mL of serum-free media 

containing 1.0 μg of DNA in transfection vectors at 37℃. Lipofectamine 3000 (Invitrogen) was 

used as positive control, equal volume PBS was used as negative control. The formulation of 

Lipofectamine/DNA complex was carried out according to the manufacturer’s protocols and the 

PPI5-DNA-NPs prepared as previous describe was adjusted to equal penetration using PBS (10×). 

The cells were incubated with the vectors for 6 h. The transfection media was then replaced with 

0.5 mL of fresh complete culture media, and the cells were incubated sequentially until 72 h post 

transfection. Transfection experiments were performed in triplicates. 
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Figure S5.9: (A) size distribution profile for PPI5-DNA-NPs with N:P 10:1. (83.03 nm, PDI=0.177) (B) size 
distribution profile for PPI5-DNA-NPs with N:P 30:1 (112.8 nm, PDI=0.193) (C) size distribution profile for 
PPI5-DNA-NPs with N:P 40:1 (89.04 nm, PDI=0.206)  (D) size distribution profile for PPI5-DNA-NPs with 
N:P 60:1  (71.72 nm, PDI=0.195) (E) the surface charge with zeta potential of PPI5-DNA-NPs with different 
N\P. 

 

 

Figure S5.10: Agarose gel electrophoresis of PPI1-DNA-NPs. Lane 1–6: PPI1-DNA-NPs with different N/P 
at 2.5, 5, 10, 20, 40, 80, respectively; Lane 7: free DNA control  
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Figure S5.11：Cell viability of PPI1-DNA-NPs against 293T cell line by MTT assay (n =5) 

 

 

 

Figure. S5.12: Fluorescence microscopy of 293T cells after gene transfection of  plasmid DNA (×100) (A) 
The transfection results of PBS blank control; (B) The transfection results of Lipofectamine 3000 postive 
control; (C) The transfection results of PPI5-DNA-NPs (N\P=20) ; (D)The transfection results of PPI5-DNA-
NPs (N\P=40). 
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Frederik R. Wurm, 4‐Styrenesulfonyl‐(2‐methyl)aziridine: The First Bivalent Aziridine‐Monomer 

for Anionic and Radical Polymerization. Macromol. Chem. Phys. 2018, 219, 1700145 

6.1 Abstract 

4‐Styrenesulfonyl‐(2‐methyl)aziridine (StMAz), the first orthogonal aziridine monomer, for 

both anionic ring‐opening and radical polymerization is presented. Both polymerization pathways 

are accessible without using protective groups. Aza‐anionic ring‐opening polymerization (AAROP) 

of StMAz and other methyl‐aziridine derivatives provide multifunctional polyaziridines. Molecular 

weights between 3000 and 13 000 g mol−1 are obtained with low molecular weight dispersities (Ð 

= 1.1). The amount of vinyl groups in linear polyaziridines from AAROP depends on the 

monomer/comonomer ratio. The vinyl groups of P(StMAz)‐ homo‐ or copolymers are entirely 

convertible by thiol‐ene addition. This allows modification with multiple functional groups. Free 

radical polymerization of StMAz leads to polyalkylenes with aziridine side groups, which are 

known to be efficiently addressable via nucleophiles. Polysulfonamides still belong to a rather 

new class of polymers accessible by anionic polymerization. Enlarging the scope of 

postpolymerization modifications on polyaziridines/‐sulfonamides is important for further 

macromolecular architectures. The aziridine and the vinyl group are combined to develop the 

first orthogonal monomer for aza‐anionic polymerization and radical polymerization.  
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6.2 Introduction 

Nitrogen‐containing polymers (N‐polymers) are often favored for drug delivery issues 

regarding cell targeting, like gene delivery studies show.1, 2 Additionally, they are applied in water 

refinery3, 4 and can serve as direct catalysts by stabilizing transition metals.5 To fulfill the goals of 

current scientific challenges, functionalizable groups at N‐polymers are essential for fine 

adjustment of polymer properties. Radical polymerization of vinyl monomers allows fast access 

to a variety of highly functional polymer materials based on various monomers. On the other side, 

living ionic polymerization allows the highest control over molecular weights and distributions.6, 

7 Ionic polymerizations of epoxides or aziridines can be used to prepare polyethers and 

polyamines, but most functional groups need to be protected. An outstanding class of monomers, 

the so‐called “bivalent or orthogonal monomers,” is polymerized chemoselectively by different 

mechanisms while maintaining the other group. To date, only few of such monomers have been 

reported.8-10 

Aziridinyl ethyl methacrylate (AEMA), for example, can be selectively polymerized by 

radical or carbanionic polymerization of the acrylate and by cationic polymerization of the 

aziridine ring, functional polyamines are obtained. AEMA represents to the best of our knowledge 

the first orthogonal aziridine‐containing monomer.8 However, anionic polymerization of the 

aziridine cannot be conducted on such structure as the aziridine ring is not activated. The well‐

known glycidyl methacrylate is similar to AEMA polymerizable via radical and an ionic 

mechanism.9 Vinyl ferrocenyl glycidyl ether represents a monomer which, besides radical 

polymerization, is suitable for anionic ring‐opening polymerization (AROP). The nature of the 

ferrocene‐functionality in the polymer is advantageous for applications where redox response is 

required.11, 12 Bivalent monomers are applied in industry as additives in several polyacrylates 

example wise for pigment coating;13, 14 additionally, they are of interest for scientific aspects; with 

an orthogonal polymerizable or addressable group, those materials can be used for the 

preparation of graft‐polymers, cross‐linked gels, or surface modifications.10, 15-17 However, only 

few bifunctional chemoselective monomers have been reported.  

Herein, we report the first bivalent monomer for the aza‐anionic ring‐opening, carrying an 

activated aziridine, combined with vinyl functionality for radical polymerization. 4‐

Styrenesulfonyl‐(2‐methyl)aziridine (StMAz) is polymerized by two different protocols, free 

radical and aza‐anionic ring‐opening polymerization. 1H NMR proved that both protocols allowed 

a selective reaction with one functional group and maintained the other for postmodifications. 

Additional to the earlier reported robust way to obtain multihydroxy polyamines from acetals, as 

protected monomers,18 we demonstrated, that various functional groups can be added to obtain 



4‐Styrenesulfonyl‐(2‐methyl)aziridine: The First Bivalent Aziridine‐Monomer for Anionic and Radical Polymerization 

246 

multihydroxy or carboxy polyamines via a thiol‐ene postmodification. The use of different thiols 

makes the polysulfonamides a platform for various modifications.19, 20 

StMAz showed similar reactivity to previously reported aziridine monomers,21, 22 which 

allowed us to prepare copolymers with nonfunctional aziridines to further adjust the degree of 

functionalization. In addition, the free radical polymerization of StMAz leaves the aziridine‐group 

untouched as a potential receptive for nucleophiles. Thermal analyses of the (co)polymers by 

differential scanning calorimetry (DSC) and thermogravimetric analyses (TGA) proved a 

remarkably high char yield of ≈50% for both, polyalkylene‐ and polyethylamine‐(StMAz), which 

indicated a heat induced cross‐linking. We believe that StMAz further enriches the toolbox of 

aziridine monomers, which can be used for the preparation of functional and well‐defined 

architectures by living anionic polymerization.  

6.3 Experimental Section 

6.3.1 Materials 

Solvents and reagents were purchased from Acros Organics, TCI, Sigma‐Aldrich, or Fluka 

and used as received, unless otherwise stated. Deuterated solvents were purchased from 

Deutero GmbH. N‐benzyl methanesulfonamide (BnNHMs), 2‐methyl‐N‐tosylaziridine (TsMAz), 

and 2‐methyl‐N‐mesylaziridine (MsMAz) were synthesized according to already published 

procedures and dried by azeotropic distillation from benzene to remove traces of water.23 2‐

Methylaziridine was distilled from CaH2 prior use.  

6.3.2 Methods 

6.3.2.1 Analyses 

1H NMR and 13C NMR spectra were recorded using, a Bruker Avance 300, a Bruker Avance 

III 500, a Bruker Avance III 700. All spectra were referenced internally to residual proton signals 

of the deuterated solvent.  

For SEC measurements in dimethylformamide (DMF) (containing 0.25 g L−1 of lithium bromide as 

an additive), an Agilent 1100 Series was used as an integrated instrument, including a PSS HEMA 

column (106/105/104 g mol−1), a UV detector (275 nm), and a RI detector at a flow rate of 1 mL 

min−1 at 50 °C. Calibration was carried out using PEO standards provided by Polymer Standards 

Service.  
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Matrix‐assisted laser desorption/ionization time‐of‐flight (MALDI‐ToF) measurements 

were performed using a Shimadzu Axima CFR MALDI‐TOF mass spectrometer, employing 

dithranol (1,8‐dihydroxy‐9(10H)‐anthracenone) as a matrix. 

Thermogravimetric analysis was performed with the Mettler Toledo ThermoSTAR TGA /SDTA 

851‐Thermowaage in the temperature range from 25 to 1000 °C with a heating rate of 10 °C 

min−1.  

Differential scanning calorimetry measurements were performed using a Mettler Toledo 

DSC 823 calorimeter. Three scanning cycles of heating–cooling were performed in the 

temperature range from −140 to 250 °C. Heating rates of 10 °C min−1 were employed under 

nitrogen (30 mL min−1).  

For infrared spectroscopy, the polymers were pressed with KBr to form a pellet and the 

absorption between 4000 and 400 cm−1 was recorded in a Spectrum BX spectrometer from 

PerkinElmer.  

6.3.2.2 Polymerizations 

All glassware was flame‐dried at reduced pressure prior use. The monomers were dissolved 

in ≈1 mL benzene and dried for ≈4 h at reduced pressure to remove traces of water by azeotrope 

distillation. The monomers were then dissolved in DMF (final concentration 10 wt%). With 

BnNHMs used as initiator, the sulfonamide anion was generated in a separate flask by 

deprotonation with potassium bis(trimethylsilyl)amide (KHMDS) in DMF, a calculated amount of 

this initiator stock solution was added to the monomer solution at 50 °C and the reaction was 

stirred until completion (typically 15 h). After the polymerization has reached completion, the 

living anion was terminated by the addition of methanol and precipitated into a tenfold excess of 

methanol. The polymers were recovered by centrifugation in typically quantitative yield. 

6.3.3 Synthesis 

Synthesis of StMAz 

The 4‐vinylbenzene‐1‐sulfonyl chloride was synthesized according to literature 

procedure.24 The product was used without further purification. The 4‐vinylbenzene‐1‐sulfonyl 

chloride was converted to StMAz with following procedure. Rac‐2‐methylaziridine (2.0 g, 35 

mmol) and 6.6 mL (48 mmol) N,N‐diisopropylethylamine were dissolved in 25 mL dry toluene and 

cooled to −30 °C. 4‐vinylbenzene‐1‐sulfonyl chloride (6.5 g, 32 mmol) was dissolved in 10 mL dry 

toluene and added dropwise over a period of 20 min to the reaction. The mixture was stirred for 
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additional 90 min at −30 °C and allowed to warm up to room temperature and stirred overnight. 

20 mL saturated sodium hydrogen carbonate solution was added and stirred for 60 min. The 

aqueous phase was removed and the organic layer was washed again with brine, dried over 

magnesium sulfate, and evaporated to dryness. 7.1 g (quantitative yield) of off‐white oil was 

obtained. The monomer structure was further confirmed by NMR (Figures S6.1–S6.3, Supporting 

Information) and MALDI‐ToF mass analysis (325.21 g mol−1 (StMAz*H‐NEt3
+), 224.06 g mol−1 

StMAz*H+). To inhibit spontaneous polymerization, 2,6‐di‐tert‐butyl‐4‐methylphenol (BHT) could 

be added. The compound was stored at −20 °C. If necessary, the compound could be purified with 

column chromatography on silica gel (PE/EA 5:1, Rf = 0.4). For radical and anionic polymerization, 

the compound was used without further purification.  

Synthesis of P(StMAz) via AROP 

Example procedure: 100 mg (0.444 mmol, 10 eq) of StMAz and 300 mg (2.2 mmol, 50 eq) 

of MsMAz were placed in a Schlenk flask and dissolved in 2 mL benzene. The monomers were 

dried by azeotrope freeze drying in vacuum (≈4 h). In a separated Schlenk flask, the initiator was 

generated. 8.2 mg (0.044 mmol, 1 eq) BnNHMs was dried by azeotrope freeze drying in vacuum 

with benzene. 8.8 mg KHMDS (0.044 mmol, 1 eq) dissolved in 3 mL dry DMF was added to 

BnNHMs. This solution was then added to the monomer mixture. The reaction was performed at 

50 °C overnight under argon atmosphere. The polymerization was terminated by addition of 

acidic methanol. Until termination, standard Schlenk conditions were applied. For purification, 

the polymer was precipitated in large amount of methanol (see Figures S6.9 and S6.13 in the 

Supporting Information for analytical data). 

Modification via Thiol‐ene Reaction 

General procedure: 52 mg of the polymer P6 (0,073 mmol, 1 eq regarding the vinyl groups) 

and 9 mg (0,055 mmol, 0.75 eq) azobis(isobutyronitrile) (AIBN) were placed in a 10 mL Schlenk 

flask. Then, 114 mg mercaptoethanol (1.5 mmol, 20 eq) was added with 1 mL of DMF. After two 

freeze–pump–thaw cycles, the mixture was stirred at 75 °C under argon overnight. For 

purification, the polymer was precipitated in diethylether (Et2O), dissolved in dichloromethane 

(DCM), and precipitated again in Et2O. Drying in vacuum gave pure product (see Figures S6.7–

S6.17 in the Supporting Information for analytical data).  
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Synthesis of Polyalkylene:StMAz via Free Radical Polymerization 

StMAz (150 mg, 0.671 mmol) was placed in UV‐quartz glass cuvette equipped with a stirring 

bar. 2,2‐Dimethoxy‐2‐phenylacetophenone (5.75 mg, 22,4 µmol) was dissolved in 2 mL of 

degassed benzene and transferred into the quartz glass cuvette. The polymerization was 

performed by irradiation with 6 W UV254 nm light for 5 h. Temperatures did not exceed room 

temperature during polymerization. Copolymerization with styrene was conducted analogous to 

the procedure for homopolymers. For purification, the polymer was precipitated in methanol (see 

Figures S6.4 and S6.18 in the Supporting Information for analytical data). 

6.4 Results and Discussion 

6.4.1 Monomer Synthesis 

The activated aziridine monomers have two potential positions, which can be used in order 

to adjust the polymer properties. First, the variation of the alkyl chain at the 2‐position of the 

aziridine ring allows to attach functional or solubilizing groups. We demonstrated that steric 

groups such as C‐10 chains or bulky phenyl groups do not hamper the polymerization.22, 25 In 

addition, the electron withdrawing group, which is attached to the aziridine ring by a cleavable 

sulfonamide, can be used as a handle to control chemical function.18, 26 The electron withdrawing 

behavior activates the aziridine and thereby influences the polymerization kinetics.22 StMAz is 

estimated to have a similar electron withdrawing behavior as the TsMAz. Thereby, the 

distribution of the reactive vinyl group in polysulfonamides can be adjusted. Polysulfonamides 

with vinyl groups at the termini, in the middle, or randomly distributed can be obtained by this 

method.  The synthesis of StMAz starts from commercially available sodium 4‐

vinylbenzenesulfonate (Scheme 6.1A). StMAz was produced in a two‐step synthesis; the 

monomer was obtained with an overall yield of 80%. In the first step, 4‐styrene sulfonic acid is 

converted with thionyl chloride to the corresponding sulfonyl chloride. In a second step, the 

sulfonyl chloride was converted to StMAz by amidation with 2‐methylaziridine under basic 

conditions in dry DCM. Beneficially, StMAz was pure enough for the anionic polymerization after 

extraction from the reaction mixture (note: to avoid unwanted radical polymerization, BHT can 

be added as a stabilizer to the monomer).  
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Scheme 6.1: A) Synthesis route to 4‐styrenesulfonyl‐(2‐methyl)aziridine (StMAz). B) Polymerization of 
StMAz: (i) free radical polymerization with 2,2‐dimethoxy‐2‐phenylacetophenone in benzene (P7, P9), 
(ii) free radical copolymerization with styrene, 2,2‐dimethoxy‐2‐phenylacetophenone in benzene (P8), 
(iii) anionic copolymerization of StMAz with sulfonamide‐activated aziridines (P3, P4, P5, P6, P10), (iv) 
homopolymerization of StMAz with KHMDS, BnNHMs in DMF at 50 °C (P1, P2). C) The 1H NMR spectra of 
the different homo(StMAz) polymers. P(StMAz) (P1, anionic polymerization), polyalkylene:StMAz (P7, 
free radical polymerization).  

 

 

https://wol-prod-cdn.literatumonline.com/cms/attachment/2024ef0c-6146-43bc-9f94-d15371561355/macp201700145-fig-0004-m.jpg
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6.4.2 Polymerization Kinetics 

The anionic copolymerization of StMAz with TsMAz was monitored by real‐time 1H NMR 

spectroscopy. Figure6.1 shows the individual monomer conversion versus total conversion of 

monomers; Figure S6.21 (Supporting Information) shows the assembly of the monomers in the 

polymer over time. For the real‐time polymerization kinetics, the reaction should proceed in a 

suitable timescale, usually from minutes to hours. The observed component has to have 

distinguishable resonances in the 1H NMR spectrum which are consumed during the reaction. The 

resonances of 1.65–1.62 and 1.61–1.59 ppm (see Figure S6.22 in the Supporting Information) 

belong to the aziridine ring of the StMAz and TsMAz. A zoom‐in to the relevant signals of the 

monomer is showing the consumption of the monomers. Due to a sufficient chemical shift of the 

different resonances, the ring protons are predestined to monitor the anionic polymerization. 

Due to a more pronounced negative mesomeric effect, the electron withdrawing behavior of 

StMAz is stronger compared to TsMAz. Therefore, we see in Figure 6.1 a slightly faster monomer 

consumption of StMAz. Nevertheless, this difference compared to monomers of previous studies 

is comparatively weak compared to other activating groups.22 Concluding the polymerization 

behavior of StMAz with other monomers is similar to TsMAz.  

 

Figure 6.1: Normalized monomer concentration versus total conversion of the aza‐anionic 
copolymerization of StMAz and TsMAz with BnNKMs as initiator in DMF‐d7, at 50 °C (P10‐kinetic).  



4‐Styrenesulfonyl‐(2‐methyl)aziridine: The First Bivalent Aziridine‐Monomer for Anionic and Radical Polymerization 

252 

6.4.3 Polymerization of StMAz 

Aziridines as such were used due to their affinity to nucleophilic ring-opening as side groups 

in polyacrylates and others. For instance, nucleophiles like alcohols can react efficiently.27 This is 

known to be a novel method for postmodification of polymers, as it was demonstrated on 

polyacrylates. Cross‐linking and postmodification can be performed. The ring-opening reaction of 

aziridines by nucleophiles was also discussed as a conjugate reaction for clickable polymers.28, 29 

As comparison, ring‐opening reaction of epoxide groups attached at polymers is known to be 

problematic due to its high reactivity. Mild conditions have to be found to maintain the epoxide 

and to functionalize the polymer selectively.30 Additionally, moisture induced ring‐opening makes 

storage of epoxides difficult.31 Earlier, Kobayashi and co‐workers successfully polymerized a 

bifunctional monomer (AEMA) consisting of a methacrylate linked to an aziridine by different 

techniques while leaving the other group intact. They successfully polymerized the MMA‐group 

via free radical and anionic polymerization and the aziridine via cationic polymerization.8, 32 The 

cationic ring‐opening leads to 80% polymer yield and observed molecular weight distributions of 

Ð = 2.2. Nevertheless, the anionic polymerization of the aziridine functionality of AEMA was not 

possible.  

StMAz was successfully polymerized via AROP as homo‐ and copolymers with TsMAz (P3, 

P4) and MsMAz (P5, P6) as the respective comonomers. The SEC elugrams confirmed monomodal 

size and narrow distributions with Mw/Mn ≈ 1.1 for the copolymers and Mw/Mn ≈ 1.2 for the 

homopolymers (Figure 6.2B and Figure S6.15 (Supporting Information)). Full monomer 

conversion was confirmed via 1H NMR (Figure 6.2A). MALDI‐ToF mass spectrometry proves the 

formation of the envisioned StMAz (Figure S6.5, Supporting Information). The main distribution 

can be calculated to contain the mass of the initiator and the monomer mass with a distance of 

223 g mol−1 (marked with arrows), the molar mass of StMAz. The incorporation of comonomers 

(MsMAz) was also confirmed by MALDI‐ToF MS (Figure S6.6, Supporting Information): a linear 

combination of the monomer masses of both repeating units can be detected in the spectrum.  
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Figure 2: A) 1H NMR of P(TsMAz50‐co‐StMAz10) before and after thiol‐ene addition of mercaptoethanol. 
Circles highlight the signals of the thioether group. Squares highlight the disappearing vinyl signals. B) 
SEC traces of P(TsMAz50‐co‐StMAz10) (P4) and the modified polymer with hydroxyl (P4‐1) and carboxy 
groups (P4‐2).  

https://wol-prod-cdn.literatumonline.com/cms/attachment/50f52dfe-5b4b-49a4-a734-2147f8ebdaf5/macp201700145-fig-0002-m.jpg
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6.4.4 Thiol‐ene‐Postpolymerization Modification 

The remaining vinyl groups of all synthesized polyaziridines were proven to be intact after 

polymerization via 1H NMR and postmodification. In an additional step, complete conversion to 

functionalized thioether was performed with radical thiol‐ene addition. To avoid cross‐linking of 

the polymers during the thiol‐ene reaction, a 20 equivalent access of thiols regarding one 

equivalent of vinyl groups was used. As the modified polymers were soluble in DMF and as the 

molecular weight distributions of the modified polymers are unchanged after modification, cross‐

linking was not observed. The 1H NMR spectrum of P4 shows the highlighted signals of the vinyl 

protons in squares (Figure 6.1). After modification with mercaptoethanol (P4‐1) (Figure 6.2A) or 

mercaptopropionic acid (P4‐2) (Figure S6.10, Supporting Information), those signals vanish and 

new signals, marked with circles, can be assigned to the thioether groups. Full conversion of the 

vinyl groups was confirmed for the mesyl analogous copolymer (P6) (see 1H NMR spectra in 

Figures S6.7 and S6.11 in the Supporting Information). The SEC elugrams of P4 and the modified 

P4‐1 show both monomodal and narrow molecular weight distributions. After the modification 

with mercaptoethanol, the molecular weight distribution slightly shifts to lower elution times, 

indicating an increase of the molecular weight. In contrast, the same polymer, modified with 

mercaptopropionic acid, elutes later (P4‐2) under the same chromatographic conditions. This late 

elution can be assigned to the interactions of the multiple carboxylic acid groups with the column 

material. This observation was also made for the modified P(MsMAz‐co‐StMAz) derivatives P6‐1 

and P6‐2 (Figures S6.15 and S6.16, Supporting Information). In addition to previous work of our 

group,18 this work shows an alternative way to obtain polyhydroxy sulfonamides. Modification of 

vinyl groups with thiol‐ene chemistry has been proven to be a robust and flexible way to 

introduce various functional groups, such as carboxylic acids, hydroxyl, amines, and many 

more.19, 20 
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6.4.5 Free Radical Polymerization 

Free radical polymerization of StMAz was performed either by thermal or by UV‐light 

induced initiation (AIBN in DMF (P9) or with 2,2‐dimethoxy‐2‐phenylacetophenone and UV 

irradiation (P7, P8)). Under these conditions, polymers of 3700 and 8000 g mol−1 were prepared 

with molecular weight distributions of ≈1.7–2.4 (Figure S6.17 in the Supporting Information 

shows the SEC of polyalkylene:StMAz). The 1H NMR spectra of the polyalkylene:StMAz show the 

characteristic resonances of the aziridine substituents (in Figure S6.4: a, c, d at 2.25, 2.62, and 

2.05 ppm), while the vinyl resonances disappeared after the polymerization. The molecular 

weights determined by SEC in Table 6.1 are known to be underestimated by the factor of 2 to 3 

compared to the theoretical weights. This is due to the PEG standard which was used in our set‐

up.18, 32 

Table 6.1: Overview of polymers synthesized from StMAz  

# Polymera)  Mn
a) [g mol−1]  Mn

b) [g mol−1]  Mw/Mn
b)  

P1 PStMAz30 6850 4300 1.27 

P1‐1 P1‐mercaptoethanol 9200 7250 1.14 

P1‐2 P1‐mercaptopropionic acid 10 000 n.a. n.a. 

P2 PStMAz50 11 300 5000 1.19 

P3 P(TsMAz50‐co‐StMAz5)  8050 9000 1.09 

P4 P(TsMAz50‐co‐StMAz10)  9150 10 250 1.11 

P4‐1 P4‐mercaptoethanol 9900 13 150 1.13 

P4‐2 P4‐mercaptopropionic acid 10 200 5250 1.5 

P5 P(MsMAz50‐co‐StMAz5)  11 850 7050 1.16 

P6 P(MsMAz50‐co‐StMAz10)  12 950 7050 1.22 

P6‐1 P6‐mercaptoethanol 12 600 10 800 1.15 

P6‐2 P6‐mercaptopropionic acid 14 000 5000 1.64 

P7 Polyalkylene:StMAz  3700 1.7 

P8 Polyalkylene:StMAz‐co‐St   8000 2.4 

P9 Polyalkylene:StMAz  3800 1.7 

P10‐
kinetic 

P(TsMAz50‐co‐StMAz50)  21700 5000 1.09 

a) Theoretical molecular weight  

b) Molecular weight and molecular weight dispersity determined via SEC in DMF (vs PEO 

standards). Polymers P1–P6 were polymerized by AROP. Polymers P7–P9 were polymerized by 

free radical polymerization.  
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6.4.6 Thermal Characterization 

The thermal properties of the polymers and copolymers have been analyzed by DSC and 

TGA. TGA of the different P(StMAz)s and copolymers were measured and compared to the 

homopolymers P(TsMAz) and polystyrene (Figure 6.3). Decomposition of the polymers, 

independent of the monomer composition starts at Ton(95%) = 340 °C and degradation proceeds 

in a single step due to degradation of the side groups and of the polymeric backbone. At 

temperatures above 420 °C, only slightly further degradation takes place and reaches a char yield 

at 700 °C. Notable is the char yield of the homo‐P(StMAz) (TGA, P7 and P1) with 48 and 41 wt% 

remarkably higher compared to polystyrene and also compared to P(TsMAz). This can be 

explained by thermal cross‐linking of the pendant functional groups and thus leads to thermally 

stabile decomposition products, which might be of interest for future applications, e.g., as flame 

retardant additives.  

 

Figure 6.3: Thermogravimetric analyses, 10 °C min−1, under nitrogen. 48% ash yield at 750 °C (P7), 41% 
ash yield at 750 °C (P1), 30% ash yield at 750 °C (P4), 26% ash yield at 750 °C (P(TsMAz)), 8% ash yield at 
750 °C (polystyrene).  

Crosslinking of the polymers appears to be heat-induced. This was indicated via DSC. A 

precise Tg of P(StMAz) cannot be detected (Figure S6.18). A structural difference was observed by 

infra-red spectroscopy. Therefore a small amount of P(StMAz) was heated to 250  °C under 

nitrogen atmosphere. A decrease in intensity of the corresponding bands of the double bond (=C-

H stretch: ν = 3092, 3045; C=C stretch: ν = 1633; =C-H bend: ν = 920) in the IR-spectrum (See Figure 

S6.19) was observed. Furthermore the P(StMAz) is after heating insolubility in all tested solvents 

(CDCl3, DMSO, DMF). 

https://wol-prod-cdn.literatumonline.com/cms/attachment/36476887-dadc-4fe9-92aa-48527830fc43/macp201700145-fig-0003-m.jpg
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6.4.7 Conclusions 

We developed a robust two‐step synthesis for StMAz, the first orthogonal monomer for 

the aza‐anionic ring‐opening and free radical polymerization. Both polymerization mechanisms 

lead to highly functional polymers, either carrying reactive vinyl‐ or aziridine‐groups. The living 

anionic ring‐opening polymerization of StMAz leads to polymers with narrow molecular weight 

distributions and adjustable molecular weights. Also, copolymers with other aziridines were 

prepared, allowing to control the degree of functionality. 

In the presence of thermal or photoinitiators, StMAz undergoes free radical polymerization 

to form homo‐ or copolymers, which carry aziridine side groups. They exhibit a cross‐linking 

property during heating, indicated by TGA analysis and 1H NMR. This and the successful 

copolymerization with other aziridine monomers confirm StMAz to be a novel, suitable member 

in the family of anionically polymerizing aziridines. The applicability of this monomer is topic of 

further studies.  
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6.6 Supporting information for 4‐Styrenesulfonyl‐(2‐

methyl)aziridine: The First Bivalent Aziridine‐Monomer for 

Anionic and Radical Polymerization 

6.7 Analytical Data of StMAz 

 

Figure S6.1: 1H NMR (300 MHz, 298 K, CDCl3) of StMAz 

1H NMR (300 MHz, CDCl3): δ [ppm] = 7.92 (d, 2H, k), 7.58 (d, 2H, h), 6.84-6.73 ppm (dd, 1H, g), 

5.94 (d, 1H, f), 5.43 ppm (d, 1H, e), 2.95-2.78 (m, 1H, d), 2.66 (d, 1H, c), 2.07 (d, 1H, b), 1.29 (d, 

3H, a). 
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Figure S6.2: 13C NMR (101 MHz, CDCl3) of StMAz.. δ [ppm] = 135.76, 128.14, 126.69, 117.79, 36.01, 34.85, 
16.81. 

 

 

Figure S6.3: 1H 15N-HMBC (71 MHz, 298 K, CDCl3) of StMAz. 1H 15N HMBC (71 MHz, 298 K, CDCl3): δ [ppm] 
= 80.51. 



4‐Styrenesulfonyl‐(2‐methyl)aziridine: The First Bivalent Aziridine‐Monomer for Anionic and Radical Polymerization 

261 

6.8 Analytical Data of homo and co-polymers 

 

Figure S6.4: H-NMR (300 MHz, CDCl3) spectrum of P(StMAz). polymerized vinolog. δ [ppm] = 8.00-7.5 (br, 
h), 7.50-6.65 (br, g), 3.02-2.72 (br, e), 2.69-2.43 (br, d), 2.38-2.13 (br, c), 2.11-1.41 (br, b), 1.40-1.04 (br, 
a). 

 

1H NMR (300 MHz, CDCl3): δ [ppm] = 8.16-7.70 (br, h), 7.70-7.35 (br, g), 6.90-6.52 (br, f), 6.00-5.68 
(br, e), 5.50-5.24 (br, d), 4.61-3.67 (br, c), 3.67-2.96 (br, b), 1.42-0.55 (br, a). (For spectrum see 
Figure SI 9) 
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1H NMR (300 MHz, CDCl3): δ [ppm] = 8.13-7.71 (br, k), 7.71-7.34 (br, h), 6.89-6.62 (br, g), 6.03-
5.71 (br, f), 5.55-5.28 (br, e), 4.53-3.69 (br, d), 3.69-3.09 (br, c), 3.09-2.62 (br, b), 1.55-0.67 (br, a, 
a‘).(For spectrum see Figure SI 7) 

 

1H NMR (300 MHz, CDCl3): δ [ppm] = 8.17-7.66 (br, l), 7.66-7.39 (br, k), 7.39-7.17 (br, h), 6.87-6.57 
(br, g), 5.98-5.71 (br, f), 5.54-5.28 (br, e), 4.62-3.84 ppm (br, d), 3.84-2.99 (br, c), 2.50-2.11 (br, b), 
1.44-0.55 (br, a). (For spectrum see Figure SI 8) 
 

13  

Figure S6.5: MALDI-ToF MS von P(StMAz)30 

MALDI-TOF mass spectrometry proves the formation of the envisioned StMAz. The main 

distribution can be calculated to contain the mass of the initiator and the monomer mass with a 
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distance of 223 g mol−1, the molar mass of StMAz, up to a detectable molecular weight of ca. 7500 

g mol−1. The maximum of the distribution corresponds to the molecular weight of 21 repeating 

units, the initiator and potassium as a counter ion. 

 

Figure S6.6: Zoom into the MALDI ToF mass spectrum of P(MsMAz-co-StMAz). 

  



4‐Styrenesulfonyl‐(2‐methyl)aziridine: The First Bivalent Aziridine‐Monomer for Anionic and Radical Polymerization 

264 

6.9 Analytic of Thiol-ene functionalization 

 

Figure S6.7: 1H NMR (DCM-d2, 300 MHz, 298 K) spectra of P6 (unmodified) and P6-1 (after thiol-ene 
addition with 2-mercaptoethanol). 

 

 

Figure S6.8: 1H NMR (DCM-d2, 300 MHz, 298 K) spectra of P4 (unmodified) and P4-1 (after thiol-ene 
addition with 2-mercaptoethanol). 
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Figure S6.9: 1H NMR (DCM-d2, 300 MHz, 298 K) spectra of P1 (unmodified) and P1-1 (after thiol-ene 
addition with 2-mercaptoethanol). 

 

Figure S6.10: 1H NMR (DCM-d2, 300 MHz, 298 K) spectra of P4 (unmodified) and P4-2 (after thiol-ene 
addition with 3-mercaptopropionic acid). 
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Figure S6.11: 1H NMR (DCM-d2, 300 MHz, 298 K) spectra of P6 (unmodified) and P6-2 (after thiol-ene 
addition with 3-mercaptopropionic acid). 

 

Figure S6.12: 1H NMR (CDCl3 /DMSO-d6, 300 MHz, 298 K) spectra of P1 (unmodified) and P1-2 (after thiol-
ene addition with 3-mercaptopropionic acid). 
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Figure S6.13: SEC traces of P1 (black) and P1-1 (red) in DMF (RI signal) 

 

 

Figure S6.14: SEC traces of P4 (black) and P4-1 (red) in DMF (RI signal) 
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Figure S6.15: SEC traces of P6 (black) and P6-1 (red) in DMF (RI signal) 

 

 

Figure S6.16: SEC traces of P6 (black) and P6-2 (red) in DMF (RI signal) 
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Figure S6.17: SEC traces of P4 (black) and P4-2 (red) in DMF (RI signal) 

 

Figure S6.18: SEC traces of P7 and P8 (free radical polymerization) 
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Figure S6.19: DSC curves (second heating) of P(StMAz) (P2) and other homo poly(aziridine)s from MsMAz 
and TsMAz for comparison. P2: TG=not observed, P(MsMAz)50: TG=140 °C, P(MsMAz)50: TG=142 °C 

 

 

Figure S6.20: IR Spectra of Poly(StMAz) (P1) (red) and P1 after heating to 250°C. Temperature program 
corresponded to DSC Measurement.  
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Figure S6.21: Assembly of the monomer in the polymer versus reaction time. 

 

 

Figure S6.22: Zoom-in of the relevant signals of the monomer ring-protons, showing the consumption of 
the monomer. 
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concept was developed by Frederik Wurm and Tassilo Gleede. 
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7.1 Introduction 

Chirality is an important feature in many biopolymers and particularly relevant for tuning 

mechanical or thermal properties in synthetic polymers. Chirality is especially important in 

polypeptides, which are made of natural occurring amino acids (AS). Apart from glycine, naturally-

occuring amino acids are L-enantiomers. This forces polypeptides into more complex assemblies / 

secondary structures, such as helices or sheets.3 The helical structure of polypeptides and of DNA 

was first found by Pauling as well as Watson and Crick in the early 1950’s.4 1, 2  

Natta later found that isotactic polypropylene (PP) also exhibits a helical conformation,5 caused 

by the conformation of the stereocenters in the polymer backbone. Isotactic PP was the first 

example of a synthetic polymer with helical structure. As a solid material the properties of 

crystalline isotactic PP differ significantly to atactic amorphous PP in terms of density, x-ray 

scattering and solubility in ether, heptane and toluene. Unlike polypeptides or other natural chiral 

helices PP showed to lose its helical conformation by forming a random coil, indicated by viscosity 

measurements in tetralin.5 Since then, different polymers with chiral side groups were 

synthesized with the goal to maintain their hierarchical structure in solution. This further allows 

studying the unique properties such as optical rotation values in solution and thermal stabilityin 

the solid state 6-8. Today artificial hierarchical polymers are seen as promising candidates to study 

hierarchically assembly in supramolecular structures like coiled-coils,2 mimic protein DNA 

hybrids,9 and to synthesize biorthogonal helices and functional superstructures with catalytic 

activity. 

Anionic polymerization as a discipline of modern polymer science, is advantageous to 

synthesize polymers with different tacticity. The absence of termination reactions, allows the 

synthesis of polymers with well-defined polymer lengths, which is essential to compare the 

properties of polymers with different tacticity.10-15 Using two or more monomers with different 

reactivities could  allow the adjustment of  tacticity  in the polymer backbone by single step, one-

pot reactions.16, 17 This may contribute to fine-tuning the degree of tacticity in the polymer 

backbone. Sulfonyl-activated aziridines as a rather new monomer class undergoes anionic 

polymerization.11, 18 As the monomers consist of a three membered ring, the introduction of 

functional groups is possible on various sites. The N-sulfonyl group influences the monomer 

reactivity by its electron-withdrawing nature,16 furthermore it can be removed by hydrolysis or 

other desulfonylation reactions after polymeryzation.19 Side groups at the 2-position introduce a 

stereocenter and are used to introduce functionalities.20-22 In our previous work various 

functionalities were introduced using a racemic mixture. 
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Aziridines can be synthesized from amino acids which act as natural source of 

enantiopurity.23-25 As illustrated in Scheme 7.1, six amino acids can be seen as possible starting 

compounds to access functional activated aziridines and their polymers. After reduction of the 

AS, the reduced amino alcohols can be converted to aziridine monomers followed by ring-closure 

reaction. Enantiopure aziridines would form isotactic polyaziridines, which potentially have a 

secondary structure similar to polypeptides. The difference between polypeptides and isotactic 

polyaziridines is that hydrogen bonds, which stabilize the secondary structure in solution, are only 

present in polypeptides and not in polyaziridines. 

 

 

Scheme 7.1: Possible synthesis route of functional aziridines from naturally occurring amino acids 
towards functional polyamines in analogy to polypeptides.  
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Toste and Bergmann demonstrated; that polymers based on enantiopure aziridnes have a 

decreased solubility compared to racemic substituted aziridines.26 Polymers formed from 

monomer 1 precipitate and are insoluble in all tested organic solvents (DMF, DCM, DMSO. 

CHCl3). 26 

Our group demonstrated, that unsubstituted activated aziridines such as tosylaziridines 2 

do not polymerize towards high degree of polymerization. Usually the reaction mixture becomes 

turbid as polymers start to precipitate and propagation reactions are inhibited.27 This is most 

likely related to a higher degree of crystallinity caused by a more uniform polymer structure. 

However, detailed studies are off. Toste and Bergman found, that a racemic mixture of 3, 

activated with mesyl or tosyl, can be polymerized up to 200 RU to in DMF soluble polyaziridines. 

In contrast, enantiopure monomers become insoluble after 25 repeating units or less.  

Choosing activation groups with different structures is an established method to improve 

solubility of polysulfonylamides. Rupar et. al. used a mixture of different activation groups such 

as sec-busyl- and mesyl-aziridines. The resulting polymer becomes irregular in structure and the 

solubility is increased.28 They also showed, that the solubility of ortho-substituted 

polysulfonylaziridines is superior to para-substituted polysulfonylaziridines, polymers up to 200 

and 400 repeating units were synthesized, while homopolymerizations were limited to a 

maximum of 25 RU.29 Using activation groups with different structural patterns or different side 

groups on the monomers might also be beneficial to overcome solubility issues. Therefore, 

copolymerization of monomers with different side chains (1-6) may provide polyaziridines with 

an adequate solubility in organic solvents in the future. 

Desulfonylation of polysulfonylaziridines like illustrated in scheme 7.2 is reported in 

literature for alkylsulfonyl groups,28 aromatic substituents19, 30 and highly activated aromatic 

substituents.29, 31 Removing the protecting groups of isotactic polysulfonylaziridines would allow 

obtaining substituted linear polyethyleneimine in analogy to isotactic polypropyleneoxide32 and 

polypropylenesulfide33 for the first time. 

 

Scheme 7.2: Desulfonation of polysulfonamide leads to linear polyamine derivatives. 
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Secondary amines, like they are present in the deprotected polymer would promote 

solubility also in water.11, 34 Amines provide further sites for multiple chemical modifications 

according to amine chemistry. Due to the chiral environment of the secondary amines, this 

polymer might be of importance for catalytic applications. 

Famous examples for enantiopure amines applied in catalytic chemistry is the Hajos-

Parrish-Eder-Sauer-Wiechert reaction,35, 36 primary amino acids like phenylalanine and others are 

used as catalyst to perform intramolecular aldol reactions with high enantiomeric excess (e.e.). 

Also 4-Dimethylaminopyridine (DMAP) derivatives find a broad application as nucleophilic 

catalysts. They promote acylation reactions of secondary alcohols, kinetic resolutions, Michael 

Additions37, 38 etc.. The advantage of DMAP is that the chiral environment and its nucleophilicity 

is adjustable by substituents. As a result, it is used in many l enantioselective reactions. 39-41 The 

steric impact of the substituents in the polymer could then influence catalytic processes like 

kinetic resolutions. The substituents could be used to tune the catalytic environment for specific 

reaction.  

Expanding the scope of enantiopure aziridines like 5 and 6 as well as their polymerization 

will be part of future studies. Desulfonylation and the exploration of catalytic properties of the 

isotactic polyamine will be part of future work as well. To explore first properties of isotactic 

polyamine derivatives the enantiopure monomer 3 and 4 were synthesized and first 

polymerizations of 3 were conducted successfully. Polymers with different DP and a different 

amount of enantiopure monomers were obtained to study the impact of tacticity with CD-

spectroscopy and SEM.  

7.2 Experimental Section 

7.2.1 Chemicals 

Solvents and reagents were purchased from Acros Organics, TCI, Sigma-Aldrich or Fluka 

and used as received unless otherwise stated (methanol, diethylether, anhydrous DMF, DCM, 

(2S)-2-Amino-1-propanol, DMAP, triethylamine, tosylchloride, CaH2, MgSO4). Deuterated solvents 

were purchased from Deutero GmbH. 2-Methylaziridine was synthesized according to already 

published procedures.26 2-Methylaziridine was purified by distillation from CaH2 to remove traces 

of water. 2-Methyl-N-tosylaziridine (rac-TsMAz) and PyNHMs-initiator were synthesized 

according to already published procedures and dried by azeotropic distillation from benzene to 

remove traces of water.26 The synthesis of enantiomeric pure TsMAz was adopted from 

literature.42 
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7.2.2 Instrumentation 

NMR: 1H NMR spectra were recorded using a Bruker Avance 300, a Bruker Avance III 700. 

All spectra were referenced internally to residual proton or carbon signals of the deuterated 

solvent, if not noted otherwise.  

SEC: Size exclusion chromatography (SEC) measurements of standard polymers were 

performed in DMF (1 g L-1 LiBr added) at 60 °C and a flow rate of 1 mL/min with an PSS SECcurity 

as an integrated instrument, including a PSS GRAM 100-1000 column and a refractive index (RI) 

detector. Calibration was carried out using poly(ethylene glycol) standards provided by Polymer 

Standards Service. 

HPLC: HPLC was used to determine the enantiomeric excess of the chiral monomers. Using 

amylose tris(3-chloro-4-methylphenylcarbamate) immobilized on 3 µm silica gel as column 

material at 25 °C and 1 mL / min in hexane / EtOH 95/5. 

DLS: Dynamic light scattering measurements (DLS) were performed on an ALV 

spectrometer consisting of a goniometer and an ALV-5004 multiple-tau full-digital correlator (320 

channels) which allows measurements over an angular range from 20° to 150. A He-Ne Laser 

operating at a laser wavelength of 632.8 nm was used as light source. For temperature-controlled 

measurements the light scattering instrument is equipped with a thermostat from Julabo. Diluted 

samples were filtered through PTFE membrane filters with a pore size of 0.45 µm (LCR syringe 

filters). Measurements were performed at 20 °C at different angles ranging from 30° to 150°. 

SEM: Scanning electron microscopy (SEM) was performed on a 1530 LEO Gemini 

microscope (Zeiss, Oberkochen, Germany). The nanoparticle dispersion (10 µL) was diluted in 

3 mL of distilled water, drop-cast onto silica wafers, and dried under ambient conditions. 

Afterward the silica wafers were placed under the microscope and each sample was analyzed at 

a working distance of ~3 mm and an accelerating voltage of 0.2 kV. 

Circular dichroism (CD) spectroscopy: All spectra were recorded using a concentration of 

50 μM in acetonitrile using a quartz cell with a path length of 2 mm or 1 mm. CD-spectra were 

recorded on a J-815 CD-spectrometer (JASCO) using the software Spectra Manager 2.08.04. An 

average of three scans was reported. All spectra were corrected by the subtraction of the 

background. All data was processed using Origin Pro 9.1. 
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7.2.3 Synthetic procedures 

Synthesis of (S)-2-methyl-1-tosylaziridine ((S)3) 

 

In a 500 mL reaction flask, equipped with a dropping funnel, (2S)-2-amino-1-propanol 

(2.5 g, 1 equiv.) was dissolved in 200 mL dry DCM. To this solution TEA (13.5 g, 4.0 equiv.) was 

added at 0 °C. Than TsCl (16 g, 2.5 equiv) dissolved in ca 100 mL dry DCM was added dropwise 

over a period of 30 min at 0 °C. After the addition of the TsCl, a catalytic amount (20 mg) of DMAP 

was added to the reaction mixture, the mixture was allowed to warm up to room temperature 

and was stirred for 12 h. 100 mL of saturated NH4Cl (aq) was added to terminate the reaction, the 

product was extracted with DCM, the organic phases were combined and dried over Na2SO4. The 

DCM was evaporated at reduced pressure. 550 mg (7.9%) of pure product was obtained as a 

colorless solid after purification via column chromatography. 

1H NMR (250 MHz, Benzene-d6) δ 7.83 (d, J = 8.0 Hz, 2H), 6.87 (d, J = 8.0 Hz, 2H), 2.72 – 2.51 (m, 

1H), 2.36 (d, J = 6.9 Hz, 1H), 1.95 (s, 3H), 1.51 (d, J = 4.5 Hz, 1H), 0.83 (d, J = 5.6 Hz, 3H). 

 

Synthesis of (R)-2-methyl-1-tosylaziridine ((R)3) 

 

The synthesis of (R)3 was done in direct analogy to (S)3, by using (2R)-2-amino-1-propanol 

as starting compound. 900 mg (13% yield) of the pure product was obtained as a colorless solid 

after purification via column chromatography. To verify the enantiomeric purity of the 

synthesized chiral monomers, HPLC was conducted with 1 mg/mL solutions of (R)3 and (S)3 and 

rac-TsMAz in hexane / EtOH 95/5. 

1H NMR (300 MHz, benzene-d6) δ 7.94 – 7.80 (m, 2H), 6.73 (d, J = 7.9 Hz, 2H), 2.62 (h, J = 5.7 Hz, 

1H), 2.40 – 2.30 (m, 1H), 1.84 (s, 3H), 1.37 (d, J = 4.5 Hz, 1H), 0.82 – 0.72 (m, 3H). 
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General procedure for the azaanionic polymerization of (R)3 and (S)3 

 

All glassware (Schlenk flasks) was flame-dried by in vacuo for at least three times. All 

reactants (except potassium bis(trimethylsilyl)amide (KHMDS)) were dried from benzene in vacuo 

for at least 4 h. The TsMAz was dissolved in anhydrous N,N-dimethylformamide to give a 10 wt% 

solution, the PyNHMs-initiator were dissolved in 1 mL DMF. The initiator solution was activated 

by adding it to KHMDS under the argon-atmosphere. From the initiator-solution, the appropriate 

volume was added to the monomer solution. The mixture was stirred at 60 °C overnight. To 

terminate the polymerization, 0.5 mL acidic methanol was added and the reaction mixture was 

precipitated in ca. 25 mL diethyl ether. The colorless precipitate was collected by centrifugation 

and dried at room temperature in vacuo to give a colorless powder with moderate yields (71 – 

86%). 
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7.3 Results and Discussion 

Monomer synthesis of (S)3, (R)3 and (rac)3 was performed in analogy to the literature.42 

Monomer (S)4 was also synthesized following the literature procedure. To synthesize 

enantiopure activated aziridines, we chose to use amino alcohols as a natural source of 

enantiopurity. To determine the final enantiomeric excess of the enantiopure aziridines the 

racemic mixture of 3 was separated via HPLC. Figure S 7.1 shows full baseline separation of the 

two enantiomers. Using the same HPLC method the enantiopure aziridines (S)3 and (R)3 were 

confirmed to be of high enantiopurity. Figure S 7.2 and S 7.3 show only a single peak 

corresponding to the specific enantiomer. Therefore, we assume the enantiomeric excess of the 

activated aziridines is with 98% e.e. equal to the e.e. of the used amino alcohols. Figure S 7.4 and 

S 7.5 show the 1H NMR of tosyl-monomers (R)3 and (S)3.  

Monomer (S)4, containing a thioether side group was synthesized, activated with a mesyl 

and a tosyl group. The thioether side group should not inhibit the anionic polymerization and it 

allows further modification by oxidation, which can be used to adjust the hydrophilicity of the 

side groups to further increase the solubility. The 1H NMR’s prove both (S)4 monomers were 

successfully synthesized activated with a mesyl (figure S7.7) and a tosyl group (figure 7.8). For 

future studies the thioether monomers need to be polymerized. Then subsequent studies on 

oxidation behavior, and formation of a secondary structure can follow. Polymer properties could 

then be further modified by oxidation reactions. 

To investigate the impact of the enantiomerical purity on the solubility and the degree of 

polymerization we polymerized of both TsMAz enantiomers with the goal to study the isotactic 

polymers in solution. Table 7.1 summarizes the conducted polymerizations of enantiomerically 

pure TsMAz.  

Table 7.1: Summary of conducted homopolymerizations of 3. 

Experiment e.e.a / % DPb 
Mn

b /  

g mol-1 

Mn
c /  

g mol-1 
Đc 

#1  +98 100 21.400 n.d. n.d. 

#2  +98 50 10.900 n.d. n.d. 

#3  +98 25 5.600 n.d. n.d. 

#4  +98 12.5 3.000 1000 1.09 

#5  -98 100 21.400 n.d. n.d. 

Experiments conducted with 10 wt% monomer concentration in DMF. a 

enantiomeric excess of the monomer was determines via HPLC, b Theoretical value, 
c Number-average molecular weight and molecular weight dispersities determined 
via SEC in DMF (vs. PEO standards). n.d.: not determined 
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We were able to confirm the finding of Toste and Bergmann; polymers of enantiomeric 

pure aziridines become insoluble in all tested organic solvents (DMF, DMSO, DCM, CHCl3). All 

reaction solutions became turbid several minutes after initiation. Therefore, analysis via SEC of 

the polymers with a DP greater than 12.5 was not possible. #4 with 12.5 repeating units remained 

soluble enough in DMF and allowed SEC analysis, see Figure7.11. The determined molecular 

weight was with 1000 g/mol underestimated by the factor of 3. As PEO standards were used for 

the SEC an underestimated molecular weight by the factor of 2 – 3 was also reported in our 

previous publications.16, 18, 20  

The obtained DMF dispersions from polymerization #1 – #4 were diluted with DMF to 

further analyze the milky dispersions by dynamic light scattering. Figure S 7.9 and figure S7.10 

show, that the hydrodynamic radii were all around 90 nm over multiple angels. The Independent 

of the anticipated degree of polymerization (12.5–100) of the enantiopure polymers, the 

polymers became insoluble and formed structures, with a similar size and homogeneous size 

distributions in DMF. 

Sample #1 was further analyzed by scanning electron microscopy (SEM). Figure 7.1 shows 

the dried polymer. #1 precipitated in flakes with a size below 1 µm. SEM further visualized a 

layered structure of the flakes. The size difference between DLS results and the SEM image is 

most probable explained by agglomeration of the sample during preparation on the SEM grit. 

 

Figure 7.1: SEM of #1. Prepared by drop cast a diluted DMF dispersion of #1 on a SEM grid followed by 
evaporation of DMF at room temperature. 

To mediate the solubility of the polymers the degree of enantiomeric excess was decreases 

from 98% down to 20% to see, how the tacticity limits the solubility of the polysulonylamines. 

Table 7.2 shows the conducted polymerizations of the tosyl-activated monomer (S)3 

copolymerized with the racemic monomer rac-TsMAz. 
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Table 7.2: Summary of conducted co-polymerizations of 3 with variating e.e.. 

Experiment e.e.a / % DPb 
Mn

b / g 

mol-1 

Mn
c / g 

mol-1 
Đc 

#1 +98 100 21.400 n.d. n.d. 

#6  +87.5 100 21.400 n.d. n.d. 

#7  +75 100 21.400 n.d. n.d. 

#8  +50 100 21.400 6800 1.12 

#9  +20 100 21.400 5700 1.10 

Experiments conducted with 10 wt% monomer concentration in DMF. a 

enantiomeric excess of the monomer was determines via HPLC, mixing the 
monomer with its racemic analog gave a reduced e.e.. b Theoretical value, c 
Number-average molecular weight and molecular weight dispersities determined 
via SEC in DMF (vs. PEO standards). n.d.: not determined 

 

Variation of the enantiomeric excess of the monomers gave consequently polymers with a 

different amount of isotactic side groups. It appeared, that an e.e. above 50% leads to insoluble 

polymers. An e.e. of 50% of lower still allows a proper solubilization in DMF. SEC of the polymers 

#8 and #9 has an excellent narrow molecular weight distribution (see Figure S 12 and S 13). 

To analyses the optical activity of the polymers, CD-spectroscopy was used. The polymers 

were precipitated into diethyl ether and dried under high vacuum to fully remove traces of DMF. 

DMF does not allow CD-spectroscopy below 250 nm, as it absorbs light in this region. The 

obtained powder was then dissolved under ultrasound in dry acetonitrile with 1 g/L to give a milky 

dispersion. The dispersion was further diluted by 1/10th in ACN. CD-spectra were taken from 

180 nm to 350 nm, see figure 7.2. 
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Figure 7.2: CD Absorption spectra of homopolymers with 98%e.e. and variating DP from 12.5 to 100 (left 
side). CD Absorption spectra of copolymers with variating e.e. DP: 100 (right site) 
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This procedure was repeated for all samples. The polymer from (S)3 with 100 RU (blue 

spectrum) shows an intense positive signal at 243 nm, followed by a minimum at 222 nm. Two 

positive signals can be seen additionally at 270 nm and 277 nm, both are weak in intensity. 

Decreasing the RU of the polymer to 50 RU (red spectrum) shows the similar pattern, but much 

weaker in intensity. Decreasing the RU even further over 25 to 12.5 RU shows spectra different 

to the blue spectra and lower in intensity.  

The comparison of the CD-spectra of polymers with high e.e. and different degree of 

polymerization shows that a high DP is required to that polyaziridines form a secondary structure. 

Additionally, shown in figure 7.2 (left side) the maxima and minima of (S)3 with 100 RU are 

reversed to the (S)3 with 100 RU. The mirrored maxima indicate the formation of structure with 

opposite chirality e.g. a helix. Figure 1 right spectra compares the CD-spectra of Poly(S)3 with 100 

RU and a decreasing enantiomeric excess. The intensity of the maxima decreases significantly if 

e.e. is lower than 98%. This indicates, that polymers do not form any secondary structure if the 

tacticity of the side groups is not highly isotactic.  

7.4 Summary 

Different enantiopure aziridines were synthesized and the enantiomeric excess was 

determined for (R)3 and (S)3. Polymerizations of (R) and (S)3 activated with tosyl groups were 

successful. The obtained polymers meet the literature finding that enantiopure polyaaziridines 

are hardly soluble in most solvents. We observed polymers with RU greater than 12.5 cannot be 

analyzed by standard SEC techniques as solubility is limited. However, we were able to obtain and 

analyze a homogeneous dispersion of polyaziridine particles in DMF after polymerization of 

enantiopure aziridines. CD-spectroscopy further proved the polymers to be optical active and 

showed evidence, that the polymers form a helical structure in ACN. We believe, that using 

different activation groups and testing other side groups like monomer 4, 5, 6 may be useful to 

overcome the issues of limited solubility of isotactic poly sulfonamides. We further see a huge 

potential to study chiral polyamides / amines in respect to their potential catalytic activity. 
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7.6 Supporting Information for Tacticity control in poly(sulfonyl 

aziridine)s: Towards tuning crystallinity and supramolecular 

interactions 

 

7.6.1 HPLC elution volumes of (rac) TsMAz and pure enantiomers 

 

Figure S 7.1: HPLC trace of (rac) TsMAz using Amylose tris(3-chloro-4-methylphenylcarbamate)-
immobilized on 3µm silica gel at 25°C and 1 mL / min in hexane / EtOH 95/5, showing baseline separation 
of the two enantiomers at 20.0 min (R3) and 21.6 min (S3). 
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Figure S 7.2: HPLC trace of (S) (+) TsMAz using Amylose tris(3-chloro-4-
methylphenylcarbamate)immobilized on 3µm silica gel at 25°C and 1 mL / min in hexane / EtOH 95/5, 
showing the (S3) enantiomer at 21.4 min with an ee of 99%. 

 

Figure S 7.3: HPLC trace of (S) (-) TsMAz using Amylose tris(3-chloro-4-
methylphenylcarbamate)immobilized on 3µm silica gel at 25°C and 1 mL / min in hexane / EtOH 95/5, 
showing the (R3) enantiomer at 20.34 min with an ee of 99%. 
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7.6.2 1H NMR of monomers 

 

Figure S 7.4: 1H NMR of (S)3 with a tosyl activating group (250 MHz, Benzene-d6) δ 7.83 (d, J = 8.0 Hz, 2H), 
6.87 (d, J = 8.0 Hz, 2H), 2.72 – 2.51 (m, 1H), 2.36 (d, J = 6.9 Hz, 1H), 1.95 (s, 3H), 1.51 (d, J = 4.5 Hz, 1H), 
0.83 (d, J = 5.6 Hz, 3H) 

 

 

Figure S 7.5: 1H NMR of (R)3 with a tosyl activating group (300 MHz, Benzene-d6) δ 7.94 – 7.80 (m, 2H), 
6.73 (d, J = 7.9 Hz, 2H), 2.62 (h, J = 5.7 Hz, 1H), 2.40 – 2.30 (m, 1H), 1.84 (s, 3H), 1.37 (d, J = 4.5 Hz, 1H), 
0.82 – 0.72 (m, 3H). 
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Figure S 7.6: 1H NMR of (S)3 containing a mesyl activating group (300 MHz, Benzene-d6) δ 2.63 (s, 3H), 
2.55 – 2.39 (m, 1H), 2.27 (d, J = 7.0 Hz, 1H), 1.60 (d, J = 4.6 Hz, 1H), 0.92 (d, J = 5.6 Hz, 3H). 

 

Figure S 7.7: 1H NMR (250 MHz, Chloroform-d) δ 3.08 (s, 3H), 2.85 (tq, J = 8.4, 4.3, 3.7 Hz, 1H), 2.63 (qd, J 
= 7.3, 6.0, 3.6 Hz, 3H), 2.15 (d, J = 4.5 Hz, 1H), 2.12 (s, 3H), 1.95 (dtd, J = 14.8, 7.5, 4.8 Hz, 1H), 1.73 (dt, J = 
14.3, 7.1 Hz, 1H). 
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Figure S 7.8: 1H NMR (250 MHz, Chloroform-d) δ 7.86 (d, J = 8.0 Hz, 2H), 7.37 (d, J = 7.9 Hz, 2H), 2.88 (td, 
J = 7.6, 3.8 Hz, 1H), 2.70 (d, J = 7.0 Hz, 1H), 2.43 – 2.25 (m, 2H), 2.15 (d, J = 4.5 Hz, 1H), 2.05 (s, 3H), 1.88 
(ddd, J = 15.6, 8.5, 3.9 Hz, 1H), 1.68 – 1.52 (m, 1H). 
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7.6.3 Dynamic light scattering of polymer dispersions 

 

Figure S 7.9: DLS of Poly(S)3, with 100 RU (#1) in DMF. 
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Figure S 7.10: DLS of #4, #3, #2 with 100 RU in DMF. 
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7.6.4 Size exclusion elugrams of solubil enantio rich polyaziridines 

22 24 26 28 30 32 34

Elution volume / mL  

Figure S 7.11: SEC of #4, in DMF. 

18 20 22 24 26 28 30 32 34

Elution volume / mL  

Figure S 7.12: SEC of #9, in DMF. 
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Figure S 7.13: SEC of #10, in DMF. 
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8 Appendix 

8.1 Publications of Cooperation Projects 

During the time working on my PhD thesis, several corporation projects (C. P.), with my 

participation were conducted. Those that were successfully published are presented in this 

section in paper format. 

 

C.P. 1: Polymerization kinetics of activated aziridines 

“The Living Anionic Polymerization of Activated Aziridines: Systematic Study of Reaction 
Conditions and Kinetics” published in: Polymer Chemistry, 2017, 8, 2824–2832, written by: 
Elisabeth Rieger, Tassilo Gleede, Katja Weber, Angelika Manhart, Manfred Wagner and Frederik 
R. Wurm 
 

C.P. 2: Desulfonylation of polysulfonamides 

“Microwave-Assisted Desulfonylation of Polysulfonamides toward Polypropylenimine” published 
in: ACS Macro. Letters 2018, 7, (6), 598–603, written by: Elisabeth Rieger, Tassilo Gleede, Angelika 
Manhart and Frederik R. Wurm 
 

C.P. 3: Carbene catalyzed selective initiation of aziridines 

“Selective Initiation from Unprotected Aminoalcohols for the N‑Heterocyclic Carbene-

Organocatalyzed Ring-Opening Polymerization of 2‑Methyl-N-tosyl Aziridine: Telechelic and 
Block Copolymer Synthesis” published in: Macromol. 2018, 51, (7), 2533–2541., written by: 
Camille Bakkali-Hassani, Clément Coutouly, Tassilo Gleede, Joan Vignolle, Frederik R. Wurm, 
Stéphane Carlotti and Daniel Taton 
 

C.P. 4: Ruthenocenyl Glycidyl Ether for anionic polymerization 

“Ruthenocenyl Glycidyl Ether: A Ruthenium-Containing Epoxide for Anionic Polymerization” 
published in: Organometallics 2017, 36, 3023–3028, written by: Arda Alkan, Tassilo Gleede, and 
Frederik R. Wurm 
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C.P. 1: Polymerization kinetics of activated aziridines 
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C.P. 2: Desulfonylation of polysulfonamides 
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C. P. 3. Carbene catalyzed selective initiation of aziridines 
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C.P. 4: Ruthenocenyl Glycidyl Ether for anionic 
polymerization 
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