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Summary 

Design, synthesis and application of novel degradable material based on polyesters by 

radical ring-opening polymerization (RROP) were described in this thesis. Herein, we 

studied a rare example of the formation of polystyrene-grafted aliphatic polyester in 

one-pot by radical polymerization including the reaction mechanism, designed 

enzymatically degradable amphiphilic conetworks by RROP, developed enzymatically 

degradable DOPA-containing polyester based adhesives by radical polymerization, and 

prepared and characterized novel thermally stable optically transparent copolymers with 

degradable ester linkages. 

In the case of formation of a graft copolymer in one-pot by radical polymerization, the 

cyclic ester β-propiolactone (β-PL) and styrene (St) were copolymerized at 120 °C with 

various monomer ratios. It is a rare example of a system providing graft copolymers 

(PSt-g-β-PL) with a complete range of monomer ratios in one pot. The structure of the 

resulting β-PL-St copolymers was proved by using a combination of different 

characterization techniques, such as 1D and 2D NMR spectroscopy and gel permeation 

chromatography (GPC), and also the analysis before and after alkaline hydrolysis of 

polymers. A significant difference in the reactivity of St and β-PL and radical chain 

transfer reactions at the polystyrene (PSt) backbone, followed by combination with the 

active growing poly(β-PL) chains, led to the formation of graft copolymers by a 

grafting-onto mechanism. 

We designed a different route for the preparation of enzymatically degradable 

amphiphilic conetworks (APCNs) based on unsaturated polyesters by RROP of 

vinylcyclopropane (VCP) with cyclic ketene acetal (CKA). In the first step, the 

unsaturated degradable polyesters with random distribution of cross-linkable double 

bonds and degradable ester units were prepared by radical ring-opening copolymerization 

of VCP and 2-methylene-4-phenyl-1,3-dioxolane (MPDO). Very similar reactivity ratios, 
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unimodal GPC curves and 2D NMR technique (heteronuclear multiple bond correlation, 

HMBC) showed the formation of random copolymers with unsaturation and ester units. 

The unsaturated units were used for cross-linking with hydrophilic macromonomer 

(oligo(ethylene glycol) methacrylate, OEGMA) by radical polymerization in a second 

step for the formation of enzymatically degradable APCNs. Enzymatic degradability was 

studied using Lipase from Pseudomonas cepacia. Due to the hydrophilic (HI) and 

hydrophobic (HO) microphase separation, the APCNs showed swelling in both water and 

organic solvents with different optical properties. This method provides an interesting 

route for making functional degradable APCNs using radical chemistry in the future. 

We developed a 3,4-dihydroxyphenylalanine (DOPA) containing enzymatic 

degradable non-toxic synthetic adhesive with good adhesion to soft tissue and metals by a 

simple two-step reaction. This adhesive had degradable polycaprolactone- type repeating 

units together with glycidyl methacrylate (GMA) and OEGMA in the polymer backbone. 

Radical initiated copolymerization of 2-methylene-1,3-dioxepane (MDO), GMA and 

OEGMA followed by immobilization of DOPA on epoxy rings of GMA provided the 

adhesive material. Fe(acac)3 was proved to be the most effective cross-linking agent with 

lap shear strength on soft tissue (porcine skin) and metal (aluminum). The cross-linked 

adhesive showed good adhesion stability in pH 7 PBS buffer at 37 °C for at least one 

week. Due to the high adhesive strength, enzymatic degradability and low toxicity, the 

material is a promising candidate for future studies as medical glue. 

Finally, copolymers with high thermal stability, glass transition temperature and 

optical transparency were produced by radical polymerization of MDO and N-phenyl 

maleimide (NPM). The polymers made under specific reaction conditions, i.e. 120 oC and 

high amounts of MDO had degradable ester units, which were formed via radical 

ring-opening polymerization of MDO. Formation of charge-transfer complex between 

MDO and NPM also led to the formation of high molar mass copolymers by simple 

mixing and heating of monomers without use of any initiator. The structural 

characterization of copolymers including mechanistic studies was studied in details. 
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Zusammenfassung 

Das Design, die Synthese und Anwendung von neuartigen bioabbaubaren Polyestern, 

welche mittels der radikalischen ringöffnenden Polymerisation (RROP) synthetisiert 

wurden, werden im Rahmen dieser Arbeit beschrieben. Dabei wurde die Synthese von 

Polystyrol gepfropften aliphatischen Polyestern mittels eines radikalischen 

„one-pot“ Verfahrens sowie der Reaktionsmechanismus untersucht. Weiter wurden mittels 

RROP enzymatisch abbaubare, amphiphile Co-Netzwerke, ein enzymatisch abbaubarer 

DOPA enthaltender Klebstoff (auf der Basis eines Polyesters), sowie thermisch stabile und 

optisch transparente Polymere mit abbaubaren Ester Bindungen, entwickelt und 

charakterisiert. 

Im Falle der Herstellung von Pfropfcopolymeren durch ein „one-pot“ Verfahren der 

radikalischen Polymerisation, konnten Styrol (St) und β-Propiolacton (β-PL) in 

unterschiedlichen Molverhältnissen bei 120°C copolymerisiert werden. Dies ist ein 

seltenes Beispiel für ein „one-pot“ System, bei dem (PSt-g-β-PL) Pfropfcopolymere mit 

sehr unterschiedlichen Molverhältnisse der Monomere, hergestellt werden können. Die 

Struktur der erhaltenen (PSt-g-β-PL) Copolymere konnte durch mehrere 

Charakterisierungsmethoden, wie z.B. der 1D sowie der 2D NMR-Spektroskopie und der 

Gel-Permeations-Chromatographie (GPC), vor und nach der alkalischen Hydrolyse der 

Polymere, aufgeklärt werden. Der deutliche Reaktivitätsunterschied von Styrol und β-PL, 

die radikalische Kettenübertragungsreaktionen am Polyesterrückgrad, sowie die 

anschließende Reaktion mit den wachsenden aktiven Poly(β-PL)-Polymerketten, führte zu 

einem grafting onto Mechanismus. 

Im Rahmen dieser Arbeit wurde außerdem, eine alternative Syntheseroute zur 

Herstellung von enzymatisch abbaubaren und amphiphilen Co-Netzwerkstrukturen 

(APCNs) entwickelt. Dies geschah auf der Basis von ungesättigten Polyestern, mittels 

radikalischer ringöffnenden Polymerisation von Vinylcyclopropan (VCP) und zyklischen 
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Ketenacetalen (CKA). Im ersten Schritt wurde ein bioabbaubarer, ungesättigter Polyester, 

der eine statistische Verteilung der Doppelbindungen und der bioabbaubaren 

Estereinheiten aufweist, durch eine radikalische ringöffnende Polymerisation von VCP und 

2-Methyl-4-phenyl-1,3-dioxolan (MPDO) synthetisiert. Eine ähnliche Reaktivitäten von 

VCP und MPDO, die mittels GPC ermittelte monomodale Molekulargewichtsverteilung, 

sowie durch Verwendung der 2D NMR Technik heteronuclear multiple bond correlation 

(HMBC) konnte gezeigt werden, dass Copolymere mit statistisch verteilten 

Doppelbindungen und Estereinheiten synthetisiert wurden. Die vorhandenen 

Doppelbindungen mit einem hydrophilen Makromonomer (oligo(ethylen glycol 

methacrylat, OEGMA) wurde über radikalische Polymerisation quervernetzt. Dies 

ermöglichte die Herstellung eines enzymatisch abbaubaren Co-Netzwerkes (APCNs). Die 

enzymatische Abbaubarkeit des APCN wurde durch die Verwendung von Lipase aus 

Pseudomonas cepacia untersucht. Zudem zeigte das APCN, aufgrund seines hydrophilen 

und seines hydrophoben Anteils, wodurch Mikrophasenseperation auftritt, ein hohes 

Quellvermögen und unterschiedliche optische Eigenschaften in Wasser sowie in 

organischen Lösemitteln. Für zukünftige Arbeiten, ermöglicht diese Synthesesmethode die 

Herstellung von anderen funktionalisierten und bioabbaubaren APCNs über radikalische 

Polymerization. 

Ein weiterer Teil dieser Arbeit bestand in der Entwicklung eines ungiftigen, 

3,4-Dihydroxypehnylalamin (DOPA) enthaltenden, enzymatisch abbaubaren Klebstoffes, 

welcher sich durch gute Klebfestigkeit auf weichen und metallischen Oberflächen 

auszeichnet. Der hergestellte Klebstoff besteht sowohl aus abbaubaren Polycaprolacton- 

Repetiereinheiten, als auch aus Glycidylmethacrylat (GMA)- und OEGMA- Einheiten. 

Hierfür wurde eine einfache zweistufige Copolymerisation von 2-Methylen-1,3-dioxepan, 

GMA und OEGMA, gefolgt von der Immobilisierung von DOPA an den Epoxyringen von 

GMA, durchgeführt. Dabei zeichnete sich Fe(acac)3 als geeignetster Quervernetzer mit 

hoher Zugscherfestigkeit auf weichem Material (Schweinehaut) und Aluminium- 

oberflächen aus. Der so der hergestellte Klebstoff wies weiter eine hohe Klebstabilität in 
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Pufferlösung (PBS, pH = 7) bei 37°C für mindestens eine Woche auf. Aufgrund der 

genannten Eigenschaften, ist das Material ein vielversprechender Kandidaten für 

zukünftige Forschungsarbeiten über Klebstoffe für die Medzintechnik. 

Außerdem wurde ein optisch klares Copolymer mit hoher thermischer Stabilität und 

einer hohen Glasübergangstemperatur, über radikalische Polymerisation von MDO und 

N-phenyl Maleinimid (NPM), hergestellt. Die unter bestimmten Reaktionsbedingungen 

hergestellte Polymere, d.h. 120°C und große Mengen an MDO, zeichneten sich durch 

abbaubare Estereinheiten aus, welche durch die radikalische ringöffnende Polymerisation 

von MDO gebildet wurden. Durch einfaches Mischen und Erhitzen von MDO und NPM 

(ohne die Verwendung eines Initiators) bildete sich ein Charge-Transfer-Complex aus. 

Dies führt zur Bildung eines Copolymers mit hohem Molekulargewicht. Die 

Strukturaufklärung des Copolymers sowie mechanische Studien wurden im Detail 

behandelt. 
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Glossary 

2D  two-dimensional 

AIBN azobisisobutyronitrile 

APCN(s) amphiphilic conetworks(s) 

ATRP atom-transfer radical polymerization 

β-PL β-propiolactone 

BA n-butyl acrylate 

BMDO 5,6-benzo-2-methylene-1,3-dioxepane 

CKA(s) cyclic ketene acetal(s) 

DOPA 3,4-dihydroxyphenylalanine 

DSC differential scanning calorimetry 

DTBP di-tert-butyl peroxide 

GMA glycidyl methacrylate 

GPC gel permeation chromatography 

HI hydrophilic 

HMBC heteronuclear multiple bond correlation 

HO hydrophobic 

MALLS multi-angle laser light scattering 

MDO 2-methylene-1,3-dioxepane 

Mn number-average molecular weight 

Mw weight-average molecular weight 

MMA methyl methacrylate 

MPDO 2-methylene-4-phenyl-1,3-dioxolane 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NMP nitroxide mediated polymerization 

NPM N-phenyl maleimide 
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OEGMA oligo(ethylene glycol) methacrylate 

PBS phosphate-buffered saline 

PCL poly(ε-caprolactone) 

PDI polydispersity index 

PEG poly(ethylene glycol) 

PEO poly(ethylene oxide) 

PSt polystyrene 

RAFT reversible addition fragmentation chain transfer polymerization 

RI refractive index 

ROP ring-opening polymerization 

RROP radical ring-opening polymerization 

St styrene 

Tg glass transition temperature 

TGA thermogravimetric analysis 

TMS tetramethylsilane 

UP unsaturated polyester 

VAc vinyl acetate 

VCP vinylcyclopropane 
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Chapter 1 

Introduction 

Under the consideration of environmental pollution based on the wasted and stable 

polymers, biodegradable polymers have been deeply researched and widely applied as 

environmental friendly materials.1-3 The design and property studies of synthetic 

biodegradable polymers are interesting and attractive. Due to the controllable 

biodegradation profiles and good biocompatibility, aliphatic polyesters are spotlighted as 

an important class of biodegradable polymers and used in a broad range of applications in 

different fields.4 

Conventionally, aliphatic polyesters can be produced by two synthetic routes: 

polycondensation and ring-opening polymerization of lactones or lactides. 

Polycondensation is carried out between diols and diacids5-8 or self-combination of 

hydroxyacids9-11 for the formation of polyesters. The polycondensation using 

enzyme-catalyst was also widely developed in the last 20 years. The limitation of this 

method is getting very high molar mass polyesters. For getting polyesters with high molar 

mass by polycondensation, higher reactions temperatures and longer reaction times are 

required.2 Besides, the chain-length of the resulting polyesters cannot be controlled using 

this synthetic method. 

Ring-opening polymerization (ROP) of lactones / lactides is the second conventional 

method for producing biodegradable aliphatic polyesters.12-15 Polyesters with high molar 

mass can be produced under mild reaction conditions and short reaction time using this 

synthetic route. In addition, producing of polyesters with controlled chain length can be 

realized using ring-opening polymerization. However, ring-opening polymerization has 

another restriction. The functionalization of polyesters remains synthetic challenges and 

can only be realized by respective lactones / lactides16-18 and chain-end modification19, 20. 
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The ring-size of the CKAs plays a very important role in the competition between the 

ring-retaining and ring-opening polymerization during the reaction. For instance, 

2-methylene-1,3-dioxepane (MDO, Structure 3 in Table 1-1), a CKA with seven members 

ring, leads to the aliphatic biodegradable polyester with polycaprolactone (PCL) like 

structure under the radical polymerization conditions at all reaction temperatures between 

50 °C and 120 °C.22, 32 For other examples, 4,7-dimethyl-2-methylene-1,3-dioxepane 

(Structure 4 in Table 1-1)27 and 5,6-benzo-2-methylene-1,3-dioxepane (BMDO, Structure 

2 in Table 1-1)33 are another seven-membered CKAs and undergo quantitative ring- 

opening radical reaction and formed corresponding polyesters at 120 °C. In contrast, due 

to the stable five-membered ring and the unstable primary radical formed after 

ring-opening reaction, the CKA 2-methylene-1,3-dioxolane (Structure 15 in Table 1-1) is 

polymerized with the mixture of ring-opened and ring-retained structures at all 

temperatures under radical reaction condition.34 The content of ring-opened structure in 

the resulting polymer after radical polymerization is increased with the increasing 

reaction temperature (50 % ring-opening polymerized at 60 °C using AIBN as initiator 

and 85 % ring-opening polymerized at 130 °C using di-tert-butylperoxide as initiator).34 

In addition, the substituents on the ring of CKAs play another import role during the 

radical ring-opening polymerization. For instance, both 2-methylene-4-phenyl-1,3- 

dioxalane (Structure 1 in Table 1-1) and 2-methylene-4-hexyl/decyl-1,3-dioxalane 

(Structure 5 in Table 1-1) are stable five-membered CKA and they showed different 

polymerization behaviors during the radical polymerization. Due to the stable benzyl 

radical formed during the polymerization, 2-methylene-4-phenyl-1,3-dioxalane gives 

quantitative and regio-selective ring-opened polyester structure at all reaction 

temperatures from 60 to 150 °C.23 On the other side, 2-methylene-4-hexyl-1,3-dioxalane 

gives 50 % ring-opened structure at 60 °C and 73 % ring-opened structure at 110 °C, and 

2-methylene-4-decyl-1,3-dioxalane gives 55 % ring-opened structure at 60 °C and 88 % 

ring-opened structure at 110 °C.35 
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1.2 Controlled Radical Ring-Opening Polymerization 

Controlled radical polymerization gives the opportunity to produce polymers with low 

polydispersity, tunable polymer chain length and functional-end groups and also provides 

the possibility of producing polymers with complex architectures like block, graft and star 

polymers under radical polymerization condition.38 Atom-transfer radical polymerization 

(ATRP),39, 40  nitroxide mediated polymerization (NMP)41 and reversible addition 

fragmentation chain transfer (RAFT) polymerization42 are the most popular controlled 

radical polymerization techniques. In recent years, the controlled radical polymerization 

techniques have been used in the radical ring-opening polymerization of CKAs with the 

purpose of producing well-defined polyesters. 

1.2.1 Radical Ring-Opening Polymerization under ATRP Condition 

The radical ring-opening polymerization of cyclic ketene acetals under ATRP condition to 

prepare degradable polyesters mostly use the substituted CKAs, 

2-methylene-4-phenyl-1,3-dioxalane (MPDO, Structure 1 in Table 1-1)43 or 

5,6-benzo-2-methylene-1,3-dioxepane (BMDO, structure 2 in Table 1-1)26, 33, 44-48 as 

starting monomers. Both BMDO and MPDO are polymerized with controlled polymer 

chain length and low polydispersities. The resulting polymer structures are dependent on 

the CKA structures. Similar to the conventional free radical polymerization, 

5,6-benzo-2-methylene-1,3-dioxepane (BMDO) gave quantitative formation of complete 

ring-opened structure under ATRP condition. However, the five membered CKA, 

2-methylene-4-phenyl-1,3-dioxalane (MPDO) provided mixed structure: ring-opened and 

ring-retained polymerized by ATRP.43 This is in contrast to with the quantitative 

ring-opened structure obtained under free radical polymerization condition.23  

Controlled radical ring-opening polymerization using ATRP method were also applied 

for block copolymers preparation.46 ATRP was also used for the surface modification with 

degradable polymer brushes (Figure 1-1).45 The surface initiated ATRP copolymerization 
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of 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) and poly(ethylene glycol) 

methacrylate was used for hydrolytically degradable polymer brushes preparation. The 

polymer brushes’ chain length, i.e. the film thickness, could be controlled by 

polymerization time. 

 

Figure 1-1. Surface initiated ATRP copolymerization of 5,6-benzo-2-methylene-1,3-dioxepane 

and poly(ethylene glycol) methacrylate for degradable polymer brushes preparation.45 Reprinted 

with permission from C. Riachi, N. Schüwer and H.-A. Klok, Macromolecules, 2009, 42, 

8076-8081. Copyright (2009) American Chemical Society. 

1.2.2 Radical Ring-Opening Polymerization under RAFT Condition 

Reversible addition-fragmentation chain-transfer (RAFT) polymerization is another 

useful tool for the production of well-defined polymers and also various polymeric 

architectures.49 The radical ring-opening polymerization under RAFT condition was first 

reported by C.-Y. Pan’s group in 2002.50 The acryl-substituted CKA, 5,6-benzo-2- 

methylene-1,3-dioxepane (BMDO), was used as starting monomer and 1-(ethoxy- 

carbonyl)prop-1-yl-dithiobenzoate was used as chain transfer agent. BMDO was 

completely ring-opened polymerized and the resulting polymer showed a controllable 

chain length and low polydispersity. 
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After that, efforts based on copolymerization of BMDO and vinyl monomers under 

RAFT condition was carried out.51-53 For instance, T. Junkers et al.53 reported a 

degradable star polymers by RAFT copolymerization of BMDO and methyl methacrylate 

(MMA) using functional RAFT agent with four arms (Figure 1-2). Recently, A. P. Dove 

and his coworkers54 reported another CKA for RAFT polymerization. They gave the first 

example of RAFT copolymerization of 2-methylene-1,3-dioxepane (MDO) and vinyl 

acetate to produce well-defined and biodegradable polymers. 

 

Figure 1-2. Schematic illustration of degradable star polymers via RAFT copolymerization of 

BMDO and MMA.53 Reprinted with permission from S. Kobben, A. Ethirajan and T. Junkers, J. 

Polym. Sci., Part A: Polym. Chem., 2014, 52, 1633-1641. Copyright (2014) Wiley Periodicals, 

Inc. 

1.2.3 Radical Ring-Opening Polymerization under NPM Condition 

In comparison with RAFT and ATRP, nitroxide mediated (NMP) radical ring-opening 

polymerizations are rare.55-58 However, due to the non-requirement of metal catalyst 

(ATRP) or sulfur-based chain transfer agents (RAFT), it has its own advantages in the 

preparation of environmental friendly and low cytotoxic materials.59 The nitroxide 

mediated radical ring-opening polymerization of CKAs was first reported by Wei et al.57 

in presence of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and using 

2-methylene-1,3-dioxepane (MDO) as starting monomer. MDO was quantitative 

ring-opened polymerized providing PCL-structure with a low polydispersity (<1.5). 
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Because of the well-controlled polymerization and low cytotoxicity, this method was 

employed for the design of biodegradable polymers in the field of biomedical 

applications.60 Three different CKAs, 2-methylene-1,3-dioxepane (MDO), 5,6-benzo-2- 

methylene-1,3-dioxepane (BMDO) and 2-methylene-4-phenyl-1,3-dioxolane (MPDL), 

were copolymerized with oligo(ethylene glycol) methacrylate (OEGMA) and acrylonitrile 

(AN) by nitroxide-mediated radical ring-opening polymerization (Figure 1-3). The 

resulting copolymers showed a well-defined structure, good hydrolytic degradability and 

low cytotoxicity. 

 

Figure 1-3. Schematic illustration of poly(OEGMA-co-AN-co-CKA) synthesis, cytotoxicity and 

hydrolytic degradability.60 Reprinted with permission from V. Delplace, A. Tardy, S. Harrisson, S. 

Mura, D. Gigmes, Y. Guillaneuf and J. Nicolas, Biomacromolecules, 2013, 14, 3769-3779. 

Copyright (2013) American Chemical Society.  
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1.3 Application of radical ring-opening polymerization for 

producing functional polyesters 

Radical ring-opening polymerization (RROP) opened a new door for producing 

functional polyesters. RROP provides a novel synthetic route for the formation of many 

(bio)degradable materials. This section explores functional polyesters generated by 

RROP. 

1.3.1 Functional polyesters generated by radical ring-opening 

homopolymerization 

Various substituted cyclic ketene acetals (CKAs) and cyclic allylic sulphide (structure 27 

in Table 1-1) were designed and used for radical ring-opening polymerization to generate 

polyesters with different polyesters with specific properties and functionalities. 

Based on the possibility to form polyesters under radical polymerization conditions, 

CKAs are used for making functional polyesters for biomedical applications. For instance, 

M. R. Buchmeiser et al.61 reported a porous monolithic supports by electron-beam (EB) 

initiated free radical polymerization. 2-methylene-4-phenyl- 1,3-dioxolane was used as 

monomer and trimethylolpropane triacrylate (CL) was used as cross-linker (Figure 1-4). 

This porous polymeric scaffold could be used in cell cultivation and tissue engineering. 

 

 



Introduction   Chapter 1 

22 

 

Figure 1-4. Monolithic polymers for biomedical applications. Left: synthesis of monolithic 

polyester using 2-methylene-4-phenyl-1,3-dioxolane as starting monomer for radical ring-opening 

polymerization; right: porous monolithic scaffolds derived from electron-beam (EB) initiated 

RROP. Scale bar: 100 µm.61 Reprinted with permission from A. Löber, A. Verch, B. Schlemmer, S. 

Höfer, B. Frerich and M. R. Buchmeiser, Angew. Chem. Int. Ed., 2008, 47, 9138-9141. Copyright 

(2008) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Another well-known application of RROP is in producing unsaturated polyesters (UPs) 

with specially designed CKAs (Scheme 1-5).62-64 Very interesting monomers, 

vinylcyclopropanone cyclic acetals (structure details please refer to structure 10-13 in 

Table 1-1), were reported by T. Endo et al.62 to be used for unsaturated polyesters 

preparation. These specially designed monomers combine vinylcyclopropane and cyclic 

ketene acetal structure and were expected to be polymerized as unsaturated polyesters 

through a double ring-opening process during the radical polymerization (Scheme 1-5A). 

However, the resulting polymers contain ring-opened unsaturated polyester structure and 

also ring-retained structures. The resulting polymer has the highest content of unsaturated 

polyester units with 59 mol-%. Another example for synthesis of UPs by RROP is using 

2-methylene-1,3-dioxe-5-pene (structure 8 in Table 1-1), a cyclic ketene acetal with 

double bond on monomer ring, as the starting monomer.63 This attempt was not very 

successful. At higher reaction temperatures, the main product was 5-membered stable 

cyclic ester, and at lower reaction temperatures, the resulting product was oligomer with 

ring-opened and also ring-retained structures. 4-phenyl-2- propenylene-1,3-dioxalane 

(structure 14 in Table 1-1) was reported by S.-K. Kim and his coworker64 and underwent 
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1.3.2 Functional polyesters generated by copolymerization of CKAs 

and various vinyl monomers 

Radical ring-opening polymerization (RROP) provides a unique chance of bringing ester 

linkages onto the vinyl polymer backbone providing novel hydrolysable functional 

materials based on vinyl monomers simply by copolymerization of the cyclic ketene 

acetals (CKAs) with the corresponding vinyl monomers.66 This chemistry gives an 

interesting addition to the conventional functional polyesters producing methods with 

great advantages.21 This section explores various biodegradable functional materials 

prepared using RROP chemistry in the following. 

The first example of copolymerization of CKAs with vinyl monomers was reported 

by W. J. Bailey et al.35. After that, many other reports about the copolymerization 

behavior of CKAs with various vinyl monomers like styrene (St),24 methyl methacrylate 

(MMA),67 ethylene,68 vinyl acetate (VAc)69 etc. were followed. These copolymers can be 

described as poly(vinyl-co-ester), a new class of (bio)degradable vinyl polymer. Due to 

the differences of monomer reactivity ratios between CKAs and vinyl monomers, 

copolymers with different microstructures can be prepared. For instance, in the 

copolymerization system of 5,6-benzo-2-methylene-1,3-dioxepane (BMDO, structure 2 in 

Table 1-1) and styrene (St), the monomer reactivity ratio was reported as rBMDO = 1.08 

and rSt = 8.53.26 Based on the large differences between the reactivity ratios of the 

comonomers, the resulting St-BMDO copolymer structure was confirmed as random with 

St-block on the copolymer main chain. Similar results were reported in the 

copolymerization of BMDO with n-butyl acrylate (BA, rBMDO = 0.08 and rBA = 3.7)47 and 

the copolymerization of MDO with St (rMDO = 0.021, rSt = 22.6)70 and MMA (rMDO = 

0.057, rMMA = 34.12)71. Only a few vinyl monomers can be polymerized with CKAs to 

form statistical copolymers. For example, the reactivity ratios of BMDO and MMA was 

reported as rBMDO = 0.53 and rMMA = 1.96,33 and reactivity ratios of MDO and vinyl 

acetate (VAc) was reported as rMDO = 0.93 and rVAc = 1.71.22 The copolymerization 
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Figure 1-7. Schematic illustration of degradable poly(NIPAAM-co-ester) with LCST property.76 

Reprinted with permission from L. Ren and S. Agarwal, Macromol. Chem. Phys., 2007, 208, 

245-253. Copyright (2007) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Based on the biodegradable thermo-responsive poly(BMDO-co-NIPAAM), K. 

Matyjaszewski et al.48 developed a cross-linked gel with good biodegradability and 

biocompatibility. In this report, the well-defined poly(BMDO-co-NIPAAM) was prepared 

using ATRP or RAFT technology and poly(ethylene glycol-co-glycolic acid) diacrylate 

was used as cross-linker. The resulting hydrogel and its products after degradation 

showed a low cytotoxicity by in vitro cell analysis. 

Furthermore, J.-F. Lutz et al. reported another biocompatible, thermoresponsive, and 

biodegradable material (“All-in-One” biorelevant polymer) by simple copolymerization 

of oligo(ethylene glycol) methacrylate (OEGMA), 2-(2-methoxyethoxy)ethyl meth- 

acrylate (MEO2MA) and BMDO under ATRP condition.77 The structure of resulting 

copolymer was characterized by 1H-NMR spectroscopy (Figure 1-8 A). The novel 

“All-in-One” polymer showed a good biodegradability (Figure 1-8 B) and compared with 

the previously reported poly(BMDO-co-NIPAAM),76 LCST of this poly(OEGMA-co- 

MEO2MA-co-BMDO) system could be controlled in a broad range (31 - 67°C) with a 

sharp phase transition (Figure 1-8 C). 
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Figure 1-8. A: 1H-NMR spectrum of poly(OEGMA-co-MEO2MA-co-BMDO) before (top) and 

after (bottom) degradation. B: Comparison of GPC curves of poly(OEGMA-co-MEO2MA-co- 

BMDO) before and after degradation. C: Measurement of LCST values for poly(OEGMA-co- 

MEO2MA-co-BMDO) with different composition.77 Reprinted with permission from J.-F. Lutz, J. 

Andrieu, S. Üzgün, C. Rudolph and S. Agarwal, Macromolecules, 2007, 40, 8540-8543. 

Copyright (2007) American Chemical Society. 

Due to the good biocompatibility and biodegradability of poly(vinyl-co-ester), more 

and more reports were given using copolymerization of CKAs and vinyl monomers in the 

biomedical application field like drug and gene delivery. An amphiphilic copolymer was 

formed by copolymerization of poly(ethylene glycol) methacrylate (PEGMA), MDO and 

7-(2-methacryloyloxyethoxy)-4-methylcoumarin methacrylate (CMA).78 The resulting 

copolymer was photo cross-linkable and showed biodegradability, biocompatibility. This 

amphiphilic copolymer has the capability to self-assemble into micelle in aqueous 

solution (Figure 1-9 A). The polymeric micelle showed degradability in the presence of 

enzymes (Figure 1-9 B) and was used for anticancer drug doxorubicin (DOX) delivery 

(Figure 1-9 C). 



Chapter 1  Introduction 

29 

 

Figure 1-9. A: Schematic illustration of P(MDO-co-PEGMA-co-CMA) preparation and drug 

loading on the self-assembled micelle. B: GPC traces of P(MDO-co-PEGMA-co-CMA): (a) 

before degradation, (b) after 2 days degradation in 10 mg/mL Lipase (from Pseudomonas cepacia) 

solution and (c) after 5 days degradation in 10 mg/mL Lipase (from Pseudomonas cepacia) 

solution. C: cumulative release of DOX from P(MDO-co-PEGMA-co-CMA) micelles, (free 

DOX•HCl was used as control).78 Reprinted with permission from Q. Jin, S. Maji and S. Agarwal, 

Polym. Chem., 2012, 3, 2785-2793. Copyright (2012) Royal Society of Chemistry. 

After this report, similar biodegradable amphiphilic copolymers were used as a 

template for micelle formation and drug delivery.79-81 For instance, J. Ji’s group recently 

reported a MDO-based biodegradable polyester for prodrug construction (Scheme 1-7).80 

The functional terpolymer was simply synthesized through a one-pot radical 

polymerization of MDO, PEGMA and pyridyldisulfide ethylmethacrylate (PDSMA). 

Doxorubicin (DOX) was immobilized on the polymer mainchain via thiol–ene click 

reaction. The resulting copolymer was self-assembled into prodrug micelle and showed 

pH-sensitivity and good biodegradability. 
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Scheme 1-7. Schematic illustration of biodegradable polymeric prodrug preparation.80 Taken from 

T. Cai, Y. Chen, Y. Wang, H. Wang, X. Liu, Q. Jin, S. Agarwal and J. Ji, Polym. Chem., 2014, 5, 

4061-4068 by author open access. 

The application of this chemistry in the field of gene delivery was also reported in the 

last few years.82-84 The RROP chemistry gives a novel method to reduce toxicity of 

materials for gene delivery and provides (bio)degradability to the resulting polymer. 

Poly(N,N-dimethylaminoethyl methacrylate) is a well-known cationic polyelectrolyte for 

gene delivery.85, 86 A new designed copolymer based on DMAEMA and BMDO was 

reported for gene delivery (Figure 1-10).83 To improve water solubility and reduce the 

toxicity, poly(ethylene oxide) (PEO) azo-initiator was used as radical initiator. The 

resulting poly(PEG-b-(BMDO-co-DMAEMA) showed a good biocompatibility, 

biodegradability and good results in p-DNA transfection. 
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In addition, copolymerization of CKAs and vinyl monomers was also applied for the 

formation of biodegradable materials like ionomers,87 thermoplastic elastomers88 and 

packaging films89 etc. 

1.4 Aim of the Thesis 

Radical ring-opening copolymerization of cyclic monomers with vinyl monomers 

provides a novel and simple synthetic method for producing biodegradable materials. 

Therefore, the motivation of this thesis was to explore the formation of various polymeric 

architectures and degradable polymers with novel properties, such as amphiphilic 

conetworks (APCNs), biomimetic DOPA-containing adhesives and polymeric material 

with high thermal stability, glass transition temperature and optical transparency. Further 

aim was to understand the reaction mechanism of radical ring-opening polymerization of 

special cyclic starting monomers. 
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Chapter 2 

Overview of Thesis 

This thesis is made up of six chapters. Four publications are included in this thesis and 

presented in Chapters 3 to 6. 

All the chapters in this thesis are presented under the general theme polyester 

preparation by radical ring-opening polymerization (RROP). My research work is focused 

on (i) a rare example of the formation of polystyrene-grafted aliphatic polyester in 

one-pot by radical polymerization (Chapter 3), (ii) designed enzymatically degradable 

amphiphilic conetworks (APCNs) by radical ring-opening polymerization (Chapter 4), 

(iii) developing enzymatically degradable DOPA-containing polyester based adhesives by 

radical polymerization (Chapter 5), and (iv) preparation and characterization of novel 

thermally stable optically transparent copolymers with degradable ester linkages 

(Chapter 6). 

This chapter presents an overview of the main results obtained during the work. 
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To gain insight into the microstructure of the copolymers, alkaline hydrolysis was 

carried out. Surprisingly, there was no significant difference between the elution volumes 

and the relative molar mass of the remaining polymers after degradation and the original 

β-PL–St copolymers as determined against polystyrene standards by using an RI detector 

(Figure 2-2). The absolute molar mass of the polymers could be interesting and was 

determined by gel permeation chromatography with multi-angle laser light scattering 

(GPC-MALLS). The copolymers showed a higher absolute molar mass than the relative 

molar mass determined by using an RI detector against polystyrene standards Whereas 

the degraded polymers had similar absolute and relative molar mass, showing the 

presence of branched structures from β-PL. These results confirmed that the copolymers 

were graft copolymers, in which β-PL chains were grafted onto the PSt backbone. 

 

Figure 2-3. Degradation behavior of β-PL–St copolymers. Comparison of the relative GPC traces 

(left) and comparison of the 1H NMR spectra (right). Black: original polymer, red: polymer after 

degradation. Monomer ratio in the feed: β-PL:St = 1:2 as example. 

We designed a reaction to define the polymer structure at the grafting point. The 

degraded polymer was esterified with trifluoroacetic anhydride. The remaining group at 

the grafting point after degradation was confirmed as -CH2OH (Figure 2-3). Hence the 

polymer structure of β-PL–St copolymer at grafting point was confirmed. The mechanism 

of the copolymerization is summarized in Scheme 2-1. Through radical recombination 

between the transferred benzyl radical and the active end radical of poly(β-PL), the 
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2.2 Designed Enzymatically Degradable APCNs by RROP 

A different route to the preparation of enzymatically degradable amphiphilic conetworks 

(APCNs) based on unsaturated polyesters by RROP is presented in this chapter. In the 

first step, the unsaturated biodegradable polyesters were prepared by radical ring-opening 

copolymerization of vinylcyclopropane (VCP) and 2-methylene-4-phenyl- 1,3-dioxolane 

(MPDO). The unsaturated units were used for cross-linking hydrophilic macromonomer 

(oligo(ethylene glycol) methacrylate, OEGMA) by radical polymerization in a second 

step for the formation of enzymatically degradable amphiphilic conetworks (APCNs). 

This method provides an interesting route for making functional biodegradable APCNs 

using radical chemistry in the future. 

The unsaturated biodegradable polyesters with random distribution of cross-linkable 

double bonds and degradable ester units were prepared by radical ring-opening 

copolymerization of VCP and MPDO (Scheme 2-2). Very similar reactivity ratios (rVCP = 

0.23േ0.08 and rMPDO = 0.18േ0.02), unimodal gel permeation chromatography (GPC) 

curves and 2D NMR technique showed the formation of random copolymers with 

unsaturation and ester units. 

 

Scheme 2-2. Schematic process of radical ring-opening polymerization (RROP) of VCP and 

MPDO. 

Based on the cross-linkable carbon-carbon double bonds and the almost random 

VCP-MPDO combination on the copolymer backbone (random distribution of ester units), 

the VCP-MPDO copolymers was copolymerized with OEGMA for the preparation of 

biodegradable amphiphilic conetworks (Scheme 2-3). 
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amorphous nature, the VCP-MPDO copolymer chains of APCNs have a good 

degradability. The degradation of VCP-MPDO chain segments causes the release of 

soluble hydrophilic POEGMA segments, leading to a reduction in gel content (Figure 

2-5). 

 

Figure 2-5. Mass loss of APCNs against enzyme (Lipase from Pseudomonas cepacia) in pH = 7 

PBS buffer solution in dependence of degradation time. 
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2.3 Enzymatically Degradable DOPA-containing Polyester 

Based Adhesives by Radical Polymerization 

A designed 3,4-dihydroxyphenylalanine (DOPA) containing enzymatic degradable 

non-toxic synthetic adhesive with good adhesion to soft tissue and metals made by a 

simple two-step reaction is presented in this chapter. Due to the high adhesive strength, 

enzymatic degradability and low toxicity, the material is a promising candidate for future 

studies as medical glue. 

In the first step for DOPA containing polyester based adhesive preparation, a 

terpolymer of oligo(ethylene glycol) methacrylate (OEGMA), glycidyl methacrylate 

(GMA) and 2-methylene-1,3-dioxepane (MDO) was produced using radical 

polymerization (Scheme 2-4). The copolymers showed very high molar mass (> 

1.0ൈ105 g/mol). Yet, they were transparent viscous liquids. 

 
Scheme 2-4. Schematic illustration of the synthesis of poly(OEGMA-co-GMA-co-MDO). 

The epoxide ring of GMA in terpolymer was used for immobilisation of 

3-(3,4-dihydrophenyl)propionic acid, DOPA-mimetic catechol group in the second step 

(Figure 2-6A). By comparing the UV/Vis spectra of resulting polymer and 

3-(3,4-dihydrophenyl)propionic acid, it was obvious that the catechol group was 

immobilized on polymer as its characteristic peak was not changed (Figure 2-6B). 
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Figure 2-6. A: Schematic illustration of immobilization of catechol group onto poly(OEGMA-co- 

GMA-co-MDO) backbone. B: Comparison of UV/Vis spectra of catechol functionalized 

poly(OEGMA-co-GMA-co-MDO) (black) and 3-(3,4-dihydrophenyl)propionic acid (red) in THF. 

For adhesive application, medical grade hydrogen peroxide (30% in water) or 

Fe(acac)3 (10 wt% in water) were used as cross-linking agents. Fresh porcine skin was 

used as representative soft tissue for studying the adhesion property as determined by lap 

shear strength test measurement (Figure 2-7A). The adhesion properties with/without 

cross-linkers were shown in Figure 2-7B. The adhesive, which contained 15 mol% 

catechol group on backbone and cross-linked by Fe(acac)3, exhibited the best adhesive 

property. The lap adhesion strength value of our system was much greater than the 

existing medical adhesive CoSeal and fibrin glue obtained in the previous studies. 

 

Figure 2-7. Adhesion test on porcine skin. A: photograph of lap shear strength test on fresh 

porcine skin. B: Adhesion properties of prepared adhesives with different cross-linking agents. 
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The microscopic structure of MDO-NPM copolymers was characterized by 1H-NMR 

(Figure 2-10A) and 13C-NMR (Figure 2-10B) with full assignments. All copolymers in 

13C-NMR spectra showed the presence of ketal carbon at δ = 100 ppm due to 

ring-retained acetal units from MDO. Compared with the 1H-NMR spectrum of resulting 

copolymers prepared at 60 °C (Figure 2-10A, black curve), the peak at δ = 4.0 ppm in 

1H-NMR spectrum due to the -OCH2- protons of ester units formed by ring-opening of 

MDO during copolymerization at 120 °C was obvious (Figure 2-10A, red curve). For the 

copolymerization at 120 °C, on reducing the amount of MDO below 50 mol% in the 

initial feed, the amount of ring-opened MDO was strongly decreased and could not be 

determined with accuracy. 

 

Figure 2-10. 1H-NMR and 13C-NMR spectra of MDO-NPM copolymer, monomer ratio of 

MDO:NPM = 7:3 in feed as an example. A: 1H-NMR and B: 13C-NMR, black curve: 

copolymerization at 60 °C, red curve: copolymerization at 120 °C. 

The comonomer-copolymer composition curves for copolymerization at 60 and 

120 °C were shown in Figure 2-11. The monomer reactivity ratios at different 

temperatures could be determined on the basis of comonomer-copolymer composition 

curves for the MDO and NPM copolymerization at 60°C and 120°C. These results also 

suggested the alternating copolymerization tendency of MDO and NPM at 60 °C. 
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Figure 2-11. Comonomer-copolymer composition curves for the MDO and NPM 

copolymerization at different temperatures. Using nonlinear least-squares curve fitting method, 

the curve was drawn. Red curve: Fit curve of copolymerization at 60 °C; Navy curve: Fit curve of 

copolymerization at 120 °C. Copolymerization at 60 °C: rMDO = 0.0241, rNPM = 0.1202, R2 = 0.998; 

Copolymerization at 120 °C: rMDO = 0.0839, rNPM = 0.3208, R2 = 0.972. 

To get insight into the mechanism of polymerization, equimolar amounts of MDO and 

NPM were dissolved in CDCl3 and stirred under argon for 1 h. Due to formation of the 

MDO-NPM complex, the other proton signals of the MDO and NPM monomer also 

showed a small shift in the peaks in 1H-NMR spectrum (Figure 2-12). This result strongly 

suggested the interaction between the double bonds of MDO and NPM. 

 

Figure 2-12. Comparison of 1H-NMR spectra of MDO-NPM complex with the monomer MDO 

and NPM. 
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The thermal stability of the MDO-NPM copolymers made by radical polymerization 

was performed by TGA analysis. All polymers were highly thermally stable 

(decomposition temperature was higher than 300°C). The glass transition temperatures 

for the copolymers prepared at 120°C were determined using DSC-technique. Due to this 

immiscible random structure of the resulting copolymer (i.e. block of ring-remained 

MDO-co-NPM and block of ring-opened MDO-co-NPM), two glass transition 

temperatures between the Tg of homopoly(NPM) and poly(MDO) with fully ring-opened 

structure were observed in the DSC curves (Figure 2-13A). The films of MDO-NPM 

copolymers with higher ester content were prepared using spin coating and showed a high 

transparency (Figure 2-13B). 

 

Figure 2-13. A: DSC trace of MDO-NPM copolymer (monomer ratio in feed: MDO:NPM = 5:5, 

reaction temperature: 120°C). B: UV-Vis transmittance spectra of MDO-NPM copolymer films 

prepared using spin coating, copolymerization temperature: 120°C. 
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2.5 Individual Contributions to Joint Publications 

The results presented in his thesis were obtained in collaboration with others, and have 

been published or are submitted for publication as indicated below. In the following, the 

contributions of all the coauthors to the different publications are specified. The asterisk 

denotes the corresponding author. 

Chapter 3 

This work is published in the journal Chem. Eur. J., 2014, 20, 7419-7428, under the title: 

“A Rare Example of the Formation of Polystyrene-Grafted Aliphatic Polyester in 

One-Pot by Radical Polymerization” 

by Yinfeng Shi, Zhicheng Zheng, and Seema Agarwal* 

I designed concept, conducted all the experiments and wrote the publication, except that: 

 Zhicheng Zheng was involved in scientific discussions and correcting the 

publication; 

 Seema Agarwal was involved in designing concept, overall supervision, 

scientific discussions and correcting the publication. 

Chapter 4 

This work is submitted to Macromolecules under the title: 

“Designed Enzymatically Degradable Amphiphilic Conetworks by Radical 

Ring-Opening Polymerization” 

by Yinfeng Shi, Holger Schmalz, and Seema Agarwal* 

I designed concept, conducted all the experiments and wrote the publication, except that: 

 Holger Schmalz was involved in scientific discussions and correcting the 

publication; 
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 Seema Agarwal was involved in designing concept, overall supervision, 

scientific discussions and correcting the publication. 

Chapter 5 

This work is submitted to Macromolecules under the title: 

“Enzymatically Degradable DOPA-containing Polyester Based Adhesives by Radical 

Polymerization” 

by Yinfeng Shi, Peiran Zhou, Valérie Jérôme, Ruth Freitag, and Seema Agarwal* 

I designed concept, conducted all the experiments and wrote the publication, except that: 

 Peiran Zhou assisted the synthesis of polyester based adhesives as a practical 

trainee in lab course. 

 Valérie Jérôme and Ruth Freitag conducted the cytotoxicity measurements; 

 Seema Agarwal was involved in designing concept, overall supervision, 

scientific discussions and correcting the publication. 

Chapter 6 

This work is submitted to e-polymers under the title: 

“Thermally stable optically transparent copolymers of 2-methylene-1,3-dioxepane 

and N-phenyl maleimide with degradable ester linkages” 

by Yinfeng Shi and Seema Agarwal* 

I designed concept, conducted all the experiments and wrote the publication, except that: 

 Seema Agarwal was involved in designing concept, overall supervision, 

scientific discussions and correcting the publication. 
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Chapter 3 

Formation of Polystyrene Grafted Aliphatic Polyester in One-Pot 

by Radical Polymerization 

 

 

 

The results of this chapter have been published as: 

“A Rare Example of the Formation of Polystyrene-Grafted Aliphatic Polyester in One-Pot 

by Radical Polymerization” 

by Yinfeng Shi, Zhicheng Zheng, and Seema Agarwal* 

in Chem. Eur. J., 2014, 20, 7419-7428. 
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3.1 Abstract 

The radical copolymerization of cyclic ester β-propiolactone (β-PL) with styrene (St) at 

120 °C, with a complete range of monomer ratios, is a rare example of a system providing 

graft copolymers (PSt-g-β-PL) in one pot. The structure of the resulting β-PL-St 

copolymers was proven by using a combination of different characterization techniques, 

such as 1D and 2D NMR spectroscopy and gel permeation chromatography (GPC), 

before and after alkaline hydrolysis of the polymers. The number of grafting points 

increased with an increasing amount of β-PL in the feed. A significant difference in the 

reactivity of St and β-PL and radical chaintransfer reactions at the polystyrene (PSt) 

backbone, followed by combination with the active growing poly(β-PL) chains, led to the 

formation of graft copolymers by a grafting-onto mechanism. 

  



One-Pot Graft-Copolymerization  Chapter 3 

60 

  



Chapter 3  One-Pot Graft-Copolymerization 

61 

3.2 Introduction 

Aliphatic polyesters are widely used as biomaterials for various biorelevant 

applications.1-5 The synthesis of polyesters by conventional cationic, anionic, 

metal-catalyzed ring-opening polymerization of cyclic esters, and condensation 

polymerization of diols and diacids has already been studied in detail.2, 4-7 Recently, the 

number of reports regarding the synthesis of polyesters by radical ring-opening 

polymerization (RROP) has increased.8-17 RROP provides an opportunity to introduce 

ester linkages onto a vinyl polymer backbone, providing novel hydrolysable functional 

materials based on vinyl monomers, simply by the copolymerization of cyclic ketene 

acetals (CKAs) with the corresponding vinyl monomers.11 By using this method we have 

shown the formation of various degradable functional polymers, such as ionomers,15 

thermoplastic elastomers,18 and polymers for gene transfection.19 

β-propiolactone (β-PL) is an interesting four-membered cyclic ester capable of 

undergoing not only cationic, anionic, and metal-catalyzed ring-opening polymerization, 

but also radical polymerization. The resulting polymer, poly(β-propiolactone), is a 

biodegradable aliphatic polyester with good mechanical properties and biocompatibility.20 

The first radical polymerization of β-PL was reported by Ohse et al.21, without structural 

and mechanistic clarifications. Katayama et al.22 provided the mechanism for RROP of 

β-PL, showing the formation of ester (-C(O)OCH2CH2-) repeat units. During 

copolymerization with vinyl monomers, such as acrylonitrile and styrene (St), β-PL 

showed a large difference in reactivity, with the formation of blocky statistical 

copolymers, possessing long blocks of the vinyl polymer separated by one ester unit from 

β-PL.22 In an attempt to utilize free-radical copolymerization reactions of β-PL with vinyl 

monomers (e.g. styrene) for the formation of degradable functional polymers, we 

observed the formation of an unusual polymer architecture (graft copolymers 

(PSt-g-β-PL)) in one step, depending upon the feed composition. Heating St and β-PL in 

the presence of a radical initiator at 120 °C provided graft copolymers for complete range 
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of monomer ratios. Herein, we report the detailed studies that were carried out to provide 

evidence of the polymer structure and the mechanism of polymerization. 

It is well known that graft copolymers, including polymer brushes, are an important 

type of polymer architecture.23, 24 Normally, the main and side chains of graft copolymers 

have different chemical natures and compositions, resulting in special properties. 

Therefore, graft copolymers are used in a variety of applications in the fields of 

biomaterials, interfacial materials, thermoplastic elastomers, and medical applications, 

amongst others.25-33 In general, three synthetic methods were developed to prepare graft 

copolymers: a) the “grafting-onto” approach, which is a coupling reaction of 

end-functional polymer side chains onto a random functional backbone; b) the 

“grafting-from” approach, in which a monomer is polymerized as side chains from 

multiple functional groups of main chain; and c) the “grafting-through” approach, in 

which the main chain is polymerized by macromonomers that are presynthesized as side 

chains.23, 24, 30, 34-36 Owing to the low cost and simplicity, graft copolymerization based on 

free-radical polymerization is particularly attractive.37-41 The melt extrusion process was 

used to realize the grafting process for free-radical polymerization with vinyl monomers. 

However, this melt free-radical process requires a high processing temperature (usually 

higher than 180 °C), which could result in a low grafting degree of the monomer, severe 

cross-linking, or even thermal degradation of the polymer.37, 38 Besides these factors, the 

presynthesized main chain of the resulting graft copolymer is also required, making this 

method a multistep process. 

Wilhelm et al.42 have already reported the formation of polyesters grafted by 

polystyrene (PSt) by random copolymerization of styrene and the double bonds in the 

polyester chains by a grafting-through radical mechanism. The double bonds of 

unsaturated polyesters were copolymerized with styrene. The problems encountered 

during this synthesis were achieving high molecular weights, in particular high molecular 

weights of the PSt chains, and the occurrence of multigrafting reactions at the double 

bonds, leading to cross-linked products. In an another approach, polyester-g-PSt was 
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made by host-guest chemistry based on the bis(m-phenylene)-32-crown-10/paraquat 

recognition motif by Gibson et al. A polyester host containing crown ether units in its 

main chain and a paraquat-terminated polystyrene guest were used to produce 

supramolecular graft copolymers.43 PSt macromonomers with carboxyl groups were also 

used as comonomers in condensation with diols for the formation of polyester-g-PSt.44 

Recently, click chemistry has been used to synthesize aliphatic polyesters, such as 

poly(lactic acid-co-glycolic acid), grafted onto polystyrene in a multistep process. The 

azido-functionalized PSt main chain (PSt-N3) was produced by copolymerization of 

styrene and chlorosytrene by nitroxide-mediated radical polymerization, followed by the 

conversion of chlorine groups to azido groups. Propargyl-functionalized polyesters were 

produced by metal-catalyzed ring-opening polymerization, at 130 °C, in the presence of 

propargyl alcohol. Graft copolymers were then produced by an azide-alkyne click 

reaction and were used for making biocompatible microspheres for drug-release 

applications.45, 46 

It is evident from the literature that the grafting of polyesters onto vinyl polymers, 

such as PSt, requires multistep procedures. Hence, the formation of graft copolymers of 

polyesters, by radical polymerization in one pot, avoiding cross-linking and thermal 

degradation could be highly advantageous. The present work highlights a rare example of 

the formation of PSt-g-aliphatic polyester in one pot by radical polymerization. 
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3.3 Results and Discussion 

3.3.1 Homopolymerization of β-propiolactone 

Initially, the behavior of the homopolymerization of β-PL under radical polymerization 

conditions at 120 °C was studied. Representative 1H-NMR and 13C-NMR spectra of 

poly(β-PL) are shown in Figure 3-1. The characteristic proton signals of β-PL were 

observed and marked. In the 1H NMR spectrum, the triplet at δ = 2.6 ppm corresponds to 

the -OCH2- group, and the triplet at δ = 4.3 ppm corresponds to the -CH2CH2C(O)O- 

group (Figure 3-1A). The integral ratio of these two groups is exactly 1:1. In the 13C 

NMR spectrum, characteristic signals were found at δ = 170 ppm (-C=O), δ = 59 ppm 

(-OCH2-), and δ = 32 ppm (-CH2CH2C(O)O-). During the radical polymerization at 

120 °C, all reacted β-PL underwent ring-opening polymerization (Figure 3-1B) with low 

molar mass (Mw  8200, characterized by GPC with refractive index (RI) detector, 

calibration with polylactide standard). The corresponding aliphatic polyester was 

semicrystalline with a glass transition temperature (Tg) of -20 °C and a melting point of 

67 °C (Figure 3-S1 in the Supporting Information). The radical ring-opening reaction of 

β-PL at 50 and 80 °C, using azobisisobutyronitrile (AIBN) and benzoylperoxide (BPO) 

initiators, was previously shown by Katayama et al.22 and is described in Scheme 3-1. 

 

Figure 3-1. NMR spectra of β-PL homopolymer. A) 1H NMR spectrum; B) 13C NMR spectrum. 
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Scheme 3-1. Radical ring-opening mechanism of β-PL.22 

3.3.2 Copolymerization of β-propiolactone with styrene 

Various copolymers of β-PL with St were produced by changing the molar ratio of the 

two monomers in the initial feed. The GPC trace for the reaction product of β-PL:St=1:2 

was unimodal (solid curve in Figure 3-2) in comparison with other feed ratios of β-PL:St 

(1:1, 2:1, and 5:1). This result suggested the formation of polymer blends in reactions 

with an increased amount of β-PL in the feed. 

 

Figure 3-2. GPC traces of polymers prepared by radical polymerization at 120°C with different 

monomer ratios of β-PL and styrene in feed. 

The two fractions of all the resulting polymer blends (β-PL:St=1:1, 2:1, and 5:1 in the 

feed composition) could be separated by using preparative GPC or Soxhlet extraction 

with methanol/ethyl acetate (50:1) as solvent. Through NMR analysis, the composition of 

the fractions could be studied. In the first fraction (the elution volume from 20 mL to 

29 mL), the characteristic proton signals of both β-PL and St units were present in the 

1H-NMR spectra, whereas in the second fraction (the elution volume from 30 mL to 
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molar mass of the resulting copolymers after fractionation was analyzed by THF-GPC 

analysis with an RI detector and ranged from 9.42 104 to 1.65 105. The polydispersity 

index (PDI) ranged from 1.6 to 1.9 (Table 3-1). 

Table 3-1. Copolymerization data and reaction conditions for β-PL–St copolymers.a 

Entry 

Feed ratio 

[molar ratio] Copolymer in 

blend b [wt%]
Mw

c PDI 

Polymer composition 

[molar ratio]d 

β-PL St β-PL St 

1 1.0 2.0 100 1.65 105 1.9 1.0 5.2 

2 1.0 1.0 89 1.40 105 1.6 1.0 2.8 

3 2.0 1.0 82 1.17 105 1.8 1.0 2.3 

4 5.0 1.0 51 9.42 104 1.7 1.0 1.1 

a Initiator: Di-tert-butyl peroxide; 1 wt% of monomer; reaction temperature: 120 °C; reaction 

time: 20 h. 
b Comparison of the copolymer composition of the blend (before fractionation) and the 

purified polymer (after fractionation) was used for this calculation. Characterized by 1H 

NMR spectroscopy of the polymer blend and β-PL–St copolymers after separation. 
c Characterized by GPC analysis with RI detector, calibration with PS standard. 
d Characterized by 1H NMR spectroscopy of β-PL–St copolymers after separation of 

homopoly(β-PL). 

More information about the polymer structure was gained by using 2D NMR 

spectroscopy techniques. Cross-peaks from HMBC correlation of the proton signal at 1.5 

ppm with carbonyl-carbon group signal at 170 ppm were most informative (Figure 3-4, F). 

These peaks correspond to the coupling of the carbonylcarbon atoms of monomer β-PL 

with the backbone methylene groups of St. This finding confirmed the covalent linkage 

between β-PL and St units in the fractionated copolymer. 
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120°C. β-PL and St seemed to be an interesting system that could provide different 

macromolecular architectures owing to the huge change in the reactivity of the two 

co-monomers with temperature. In this situation, the absolute molar mass of the polymers 

could be interesting and was determined by gel permeation chromatography with 

multi-angle laser light scattering (GPC-MALLS). 

 

Figure 3-5. Degradation behavior of β-PL–St copolymers. Comparison of the relative GPC traces 

(left) and comparison of the 1H NMR spectra (right; bottom spectrum shows original polymer, top 

spectrum shows polymer after degradation); Monomer ratio in the feed: A) β-PL:St=1:2 (Table 

3-1, entry 1); B) β-PL:St=1:1 (Table 3-1, entry 2) ; C) β-PL:St=2:1 (Table 3-1, entry 3). 
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The copolymers showed a higher absolute molar mass (Mw,MALLS) than the relative 

molar mass (Mw,GPC) determined by using an RI detector against polystyrene standards 

(Table 3-2) Whereas the degraded polymers had similar absolute Mw,MALLS and relative 

Mw,GPC, showing the presence of branched structures from β-PL. After 24h hydrolysis, the 

ester side chains were degraded. From the results of GPC-MALLS, the absolute molar 

mass was indeed decrease after degradation (Table 3-2). After degradation, the remaining 

polymers were linear (polystyrene), which had an absolute molar mass Mw,MALLS similar 

to the relative molar mass Mw,GPC (against PS standards). These results confirmed that the 

copolymers were graft copolymers, in which β-PL chains were grafted onto the PS 

backbone. 

Table 3-2. Molar mass of β-PL–St copolymers and remaining polymers after degradation.a 

Entry 

Polymer composition 

[molar ratio]b 

Molar mass of β-PL–St 

copolymers 

Molar mass of remaining polymers 

after degradation 

β-PL St Mw,GPC 
c Mw,MALLS

 d Mw,GPC 
c Mw,MALLS

 d 

1 1.0 5.2 1.65 105 1.88 105 1.58 105 1.68 105 

2 1.0 2.8 1.40 105 1.72 105 1.36 105 1.32 105 

3 1.0 2.3 1.17 105 1.50 105 1.11 105 1.08 105 

a Same as entry 1–3 in Table 1. 
b Characterized by 1H NMR spectroscopy of β-PL–St copolymers after separation. 
c Characterized by relative THF-GPC analysis with RI detector, calibration with PS standard. 
d Characterized by GPC analysis with multi-angle light scattering (GPC-MALLS). 

The copolymer synthesized by using a higher amount of β-PL monomer in the feed 

composition (β-PL:St=5:1; Table 3-1, entry 4) showed a slight decrease in relative molar 

mass Mw,GPC (against PS standards) after alkaline hydrolysis (Figure 3-6). This result 

raised a question regarding the microstructure of the copolymer changing to that of a 

statistical copolymer, with or without β-PL graft, on increasing the amount of β-PL in the 

feed. The microstructure of the resulting β-PL–St copolymer with the monomer ratio of 

β-PL:St=5:1 in feed was confirmed by comparing the degradation behavior of the 

copolymers made at different time intervals. β-PL and St were copolymerized with the 
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monomer ratio of β-PL:St=5:1 in feed at 120°C with a reaction time of 12 min. The 

resulting polymer was analyzed by THF-GPC analysis and 1H NMR spectroscopy and 

then degraded by cleaving the ester bond in the polymer chains. The 1H NMR spectrum 

of the remaining polymer showed that only St-units existed, whereas there was no shift in 

the GPC peak on comparison of the original β-PL–St copolymer (elution volume from 

22–32 mL) and the remaining polymer (Figure 3-7). This result confirmed that β-PL and 

St were also copolymerized as a graft copolymer with the monomer ratio of β-PL:St = 5:1 

in feed. With the increase in the amount of β-PL in feed, its amount in the copolymer 

grafts also increased (copolymer composition β-PL:St = 1:1.1) and led to the change in 

the hydrodynamic volume compared with the polystyrene backbone, thereby showing a 

slight decrease in molar mass after degradation. In conclusion, the monomer β-PL could 

be graft copolymerized as the side chain on the polystyrene main chain. The resulting 

β-PL–St graft copolymer had a similar elution volume as the original linear polystyrene. 

 

Figure 3-6. Degradation behavior of β-PL–St copolymer (Table 3-1, entry 4). Comparison of the 

GPC traces (right) and comparison of the 1H NMR spectra (left; bottom spectrum (1) shows 

original polymer, top spectrum (2) shows polymer after degradation). 
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Figure 3-7. Degradation behavior of β-PL–St copolymer (β-PL:St = 5:1 in feed, reaction 

temperature: 120°C, reaction time: 12 min). Comparison of the GPC traces (right) and 

comparison of the 1H NMR spectra (left; bottom spectrum (1) shows original polymer, top 

spectrum (2) shows polymer after degradation). 

The time-dependent consumption of the two co-monomers by 1H NMR spectroscopy 

showed a significant reactivity difference between the St and β-PL monomers for all feed 

compositions (Figure 3-8). The consumption of styrene monomer was much faster than 

that of β-PL. For the feed composition with more styrene (β-PL:St=1:2), 50% of the 

styrene monomer was already consumed before β-PL started to polymerize (Figure 3-8A; 

left). The GPC curves remained unimodal all throughout the reaction for this particular 

composition, although β-PL started to be consumed after around 90 min of 

polymerization (Figure 3-8A; right). On increasing the amount of β-PL in the feed, 

bimodality with a low molar mass fraction (homopoly(β-PL)) appeared at low reaction 

times in GPC (Figure 3-8B, 3-8C). The fraction of homopoly(β-PL) decreased with time, 

although the consumption of β-PL increased. Time-dependent characterization of the 

polymers and GPC studies, before and after alkaline degradation, clearly suggested the 

formation of polystyrene followed by grafting of β-PL. 
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Figure 3-8. Kinetic study of β-PL–St copolymerization. Monomer consumption versus time for 

the copolymerization (left) and GPC traces with different reaction times (right). Monomer ratio in 

feed: A) β-PL:St=1:2; B) β-PL:St=1:1; C) β-PL:St=2:1; D) β-PL:St=5:1. 
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In free-radical polymerization, grafting can occur only if chain transfer to the dead 

polymer chains is possible. Therefore, a blank reaction for the polymerization of β-PL in 

the presence of a presynthesized polystyrene (by anionic polymerization, Mw,GPC = 20300) 

was carried out at 120 °C. The GPC trace of the resulting polymer showed bimodality 

(Figure 3-9, dashed line). The fraction with lower molecular weight (elution volume from 

33 to 36 mL; homopoly(β-PL)) was removed through dialysis (Figure 3-9, dotted line). 

There was no difference between the elution volume of the resulting polymer and the 

original polystyrene (Figure 3-9), whereas the absolute molar mass, as determined by 

Mw,MALLS, was increased to 48200 (characterized by GPC-MALLS) on polymerization 

with β-PL. The characteristic proton signals of both the β-PL and St units were present in 

the NMR spectrum of the resulting purified copolymer. The purified copolymer was 

further analyzed by using 2D NMR techniques. Cross-peaks from HMBC correlation of 

the proton signal at 1.5 ppm with carbonylcarbon signal at 170 ppm existed (Figure 3-10). 

This correlation could be due to chain-transfer reactions leading to the generation of 

radicals at the polystyrene backbone, and subsequent grafting of β-PL. Chain-transfer 

reactions at polystyrene backbones, leading to branched structures with high conversions 

have been reported previously.47 

 

Figure 3-9. GPC traces of the resulting polymer from β-PL graft copolymerization with 

polystyrene, including original polystyrene (solid line), resulting polymer blend (dashed line), and 

resulting polymer purified by dialysis (dotted line). 
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Figure 3-11. A) Comparison of 1H NMR spectra (300 MHz, 2048 scans). Resulting β-PL-g-St 

copolymer after degradation (lower spectrum; see Table 3-1, entry 2) and polymer after 

esterification with trifluoroacetic anhydride (top). B) Comparison of 19F NMR spectra: 

trifluoroacetic anhydride (lower spectrum) and polymer after esterification with trifluoroacetic 

anhydride (top). 

Through comparing the peak integral ratios for δ = 6.0-7.2 ppm (corresponding to the 

phenyl group) and δ = 3.1-3.6 ppm (corresponding to the -CH2OH end group after 

degradation) in the 1H NMR spectra of the β-PL–St copolymers after degradation, the 

number of grafting points could be calculated. From the composition of the β-PL–St 

copolymer, the molecular weight of the copolymer after degradation and the number of 

grafting points, the chain length of the polystyrene main chain and poly(β-PL) side chain 

could be calculated (Table 3-3). On increasing the amount of β-PL monomer in feed, the 

number of grafting points on the graft copolymer main chain also increased. Since the 

integration area of the peak at δ = 3.1-3.6 ppm (corresponding to the -CH2OH end group 

after degradation) was very small, an error in this calculation cannot be ruled out. The 

molecular weight (Mn) of the side chains was around 3000, which is similar to the 

molecular weight of poly(β-PL) prepared under homo radical-polymerization conditions. 

The grafted copolymers showed thermal phase transitions of both poly(β-PL) and 

polystyrene with two glass transitions at -18 to -19 °C and 102 to 103 °C from poly(β-PL) 

and polystyrene respectively and a melting point of 72–77 °C for poly(β-PL) (Figure 3-S1 

in the Supporting Information). 
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Table 3-3. Data for β-PL-g-St Copolymer.a 

Entry 

Composition 

[molar ratio]b Average number of 

grafting points c 

Pn 

β-PL St PSt main chain d poly(β-PL) side chain e 

1 1.0 5.2 5 1490 57 

2 1.0 2.8 8 1308 58 

3 1.0 2.3 9 1067 52 

4 1.0 1.1 21 684 30 

a Same as entry 1–4 in Table 1. 
b Characterized by 1H NMR spectroscopy of β-PL–St copolymers after separation. 
c Characterized by 1H NMR spectroscopy and GPC analysis of β-PL–St copolymers after 

degradation, calibration with PS standard. 
d,e Calculated from the composition of the β-PL–St copolymer, the molecular weight of the 

copolymer after degradation and the number of grafting points. 

The mechanism of the copolymerization is summarized in Scheme 3-3. Because of 

the higher monomer reactivity, styrene was initiated and polymerized first. As the 

polymerization progressed, β-PL was also initiated (Scheme 3, Step B). The monomer 

reactivity of styrene is much higher than β-PL, therefore, β-PL and styrene could not be 

copolymerized as a random copolymer. During the course of the polymerization, the 

radical was transferred to the benzyl group on the polystyrene chain (Scheme 3, Step C). 

The resulting benzyl radical was a stable radical and could not initiate β-PL 

polymerization. The active end radical of poly(β-PL) was more reactive than the end 

phenyl radical of polystyrene and had a higher potential to react with the transferred 

benzyl radical on the polystyrene chain. Through radical recombination between the 

transferred benzyl radical and the active end radical of poly(β-PL), the poly(β-PL) side 

chains were grafted onto the polystyrene main chain (Scheme 3-3, Step D). 
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3.5 Experimental Section 

3.5.1 Materials 

Di-tert-butyl peroxide (Aldrich), trifluoroacetic anhydride (Aldrich), and potassium 

hydroxide (Merck) were used as received. β-propiolactone (Acros) was distilled over 

CaH2. Styrene (Aldrich), THF (Aldrich), ethyl acetate (Aldrich), and methanol (Aldrich) 

were distilled before use. 

3.5.2 Instrumentation 

1H (300 MHz), 13C (75 MHz) NMR spectra were recorded on a Bruker Ultrashied-300 

spectrometer in CDCl3, with tetramethylsilane (TMS) as an internal standard. 19F (282 

MHz) NMR spectra were recorded by using a Bruker Ultrashied-300 spectrometer, with 

hexafluorobenzene as an external standard. HMBC/HMQC correlation experiments were 

recorded on a Bruker Ultrashied-300, with a 5 mm multinuclear gradient probe and using 

gs-HMQC and gs-HMBC pulse sequences. 2D NMR data were acquired with 2048 points 

in t2, and the number of increments for t1 was 256. Thirty and sixty scans were used for 

HMQC and HMBC experiments. A relaxation delay of 1 s was used for all 1D 

experiments and 2 s for all 2D experiments. 

Molecular weights (Mn,GPC and Mw,GPC) and polydispersity indexes (PDI) of the 

polymers were determined by gel permeation chromatography (GPC) with a Knauer 

system equipped with 4 PSS-SDV gel columns (particle size = 5 mm), with porosity 

ranges from 102 to 105 Å (PSS, Mainz, Germany), together with a differential refractive 

index detector (RI-101 from Shodex). THF (HPLC grade) was used as a solvent (for 

dissolving the polymer and as the eluting solvent) with a flow rate of 1.0 mL/min. A 

polystyrene calibration was employed as a reference. 

Preparative GPC was carried out with a Knauer system equipped with 2 2 PSS gel 

columns (particle size=10 mm) with a porosity range of 102 and 104 Å, together with a 
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differential refractive index detector and a UV detector. THF (p.a. grade) was used as a 

solvent (for dissolving the polymer and as the eluting solvent) with flow rate of 

10 mL/min. 

The absolute weight-average molecular weight (Mw,MALLS) was evaluated by gel 

permeation chromatography multi-angle laser light scattering (GPC-MALLS), in THF at 

room temperature, by using an Agilent system with three 30 cm PSS-SDV columns with 

porosities of 104, 105, and 106 Å, equipped with a Wyatt DAWN HELEOS laser light 

scattering detector (50 mW solid state laser; λ = 658 nm). The flow rate of THF was 

0.8 mL/min. Data evaluation was carried out with Astra Software. dn/dc was determined 

by using an interferometer. 

Mettler thermal analyzer with 821 DSC module was used for the thermal 

characterization of the copolymers. DSC scans were recorded in a nitrogen atmosphere at 

a heating rate of 10°C/min. Asample size of 10 1 mg was used in each experiment. 

3.5.3 General procedure for the homo- and copolymerization of β-PL 

and styrene 

For the homopolymerization of β-PL, the mixture of β-PL (0.90 g) and di-tert-butyl 

peroxide (DTBP, 11.3 mL, 1 wt% of monomer) was added into a 10 mL Schlenk tube 

equipped with a magnetic bar under argon. The liquid was degassed by three 

freeze-vacuumthaw cycles. The tube was sealed under argon, and then placed in a 

preheated oil bath at 120°C for 20h with stirring. After the tube was opened, the reaction 

mixture was precipitated into methanol. The precipitate was dried at 40°C under vacuum 

for 48 h. Yield: 39%. 

A similar procedure was used for copolymerization reactions by taking a mixture of 

β-PL and styrene with different molar ratios (β-PL/St = 1:2, 1:1, 2:1, and 5:1) and DTBP 

(1 wt% of monomer). Yield: 71% (β-PL/St = 1:2 in feed); 54% (β-PL/St = 1:1 in feed); 42% 

(β-PL/St = 2:1 in feed); 40% (β-PL/St = 5:1 in feed). 
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3.5.4 Methanolysis of β-PL–St copolymer 

0.30 g of β-PL–St copolymer was dissolved in a mixture of KOH in methanol (25 mL, 

5 wt%) and THF (15 mL) in a round-bottomed flask and was heated at reflux for two days. 

After 24 h, concentrated hydrochloric acid (3 mL) was added. The mixture was extracted 

with chloroform and washed with water. The solvent was evaporated under reduced 

pressure. The remaining solid was dried under vacuum at 40 °C for 48 h. The polymer 

was obtained as white solid. 

3.5.5 β-PL copolymerized with polystyrene 

Polystyrene was presynthesized by anionic polymerization with Mn = 20000 and PDI = 

1.02. A mixture of β-PL (0.81 g), polystyrene (0.45 g), and DTBP (10.2 mL) was 

dissolved in anisole (3 mL) and added to a 10 mL Schlenk tube equipped with a magnetic 

bar under argon. The liquid was degassed by three freeze-vacuumthaw cycles. The tube 

was sealed under argon, and then placed in a preheated oil bath at 120°C for 20 h with 

stirring. After the tube was opened, the reaction mixture was precipitated into methanol. 

The precipitate was dried at 40°C for 48 h. 
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4.1 Abstract 

A different route to the preparation of enzymatically degradable amphiphilic conetworks 

(APCNs) based on unsaturated polyesters by radical ring-opening polymerization of 

vinylcyclopropane (VCP) with cyclic ketene acetal (CKA) is presented in this article. In 

the first step, the unsaturated biodegradable polyesters with random distribution of 

cross-linkable double bonds and degradable ester units were prepared by radical 

ring-opening copolymerization of VCP and CKA such as 2-methylene-4-phenyl-1,3- 

dioxolane (MPDO). Very similar reactivity ratios (rVCP = 0.23േ0.08 and rMPDO = 

0.18േ0.02), unimodal gel permeation chromatography (GPC) curves and 2D NMR 

technique (heteronuclear multiple bond correlation, HMBC) showed the formation of 

random copolymers with unsaturation and ester units. The unsaturated units were used for 

cross-linking hydrophilic macromonomer (oligo(ethylene glycol) methacrylate, OEGMA) 

by radical polymerization in a second step for the formation of enzymatically degradable 

amphiphilic conetworks (APCNs). Enzymatic degradability was studied using Lipase 

from Pseudomonas cepacia. Due to the hydrophilic (HI) and hydrophobic (HO) 

microphase separation, the APCNs showed swelling in both water and organic solvents 

with different optical properties. The method provides an interesting route for making 

functional biodegradable APCNs using radical chemistry in the future. 
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4.2 Introduction 

Amphiphilic conetworks (APCNs), composed of covalently linked hydrophilic and 

hydrophobic (HI/HO) chain segments, have the capability of swelling in both water and 

organic solvents.1-5 Owing to the unique structures and properties, APCNs were 

developed for various applications.6-15 The most common method of making APCNs, in 

fact one of the first examples, was using radical copolymerization of polymerizable 

telechelics (low molar mass polymers with polymerizable chain-ends) with a suitable 

comonomer.16-18 Other methods used for the formation of APCNs were click chemistry,5 

thiol-ene reaction,19 Diels-Alder reaction20 etc.. 

Biodegradable APCNs would be highly interesting for many biomedical applications 

and have also been made using photo, thermal radical / controlled radical polymerization 

of α,ω-acrylate chain-end functionalized common biodegradable polymers such as 

poly(L-lactide), polyglycolide and poly(-caprolactone) (PCL) with comonomers like 

2-hydroxyethyl methacrylate and N,N-dimethylaminoethyl methacrylate.21-24 In all these 

examples aliphatic polyesters made by metal catalyzed ring-opening polymerization 

(ROP) of corresponding cyclic esters were used as degradable hydrophobic segment. 

Both chain-ends were modified with polymerizable double bonds, i.e. acrylate units, to 

make them suitable as cross-linker in radical copolymerization with hydrophilic 

comonomers in a second step. In addition, azide-alkyne coupling of diazide chain-end 

functionalised ABA triblock copolymers of PCL and PEO with tetrakis(2- 

propynyloxymethyl) methane (TMOP) was applied.5 

Polyesters, in general, can also be made by radical ring-opening polymerization 

(RROP) of cyclic ketene acetals (CKAs). This method provides opportunities of making 

functional polyesters in a simple way by simple copolymerization of CKAs with a large 

variety of vinyl comonomers available.25-37 

Vinylcyclopropane (VCP) and its derivatives are interesting vinyl monomers 
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undergoing radical ring-opening polymerization for the formation of polymers with 

unsaturated units in the backbone38-46 and have been intensively studied for dental 

applications as low volume shrinkage monomers (Scheme 1A). The copolymerization of 

VCP with CKAs could provide new polymers with cross-linkable unsaturated units and 

biodegradable ester linkages randomly distributed on the polymer backbone (Scheme 1C), 

which could be useful for making APCNs. Unsaturated biodegradable amphiphilic 

hydrogels made by condensation polymerization of diol functionalised 

poly(-caprolactone) and poly(ethylene glycol) with diacid functionalised poly(propylene 

fumarate), followed by cross-linked with poly(acrylamide) are known in the literature 

with main focus on swellability in water.47, 48 The present method of making APCNs by 

radical copolymerization would have the advantage of introducing functional groups in a 

simple way by choosing appropriate vinyl comonomers for copolymerization with VCP 

and CKAs. 

We highlight the formation of APCNs, in which the hydrophobic part is made by 

radical ring-opening copolymerization of vinylcyclopropane (VCP) and 

2-methylene-4-phenyl-1,3-dioxolane (MPDO), followed by cross-linking with a 

hydrophilic macromonomer oligo(ethylene glycol) methacrylate (OEGMA, Mn ~ 500). 

The copolymerization of VCP and MPDO provides an unsaturated polyester with random 

distribution of carbon-carbon double bonds and ester units, as characterized by reactivity 

ratio determination. This is a new method of making unsaturated polyesters (UPs) by 

radical polymerization with the advantage of easy introduction of additional functional 

groups simply by choosing appropriate vinyl comonomers. The state-of-the art method of 

making UPs is by condensation polymerization using high temperatures that restricts the 

use of many functional monomers. The APCNs were characterized by swelling studies in 

water and DMF, and the enzymatic degradability of APCNs was studied using Lipase 

from Pseudomonas cepacia in pH= 7 PBS buffer solution. The unique swelling property 

and biodegradability of the prepared APCNs suggests the potential application in the 

biomaterial field.   
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4.3 Experimental Section 

4.3.1 Materials 

1-Phenyl-1,2-ethanediol (Aldrich), potassium tert-butoxide (Acros), p-toluenesulfonic 

acid (Aldrich), 1,4-dibromo-2-butene (Aldrich), diethyl malonate (Aldrich), sodium 

(Aldrich), di-tert-butyl peroxide (DTBP, Aldrich) and Lipase (from Pseudomonas cepacia, 

≥30 U/mg, Aldrich) were used as received. All solvents were distilled before use. 

Oligo(ethylene glycol) methacrylate (OEGMA, Mn ~ 500, Aldrich) was passed through 

a basic alumina column to remove the inhibitor. 

2-Methylene-4-phenyl- 1,3-dioxolane (MPDO) was synthesized using the literature 

method of W. J. Bailey et al.49 with some modifications. 2-vinylcyclopropane-1,1- 

dicarboxylate (VCP) was synthesized using the literature method of T. Endo et al.38. 

4.3.2 Instrumentation 

1H (300 MHz), 13C (75 MHz) NMR spectra were recorded on a Bruker Ultrashied-300 

spectrometer in CDCl3, using tetramethylsilane (TMS) as an internal standard. Molecular 

weights and polydispersity indexes (PDI) of the polymers were determined by gel 

permeation chromatography (GPC) with a Knauer system equipped with 4 PSS-SDV gel 

columns (particle size = 5 µm) with pore sizes ranging from 102 to 105 Å (PSS, Mainz, 

Germany) together with a differential refractive index detector (RI-101 from Shodex). 

THF (HPLC grade) was used as solvent at a flow rate of 1.0 mL/min. A Mettler thermal 

analyzer with 851 TG and 821 DSC modules was used for the thermal characterization of 

copolymers. Thermal stability was determined by recording TGA traces at a heating rate 

of 10 K/min in nitrogen atmosphere (flow rate = 50 ml/min). DSC scans were recorded in 

nitrogen atmosphere (flow rate = 80 ml/min) at a scanning rate of 10 K/min. A sample 

mass of 10േ1 mg was used in both DSC and TGA analysis. 
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4.3.3 Copolymerization of MPDO and VCP under free radical 

condition 

The mixture of MPDO and VCP with different molar ratios and di-tert-butyl peroxide as 

initiator were added into a 10 mL Schlenk tube equipped with a magnetic stir bar under 

argon. After degassing by freeze-vacuum-thaw cycles three times, the tubes were sealed 

under argon, and then placed in a preheated oil bath at 120 °C for 48 h while stirring. 

Subsequently, the tubes were opened and the reaction mixture was poured into methanol 

while stirring to cause polymer precipitation. Finally, the purified polymer was dried 

under vacuum at 60 °C for 48 h. Copolymerization of MPDO and VCP for reactivity 

ratios calculation was carried out with various feed ratios at 120 °C and stopped at low 

conversion (reaction time 6h). The reactivity ratios were calculated using Kelen-Tüdõs 

method.50 Details are given in the Supporting Information. 

4.3.4 APCN preparation using VCP-MPDO copolymers and OEGMA 

under free radical condition 

VCP-MPDO copolymer, OEGMA and DTBP were dissolved in 0.5 mL dioxane at a 

molar ratio of carbon-carbon double bonds : OEGMA : DTBP = 1:25:1. After degassing 

with argon for 1 h, the reaction mixture was placed in a preheated oil bath at 140 °C for 

24 h without stirring. After the polymerization, the resulting gel was extracted with 

chloroform overnight to remove the unreacted VCP-MPDO copolymer. Finally, the 

purified APCNs were dried in vacuum at 60 °C for 24 h. 

4.3.5 In vitro degradation study of APCNs 

In vitro degradation studies of APCNs were carried out by placing APCNs in pH = 7 PBS 

buffer solution with the enzyme concentration of 15 U/mL (Lipase from Pseudomonas 

cepacia) at 37 °C. The degradation medium was replaced every 24 h. The remaining mass 

of APCNs was recorded after freeze drying at different degradation time.   



Chapter 4  Enzymatically Degradable APCNs 

97 

4.4 Results and Discussion 

4.4.1 Copolymerization of VCP with MPDO 

Various copolymers of VCP with MPDO were prepared by changing the molar ratio of 

the two monomers in the initial feed (Scheme 4-1, Table 4-1). 

 

Scheme 4-1. Schematic process of radical ring-opening polymerization (RROP) of A) 

vinylcyclopropane (VCP)38, B) 2-methylene-4-phenyl-1,3-dioxolane (MPDO)49, and C) VCP and 

MPDO. 

Table 4-1. Copolymerization data for VCP-MPDO copolymers a 

Entry 

Feed ratio 

(-mol%) Yield 

(%) 

Mn
b 

(g/mol)
PDIb

copolymer composition (mol-%)c 

VCP MPDO 
VCP 

(ring-opened)

VCP 

(ring-opened) 
MPDO

1 30 70 33 5.4ൈ103 1.4 25 20 55 

2 50 50 43 8.3ൈ103 1.3 31 28 41 

3 70 30 46 1.2ൈ104 1.8 29 35 36 

a Initiator: DTBP (1 wt% of monomer); reaction temperature: 120 °C; reaction time: 48 h. 

b Determined by THF-GPC with RI detector; PS-standard used for calibration (Figure 4-3). 

c Determined by 1H-NMR spectra of resulting VCP-MPDO copolymers (Figure 4-1A). 
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After purification, the resulting copolymers were obtained as white solids. The 

copolymer structure was analyzed by NMR spectroscopy (Figure 4-1). According to the 

NMR spectra of PVCP (please see Supporting Information, Figure 4-S1) and PMPDO49 

homopolymer, the characteristic peaks of VCP and MPDO units were confirmed and 

marked in Figure 1. In the 13C-NMR spectrum (Figure 4-1B), the absence of peaks 

between δ = 90 - 110 ppm confirms that all MPDO units were copolymerized as 

ring-opened structure providing ester units in the polymer backbone (structure 3 in Figure 

4-1). In the 1H-NMR spectrum (Figure 4-1A), the broad peak c at δ = 4.7-5.3 ppm 

originates from the carbon-carbon double bond -CH=CH- of VCP units with ring-opened 

structure (structure 1 in Figure 4-1), the peak a at δ = 0.9-1.1 ppm from the CH3CH2O- 

group of VCP units with ring-opened and also ring-closed structure (structures 1 and 2 in 

Figure 4-1) and peak b,i between δ = 3.7-4.5 ppm were assigned to the -CH2-CH(Ph)- 

group of MPDO units and CH3CH2O- group of VCP units in the copolymer. Through 

comparing the areas of these 3 peaks, the VCP-MPDO copolymer composition was 

calculated. 

 

Figure 4-1. NMR-spectra of VCP-MPDO copolymer (entry 1 in Table 1). A: 1H-NMR spectrum; 

B: 13C-NMR spectrum. Structure 1: VCP unit with ring-opened structure in copolymer; structure 2: 

VCP unit with ring-closed structure in copolymer; structure 3: MPDO unit in copolymer. 

The 2D HMBC NMR spectrum (Figure 4-2) shows correlation of the proton peaks 

originating from d,e of VCP units (structure 1) at 2.4 ppm with the aromatic carbon 



Chapter 4  Enzymatically Degradable APCNs 

99 

signals of MPDO units (structure 3) at 128 ppm, confirming covalent linkage between 

VCP and MPDO units in the copolymer. The compositions of VCP-MPDO copolymers 

with different monomer ratio in feed were summarized in Table 1. An increase of VCP in 

the initial feed led to the higher VCP composition in the VCP-MPDO copolymer. 

 

Figure 4-2. HMBC spectrum of VCP-MPDO copolymer (entry 1 in Table 1). Cross-peak A: 

Coupling between group d,e of VCP unit with ring-opened structure (structure 1) and 

carbon-carbon double bond c of VCP unit with ring-opened structure (structure 1); cross-peak B: 

Coupling between group d,e of VCP unit with ring-opened structure (structure 1) and phenyl 

group of MPDO unit (structure 3). 

The number-average molecular weights of the resulting VCP-MPDO copolymers 

were determined by THF-GPC applying a polystyrene calibration and ranged from 

5.4ൈ103 to 1.2ൈ104 g/mol (Table 4-1). The corresponding GPC-traces show unimodal 

molecular weight distributions for all copolymers (Figure 4-3). An increase of VCP in the 

initial feed led to a higher molar mass of the resulting copolymer. 
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Figure 4-3. THF-GPC traces of VCP-MPDO copolymers with different comonomer ratios in feed. 

Reaction temperature: 120 °C, reaction time: 48 h. Composition in feed: black: VCP:MPDO = 

30:70; red: VCP:MPDO = 50:50; navy: VCP:MPDO = 70:30. 

The reactivity ratios of the two monomers were calculated using the Kelen-Tüdõs 

method.50 To that end, a series of VCP-MPDO copolymers with low yields (< 5%) were 

prepared. The composition of the resulting polymers was determined using 1H-NMR 

technique as described above. A detailed discussion on the determination of the reactivity 

ratios can be found in the Supporting Information (Tables 4-S1, 4-S2 and Figures 4-S3, 

4-S4). From the corresponding Kelen-Tüdõs plot (Figure 4-S3) the reactivity ratios of 

VCP and MPDO were determined to rVCP = 0.23േ0.08 and rMPDO = 0.18േ0.02. There are 

no big differences between the reactivity ratios of VCP and MPDO and both values are 

below 1. Consequently, depending on the monomer unit at the active chain end, i.e., VCP 

or MPDO, the incorporation of the respective other comonomer, i.e., MPDO or VCP, is 

slightly preferred (copolymerization diagram in Figure 4-S4). This suggests a nearly 

random distribution of MPDO and VCP units in the copolymer. 

Thermal characterization of VCP-MPDO copolymers was carried out using TGA and 

DSC techniques. The glass transition temperatures and decomposition temperatures of the 

copolymers are listed in Table 4-2. 
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Table 4-2. Thermal properties of VCP-MPDO copolymers a 

Entry 
copolymer composition (mol-%)b 

Tg (°C)c 
dec. Temp. 

(°C)d VCP (ring-opened) VCP (ring-opened) MPDO 

1 25 20 55 45 402 

2 31 28 41 43 410 

3 29 35 36 49 410 

a Initiator: DTBP (1 wt% of monomer); reaction temperature: 120 °C; reaction time: 48 h; 

same as entry 1-3 in Table 4-1. 
b Determined by 1H-NMR spectra (Figure 4-1A). 
c Determined by DSC (Figure 4-5). 
d Determined by TGA (Figure 4-4). 

The copolymers show a high thermal stability (Tmax: temperature at which rate of 

decomposition was maximum = 400-410 °C) with single step decomposition (Figure 4-4). 

Single glass transition was obtained for copolymers with different comonomer ratios 

(Figure 4-5), reconfirming the nearly random incorporation of MPDO and VCP in the 

copolymer chains. 

 

Figure 4. TGA profiles of VCP-MPDO copolymers with different comonomer ratios in feed. 

Black: VCP:MPDO = 30:70; red: VCP:MPDO = 50:50; navy: VCP:MPDO = 70:30. 



Enzymatically Degradable APCNs  Chapter 4 

102 

 

Figure 4-5. DSC heating traces of VCP-MPDO copolymers with different comonomer ratios in 

feed. Black: VCP:MPDO = 30:70; red: VCP:MPDO = 50:50; navy: VCP:MPDO = 70:30. 

4.4.2 Synthesis of biodegradable amphiphilic networks using 

VCP-MPDO copolymers 

Based on the cross-linkable carbon-carbon double bonds and the almost random 

VCP-MPDO combination on the copolymer backbone (random distribution of ester units), 

the VCP-MPDO copolymers have the potential to be used for the preparation of 

biodegradable amphiphilic conetworks (APCNs). As shown in Scheme 4-2, APCNs were 

prepared from a reaction mixture of VCP-MPDO copolymer, OEGMA and DTBP in 

dioxane with a molar ratio of carbon-carbon double bonds:OEGMA:DTBP = 1:25:1 at 

140 °C. After 24 h reaction, colorless cross-linked gels with very high gel fractions were 

obtained. The gel fraction was determined by calculating the ratio of the gel dry mass to 

polymer precursor mass (Table 4-3). The FT-IR showed the presence of characteristic 

peaks for both VPC-MPDO copolymer and POEGMA segments in the APCNs (please see 

Supporting Information Figure 4-S2). 



Cha

Sche

glyc

temp

4.4

The

stud

usin

Bec

cop

The

in T

Tab

Sam

Gel

Gel

Gel

a 

b  
c  
d  

apter 4 

eme 4-2. Pr

col) methacry

perature was

.3 Char

e swelling p

died by imm

ng the equat

Weigh

cause of the

olymer netw

e swelling p

Table 4-3. 

le 4-3. Physi

mple gel fr

l 1b 

l 2c 

l 3d 

The OEGM

3, respectiv

APCNs Gel

APCNs Gel

APCNs Gel

reparation of

ylate, Mn ~ 

s at 140 °C. 

racterizat

property is 

mersing dry

tion: 

ht Swelling 

e co-existen

work, the A

properties of

ical propertie

raction (%) 

79 

91 

93 

MA :VCP-MP

vely. 

l 1: prepared

l 2: prepared

l 3: prepared

f biodegrada

500 g/mol. 

tion of bio

one of the

y gels in di

Ratio (w/w

nce of hydr

APCNs sho

f APCNs in

es of APCNs

W

PDO (feed m

d by VCP-MP

d by VCP-MP

d by VCP-MP

able amphiph

Di-tert-buty

odegradab

e most imp

ifferent solv

w) = [(Weigh

rophilic (HI

ow different

n water and

s prepared us

Weight swelli

in water

1130 

1030 

1070 

molar ratio) w

PDO copolym

PDO copolym

PDO copolym

Enzy

hilic conetw

yl peroxide w

ble APCN

portant prop

vents. The 

htswollen gel/W

I) and hydro

t swelling p

d DMF are s

sing VCP-MP

ing ratio (w/w

was 6.25:1, 7

mer of entry 

mer of entry 

mer of entry 

ymatically D

works. OEGM

was used as i

Ns 

perties of A

swelling ra

Weightdry gel)-

ophobic (H

properties i

shown in Fi

PDO copolym

w) after equi

.75:1 and 7.2

1 in Table 4

2 in Table 4

3 in Table 4

Degradable

 

MA = oligo(

initiator and

APCNs and

atio was ca

-1]ൈ100% 

HO) structur

in various s

igure 4-6 an

ymers a 

ilibration (%

in DMF 

1230 

1160 

1150 

25:1 for gels

4-1. 

4-1. 

4-1. 

e APCNs 

103 

(ethylene 

d reaction 

d it was 

alculated 

re in the 

solvents. 

nd listed 

) 

s 1, 2 and 



Enzymatically Degradable APCNs  Chapter 4 

104 

 

Figure 4-6. Weight swelling ratio of APCNs (black: Gel 1, red: Gel 2, navy: Gel 3) in (A) DMF 

and (B) water. 

The gels showed equilibration in water and also DMF in approximately 8 h. DMF is a 

good solvent for both the hydrophilic and hydrophobic phases in the resulting APCNs and 

results in an extension of all polymer chains in the networks. However, water is a 

selective solvent only for the hydrophilic phase and only the poly[oligo(ethylene glycol) 

methacrylate] (POEGMA) segments extend in water. Due to the lowest content of VCP 

units with carbon-carbon double bond in the VCP-MPDO copolymer for network 

preparation, Gel 1 has the lowest concentration of cross-linking points in the network and 

hence showed the maximum swelling ratio of 1130% in water (Figure 4-6B) and 1230% 

in DMF (Figure 4-6A). It was larger than Gel 2 (1030% in water and 1160% in DMF) and 

Gel 3 (1070% in water and 1150% in DMF). The swelling ratios of all APCNs in water 

were smaller than in DMF. All APCNs showed a high transparency in DMF (Figure 4-7 

top) due to the extension of both hydrophobic and hydrophilic parts. Because of the phase 

separation between the hydrophilic (POEGMA chains) and hydrophobic (VCP-MPDO 

copolymer) segments, the APCNs appeared opaque in water (Figure 4-7 below). 
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APCNs. Because of their amorphous nature, the VCP-MPDO copolymer chains of 

APCNs have a good degradability. The degradation of VCP-MPDO chain segments 

causes the release of soluble hydrophilic POEGMA segments, leading to a reduction in 

gel content. Due to the highest content of ester bonds from MPDO-units and the lowest 

content of carbon-carbon double bonds as cross-linking points from ring-opened 

VCP-units in the conetwork, Gel 1 exhibited the fastest decomposition rate and was 

decomposed in 35 d in the presence of Lipase from Pseudomonas cepacia. 

 

Figure 4-9. Mass loss of APCNs against enzyme in pH = 7 PBS buffer solution in dependence of 

degradation time. Black: Gel 1; red: Gel 2; navy: Gel 3. 
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4.5 Conclusion 

Cross-linkable unsaturated polyesters were prepared by radical ring-opening 

copolymerization of VCP and MPDO. The unsaturated and ester units were provided by 

ring-opening of VCP and cyclic ketene acetal (MPDO), respectively, and were distributed 

almost randomly along the copolymer backbone. The VCP-MPDO copolymers were used 

as hydrophobic (HO) precursors for the formation of amphiphilic conetworks (APCNs) 

via copolymerization with OEGMA, forming the hydrophilic (HI) part. Through the free 

radical polymerization of OEGMA in the presence of VCP-MPDO copolymer, the 

APCNs were successfully produced. The concentration of the cross-linking points and 

hence the swelling property of APCNs in DMF and water depend on the amount of 

double bonds in the hydrophobic precursor. The APCNs provided unique swelling 

property with excellent enzymatic degradability. The method provides an interesting route 

for making functional biodegradable APCNs using radical chemistry in the future. 
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4.7.3 Structure characterization of APCNs 

 

Figure 4-S2. IR spectra of original VCP-MPDO copolymers (black) and APCNs after purification 

(red). 

4.7.4 Calculation of reactivity ratios for VCP and MPDO 

copolymerization 

The copolymerization of VCP and MPDO was carried out with various monomer feed 

ratios and low yields (~5%) to determine the reactivity ratios. The feed ratios and 

compositions of the resulting copolymers are summarized in Table 4-S1. 

Table 4-S1. VCP-MPDO copolymerization for determining reactivity ratios 

entry a 
VCP:MPDO in feed 

(mol-%) 
Yield (%) 

VCP:MPDO in Copolymer 

(mol-%) b 

Copolymer I 80:20 5.7 67:33 

Copolymer II 59:41 7.8 53:47 

Copolymer III 39:61 4.2 46:54 

Copolymer IV 28:72 5.1 42:58 

Copolymer V 13:87 4.4 34:66 

a reaction time: 6 h; reaction temperature: 120 °C; initiator: di-tert-butyl peroxide (1 wt% of 

monomer) 
b Determined using 1H-NMR of the resulting VCP-MPDO copolymers. 
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The r-parameters are determined applying the Kelen-Tüdõs method as follows (Table 

4-S2).2 

ߟ ൌ ቂݎଵ 
మ

ቃ ∙ ߦ െ మ

ఈ
  (1) 

ߟ ൌ ீ

ఈାி
     (2) 

ߦ ൌ ி

ఈାி
     (3) 

ܩ ൌ ௫ሺ௬ିଵሻ

௬
    (4) 

ܨ ൌ ௫మ

௬
     (5) 

x = molar ratio of comonomers in feed = m1/m2 ; y = molar composition of the 

copolymer = M1/M2 

 ெ (Fm = smallest F-value; FM = biggest F-value)ܨܨconstant = ඥ = ߙ

Table 4-S2. r-parameters calculation using Kelen-Tüdõs method 

 x y G F η ξ 

Copolymer I 4.04 2.04 2.06 8.00 0.24 0.93 

Copolymer II 1.41 1.12 0.16 1.77 0.07 0.75 

Copolymer III 0.65 0.86 -0.10 0.49 -0.10 0.45 

Copolymer IV 0.39 0.71 -0.16 0.21 -0.19 0.26 

Copolymer V 0.15 0.51 -0.14 0.04 -0.22 0.07 

 ெ = 0.5923ܨܨඥ =ߙ

 

Figure 4-S3. Kelen-Tüdõs plot for the determination of VCP and MPDO reactivity ratios (linear 

fit to the experimental data: R2 = 0.953). 
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The plot of η vs. ξ is shown in Figure 4-S3. From the slope and intercept of the linear 

fit, the monomer reactivity ratios of VCP and MPDO were determined to rVCP = 

0.23േ0.08 and rMPDO = 0.18േ0.02. A comparison of the experimental data from Table 

4-S1 with the calculated copolymerization diagram, using the r-values determined by the 

Kelen-Tüdõs method, shows an excellent agreement. 

 

Figure 4-S4. Calculated copolymerization diagram (blue curve) and comparison with 

experimental data (squares) from Table S1. 

 

4.7.5 Reference 

1. Sanda, F.; Takata, T.; Endo, T. Macromolecules 1993, 26, 1818-1824. 

2. Kelen, T.; Tüdõs, F. J. Macromol. Sci., Part A: Chem. 1975, 9, 1-27. 
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5.1 Abstract 

A designed 3,4-dihydroxyphenylalanine (DOPA) containing enzymatic degradable 

non-toxic synthetic adhesive with good adhesion to soft tissue and metals made by a 

simple two-step reaction is presented in this article. The adhesive had degradable 

polycaprolactone-type of repeat units together with glycidyl methacrylate (GMA) and 

oligo(ethylene glycol) methacrylate (OEGMA) in the polymer backbone. Radical initiated 

copolymerization of 2-methylene-1,3-dioxepane (MDO), glycidyl methacrylate (GMA) 

and OEGMA followed by immobilization of DOPA on epoxy rings of GMA provided the 

adhesive material. Fe(acac)3 was proved to be the most effective cross-linking agent with 

lap shear strength of 13.13േ1.74 kPa and 218.4േ16.0 kPa on soft tissue (porcine skin) 

and metal (aluminum), respectively. The cross-linked adhesive showed good adhesion 

stability in pH 7 PBS buffer at 37 °C for at least one week. Due to the high adhesive 

strength, enzymatic degradability and low toxicity, the material is a promising candidate 

for future studies as medical glue. 
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5.2 Introduction 

Adhesives are widely used in various industrial and medical fields in everyday life.1 The 

medical polymeric adhesives in the applications like surgical operation, damage repairing 

etc. were very attractive and widely researched in the recent years.2-7 One of the highly 

studied biomimetic adhesive systems is based on 3,4-dihydroxyphenylalanine (DOPA) 

and/or DOPA-mimetic catechol.8-11 The DOPA group can be introduced onto polymer 

chains in various ways such as vinyl polymerization of DOPA containing monomers, 

polymer analogous reactions, chain-end ligation etc. as described in a recent review 

article.12 DOPA can interact strongly with various substrates such as soft tissues (porcine 

dermal tissue)13, 14, hard mineralised tissues (cortical bone)15, metals (titanium, 

aluminium)16, 17, bovine submaxillary mucin18 etc. leading to adhesion even in the 

presence of water. Also, many different cross-linking agents with DOPA containing 

polymers were tried in order to optimize the adhesive strength and speed of adhesion. 

Some of the commonly used cross-linking methods and agents were: oxidation in 

presence of oxygen, enzymes (such as tyrosinase, horseradish peroxidase), H2O2, silver 

oxide, periodate and cross-linking by coordination to metal ions such as Fe3+ and other 

transition metal ions.19 

In many of the literature known examples of DOPA containing polymeric adhesives, 

the C-C backbone hinders biodegradability and hence limits their use. Poly(amino acid) 

and polyester backbone could provide additional functionality such as biodegradability to 

DOPA based adhesives. For instance, synthetic analogs of DOPA containing natural 

peptides were prepared by ring-opening polymerization of R-amino acid and 

N-carboxyanhydride (NCA) by Deming et al.20. Catechol functionalised amino 

acid-based poly(ester urea) (PEU) was produced using multi-step reaction sequence by 

Becker et al. The effect of substrate, molar mass, polymer concentration and type of 

curing agent on adhesive strength was studied. The lap-shear adhesive strength on porcine 

skin was comparable to commercial fibrin glue.21 Poly(ethylene glycol) (PEG) block 
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copolymers with biodegradable polylactide and polycaprolactone were also reported for 

immobilization of DOPA containing peptides.16, 22 Messersmith et al. reported a branched 

poly(ethylene glycol) (PEG) end-functionalized with DOPA through alanine-alanine 

(Ala-Ala) dipeptide linker, which was susceptible to degradation by neutrophil elastase, 

for biodegradable adhesive application.23 Most of the literature known methods of 

producing degradable DOPA containing adhesives used multistep reaction strategies 

requiring protection-deprotection chemistry. 

In this work, we present a simple two-step method of making DOPA containing 

enzymatically degradable, biocompatible polymeric adhesive. In the first step, a 

terpolymer of oligo(ethylene glycol) methacrylate (OEGMA), glycidyl methacrylate 

(GMA) and 2-methylene-1,3-dioxepane (MDO) was produced using radical 

polymerization. MDO is a very well-studied cyclic ketene acetal that undergoes radical 

ring-opening polymerization for the formation of polycaprolactone (PCL) i.e. provides 

ester linkages in the polymer backbone.24-27 Its copolymers with many other vinyl 

monomers such as methyl methacrylate, styrene, vinyl acetate, glycidyl methacrylate etc. 

are very well studied by us and others with an aim to provide degradability to otherwise 

non-degradable C-C backbone containing vinyl polymers.28-32 Poly(ethylene glycol) 

(PEG) is widely used to reduce the in vivo body foreign reactions.33-35 OEGMA is one of 

the vinyl polymerizable monomers for introducing PEG in a polymer. 

The epoxide ring of GMA in terpolymer was used for immobilisation of 

3-(3,4-dihydrophenyl)propionic acid, DOPA-mimetic catechol group in the second step. 

The amount of DOPA can easily be varied in the polymers by changing the amount of 

GMA in feed. The terpolymers were characterized for structure, adhesive properties, 

enzymatic degradability and biocompatibility. 
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5.3 Experimental Section 

5.3.1 Materials 

Glycidyl methacrylate (GMA, Aldrich) and oligo(ethylene glycol) methacrylate 

(OEGMA, Mn ~ 500, Aldrich) was passed through a basic alumina column to remove 

the inhibitor. Azobisisobutyronitrile (AIBN) was obtained from Sigma-Aldrich and 

recrystallized from methanol before use. 3-(3,4-dihydrophenyl)propionic acid (Alfa 

Aesar), phosphate-buffered saline (PBS, pH = 7, VWR Chemicals), Fe(acac)3 (Aldrich), 

H2O2 (30%, VWR Chemicals) and Lipase (from Pseudomonas cepacia, ≥30 U/mg, 

Aldrich) were used as received. 2-Methylene-1,3-dioxepane (MDO) was synthesized with 

our published procedure.28 All solvents were distilled before use. Porcine skins were 

purchased from a local grocery store. 3-(4, 5-Dimethylthyazolyl-2)-2,5-diphenyl 

tetrazolium bromide (MTT), was purchased from Sigma-Aldrich. For cell culture 

materials were from Greiner, media and solutions were from Biochrome AG, Berlin, 

Germany. 

5.3.2 Materials 

1H (300 MHz), 13C (75 MHz) NMR spectra were recorded on a Bruker Ultrashied-300 

spectrometer in CDCl3, using teramethylsilane (TMS) as an internal standard. UV-Vis 

measurement was carried out on a Hitachi U-3000 spectrometer. Gel permeation 

chromatography (GPC) was used for the measurement of molecular weights and 

polydispersity indexes (PDI). The instrument was equipped with 4 PSS-SDV gel columns 

(particle size = 5 µm) with porosity ranges from 102 to 105 Å (PSS, Mainz, Germany) 

together with a differential refractive index detector (RI-101 from Shodex). THF (HPLC 

grade) was used as a solvent (for dissolving polymer and as eluting solvent) with flow 

rate of 1.0 mL/min. 
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5.3.3 Copolymerization of MDO, GMA and OEGMA under free 

radical condition 

The details of the experimental procedure used for making the terpolymer (entry 1, Table 

5-1) were described here. The mixture of MDO (0.26 g, 4.0 e.q.), GMA (0.42 g, 5.0 e.q.), 

OEGMA (0.29 g, 1.0 e.q.) and AIBN (1 mol% of monomers) was dissolved in 3.5 mL 

toluene and added into a 10-mL Schlenk tube equipped with a magnetic stirring bar under 

argon. The systems were degassed by freeze-vacuum-thaw cycle three times and sealed 

under argon. The sealed tubes were placed in a preheated oil bath at 60 °C for 2 h while 

stirring. After this time the reaction mixture was precipitated in hexane. Finally the 

polymer was dried in vacuum at 60 °C for 48 h. Different polymers were made by 

changing the feed ratio of the comonomers (Table 5-1) using similar procedure. 

5.3.4 Coupling of catechol group 

The details of the experimental procedure for preparaing the adhesive S1 (entry 1, Table 2) 

were described here as an example. 3-(3,4-dihydrophenyl)propionic acid (0.34 g, 2.0 e.q. 

of GMA units in OEGMA-co-GMA-co-MDO copolymer) was dissolved in degassed 

poly(OEGMA-co-GMA-co-MDO) (0.4 g) THF solution (15 mL) under argon. The molar 

ratio of 3-(3,4-dihydrophenyl)propionic acid and the GMA units in 

poly(OEGMA-co-GMA-co-MDO) was 2:1. The reaction proceeded at 65 °C for 20 h 

under argon. The solvent was then distilled off and the degassed chloroform was added 

into the resulting reaction mixture. The unreacted 3-(3,4-dihydrophenyl)propionic acid 

was precipitated and filtered off. Finally the solvent was distilled out and the purified 

polymer was stored under argon. 

5.3.5 Adhesion study on porcine skin 

Adhesion property study was carried out by lap shear strength test on porcine skin. The 

porcine skins were cut to 1 ൈ 4.5 cm size. 10േ1 mg catechol groups coupled polyester 
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was spread over a 1 ൈ 1 cm area on one of porcine skin. The polymer was cross-linked by 

air, H2O2 (30%, 15 µL) or Fe(acac)3 solution in water (10 wt%, 15 µL) for 5 min. Another 

porcine skin was overlapped on the adhesive applied part and compressed for 30 sec. The 

lap shear strength was measured at room temperature with a Zwick/Roell testing machine 

(model 2008) equipped with 1 kN load cell. The maximum bonding force was recorded 

and divided by the overlapping contact area of porcine skins to calculate the lap adhesion 

strength as described in literature14. 

5.3.6 Effect of PBS on adhesion property 

Effect of PBS buffer on adhesion property was carried out by lap shear strength test on 

aluminum sheets coated with adhesive before and after dipping in buffer. The aluminum 

sheets were cut to 1 ൈ 4.5 cm size and overlapped at a 1 ൈ 1 cm area with adhesives 

(cross-linked by air, H2O2 or Fe(acac)3 solutions in water, same as adhesion study on 

porcine skins). The adherends were placed in pH = 7 PBS for different time intervals. 

After drying at 50 °C under vacuum overnight, the shear strength of adhesive was carried 

out with Zwick/Roell testing machine (model 2008) at a pull-rate of 2 mm/min. 

5.3.7 In vitro enzymatic degradation 

In vitro enzymatic degradation studies were carried out on Fe(acac)3 cross-linked samples. 

100 mg cross-linked sample was placed in pH = 7 PBS buffer solution with 0.2 mg/mL 

NaN3 and Lipase from Pseudomonas cepacia enzyme (5 U/mL) at 37 °C. The 

degradation medium was replaced every 24 hours. After definite time intervals, the 

sample were filtered, freeze dried and weighed. 

5.3.8 MTT assay 

The cytotoxicity of the adhesive S1 (produced using copolymer OEGMA:GMA:MDO = 

23:51:26, S1 in Table 5-2) and adhesive S2 (produced using copolymer 

OEGMA:GMA:MDO = 36:38:26, S2 in Table 5-2) was tested using L929 murine 
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fibroblasts (CCL-1, ATCC) according to the norm ISO 10993-5 using 1 mg/mL 

MTT-stock solution. The L929 cells were maintained in MEM cell culture medium 

supplemented with 10 % fetal calf serum (FCS), 100 mg/mL streptomycin, 100 IU/mL 

penicillin, and 4 mM L-glutamine. Cells were cultivated at 37° C in a humidified 5% CO2 

atmosphere. The polymers were solubilized at the highest possible concentrations in 

DMSO – due to the limit of solubility of these polymers in DMSO, stock solutions at 

concentrations ≤ 20 mg/mL were prepared. The polymers were tested in a concentration 

range from 0 to 0.4 mg/mL (corresponding to up to 2 vol. % DMSO per well, i.e., a 

concentration already slightly toxic for the cells) in 96-well plates. The solvent alone was 

included as control. The cells were seeded at a density of 1 x 104 cells per well 24 hours 

prior to the experiment. As 100% viability control, untreated cells were used. For each 

dilution step, eight replicates were used. After dissolving the metabolically formed 

formazan crystals in isopropanol, the absorbance was measured using a plate reader 

(Genios Pro, Tecan) at a wavelength of 580 nm. 
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5.4 Results and Discussion 

5.4.1 Synthesis of Poly(OEGMA-co-GMA-co-MDO) via RROP 

The synthetic route to poly(OEGMA-co-GMA-co-MDO), the aliphatic polyester with 

enzymatic degradability and biocompatibility, was shown in the Scheme 5-1. The radical 

ring-opening copolymerization of OEGMA, GMA and MDO was carried out at 60 °C 

using AIBN as initiator. A series of poly(OEGMA-co-GMA-co-MDO) was prepared with 

various monomer ratios in feed (Table 5-1). The chemical structure of the resulting 

copolymers was determined by NMR spectroscopy (Figure 5-1). The characteristic 

signals of PMDO25, PGMA36 and POEGMA29 were observed in NMR spectra. In 

1H-NMR spectrum, all peaks could be well assigned by their chemical structures. The 

copolymer composition was calculated by comparing the integral ratios of 

-COO-CH2-CH2- of MDO units (δ = 4.13 ppm, peak b in Figure 1A), -OCH2CH2- of 

OEGMA units (δ = 3.59 ppm, peak i in Figure 5-1A) and epoxy group of GMA units (δ = 

3.21 ppm). It is well-known that, MDO could be polymerized either as a ring-opened 

(formation of ester units) or ring-retained structure (formation of acetal rings).26 In 

13C-NMR spectrum of resulting polymer, no peak was obvious around δ = 100 ppm 

(Figure 5-1B), which proved in combination with peaks observed in 1H-NMR spectrum 

that all MDO units were polymerized as ring-opened structure providing 

caprolactone-type of repeat units in the polymer backbone. 

 
Scheme 5-1. Schematic illustration of the synthesis of poly(OEGMA-co-GMA-co-MDO). 
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Figure 5-1. NMR spectra of poly(OEGMA-co-GMA-co-MDO), entry 2 in Table 1 as an example: 

A: 1H-NMR spectrum; B: 13C-NMR-spectrum. Absence of signal at δ = 100 ppm confirms 

formation of only ring-opened ester units from MDO. 

The copolymers showed very high molar mass (1.0 – 1.4 ൈ  105 g/mol) with 

unimodal GPC curves (Figure 5-2). The copolymer with the composition of 

OEGMA:GMA:MDO = 11:67:22 (entry 1 in Table 5-1) was obtained as white solid, 

while other copolymers (comonomer ratio in copolymer: OEGMA:GMA:MDO = 

23:51:26 and 35:39:26, entries 2 and 3 in Table 5-1) were transparent viscous liquids 

(Figure 5-3). The viscous liquids (entries 2 and 3, Table 5-1) were used for adhesive 

application in this work. 

 

Figure 5-2. GPC traces of poly(OEGMA-co-GMA-co-MDO) with different copolymer 

compositions. Black: entry 1 in Table 5-1; red: entry 2 in Table 5-1; navy: entry 3 in Table 5-1. 
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Figure 5-3. Photograph of poly(OEGMA-co-GMA-co-MDO) with different composition. A: 

copolymer of entry 1 in Table 5-1 (white solid); B: copolymer of entry 2 in Table 5-1 (transparent 

viscous liquid); C: copolymer of entry 3 in Table 5-1 (transparent viscous liquid). 

Table 5-1. Copolymerization data and reaction conditions for OEGMA-GMA-MDO copolymers 

with various compositions. 

Entry a 

Feed composition 

(molar ratio) 

OEGMA:GMA:MDO 

Yield

(%) 
Mn 

b PDIb 

Polymer composition 

(molar ratio) 

OEGMA:GMA:MDO c 

1 10:50:40 41.6 1.37ൈ105 2.2 11:67:22 

2 25:35:40 35.3 1.16ൈ105 2.0 23:51:26 

3 35:25:40 30.5 1.02ൈ105 2.3 35:39:26 

a: Reaction conditions: initiator: AIBN (1 mol% of monomers); temperature: 60 °C; reactions 

time: 2 h; solvent: toluene (1.9 mmol/mL of total monomers) 
b: Determined by THF-GPC with RI detector; PMMA-standard was used for calibration (Figure 

5-1). 
c: Determined by 1H-NMR spectra of resulting OEGMA-GMA-MDO copolymers (Figure 5-2). 

5.4.2 Covalent Immobilization of Catechol Group onto 

Poly(OEGMA-co-GMA-co-MDO) 

Based on the high reactivity31, the epoxy group of GMA in 

poly(OEGMA-co-GMA-co-MDO) was used for covalent immobilization of catechol 

group by reaction with 3-(3,4-dihydrophenyl)propionic acid at 65 °C for 20 hours 

(Scheme 5-2). 
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Figure 5-5. 1H-NMR spectra of poly(OEGMA-co-GMA-co-MDO) (bottom) and the catechol 

functionalized polyester (poly(OEGMA-co-GMA-co-MDO) (top). 

Table 5-2. Characterization of catechol functionalized polyester. 

Sample 
Polymer composition 

OEGMA:GMA:MDO 

Reacted GMA units in 

copolymer (mol%) 

Content of catechol group on 

functionalized polyester (mol%) 

S1 23:51:26 30.3 15.5 

S2 35:39:26 23.9 9.3 

 

5.4.3 Adhesion Property Characterization of Adhesives with and 

without cross-linking 

For adhesive application, medical grade hydrogen peroxide (30% in water) or Fe(acac)3 

(10 wt% in water) were used as cross-linking agents. Fresh porcine skin was used as 

representative soft tissue for studying the adhesion property as determined by lap shear 

strength test measurement (Figure 5-6A). The adhesion properties with/without 

cross-linkers were shown in Figure 5-6B. Due to the higher content of catechol groups 

(catechol group content of S1: 15.5 mol%, catechol group content of S2: 9.3 mol%), pure 

catechol functionalized terpolyester S1 had the lap adhesion strength of 6.21േ1.53 kPa, 

which was slightly higher than that of adhesive S2 (4.62േ0.28 kPa). The adhesive S1 

cross-linked by Fe(acac)3 exhibited the best adhesive property (lap adhesion strength 
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13.13 േ 1.74 kPa), which was increased by 150 % compared with the catechol 

functionalized polyester without cross-linking. Because of the differences in methodology 

and types of adherends, it is difficult to directly make a comparison of our result and other 

reported studies in the literature. However, the adhesive property of Fe(acac)3 

cross-linked adhesive S1 is similar to the literature adhesive system with C-C 

non-degradable backbone, which was based on the terpolymer of acrylic acid (AA), 

acrylic acid N-hydroxysuccinimide ester (AANHS) and N-methacryloyl-3,4- 

dihydroxyl-L-phenylalanine (MDOPA), and cross-linked by thiol-terminated 3-armed 

poly(ethylene glycol)14. The lap adhesion strength value of our system was much greater 

than the existing medical adhesive CoSeal (~0.6 kPa, Baxter, Inc.)37 and fibrin glue 

(~5 kPa)38 obtained in the previous studies. Compared with the reported catechol-based 

biodegradable PEU copolymers (lap shear measurement value ~9 kPa on porcine skin)21, 

the present adhesive showed a higher adhesion on porcine skin. 

 

Figure 5-6. Adhesion test on porcine skin. A: photograph of lap shear strength test on fresh 

porcine skin. B: Adhesion properties of prepared adhesives with different cross-linking agents. 

It was interesting to check the effect of PBS buffer on adhesion strength as these 

materials could be interesting as medical glue. Unfortunately, the test could not be carried 

out using porcine skin as it started deteriorating under our experimental conditions with 

time, therefore aluminium sheets were used. The aluminum sheets were cut to 1ൈ4.5 cm 

size and overlapped at a 1ൈ1 cm area with adhesives. After cross-linking with H2O2 or 
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Fe(acac)3 at 37 °C for 1 hour, the adherends were placed in pH = 7 PBS buffer solution at 

37 °C for different time intervals and tested for lap shear test before and after putting in 

buffer solution (Figure 5-7). Due to the substrate influences on the DOPA containing 

biomimetic adhesives,17 the adhesion strength on aluminum sheets was much higher than 

on porcine and the sample S1 cross-linked with Fe(acac)3 exhibited the highest adhesive 

strength around 218.4േ16.0 kPa (Figure 5-7A) and the least drop in strength after putting 

in PBS buffer for 7 days (143.3േ37.4 kPa) and could be highly promising candidate as 

medical glue. 

 

Figure 5-7. Lap shear strength of adhesives after placing in pH = 7 PBS buffer solution for 

different time. A: adhesion property of adhesive S1 against PBS buffer solution; B: adhesion 

property of adhesive S2 against PBS buffer solution. 

The intended use of MDO in terpolymers was to provide enzymatically degradable 

ester linkages in the polymer backbone. Therefore, further enzymatic degradation studies 

were carried out using Fe(acac)3 cross-linked S1 sample by putting 100 mg in PBS buffer 

(pH = 7) in presence of lipase from Pseudomonas cepacia (5 U/mL) and 0.2 mg/mL 

NaN3. This mixture was then placed at 37 °C with shaking for different time. After freeze 

drying, the remaining weight of the adhesive was recorded and described in Figure 8. It’s 

obvious that the prepared adhesive could be degraded in the presence of lipase from 

Pseudomonas cepacia. Due to the amorphous structure and hydrophilic groups (PEG 

group) on the functionalized terpolyester, the adhesive showed a fast degradation rate 

(compared with pure catechol functionalized PCL polymers22). 
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5.5 Conclusion 

In this report, we designed a novel biomimetic adhesive with good adhesion property, 

biodegradability and biocompatibility. The bio-adhesive could be successfully produced 

via a simple two-step reaction. The chemical structure of the resulting DOPA mimetic 

adhesive was confirmed by NMR and UV/Vis spectroscopy. The synthetic adhesive could 

be rapidly and effectively cross-linked using Fe(acac)3 as cross-linking agent. After 

cross-linking, the adhesive showed a good adhesion property on porcine skin and the lap 

adhesion strength value is much greater than the existing medical adhesive CoSeal (~0.6 

kPa, Baxter, Inc.)37 and fibrin glue (~5 kPa)38 obtained in the previous studies. Under the 

condition of body temperature (37 °C), the cross-linked adhesive showed good adhesion 

stability against pH = 7 PBS solution in at least 7 days. Due to the unique property, 

enzymatically degradability and low toxicity, the adhesive showed a potential to be used 

in the medical application field. 
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6.1 Abstract 

The copolymers of 2-methylene-1,3-dioxepane (MDO) and N-phenyl maleimide (NPM) 

prepared by radical polymerization with high thermal stability, glass transition 

temperature and optical transparency are presented. The polymers made under specific 

reaction conditions i.e. 120oC and high amounts of MDO had degradable ester units, 

which were formed via radical ring-opening polymerization of MDO. Formation of 

charge-transfer complex between MDO and NPM also led to the formation of high molar 

mass copolymers by simple mixing and heating of monomers without use of any initiator. 

The structural characterization of the copolymers including mechanistic studies was 

carried out using NMR and thermal properties were studied using DSC and TGA. 
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6.2 Introduction 

N-substituted maleimides are interesting monomers for making transparent thermally 

stable polymeric materials.1-8 Under radical polymerization condition, N-substituted 

maleimides make either AB-alternating or sequence controlled 2:1 AAB-polymers with 

vinyl monomers having electron rich double bond such as styrene, vinyl ether, 

alpha-substituted propylene.3 The alternating polymers were formed via a charge transfer 

complex between electron rich and electron poor monomers.9-12 The maleimide ring 

structure in every repeat unit provides very high thermal stability and glass transition 

temperature to the resulting polymers.1-4 

Cyclic ketene acetals (CKAs) are interesting monomers with an electron rich double 

bond due to the presence of two electron donating oxygen atoms. They undergo radical 

and cationic ring-opening polymerization and provide polyesters, polyacetals or a 

combination of two depending upon the structure of CKA and reaction conditions.13 

2-methylene-1,3-dioxepane (MDO) is one of the very well-studied CKA in terms of 

homo- and copolymerization with large number of vinyl monomers such as methyl 

methacrylate (MMA)14, styrene (St)15, vinyl acetate (VAc)16, 17, propargyl acrylate (PA)18, 

glycidyl methacrylate (GMA)19, 20 etc. Homopolymerization of MDO leads to the 

aliphatic biodegradable polyester with polycaprolactone (PCL) like structure21, whereas 

cationic polymerization of MDO provides mainly ring-retained acetal units in the 

polymer backbone22. Due to the big difference between the reactivity ratios, quantitative 

ring-opening leading to block-type statistical copolymers with ester units coming from 

MDO together with vinyl comonomer units is possible.23 

Interestingly, MDO provided hydrolytically degradable polymers with high glass 

transition temperature (Tg) by simple mixing and heating with electron deficient 

α-methylene-γ-butyrolactone, which is a bio-based monomer derived from white tulips, in 

our previous work.24 With an aim to provide highly thermal-stable (bio)degradable 

transparent cost-effective polymer, the copolymerization behavior of MDO and N-phenyl 
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maleimide (NPM) was studied in this work. After radical ring-opening copolymerization, 

MDO was expected to provide degradable ester units on the polymer backbone and NPM 

was expected to introduce high thermal stability and glass transition temperature. We 

studied the copolymerization behavior of NPM and MDO using different reaction 

conditions such as monomer feeds, reaction temperatures, with and without radical 

initiators. The mechanistic aspects, the structure and thermal properties of the resulting 

copolymers were studied using NMR, DSC and TGA analysis. The hydrolytically 

degradable copolymers of 2-methylene-1,3-dioxepane (MDO) and N-phenyl maleimide 

(NPM) with high thermal stability, glass transition temperatures and optical transparency 

could be obtained under specific reaction conditions. 
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6.3 Experimental Section 

6.3.1 Materials 

The monomer (2-Methylene-1,3-dioxepane (MDO)) was made according to published 

literature.25 2,2’-Azobis(isobutyronitrile) (AIBN, Aldrich) and N-phenylmaleimide (NPM, 

Aldrich) were used after recrystallization from methanol. Di-tert-butyl peroxide (DTBP, 

Aldrich) was used as received. All solvents were distilled before use. 

6.3.2 Instrumentation 

1H (300 MHz), 13C (75 MHz) NMR spectra were recorded on a Bruker Ultrashied-300 

spectrometer in CDCl3, using tetramethylsilane (TMS) as an internal standard. 

Deconvolution technology was used for NMR-spectra analysis. UV-Vis measurement was 

carried out on a Hitachi U-3000 spectrometer. Molecular weights (Mn, GPC and Mw, GPC) 

and polydispersity indexes (PDI) of the polymers were determined by gel permeation 

chromatography (GPC). The columns and detector used were two PSS-SDV gel columns 

(PSS, Mainz, Germany) and differential refractive index detector, respectively. DMF 

(HPLC grade) with LiBr (5 g/L in DMF) was used as an eluting solvent with flow rate of 

0.5 mL/min. A PMMA calibration was employed for molar mass analysis. Mettler thermal 

analyser with 851 TG and 821 DSC modules were used for determination of thermal 

stability and glass transition temperatures, respectively in nitrogen. A heating rate of 10 

K/min was used. The amount of sample used for measurements was 10േ1 mg for both 

DSC and TGA analysis. 

6.3.3 General procedure for the copolymerization of MDO and NPM 

The reactions were carried out under argon in a Schlenk tube. The mixture of MDO and 

NPM with different mole ratios (MDO:NPM = 1:9, 3:7, 5:5, 7:3 and 9:1) and radical 

initiator (AIBN or DTBP) (1 wt% of monomer) were dissolved in anisole and degassed 
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by three freeze-vacuum-thaw cycles. The reaction was started by putting the tube in a 

preheated oil bath at different temperatures (60 °C, using AIBN as initiator, or 120 °C, 

using DTBP as initiator) for 2 h while stirring. After this, the reaction mixture was 

precipitated into methanol, filtered and dried at 40 °C for 48 h. 

6.3.4 Methanolysis of copolymers (MDO-NPM) 

The copolymer prepared at 120oC with MDO:NPM = 5:5 in feed was used for hydrolysis 

experiment. 0.30 g of copolymer was dissolved in a mixture of dioxane (15 mL) and 

methanolic KOH (25 mL, 5 wt%) and heated to reflux for 24h. After this time, the 

solution was neutralized with 3 ml of concentrated hydrochloric acid and then extracted 

with chloroform followed by washing with water. The solvent was evaporated under 

reduced pressure to get a yellow solid which was dried under vacuum at 50 °C for two 

days. 
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Figure 6-1. GPC curves of copolymers made by radical polymerization of MDO and NPM with 

different monomer ratios in feed at 60 °C. 

In previous studies it showed formation of quantitative ester units during 

copolymerization with vinyl monomers using radical initiators at reactions temperatures 

between 60-120 °C,13, 25-27 whereas cationic polymerization of MDO provided mainly 

ring-retained acetal units.22 Therefore, the resulting copolymer structure was 

characterized by 1H-NMR and 13C-NMR spectroscopy (Figure 6-2). In 13C-NMR spectra, 

a very strong peak at δ =100 ppm was observed. This showed the presence of 

ring-retained acetal rings formed by vinyl polymerization of MDO as the major structure 

(Figure 6-2B). The characteristic proton signals of both ring-retained MDO and NPM 

units were also present and marked in the 1H-NMR spectrum (Figure 6-2A). The peak 

integration at δ = 6.5-7.5 ppm (aromatic protons of NPM) and δ = 2.5 ppm (methylene 

group (a) of MDO unit) was used for the determination of copolymer composition as 

listed in Table 6-1. The comonomer ratio of MDO and NPM in resulting copolymers was 

almost 1:1 for different feed ratios. The copolymer with very large amount of NPM in 

feed (MDO:NPM = 1:9) showed deviation from copolymer composition of MDO:NPM = 

1:1 and the ratio of comonomers in copolymer was calculated as MDO:NPM = 1:3. On 

using very large amounts of MDO in the feed (MDO:NPM = 9:1), a small peak appeared 

at δ = 4.0 ppm in 1H-NMR spectrum originating from -C(O)OCH2- protons of 

ring-opened ester MDO units (supporting information, Figure 6-S1). This showed the 
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formation of a mixed structure with both ester (formed by ring-opening) and ring-acetal 

units (formed by ring-retained vinyl polymerization) in copolymers on using large 

amounts of MDO monomer in feed (Path 3 in Scheme 6-1). The ratio of ring-opened and 

ring-retained units of MDO was determined by deconvolution of overlapping 1H-NMR 

peaks between δ = 4.1-3.9 ppm. Approximately, only 4 mol% of the total MDO units 

were ring-opened and present as ester units in the MDO-NPM copolymer prepared with 

the feed monomer ratio of MDO:NPM = 9:1. The results confirmed that the MDO units 

showed a high potential to undergo simple vinyl polymerization with ring-retained units 

at 60 °C (Path 1 in Scheme 6-1). The MDO units with ring-opened ester structure only 

existed in the MDO-NPM copolymer prepared with the monomer ratio of MDO:NPM = 

9:1 in feed. 

 

Figure 6-2. 1H-NMR (A) and 13C-NMR (B) spectra of MDO-NPM copolymer (MDO:NPM = 5:5 

in feed) prepared at 60°C. 
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Table 6-1. Copolymerization of MDO and NPM at 60 °C. 

Entry 

Feed ratio 

(molar ratio) Yield 

% 
Mn

b PDIb

Copolymer composition 

(molar ratio)c 

MDO with 

ring-opened 

structure 

(mol %)c MDO NPM MDOd NPM 

1a 90 10 26.3 1.81ൈ105 2.0 55 45 4 

2a 70 30 61.3 2.08ൈ105 1.8 53 47 -e 

3a 50 50 52.4 1.81ൈ105 1.8 49 51 -e 

4a 30 70 51.0 1.28ൈ105 1.7 45 55 -e 

5a 10 90 37.9 6.38ൈ104 1.9 25 75 -e 

a: Initiator: AIBN, 0.5 mol % of monomer; reaction temperature: 60 °C; reaction time: 2 h; 

solvent: anisole. 
b: Characterized by GPC with RI detector, calibration with PMMA standard (Figure 6-1). 
c: Characterized by 1H-NMR spectra of MDO-NPM copolymers with deconvolution method 

(Figure 6-2A). 
d: Ring-opened and ring-retained MDO. 
e: The content of MDO units with ring-opened structure was very low (lower than 1 mol% of 

all MDO units in copolymer) and could not be calculated due to the strong overlapping. 
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6.4.2 Copolymerization of MDO and NPM at 120 °C 

In an effort to produce MDO-NPM copolymers with higher content of MDO units with 

ring-opened structure, a series of MDO-NPM copolymers were prepared at 120 °C with 

various monomer ratios in feed. The GPC traces for the copolymers (MDO:NPM = 9:1, 

7:3, 5:5 and 3:7 in feed) were unimodal (Figure 6-3). The copolymer made with very high 

amount of NPM in feed (MDO:NPM = 1:9) showed bimodality (Figure 6-3). 

 

Figure 6-3. GPC traces of polymers made by radical polymerization of NPM and MDO with 

different monomer ratios in feed at 120 °C. 

The microscopic structure of MDO-NPM copolymers was characterized by 1H-NMR 

(Figure 6-4A) and 13C-NMR (Figure 6-4B) with full assignments. All copolymers in 

13C-NMR spectra showed the presence of ketal carbon at δ = 100 ppm due to 

ring-retained acetal units from MDO. Compared with the 13C-NMR spectra of 

copolymers prepared at 60 °C (Figure 6-4B, black curve), an extra peak at δ = 170 ppm in 

13C-NMR spectrum of MDO-NPM prepared at 120 °C (Figure 6-4B, red curve) was 

obvious, which was corresponding to the carbonyl-carbon (k) of ring-opened MDO units 

(ester units, Structure 3). Compared with the 1H-NMR spectrum of resulting copolymers 

prepared at 60 °C (Figure 6-4A, black curve), the peak at δ = 4.0 ppm in 1H-NMR 

spectrum due to the -OCH2- protons of ester units formed by ring-opening of MDO 

during copolymerization at 120 °C was obvious (Figure 6-4A, red curve). Other 
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characteristic peaks observed in 1H-NMR were: δ = 6.5-7.5 ppm (aromatic protons of 

NPM) and δ = 2.4-3.1 ppm (methylene protons (a) of MDO with ring-retained Structure 1 

and -CH2C(O)O- protons (f) of MDO with ring-opened ester units (Structure 3). Using 

deconvolution of overlapping peaks between δ = 2.4-3.1 (Figure 6-S2 in Support 

Information), the ratio of ester units in comparison to the ring-retained acetal units were 

determined (Table 6-2). The deconvolution was carried out using automatic program of 

MestReNova. The copolymers prepared at 120 °C showed enhanced tendency to undergo 

ring-opening polymerization with the formation of ester units in comparison to the 

polymers prepared at 60 °C. An increase in the amount of ester units in copolymers was 

obtained with increase in MDO in feed. The copolymer, which was prepared at 120 °C 

with MDO:NPM = 9:1 in feed, had 54 mol% of the total MDO units as ring-opened esters. 

Whereas the copolymer with MDO:NPM = 5:5 in feed showed 39 mol% of ring-opened 

structures. On reducing the amount of MDO below 50 mol % in the initial feed, the 

amount of ring-opened MDO was strongly decreased and could not be determined with 

accuracy. 

 

Figure 6-4. 1H-NMR and 13C-NMR spectra of MDO-NPM copolymer, monomer ratio of 

MDO:NPM = 7:3 in feed as an example. A: 1H-NMR and B: 13C-NMR, black curve: 

copolymerization at 60 °C, red curve: copolymerization at 120 °C. 
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Table 6-2. Copolymerization of MDO and NPM at 120 °C. 

Entry 

Feed ratio 

(molar ratio) Yield 

% 
Mn

b PDIb 

Copolymer 

composition 

(molar ratio)c 

MDO with 

ring-opened 

structure 

(mol %)c MDO NPM MDOd NPM 

6a 90 10 22.6 1.03ൈ105 2.1 59 41 54 

7a 70 30 55.3 1.13ൈ105 2.1 57 43 45 

8a 50 50 85.1 6.03ൈ104 2.1 54 46 39 

9a 30 70 82.4 5.46ൈ104 2.7 36 64 -e 

10a 10 90 81.9 6.59ൈ104 bimodal 16 84 -e 

a: Initiator: DTBP, 0.5 mol % of monomer; reaction temperature: 120 °C; reaction time: 2 h; 

solvent: anisole. 
b: Characterized by GPC with RI detector, calibration with PMMA standard. 
c: Characterized by 1H-NMR spectra of MDO-NPM copolymers with deconvolution method. 
d: Ring-opened and ring-retained MDO. 
e: The content of MDO units with ring-opened structure was very low and could not be 

calculated due to the strong overlapping. 

6.4.3 Copolymerization mechanism 

The comonomer-copolymer composition curves for copolymerization at 60 and 120 °C 

were shown in Figure 6-5. The monomer reactivity ratios at different temperatures could 

be determined on the basis of comonomer-copolymer composition curves for the MDO 

and NPM copolymerization at 60°C and 120°C. The rMDO and rNPM values were 0.0241 

and 0.1202 respectively for the copolymerization at 60 °C, which were much lower than 

the monomer reactivity ratios for the copolymerization at 120 °C (rMDO = 0.0839 and rNPM 

= 0.3208). These results also suggested the alternating copolymerization tendency of 

MDO and NPM at 60 °C. 
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Figure 6-5. Comonomer-copolymer composition curves for the MDO and NPM 

copolymerization at different temperatures (entry 1-5 in Table 6-1 and entry 6-10 in Table 6-2). 

Using nonlinear least-squares curve fitting method, the curve was drawn. Red curve: Fit curve of 

copolymerization at 60 °C; Navy curve: Fit curve of copolymerization at 120 °C. Fitting equation: 

ଵܨ ൌ
భభ

మାభమ
భభ

మାଶభమାమమ
మ (f1, f2: mole fractions of monomers in the feed; F1, F2: mole fractions in the 

copolymer). Copolymerization at 60 °C: rMDO = 0.0241, rNPM = 0.1202, R2 = 0.998; 

Copolymerization at 120 °C: rMDO = 0.0839, rNPM = 0.3208, R2 = 0.972. 

NPM has electron deficient double bond whereas MDO double bod is electron rich 

due to neighboring electron donating oxygen atoms. The simple mixing of the two 

monomers could lead to the formation of charge transfer complex and spontaneous 

polymerization without any initiator. In fact, heating a mixture of NPM and MDO (1:1 

molar ratio) without any initiator at 60 and 120 °C led to high molar mass polymers in 

22h with unimodal GPC curves but with low yield (entry 11 and entry 14 in Table 6-3). 

The yield was around 10% at 60 °C whereas it was around 32 % at 120 °C. The 

copolymer composition (MDO:NPM) was almost 1:1 in both cases. With the 

polymerization at 120 °C, 37% of the total MDO units were ring-opened in the form of 

esters (entry 14 in Table 6-3), whereas the MDO polymerized in the form of ring-acetals 

at 60 °C (entry 11 in Table 6-3). 
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To get insight into the mechanism of polymerization, a blank reaction was carried out. 

Equimolar amounts, 2.12 mmol each of MDO and NPM were dissolved in 1 mL CDCl3 

and stirred under argon for 1 h. The resulting complex was directly analyzed by 1H-NMR 

spectroscopy. TMS was used as internal standard. The 1H-NMR spectra (Figure 6-6) 

showed that the peak a corresponding to the protons form CH=CH group of monomer 

NPM was shifted from δ = 6.78 to δ = 6.56 (peak a’) and the peak b corresponding to the 

protons from CH2=C group of monomer MDO was shifted from δ = 3.41 to δ = 3.30 

(peak b’). This result strongly suggested the interaction between the double bonds of 

MDO and NPM. Due to formation of the MDO-NPM complex, the other proton signals 

of the MDO and NPM monomer also showed a small shift in the peaks in 1H-NMR 

spectrum. 

 

Figure 6-6. Comparison of 1H-NMR spectra of MDO-NPM complex with the monomer MDO 

and NPM. 

To learn the mechanism of this reaction, MDO-NPM copolymerization was carried 

out in presence of radical inhibitor such as hydroquinone. Although polymer yields were 

less, the presence of hydroquinone did not completely inhibit the polymerization and the 

copolymer composition was MDO:NPM = 1:1. The MDO was present predominately as 

acetal-ring at 60 °C, whereas 21 % of total MDO units were ring-opened to ester units at 

120 °C, which was much less in comparison to the product obtained either via simple 
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mixing of two monomers or made by radical polymerization (Table 6-3). The occurrence 

of polymerization even in the presence of hydroquinone indicated the mixed mechanism 

occurring during NMP-MDO copolymerization. The similar behavior was observed 

during copolymerization of MDO with tulipalin-A based vinyl monomer in our previous 

study.24 The addition of hydroquinone led to ionic polymerization overweighing the 

radical one thereby providing more ring-retained MDO units. MDO cationic 

polymerization provided ring-retained structures in majority as shown previously in the 

literature.22 

Table 3. Comparison of MDO-NPM copolymerization with different reaction conditions in 

anisole (monomer ratio in feed MDO:NPM = 1:1). 

Entry 
Inhibitor / 

Initiator 

Reaction 

Temp. °C

Yield

 % 
Mn

d PDId

copolymer 

composition 

(molar ratio)e 

MDO with 

ring- 

opened 

structure 

(mol %)e 
MDOf NPM 

11a - 60 9.4 2.66ൈ105 1.9 48 52 -g 

12b hydroquinone 60 6.6 2.57ൈ104 1.6 47 53 -g 

13c AIBN 60 52.4 1.81ൈ105 1.8 49 51 -g 

14a - 120 31.7 5.36ൈ104 2.6 53 47 37 

15b hydroquinone 120 10.3 4.14ൈ104 2.9 54 46 21 

16c DTBP 120 85.1 6.03ൈ104 2.1 54 46 39 

a: Spontaneous copolymerization, reaction time: 22 h. 
b: Copolymerization with inhibitor, c inhibitor = 1 wt% of monomer, reaction time: 22 h. 
c: Copolymerization with initiator, c initiator = 0.5 wt% of monomer, reaction time: 2 h. 
d: Characterized by GPC with RI detector, calibration with PS standard. 
e: Characterized by 1H-NMR spectra of MDO-NPM copolymers with deconvolution 

technology. 
f: ring-opened and ring-retained MDO. 
g: The content of MDO units with ring-opened structure was very low and could not be 

calculated due to the strong overlapping. 
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6.4.4 Thermal, optical and hydrolytic degradability studies 

The thermal stability of the MDO-NPM copolymers made by radical polymerization was 

performed by TGA analysis (Figure 6-S3 in Supporting Information). All polymers were 

highly thermally stable (decomposition temperature was higher than 300°C). Due to the 

presence of ester units formed by ring-opening of MDO during copolymerization, the 

MDO-NPM copolymers with the monomer ratio of MDO:NPM = 9:1, 7:3 and 5:5 in feed 

at 120 °C showed a two-step thermal decomposition (initial decompositions at 320 °C and 

410 °C). Whereas on reducing the amount of MDO below 50 mol % in the initial feed, 

the amount of ring-opened MDO in MDO-NPM copolymer was strongly decreased and it 

showed one-step decomposition (decomposed at 410 °C). 

The glass transition temperatures for the copolymers prepared at 120°C were 

determined using DSC-technique. The copolymers showed two glass transition 

temperatures except for the sample with MDO:NPM = 9:1 in the feed. Homo-poly(NPM) 

showed very high glass transition temperature (more than 300 °C) due to rigid 

ring-structure.1 The glass transition temperature of poly(MDO) is dependent upon the 

mode of polymerization. The poly(MDO) with 100% ring-opened ester units showed Tg 

of -60 °C28. Due to the ring structure, the poly(MDO) with 100% ring-remained units 

would have a higher glass transition temperature than poly(MDO) with 100% 

ring-opened ester units. A hypothetical Tg of NPM-MDO copolymer, which had an 

assuming composition of NPM and 100% ring-opened MDO units with 1:1, could be 

calculated as 73 °C using Fox equation (W: weight ratio of monomers in NPM-MDO 

copolymer): 

1

ܶ
ൌ

ሺܹெைሻ

ܶሺெைሻ


ሺܹேெሻ

ܶሺேெሻ
 

The copolymers prepared at 120 °C in the present work showed a mixed structure with 

ring-retained acetal and ring-opened ester units from MDO besides NPM rings in the 

polymer backbone. Due to this immiscible random structure of the resulting copolymer 

(i.e. block of ring-remained MDO-co-NPM and block of ring-opened MDO-co-NPM), 
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Table 6-4. Thermal characterization of MDO-NPM copolymers prepared at different 

temperatures. 

Entry 
Copolymer composition (molar ratio)b MDO with 

ring-opened 

structure (mol %)b 

dec. T (°C)d Tg(°C) e 
MDOc NPM 

6a 59 41 54 330, 416 106 

7a 57 43 45 322, 409 104, 142 

8a 54 46 39 326, 405 97, 142 

9a 36 64 -f 409 94, 222 

10a 16 84 -f 425 93, 272 

a: Initiator: DTBP, 0.5 mol % of monomer; reaction temperature: 120 °C; reaction time: 2 h; 

solvent: anisole, same as entry 6-10 in Table 6-2. 
b: Characterized by 1H-NMR spectra of MDO-NPM copolymers with deconvolution method. 
c: ring-opened and ring-retained MDO. 
d: Characterized by TGA technology. 
e: Characterized by DSC technology. 
f: The content of MDO units with ring-opened structure was very low and could not be 

calculated due to the strong overlapping. 

The films of MDO-NPM copolymers with higher ester content (entry 6-8 in Table 6-2) 

were prepared using spin coating. The optical transparency of the films was characterized 

by UV-Vis spectroscopy (Figure 6-8). All the MDO-NPM copolymer films showed a 

high transmittance (higher than 90 %) in the range of 300-800 nm. Due to the phenyl 

group on the polymer chains, the transmittance was strongly decreased in the range of 

200-300 nm. 
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Figure 6-8. UV-Vis transmittance spectra of MDO-NPM copolymer films prepared using spin 

coating: black curve: entry 6 in Table 6-2; red curve: entry 7 in Table 6-2; navy curve: entry 8 in 

Table 6-2. 

Because of the hydrolytically unstable linkage of ester group from the ring-opened 

MDO units on the NPM-MDO copolymer chains, the copolymers prepared with higher 

MDO monomer ratio in feed at 120 °C (entry 6-8 in Table 6-2) are degradable under 

basic condition. The alkaline hydrolysis was carried out to study the hydrolytic 

degradable tendency of the NPM-MDO copolymers (entry 8 in Table 6-2 was used as an 

example). After 24 hours degradation with KOH in methanol/dioxane cosolvent, the 

NPM-MDO copolymer was completely degraded. The remaining solid was less than 5 wt% 

of the original NPM-MDO copolymer and showed as fragments of degraded polymer 

from the 1H-NMR spectrum (Figure 6-S4). 
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6.5 Conclusion 

The copolymers of 2-methylene-1,3-dioxepane (MDO) and N-phenyl maleimide (NPM) 

with high thermal stability, glass transition temperatures and optical transparency could 

be obtained under specific reaction conditions. The mixed copolymer structure with ester, 

ring-acetal and NPM-ring units in the backbone were observed using NMR spectroscopy. 

The relative amounts of these three units in the polymer backbone were dependent upon 

the reaction temperature and the amount of MDO in the feed. Increased temperature 

(120°C) and higher amounts of MDO in feed let to polymers with more ester units. The 

high molar mass polymers were generated by simple mixing of the two monomers MDO 

and NMP at 60 and 120 °C due to charge transfer complex formation. The resulting 

polymers could be highly interesting as degradable high glass transition temperature 

transparent polymers for applications in packaging industry and therefore requires in 

future further properties characterization including mechanical properties. 
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