
 

 

 University of Groningen

Thermoreversible cross-linking of rubber
Polgar, Lorenzo Massimo

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Polgar, L. M. (2017). Thermoreversible cross-linking of rubber. [Thesis fully internal (DIV), University of
Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/a641c07f-f4d8-4e4e-84d4-3a9de38c172e


 

 

 

 

 

 

 

 

Thermoreversible cross-linking 

of rubber 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Lorenzo Massimo Polgar 
  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The work described in this thesis was conducted at the Department of 
Chemical Engineering, ENgineering and TEchnology institute Groningen, 
University of Groningen, Nijenborgh 4, 9747 AG Groningen, the Netherlands 
 
The research project was financially supported by the Dutch Polymer Institute 
(DPI), PO Box 902, 5600 AX Eindhoven, the Netherlands 
Project number 749: The chemistry of rubber modification and cross-linking: 
New approaches towards an old problem  
 
Cover design: Annemarie Polgar 
Cover picture: Nicola Migliore and Bart van Overbeeke 
Printed by: Zalsman Groningen B.V.  
© 2017, L.M.Polgar 

 
 
ISBN: 978-90-367-9249-3 
ISBN electronic version: 978-90-367-9248-6 



 

6 

7 

8 

9 

  

 
 
 

 
 

Thermoreversible cross-linking of rubber 
 
 
 
 
 
 
 

PhD thesis 
 
 
 
 

To obtain the degree of PhD at the 
University of Groningen 
on the authority of the 

Rector Magnificus Prof. E. Sterken 
and in accordance with 

the decision by the College of Deans. 
 

This thesis will be defended in public on 
 

Friday 24 March 2017 at 12.45 hours 
 
 
 
 

by 
 
 
 
 

Lorenzo Massimo Polgar 
 

  born on 23 July 1988 
in Groningen  



 

Supervisors 

Prof. Dr. F. Picchioni 

Prof. Dr. M. van Duin 

 

 

Assessment committee 

Prof. Dr. K. Loos 

Prof. Dr. H.J. Heeres 

Prof. Dr. S. Norvez 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
       
 
 
 



 

6 

7 

8 

9 

 
 
 
 
 
 

“One love, one heart 
 

Let's get together and feel all right 
 

As it was in the beginning (One love) 
 

So shall it be in the end (One heart) 
 

Give thanks and praise to the Lord and I will feel all right. 
 

Let's get together and feel all right.” 
 
 

- Bob Marley 

 
 
 
 

 
 

Dedicated to 
 

my Family and Liselotte 

  



 

  



 

6 

7 

8 

9 

 
 
 
Preface Thermoreversible cross-linking of rubber   9 

 

Chapter 1 Modification of hydrocarbon elastomers   19 

 

Chapter 2 Thermoreversible cross-linking of EPM   57 

 

Chapter 3 Kinetics of thermoreversible cross-linking    77 

 

Chapter 4 Cross-linking agents      97 

 

Chapter 5 Multi-functional cross-linking aids                            119 

 

Chapter 6 Thermoreversible cross-linking of EVA               139 

 

Chapter 7 Cross-link homogeinity                 155 

 

Chapter 8 Production of recyclable rubber compounds               173 

 

Chapter 9 Technology Assessment                 197 

 

Summary                             213 

 

Samenvatting                     217 

 

Riprendere                         221 

 

Acknowledgements                    225 

 

List of publications and portfolio                  229 

 

  

 

Contents 



 

  



Thermoreversible cross-linking of rubber 

 9 

 

 

 

 

 

 
 

 

  

 

 

 

 
 

 

 
 

 
 

 

 

 

 

1 

2 

3 

4 

5 

6 

7 

8 

9 

 

 

 

 

Thermoreversible cross-linking of rubber 
* 

The current methods of cross-linking rubbers prevent the reuse of rubber products as 

raw materials. Thermoreversible cross-linking can be used to develop recyclable 

rubber materials. Such materials combine the material properties of a permanently 

cross-linked rubber at service conditions with the melt (re)processability of a non-

cross-linked rubber. The process of the development of recyclable, practical rubber 

products has been divided into three consecutive stages: i) the modification and ii) 

thermoreversible cross-linking and (re)processing of elastomers and iii) their 

subsequent compounding with typical rubber compounding ingredients. The different 

research topics discussed in the chapters of this thesis are categorized under one of 

these stages.  
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P.1. General Introduction 

Polymers have become an essential part of our daily lives and a lot of research is still 

dedicated to improve these materials [1]. Rubbers constitute a particular class of 

polymers, which combine two desirable properties, namely softness and elasticity. 

Rubbers owe their popularity to the abundance of possible applications: tires, 

sealings, footwear, toys and many more. Natural rubber has been a resource used 

since before the 19th century, mostly by the indigenous tribes in the Brazilian rain 

forests [2]. In the late 19th century, the discovery of its existence and applications by 

the industrializing world gathered momentum and the production and use of natural 

rubber started picking up. A few decades later, shortly before and during World War I, 

the production strongly increased due to the need for rubbers in many novel 

applications [3]. Rubbers were required for many products that were suddenly mass-

produced as well as for the machinery used to make them. Due to fluctuations in 

reliable natural rubber production, the supply was unable to keep up with the rapidly 

growing demand. Therefore an alternative was sought for and found in 1909 by 

German scientists: oil-based synthetic rubbers [4]. The development of the first 

synthetic rubbers led to a boost in further development of these materials [5]. Since 

then and throughout the 20th century, an expanding range of different synthetic 

rubbers have been invented.  

P.1. Ethylene Propylene (Diene) rubbers 

Ethylene Propylene (Diene) polymers (EP[D]M) are synthetic rubbers that are used in 

a wide range of applications. EPDM is hardly used as a pure polymer, but usually 

mixed/compounded with fillers and plasticizers and sometimes with other rubbers 

and polymers. Ethylene is commonly the main component with weight percentages 

between 45 and 85%. The diene part is usually the smallest component with a typical 

weight percentage between 2 and 12%, but essential for the commonly applied 

sulphur vulcanization. Ethylidene norbornene (ENB) is one of the most prevalent 

dienes used in EPDM rubbers as it is able to impart a high reactivity in the obtained 

product. For some applications, like plastic impact modifiers and oil additives, EPM 

rubbers without a third diene monomer are preferably used (Scheme P.1). 

 

Scheme P.1. Chemical structure of EPM and ENB-EPDM elastomers. 
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EP(D)M rubbers are produced via insertion polymerization using Ziegler-Natta or 

metallocene catalysts. In industry, this polymerization is most frequently applied in a 

solution process in hydrocarbon based solvents [6]. However, in some cases the 

polymerization of EPDM is performed in a slurry of liquid propylene. Recovery of the 

products occurs via steam stripping or dry finishing. EPDM rubbers with different 

chemical composition have different polymer characteristics and rubber properties. 

Although the characteristics of the various kinds of EPDM can differ, there are some 

properties that are characteristic for EPDM rubber in general. EPDM typically has a 

good resistance against heat, oxygen, cold, ozone and water and is therefore the 

perfect rubber to apply outdoor. It also possesses good electrical insulating properties 

and is resistant to ketones, diluted acids and alkaline chemicals. This is why EPDM 

rubbers can be found in all non-tire automotive parts such as sealing systems, hoses 

and tubes, but also in roof sheeting and window profiles. Finally, EPDM is also used in 

seals for aqueous systems (drinking and waste water, beer, milk etc.) and for plastic 

modification, either EPM for rubber toughening of brittle thermoplastics like 

polypropylene and polyamides, or EPDM in dynamically vulcanized blends with PP, 

yielding thermoplastic vulcanizates (TPVs). 

P.3. Rubber modification  

EP(D)M rubber differentiates itself from polydiene rubbers, such as natural rubber 

and polybutadiene rubber, by the absence of C=C unsaturation in the polymer 

backbone. The saturated backbone explains the excellent resistance against oxygen, 

ozone, heat and radiation of EP(D)M rubber compared to the more unsaturated 

rubbers. Unfortunately, the presence of exclusively rather inert C-H and C-C bonds and 

the lack of unsaturated, reactive C=C bonds limits the applicability of EP(D)M. A way 

to overcome this lack of reactivity, while retaining their high weathering resistance is 

by chemical modification. The modification of hydrocarbon elastomers is typically 

aimed at enhancing the reactivity or polarity, thereby improving the adhesion and/or 

compatibility with other materials (e.g. with other polymers in blends or with fillers in 

composites) [7]. Different ways to chemically modify hydrocarbon elastomers such as 

EP(D)M in order to introduce specific functional groups are thoroughly reviewed in 

Chapter 1.  

P.4. Cross-linking 

Non-cross-linked elastomers are sticky, chewing gum-like materials that do not 

possess the elasticity, resilience, strength and/or dimensional stability that are 

required for rubber applications. Rubber polymers are usually connected or “cross-

linked” with each other to form a 3D elastic network [8]. Cross-linking is an absolute 

requirement for the prompt and complete recovery from deformation, i.e. for the 
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elastic recovery of rubber materials [6]. In addition, cross-linking enhances other 

properties, such as the strength, temperature stability and the chemical and stress 

cracking resistance [9]. Such a combination of factors clearly indicates the need of 

(chemical) modification strategies, often involving not only the cross-linking 

chemistry but the functionalization of the base polymer as well (Chapter 1). This is 

especially true for pristine elastomers with no or a low degree of functional groups 

(i.e. unsaturated carbon-carbon bonds).  

 

For saturated elastomers, the traditional sulfur vulcanization or cross-linking via 

chemicals containing multiple hydrosilanes [10] or thiol functionalities [11] are not 

suitable as they require the presence of unsaturated C=C bonds. Two typical 

approaches for the cross-linking of saturated polymers can be distinguished (Scheme 

P.2). The first approach involves direct cross-linking of the saturated hydrocarbon 

polymer chains via suitable cross-link chemistry. Examples of direct cross-linking of 

saturated elastomers are peroxide curing [12,13] and cross-linking with bis-azides 

[14]. The second approach involves rubber polymers with a specific chemical 

functionality, which requires copolymerization using monomers with the required 

functionality or post-polymerization modification to attach this functionality to the 

saturated rubber. Cross-linking is eventually achieved by reaction with the  functional 

group. An example can be found in rubbers for the cable industry in which elastomers 

are grafted with vinyl siloxane and cross-linked by moisture curing [15-17].  

 

Scheme P.2. Two pathways to cross-link saturated rubber polymers, i.e. (i) directly via the 

hydrocarbon backbone or (ii) indirectly via a particular chemical functionality (R). 

 

P.5. Reversible cross-linking 

Unfortunately, the chemical reactions typically used to cross-link elastomers are 

irreversible and, thus, prohibit reuse of rubber scrap and waste as a raw material. 
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Whereas thermoplastics can simply be recycled via melt processing, the 3D network 

of cross-linked rubbers prevents melt (re)processing. This problem is particularly 

evident for rubber tires of which, due to the inability of recycling, millions are 

discarded annually [18]. The bulk is dumped in landfills, placing a burden on the 

environment as well as posing potential health hazards as these become a breeding 

ground for disease carrying mosquitoes. Current trends towards sustainability and 

cradle-to-cradle products make the recyclability of cross-linked elastomers 

increasingly relevant [19]. In the last decades a lot of effort has been made to 

devulcanize rubber [20-23]. Although reclaiming of sulfur-vulcanized natural rubber, 

using devulcanizing agents and high shear/temperature processes, is now a common 

technology, it is more difficult to apply this technology to hydrocarbon elastomers 

without unsaturation in the main chain, such as EPDM [20,24]. This is probably 

related to the somewhat higher stability of sulfur cross-links in an environment with 

low unsaturation. 

 

A cradle-to-cradle alternative for the recycling of rubbers via de-cross-linking would 

require a material that combines the material properties of a permanently cross-

linked rubber with the recyclability of a non-cross-linked thermoplastic [18]. A 

technical solution is found in the commercially available thermoplastic elastomers 

(TPEs), consisting of block copolymers of “hard” and “soft” segments, and 

thermoplastic vulcanizates (TPVs), consisting of blends of “hard” and “soft” polymers 

[25-27]. Another approach to achieve recyclability is via rubber networks with 

reversible cross-links that respond to an external stimulus, such as temperature 

[28,29]. The formation of cross-links at relatively low temperatures is beneficial for 

good elastic and mechanical performance, while the cleavage of cross-links at high 

temperatures (similar to the processing temperature of the original, non-cross-linked 

rubber compound) allows for recycling of the rubber product. 

 

Generally, polymers can be thermoreversibly cross-linked using relatively weak 

interactions, such as ionic interactions, hydrogen bonding or crystallinity [30,31]. 

Unfortunately, such thermoreversibly “cross-linked” rubbers cannot indefinitely hold 

stress without creep and also have limited applicability at elevated temperatures [32]. 

The use of stronger, reversible covalent cross-links, which can be achieved by, for 

instance, thermo-activated di/poly-sulfide rearrangements [33], may also result in 

enhanced mechanical performance [34-36]. The chemistry used for intrinsic self-

healing polymers is also largely applicable for (thermo)reversible cross-linking [37]. 

An example can be found in the so-called dynamic covalent networks via 

polycondensation reactions [38]. Other examples of reversible network topologies are 

“freezing” of transesterification reactions [32,39,40]. A final example of such 

reversible chemistry used in self-healing polymers is the metathesis reaction of 

aromatic disulphides. Poly(urea-urethane) elastomeric networks were demonstrated 

to completely mend after being cut in two parts by a razor blade via thermal annealing 
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[41,42]. The disadvantage of these approaches is the necessity of designing and 

synthesizing new polymers. This may hamper the substitution of currently employed 

materials. Modification of existing polymers would give the most facile 

implementation as the resulting materials are similar to currently employed ones.  

 

Thus far, several approaches have been developed for the thermoreversible cross-

linking of existing rubbers via indirect cross-linking (Scheme P.2) [30,43-45]. The 

majority of these use thermoreversible chemical reactions to introduce cross-links 

that can open at temperatures above the application temperature and below the 

degradation temperature of the polymer (Scheme P.3). One way of achieving this is via 

the Diels-Alder (DA) and the retro-DA reaction. Recently, several approaches have 

been developed that employ the (retro) DA reaction for the thermoreversible cross-

linking of different polymers [46-52] and elastomers [52,53].  

 

Scheme P.3. Schematic representation of a thermoreversibly cross-linked polymer using 

bifunctional cross-linkers as “bridges” between functional groups on the polymer backbone.  

 

P.6. Thesis outline 

The development of recyclable rubber products exploiting (retro) DA chemistry has 

been divided into three consecutive stages, which provide a generic framework for the 

different research topics in this thesis (Figure P.1). The first step of the concept is the 

chemical modification of elastomers, which is reviewed in Chapter 1. The subsequent 

thermoreversible cross-linking of furan-functionalized elastomers is described in 

Chapter 2 for EPM and in Chapter 6 for vinyl acetate copolymer rubbers (EVM). It 

will be shown that this approach (successive modification and cross-linking, Scheme 

P.2) offers a promising opportunity for the design of recyclable rubbers. However, a 

number of requirements have to be met before DA cross-linking of functionalized 

rubber can be used in rubber products. First of all, a deeper understanding of the 

behavior and temperature response of the DA cross-links in a thermoreversibly cross-

linked rubber network is required. In Chapter 3 a kinetic study of thermoreversibly 

cross-linked EPM rubber at different temperatures is discussed. The material 

properties of the thermoreversibly cross-linked elastomers should be similar to those 
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of conventionally cross-linked elastomers as the thermoreversible cross-links perform 

like irreversible, conventional cross-links under application conditions. The cross-

linking method studied should allow for the tuning of the material properties by 

varying the structure and amount of the cross-linking agent employed. In Chapter 4 

this is investigated by thermoreversibly cross-linking furan-functionalized EPM 

rubbers with a variety of bismaleimides. Another way of adjusting the material 

properties of thermoreversibly cross-linked rubbers is by the addition of a multi-

functional cross-linking aid. Such a component can help to increase the cross-link 

density beyond the limits imposed by the degree of functionalization of the 

elastomers. In Chapter 5 it is shown that furan-containing polyketones (PK) can be 

used for this purpose in a thermoreversibly cross-linked EPM rubber. Furthermore, 

the (retro) DA approach is not limited to EPM rubber and is expanded to EVM rubber 

in Chapter 6 to show that the methodology used to modify and thermoreversibly 

cross-link these existing elastomers (Scheme P.2) is quite general. In this chapter, a 

parallel approach for obtaining thermoreversibly cross-linked EVM rubbers via 

polymerization of a functional monomer (Scheme P.2) was also investigated. The main 

difference between EPM and EVM rubbers is the polarity. Chapter 7 presents a study 

into how polarity of the rubber matrix affects the distribution of the polar cross-links 

and the subsequent consequences for the rubber properties. Finally, the production of 

the thermoreversibly cross-linked elastomers should not be limited to small 

laboratory scale using a solvent route, but also be performed on industrial equipment. 

In addition, gum rubbers have to be compounded with reinforcing filler and 

plasticizer before they can be used in rubber products. Chapter 8 describes how 

practical compounds with carbon black and mineral oil can be prepared for 

thermoreversible cross-linked EPM on a batch mixer. It also shows how this affects 

the thermoreversible character of the rubber and whether the properties of the 

resulting recyclable rubber compound meet the standards for rubber materials that 

are typically used in rubber industry.  The final step in investigating the production, 

recycling and applicability of the newly developed, fully reprocessable rubber 

compounds is a technology assessment. This relies on the comparison with respect to 

conventional, peroxide cured EPM rubber compounds that are intrinsically not 

processable after cross-linking. Chapter 9 takes into consideration aspects related to 

the current production process of rubber products, the costs of the raw materials and 

the conditions at which the end-products containing the newly developed 

reprocessable rubber compounds can be applied, with a focus on the temperature 

stability.  
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Figure P.1 Schematic representation of content of this thesis on thermoreversibly cross-linked 

rubber using (retro) Diels Alder chemistry for furan-containing elastomers. 
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Chemical modification of hydrocarbon 

elastomers: a versatile toolbox for the design of 

novel, functional elastomers † 
 
Rubber products have grown to become an integral and essential part of our daily 

lives over the last 150 years. More stringent demands and new applications in rubber 

technology drive towards the development of specialty elastomers, i.e. new 

elastomers with a relatively high added value combined with a relatively low 

production volume. Chemical modification of existing elastomers provides an elegant 

route towards elastomers with new chemical reactivity and/or adjusted polarity, 

useful for filler/substrate adhesion, blend compatibilization and/or bio-compatibility, 

and also (thermoreversible) cross-linking. In this paper a comprehensive and critical 

overview is provided of the most commonly employed, post-polymerization 

modification strategies for elastomers. Particular attention is paid to unsaturated and 

low-unsaturated/saturated, hydrocarbon elastomers (NR and BR vs. EPDM, EPM, IIR 

and PIB) as examples for the general toolbox provided. Not surprisingly, only those 

chemical modification routes that, on the one hand, exploit low-cost reactants and 

simple process technology and, on the other hand, result in clear performance 

improvement have found industrial application. 

 
1.2. Reactions on C=C bonds 1.3. Reactions on C-H bonds 

1.2.1. Hydrogenation 1.3.1. Halogenation 

1.2.2 Oxidation/hydroxylation 1.3.2. Alder-ene 

1.2.3. Epoxidation 1.3.3. Free-radical grafting 

1.2.4. Hydroboration 1.3.4. Carbene insertion 

1.2.5. Hydroformylation 1.3.5. Nitrene insertion 

1.2.6. Thiol-ene 1.3.6. Phosphorylation 

1.2.7. Hydrosilylation 1.3.7.Friedel-Crafts alkylation 

1.2.8. Sulfonation  

1.2.9. Carbocyanation  

 
  

                                                 
This chapter is based on: L. M. Polgar, M. van Duin, A. Pucci and F. Picchioni, ‘Chemical modification of 
hydrocarbon elastomers: a versatile toolbox for the design of novel, functional elastomers’ submitted to 
Progress in Polymer Science 2016 
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1.1. Introduction 

 

Cross-linked elastomers are polymeric materials with a unique combination of 

properties and are well known for their ability to absorb large deformations in a 

reversible manner without failure [1,2]. Typically, elastomers are compounded with 

additives such as fillers (carbon black) and plasticizers (oil) and cross-linked, yielding 

rubber products [3]. Such rubber products are mostly utilized for their softness, 

flexibility, elasticity, toughness and thermal, chemical and solvent resistance. These 

intrinsic properties make rubber products suitable for a very broad range of 

applications such as tires, seals, tubes, belts and impact modifiers.  

 

Hydrocarbon elastomers contain only carbon and hydrogen atoms, resulting in a low 

polarity. Although a wide variety of hydrocarbon elastomers such as natural rubber 

(NR), polybutadiene (BR) and ethylene-propylene-diene terpolymers (EPDM) is 

currently commercially available, there are some structural deficiencies limiting their 

applications. For improved or new applications, improvements in adhesion, blend 

compatibility, reactivity, resistance (to wear, heat and/or chemicals), thermal and 

oxidative properties are desired [4,5]. Tailoring existing elastomers for a specific 

application by improving the most relevant deficiencies can greatly extend their 

technological applications. In addition to improving their properties for existing 

applications, specific elastomers can be designed and developed for completely new 

ones.  

 

There are several approaches that can be used to modify the properties of existing 

elastomers [6]. These could be improved by blending with other elastomers, or 

adjusting the final rubber compound formulation, i.e. by varying the type and amount 

of additives, such as fillers, plasticizers and cross-linkers. More possibilities arise by 

introducing functional groups or monomers along the polymer backbone in a 

controlled fashion. This can be achieved either by copolymerizing desired functional 

monomers into elastomers or by post-polymerization modification of the elastomers, 

for example by grafting functional monomers on the polymer backbone or by chemical 

modification of unsaturated carbons in the elastomers. Copolymerization and post-

polymerization modification techniques are often employed when the final rubber 

product has to meet stringent requirements for given applications [7-9]. 

 

Copolymerization of functionalized monomers can be performed with a variety of 

vinyl monomers. However, for ionic or insertion (Ziegler-Natta or metallocene) 

polymerizations, the presence of transition metal catalysts is required. Unfortunately, 

the active catalytic species are sensitive to most (polar) functional groups. Often, the 

Lewis basicity of the functional co-monomer competes with the olefinic unsaturation 

in the complexation to the transition metal. The smooth incorporation of functional 
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groups into hydrocarbon elastomers still remains a challenging area for further 

research into polymerization catalyst development [10]. Some elegant but expensive 

and unpractical solutions for these problems include using a spacer between the 

reactive unsaturated carbons and the functional group, adding an excess of catalyst or 

using protecting groups. Although the free-radical polymerization of ethylene does 

allow for direct copolymerization with polar, reactive monomers such as maleic 

anhydride (MA), (meth)acrylic acid, glycidyl methacrylate and vinyl acetate, this 

requires high-pressure processes [11,12]. 

 

Post-polymerization modification is a convenient alternative for introducing the 

desired functional groups on a polymer chain [13]. The newly acquired chemical 

reactivity should be present throughout the material and therefore will require bulk 

modification [14] rather than surface modification [15-18]. These reactions can be 

carried out in the melt [19,20] or in solution [21,22]. Considering the numerous 

chemical reactions available, the possibilities for chemical modification of elastomers 

are nearly limitless. The main advantage of chemical modification lies in the fact that it 

can be used to enrich elastomers with a new (chemical) reactivity that is not present 

in the original polymer [23]. This new reactivity could be beneficial for a number of 

properties, ranging from blend compatibilization, adhesion with fillers (micro-scale) 

or substrates (macro-scale), bio-compatibility to reactivity for subsequent reactions 

such as cross-linking. Introducing suitable functional groups into hydrocarbon 

elastomers may also increase their polarity, resulting in a better compatibility with 

other, more polar polymers, such as epoxy resins, polyesters or polyamides, so that 

the modified elastomers can better be used as impact modifiers [24-30].  

 

Herein an attempt is made to provide an overview of the wide variety of possibilities 

for the chemical modification of hydrocarbon elastomers based on published, 

scientific studies (patents are not included). The idea is to demonstrate the large 

diversity of chemical modification routes for hydrocarbon elastomers with emphasis 

on literature from the last decade rather than to provide an encyclopedic overview. 

The hydrocarbon elastomers considered can be divided into two classes based on 

their unsaturated content and, thus, their reactivity. The most reactive elastomers 

contain a high number of unsaturated C=C bonds in their backbone, such as natural 

rubber (NR), polyisoprene (IR), BR and styrene-butadiene copolymers (SBR). 

Elastomers with low amounts of or no unsaturation have a relatively low reactivity, 

including EPDM, butyl rubber (IIR), ethylene-propylene copolymer (EPM) and 

polyisobutylene (PIB). The latter elastomers distinguish themselves by their 

outstanding ozone, weathering, and high temperature resistance [2].  

 

The chemical modifications that can be applied on the hydrocarbon elastomers can be 

roughly divided into two classes based on their reaction mechanism (Table of content 

Chapter 1). The first class considers reactions that require unsaturated C=C bonds, 
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which are typically being converted into saturated C-C bonds. Examples are 

(ep)oxidation and addition reactions. Their application to elastomers has previously 

been considered in scientific reviews [7,31]. The second class of elastomer reactions 

occurs at a C-H bond. Examples of such reactions are insertion and abstraction 

processes, such as carbene insertion and free-radical grafting respectively. This 

second class does not only include reactions of aliphatic C-H bonds, but also of allylic 

C-H bonds, such as allylic substitution or ene reactions, after which the C=C 

unsaturation remains intact. 

 

1.2. Reactions on C=C unsaturations in hydrocarbon elastomers 
 

In organic chemistry there is a wide range of reactions for alkenes (i.e., on C=C bonds) 

[32]. Addition reactions constitute the largest group of alkene modifications and lead 

to functionalized, saturated products. Electrophilic additions are reactions between 

the electron-rich unsaturation and an electrophile. These reactions can be 

regioselective and stereospecific and can be controlled for the synthesis of 

enantiomerically pure pharmaceuticals. As well established, electrophilic additions 

take place in such a way that the electronegative atom attaches to the more 

substituted carbon (Markovnikov position) [33-35], although there are several 

reactants capable of the alternative attack (anti-Markovnikov position) [36,37]. For 

the modification of elastomers on an industrial scale, effectivity and costs are usually 

more important than regioselectivity. Some addition reactions to alkenes, such as the 

Alder-ene and aza-Wittig reactions, are denoted as ‘click chemistry’, i.e. a set of highly 

reliable and selective reactions for the synthesis of new, useful compounds and 

combinatorial libraries [38]. Click reactions are by definition stereospecific, are wide 

in scope, have high conversions, proceed under mild reaction conditions without 

solvent and are insensitive to water and oxygen [38]. Generally, click reactions 

proceed rapidly at room temperature and, therefore, are ideal for post-polymerization 

modifications [39]. The remarkable tolerance for a broad variety of functional groups 

enables facile introduction of reactive groups. The modification of multiple groups on 

a polymer chain requires a highly efficient reaction because the residual reactants and 

formed by-products cannot be simply separated from a high molecular weight 

polymer, opposed to most small molecule substrates. Unfortunately, most click 

reactions (e.g. the oxime, Straudinger, hydrazone and aza-Wittig reactions) require 

other reactants besides a C=C bond. This makes them poorly suited for the 

modification of hydrocarbon elastomers. Therefore, currently, only a limited number 

of click reactions are applicable to C=C bonds in elastomers. 

 

1.2.1. Hydrogenation 

Hydrogenation is the most simple reaction possible for unsaturated C=C bonds. It is 

used to convert unsaturated, hydrocarbon elastomers into their saturated analogues 
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(Scheme 1.1). These reactions are usually the only “practical” way to produce specific 

polymers. A well-known example is the hydrogenation of NR to alternating EPM, 

which is not available via random copolymerization of ethylene and propylene. It can 

be performed with either a NR solution or the aqueous NR latex [40-43]. Partial 

hydrogenation of NR could provide a future route to bio-based, EPDM-like elastomers.  

 

Scheme 1.1. Hydrogenation an unsaturated polymer (NR as example). 

 
 

Obviously, hydrogenation is not performed to introduce a new chemical functionality 

along the polymer backbone, rather to improve the high-temperature and ageing 

performance of unsaturated elastomers [40]. An industrially relevant example is the 

hydrogenation of the BR midblock of polystyrene/BR/polystyrene tri-block 

copolymers (SBS), yielding tri-block copolymers with ethylene-butylene copolymer 

midblocks (SEBS) [44]. Both SBS and SEBS have thermoplastic elastomeric behavior 

with SEBS having superior weathering performance compared to the starting SBS. 

Another industrial example is the hydrogenation of acrylonitrile-butadiene 

copolymers (NBR) in solution using hydrogen and a metal catalyst to acrylonitrile-

ethylene-butylene terpolymers (hNBR) [45-49]. Obviously, the full hydrogenation of 

NBR results in hNBR, with the best high-temperature performance and oxidation 

resistance. Since such hNBR lacks any reactivity towards sulfur vulcanization, 

peroxide curing is typically applied for cross-linking. Since hydrogenation does not 

add a new chemical function and reduces the reactivity of the elastomer towards 

cross-linking or any other follow-up reactions, it will not be discussed any further. 

 

1.2.2. Oxidation/hydration/ozonolysis 

Alcohols are among the most commonly applied functional groups that can be 

introduced into polymers. They provide the substituted elastomers with a higher 

polarity and increase the possibility for follow-up reactions. There are several ways to 

introduce oxygen into elastomers, all profiting from the reactivity of unsaturated C=C 

bonds present.  

 

Free-radical oxidation of (un)saturated elastomers with air is the most simple way of 

introducing oxygen functionalities. It proceeds as auto-oxidation with oxygen or 

water, abstracting hydrogens under the influence of temperature or light and, usually, 

results in ill-defined products, such as mixtures of alcohols, ketones, aldehydes and 

carboxylic acids (Scheme 1.2A, with ultimately the formation of a di-alcohol as an 

example). These processes are often accompanied by side-reactions such as cross-

linking and/or chain scission [50]. A more controlled, radical oxidation can be 

achieved by using oxygen in combination with catalysts, such as cobalt, manganese or 
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iron derivatives [51,52]. This can result in the selective conversion of unsaturated C=C 

bonds into an alcohol on the allylic position (Scheme 1.2B). Depending on the catalyst 

used, oxygen or peroxides can also be used to convert such unsaturated C=C bonds 

into epoxides (paragraph 1.2.3.) [53,54]. Another way of converting alkene groups 

into alcohols in a controlled fashion is by exposing them to an aqueous solution of 

sulphuric acid. Water acts as a nucleophile to trap the carbocation that is formed by 

initial protonation. This electrophilic hydration follows the Markovnikov rule and the 

hydroxyl group ends up at the more substituted carbon (Scheme 1.2C).  

 

Scheme 1.2. Introduction of oxygen in unsaturated hydrocarbon elastomers (NR as example). 

 
 

Next to formation of mono-alcohols, higher degrees of oxidation are possible. The 

Wacker oxidation, for example, enables the conversion of unsaturated C=C bonds on 

elastomers into ketone groups (Scheme 1.2D) [55-57]. This oxidation process is very 

efficient, but also sensitive to the reaction conditions. It requires an expensive 

palladium catalyst and is typically performed in water/dimethylacetamide mixtures. A 

higher degree of oxidation is achieved by the osmium-catalyzed hydroxylation with N-

methyl morpholine-N-oxide as an oxidant, which is one of the most efficient methods 

for the preparation of vicinal diols (Scheme 1.2E) [58]. The major benefit of this 

method is the high enantioselectivity of the functionalization process [59]. Although 

numerous unsaturated chemicals can be readily hydroxylated [58], the application on 

polymers is rather limited [60,61], probably due to the high toxicity and high price of 

the osmium tetroxide catalyst [62]. 

 

Finally, there are also several ways of oxidizing elastomers that result in telechelic 

functional groups. One way to convert unsaturated C=C bonds into aldehyde groups, 



Modification of hydrocarbon elastomers 

 25 

6 

7 

8 

9 

 

 

 

 

 

 
 

 

  

 

 

 

 
 

 

 
 

 
 

 

 

 

 

1 

2 

3 

4 

5 

for example, is by specific oxidative C=C bond cleavage methods [50]. Such oxidative 

cleavages result in the shortening of the macromolecular backbone and yield only 

end-group functionalities [63]. For NR, this was achieved by oxidative 

photodegradation with hydrogen peroxide [64,65]. Ozonolysis is a more mild and 

controlled alternative (Scheme 1.2F) and can be followed by several reaction steps to 

yield telechelic polymers with different degrees of oxidation [66-69].  

 

1.2.3. Epoxidation 

Electrophilic oxidizing agents are capable of connecting a single oxygen atom to both 

carbons of a C=C bond. For instance, the hydroxyl group in peroxycarboxylic acids can 

be added to C=C bonds to form epoxides (Scheme 1.3). The reactivity of epoxidation 

increases with alkyl substitution of the C=C bond, which enables enantioselective 

synthesis and is ideal for reactions on polymers. The tri-allyl substitution and the 

close vicinity of the strained norbornene ring makes the residual exocyclic 

unsaturation of ethydilene norbornene (ENB)-EPDM rubber highly reactive towards 

epoxidation (>90% conversion) [9] compared to other elastomers such as SBR [70].  

 

Conventional epoxidations in solvents utilize peroxide agents and are associated with 

a significant level of side reactions [71]. Modern epoxidation techniques, on the other 

hand, make use of relatively easy, solvent free processes, preferably involving a 

transition metal catalyst [72]. Peroxyacetic acid and peroxy chlorobenzoic acid are 

often used for epoxidation reactions in lab scale epoxidation reactions. In industry, 

however, the use of the less explosive magnesium mono-peroxyphthalate is preferred.  

 

The modification of elastomers by the epoxidation of their unsaturated C=C bonds 

improves their miscibility with other, more polar polymers such as epoxy resins [31] 

or polyesters, and it improves their adhesion to other (polar) materials such as 

polyamide and metals [73,74]. The epoxide functionality can be employed for various 

functions which were otherwise unavailable, such as the coupling to silica that is often 

employed in tire applications, all sorts of compatibilization reactions in blends with 

engineering plastics and for self-cross-linking rubber applications [73]. Furthermore, 

epoxidized rubbers can be applied as toughening agents for epoxy resins, which suffer 

from brittleness at ambient temperatures. This expands the use of these rubbers in 

applications in the fields of polymer composites and alloys. Finally, the epoxidation of 

NR is known to improve the solvent and wear resistance and the gas barrier 

properties. Epoxidized NR retains the typical strain-induced crystallization 

performance of NR, but has a higher glass transition temperature and higher polarity 

than NR, resulting in improved oil resistance and adhesion.   

 

Epoxide groups are well known to be versatile synthetic intermediates. The 

epoxidation of elastomers could be considered as a first reaction step after which the 

resulting epoxidized product could be used as a starting material for a large number of 
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follow-up reactions [7,75] (Scheme 1.3) which may help in avoiding any secondary 

reactions [7] and offer a potential reactivity for further reactive blending [9]. Using 

epoxides as an intermediate for specific follow-up modification reactions may help 

avoiding any secondary reactions [7]. In practice most epoxide rings are cleaved 

under acidic conditions which can lead to side reactions such as ring opening 

polymerization of the epoxides, intramolecular rearrangements of epoxide units and 

cyclization of polydiene chains [76,77]. Mild reaction conditions can be used in order 

to avoid these undesired side reactions [78].  

 

Scheme 1.3. Epoxidation of an unsaturated elastomer with a peroxycarboxylic acid and some 

possibilities for further chemical modification (NR as example). 

 
 

1.2.4. Hydroboration 

Hydroboration of unsaturated elastomers is an elegant route for obtaining modified 

elastomers [79]. Mechanistically, hydroboration lies between electrophilic addition 

and hydrogenation. The first step is the π-complexation of the unsaturated C=C bond 

to the electron-deficient boron, after which a concerted transfer of the hydrogen to 

carbon takes place. Hydroboration therefore enables addition to C=C bonds in an anti-

Markovnikov fashion [80]. Multiple hydroboration of unsaturated polymers yields 

saturated, organoboron polymers [81,82]. The stereochemical aspects of this process 

depend on the catalyst used [83,84]. Usually, rhodium catalysts are applied in 

combination with the desired borane to yield a reactive site on the anti-Markovnikov 

position. Since the formed bonds are not stable and the hydroborated product is very 
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susceptible to nucleophilic substitution [85], any follow-up reaction after 

hydroboration results in the anti-Markovnikov products. 

 

Besides simple alkenes, also more sterically hindered C=C bonds such as those in 

norbornene are susceptible to hydroboration [86]. For elastomers, hydroboration 

reactions are often used as a catalytic precursor for follow-up reactions, such as 

oxidative hydration [83,86], amination [87,88] or esterification [89]. The resulting 

alcohols, amine or ester functional groups are more polar and have a different 

reactivity than the C=C bonds they replace. A good example is the hydroboration of 

EPDM containing 1,4-hexadiene as diene monomer (Scheme 1.4) [87,90-93]. The 

formed hydroborated compounds are usually converted into alcohols or amines by 

oxidative hydration or amination [88,94,95]. Other follow-up reactions like 

isomerization, displacement, cyclization, protonolysis and halogenation are also 

possible [95]. Moreover, hydroborated polymers can also be used to initiate graft 

copolymerization of vinyl monomers such as propylene, styrene, vinyl acetate or 

methyl methacrylate, yielding phase-separated graft copolymers [90,93]. 

 

Scheme 1.4. Hydroboration of an unsaturated elastomer and subsequent oxidative hydration or 

amination (hydroboration of 1,4-hexadiene-EPDM with 9-borabicyclo(3.3.1)nonane used as 

example).  

 
 

1.2.5. Hydroformylation 

Hydroformylation involves the catalyzed reaction of a mixture of carbon monoxide 

and hydrogen with unsaturated polymers (Scheme 1.5). It can be used to introduce 

reactive aldehyde groups into unsaturated hydrocarbon elastomers [96,97]. This oxo-

synthesis is a more controlled alternative to the oxidative processes described 

previously (paragraph 1.2.1.) [98]. These reactive, hydrophilic groups can be 

selectively introduced into the elastomer without affecting its bulk chemical 

resistance [96]. Hydroformylation can be performed either in solution or in the melt 

[97]. A major benefit of hydroformylation is that the amount of hydroxyl 
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functionalities can be controlled in a wide range of molecular weights and practically 

without any undesired side-reactions [97].  

 

Scheme 1.5. Hydroformylation of an unsaturated elastomer, followed by sodium borohydride 

(NaBH4) reduction into alcohol or by conversion into aldoxime and subsequent phosphorous 

pentoxide (P2O5) dehydration into a nitrile (BR used as example) [99,100].  

 
 

Hydroformylation begins with the generation of an unsaturated metal-carbonyl 

complex that binds to alkenes. The resulting complex can undergo a migratory 

insertion reaction to form an alkyl complex. In some systems (e.g. nickel hydride 

tristriphenyl phosphite) migratory insertion does not occur. In these cases, the 

reaction of the hydride with the unsaturated C=C bond is reversible and can result in 

the isomerization of the alkene via -hydride elimination from the alkyl. Another 

possible side-reaction is hydrogenation. Catalysts modified with cobalt or phosphines 

have shown an increased hydrogenation activity, where up to 15% of the olefin is 

hydrogenated. For hydroformylation, the catalyst should ensure that the rate of 

migratory insertion of the carbonyl carbon into the C-M bond is greater than the rate 

of -hydride elimination [101]. When the addition takes place in a Markovnikov 

fashion, the resulting alkyl group has a larger steric bulk close to the ligands on the 

catalyst. Hence, bulkier ligands offer a greater selectivity toward products with fewer 

bulky side-groups.  

 

Elastomers such as BR and EPDM can be modified via catalytic hydroformylation 

using homogeneous cobalt and rhodium catalysts [99,100,102-104]. The 

encapsulation of the catalytic site ensures the regioselectivity towards the most 

substituted carbons in this example. A possible follow-up reaction is sodium 

borohydride reduction that can be used to convert the modified elastomers into 

polyols (Scheme 1.5). Such polyols could be cross-linked with polyfunctional 

isocyanates to form a polyurethane rubbers [97]. Another possibility is the conversion 

into aldoximes by using hydroxylamine hydrochloride, or further dehydration with 

phosphorous pentoxide yielding polymers containing nitrile groups which are 

commonly used to improve flame retardancy. 
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1.2.6. Thiol-ene reactions 

Thiol-ene reactions are simple addition reactions that involve the addition of a thiol to 

an unsaturated C=C bond by either a free-radical or an ionic reaction mechanism 

[105]. Thiol-ene chemistry is in particular renowned for its simplicity, high reactivity, 

excellent yields and tolerance for a broad variety of solvents and available reagents 

[105]. Because of this, the thiol-ene addition is often considered to be a "click" 

reaction [11,106]. Thiol-ene chemistry is currently extensively investigated for the 

fabrication of functional materials [107] and appears to be particularly useful for the 

modification of (unsaturated) elastomers [108-110].  

 

Thiol-ene reactions can also occur as a Michael addition, coupling nucleophiles to 

alkenes with electron withdrawing substituents [111]. This reaction can proceed 

under a variety of experimental conditions, such as acid/base-catalyzed, 

nucleophilically catalyzed or via a solvent-promoted process [112]. For elastomers 

however, thiol-ene coupling generally proceeds photochemically or thermally induced 

via a radical-mediated reaction mechanism, as this does not require an activated C=C 

bond [113,114]. After excitation of the photo-initiator upon UV illumination, the 

resulting free radicals initiate the thiol-ene reaction by reacting with the thiol moieties 

via hydrogen abstraction, which leads to the formation of thiyl radicals that add to the 

unsaturations. The coupling of thiol-substituents is regioselective towards the anti-

Markovnikov product [115]. Various termination reactions include the formation of 

disulfides, thioethers, and covalent C-C bonds [116].   

 

The degree of substitution has a significant effect on the overall rate of hydrothiol 

anion. Terminal alkenes are generally far more reactive towards hydrothiolation 

compared to internal alkenes [115,117]. Although pendant C=C bonds are 10 times 

more reactive than internal C=C bonds [118], several successful thiol-ene 

modifications of elastomers with unsaturations in their backbone have been 

demonstrated [109]. Especially the residual exocyclic unsaturations of ENB-EPDM 

show a high reactivity due to bond angle distortion [108,119]. Thiol-ene reactions are 

therefore frequently performed on elastomers such as ENB-EPDM [117], BR 

[109,118,120,121], PIB [122], polyethylene glycol [123] and polysiloxanes (Scheme 

1.6).  

 

Scheme 1.6. Thiol addition to an unsaturated elastomer (ENB-EPDM as example). 
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The thiol-ene modification of rubbers used as fillers in composites can help improve 

mechanical performance and abrasion resistance as it increases the interaction 

between the rubber and the thermoset matrix as well as with fibers in composites 

[107,124]. The thiol-ene reaction is also employed for the coupling of silica reinforcing 

filler to unsaturated rubber using coupling agents [125]. Here, a combination of a 

trialkoxysilane functionality that reacts with the silanol groups of the silica surface, 

and a thiol functionality that reacts with the unsaturated rubber, is used. Typically, 

this chemistry is not performed via pre-modification of the rubber with the 

siloxanethiol, but in-situ during mixing of the rubber with the silica filler. A wide range 

of thiol-compounds with a second functionality can be prepared relatively easily 

[105,108]. The thiol-ene addition can therefore be used to functionalize elastomers 

with amines [118], alcohols [31,126], diols [105], acids [127], halides, ethers or 

aldehydes [118]. The radical addition of thiols to C=C bonds is also a highly efficient 

method for polymerizations  [121] and dendrimer synthesis [128]. Finally, di- and 

oligothiols can be used to cross-link unsaturated elastomers. Often some peroxide is 

added as initiator for such reactions.  

 

1.2.7. Hydrosilylation 

Hydrosilylation of unsaturated elastomers with hydrosilanes results in rubber silyl 

derivatives [129]. Hydrosilylation of unsaturated elastomers can proceed via two 

distinctive reaction mechanisms, i.e. via a radical chain addition mechanism or a 

platinum-catalyzed mechanism using for example Karlstedt’s catalysts (Scheme 1.7) 

[130-133]. Both types of reactions can be performed simultaneously. Unfortunately, 

the platinum catalysts that are generally required are very expensive and, thus, make 

industrial bulk applications less viable [134]. Silane groups have been attached to 

elastomers using several other catalysts, including ruthenium, nickel and iron 

complexes [135]. Like in the thiol-ene reaction, hydrosilylation takes place on the least 

substituted carbon, yielding the anti-Markovnikov product. 

 

Scheme 1.7. Hydrosilylation of an unsaturated elastomer (BR as example). 

 
 

For certain polymers the presence of oxygen is required to enable hydrosilylation 

[133]. Most of the hydrosilanes that have successfully been attached to unsaturated 

elastomers are of the HSiR3 type with R being alkanes and alkenes with various 

lengths. Also HSi(OEt)3, HSiMe2Ph, HSi(i-Pr)3 and HSiCl(Me)2 have been used [135], 

though mainly to serve as intermediates for further reactions. 
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Siloxane modification is mainly applied to improve the interaction with reinforcing 

fillers as pendant alkoxy groups react with the filler surface [136-138]. Since silicone 

rubbers exhibit some excellent chemical, physical and electrical properties, similar 

positive effects on the properties of modified hydrosilylated elastomers can be 

achieved by the addition of reactive silanes or siloxanes. The linking of a silicon 

rubber tail to polymers in general is known to result in high gloss, high gloss 

retention, low viscosity, and improved thermal stability [139], increased 

hydrophobicity and enhanced water resistance [140]. Such silicon rubber derivatives 

have many useful applications, such as household equipment or construction 

materials. Finally, compounds with multiple Si-H bonds, such as polydimethylsiloxane 

can be used to cross-link unsaturated elastomers. Elastomers that are used in the 

cable industry are often functionalized with organofuctional silanes and cross-linked 

by moisture curing [141-144]. Although the diene content has a negative effect on the 

silane curing, the reaction could still be considered for the more saturated elastomers 

as an alternative to irradiation, peroxide- and azo-processes. 

 

1.2.8. Sulfonation 

Sulfonation reactions are well known and often applied on commercial hydrocarbon 

elastomers such as EPDM (Scheme 1.8) [145,146]. The modification of elastomers by 

sulfonation is usually performed in order to improve their proton conductivity or 

converting them into ionomers [147,148]. While synthetic routes towards ionomers 

are often cumbersome and consist of several subsequent steps [149,150], the 

introduction of ionic interactions in existing polymeric materials by chemical 

modification is achieved via a relatively simple method, conceivable for up-scaling to 

industrial level [151]. The application of elastomer modification by sulfonation is 

facilitated by the fact that an extruder can also be used as an effective, continuous 

tubular reactor for this reaction [152]. That, and the broad applicability of sulfonated 

polymers make sulfonation one of the most effective and universally applicable 

method of chemical treatment [18]. The methods used rely on the use of sulfonating 

agents derived from sulfuric or sulfonic acid and are generally not easy to control in 

terms of regioselectivity as well as the occurance of side reactions [153]. The 

sulfonation of elastomers such as EPDM is usually performed with chlorosulfuric acid, 

which is very reactive and produces highly reactive sulfonated elastomers [148]. 

Unfortunately, the produced material usually has inferior material properties 

compared to the virgin material as the rubber loses its elastomeric characteristics and 

becomes a rigid and fragile sulfonated EPDM. The reason is that the reactive 

chlorosulfonic acid induces chain cleavage during sulfonation. An alternative is found 

in the milder acetyl sulfate where no such polymer degradation is observed [154]. 

Although this methodology has been commonly used to obtain sulfonated elastomers 

[155-157], the required procedure is not very feasible on an industrial level because it 

requires the polymer to dissolve. Fully saturated hydrocarbon elastomers such as 

EPM [158] or hydrogenated SBS (HSBS) [159] can also be sulfonated as the tertiary 
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carbons in EPM and the phenyl groups in HSBS are susceptible to the reaction with 

chlorosulfonic acid (Scheme 1.8).  

 

Scheme 1.8. Sulfonation on an unsaturated elastomer with tertiary C-H bonds (sulfonation with 

sulfonic acid of EP(D)M as example) [160-162]. 

  
Elastomer modification by sulfonation introduces polar groups on the polymer 

backbone. The modified polymers have been widely used as in situ compatibilizer in 

polymer blends [158,162-166]. Neutralization of the sulfonated elastomer results in 

ionomers with strongly modified properties [151,167]. The incorporation of sulfonic 

acid into elastomers via sulfonation improves characteristics such as adhesion, 

wettability, barrier properties, dyeability, metallization, electrostatic charge 

dissipation, electrical and proton conductivity, and abrasion resistance [168,169]. 

These features have led to an exploration of a variety of applications for sulfonated 

polymers, such as batteries, sensors, displays, ion-exchange resins, and, recently, fuel 

cells [153,170-173]. Finally, electrostatic interactions in polymeric materials 

represent an attractive route for physical cross-linking [151]. 

 
1.2.9. Carbocyanation 

Carbocyanation is the addition reaction of an organic nitrile to an unsaturated C=C 

bond through cleavage of the R-CN bond of the nitrile. The strength of the C-CN bond 

(> 100 kcal/mol) makes its activation limited to systems in which relief of strain or 

aromatization serves as the driving force [174]. The usefulness of nitriles as ligands in 

transition metal complexes and their overall stability are well known. Usually, a 

palladium catalyst such as tetrakis(triphenylphosphine) palladium (Pd[P(C6H5)3]4) 

[175] or nickel/Lewis acid cooperative catalysis [174] is applied for carbocyanation 

[176]. The homolytic cleavage of the C-CN bond enables the carbocyanation of 

unactivated C=C bonds. This addition reaction involves the introduction of a cyano 

group on one carbon atom, while attaching an aliphatic group on the other carbon 

atom (Scheme 1.9) [177]. 
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Scheme 1.9. Carbocyanation of an unsaturated elastomer (BR as example). 

 
 

The carbocyanation of unsaturated C=C bonds allows for a wide variety of nitriles to 

participate in the reaction. This includes aryl, alkenyl, alkynyl and allyl cyanides 

amongst others [178]. Although the majority of the open literature on carbocyanation 

is focused on the modification of non-polymeric unsaturated chemicals [175-177,179], 

similar reactions could be performed on unsaturated elastomers [180]. 

1.3. Reactions on C-H bonds in hydrocarbon elastomers 

Most modification reactions on polymers take place on functional groups that have a 

higher electron density than the polymer bulk, the majority of which is outside the 

scope of this review. The only functionality with a high electron density with respect 

to hydrocarbon elastomers considered are unsaturated C=C bonds and their 

corresponding modification reactions (section 1.2.). Still, a number of reactions are 

effective towards the barely reactive C-H bonds that compose the majority of 

hydrocarbon elastomers. C-H bonds are most reactive when they reside on an allylic 

position. This implies that while the presence of a certain degree of unsaturation in 

the elastomer is required for these reactions to take place, the unsaturated carbon 

bonds themselves stay intact upon modification. Examples of such reactions that take 

place on allylic C-H bonds are halogenation and Alder-ene reactions. Other reactions 

can even take place on an alkylic C-H bond. Some of these reactions such as free-

radical grafting and phosphorylation substitute the H from the C-H bond while 

reactions with carbene and nitrene insert into the C-H bond. As a final example, the 

Friedel-Crafts alkylation takes place on aromatic C-H bonds.    

 

1.3.1. Halogenation 

Rubber halogenation is a well-known industrial process that is used to increase the 

surface hardness of rubber products and to improve their durability [181]. Although 

there are various ways to halogenate elastomers [182], the free-radical route is the 

most commonly applied. Homolysis of halogen gas into reactive species occurs when 

exposed to high temperatures (> 300 ᵒC for chlorine) or irradiated with ultraviolet 

light (initiation). A small amount of the formed halide radicals can abstract hydrogen 

atoms to form the corresponding halic acids. The resulting macromolecular radicals 
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can then react with a halogen molecule to form the halogenated elastomer and 

another halogen radical (propagation). Overall, hydrogen atoms are substituted, thus 

forming the halogenated elastomers and the corresponding halic acids (Scheme 

1.10A). Since the halogens leave the process as hydrohalic acids, this route to 

halogenated rubbers imposes significant environmental hazards [183].  

 

When unsaturations are present in the elastomer however, allylic halogenation is the 

preferred pathway. In the presence of the halic acids however, hydrobromination of 

unsaturated C=C bonds can also take place via addition mechanism (Scheme 1.10B). 

This ene addition usually results in a mixture of exo and endo products, but can also 

give rise to a number of consequent reactions. De-hydrobromination of these 

halogenated elastomers for example, can take place upon heating, eliminating the 

halogens as halic acids and replacing them by C=C unsaturations. Several alternative 

ways of performing the halogenation are available, most of which require the addition 

of a stabilizer or an oxidant [184].  

 

Scheme 1.10. A: Halogenation of saturated elastomers (Chlorination of EPM as example). B: 

Halogenation of an unsaturated elastomer (bromination and hydrobromination of BR and de-

hydrobromination of brominated BR as example). 

 

 

  

 

The substitution of halogen atoms in general strongly reduces the molecular mobility 

and increases the glass transition temperature. One of the problems with all 

halogenation reactions is the lack of control. The exothermic, free-radical reaction 

does not distinguish between the formation of mono-, di- or tri- substituted carbons. 

For most practical applications however, this should not impose significant problems 

as the thermal properties depend only on the total halogen content. While iodine is 

not reactive enough for halogenation, chlorine, bromine and fluorine are all used 

A 

B 
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frequently for the halogenation of elastomers. As in all free-radical processes, the 

substitution of the most substituted carbon is preferred. However, the more reactive 

fluorine and chlorine discriminate much less between the various types of C-H bonds 

than bromine.  

 

Chlorinated rubbers are known for their adhesion, wearability, flame retardancy, 

thermal stability and abrasion as well as corrosion resistance [184]. Consequently, 

they are widely used in the production of raw materials for paints, coatings, adhesives 

and inks [185] and as reinforcing agents for brittle thermoplastic materials [186,187]. 

Similarly, brominated rubbers such as brominated SBR and BR vulcanize more rapidly 

with sulfur, have an even better adhesion and allow for co-vulcanization with other 

rubbers [185]. Brominated PIB elastomers are mainly used for their low gas 

permeation and high damping performance. Halogenation of IIR using chlorine or 

bromine results in the substitution of allylic hydrogen atoms, combined with allylic 

rearrangement. The corresponding CIIR and BIIR elastomers have enhanced reactivity 

towards sulfur vulcanization, thus, allowing co-cure of halogenated IIR inner-liners of 

tires, and towards resol curing (no metal halide activator is required; just addition of 

zinc oxide). Halogenation of IIR is typically performed in solution, although a reactive 

extrusion process has also been developed [188].  

 

Fluorinated rubbers exhibit high thermal stability, enhanced chemical resistance and 

low surface energy [182,189]. These characteristics result from the strong C-F bonds 

and the small size and low polarizability of the fluorine atoms [182]. Some alternative 

methods for the bulk incorporation of fluorine atoms as functional groups on the 

polymer backbone of elastomers are more selective and controlled without inducing 

degradation or cross-linking [182]. Nevertheless, the majority of fluorination of EPDM 

rubbers involves the modification of their surface rather than the polymer bulk 

[16,17,190]. This surface modification is of importance in heat or electric insulation, 

water repellants and surfaces with low friction [191].  

 

Finally, halogenated sites on polymers can serve as an initiator for a number of follow-

up reactions [192]. An example is found in the copolymers of isobutylene and p-

methylstyrene. Bromination of the p-methyl group results in polyisobutylene-like 

polymers with bromine cure sites. They provide an alternative for IIR, but without the 

unsaturation in the main chain and, thus, with improved heat stability and ozone 

resistance. The benzylic bromine function allows for cross-linking with zinc 

oxide/stearic acid combinations, sulfur vulcanization systems or resol. The 

halogenation of BR also enhances the reactivity towards sulfur and resol cross-linking 

compared to IIR. 
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1.3.2. Alder-ene reactions 

The Alder-ene reaction is a concerted reaction in which the C=C bond migrates and 

the unsaturation is preserved. Although the presence of a C=C bond is required for 

modification via the Alder-ene reaction, it is categorized in this section because the 

reaction takes place on a C-H bond of an allylic carbon. The Alder-ene reaction 

involves the interaction between an alkene, having an allylic hydrogen (ene), and a 

compound containing an unsaturated bond (enophile), to form a new bond with 

migration of the unsaturation and 1,5-hydrogen shift [193]. Traditionally, the Alder-

ene reaction has been thought to proceed through a concerted mechanism involving 

six electrons transition state, similarly to the much better known Diels-Alder reaction 

[194]. Differently from the latter, the Alder-ene reaction requires more drastic 

conditions, such as highly electron-deficient enophile and/or elevated temperature. 

Longer reaction times and increased concentrations are known to increase the 

grafting efficiency [195]. Temperatures higher than 160°C, long residence times and a 

strong enophile such as MA are generally used for Alder-ene polymer modifications 

[196,197]. The thermally induced Alder-ene reaction is usually catalyzed with Lewis 

acids and is known as the most selective method for the substitution of elastomers 

with MA [198-200]. The reaction is site-specific and enables high anhydride content 

with fewer side-reactions than its free-radical alternative (paragraph 1.3.3.) [199].  

 

Since the enophile is electron deficient, Lewis acids are effective in accelerating the 

Alder-ene reaction. Catalytic amounts of stannous and ruthenium chlorides (about 

0.001 mol equivalents with respect to MA) in the presence of radical scavenging agent 

allow for efficient functionalization of olefin-terminated polypropylene [199]. Several 

Lewis acid species (stannous chloride dihydride, ruthenium chloride hydride and 

aluminum trichloride) were tested as catalysts in the Alder-ene functionalization of 

EPDM rubber with MA. They were found to affect the degree of functionalization via 

the evolution of HCl during the reaction, which may promote the isomerization from 

vinyl to vinylidene and thereby increase the reactivity [198,201]. 

 

The Alder-ene modification of vinylidene-terminated polyolefins has been thoroughly 

investigated, because of its suitability for polymer functionalization in the melt phase 

[198,199,202-204]. Particularly, unsaturated elastomers such as PIB [205-208], BR 

[209] and EPDM [196] have been efficiently functionalized in the melt with MA in the 

absence of peroxides. Since multiple Alder-ene additions are possible, the reaction 

kinetics are second order and an excess of MA always yields more than one functional 

group grafted per PIB chain (Scheme 1.11) [210]. 
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Scheme 1.11. Multiple addition of Alder-ene on an unsaturated elastomer (PIB with terminal 

unsaturation and maleic anhydride as examples). 

 
 

Notably, the Alder-ene reaction is reversible (retro-ene process) and it appears to be 

affected by steric effects [211]. Studies of the reaction of low-molecular-weight olefins 

with MA show that isomerization of the starting vinyl occurs during the reaction, 

which provides a mixture of isomeric anhydrides in the final product with the 

distribution depending on the reaction time and temperature [210,212]. Nevertheless, 

a terminal unsaturated C=C bond (vinyl) should be more rapidly functionalized than 

an internal unsaturated bond (vinylidene). 

 

The Alder-ene functionalization reaction of PIB and SBR triblock copolymers is also 

reported with MA or diethyl maleate as enophiles [201]. The latter gave low levels of 

conversion due to its reduced reactivity as enophile. Nevertheless, functional levels of 

1.5wt% MA units per PIB chain were obtained, thanks to the improved mixing 

efficiency provided by the liquid and less polar maleate. Melt functionalization 

provided SBR with 0.1-0.3 mol of grafted diethyl maleate per 100 repeating units of 

polymer with limited degradation, thanks to the use of a stable, free-radical trapping 

species such as 2,2,6,6-tetramethylpiperidin-N-oxyl. 

 

Sulfonate-substituted maleic anhydrides were proposed to simultaneously introduce 

metal sulfonate substitutes (sulfonate ionomer moieties after neutralization) and 

reactive anhydride groups into EPDM rubber. Notably, the presence of the strongly 

electrophilic sulfonate activates the MA unsaturation towards the Alder-ene reaction 

and substantially increases its reactivity with low unsaturated hydrocarbon rubbers 

[213]. The resulting maleated elastomers can be used for a number of follow-up 

reactions as will be further discussed in the section on free-radical grafting 

(paragraph 3.3.). The Alder-ene reaction could be used for (thermoreversible) cross-

linking of elastomers [214] since this reaction can take place on the hindered C=C 

bond of ethylidene-norbornene in EPDM and the retro-Ene reaction takes place at 

elevated temperatures (>600°C) [198]. 

 

1.3.3. Free-radical grafting 

Free-radical grafting of functional, unsaturated monomers is by far the most 

commonly applied modification technique for hydrocarbon polymers (both 
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polyethylene and polypropylene, but also for elastomers [215,216]. Free-radical 

grafting is generally initiated by free-radical initiators, such as peroxides, that 

decompose easily into free radicals upon heating. The formed alkoxy radicals can 

abstract hydrogens from the polymer backbone, yielding macro-radicals. Allylic 

moieties in unsaturated elastomers are easily converted into such macro-radicals, 

enabling an efficient way to graft a broad variety of functional monomers (Scheme 

1.12A). Alkoxy radicals are so reactive however, that they can also abstract hydrogens 

from a saturated polymer backbone. This type of grafting generally takes place on 

tertiary carbon atoms, which yield more stable radicals (Scheme 1.12B). The fact that 

free-radical grafting can take place on both unsaturated and saturated hydrocarbon 

polymers makes it a versatile method, especially for the modification of elastomers 

with no (EPM and PIB) or low (EPDM and IIR) levels of unsaturation.  

 

Scheme 1.12. Free-radical grafting of an unsaturated monomer to an (un)saturated elastomer 

using peroxide (maleation of ENB-EPDM as example). 

 
 

Unfortunately, free-radical reactions suffer from several disadvantages, such as low 

selectivity, undesired cross-linking (Scheme 1.12C), main chain degradation by -

scission (Scheme 1.12D), disproportionation and coupling [217,218]. This leads to 

undesirable changes in the product’s properties (reduced elasticity, hardness and 

modulus) and the release of volatiles [219]. The addition of a co-monomer may 

increase the extent of functionalization and may promote chain extension, thus 

compensating chain scission [220]. Although styrene and methylstyrene are often 

used for this purpose, furan or thiophene derivatives have also been investigated 

[221,222]. An electron donor such as stearamide has been shown to prevent some of 

the undesired side-reactions [200,220,223].  

 

The simplicity and cost effectiveness make functionalization by melt grafting an 

attractive method to prepare functional polymers [5]. Free-radical grafting of 

elastomers is most conveniently carried out via continuous reactive extrusion (REX) 
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at high temperatures to ensure melt processing at the proper rheology [224,225]. REX 

allows for fair mixing and temperature control of high viscous media [226]. The 

advantage of REX is that no solvents are used, avoiding a number of environmental 

and recovery issues. The process is typically influenced by the reactivity of the C=C 

bond on the functionalization agent and its solubility in the reaction medium [227]. 

Usually, polar and/or reactive groups are grafted onto the polymer backbone in order 

to achieve better adhesive power [228]. The resulting polymers have a wide range of 

applications as compatibilizer or adhesive in food packaging, automotive or building 

applications [228].  

 

Free-radical grafting offers a broad versatility due to the large number of functional 

monomers (Table 1.1) that can be used in combination with a variety of radical 

initiators [5,19,217,229]. Numerous peroxides, hydroperoxides and azo chemicals are 

available for this purpose. They can be selected on the basis of their decomposition 

temperature, reactivity, selectivity and solubility in the polymer [224,225]. As an 

alternative to using peroxides, grafting can be achieved via photo-irradiation or high-

energy irradiation [197,230]. 

 

Next to the unsaturation, grafting monomers often contain a carboxylic acid, ester, 

anhydride or amine group to increase the polarity or reactivity of the target polymer 

[231]. These electron-withdrawing groups also enhance the reactivity of the 

unsaturation for addition to the somewhat electron-rich alkyl radical in the 

hydrocarbon polymer. This explains why monomers like MA, maleimides and 

(meth)acrylates have such good grafting efficiencies. 
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Table 1.1. Unsaturated monomers used for free-radical grafting of (un)saturated hydrocarbon 

elastomers.  
Monomer Structure Derivatives References 

maleic and itaconic 

anhydrides 
 

R1: H, CH3, halogen 
21,223,227, 

232-239 

maleimides 

 

R1: H, R, R-OH, R-O-R, R-epoxy, 

R-COOH,  

R2: H, CH3, halogens 

197,223, 

231,240 

maleates (cis) and 

fumarates (trans) 
 

R1: H, R, aryl, R-amine,  

R-oxazoline 

R2: H, CH3, halogen 

14,197,223, 

231,240-

249 

 

itaconates 

 

R1: H, R, aryl 

 
240,250  

vinyl ketone 

  

R1: H, CH3 251 

(meth)acrylic acids 
  

R1: H, CH3 252,253 

(meth)acrylates 

 

R1: H, CH3 

R2: H, R, OH, R-OH, R-NH2,  

R-epoxy, R-N(CH3)2,  

R-NH(t-Bu), R-isocyanate 

R3: R-amine, R-diamine, furan, 

thiophene 

219,222, 

254-265 

(meth)acrylamides 

 

R1: H, CH3 

R2: R, aryl, tert-butyl sulfonic 

acid 

266-269 

(meth)acrylonitrile 

 

R1: H, CH3 
259,268, 

270-274  

vinyl halide  R1: halogen 186,275 

styrene derivatives 

  
 

R1,2,3: halogen, N-carbazole, 

benzotriazole, naphthalene 

259,270-

274,276-

278 

heterocyclic vinyl 

derivatives 
 

imidazole,  

pyrrolidone and 

oxazoline, respectively 

249,279-

281 

vinyl 

trialkoxysilane 
 

R1: CH3, CH2CH3 
142,282, 

283 

R = alkyl 

 

Two types of grafting monomers can be distinguished, i.e. monomers that terminate 

upon grafting and thus yield (mainly) monomeric grafts, like MA (which will be 

described in full detail below), and monomers that can propagate and thus yield 
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polymeric grafts, such as styrene. An industrially relevant example of the latter is BR 

grafted with styrene. Such materials usually do not only consist out of the graft 

copolymer (BR-g-PS), but also contain unreacted starting elastomer (BR) and free 

homopolymer (PS). Usually, the starting elastomer (BR) and the grafted polymer (PS) 

have different polarities and, thus, are not thermodynamically miscible. As a result, 

such graft copolymers show phase separation and can be viewed as compatible, 

heterogeneous blends (BR-g-PS acting as compatibilizer for the BR/PS blend). BR 

grafted with an excess of styrene is a compatible blend of BR particles dispersed in a 

PS matrix and, thus, has a much higher impact toughness compared to the parent PS. 

The grafted product is the basic ingredient of the commercially available high-impact 

polystyrene (HIPS). When EPDM is used instead of BR as the starting elastomer, more 

UV-resistant and heat-stable HIPS is obtained. Grafting of BR with a mixture of styrene 

and acrylonitrile, yields BR-g-SAN, i.e. ABS. Since SAN has a higher glass transition 

temperature than PS, acrylonitrile butadiene styrene terpolymers (ABS) have a higher 

softening point than HIPS and can be used at higher temperatures. Finally, grafting of 

styrene and acrylonitrile onto EPDM results in EPDM-g-SAN, i.e. ESA, which combines 

the highest softening point with the best UV/temperature stability. 

   

Grafting of MA or maleation is the most commonly applied free-radical modification 

technique used for elastomers [223,227,232-239]. In REX processes, the radical 

grafting of MA is generally initiated by peroxides [238,242,284-286]. Commonly 

dicumyl peroxide [223] and dibenzoyl peroxide [287]. Maleation of elastomers via 

melt grafting results in functionalized products with up to 3wt% grafted MA 

[223,227,238,288-290]. For EPDM, mostly single anhydride ring grafting takes place 

on both tertiary carbons and terminal unsaturated C=C bonds formed by β-scission. 

However, unsaturated, oligomeric grafts can also be formed [284,291,292]. 

Elastomers that are grafted with MA are sensitive to moisture and hydrolysis may 

occur under atmospheric conditions, resulting in a certain amount of succinic acid 

units randomly distributed along the polymer chain [223].  

 

MA derivatives such as maleates, fumarates, maleimides, succinic and itaconic acid 

can be grafted in a similar fashion [197]. The characteristics of the final product are 

determined by the kind and amount of grafted moieties, their chemical structure (also 

in terms of polymeric or monomeric grafts) as well as the processing conditions [289]. 

The anhydride groups are highly reactive in successive reactions [240]. Maleated 

elastomers exhibit increased reactivity, polarity, hydrophilicity and improved 

adhesion (both covalent towards amines as secondary due to dipole-dipole 

interactions), making them suitable for printing and coating applications, 

compatibilizing agents and impact modifiers in polymer blends [140,200,284,293-

296].  
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Grafting of MA onto a polymer backbone increases its reactivity and makes it 

susceptible towards a number of follow-up reactions, such as with water, alcohols, 

salts (hydroxide, oxide, acetate) and amines [297] (Scheme 1.13). A typical example is 

the use of saturated elastomers such as PIB and EPM in lubricant oils as viscosity 

modifiers [298]. Automotive gasoline engines have to operate at temperatures 

between -35 and +150°C (cold winter start vs. hot running motor). Base lubricant oils 

show a very large variation of viscosity over this temperature range and, thus, do not 

have an optimum lubrication performance. The addition of amorphous, apolar 

polymers, such as PIB and EPM, results in thickening of the oil at elevated 

temperatures, thereby reducing the temperature dependence of the oil viscosity. 

Grafting of PIB or EPM with MA, followed by capping of the grafted anhydride with an 

aromatic amine, like N-phenyl-1,4-phenylenediamine, or a polyamine, like 

triethylenetetramine, results in polymers that bind soot and metal particles in aged oil 

and, thus, reduce wear of the engine. The latter amine-capped, maleated elastomers 

combine viscosity index improvement with dispersant activity. Due to the versatile 

and high reactivity of the grafted MA groups, MA-grafted polymers can be used in 

coatings by cross-linking them with polyamines, polyols or epoxy resins [197]. 

Neutralization of maleated elastomers with salts results in ionomers, which can be 

applied as thermoplastic elastomers. A final example of a follow-up reaction is the 

graft polymerization of caprolactam on maleated elastomers to yield impact-modified 

polyamide-6 [299]. 

 

Scheme 1.13. Possibilities for further modification of maleated elastomers (maleated EPM as 

example). 
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1.3.4. Chlorophosphorylation 

Phosphoric acid groups and their derivatives can be readily linked to saturated 

hydrocarbon elastomers by oxidative chloro-phosphorylation [300]. The radical 

reaction between phosphorus tri-chloride and oxygen was discovered simultaneously 

by several groups [301,302]. Subsequently, this reaction was applied for the bulk 

phosphorylation of high-molecular-weight polymers [303]. The chloro-

phosphorylation reaction proceeds remarkably fast at relatively mild temperatures 

[304]. First, a labile hydrogen atom is abstracted from the polymer, followed by the 

formation of the carbon-phosphorus covalent bond (Scheme 1.14) [304]. The 

polymeric phosphoryl dichloride that is formed is highly reactive and can be easily 

converted to either the polymeric phosphoric acid by hydrolysis or to the polymeric 

phosphonate by esterification [300,305]. Chlorophosphorylation is accompanied by a 

competing oxidation reaction of the phosphorus trichloride reagent, which reduces 

the yield [304] 

 

Scheme 1.14. Phosphorylation of saturated elastomers and subsequent hydrolysis/esterification 

(EPM as example). 

 
The chloro-phosphorylation reaction with EPM rubber proceeds rapidly at low 

temperatures (60-70 °C) and can be used to incorporate phosphoryl groups randomly 

without significant degradation of the polymer main chain [300]. The resulting 

products have excellent physical properties [306]. The introduction of relatively small 

quantities of phosphoric moieties to elastomers improves their adhesion, dyability, 

hydrophobic properties and thermal stability [305]. Unfortunately, this is usually 

accompanied by an undesirable decrease in the polymer stiffness and elongation 

[303,307]. These effects are attributed to a decrease in crystallinity with increasing 

phosphonate concentration [300]. Additionally, the reaction is very sensitive to 

impurities [308] and it is difficult to maintain control over chain branching [309]. 

 

1.3.5. Carbene insertion 

Carbenes are extremely reactive and their lifetimes are generally shorter than one 

second [217,264]. Carbenes are so reactive that besides alkenes, they are also capable 

of reacting on C-H bonds [310,311]. This high reactivity makes them of particular 

interest for the modification of fully saturated elastomers such as EPM. Carbene 

insertion proceeds via a one-step mechanism and can be performed in the polymer 

melt (Scheme 1.15). The addition reaction of carbenes to unsaturated C=C bonds 
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differs from other addition processes, because in carbene reactions a single carbon 

atom becomes attached to both C-atoms of the unsaturation. Reagents containing 

diazirines have been utilized extensively as carbene precursors [312]. They 

decompose on exposure to light, heat or copper metal by loss of nitrogen to form 

carbenes. The selectivity of the insertion strongly depends on the type of catalyst 

used. The reaction preferably takes place at the most substituted (tertiary) carbons, 

but often occurs at the secondary carbons due to steric effects [313]. 

 

Scheme 1.15. Carbene insertion of a saturated elastomer (modification of EPM with acetate as 

example). 

 
Carbene insertions into C-H bonds allows for polymer functionalization with 

functional groups such as alkanes, acetates, ketones or more polar esters, while 

avoiding side reactions [217,311]. The chemical diversity of the functional groups can 

only be accounted for when combined with the appropriate diazocarbonyl compound 

[311,314]. For EPDM rubber, a controlled degree of functionalization between 5 and 

10 wt% has been achieved [217]. Unfortunately, the extremely high reactivity and 

toxicity of carbenes makes their large-scale applicability quite limited [315]. 

Nevertheless, carbene insertion allows for reactions that would otherwise not be 

possible [217]. An example is the migratory carbene insertion, which is a new tool for 

the catalytic C-C bond formation [315].   

 

1.3.6. Nitrene insertion 

Organic nitrenes are less reactive than carbenes, but are nevertheless reactive 

towards both alkenes and alkanes. This makes them interesting compounds to modify 

saturated elastomers such as EPM, or elastomers with a limited amount of reactive 

functional groups such as EPDM [136,316]. Azides, which are a resonance hybrid of a 

linear structure consisting of three nitrogen atoms, are commonly used as nitrene 

precursors. When exposed to radiation or heat, the azide functionality decomposes, 

yielding the nitrene by releasing nitrogen [317]. The nitrene formed is an uncharged, 

electron deficient and highly reactive species. Although nitrenes can be created by 

other methods, azide decomposition is by far the most common one. Various azides 

are reactive towards saturated hydrocarbons [318]. 

 

In the case of sulfonyl azides, the nitrene is initially formed in a singlet state with two 

paired electrons. Eventually, it can convert into a lower energy triplet state in which 

the electrons are unpaired (Scheme 1.16) [319]. The nitrene is reactive in both states 
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and can undergo an insertion reaction with saturated hydrocarbons. In the singlet 

state, the nitrene inserts into a saturated C-H bond with retention of the configuration. 

In the triplet state, hydrogen is abstracted via a free-radical process similar to the 

free-radical peroxide reaction (paragraph 3.3.).  

 

Scheme 1.16. Reaction mechanism of azide decomposition and subsequent insertion of nitrene in 

the singlet state and abstraction of nitrene in triplet state (reaction of EPM with a Tosyl azide as 

example) [317]. 

 
 

The insertion reaction of the nitrenes in their singlet state occurs without the 

formation of side products, which is the case for the radical reaction of the triplet state 

[320]. Azides and azidoformates react mostly via this insertion mechanism, although 

the triplet formation cannot be excluded [320,321]. In the presence of unsaturated 

C=C bonds, nitrenes preferably add to these in a rapid rearrangement reaction [318]. 

This reaction dominates over the nitrene reaction with the saturated backbone. In 

either case, the desired functional group will be grafted to the hydrocarbon elastomer 

via a covalent bond. 

 

The reactivity of azide compounds is largely determined by its chemical substituents 

and the directly neighboring group determines the decomposition temperature and 

the reaction path of the azide [322,323]. Some available classes of azide compounds 

are acyl azides (R-CO-N3) [324], alkyl azides (R-N3) [38], aryl azides (R-C6H4-N3), 

sulfonyl azides (R-SO2-N3) and azidoformates (R-O-CO-N3) [317]. Acyl-azides are 

known to be the most reactive and are therefore often applied in click chemistry 

[38,322]. Unfortunately, enhancing the grafting efficiency onto elastomers remains 

arduous, even when increasing the azide loading [317]. 

 

Chemical modification of rubbers using compounds containing one azide functionality, 

mostly in the form of sulfonyl azide and azidoformate, can be used to introduce new 

functional groups [325-327]. Sulfonyl azides are preferred over azidoformates due to 

their higher decomposition temperature, which allows for melt mixing with polymers. 
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These modification methods are especially useful since reactions can be performed 

under simple industrial conditions, as long as the mixture is heated above the 

decomposition temperature of the azide, or exposed to irradiation. Azides have to be 

used with care because of their explosive nature.  

 

An important requirement for reactive mixing is the compatibility of the modifying 

agent with the rubber itself. For this reason, the reaction of phenyl- and benzyl-azides 

with EPM rubber is very efficient, whereas the reaction of acetamido-azides proves 

more difficult due to their insolubility in the polymer matrix [317]. Aniline 

functionalities have been successfully introduced in LDPE and SBR rubber by 

modification with mono-sulfonyl azides containing the aniline functionalities 

[328,329]. Similarly, mono-azides and azide sulfonyl silanes have been applied as 

silica coupling agents [136,326,327]. Finally, poly-functional azides such as diphenyl-

4,4’-di(sulfonyl azide) have been successfully applied for the cross-linking of 

(un)saturated rubbers such as EPDM for quite some time [330,331]. It appears that 

azide cross-linking is also effective for saturated elastomers, which are the most 

difficult to cure by conventional cross-linking systems based on sulfur or peroxide 

[317,322,332]. 

 

1.3.7. Friedel-Crafts alkylation 

The Friedel-Crafts reaction allows for a simple route of achieving the addition of 

carbon electrophiles to aromatic groups. Considering the hydrocarbon elastomers 

discussed in this review, the Friedel-Crafts reaction can be used for the alkylation or 

the alkanoylation of SBR (Scheme 1.17). The reaction requires a very reactive carbon 

electrophile that can form a carbocation in the presence of acids. This means that 

alkenes can be used, but alcohols and halides also serve as precursors. The reaction 

usually involves treatment of the unsaturated C=C bonds with a tertiary alkyl chloride 

and the Lewis acid AlCl3. A disadvantage is that Friedel-Crafts alkylation is not 

selective towards mono-substitution of the aromate. The reactions can be performed 

in a reactive extrusion process. 

 

Scheme 1.17. Friedel-Crafts alkylation of aromatic elastomers (alkylation of SBR with acetyl 

chloride as example). 

 
The Friedel-Crafts reaction can also be used to promote the interaction between 

saturated elastomers and aromatic polymers such as polystyrene [333]. These in-situ 
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compatibilization, grafting or cross-linking reactions, however, usually involve a prior 

reaction step to functionalize the saturated hydrocarbon elastomers [334-340]. The 

resulting materials have attracted significant attention as novel, high-performance, 

and optoelectronic materials. Their intermolecular cyclization gives them a high glass-

transition temperature, good thermal stability, high optical transparency and low-

hygroscopicity [341]. 

1.4. Future outlook 

The overview on the chemical modification routes for (un)saturated, hydrocarbon 

elastomers presented in the preceding paragraphs shows that a versatile, chemical 

toolbox is available for the polymer chemist. In this last paragraph, first a brief 

overview is presented of those routes, which - as far as the authors are aware of - have 

found actual application in the industry with most examples already being discussed 

in the respective paragraphs. Hydrogenation of SBS and NBR in solution yields 

saturated SEBS and hNBR, respectively, which have improved heat and oxidation 

stability compared to parent SBS and NBR, respectively. Chlorination and bromination 

of IIR in solution yields C/BIIR, which have enhanced reactivity towards sulfur and 

resol cross-linking compared to IIR. Brominated copolymers of isobutylene and p-

methylstyrene have better heat and ozone resistance compared to unsaturated IIR. 

Epoxidation of NR latex with peracids, produced from hydrogen peroxide, yields 

epoxidized NR with oil resistance, damping and adhesion superior over NR. Maleation 

of low-molecular weight PIB and BR with vinyl unsaturation via the Alder-ene 

addition of MA is performed in the low-viscous melt. Maleation of high-molecular 

weight, fully saturated EPM and SEBS is performed via free-radical grafting of MA, 

usually in a reactive extrusion process (REX). Maleated BR, EPM and SEBS are used as 

adhesives. Maleated EPM and SEBS are also used as impact modifiers for polyamides. 

Capping of maleated PIB and EPM with aromatic amines or polyamines yields 

viscosity index improvers for lubricant oil applications. Free-radical grafting of BR (or 

EPDM) with styrene yields (UV/heat resistant) HIPS with better impact resistance 

compared to PS. Free-radical grafting of BR or EPDM with a mixture of styrene and 

acrylonitrile results in ABS or ESA, respectively, with higher softening points than 

HIPS.  

 

As far as the authors are aware of, the other approaches presented in this review are 

more of academic interest and are not (yet) industrially applied. The various examples 

that did find industrial application always appear to have the right balance of 

relatively low-cost production and significant performance enhancement (i.e., 

relatively high added value). Typically, low-cost chemicals (hydrogen, chlorine, 

bromine, hydrogen peroxide, maleic anhydride, styrene and acrylonitrile) and small 

amounts of initiators (peroxide) or catalysts are used in these approaches. The 

chemical modification is usually performed via relatively simple process technology 
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characterized by a low viscosity (i.e., in solution, latex or a low-viscous melt) or by 

high shear extrusion processes such as REX. These observations directly point 

towards the necessary improvement for the other chemical modification routes 

reviewed in this paper, but which are not applied in industry (yet). This mostly 

concerns cost reduction of the starting materials and/or catalysts. Other technical 

aspects, such as improving the conversion (less reactants needed and less recycling of 

unreacted chemicals) and the selectivity (suppression of side reactions, such as cross-

linking or chain scission) also need further attention before these will become 

industrially feasible.  

 

Other types of reactions could be regarded as well. One good example is found in the 

field of click chemistry, which is defined as a set of powerful and highly reliable 

selective reactions for the synthesis of new compounds and combinatorial libraries 

[38]. Typical benefits of Click reactions for the modification of elastomers are the 

smaller degree of side reactions (cross-linking or chain scission) [38,342,343] than 

occur in free-radical grafting. Additionally, the mechanism, the reactivity and the 

resulting structures are better understood which allows more control. Thus, Click 

chemistry may have some interesting opportunities for new applications in the field of 

hydrocarbon rubber modification. 
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The use of Diels-Alder chemistry for thermo-

reversible cross-linking of rubbers: the next 

step towards recycling of rubber products?‡ 
 
A proof of principle for the use of Diels Alder thermoreversible chemistry as cross-

linking tool for rubber products is demonstrated. A commercial ethylene-propylene 

rubber grafted with maleic anhydride has been thermoreversibly cross-linked in two 

steps. The pendant anhydride moieties were first modified with furfurylamine to graft 

furan groups to the rubber backbone. Secondly, these pendant furans were cross-

linked with a bismaleimide via a Diels-Alder coupling reaction. The material 

properties of the resulting Diels-Alder cross-linked rubbers are similar to a peroxide 

cured ethylene/propylene/diene rubber (EPDM) reference. The newly formed Diels-

Alder cross-links break at elevated temperatures (>150 °C) via the retro-Diels-Alder 

reaction and can be reformed by thermal annealing at lower temperatures (50-70 °C). 

Reversibility of the system was proven with infrared spectroscopy and mechanical 

properties.  Recyclability was also shown in a practical way, i.e. by cutting a cross-

linked sample into small parts and compression molding them into new samples 

displaying comparable material properties, which is not possible for conventionally 

cross-linked rubbers. The physical properties of the resulting products are similar to 

sulphur- and peroxide cured EPDM references and superior compared to their non-

cross-linked precursors. 

 
                                                 
This chapter is based on: L. M. Polgar, M. van Duin, A. A. Broekhuis and F. Picchioni, ‘Use of Diels–Alder 
Chemistry for Thermoreversible Cross-Linking of Rubbers: The Next Step toward Recycling of Rubber 
Products?’ Macromolecules 2015 48 (19), 7096-7105 and L. M. Polgar, M. van Duin, F. Picchioni, ‘The 
Preparation and Properties of Thermo-reversibly Cross-linked Rubber Via Diels-Alder Chemistry’. Journal of 
Visualized Experiments 2016 e54496. 
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2.1. Introduction 

Ethylene/propylene/diene rubbers (EP[D]M) are one of the most used synthetic 

rubbers and can be found in automotive sealings, roofing and window profiles. Cross-

linked EPDM compounds with reinforcing filler and plasticizer have relatively high 

moduli, strength and elasticity, and they are renowned for their good temperature, 

chemical, ozone and stress cracking resistance [1,2]. EPDM rubbers are commonly 

available, relatively low-cost and can easily be formulated into compounds with an 

additional set of useful properties such as outstanding ozone-, weather-, and 

temperature resistance [3,4]. Unfortunately, the excellent properties of these cross-

linked rubber compounds are associated with the practical impossibility to reprocess 

these materials after their product life [5]. This is a critical issue, for example, in the 

automotive industry, as from January 2015 onwards new European legislation obliges 

the recycling of 95 wt% of all materials in used cars [6]. Meanwhile, billions of rubber 

tires (taken here merely as a paradigmatic example) are scrapped every year, the bulk 

of which (~50%) is incinerated for a low-grade and undesirable form of energy 

recovery that cannot be achieved without pollution [7,8]. The rest is dumped as 

landfill or stockpiled, placing yet another burden on the environment [9,10]. A long 

term solution is therefore required for the recycling of rubber products.  

 

Sulfur vulcanization and peroxide curing are currently the main industrial cross-

linking techniques in the rubber industry. These yield irreversible chemical cross-

links, preventing melt reprocessing [4,9]. Considerable efforts have been devoted to 

the de-vulcanization of a variety of cross-linked rubbers [11-14]. For iso-based 

rubbers such as natural rubber and butyl rubber such reclaiming processes have been 

commercially practiced for decades [15-17]. Rubbers like EPDM with the 

unsaturations in the side-group are less reactive and therefore more difficult to 

recycle. Nevertheless, some workable reclaiming processes have been developed for 

these materials [18,19]. These processes combine thermal and mechanical treatment 

for selective cleavage of the sulfur cross-links. Unfortunately, they also cause a 

considerable amount of chain scission of the main polymer chain, which is detrimental 

for the performance of the recyclate [18,20]. For this reason, the amount of 

devulcanized material that can be reused in new products is limited to approximately 

25% [18,19].  

 

A more desirable way of recycling cross-linked rubbers would be using a ‘cradle to 

cradle’ approach that does neither involve an additional (chemical) processing step 

nor results in any degradation of the product after recycling. Such a material should 

behave similarly to permanently cross-linked rubbers at service conditions, while the 

reversibility of the cross-links would impart the processability and complete 

recyclability of a thermoplastic at high temperatures. A technical solution is found in 

the commercially produced thermoplastic elastomers and thermoplastic vulcanizates 
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[21-23]. Another approach to achieve recyclability is via rubbery networks with 

reversible cross-links that respond to an external stimulus [24,25]. Although 

numerous external stimuli to control the degree of cross-linking can be imagined, the 

most feasible stimulus (also from the viewpoint of future industrial applications) is 

temperature. The formation of cross-links at relatively low service temperatures is 

required for good mechanical behavior, while their cleavage at high temperatures 

(similar to processing temperature of original non-cross-linked compound) allows for 

recycling of the material. 

 

Generally, reversible cross-linking in polymeric systems can result from relatively 

weak interactions, such as ionic, hydrogen bonding or crystallinity [26]. 

Unfortunately, such rubbers cannot indefinitely hold stress without creep [27]. The 

use of stronger covalent cross-linking could result in enhanced mechanical 

performance. Some specific materials can be reversibly cross-linked by making use of 

so-called dynamic covalent networks via polycondensation reactions [28] or by 

reversible network topology freezing via transesterification reactions [27,29,30]. The 

disadvantage of these approaches is the necessity of designing and synthesizing new 

polymers rather than modifying existing rubbers that already have the desired 

properties. 

 

Techniques to thermoreversibly cross-link rubbers involve hydrogen bonding, ionic 

interactions and covalent bonding such as via thermo-activated disulfide 

rearrangements [31,32]. Recently, thermoreversible cross-linking via Diels-Alder (DA) 

chemistry was developed [33-39]. DA chemistry can be applied to a broad range of 

polymers and represents a popular choice, especially since the DA reaction allows for 

relatively fast kinetics and mild reaction conditions [36,40-42]. Their low coupling 

and high decoupling temperatures make furan and maleimide excellent candidates for 

reversible polymer cross-linking [33,37-39,43-45]. Bis-maleimides and bis-furans 

have already been used as cross-linking agents with several furan- or maleimide-

functionalized polymers, respectively [37,38,46-48]. Aim of the present work is to 

provide a proof-of-principle for the use of Diels-Alder chemistry as a thermoreversible 

cross-linking tool in a rubber product. The proposed approach (Scheme 2.1) is briefly 

discussed below. 

 

The reactivity of saturated hydrocarbon elastomers, such as ethylene/propylene 

rubbers (EPM) has to be increased. A commercially relevant example that facilitates 

this is the peroxide-initiated free-radical grafting of maleic anhydride (MA) [33,49-

54]. Thermoreversible cross-linking of such maleated EPM rubbers (EPM-g-MA) have 

been studied using hydrogen bonding, ionic interactions and covalent bonding 

[31,32]. A furan can be grafted onto such a maleated rubber by inserting 

furfurylamine (FFA) into the pendant anhydride to form an imide [55,56]. The furan 

moieties that are thus attached to the rubber backbone can then participate in 
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thermoreversible DA chemistry as an electron-rich diene [57,58]. The electron-poor 

bis-maleimide is a suitable dienophile for this cross-linking reaction [38,45,59]. To the 

best of our knowledge, thermoreversible cross-linking of industrial rubbers such as 

EPM via furan/maleimide Diels-Alder chemistry represents a novelty in the open 

literature (Scheme 2.1). 

 

Scheme 2.1. Furan grafting and bis-maleimide cross-linking of industrial EPM-g-MA rubber. 

 

2.2. Experimental 

2.2.1. Materials 

EPM (Keltan 3050, 50 wt% ethylene, Mn = 50 kg/mol, PDI = 2.0), an EPDM with a 

medium ethylidene (ENB-EPDM, Keltan 8550C, 5 3 wt% ethylene, 5.5 wt% ENB) and 

maleated EPM (EPM-g-MA, Keltan DE5005, 49 wt% ethylene, 2.1 wt% MA, Mn = 50 

kg/mol, PDI = 2.0) were kindly provided by ARLANXEO Netherlands B.V. 

Furfurylamine (FFA, Sigma-Aldrich, ≥99%) was freshly distillated. Aliphatic 

bismaleimides (BM) were synthesized from di-dodecylamine (Sigma-Aldrich, >98%) 

and maleic acid anhydride (MA, Sigma-Aldrich, >99%) according to a reported 

procedure [60]. A ‘model’ DA adduct was used for characterization by 1H-NMR and the 

calibration of infrared (IR) and spectroscopy. It was synthesized by refluxing 2-

octadecylsuccinic anhydride (2-ODSA, Sigma-Aldrich) and FFA in tetrahydrofuran and 

purified by recrystallization [33]. Bis(t-butylperoxy-i-propyl) benzene (Perkadox14-

40, AkzoNobel), Octadecyl-1-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate (99%), 

tetrahydrofuran (THF, >99.9%), decalin (98%) and acetone (>99.5%) were all bought 

from Sigma-Aldrich and used as peroxide curative, phenolic antioxidant and solvents, 

respectively. 

 

2.2.2. Methods 

2.2.2.1. Functionalization with furan 

Prior to the reaction, EPM-g-MA was dried in a vacuum oven for one hour at 175 °C to 

convert any diacids into anhydrides [32]. Typically, 45.0 g EPM-g-MA rubber (9.6 

mmol MA) was dissolved in 500 mL THF at room temperature. 2.8 g of freshly 

distillated FFA (28.9 mmol; 3.0 eq. based on MA content in EPM-g-MA) was then 

added to the 10 wt% rubber solution. The reaction mixture was stirred for 5 h in a 
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closed system at room temperature and then precipitated by pouring it slowly into a 

tenfold amount of acetone (5 L) under mechanical stirring, yielding the polymer 

product as white threads. The product (EPM-g-furan) was dried to constant weight in 

an oven at 35 °C. Subsequently, the now slightly yellowish product was briefly 

compression molded at 175 °C and 100 bar to ensure the conversion of all 

intermediate maleimide acid products to imide products (Figure S2.1). 

 

2.2.2.2. Bismaleimide cross-linking and reprocessing 

Typically, 40.0 g of EPM-g-furan rubber (8.6 mmol furan content) and 1000 ppm 

phenolic anti-oxidant (~40 mg) were dissolved in 500 mL THF at room temperature. 

1.48 g BM (4.3 mmol, 0.5 eq. based on furan content in EPM-g-furan) was added to the 

10 wt% solution. The reaction mixture was stirred until it was homogeneous and the 

solvent was evaporated at 50 °C. The product was compression molded for 30 min at 

175 °C and 100 bar. The resulting plaque or bars were thermally annealed for three 

days at 50 °C. ‘Reprocessed’ sample bars were prepared by cutting or grinding these 

bars into small pieces (± 50 mm3) and compression molding them into new coherent 

samples with the same dimensions under the same conditions. 

 

2.2.2.3. Peroxide and sulfur cross-linking 

ENB-EPDM was homogenized in a Brabender (W 30 EHT) at 50 rpm and 70% fill 

factor. 1.25 phr of peroxide or 1.88 phr of a standard (80% pure) sulfur system was 

added and mixed with the rubber for 3 min at 70 °C. The resulting compound was 

vulcanized by compression moulding for 30 min at 175 °C and 100 bar. 

 

2.2.3. Characterization 

2.2.3.1. Chemical analysis 

The rubber samples were analyzed by Fourier transform infrared (FT-IR) using a 

Perkin-Elmer Spectrum 2000 with a diamond crystal for ATR. 1.0 mm thick rubber 

films were compression molded for 10 min at 150°C and 100 bar and measured in a 

KBr tablet holder (transmission). Ground samples and powders were measured using 

an ATR setup of Greasby Specac (reflection). Measurements were performed over a 

spectral range from 4000 to 600 cm-1 at a resolution of 4 cm-1, averaging 32 scans. 

Deconvolution (R2 > 0.95) was used to integrate the areas under the individual FT-IR 

peaks. The methyl rocking vibration (𝜌𝐶𝐻3
𝑖𝑝

= 723 cm-1), originating from the EPM 

backbone, remains unchanged upon modification and was used as an internal 

reference. A calibration curve of mixtures of EPM-g-MA and EPM-g-furan showed that 

the EPM-g-MA content was directly proportional (R2 = 0.97) to the decrease in 

absorbance of the C=O symmetrical stretch vibration of the anhydride groups 

(�̅�𝐶𝑂
𝑎𝑠 = 1856 cm−1). The difference in relative peak areas was used to calculate the 

reaction conversion from EPM-g-MA to EPM-g-furan. 
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Likewise, a calibration curve was constructed to determine the conversion of EPM-g-

furan from FT-IR analysis. Mixing various amounts of the ‘model’ Diels-Alder adduct 

with EPG-g-MA resulted in a linear increase of the in-plane bending vibration of the 

DA adduct (δDAring
ip

=  1190 cm−1) [34,57]. As this peak has some overlap with 

neighboring rubber peaks, the relative decrease in the C-O-C symmetric stretch 

vibration of the furan rings (�̅�𝐶𝑂𝐶
𝑠 = 1013 cm−1)  was used to calculate the conversion 

upon appearance of δDAring
ip

. 𝛿𝐶𝐻3
𝑖𝑝

 was used as an internal reference. The resulting 

conversions were used to calculate the amount of formed DA adduct. 

 

After thorough washing and drying, Elemental Analysis (EA) for N, C and H was 

performed on the rubber samples with a Euro EA elemental analyzer. The amount of N 

increases upon modification with furfurylamine and further increases upon 

subsequent cross-linking with the bis-maleimide. The molar contents were derived 

from the measured mass percentages. The molar N content in EPM-g-furan is equal to 

that of the furan groups (Scheme 2.1). The molar ratio of MA-grafted monomer to the 

non-grafted EPM monomers in the EPM-g-MA precursor (7.69.10-3) was compared 

with the molar ratio N:EPM of the EPM-g-furan samples to determine the conversion. 

 

Since the molar amount of MA grafted onto the EPM-g-MA is lower (0.72 mol% MA 

per monomer) than the sensitivity of the NMR apparatus (> 1%), a model system with 

a shorter aliphatic chain with respect to the MA group (2-ODSA) was used to perform 

a more accurate 1H-NMR analysis. 2-ODSA was modified with FFA under the same 

conditions as the EPM-g-MA and heated to 150 °C for 15 min. The subsequent 

formation of the succinic anhydride was determined from EA, mass spectrometry, 1H 

and 13C-NMR.  

 

Mass spectra were recorded on a LTQ Orbitrap XL spectrometer (ThermoFisher 

Scientific) with ESI or APCI ionization in positive mode. HRMS-ESI+ (m/z): {M+H3O}+ 

calculated for the amide acid (C27H47NO4.H3O+), 468.37; found, 468.38. {M+H3O}+ 

calculated for the succinimide (C27H45NO3.H3O+), 450.36; found, 450.36.  {M+H}+ 

calculated for the succinimide (C27H46NO3
+), 432.35; found, 432.35. HRMS-APCI+ 

{M+H}+ calculated for the amide acid (C27H48NO4
+), 450.36; found, 450.35. {M+H}+ 

calculated for the succinimide (C27H46NO3
+), 432.35; found, 432.35.  

 

1H-NMR spectra were recorded on a Varian Mercury Plus 400 MHz using DMSO-d6 as a 

solvent. 1H-NMR spectra of samples at elevated temperature were recorded on a 

Varian Mercury Plus 500 MHz using DMSO-d6 as a solvent. The assignment of the 

peaks was performed using the NMRPredict Desktop software of MestreNova. 

Chemical shifts are reported in ppm with the resonance solvent signal as the internal 

reference (DMSO, d6: δ = 2.50 ppm, CDCl3: δ  = 7.26 ppm for 1H and CDCl3: δ = 77.16 

ppm for 13C). Data are reported as follows: chemical shifts, multiplicity, coupling 



Thermoreversible cross-linking of EPM 

 63 

6 

7 

8 

9 

 

 

 

 

 

 
 

 

  

 

 

 

 
 

 

 
 

 
 

 

 

 

 

1 

2 

3 

4 

5 

constants (Hz), relative integration and location. 1H-NMR (400 MHz, CDCl3): δ = 7.32 

(s, 1H, CHO-fur), 6.30 (d, J = 5 Hz, 2H, fur), 4.66 (s, 2H, CH2N), 2.92-2.75 (m, 2H, 

CH2CO), 2.39 (d, J = 14 Hz, 1H, CHCO), 1.92 (m, 2H, CH2CH), 1.53 (h, J = 7 Hz, 2H, CH2), 

1.36 (m, 2H, CH2), 1.22 (br s, 28H, CH2), 0.85 (t, J = 7 Hz, 3H, CH3) ppm. 13C-NMR (400 

MHz, CDCl3): δ = 183.6 (C=O), 178.9 (C=O), 142.4 (C-O, fur), 134.9 (CH-O, fur), 110.4 

(CH=CH, fur), 108.9 (CH=CO, fur), 39.9 (CH-CO), 35.0 (CH2-CO), 31.9 (CH2-N), 31.2 

(CH2-CH), 29.7 – 22.7 (16CH2), 14.1 (CH3) ppm. 

 

The modified 2-ODSA was cross-linked with BM in deuterated DMSO directly in a NMR 

tube.  The formation of the DA-adduct was complete for this model system as can be 

seen from the complete disappearing of the representative BM peak at 7.00 ppm and 

the appearing of the corresponding new peaks at 3.66 and 3.82 ppm (Figure 2.1).   

 

Dodecyl bismaleimide: 1H-NMR (400 MHz, DMSO-d6): δ = 7.00 (s, 4H, C=C), 3.37 (t, J = 7 

Hz, 4H, CH2N), 1.46 (t, J = 14 Hz, 4H, CH2CH2N), 1.23 (br s, 16H, CH2) ppm.  

 

Diels-Alder adduct: 1H-NMR (400 MHz, DMSO-D6): δ = 7.71 (s, 1H), 6.31 (d, J = 1 Hz, 1H, 

2 Hz), 6.19 (dd, 3 Hz and 20 Hz, 1H), 3.82 (dd, 5 Hz and 4 Hz, 1H,), 3.66 (dd, 14 Hz and 

11 Hz, 1H) ppm  

 
Figure 2.1. 1H-NMR spectra of 2-ODSA-g-furan and BM directly after mixing and emphasis on the 

changes in peak configuration of the same mixture after keeping it at 50 °C for 1 h. 

50 ºC, t > 1 day 

150 ºC, t < 1 h 
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2.2.3.2. Cross-link density determination  

The cross-link density ([XLD]s in mol/mL) was determined from swelling experiments 

in decalin [5]. Approximately 500 mg of dried, cross-linked sample was weighed into a 

20 mL vial and immersed in 15 mL decalin until equilibrium swelling (3 days) was 

reached (W1). Subsequently, the swollen samples were dried in a vacuum oven at 80 

°C until a constant weight was reached (W2). The weights of the swollen and dried 

samples were used to calculate the apparent cross-link density using the Flory-Rehner 

equation (Eq. 2.1) [61,62].  

 

[𝑋𝐿𝐷]𝑠 = 
𝑙𝑛(1−𝑉𝑅)+𝑉𝑅+𝜒𝑉𝑅

2

2𝑉𝑆(0.5𝑉𝑅−𝑉𝑅
1/3

)
 with 𝑉𝑅 = 

𝑊2

𝑊2+(𝑊1−𝑊2)∙
𝜌𝐸𝑃𝑀−𝑔−𝑓𝑢𝑟𝑎𝑛

𝜌𝑑𝑒𝑐𝑎𝑙𝑖𝑛

 (Eq. 2.1) 

VR  Volume fraction of rubber in swollen sample.  

VS  Molar volume of solvent (decalin: 154 mL/mol at room temperature). 

χ Flory-Huggins interaction parameter (decalin-EPDM: 0.121 + 0.278VR) [63].  

ρ Density (860 kg/m3 for EPM-g-furan and 896 kg/m3 for decalin) 

 

Another way to determine the cross-link density ([XLD]t in mol/mL) is from the 

results of a tensile test. The resulting stress-strain curve contains the data required for 

the Mooney-Rilvin equation (Eq. 2.2) [64,65]. 

 

𝜎 = 2 (𝐶1 +
𝐶2

Λ
) (Λ −

1

Λ2
)      with     Λ = 1 + Χε              (Eq. 2.2) 

σ True stress measured in the strained state of the rubber 

C1, C2 Characteristic cross-linked rubber parameters  

Λ Extension ratio 

Χ Strain amplification factor defined as σE0 ε⁄  (X=1 for rubber gums) 

E0 Modulus of the rubber without filler (E0=E for gums) 

 

A limitation of the Mooney-Rilvin equation is its invalidity at large strains, affording 

accurate determination of the cross-link density to only hold in the tensile elongation 

range of 30-150% [66]. Using the values for stress and strain of a rubber obtained 

with tensile testing within this range a linear proportionality between  
𝜎

2(𝛼−𝛼−2)
 vs 

1

𝛼
 is 

obtained from which parameters C1 and C2 can be determined.  Based on kinetic 

theory the, cross-link density can subsequently be determined (Eq. 2.3) [67]. 

 

[𝑋𝐿𝐷]𝑡 =
2𝐶1

𝑘𝐵𝑇
       (Eq. 2.3) 

kB Boltzmann constant 

T Temperature  

 

2.2.3.3. Thermal and mechanical analysis 

Thermogravimetric analysis (TGA) was performed in a Mettler-Toledo analyzer 

(TGA/SDTA851e) using an air flow 100 mL/min [68]. 10 mg of sample was loaded in a 
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70 µL α-Al2O3 crucible and the temperature was increased from 30 to 900 °C at 10 

°C/min. Blank curve correction using an empty crucible was performed. 

 

The samples for Dynamic Mechanical Thermal Analysis (DMTA) and tensile testing 

were prepared by compression molding 450 mg rubber product into rectangular bars 

of 4.5 cm long, 5 mm wide and 1 mm thick. The DMTA analysis of the bars was 

conducted on a Rheometrics Scientific Solid Analyzer (RSA II) in air using a 

temperature ramp experiment in the ‘film fiber’ mode. A clamp length of 23 mm, an 

oscillation frequency of 1 Hz and a strain of 0.7% were applied. Samples were heated 

and cooled in cycles from 20 °C to 150 °C  or 180 °C and back, using heating and 

cooling rates rate of 2 °C/min and 0.05 °C/min, respectively.  

 

Tensile tests were performed on an Instron 5565 with a clamp length of 15 mm 

according to the ASTM D 4-112 standard for ‘Vulcanized and thermo-elastic tension’. 

A strain rate of 500 ± 50 mm/min was applied. For each measurement, 10 samples 

were tested and the two outliers with the highest and the lowest values were excluded 

for calculating the result average. For each set of samples, one median graph was 

selected as a characteristic for the entire series. Hardness Shore A was measured 

using a Bareiss Durometer according to the ASTM D 2240 standard. Samples with a 

thickness of 2 ± 0.1 mm were used for these tests. Average values were obtained from 

the average ± standard deviation of 10 measurements. Compression set tests were 

performed at room temperature for 70 h on an Instron 4301-H0135 model and 

relaxed for 30 min at 50 °C. The tests were performed according to the ASTM D 931 

standard for ‘Rubber property – compression set’. Each measurement was performed 

in duplo, using cylindrical samples with a thickness of 6 ± 0.1 mm and a diameter of 

13 ± 0.1 mm.  

2.3. Results and discussion 

2.3.1. Chemical Analysis 

2.3.1.1. Modification and cross-linking 

The preparatory heating of EPM-g-MA (spectra not shown) clearly resulted in the 

complete conversion of the hydrolyzed di-acids into anhydride rings as the typical 

acid peak (�̅�𝐶𝑂
𝑠  = 1710 cm-1) was absent and the characteristic anhydride peak (�̅�𝐶𝑂

𝑎𝑠  = 

1856 cm-1) was present. 

 

The modification of these anhydrides into imide moieties with pendant furan groups 

and the subsequent cross-linking of this EPM-g-furan rubber with bis-maleimide were 

followed by transmission FT-IR (Figure 2.2). The most illustrative result for the 

conversion are the nearly complete disappearance of �̅�𝐶𝑂
𝑎𝑠  at 1856 cm-1, the appearance 

of �̅�𝐶𝑂
𝑠  at 1710 cm-1 and the appearance of C-N stretching vibration of the maleimide 
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(�̅�𝐶𝑁
𝑠 = 1378 cm−1) [34].  Furthermore, the splitting of the C-C aliphatic stretching 

peak (�̅�𝐶𝐶
𝑠 = 1050 cm−1) into the COC furan peaks (�̅�𝐶𝑂𝐶

𝑎𝑠 =  1073 cm−1 and �̅�𝐶𝑂𝐶
𝑠 =

1013 cm−1), the appearance of the C=C stretching vibration of the furan ring 

(�̅�𝐶𝐶
𝑠 = 1504 cm−1) and of the deformation vibration band of the furan ring at 599 cm-1 

clearly indicate the presence of furan groups on the polymer, after precipitation and 

washing in acetone [34,57]. The furan ring stretching peaks at 1436 and 1345 cm-1 

could not be identified as they were hidden by the large overlapping CH2-vibrations of 

the rubber backbone [34]. The absence of a peak at 1530 cm-1 strongly indicates that 

any remaining amide-acid has been irreversibly converted into closed imide rings by 

the heating treatment after the reaction [31,69]. The incorporation of BM results in 

the appearance of δDAring
ip

 at 1190 cm-1 and of the characteristic succinimide bands 

( �̅�𝐶𝑁𝐶
𝑠 = 1385 cm−1, δ𝐻𝑁𝐶

𝑖𝑝
= 1311 cm−1 and δ𝑂𝐶𝑁

𝑎𝑠𝑜𝑜𝑝
= 620 cm−1 ) [70,71]. Meanwhile 

�̅�𝐶𝑂𝐶
𝑠  of the furan-related absorptions decreases upon cross-linking. The �̅�𝐶𝑂

𝑠  carbonyl 

band is also enhanced by a second absorption around 1770 cm-1, attributed to the 

succinimide ring resulting from the cycloaddition [58].  

 
Figure 2.2. FT-IR absorption spectra of A: EPM-g-MA and modified EPM-g-furan and B: of the 

EPM-g-furan precursor and the Diels-Alder cross-linked EPM-g-furan. 

A 

B 
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The FT-IR and EA results were used to calculate the number of modified and cross-

linked groups on the rubber chain as a measure for the cross-link density (Table 2.1). 

The EA results are in good agreement with those from FT-IR deconvolution. 

 

Table 2.1. Reaction conversion according to Elemental Analysis and FT-IR. 

 Elements 

(wt%) 

N, C, H* 

Conversion 

(%) 

EA; FT-IR 

Average no functional 

groups per chain  

 EA, FT-IR 

EPM-g-MA <0.01, 84.7, 14.3 - 11; 11† 

EPM-g-furan 0.3, 84.8, 14.2 93; 96 10; 10 

BM cross-linked EPM-g-furan 0.4, 84.2, 14.0 80; 72 9; 8 

* The remainder of the weight is assumed to consist of oxygen. 

† The initial number of functional groups is derived from the molecular weight of the rubber 

(50 kg/mol) and its weight percentage of MA (2.1wt%).  

 

According to the calculations, the product has 8 cross-links per rubber chain of 

approximately 50 kg/mol. However, EPM-g-MA rubber is known to form polar 

clusters enriched with anhydride groups [52]. If the formed cross-links would 

concentrate in these clusters, the average amount of cross-links per rubber chain 

would not be a good estimate for the cross-link density. The density of such cross-

linked domains would be smaller and the chance of intramolecular cross-linking 

within the same polymer chain would increase. These two different scenarios 

(uniform and non-uniform distribution of cross-linking bonds) can be conveniently 

distinguished by determining the cross-link density from tensile tests and swelling 

experiments (Figure 2.3) [72].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Cross-link densities as determined from swell tests using Flory-Rehner and tensile tests 

using Mooney-Rivlin. 

 

The apparent cross-link density of 2.07. 10-4 mol/mL for the BM cross-linked EPM-g-

furan corresponds to roughly 10 cross-links per chain. This value is in the same order 

of magnitude as the number of functional groups per chain determined from chemical 
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analysis (Table 2.1). This suggests that there is a random and uniform distribution of 

the cross-links throughout the material. Furthermore, this value corresponds to the 

typical cross-link densities of sulfur- and peroxide cured EPDM-gums (1-5.10-4 

mol/mL) that are found in literature [73,74]. Such values are characteristic for loosely 

cross-linked, rubbery networks. The results from both the swell test and tensile tests 

confirm the similarity in cross-link density for the initial and reprocessed BM cross-

linked EPM-g-furan. In addition to that, this cross-link density of the BM cross-linked 

samples seems to be similar to the sulphur- and peroxide cured EPDM samples that 

are used as a non-reversibly cross-linked reference. The small discrepancy between 

the values determined by these two methods is not surprising when one makes 

allowance for the fact that the mechanical test is also related to the number of physical 

“trapped” entanglements (not measured in a solvent) in the system [75,76].  

 

2.3.1.2. De-cross-linking by retro-Diels-Alder 

The de-cross-linking of the BM cross-linked EPM-g-furan product was followed by 

transmission FT-IR (Figure 2.4). Some characteristic furan peaks such as �̅�𝐶𝐶
𝑠  and �̅�𝐶𝑂𝐶

𝑠  

at respectively 1504 and 1013 cm-1 decrease upon cross-linking and to increase after 

de-cross-linking. The �̅�𝐶𝑂𝐶
𝑠  peak for example, is clearly visible in the spectrum of EPM-

g-furan. It can be seen to decrease upon the addition of bis-maleimide cross-linking 

agent (cross-linked EPM-g-furan). Directly after compression moulding the rubber 

sample at 150 °C, this peak increases again as the furan groups are decoupled (de-

cross-linked EPM-g-furan). After one week of thermal annealing of the sample at 50 

°C, the peak disappears again (re-cross-linked EPM-g-furan). This phenomenon 

indicates cross-linking and de-cross-linking via a reversible DA reaction between the 

grafted furan groups and the added bis-maleimide cross-linking agents [77]. 

 

 
Figure 2.4. FT-IR absorption spectra of EPM-g-furan and DA (de/re-)cross-linked EPM-g-furan.  
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Solubility tests were used to see the effects of cross-linking and de-cross-linking 

(Figure 2.5). EPM-g-furan is soluble in decalin (5 wt%) at room temperature. The 

same material cross-linked with BM is clearly insoluble under the same conditions. 

The thermoreversibility of the cross-linking reaction was shown by dissolving the 

product during 1 h of heating to 175 °C.  

 

 
Figure 2.5. Non-cross-linked, BM cross-linked and de-cross-linked EPM-g-furan in decalin. 

 

2.3.2. Mechanical testing 

Several typical material properties of the modified and cross-linked rubbers were 

determined to get a ‘fingerprint’ of the material. Ideally, the thermoreversibly cross-

linked material should have mechanical properties similar to irreversibly cross-linked 

rubbers with the same cross-link density. Additionally, it should be possible to grind 

or cut the used the thermoreversibly cross-linked material, break the existing cross-

links by increasing the temperature and to compression mold the reprocessed 

material with the same material properties. It is evident that when an EPDM rubber is 

irreversibly sulphur- or peroxide cured, remolding the cut pieces under the same 

conditions does not yield a coherent sample (Figure 2.6). 

 
Figure 2.6. Sample bars of rubber and (re-)cross-linked rubber used for mechanical testing. 

 

2.3.2.1. Dynamic Mechanical Thermal Analysis 

The temperature response of the rubber’s mechanical behavior was tested by DMTA. 

The moduli of the samples were measured, while heating and cooling at a controlled 
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rate for up to eight cycles. Temperature cycles from 20 °C to 150 °C were performed 

on all samples (Figure 2.7A). The system’s slow kinetics however required a cooling 

rate of 0.05 °C/min and a maximum temperature of 180°C to observe a significant 

temperature response (Figure 2.7B). 

  
Figure 2.7. DMTA cycles from 20 °C to 150 °C A: at 2 °C/min for EPM-g-MA, EPM-g-furan, BM 

cross-linked EPM-g-furan and the same cross-linked sample after reprocessing and B: at 0.05 

°C/min of the cross-linked bars directly after compression moulding and thermal annealing.   

 

At a heating and cooling rate of 2 °C/min, the loss modulus (E”) appears to remain 

constant for nearly all measurements (not shown). The storage modulus (E’) therefore 

largely determines the response of the phase angle and therewith the elasticity of the 

rubber (Figure 2.7A). All depicted heating curves show a decrease in storage modulus 

typical for such non-cross-linked, amorphous rubbers [4]. This makes sense for the 

non-cross-linked, amorphous EPM-g-MA and EPM-g-furan, which soften significantly 

upon heating. The related loss of form and elasticity make any further measurements 

on EPM-g-MA at temperatures above 100 °C impossible. The non-cross-linked EPM-g-

furan samples did not enter the flow regime up to 150 °C and could be returned to 

their original shape and properties upon cooling at the same rate.   

 

The cross-linked samples show higher moduli with only a modest decrease upon 

heating. Heating curves of covalently cross-linked rubbers typically show stable 

modulus plateaus with a slight increase with temperature [3,78]. Softening at elevated 

temperatures for the thermoreversibly cross-linked rubbers is contributed to de-

cross-linking via retro-DA reactions [34,57,79]. The modulus of the rubber networks 

can be recovered completely to their original value (93% ± 10%) after cooling. Up to 

eight consecutive heating and cooling cycles were performed without any negligible 

loss in storage and loss modulus. This indicates that no (or very little) degradation or 

side-reactions take place when heating or cooling in the temperature range of 20 to 

150 °C. This was confirmed as the products do not show any weight loss up to 300 °C 

according to TGA measurements. Likewise, the storage and loss moduli of the cross-

linked samples that were cut to pieces and compression molded again were similar 

A B 
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(96% ± 10%) to that of the originally cross-linked samples. This indicates that 

recycling of these materials does not influence their material behavior significantly.  

 

A very low heating rate of 0.05 °C/min was applied to identify the softening 

temperature of these various samples (Figure 2.7B). The non-cross-linked EPM-g-

furan samples (red) simply “melt” with increasing temperature. Meanwhile, the cross-

linked material that was thermally annealed at 50 °C for 5 days (black) retains its high 

modulus upon heating up to approximately 150 °C, where it starts decreasing steeply. 

This strong drop in the storage modulus signifies the softening of the material, which 

is contributed to de-cross-linking via the retro-DA reaction. The de-cross-linked 

sample was re-measured directly without prior thermal annealing (blue). Its modulus 

starts to increase above 80 °C. This increase is contributed to the DA cross-linking 

reaction that is more efficient at higher temperatures [33]. Above 150°C, the modulus 

drops more steeply and the material softens again as the retro-DA reaction is favored 

over the DA cross-linking reaction at higher temperatures [33]. Since the DMTA shows 

flow ≤ 150 °C, mixing and shaping of these thermoreversibly cross-linked rubbers can 

be easily achieved with the standard mixing and processing equipment used for 

traditionally vulcanized rubber compounds. On the other hand, this implies that the 

application temperature of these thermoreversibly cross-linked materials is factually 

limited to 100 °C, where the modulus decrease is still within 10% of the original value 

(Figure 2.7B). It must be stressed however that a more exact temperature window for 

application should be established when using the rubber gum in combination with the 

fillers normally added to rubber compounds. 

 

The fact that a temperature increase of 0.05 °C/min was required to observe the 

increase in modulus demonstrates that the DA reaction kinetics in this system are 

much slower than that of other systems described in literature [33,40,43]. These slow 

reaction kinetics are preliminarily attributed to the low concentration of grafted furan 

groups and bis-maleimide cross-linkers, the high viscosity in the rubber bulk and the 

nature (chemical structure) of the rubber matrix. The low degree of functionalization, 

combined with the limited mobility in the polymer matrix, make it difficult for the 

diene and dienophiles to approach each other. 

 

2.3.2.2. Tensile testing 

Tensile tests were performed on the various EPM samples. The median stress-strain 

curves show that the thermoreversibly, BM cross-linked rubber, before and after 

reprocessing, yields at higher stresses and lower strains than their non-cross-linked 

EPM-g-MA and EPM-g-furan precursors (Figure 2.8A). This distinction is illustrative 

for the different behaviors of cross-linked and non-cross-linked rubbers as is 

illustrated by the peroxide and sulfur cured EPDM samples [80,81]. The tensile 

strength, the Young’s modulus and the elongation at break were determined from 

these tensile tests and averaged over 8 measurements (Figure 2.8B). 
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Figure 2.8. Tensile test results for EPM-g-MA (1), EPM-g-furan (2), BM cross-linked EPM-g-furan 

(3) and reprocessed, BM cross-linked EPM-g-furan (4) together with sulfur (5) and peroxide (6) 

cured EPDM. A: Median stress-stain graphs and B: the corresponding Young’s modulus, tensile 

strength and elongation at break.  

 

Firstly, a difference in elongation at break between the non-cross-linked EPM-g-MA 

and the modified EPM-g-furan is observed (Figure 8B). This difference could be 

explained by synergetic effects of the pendant, conjugated furan groups [82]. Their 

increased rigidity, π-stacking stabilization and a very low degree of radical cross-

linking between the furans could be enough to decrease the rubber’s elasticity to a 

certain extent. Secondly, the cross-linked samples show significantly higher tensile 

moduli and lower elongation at break values compared to their non-cross-linked 

precursors. This is typical as high tensile moduli and low elongation are indicative for 

rubbers with high cross-linking densities [3,83]. Thirdly, it appears that the recycled 

cross-linked rubbers retain these characteristic properties. This indicates that these 

cross-linked rubbers can be reshaped or recycled regardless of their high modulus 

and low elongation, which are characteristic features for thermosets. Lastly, the 

peroxide and sulfur cured samples have slightly higher Young’s moduli than the BM 

cross-linked ones and are therefore slightly more cross-linked [72,84]. Nevertheless, 

important mechanical properties such as the tensile strength and elongation at break 

of the BM cross-linked samples are at least as good as those of the peroxide and sulfur 

cured samples. 

 

2.3.2.3. Hardness tests and compression set 

The hardness and compression set at 23 °C are also characteristic material properties 

for rubbers (Figure 2.9). When going from the EPM-g-MA and EPM-g-furan precursors 

to the BM cross-linked EPM-g-furan, the hardness increases and the compression set 

decreases. This clearly indicates the conversion of a viscous polymer into an elastic 

network that occurs upon cross-linking. The hardness and compression set of 

reprocessed samples of respectively 44 Shore A and 5% are comparable to those of 

the original BM cross-linked samples. The hardness and compression set of the sulfur 
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and peroxide cross-linked EPDM rubbers were 60 and 61 Shore A and 5% and 8% 

respectively. Although these irreversibly cross-linked samples have higher hardness 

values, indicating a higher cross-link density, their compression set is slightly inferior 

to the BM cross-linked samples.  

 
Figure 2.9. Hardness and compression set results for non-cross-linked EPM-g-MA and EPM-g-

furan, BM cross-linked EPM-g-furan and irreversibly peroxide and sulfur cured EPDM rubbers.  

2.4. Conclusions 

A commercial EPM-g-MA rubber was thermoreversibly cross-linked in a simple two-

step approach. The maleated rubber was first modified with furfurylamine to graft 

furan groups onto the rubber backbone. The resulting pendant furans show reactivity 

as Diels-Alder dienes. An aliphatic bis-maleimide was used as cross-linking agent, 

resulting in a thermoreversible bridge between two furan moieties. Both reactions 

were successful with good conversion according to infrared spectroscopy, elemental 

analysis, swelling and solubility tests.   

 

Reversibility of the cross-linking was proven by infrared spectroscopy, solubility tests 

and DMTA measurements. It was demonstrated in a practical way by cutting cross-

linked product into small pieces and compression moulding these into new coherent 

samples with the same properties. This was shown to be impossible for conventional 

sulfur and peroxide cross-linked EPDM rubbers. The kinetics of the cross-linking and 

de-cross-linking reactions was preliminarily investigated with DMTA measurements. 

The DA chemistry provides the cross-linked rubber product with an application 

window of at least 20 °C to 150 °C. The mechanical properties and the temperature 

response of the resulting cross-linked products are superior compared to their non-

cross-linked precursors and similar to that of covalently cross-linked rubber. 
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The presented results provide a new route for the (reversible) ross-linking of (EPM) 

rubbers via a (retro)Diels-Alder reaction, which complements the toolbox of rubber 

recycling. They pave the way towards the application of such cross-linking strategies 

(and the recyclability these might entail) for a variety of rubber products. 
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Supplementary information Chapter 2 

 

 
Figure S2.1. ATR-IR spectra of the conversion of di-carboxylic acid into anhydride, the formation 

of the amide acid upon reaction with a primary amine and its (irreversible) conversion into 

succinimide upon heating. 

 
Figure S2.2. NMR spectra of 2-ODSA-g-furan and BM after keeping it at 50°C for 1h (zoomed-in 

HSQC spectrum of the peaks corresponding to the Diels-Alder adduct) and after heating it to 150°C 

for 30 minutes directly before measuring.  
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Kinetics of cross-linking and de-cross-linking of 

EPM rubber with thermoreversible Diels-Alder 

chemistry§ 
 
The kinetics of the Diels-Alder (DA) cross-linking and retro-Diels-Alder (rDA) de-

cross-linking reactions have been studied for the thermoversible reaction between a 

furan-functionalized EPM rubber and bismaleimide. Cross-linking conversions 

obtained from spectroscopic methods deviate from rheological methods as the former 

take into consideration both the intermediate DA adduct and complete cross-links, 

while the latter only determine the formation and decomposition of complete cross-

links. The thermoreversibility of the system was shown by a combination of 

equilibrium swelling and rheological measurements. Dynamic time sweeps of the 

rubber at different temperatures were used to determine the Arrhenius activation 

energies of 7.04 and 57.9 kJ/mol for the DA and the rDA reactions, respectively. Ea,DA is 

relatively low and suggests a diffusion limitation while Ea,rDA correspond to values 

reported in literature. Both values were used to simulate cross-link density profiles as 

a function of time and temperature that correspond well with the experimental data. 

 
                                                 
This chapter is based on: L. M. Polgar, A. Kingma, M. Roelfs, M. van Essen, M. van Duin and F. Picchioni, 
‘Kinetics of cross-linking and de-cross-linking of EPM rubber with thermoreversible Diels-Alder chemistry’ 
provisionally accepted for publication in European Polymer Journal 2016. 
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3.1. Introduction 

Elastomeric materials are usually cross-linked to form 3D networks that give rubbers 

their characteristic elasticity and strength. Traditionally, the main techniques to cross-

link rubbers on an industrial scale are sulfur vulcanization and peroxide curing [1]. 

Unfortunately, these techniques yield irreversible cross-links that prevent 

reprocessing of the production scrap and after-life waste [2]. During the last two to 

three decades much attention has been paid to rubber devulcanization technology 

[3,4], albeit with different degrees of success. Recently, the complete reworkability of 

cross-linked elastomers has gained more interest due to current societal trends 

towards sustainability and cradle-to-cradle products. Alternatives for devulcanization 

of cross-linked rubbers include the introduction of reversible cross-links in the form 

of hydrogen bonds [5-7], ionic interactions [8] or even covalent bonds [9], that 

respond to an external stimulus such as temperature [10-13]. The processability of a 

reversibly cross-linked product should be similar to that of a thermoplastic at high 

temperatures, while retaining the physical properties of a thermoset cross-linked 

product at the application temperature. Chemically modified elastomers such as 

maleated ethylene/propylene rubbers (EPM-g-MA) [14] or epoxidized butyl rubber 

[15] can be cross-linked in such a reversible manner using covalent Diels-Alder (DA) 

chemistry. To do so, an electron-rich diene such as furan has to be attached onto the 

polymer backbone [16-19]. This can be achieved via copolymerization [20] or 

chemical modification [6,9,18,19]. The pendant furan groups can then be coupled with 

an electron-poor cross-linker, like bismaleimides (BM) [21-23]. Thermoreversible DA 

cross-linking and retro-DA (rDA) de-cross-linking of polymers in general allows for 

relatively fast kinetics and mild reaction conditions [24-27]. Especially the low 

coupling (< 50 °C) and high decoupling (> 100 °C) temperatures between a furan and 

a (bis)maleimide  make DA chemistry a very attractive route  for thermoreversible 

polymer cross-linking [28-31]. The kinetics of the DA reaction between furan and 

maleimide in solution is a second order, while the rDA reaction obeys a first order 

kinetics [32,33]. The formation of the final, thermoreversible cross-links (F-MM-F) 

between pendant furan groups (F) and BM  cross-linkers (MM) is preceded by the 

formation of an intermediate DA adduct (F-MM) (Scheme 3.1). 
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Scheme 3.1. Thermoreversible DA reaction between grafted furan groups (F) with 

bismaleimides (MM) too intermediate DA adducts (F-MM) and final cross-links (F-MM-

F).   

 

The (reversible) cross-linking kinetics of polymeric systems can be studied by several 

spectroscopic characterization techniques such as UV-Vis [33,34] and FT-IR 

spectroscopy [34]. In most investigations on DA kinetics in polymeric systems the 

focus is on the formation and decomposition of the DA adduct [34,35]. A major 

drawback of these methods is that they cannot discriminate between the intermediate 

adducts and the final cross-links (i.e. F-MM and F-MM-F in Scheme 3.1). Therefore, 

these spectroscopic methods do not provide any information regarding the network 

properties or elasticity of the material gained by the formation of such cross-links. 

NMR relaxometry does provide an insight in the formation (and breakage) of the 

active cross-links [33,36-38], but the response time is too slow compared to the 

relatively fast (r)DA kinetics to be studied here. In rubber technology the kinetics of 

cross-linking are typically studied using rheological measurements [39-41]. These 

yield so-called rheometer curves that present the torque as a measure for the extent of 

cross-linking versus time at a specific cure temperature. In rheometer curves the 

cross-link density generally builds up rather slowly, because the first cross-links 

formed upon heating the sample are not elastically active, since they convert the 

polymer chains to an insoluble gel. Once the gel point is passed, the cross-link density 

increases steeply [42]. Typically, the optimum cure time is determined from such 

curves as the time required to reach 90% of the maximum torque [40]. 

 

The goal of this study is to use such rheological measurements in a quantitative 

approach to study the kinetics of (r)DA (de-)cross-linking. Equilibrium swelling tests 

and infrared measurements are used to obtain a better understanding of the 

chemistry of the thermoreversible cross-links in the rubber network.  

 

Analogous EPM-g-MA precursors that are cross-linked with diamines are used as an 

irreversibly cross-linked reference [43]. The combination of analytical methods and 

dynamic time sweeps allow for the discrimination between the formation and rupture 

of the intermediate DA adduct and the final cross-links. The kinetic rate coefficients of 
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the DA cross-linking and the retro DA de-cross-linking reactions can be obtained from 

the low temperature (60-80 °C) and the high temperature experiments (130-150 °C), 

respectively. The activation energies (EA) and the pre-exponential factors (k0) 

corresponding to these reactions can then be determined from Arrhenius plots. To the 

best of our knowledge this is the first time the kinetics of DA cross-linking and rDA de-

cross-liking in a thermoreversible network is described on the basis of rheological 

measurements. This will give more insight in the processes taking place on a 

molecular level when recycling or reprocessing such materials in the bulk.  

3.2. Experimental 

3.2.1. Materials 

Maleated EPM (EPM-g-MA, Keltan DE5005, 49 wt% ethylene, 2.1 wt% MA, Mn = 50 

kg/mol, PDI = 2.0) was kindly provided by ARLANXEO Performance Elastomers. EPM-

g-MA is amorphous, i.e. it is homogeneous polymers at room temperature and higher 

and, thus, enables the kinetic approach followed in this study. Furfurylamine (FFA, 

Sigma-Aldrich, ≥99 %) was freshly distillated. An aliphatic bismaleimide (MM) was 

synthesized from 1,12-diaminododecane (Sigma-Aldrich, >98%) and maleic acid 

anhydride (MA, Sigma-Aldrich, >99 %) according to a reported procedure [44]. 

Octadecyl-1-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate (Sigma-Aldrich, 99 %), 

tetrahydrofuran (THF, Sigma-Aldrich, >99.9 %), decahydronaphthalene (decalin, 

mixture of cis + trans, Sigma-Aldrich, >98%) and acetone (Sigma-Aldrich, >99.5 %) 

were used as received as antioxidant and solvents, respectively. 

 

3.2.2. Methods 

3.2.2.1. Functionalization with furan 

Prior to the reaction, EPM-g-MA was dried in a vacuum oven for one hour at 175 °C to 

convert present diacids into anhydride. The EPM-g-MA precursor was converted with 

FFA into EPM-g-furan according to a reported procedure [9]. Typically, 45.0 g EPM-g-

MA rubber (9.6 mmol MA) was dissolved in 500 mL THF at room temperature. 2.8 g of 

freshly distillated FFA (28.9 mmol; 3.0 eq. based on MA content in EPM-g-MA) was 

then added to the 10 wt% rubber solution. The reaction mixture was stirred for 5 h in 

a closed system at room temperature and then precipitated by pouring it slowly into a 

tenfold amount of acetone (5 L) under mechanical stirring, yielding the polymer 

product as white threads. The product (EPM-g-furan) was dried to constant weight in 

an oven at 35 °C. Subsequently, the now slightly yellowish product was briefly 

compression molded at 175 °C and 100 bar for 15 min to ensure the conversion of all 

intermediate maleimide acid products to imide products. 

 

3.2.2.2. Bismaleimide cross-linking 

Typically, 40.0 g of EPM-g-furan rubber (8.6 mmol furan) and 1000 ppm phenolic anti-

oxidant were dissolved in 500 mL THF. Subsequently, 0.1-1.0 eq. (based on furan 
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content of EPM-g-furan) of BM was dissolved in THF and added to the 10 wt% rubber 

solution while stirring. The majority of the solvent was evaporated in the fume hood 

by blowing over air. The residual solvent was removed in a vacuum oven at 50 °C and 

the resulting product was compression molded at 150 °C and 100 bar for 30 min. The 

resulting products were thermally annealed in an oven at 50 °C for 7 days. 

 

3.2.2.3. Diamine cross-linking 

EPM-g-MA was also cross-linked with 1,12-diaminododecane as an irreversibly cross-

linked reference. 15.0 g of EPM-g-MA and 1000 ppm of phenolic anti-oxidant were 

dissolved in 120 mL THF. Subsequently, an equimolar amount (based on MA content 

in EPM-g-MA) of 1,12-diaminododecane was dissolved separately in approximately 20 

mL THF. The diamine solution was added to rubber solution under stirring, resulting 

in a viscous gel that cannot be stirred anymore after a few seconds. The viscous gel is 

transferred to a petri-dish and the majority of the solvent is evaporated in the 

fumehood by blowing over air. The residual solvent was removed in a vacuum oven at 

35 °C and the resulting product was compression molded at 160 °C and 100 bar for 15 

min to yield test samples with the desired dimensions.  

 

3.2.3. Characterization 

The rubber samples were analyzed by Fourier transform infrared spectroscopy (FT-

IR). Spectra were recorded using a Perkin-Elmer Spectrum 2000. Rubber films of 0.1 

mm thickness were compression molded at 150 °C and 100 bar for 30  min, annealed 

for 3 days in an oven at 50 °C and measured in a KBr tablet holder (transmission). 

Measurements were performed over a spectral range from 4000 to 400 cm-1 at a 

resolution of 4 cm-1, co-averaging 16 scans. Deconvolution was performed using 

PeakFIT 4 from Systat software. The areas under the individual deconvoluted FT-IR 

peaks (R2 > 0.95) were quantified and the differences in relative peak areas were 

used to calculate the reaction conversions. 

 

The bands at 1464 cm-1 (CH2 scissoring), 1395 cm-1 (CH2 wagging), 1361 cm-1 (CH2 

twisting) and  723 cm-1 (CH3 in-plane bending, 𝛿𝐶𝐻3
𝑖𝑝

) are assigned to the EPM 

backbone and remain unchanged upon cross-linking. 𝛿𝐶𝐻3
𝑖𝑝

 was used as an internal 

reference (A723). Unfortunately, the band at 1190 cm-1 (in-plane bending of the DA 

ring, δDAring
ip

) that is associated with the formation of a DA adduct [16,45] has some 

overlap with neighboring rubber peaks. The relative decrease of the characteristic 

furan peak at 1013 cm-1 (symmetric C-O-C vibration �̅�𝐶𝑂𝐶
𝑠 , A1013) was, therefore, used 

to calculate the cross-linking conversion (XIR) (Eq. 3.1). The concentration of cross-

links [F-MM-F]IR is determined from XIR (Eq. 3.2). 
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𝛸𝐼𝑅 = (1 −
[𝐹]

[𝐹]0
) ∙ 100% = (1 − [

𝐴1013
𝑋𝐿 /𝐴723

𝑋𝐿

𝐴1013
𝑛𝑋𝐿 /𝐴723

𝑛𝑋𝐿]) ∙ 100%     (Eq. 3.1)  

[𝐹 −𝑀𝑀 − 𝐹]𝐼𝑅 = 
1

2
𝑋𝐼𝑅[𝐹]0       (Eq. 3.2) 

AnXL  area under absorption peak in non-cross-linked EPM-g-furan.  

AXL  area under absorption peak in cross-linked EPM-g-furan. 

 

The concentration of F-MM-F as determined from equilibrium swelling experiments 

([F-MM-F]es in mol/mL) in the rubber was also determined from equilibrium swelling 

experiments in decalin [46]. Approximately 500 mg of dried, cross-linked sample was 

immersed in 15 mL decalin until equilibrium swelling at room temperature (3 days) 

was reached. The surface of the sample was then dabbed with a tissue and the swollen 

weight was measured (W1). Subsequently, the swollen sample was dried in a vacuum 

oven at 80 °C until a constant weight was obtained (W2). The weights of the swollen 

and dried samples were used to calculate the cross-link density using the Flory-

Rehner equation (Eq. 3.3) [47,48]. Additional equilibrium swelling tests were 

performed over a temperature range of -20 to 125 °C. 

 

[𝐹 −𝑀𝑀 − 𝐹]𝑒𝑠 =
[𝐹−𝑀𝑀−𝐹]

[𝑀𝑀]0
=  

𝑙𝑛(1−𝑉𝑅)+𝑉𝑅+𝜒𝑉𝑅
2

2𝑉𝑆(0.5𝑉𝑅−𝑉𝑅
1/3

)
  with  𝑉𝑅 =  

𝑊2

𝑊2+(𝑊1−𝑊2)∙
𝜌𝐸𝑃𝑀−𝑔−𝑓𝑢𝑟𝑎𝑛

𝜌𝑑𝑒𝑐𝑎𝑙𝑖𝑛

 (Eq. 3.3) 

VR  volume fraction of swollen rubber sample.  

VS  molar volume of solvent (decalin: 154 mL/mol at room temperature). 

χ Flory-Huggins interaction parameter (decalin-EPDM: 0.121 + 0.278VR) [49].  

ρ density (0.860 g/mL for EPM-g-furan and 0.896 g/mL for decalin) 

 

The samples used for dynamic mechanical measurements were prepared by 

compression molding 4 g of rubber into 5 mm wide and 2 mm thick squares at 160 °C 

and 100 bar for 30 min and punching out cylindrical disks of 8 mm in diameter. 

Frequency sweeps were performed on a strain-controlled ARES-LS2 rheometer with 

home-made parallel plates of 7.9 mm in diameter with an imposed strain of 0.2 %. 

Time sweeps were performed on a stress-controlled Anton Paar MCR300 rheometer 

with home-made, parallel serrated plates of 8 mm in diameter with an imposed strain 

of 0.2 % and a frequency of 1 Hz. The storage (G’) and loss (G”) moduli of the 

thermoreversibly cross-linked rubber samples were determined from time sweeps. 

Sample preparation by de-cross-linking at 150 °C (DA peak at 1190 cm-1 was not 

observed in IR spectrum) was followed by time sweeps at 60, 70 and 80 °C, starting 

with a completely de-cross-linked system, i.e. no furan peak at 1013 cm-1 observed on 

IR spectrum. Dynamic time sweeps were performed at temperatures of 130, 140 and 

150 °C after cross-linking the samples at 60 °C. The amount of cross-links formed over 

time can be related to the plateau modulus of the rubber via 𝐺′ =
𝜌𝑅𝑇

𝑀𝑐
 with Mc the 

molecular weight between cross-links [50,51], but this method takes into 

consideration both chemical cross-links and trapped entanglements. To account for 

the non-ideal character of the network and to eliminate the effect of any dangling ends 
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or loops, the cross-linking conversion (Xrheo) was calculated from the ratio of the 

different moduli instead (Eq. 3.4) [52].  

 

𝑋𝑟ℎ𝑒𝑜 =
𝐺∗−𝐺0

∗

𝐺𝑚𝑎𝑥
∗ −𝐺0

∗        (Eq. 3.4) 

𝐺∗ complex modulus determined from √(𝐺′2 + 𝐺′′2) with 𝜎𝐺∗ = √
1

𝐺∗2
(𝐺′2𝜎𝐺′

2 + 𝐺′′2𝜎
𝐺"
2 ) 

G*0 initial complex modulus 

G*
max complex modulus at equilibrium 

 

It is noted that G*
max is equilibrium conversion at the temperature considered and not 

based on the (theoretical) maximum concentration of cross-links. While (differential) 

equations corresponding to the kinetics of the equilibrium reaction between a single 

furan and a single maleimide group can be solved analytically, the DA cross-linking 

reaction of a polymer requires a double reaction equilibrium (Eqs. 5.5 and 5.6). Three 

assumptions were made in order to be able to perform a kinetic study on 

thermoreversible cross-linking of EPM-g-furan with MM difunctional cross-linker. 

First, it is assumed that the two kinetic rate coefficients for the DA reaction towards F-

MM and F-MM-F are equal and the same assumption was made for the two kinetic rate 

coefficients for the retro DA reactions. This assumption might be disputable for 

densely cross-linked thermoset resins. However, the low degree of functionalization of 

EPM-g-furan (1 furan unit per 150 monomers) results in an average distance between 

functional groups of 335 Å along the polymer backbone. This is well above the 

characteristic Kuhn length of a typical EPM segment (18 Å) [53,54]. This implies the 

presence of highly mobile chain segments between cross-links [55-58]. As a 

consequence, it is safe to assume that the presence of a cross-link point will not 

significantly influence the chain mobility and, thus, will not affect the chemical 

reactivity of “neighboring” furan groups. For this reason, it is safe to assume an 

average (constant) reactivity over time for this system at both low and high cross-

linking density. The second assumption is more general for kinetic studies on 

reversible reactions [33,34,59-61]. The initial stage of the thermoreversible DA 

equilibrium is assumed to be dominated by the DA cross-linking reaction at low 

temperatures and by the retro DA de-cross-linking reaction at high temperatures [32-

34]. For kinetic studies on the thermoreversible DA reaction, a simplified n-level 

reaction model is often used to derive the corresponding kinetics equations (Eq. 3.7) 
with k being an apparent kinetic coefficient that is a function of the actual kinetic 

constant multiplied with the initial concentration of the starting reagents to the power 

n-1 [33, 62,63]. The third assumption is that the DA cross-linking reactions (F + MM → 

F-MM and F + F-MM → F-MM-F) follow simple second order kinetics [32-34] while the 

retro DA decross-linking reactions (F-MM-F → F-MM + F and F-MM → MM + F) follow 

simple first order reaction kinetics [60]. The initial part of Xrheo (the first three 

minutes), determined from low-temperature rheological measurements, was 

therefore fitted to a second order DA kinetics equation to obtain an apparent kDA in 
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mol L-1 s-1 which includes the initial concentration of the starting reagents (Eq. 3.8). 

The initial part of Xrheo determined from high-temperature rheological measurements 

was fitted to a first order retro DA kinetics equation to obtain krDA (Eq. 3.9). 

Subsequently, both sets of kinetic rate coefficients resulting from these two fits at 

different (low and high) temperatures are individually fitted to the Arrhenius 

equation (Eq. 3.10) in order to determine the pre-exponential factors (k0) and the 

activation energies (Ea), corresponding to the DA and the retro DA reactions. The 

resulting parameters can be used to determine the kinetic rate coefficient for both 

reactions at every temperature via the Arrhenius equation. Doing so allows for the 

determination of the equilibrium constant (Keq), which is related to the change in 

standard Gibbs free energy for the reaction (ΔG) and, ultimately, to the change in 

enthalpy (ΔH) and entropy (ΔS) of the reaction (Eq. 3.11 and 3.12). 

  

[F] + [MM]  

𝑘𝐷𝐴
→  

𝑘𝑟𝐷𝐴
←  

  [F − MM]        (Eq. 3.5) 

[F − MM] + [F]  

𝑘𝐷𝐴
→  

𝑘𝑟𝐷𝐴
←  

  [F − MM − F]       (Eq. 3.6) 

𝑑𝑋

𝑑𝑡
= 𝑘(1 − 𝑋)𝑛         (Eq. 3.7) 

 

𝑘DAt =
1

1−𝑋𝐹−𝑀𝑀−𝐹
                      (Eq. 3.8) 

 

𝑘𝑟𝐷𝐴t = ln (1 − 𝑋𝐹−𝑀𝑀−𝐹)                        (Eq. 3.9) 

 

𝑘(r)DA = k0,(r)DA e
−Ea,(r)DA

R T       (Eq. 3.10) 

 

Keq =
𝑘𝐷𝐴,𝑇

𝑘𝑟𝐷𝐴,𝑇
         (Eq. 3.11) 

 

∆G = −RT ∙ ln 𝐾𝑒𝑞 = ∆𝐻 − 𝑇∆𝑆       (Eq. 3.12) 

 

k0,(r)DA pre-exponential factors of DA (k0,DA) and rDA (k0,rDA) reactions, respectively. 

Ea,(r)DA activation energies of the DA (Ea,DA) and rDA (Ea,rDA) reactions, respectively. 

k(r)DA,T kinetic rate coefficient at a specific temperature of DA (kDA,T) and rDA (krDA,T) reactions, 

respectively. 

 

The pre-exponential factors and activation energies of the DA cross-linking and the 

retro DA de-cross-linking reactions should provide a good insight into the kinetics of 

this thermoreversible network. There parameters can be inserted into the set of four 

differential equations that fully describes the equilibrium reactions involved in the DA 

cross-linking and rDA de-cross-linking of the polymer (Eqs. 3.13 to 3.16). 

Simultaneously solving this set of four differential equations can be used not only to 
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check whether the resulting fit parameters match with the experimental data, but also 

to predict the concentrations of the species involved at other conditions.  

 
𝑑[𝐹]

𝑑𝑡
= − 𝑘𝐷𝐴[𝐹][𝑀𝑀] + 𝑘𝑟𝐷𝐴[𝐹 −𝑀𝑀] − 𝑘𝐷𝐴[𝐹 − 𝑀𝑀][𝐹] + 𝑘𝑟𝐷𝐴[𝐹 − 𝑀𝑀 − 𝐹] (Eq. 3.13) 

 
𝑑[𝑀𝑀]

𝑑𝑡
= − 𝑘𝐷𝐴[𝐹][𝑀𝑀] + 𝑘𝑟𝐷𝐴[𝐹 − 𝑀𝑀]     (Eq. 3.14) 

 
𝑑[𝐹−𝑀𝑀]

𝑑𝑡
= 𝑘𝐷𝐴[𝐹][𝑀𝑀] − 𝑘𝑟𝐷𝐴[𝐹 − 𝑀𝑀] + 𝑘𝑟𝐷𝐴[𝐹 − 𝑀𝑀 − 𝐹] − 𝑘𝐷𝐴[𝐹 − 𝑀𝑀][𝐹]  (Eq. 3.15) 

 
𝑑[𝐹−𝑀𝑀−𝐹]

𝑑𝑡
= 𝑘𝐷𝐴[𝐹 − 𝑀𝑀][𝐹] − 𝑘𝑟𝐷𝐴[𝐹 − 𝑀𝑀 − 𝐹]    (Eq. 3.16) 

3.3. Results and discussion 

3.3.1. Thermoreversible cross-linking 

FT-IR spectra of EPM-g-furan confirm the thermoreversible character of DA cross-

linking (Figure 3.1A). Characteristic furan peaks, such as �̅�𝐶𝑁𝐶
𝑠  and �̅�𝐶𝑂𝐶

𝑠  at 1504 and 

1013 cm-1, respectively, can be seen to decrease upon cross-linking at low 

temperature (70 h at 50 °C) and to increase after de-cross-linking at high temperature 

(1 h at 150 °C). The DA adduct formation in samples with different amounts of BM was 

also followed by transmission FT-IR after thermal annealing to determine XIR and 

their final [F-MM-F]IR (Figure 3.1B). It is clear how the absorption band for the 

unreacted furan group (1013 cm-1) decreases, as expected, with amount of BM used 

up to 0.6 equivalents. 

 
Figure 3.1. FT- IR absorption spectra of EPM-g-furan with BM. A: after thermal annealing at 50 °C 

for 70 h and after subsequent heating at 150 °C for 1h and B: with different amounts of BM after 

thermal annealing at 50 °C for 70 h.  

 

At the same time [F-MM-F]es of the EPM-g-furan samples with different amounts of BM 

was calculated from equilibrium swelling tests after thermal annealing. At room 

temperature [F-MM-F]IR and [F-MM-F]es both increase with the amount of MM added 

A B 

�̅�𝐶𝑁𝐶
𝑠  

(1504 cm
-1

) 

�̅�𝐶𝑂𝐶𝐻
𝑠  

(1013 cm
-1

) 

�̅�𝐶𝑂𝐶𝐻
𝑠  

(1013 cm
-1

) 
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(Table 3.1). Although the values determined via both types of measurements have the 

same curvatures and are in the same order of magnitude, comparing them in more 

detail confirms that there is a significant discrepancy between [F-MM-F]IR and [F-MM-

F]es. The reason is that IR takes into account the disappearance of all furan groups as a 

consequence of the formation of both the intermediate and the final cross-link (F-MM 

and F-MM-F, respectively). Meanwhile, equilibrium swelling determines exclusively 

the formation of active cross-links (Scheme 3.1). The same is true for the rheological 

measurements. For this reason, only the concentration of final cross-links, as 

determined from swelling tests and rheological measurements, will be used to 

determine the cross-linking kinetics. 

 

Table 3.1. Cross-link densities of EPM-g-furan with different amounts of BM after thermal 

annealing as determined by deconvolution of FT-IR spectra and equilibrium swelling tests. 

Molar ratio 

BM:furan 

[F-MM-F]+[F-MM]IR 

(mol/mL) 

[F-MM-F]es 

(mol/mL) 

0.3 eq. 0.9.10-5 4.6.10-5 ± 0.5.10-5 

0.4 eq. 2.6.10-5 9.2.10-5 ± 0.7.10-5 

0.5 eq. 4.1.10-5 8.2.10-5 ± 0.6.10-5 

0.6 eq. 10.2.10-5 13.7.10-5 ± 0.9.10-5 

 

The reversible character of the cross-links was shown for samples with different 

cross-link densities by performing a series of rheology experiments at different 

temperatures (Figure 3.2). The shear storage modulus (G’) at 30 °C increases linearly 

(R2 > 0.9) with the cross-link density. At 180 °C G’ remains constant, regardless of the 

initial cross-link density of the samples and decreases with respect to the value 

determined at 30 °C. This is evidence for the de-cross-linking of the samples via the 

rDA reaction. When decreasing the temperature from 180 °C to 30 °C, G’ regains 90% 

of its initial value after 1 h of re-cross-linking. This confirms the thermoreversible 

character of the network at different cross-link densities, while at the same time also 

providing an estimated time scale for the reformation of the network at the given 

temperature (approximately 1 h at 30 °C).  
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Figure 3.2. Shear storage modulus of thermoreversibly EPM-g-furan samples cross-linked with 

different amounts of MM cross-linker, measured at a frequency of 10 rad/s and an imposed strain 

of 0.2% at 30 °C (filled black squares), at 180 °C (red dots) and at 30 °C after 1 h of thermal 

annealing at 50 °C (empty black squares).  

 

3.3.2. Equilibrium  

The effect of an increase in temperature on the cross-link density in irreversibly 

(diamine) and thermoreversibly (BM) cross-linked EPM rubbers was investigated by 

performing equilibrium swelling tests at different temperatures (Figure 3.3A). It must 

be noted that the influence of the temperature on the polymer/solvent interaction 

parameter  and the densities of the rubber and the solvent was neglected for making 

this comparison (assuming the influence of these parameters is the same for 

irreversibly and reversibly cross-linked rubbers) and, thus, data are presented as 

apparent cross-link density. When increasing the temperature of the equilibrium 

swelling, a large decrease of the apparent cross-link density is observed for the BM 

cross-linked EPM-g-furan, whereas for the diamine cross-linked EPM-g-MA the 

apparent cross-link density only slightly decreases, which is probably due to the 

neglected temperature effects mentioned above. This difference clearly indicates that 

increasing the temperature shifts the equilibrium concentration of cross-links for the 

EPM-g-furan/BM system. A similar effect is observed when measuring the shear 

storage moduli (G’) of (BM cross-linked) EPM-g-furan and diamine cross-linked EPM-

g-MA at different temperatures (Figure 3.3B). The strong decrease in G’ with 

temperature that is observed for the non-cross-linked EPM-g-furan corresponds to 

disentanglements. Standard rubber elasticity theory predicts that for cross-linked 

rubbers, G’ increases linearly with temperature [1,64]. However, the decrease in G’ 

observed for the diamine cross-linked EPM-g-MA is characteristic for loosely cross-

linked, rubbery networks, as  a result of the disentanglement of dangling ends which  

have a higher mobility at elevated temperatures [65,66]. For the BM cross-linked 

EPM-g-furan, however, the decrease in G´ with temperature is much steeper, which is 

direct proof of the retro DA de-cross-linking. To the best of our knowledge this is the 

first time that such relevant differences are reported between two network systems 

that are (almost) perfectly equal in chemical structure and differing only in the nature 

(irreversible vs thermoreversible) of the cross-linking points.  
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Figure 3.3. A: the cross-link density determined by equilibrium swelling at different temperatures  

and B: the shear storage modulus of EPM-g-furan, MM cross-linked EPM-g-furan and diamine 

cross-linked EPM-g-MA measured at different temperatures. 

 

The cross-linking density was also measured during thermal annealing of 

compression molded samples (Figure 3.4A). For the diamine cross-linked EPM-g-MA 

no significant change in cross-link density was observed upon thermal annealing. 

During sample preparation of the BM cross-linked EPM-g-furan sample via 

compression molding at 160 °C for 30 min the cross-link density strongly decreases 

from ~1.2.10-4 to ~5.10-4 mol/mL, i.e. de-cross-linking via the rDA reaction takes 

place. During subsequent thermal annealing at 50 °C the cross-link density slowly 

increases over time to ~1.1.10-4 mol/mL, indicating that re-cross-linking via the DA 

reaction results in almost complete recovery to the original cross-link density. Similar 

effects are observed when performing time sweeps with the BM cross-linked EPM-g-

furan at high temperatures (Figure 3.4B). At 160 °C G’ decreases rapidly as a function 

of time due to de-cross-linking. After approximately 2 h, the modulus reaches a 

plateau at 0.3 MPa. A subsequent decrease in temperature from 160 to 50 °C results in 

an increase in G’ over time. This increase is attributed to re-cross-linking via the DA 

reaction. After 1 h the modulus reaches a new plateau at 0.6 MPa, which is at 90% of 

the initial value at the start of this experiment. A very small, continuing increase in 

modulus was observed for at least another 14 h. These rheological observations and 

the large difference between the time scales at which cross-linking appears to take 

place in a static (equilibrium swelling, plateau reached after ~50 h) and a dynamic 

(rheology measurement, plateau reached after ~1 h) experiment both indicate that 

the mobility of BM in the rubber matrix is limited. The high shear force applied to the 

sample in a rheometer experiment appears to increase the mobility of the BM in the 

rubber matrix, evidently resulting in a faster cross-linking reaction than in a swelling 

experiment. During the cross-linking reaction in the rheometer a more tight rubber 

network is formed over time. This may, again, limit the mobility of BM as is evident 

from the slow but steady increase of the shear modulus towards the initial plateau 

value. For the remainder of this study it is assumed that such diffusion limitations do 

A B 
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not play a significant role during the initial stages of cross-linking during a rheometer 

experiment and that they do not influence the rDA de-cross-linking reaction at all.  

 

 
Figure 3.4. A: Cross-link density of irreversibly and thermoreversibly cross-linked EPM samples 

during thermal annealing at 50 °C immediately after compression molding at 160 °C and B: a 

dynamic time sweep of thermoreversibly cross-linked EPM-g-furan, subsequently measured at 160 

°C and 50 °C. The lines are for illustrative purposes only. 

 

3.3.3. Diels-Alder cross-linking kinetics  

The cross-linking conversion was determined from the complex modulus G* of the 

thermoreversibly cross-linked EPM-g-furan samples (Eq. 3.4), as measured by  time 

sweeps at 60, 70 and 80 °C (after de-cross-linking at 150 °C) and at 130, 140 and 150 

°C (after cross-linking at 60 °C). The kinetic rate coefficients of the DA and the rDA 

reactions are determined from the initial parts (the first 60 data points) of the 

conversion data (Figure 3.5). In this approach it is assumed that the reaction kinetics 

for the non-cross-linked material at low temperatures are initially dominated by the 

forward DA cross-linking reaction and for the fully cross-linked material at high 

temperatures by the backward rDA de-cross-linking reaction. This assumption may be 

disputed, as 60, 70 and 80 °C are not particularly low temperatures and 130, 140 and 

150 °C are not particularly high temperatures. Nevertheless, Differential Scanning 

Calorimetry and Dynamic Mechanical Thermal Analysis measurements on the same 

material performed in previous studies [9] showed that the rDA reaction only starts to 

take place above 120 °C [9]. The difference in temperature between the low and high 

temperature experiments is small because the material does not allow for a reliable 

dynamic time sweep at lower temperatures and may show some degradation at very 

high temperatures. Having noted these caviats, kDA at 60, 70 and 80 °C was determined 

by fitting the cross-linking conversions at these temperatures to second order 

reaction kinetics (Eq. 3.8, Figure 3.5A). Likewise, krDA at 130, 140 and 150 °C was 

determined by fitting the corresponding conversion data to first order reaction 

kinetics (Eq. 3.9, Figure 3.5B; rate coefficients and R2 values given in box). The linear 

fits are almost perfect (R2 close to unity). As expected, the rate coefficients for both the 

DA and rDA reactions increase with temperature. 

 A B 
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Figure 3.5. Fitting the initial stage (first 200 s) of the cross-linking conversion data to A: second 

order reaction kinetics to determine kDA at 60, 70 and 80 °C and B: to first order reaction kinetics 

to determine krDA at 130, 140 and 150  °C.  

 

Next, the rate coefficients were fitted in Arrhenius plots to determine the k0 and Ea of 

the DA and rDA reactions (Figure 3.6A). The Arrhenius activation energies were found 

to be 7.04 and 57.9 kJ mol-1 for the DA and the rDA reactions, respectively. The pre-

exponential factors k0,DA and k0,rDA were found to be 0.491 mL mol-1 s-1 and 57.9 s-1 for 

the DA and the rDA reactions, respectively. These parameters were used to determine 

the kinetic rate coefficients for both reactions at different temperatures via the 

Arrhenius equation. The resulting kinetic rate coefficients were used to determine the 

equilibrium constants at those temperatures. These equilibrium constants were used 

in a Van ‘t Hoff plot to find the change in enthalpy and the change in entropy of the 

reaction (Figure 3.6B). These were found to be -27.9 MJ/mol and -39.6 kJ/(K.mol), 

respectively.  

 
Figure 3.6. A: Arrhenius plots in which k0 and Ea of the (retro)DA reactions are 

determined from their corresponding rate coeffients at different temperatures and B: a 

Van ‘t Hoff plot in which ΔH and ΔS are determined from the equilibrium constants at 

different temperatures. 

A B 

A B 
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The Ea of the exothermic DA reaction is found to be lower than that of the 

endothermic rDA reaction. Even so, the Ea found for the DA cross-linking reaction 

(7.04 kJ mol-1) is relatively low compared to values found in literature for the DA 

reaction in polymeric systems (~30 kJ mol-1) [62,63]. Such a low activation energy is 

characteristic for a reaction with a diffusion limitation and further confirms the 

discrepancy between cross-link densities determined from spectroscopic and 

rheological methods. In this work the kinetics of the formation and breakage of cross-

links are determined on the basis of rheological measurements taking into 

consideration only the concentration of complete cross-links whereas the activation 

energies for the DA reaction found in literature were determined from spectroscopic 

measurements, and thus for the single reaction between a furan and a maleimide 

group [62,63]. The reason why Ea,DA determined from rheological measurements is 

lower may partly be due to the lower concentration of reactant for the DA cross-

linking reaction. [F-MM] is significantly lower than [MM]0 during the entire reaction 

(MM is also used for the formation of a DA adduct as measured by spectroscopic 

methods). The second order dependency of these reactant concentrations on the DA 

reaction rate results in the determination of higher DA rate coeffients and, therefore, a 

lower Ea,DA. This appears not to significantly affect the rDA de-cross-linking reaction. 

The Ea found for this endothermic rDA de-cross-linking reaction is found to be 

comparable to values found in scientific literature (values ranging from 40 to 160 kJ 

mol-1 have been reported for Ea,rDA) [35,60,66-70]. The change in enthalpy and the 

change in enthalpy of the reaaction were both found to be negative. This means that 

de DA cross-linking reaction is indeed an exothermic process that results in a decrease 

of entropy of the reaction as the reagents combine to form a single network.  

 

3.3.4. Model validity 

The determined rate coefficients were used to generate the concentration of cross-

links over time at the different temperatures using the differential equations (Eq. 

3.13-3.16) corresponding to the DA cross-linking reaction at 60, 70 and 80 °C (Figure 

3.7A) and to the rDA de-cross-linking reaction at 130, 140 and 150 °C (Figure 3.7B). 

An initial BM concentration of 1.35.10-4 mol/mL (0.5 eq. based on furan content of 

EPM-g-furan) was used for the cross-linking reactions and the same initial cross-link 

density (concentration of F-MM-F) was used for the de-cross-linking reactions. These 

generated cross-linking concentration profiles over time were compared with the 

experimental data by converting the cross-linking conversions into cross-link 

densities using the same initial concentration of BM and cross-links for the cross-

linking and de-cross-linking reactions, respectively (Figure 3.7).  
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Figure 3.7. The concentration of cross-links ([F-MM-F]) over time at different temperatures as 

derived from dynamic time sweeps (experimental data) and generated from the derived rate 

coefficients using the corresponding differential equations (predicted data) for A: the DA cross-

linking reaction at relatively low temperatures starting from a non-cross-linked system and B: the 

rDA de-cross-linking reaction at relatively high temperatures starting from a fully cross-linked 

system. Only one in every ten data points is shown for clarity. 

The experimental data for the DA cross-linking reaction show a more steep increase in 

cross-link density over time at higher temperatures and ultimately a lower cross-link 

density at their equilibrium plateau. Although the predicted data for these reactions 

follow these initial trends, they increasingly deviate from the experimental data at 

larger reaction times and the equilibrium plateaus appear to be in a reverse order 

with the temperature. Assuming that the rDA de-cross-linking reaction is insignificant 

with respect to the DA cross-linking reactions at these relatively low temperatures 

therefore appears to be incorrect and the complete system of differential equations 

should be considered when modelling such reactions. As the predicted data seem to 

correlate better with the experimental data for the rDA de-cross-linking reaction, the 

assumption that the DA cross-linking reaction is insignificant with respect to the rDA 

de-cross-linking reactions at these relatively high temperatures appears to be correct.  

The present work is unique in the sense that it is a study on the reaction kinetics of 

this cross-linking/de-cross-linking system based on rheological measurements in the 

solid state as opposed to in a solution [72]. Polymers in general and cross-linked 

polymers in particular are well known to impose diffusion limitations to molecules in 

their matrix, resulting in a less homogeneous dispersion of BM and even lower local 

concentrations [73,74]. This is particularly evident when considering the low 

activation energy for the DA cross-linking reaction (7 kJ/mol  in the solid state and 30 

kJ/mol in solution) and the deviation of the predicted data from the experimental data 

at the corresponding cross-linking equilibrium plateaus. The chemistry of cross-

linking and de-cross-linking is strongly dependent on the chemical and physical 

properties of the polymeric system used, the experimental conditions and the 

occurrence of side reactions [35]. When the DA reaction is used for the cross-linking 

of (rigid) polymers, diffusion of the reactants has to be considered since the mobility 

A B 
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of groups can be limited by their attachment to the polymer. This low mobility results 

in a relatively slow thermal annealing process compared to the molecular DA reaction 

between furans and maleimides. Moreover, the effect of the diffusion limitation 

changes over time as the polymers become more and more viscous upon cross-linking. 

Furthermore, when decoupling a maleimide from one end, the cross-link is broken, 

but the BM is still attached to the polymer on one side, making it more likely to 

reconnect at the pendant furan moiety that is still in close vicinity because of the 

limited chain mobility. All these aspects should be taken into account when 

considering the cross-linking/de-cross-linking kinetics of such a system in the solid 

state as it appears that the reaction kinetics cannot simply be deduced from the 

situation in a solution. 

3.4. Conclusions 

The kinetics of the Diels-Alder cross-linking and retro-Diels-Alder de-cross-linking 

reactions in a thermoreversibly cross-linked EPM rubber have been studied on the 

basis of the formation and deformation of cross-links. The observed deviation 

between the concentration of cross-links as determined by spectroscopic analysis 

(infrared) and physical methods (rheology and swelling tests) confirmed that the 

former also measures of the formation of the initial DA adduct whereas the latter only 

determines the formed cross-links. The appropriate choice of a reference material (in 

this case a diamine cross-linked EPM-g-MA) allowed for appreciating the 

thermoreversible behavior by clearly distinguishing the stability of the cross-links as 

function of temperature. A combination of equilibrium swelling and dynamic time 

sweeps was used for getting more insight into the kinetics of the equilibrium reactions 

taking place in the thermoreversibly cross-linked system at hand. From swelling tests, 

it was qualitatively shown that the equilibrium between the DA and rDA reaction 

shifts at every temperature. Dynamic time sweeps performed at different 

temperatures were used to determine the kinetic rate coefficients for the DA cross-

linking and the rDA de-cross-linking reaction at several low and high temperatures, 

respectively. The resulting kinetic rate coefficients were fit to the Arrhenius equation 

to determine k0 and Ea of both reactions.  

 

These parameters were then used to determine the equilibrium constants at different 

temperatures and the change in enthalpy and the change in entropy of the reaction 

were determined using those. Finally, the activation energies and pre-exponential 

factors were used to generate the concentration of cross-links over time at the 

different temperatures using the system of ordinary differential equations. Ea,DA was 

found to be 7.04 kJ/mol, which is relatively low compared to values found in literature 

and suggests a diffusion limitation. Ea,DA was found to be 57.9 kJ/mol, which is in line 

with values found in literature. These findings correspond with the generated 

concentration profiles that have a better fit with the experimental data for the rDA de-
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cross-linking reaction than for the DA cross-linking reaction. The most important 

conclusion that can be drawn from this work is that the rheological behavior of a 

material at different temperatures can be used to quantitatively characterize 

reversible cross-linking in the bulk, which is in striking contrast with spectroscopic 

methods that only provide information at the molecular level. 
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Influence of the chemical structure of cross-

linking agents on properties of thermally 

reversible EPM networks** 
 
It is well-known that the properties of cross-linked rubbers are strongly affected by 

the cross-link density. In this work it is shown that this also applies to 

thermoreversibly cross-linked elastomers. In addition the type and length of the 

cross-linker have a significant effect. A homologous series of diamine and 

bismaleimide cross-linkers was used to cross-link maleic-anhydride-grafted EPM 

irreversibly and furan-modified EPM thermoreversibly, respectively. The irreversible 

system was prepared as reference material as the polymeric backbone is factually 

identical. For both the cross-link density reaches an optimum upon the addition of a 

slight molar excess of cross-linker with respect to the functional groups on the rubber 

backbone. Diamine cross-linking of EPM-g-MA occurs relatively fast, resulting in an 

inhomogeneously cross-linked network which explains the relatively large scatter in 

properties. For EPM-g-furan the use of BM cross-linkers with a solubility parameter 

close to that of EPM-g-furan and a relatively low melting point result in samples with 

relatively high cross-link densities. When compared at the same cross-link density, the 

rigid character of short aliphatic or aromatic cross-linkers accounts for the observed 

increase in hardness, Young´s modulus and tensile strength compared to the longer, 

more flexible aliphatic cross-linkers. In conclusion, the structure of the cross-linking 

agent can be considered as an alternative variable in tuning the rubber properties. 

  
                                                 
This chapter is based on: L. M. Polgar, R.R.J. Cerpentier, G.H. Vermeij, F. Picchioni and M. van Duin, ‘Influence 
of the chemical structure of cross-linking agents on properties of thermally reversible networks’ accepted 
for publication in Pure and Applied Chemistry 2016. 
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4.1. Introduction 

 

Cross-linked elastomers are defined as polymeric networks that are capable of 

absorbing large deformations in a reversible manner. In the rubber industry 

elastomers are usually cross-linked to improve and engineer the physical and 

chemical properties of the rubber end-products [1-3]. The cross-links prevent flow 

and provide the rubber products with a high degree of elasticity and toughness even 

far above their glass-transition temperature. Typical cross-linked rubber products are 

tires, seals, roofing foil and cable and wire insulation. The type of elastomer, the cross-

linking chemistry, the compounding ingredients, such as filler and plasticizer, and the 

cross-linking technology are some of the factors to consider when designing rubber 

compounds for a specific application [4-6]. The cross-link density is considered one of 

the main variables, which significantly influence the material properties of the rubber 

end-products [7-9].  

 

At this moment, the two most commonly used methods to cross-link elastomers are 

sulfur vulcanization and peroxide curing [2]. The major drawback of these methods is 

that the formed cross-links are irreversible and prevent reprocessing of production 

scrap and rubber products after use. As a result, most rubber products end up as 

down-graded products, at a landfill or in an incinerator [10,11]. For some unsaturated, 

sulfur-vulcanized rubbers a certain extent of devulcanization can be achieved 

[10,12,13]. Unfortunately, such devulcanization processes are less effective for 

rubbers with a low degree of unsaturation in their side groups, such as 

ethylene/propylene/diene rubber (EPDM) [14]. Although the low level of 

unsaturation results in excellent heat, weathering, oxidation and ozone resistance, it 

also makes EPDM less susceptible to sulfur vulcanization and subsequent 

devulcanization [6]. Peroxide curing does not require unsaturation because of its free-

radical reaction mechanism, making it useful for the cross-linking of fully saturated 

polymers, such as EPM rubber. However, peroxide cured rubbers cannot be de-cross-

linked at all [3].  

 

For rubbers with saturated backbones, such as EPM, a certain degree of functionality 

can be introduced to make them more reactive [15]. An example is the free-radical 

grafting of maleic anhydride (MA) on the rubber backbone, which yields a more 

reactive, maleated rubber (EPM-g-MA) [16-18]. Such functionalized elastomers are 

more susceptible to a broader array of different cross-linking techniques, including 

thermoreversible cross-linking [11]. Thermoreversible cross-linking of chemically 

modified elastomers such as EPM-g-MA has been studied before [19-21]. An 

interesting method is the thermoreversible, covalent cross-linking of polymers 

containing pendant furan groups with bismaleimide (BM) functionalities via the 

reversible Diels-Alder (DA) reaction [22-25]. EPM-g-MA can be thermoreversibly 
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cross-linked using DA chemistry after incorporating furan functionalities [20,26,27] 

and coupling the electron-rich furan dienes [28] with the electron-poor BM [29-31]. 

 

A limitation in applying this approach for EPM-g-MA rubber is the low amount of MA 

functional groups that can be grafted on the EPM rubber due to the low solubility of 

polar MA in EPM in apolar EPM rubber and the competition with chain degradation 

[32]. Cross-linking a maleated EPM (containing 2 wt% MA) with BM yielded a 

maximum cross-link density of 2.10-4 mol/mL, which limits the flexibility and 

applicability of the system [33]. However, a variation in the chemical structure of the 

spacer between the two maleimide groups of the BM cross-linking agent in terms of 

length and flexibility could also influence the material properties [34,35]. There is a 

great variety in BM cross-linking agents, either commercially available or 

synthesizable from their respective diamines [36-38]. A benefit of such an approach is 

that a comparison can be made with the irreversible cross-linking of EPM-g-MA with 

the diamine precursors (Scheme 4.1). 

 

Scheme 4.1. Reaction overview of irreversible cross-linking of EPM-g-MA with diamines, 

modification of EPM-g-MA with furfurylamine to EPM-g-furan and thermoreversible cross-linking 

of EPM-g-furan with bismaleimides.  

 
Cross-links are usually simplified on a macromolecular scale as simple nodes and the 

details of cross-link structure are usually disregarded. Still, the effect of the cross-

linker spacer that connects the polymer chains has been studied for both sulfur and 

peroxide curing [39-42]. Vulcanization with sulfur results in a distribution of 

monosulfidic, disulfidic and polysulfidic cross-links which is difficult to control, but 
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known to affect the dynamic properties and heat resistance of sulfur-vulcanized 

rubber [7,43]. Peroxide curing results in random carbon-carbon cross-links. 

Additional cross-linking can be achieved using multifunctional co-agents [39,40]. 

Unfortunately, these conventional cross-linking systems do not truly allow for a 

systematic variation of the cross-link spacer and a subsequent study of the effect on 

the properties [4]. 

 

In this study the effects of the spacer of diamine and BM cross-linking agents and the 

amount of cross-linker on the material properties of irreversibly and 

thermoreversibly cross-linked EPM rubber is systematically investigated. The 

homologous series of diamines and BM used in this study includes cross-linkers with 

aromatic and aliphatic spacers of different lengths (Scheme 1). By comparing the 

samples at the same cross-link density, the effect of the variation of the spacer of the 

different cross-linking agents on the chemical reactivity and properties of the cross-

linked rubber can be interpreted separately. 

 

4.2. Experimental 

 

4.2.1. Materials  

Maleated EPM (EPM-g-MA, 49 wt% ethylene, 49 wt% propylene, 2.1 wt% MA, Mn = 50 

kg/mol, PDI = 2.0) was provided by ARLANXEO Performance Elastomers. Prior to use, 

the EPM-g-MA precursor was dried in a vacuum oven at 175°C for one hour to convert 

any diacid present into cyclic anhydride. Furfurylamine (FFA, Sigma-Aldrich, ≥ 99%) 

was freshly distilled prior to use.  

 

Carbon black N550 was kindly provided by Teijin Aramid. Maleic anhydride (MA, 

>99%), 1,4-diaminobutane (DAC4, >99%), 1,6-diaminohexane (DAC6, >98%), 1,8-

diaminooctane (DAC8, >98%), 1,12-diaminododecane (DAC12, >98%), acetic 

anhydride (≥ 98.0%), nickel(II) acetate (98%), trimethylamine (≥ 99%), sodium 

sulfate (≥ 99%), N,N’-(1,3-phenylene)bismaleimide (BMPh1, >97%), 1,1’-

(methylenedi-4,1-phenylene)bismaleimide (BMPh2, >95%), m-phenylenediamine 

(DAPh1, ≥99%) and 4,4’-diaminodiphenylmethane (DAPh2, ≥97.0%), octadecyl-1-

(3,5-di-tert-butyl-4-hydroxyphenyl)propionate (phenolic anti-oxidant, >99%), 

dimethylformamide (DMF, Sigma-Aldrich, ≥99.8%), decahydronaphthalene (decalin, 

>98%), tetrahydrofuran (THF, >99.9%), acetone (>99.5%), deuterated chloroform 

(CDCl3, “100%”) and deuterated DMSO (DMSO-d6, “100%”) were all purchased from 

Sigma-Aldrich and used as received.  

 

4.2.2. Methods 

4.2.2.1. Synthesis of the aliphatic bismaleimides 

The aliphatic bismaleimides with a 4, 6, 8 or 12 carbon spacer (BMC4, BMC6, BMC8 

and BMC12, respectively) were synthesized from MA and DAC4, DAC6, DAC8 and 
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DAC12, respectively according to a published procedure [36]. The diamine (0.25 mol) 

was added under stirring to an opaque solution of MA (49.0 g, 0.50 mol) in 150 mL 

freshly distilled DMF The resulting yellow solution was then stirred at 100 °C for 30 

min. Acetic anhydride (102.0 g, 1.0 mol), nickel(II) acetate (0.5 g, 2 mmol) and 

triethylamine (10.0 g, 98.8 mmol) were added to the reaction mixture. The resulting 

dark brown mixture was stirred at 90 °C for 30 min after which it was cooled down to 

40 °C. The mixture was then poured into 2 L of ice water and stirred for 10 min. The 

precipitate was filtered over a Buchner funnel, washed twice with 1 L water and 

stirred in 2 L water for 1 h, after which it was filtered off and washed twice with 1 L 

water. The product was dissolved in 700 mL acetone and dried with sodium sulfate. 

The sodium sulfate was filtered off at 50 °C over a preheated Buchner funnel. Then, 

the solution was refluxed overnight with 25 g of carbon black, which was removed by 

filtering twice over a Buchner funnel. Recrystallization in acetone yielded pale yellow 

crystals which were filtered over a Buchner funnel and washed with cold acetone.  

 

4.2.2.2. Diamine cross-linking 

15.0 g of EPM-g-MA (3.2 mmol MA content) was dissolved in 120 mL THF and 2 mg 

phenolic anti-oxidant was added. Subsequently, 0.1 – 1.0 eq. (based on MA content of 

EPM-g-MA) of the diamine (DAC4, DAC6, DAC8, DAC12, DAPh1 or DAPh2) was 

dissolved separately in approximately 20 mL THF. For irreversible cross-linking of 

EPM-g-MA, the diamine solution was added to a stirred rubber solution at room 

temperature, resulting in a viscous gel that cannot be stirred anymore after a few 

seconds, especially for the aliphatic cross-likers. The viscous gel is transferred to a 

petri-dish and the majority of the solvent is evaporated in the fumehood by blowing 

over air. The residual solvent was removed in a vacuum oven at 35 °C and the 

resulting product was compression molded at 150 °C and 100 bar for 15 min to 

convert any diacid present into cyclic anhydride, yielding test samples with the 

desired dimensions. It was be noted that the diamine cross-linking reaction is very 

fast and that compression molding must be performed immediately after the addition 

of the diamine to yield smooth and homogeneous samples. The irreversible character 

of the formed cross-links makes it impossible to improve the homogeneity of the 

samples afterwards. Upon the addition of large amounts of some specific diamines 

(namely DAC4 and DAC12) it proved impossible to obtain homogeneous samples at 

all.  

 

4.2.2.3. Bismaleimide cross-linking 

The EPM-g-MA precursor was converted into EPM-g-furan according to a reported 

procedure [33]. Typically, 40.0 g of EPM-g-furan (8.6 mmol furan content) and 40 mg 

anti-oxidant were dissolved in 500 mL THF. 0.1-1.0 eq. (based on furan content of 

EPM-g-furan) of the bismaleimide (BMC4, BMC6, BMC8, BMC12, BMPh1 or BMPh2) 

was dissolved in THF and added to the 10 wt% rubber solution under stirring. In 

contrast to the irreversible cross-linking (see previous paragraph), no gelation was 
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observed. Again, the majority of the solvent was evaporated in the fume hood by 

blowing over air. The residual solvent was removed in a vacuum oven at 50 °C and the 

resulting product was compression molded at 150 °C and 100 bar for 1 h. The 

resulting products were thermally annealed in an oven at 50 °C for 7 days. 

 

4.2.3. Characterization 

4.2.3.1. Bismaleimide synthesis 

Mass spectra were recorded on an LTQ Orbitrap XL spectrometer (ThermoFisher 

Scientific) with ESI or APCI ionization in positive mode. HRMS-ESI+ (m/z): {M + H}+ 

calculated for BMC4 (C12H12N2O4·H+), 249.087; found, 249.087. {M + H}+ calculated for 

BMC6 (C14H16N2O4·H+), 277.118; found, 277.118. {M + H}+ calculated for BMC8 

(C16H20N2O4·H+), 305.150; found, 305.150. {M + H}+ calculated for BMC12 

(C20H28N2O4·H+), 361.212; found, 361.212. 

 
1H-NMR spectra were recorded on a Varian Mercury Plus 400 MHz spectrometer. All 

bismaleimides were obtained with yields of approximately 15-40% without any 

residual diamine (< 1%) after purification. The low yields compared to the literature 

[36,37] are attributed to larger losses due to more rigorous purification. Chemical 

shifts are reported in parts per million with the resonance solvent signal as the 

internal reference (2.50 for DMSO-d6 and 7.26 for CDCl3). NMR data are reported as 

follows: chemical shifts, multiplicity, coupling constants (hertz), relative integration, 

and location. 

 
DAC4 (CDCl3): δ = 2.60 ppm (m, 4H, NH2CH2), 1.40 ppm (m, 4H, NH2CH2CH2), 1.21 ppm (br s, 4H, NH2) 

DAC6 (CDCl3): δ = 2.68 ppm (t, 4H, NH2CH2), 1.44 ppm (m, 4H, NH2CH2CH2), 1.32 ppm (m, 4H, 

NH2CH2CH2CH2), 1.24 ppm (br s, 4H, NH2).  

DAC8 (CDCl3): δ = 2.67 ppm (t, 4H, NH2CH2), 1.42 ppm (m, 4H, NH2CH2CH2), 1.30 ppm (m, 8H, 

NH2CH2CH2(CH2)4), 1.20 ppm (br s, 4H, NH2) 

DAC12 (DMSO-d6): δ = 2.64 ppm (t, 4H, NH2CH2), 1.41 ppm (m, 4H, NH2CH2CH2), 1.28 ppm (br m,16H, 

NH2CH2CH2(CH2)8), 1.23 ppm (br s, 4H, NH2) 

DAPh1 (DSMO-d6): δ = 6.34 ppm (s, 4H, C6H4), 4.16 ppm (s, 4H, NH2) 

DAPh2 (DMSO-d6) δ = 6.79 ppm (d, 4H, N-C6H4), 6.45 ppm (d, 4H, CH2-C6H4), 4.18 (4H, NH2), 3.32 (s, 4H, 

CH2) 

BMC4 (CDCl3): δ = 6.65 ppm (s, 4H, HC=CH), 3.52 ppm (t, 4H, NCH2), 1.55 ppm (t, 4H t, 4H, NCH2CH2)  

BMC6 (CDCl3): δ = 6.70 ppm (s, 4H, HC=CH), 3.49 ppm (t, 4H, NCH2), 1.55 ppm (t, 4H, NCH2CH2), 1.30 ppm 

(br s, 4H, NCH2 CH2CH2)  

BMC8 (CDCl3): δ = 6.70 ppm (s, 4H, HC=CH), 3.50 ppm (t, 4H, NCH2), 1.50 ppm (t, 4H, NCH2CH2), 1.30 (br s, 

8H, CH2)  

BMC12 (CDCl3): δ = 6.65 ppm (s, 4H, HC=CH), 3.50 ppm (t, 4H, NCH2), 1.55 ppm (t, 4H, NCH2CH2), 1.25 ppm 

(br s,16H, CH2) 

BMC12 (DMSO-d6): δ = 7.00 ppm (s, 4H, HC=CH), 3.37 ppm (t, 4H, NCH2), 1.46 ppm (t, 4H, NCH2CH2), 1.23 

ppm (br s, 16H, CH2) 

BMPh1 (CDCl3) : δ = 7.56 ppm (d, 4H, C6H4), 7.41 ppm (d, 4H, HC=CH) 

BMPh2 (CDCl3) : δ = 7.30 ppm (d, 8H, C6H4), 6.84 ppm (d, 4H, HC=CH), 4.04 ppm (s, 2H, CH2) 
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4.2.3.2. Cross-link density determination  

The cross-link density ([XLD] in mol/mL) was determined from equilibrium swelling 

experiments in decalin [14]. Approximately 500 mg of dried, cross-linked sample (W0) 

was weighed into a 20 mL vial and immersed in 5 mL decalin until equilibrium 

swelling was reached (3 days). The sample was dabbed with a tissue to remove any 

solvent from the surface and then weighed (W1). Subsequently, the swollen samples 

were dried in a vacuum oven at 80 °C until a constant weight was reached (W2). The 

weights of the swollen and dried samples were used to calculate the cross-link density 

using the Flory-Rehner equation (Eq. 4.1) [44].  

 

[𝑋𝐿𝐷]𝑠 = 
𝑙𝑛(1−𝑉𝑅)+𝑉𝑅+𝜒𝑉𝑅

2

2𝑉𝑆(0.5𝑉𝑅−𝑉𝑅
1/3

)
 with 𝑉𝑅 =  

𝑊2

𝑊2+(𝑊1−𝑊2)∙
𝜌𝐸𝑃𝑀−𝑔−𝑓𝑢𝑟𝑎𝑛

𝜌𝑑𝑒𝑐𝑎𝑙𝑖𝑛

 (Eq. 4.1) 

VR  Volume fraction of rubber in swollen sample.  

VS  Molar volume of solvent (decalin: 154 mL/mol at room temperature). 

χ Flory-Huggins interaction parameter (decalin-EPDM: 0.121 + 0.278VR) [45].  

ρ Density (860 kg/m3 for EPM-g-furan and 896 kg/m3 for decalin) 

 

4.2.3.3. Material testing 

Tensile tests were performed on an Instron 5565 with a gauge length of 15 mm 

according to the ASTM D 4-112 standard for ‘Vulcanized and thermoelastic tension’. A 

strain rate of 500 ± 50 mm/min was applied. Samples used for the tensile tests were 

prepared by compression molding 450 mg rubber into rectangular bars of 4.5 cm long, 

5 mm wide and 1 mm thick. For each measurement 10 samples were tested and the 

two outliers with the highest and the lowest values were excluded for calculating the 

result averages. Stress-stain curves shown in figures are median curves. Hardness 

Shore A was measured using a Bareiss Durometer according to the ASTM D 2240 

standard, using samples with a thickness of 2 ± 0.1 mm. Average values were obtained 

from 10 measurements. Compression set tests were performed according to the ASTM 

D 931 standard for ‘Rubber property – compression set’. Cylindrical samples with a 

thickness of 6 ± 0.1 mm (t0) and a diameter of 13 ± 0.1 mm were compressed to 75% 

of its original thickness (tn) at room temperature for 70 hr. The thickness of the 

samples was measured after releasing the compression and allowing them to relax for 

30 min at 50 °C (ti). The compression set (CB) was calculated using CB = {t0-ti)/(t0-

tn)*100. Each measurement was performed in duplo.  

 

4.3. Results  

 

4.3.1. Properties of cross-linkers 

The physical properties of the different cross-linkers used in this study, such as the 

solubility parameter (δ), the melting point (Tm) and the flexibility (Table 4.1), may 

affect the material properties of the resulting cross-linked EPM rubber. The solubility 

parameters were calculated by using group contributions [46,47]. The melting points 
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were obtained from the literature. A qualitative estimate of the flexibility of the 

different cross-linkers was made based on a calculation of their flexibility parameters 

[48-51]. The flexibility parameter is a function of the chain flexibility and rigidity 

coefficient of polymers that is based on their end-to-end distance and their contour 

length [50]. As this method is not entirely suitable to quantify the flexibility of the 

cross-linking agents used in this study, the calculations are only used to make a 

qualitative analysis for of the flexibility of the non-polymeric cross-linkers relative to 

each other. The different cross-linking agents are labeled according to Scheme 4.1.  

 

Table 4.1. Solubility parameters, melting points and estimated flexibilities of the different cross-

linking agents. 

* The flexibility ranges from relatively flexible to rigid as indicated by ++ to --. 

 

The solubility of a cross-linker in the EPM rubber matrix is determined, amongst 

others, by the difference in polarity as quantified by the solubility parameters, and the 

melting point of the cross-linker relative to the temperature of processing. The 

solubility parameter of the BM cross-linkers is higher than that of the corresponding 

diamine cross-linker. The solubility parameter of all aromatic cross-linkers is larger 

than that of the aliphatic cross-linkers and for the latter, it decreases with the length 

of the spacer. This means, when making allowances for the solubility parameter of the 

polymer (δ of EPM-g-MA is roughly equal to 16.0 (MPa0.5) that the miscibility of the 

cross-linking agents in the rubber matrix for C12>C8>C6>C4>Ph2>Ph21. The melting 

point of the aromatic cross-linkers is higher than that of the aliphatic cross-linkers 

and typically far above the compression molding and annealing temperatures applied 

in this study. For the aliphatic diamine cross-linkers the melting point increases with 

the spacer length, while the reverse holds for the aliphatic BM cross-linkers. Finally, 

the flexibility of the aromatic cross-linkers is lower than that of the aliphatic cross-

linkers and for latter, the flexibility increases with the length of the spacer. 

 

4.3.2. Thermal annealing 

The cross-link density of EPM rubber samples with stoichiometric amounts of cross-

linker, which were quenched directly after compression molding, was measured 

during thermal annealing in an oven at 50 °C at different time intervals (Figure 4.1). 

For the diamine cross-linked EPM-g-MA samples the highest cross-link density was 

measured and no significant changes were observed during thermal annealing (only 

DAC8 results are shown as a representative example). This confirms that diamine 

cross-linking of EPM-g-MA is thermally irreversible. For the BM cross-linked EPM-g-

furan samples de-cross-linking takes place at the elevated temperature during 

 Diamines Bismaleimides 

 C4 C6 C8 C12 Ph1 Ph2 C4 C6 C8 C12 Ph1 Ph2 

δ (MPa)0.5 19 18 18 17 27 24 28 26 24 23 31 28 

Tm (°C) 28 41 51 68 195 89 196 144 121 103 199 157 

flexibility*  - ± + ++ -- - - ± + ++ -- - 
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compression molding (150 °C), as can be seen from the instantaneous decrease in 

cross-link density directly after compression molding (starting cross-link density is 

~1.10-4 mol/mL for all samples). During annealing the cross-link density of the BM 

cross-linked EPM-g-furan samples increases slowly over time, indicating that re-cross-

linking takes place as expected. Hence, for further studies these samples were 

thermally annealed for a full week to ensure the highest cross-link density and 

constant properties. 

 
Figure 4.1. Cross-link density of EPM samples cross-linked with stoichiometric amounts of 

different cross-linking agents measured during thermal annealing at 50°C. The lines are for 

illustrative purposes only. The error bars indicate ± 1 standard deviation. 

 

4.3.3. Reactivity  

The cross-link density of peroxide cured EP(D)M rubber is known to increase linearly 

as a function of the peroxide content and to level off at higher peroxide contents due 

to degradation  side-reactions [52-54]. Such linear correlations are also observed for 

the cross-link density of EPM-g-MA cross-linked with diamine and EPM-g-furan cross-

linked with BM (Figure 4.2A). However, at higher levels of cross-linking agent added, a 

maximum and a subsequent decline in the cross-link density is observed for both the 

irreversibly (diamine) and thermoreversibly (BM) cross-linked EPM systems. This 

optimum can be explained by the capping of pendant anhydride/furan-groups in the 

rubber with excess cross-linker, i.e. a cross-linker molecule (diamine or BM) is 

connected with only one functional group to a polymer chain, while its second 

functional group is not connected (Figure 4.2B).  
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Figure 4.2. A: Cross-link density of irreversibly and thermoreversibly cross-linked EPM rubbers 

upon addition of different amounts of cross-linking agents (DAC8 and BMC8 shown as 

representative examples) and B: schematic illustration of the cross-linking and capping reactions 

at low and high molar ratios of cross-linker with respect to the rubber functional group, 

respectively. The lines are for illustrative purposes only. The error bars indicate ± 1 standard 

deviation. 

 

For both EPM rubbers the first addition of cross-linker does not immediately result in 

an increase in cross-link density as measured with the equilibrium swelling 

experiments, because the first cross-links are used to convert the soluble polymer 

sample in an insoluble gel. Since the functionality of the EPM-g-MA and EPM-g-furan 

polymers is ~10 per chain, the gel point is reached after ~20% conversion. Only 

beyond the gel point a gel is present that can be swollen. Theoretically, the cross-

linked rubbers are expected to have a maximum cross-link density upon the addition 

of equimolar amounts of cross-linker (cross-linker/[rubber functional group] molar 

ratio = 0.5). The experimental data show that this is indeed the case, confirming that 

the efficiency of both the diamine and BM cross-linking is close to 100%. However, 

both the gel point and the maximum cross-link density of the BM cross-linked EPM-g-

furan are shifted to higher cross-linker/functional group ratios with respect to the 

diamine cross-linked EPM-g-MA. This can be explained by the relatively slow and less 

efficient reaction between maleimides and furan compared to the extremely fast and 

efficient reaction between primary amines and cyclic anhydride [55], which was also 

evident from the absence of gelation compared to the instantaneous gelation, 

respectively, during sample preparation in solution. In addition, the thermoreversible 

character of the DA cross-links may also contribute to the shift. Whereas  diamine 

cross-linking of EPM-g-MA results in covalent imide cross-links that cannot rearrange 

[21], the DA cross-links are in a dynamic equilibrium with the pendant furan groups in 

which not every connection is permanently closed. Even at room temperature, there is 

an active shift from exo to endo configurations of the DA adducts proceeding via the 

retro-DA reaction [56,57]. Since it is in equilibrium reaction, not all reactants form the 

DA adduct and the reaction equilibrium is driven towards adduct formation at higher 

A B 
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BM concentrations. The dynamic character of the equilibrium reaction also implies 

that a capped BM could detach, uncapping the furan-group and allowing it to react 

with another, already attached BM, yielding a cross-link. In conclusion, the cross-link 

density goes through a maximum as a function of the cross-linker concentration for 

diamine and BM cross-linking, as is also known for hydrosilane cross-linking of rubber 

[15,58,59], whereas for sulfur and peroxide cross-linking of rubber the  cross-link 

density simply increases with the amount of cross-linker [54]. This means that the 

degree of functionalization of the starting polymer factually limits the cross-link 

density and as a consequence, the material properties of the cross-linked products 

[60]. This is of course not desirable from the point of view of possible future industrial 

applications. Indeed, when designing a new product by using this material, a range of 

different properties should be easily accessible in order to fine tune the design for a 

given application. This couldan be achieved by using different cross-linkers, 

charcaterized by a different chemicial structure. In this context we used different 

diamines (irreversible cross-linking) or bismaleimeides (reversible cross-linkingsee 

experimental part). 

 

The effect of adding different amounts of the various diamine and BM cross-linkers on 

the cross-link density was studied up to the saturation limit reached upon 

stoichiometry to allow a better comparison between them (Figure 4.3). First, a slow 

buildup of the cross-link density is observed for all cross-linking agents. This is 

because the polymers only become insoluble after the gel point has been reached. 

Then a fairly linear relationship between the cross-link density and the functional 

group/cross-linker molar ratio is observed. For both the diamine and BM cross-

linkers the addition of aliphatic cross-linkers results in higher cross-link densities 

than the addition of the same amount of aromatic cross-linker. For the diamine cross-

linkers, this is related to the higher nucleophilic character and basicity of aliphatic 

diamines with respect to aromatic diamines (pKb ~3 vs. ~9). As the amine connects 

with its lone electron pair to a positively charged carbonyl of the cyclic anhydride, a 

more basic diamine will react faster and, thus, more efficiently. 
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Figure 4.3. Cross-link density against cross-linker/functional group ratio for A: EPM-g-MA cross-

linked with DAC8 and DAPh2 as representative examples and B: EPM-g-furan cross-linked with 

BMC4, BMC6, BMC8, BMC12, BMPh1 and BMPh2. The lines are for illustrative purposes only. The 

error bars indicate ± 1 standard deviation. 

 

BM cross-linking of EPM-g-furan does not occur during solution mixing, but takes 

place in the rubber bulk at elevated temperatures during thermal annealing. The 

solubility parameter of the EPM rubber matrix (δEPM = 15.7 MPa0.5) is relatively low 

due to its apolar, hydrocarbon backbone and increases only slightly upon maleation 

(δEPM-g-MA = 15.9 MPa0.5) or furan-functionalization (δEPM-g-furan = 16.0 MPa0.5). For the 

BM cross-linkers the aliphatic BMs have a relatively low solubility parameter and the 

BMC8 and BMC12 also have a relatively low melting point compared to the aromatic 

BMs. Consequently, the aliphatic BMs will have a relatively high solubility in the EPM 

matrix, which thus explains the observed higher reactivity (Figure 4.1). Longer 

spacers in the aliphatic BMs result in lower solubility parameters and lower melting 

points and, thus, in increased solubility in EPM, which again explains the observed 

enhanced reactivity. In conclusion, the solubility, as determined by the solubility 

parameter and the melting point, determine the chemical reactivity. Finally, it can be 

speculated that the flexibility of the BM cross-linker can also contribute. If one 

maleimide end of the BM molecule has formed the DA adduct, the other maleimide 

group will have higher mobility and freedom to move around when attached to a more 

flexible spacer (long aliphatic > short aliphatic > aromatic). This will make it easier for 

the free maleimide end to “reach” furan groups that are further away and, 

subsequently, will have a higher probability to form a cross-link. The rigidity of the 

aromatic spacers may also explain why samples cross-linked with BMC4 show an 

overall higher cross-link density than those cross-linked with BMPh2, despite their 

similar solubility parameter and the greater length of BMPh2. In contrast to BM cross-

linking of EPM-g-furan the diamine cross-linking of EPM-g-MA takes place during 

mixing in a homogeneous solution and, thus, the solubility of the diamines in the bulk 

rubber matrix will not affect the reactivity. In addition, the diamine cross-linking of 

EPM-g-MA is extremely fast compared to the BM cross-linking of EPM-g-furan. As a 

combined result, the subtle effects of the variation in the spacer as observed for BM 
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cross-linking of EPM-g-furan are not observed for the diamine cross-linking of EPM-g-

MA. As a consequence, it is expected that the material properties of the 

thermoreversibly cross-linked system are also more susceptible to variations in the 

type cross-linker used. 

 

4.3.4. Material properties 

Mechanical and elastic properties of materials represent their response to external 

stress or strain at a particular temperature and time scale. For rubbers products these 

properties are mainly determined by the type of elastomer, the cross-link density and, 

to some extent, the cross-link structure [8]. Numerous studies on rubber vulcanizates 

have provided general relationships between physical properties and the cross-link 

density [3,7-9]. In general, the hardness and the modulus increase more or less 

linearly with the cross-link density, whereas the elongation at break and the 

compression set follow an exponential decrease. The tensile strength shows a more 

complex behavior, going through a maximum, if a wide range of cross-link densities is 

studied. At low cross-link density the tensile strength usually just increases with 

cross-link density. A full overview of the results of the diamine cross-linked EPM-g-MA 

and the BM cross-linked EPM-g-furan can be bound in the supplementary Tables S4.1 

and S4.2, respectively. For both the diamine cross-linked EPM-g-MA and the BM cross-

linked EPM-g-furan samples the material properties follow these general relations 

versus the cross-link density (Figure 4.4). This shows that the details of the cross-

linking reaction, such as the amount of cross-linker and the chemical conversion are 

only of importance in the sense that they determine the cross-link density, which in its 

turn determines the properties, as for the traditionally cross-linked rubber systems. It 

also implies that the thermoreversible character of the BM cross-linked EPM-g-furan 

does not influence the general effect of the cross-link density on the rubber 

properties. 
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Figure 4.4. Correlations of A: hardness and compression set and B: Young’s modulus, tensile 

strength and elongation at break with the cross-link density of EPM-g-MA cross-linked with DAC8 

(open squares) and EPM-g-furan with BMC8 (closed circles) as representative examples. The data 

points at a cross-link density of zero correspond to the non-cross-linked starting rubbers. Lines are 

fits on the datapoints with functions corresponding to known general relationships  with dashed 

and closed lines for EPM-g-MA and EPM-g-furan, respectively. The error bars indicate ± 1 standard 

deviation. 

 

Overall, the relative experimental error in all properties determined for the diamine 

cross-linked EPM-g-MA samples (averages of 8%, 19%, 18%, 33% and 20% for 

hardness, Young’s modulus, tensile strength, elongation at break and compression set, 

respectively) is significantly larger than the relative error in the properties of the BM 

cross-linked EPM-g-furan (averages of 2%, 6%, 11%, 13% and 18% for hardness, 

Young’s modulus, tensile strength, elongation at break and compression set, 

respectively). The large standard deviations for the diamine cross-linked EPM-g-MA 

products are probably related to the inhomogeneity of these samples. Within these 

error margins similar correlations were found for the diamine cross-linked EPM-g-MA 

and the BM cross-linked EPM-g-furan (Figure 4.4).  However, the Young’s modulus, 

the tensile strength, the compression set and the elongation at break at high cross-link 

density of all BM cross-linked EPM-g-furan samples were found to be relatively high 

compared to the diamine cross-linked EPM-g-MA samples. The relatively high 

modulus, tensile strength and elongation at break of the BM cross-linked EPM-g-furan 

may be the result of stress relaxation of the reversibly cross-linked polymer chains 

that could alleviate critical stresses which cause material failure [20,61]. The retro-DA 

reaction may take place under the stress of deformation, allowing for stress relaxation 

of the chains. The free end of the BM would then re-cross-link at a different location, 

rather similar to the mechanism of ion-hopping for ionomers in which cross-links 

disengage and reconnect at other cross-linking sites so that the cross-link density 

remains unaltered while  allowing stress relaxation and relief of local stresses 

[20,62,63]. This effect is also observed in sulfur cross-linking as reversion of 

polysulfidic cross-links allows them to adapt to the configuration by irreversibly 

transforming into shorter cross-links [4,64]. The higher compression set of the BM 

A B 
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cross-linked EPM-g-furan may also be the result of the ability of the polymer chains to 

adapt and relocate under stress [3,4,19,61]. Since the total cross-link density remains 

constant as a result of the fast de-cross-linking/re-cross-linking, the effect on the 

hardness is small. Polysulfidic cross-links are also suggested to show a similar 

mechanism of stress relief as a result of the lability of polysulfidic cross-links, that can 

split up under stress and reform (yield mechanism), which would relief local stresses 

and postpone failure of the sample [3].  

 

No correlations between the structure of the cross-linker and the properties were 

observed for the diamine cross-linked EPM-g-MA samples. This may partly be related 

to the relatively large experimental error in the properties of these systems. But it also 

implies that the effects, if any, of variation of the spacer of the cross-linkers on the 

properties irreversibly cross-linked EPM elastomer is rather small. For the BM cross-

linked samples, though, such correlations were more clearly observed, as will be 

discussed below. 

 

While the effect of the cross-link density on the material properties has frequently 

been reported in the literature [3,7-9,54], the effect of systematically changing the 

structure of the cross-linker is not very well known. Unfortunately, the large set of 

material properties of the BM cross-linked EPM-g-furan provided in Table S4.2 does 

not allow for a direct interpretation in terms of cross-link structure, since varying 

amounts of cross-linker have been used and the cross-linking efficiency was shown to 

be dependent on the details of the rubber/cross-linker combination, resulting in a 

large variation of cross-link densities. In order to discuss the effects of the cross-link 

structure independently of the cross-link density, the properties of the BM cross-

linked EPM-g-furan samples with different BM cross-linkers will be compared at the 

same “medium” cross-link density of 6.10-5 mol/mL (Figure 4.5) by fitting the various 

material properties as function of the cross-link density using the known general 

relationships mentioned above. 
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Figure 4.5. A: Hardness, B: Young’s modulus, C: tensile strength, D: elongation at break and E: 

compression set at room temperature of EPM-g-furan cross-linked with different bismaleimides, 

calculated for a cross-link density of 6.10-5 mol/mL. The error bars indicate ± 2 standard 

deviations and are taken as the average of the standard deviations of the two neighboring data.  

 

For the BM cross-linked EPM-g-furan samples the aromatic cross-linkers appear to 

yield significantly higher hardness than the aliphatic cross-linkers (Figure 4.5A). 

Cross-linkers with short aliphatic spacers also appear to result in significantly larger 

hardness than cross-linkers with long aliphatic spacers. The same trends are observed 

for the Young’s modulus and, to a lesser extent, for the tensile strength (Figure 4.5B 

and 4.5C, respectively). Finally, longer aliphatic spacers seem to yield higher 

A 

B C 

E D 
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elongations at break than shorter aliphatic spacers (Figure 4.5D), while for the 

compression set no significant correlations with the spacer structure are observed 

(Figure 4.5E). Although the mobility of the cross-linked chains is known to become 

increasingly restricted at higher cross-links densities [8,9,39,65,66], these systematic 

correlations were observed not only at the “medium” cross-link density of 6.10-5 

mol/mL, but over the whole range of cross-link densities between 2.10-5 and 1.10-4 

mol/mL. 

 

The observed trends seem to correlate with the flexibility of the cross-linker. The 

parameters in Table 4.1 indicate that that the flexibility increases with longer aliphatic 

spacers and from aromatic to aliphatic spacers. The higher hardness, Young’s 

modulus, tensile strength and somewhat lower elongation at break of the EPM-g-furan 

cross-linked with more stiff and rigid (short aliphatic and aromatic) cross-linkers may 

be due to an increase the resistive force of the material against deformation [35]. It 

has been speculated that for sulfur-vulcanized rubber the flexibility of the sulfur 

cross-link (mono-, di and polysulfidic) may affect these rubber properties [3]. Stress 

relaxation and local stress relief caused by the dynamic equilibrium and the mobility 

of BM cross-linkers, as discussed above, may also play a role. Since the DA reaction is a 

pericyclic reaction with an aromatic transition state, the conjugated, aromatic BM 

cross-linkers may lower the energy barrier of the transition state and, thus, increase 

the reaction rate of both the DA and retro-DA reactions. The cross-linking/de-cross-

linking mechanism would, thus, be more prevalent in samples cross-linked with 

aromatic BM, resulting in an increase in Young’s modulus and tensile strength. Finally, 

longer and more flexible (aliphatic) cross-linkers allow the polymer network to 

stretch more, resulting in cross-linked rubbers with a higher elongation at break as is 

also known for polysulfidic cross-links [35]. Since varying the cross-linking agent 

appears to have a different effect on the material properties than simply varying the 

cross-link density, the choice of the appropriate cross-linker can be used as an 

additional parameter to tune the material properties of thermoreversibly cross-linked 

elastomers for specific applications. 

 

4.4. Conclusions 

 

A homologous series of various diamine and bismaleimide cross-linkers with aromatic 

and aliphatic spacers of different lengths between the maleimide groups was used to 

cross-link EPM-g-MA irreversibly and EPM-g-furan thermoreversibly, respectively. 

For both systems a maximum in the cross-link density was observed upon the 

addition of roughly an equimolar amount of cross-linker. This maximum is caused by 

capping of the available functional groups on the rubber with the excess of cross-

linker. The EPM-g-MA/diamine system required a lower molar amount of cross-linker 

to reach the same cross-link density compared to the EPM-g-furan/BM system. This is 

ascribed to the extremely fast reaction between primary amines and cyclic anhydride 
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with respect to the much slower Diels-Alder reaction and the reversible character of 

the latter. Because BM cross-linking of EPM-g-furan is relatively slow and occurs only 

at elevated temperatures in the bulk rubber, enhanced solubility of the BM cross-

linkers in the EPM rubber matrix, as a result of lower polarity and/or lower melting 

point (BMC12 > BMC8 > BMC6 > BMC4 > BMPh2 > BMPh1), results in a higher cross-

link density. For diamine cross-linking of EPM-g-MA this is not observed, since cross-

linking already occurs during mixing in the homogeneous solution. The rubber 

properties, such as hardness, Young’s modulus, tensile strength, elongation at break 

and compression set, of both the diamine/EPM-g-MA and BM/EPM-g-furan cross-

linked rubbers correlate with the cross-link density with trends well-known in rubber 

chemistry and technology. Although the trends were found to be similar, the rubber 

properties of all diamine cross-linked EPM-g-MA were found to be relatively inferior 

compared to the BM cross-linked EPM-g-furan. This is probably due to large 

heterogeneity of the former samples and the thermoreversible character of the latter. 

Normalizing the various properties of BM cross-linked EPM-g-furan to a cross-link 

density of 6.10-5 mol/mL allowed a further interpretation of the effect of the cross-

linker spacer. Variations in the spacer of the diamine cross-linker do not significantly 

influence the material properties of irreversibly cross-linked EPM rubbers. For the BM 

cross-linked EPM-g-furan, however, a clear effect of the flexibility of the spacer (long 

vs. short aliphatic and aromatic vs. aliphatic) was observed. This implies that choosing 

the appropriate cross-linker is an additional parameter that can be used to tune the 

material properties of thermoreversibly cross-linked elastomers for specific 

applications. 

 

In summary, it is shown that these EPM rubbers, thermoreversible cross-linked via 

(retro) Diels Alder chemistry, not only provide a practical route towards recycling, but 

also provide more scientific insight in the effect of the cross-link spacer on the cross-

linking reactivity and the rubber properties. The understanding of this system is 

certainly advanced even if, in view of future design toolbox required for specific 

applications, a more comprehensive structure-property relationship should be 

investigated. Factors such as the use of multifunctional cross-linkers (Chapter 5) and 

possible influence of fillers on proposed chemistry (Chapter 8) should be carefully 

investigated. 
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Supplementary information Chapter 4 

 
Table S4.1. Properties of diamine cross-linked EPM-g-MA. 

cross-

linker 

Eq. XLD  

(10-5 mol/mL) 

Hardness 

(Shore A) 

Young's 

modulus 

(MPa) 

Elongation 

at break 

(%) 

Tensile 

strength 

(MPa) 

Compression 

set  

(%) 

        

-     dissolves 33.5 ± 1.3 1.7 ± 0.21 897 ± 95 1.2 ± 0.4 32.7 ± 4.2 

 

DAC4 0.1 0.43 ± 0.5 33.6 ± 3.4 1.6 ± 0.4 933 ± 197 1.7 ± 0.4 42.5 ± 2.5 

DAC4 0.25 1.09 ± 0.4 38.4 ± 4.6 2.2 ± 0.3 564 ± 69 2.1 ± 0.3 21.5 ±3.1 

DAC4 0.4 10.61 ± 0.9 44.0 ± 3.6 2.0 ± 0.5 175 ± 65 1.0 ± 0.5 8.3 ± 2.1 

                

DAC6 0.3 2.64 ± 0.7 30.2 ± 2.2 1.5 ± 0.4 276 ± 51 0.9 ± 0.4 28.0 ± 3.3 

DAC6 0.4 4.55 ± 0.8 34.9 ± 3.1 1.7 ± 0.5 133 ± 23 0.9 ± 0.4  25.8 ± 3.6 

DAC6 0.5 3.66 ± 0.6 36.8 ± 3.2 1.8 ± 0.3 131 ± 36 1.0 ± 0.3 18.0 ± 3.5 

DAC6 0.5  2.67 ± 0.9  42.6  ± 4.0 2.0 ± 0.3 140 ± 21  1.0 ± 0.5 27.2 ± 3.1 

DAC6 0.75 2.01 ± 0.8 26.4 ± 3.6  1.7 ± 0.4 218 ± 60 0.9 ± 0.4 34.3 ± 2.9  

            

DAC8 0.1 1.23 ± 0.4 37.4 ± 2.9 1.9 ± 0.3 644 ± 36 0.9 ± 0.2 28.2 ± 3.1 

DAC8 0.2 6.44 ± 0.7 41.5 ± 2.0 2.3 ± 0.2 316 ± 47 0.9 ± 0.3 7.9 ± 4.0 

DAC8 0.3 9.83 ± 0.6 41.8 ± 1.7 1.9 ± 0.4 244 ± 25 0.8 ± 0.3 9.3 ± 1.5 

DAC8 0.4 13.53 ± 1.1 43.5 ± 3.1 2.1 ± 0.5 125 ± 13 0.8 ± 0.2 2.1 ± 1.9 

DAC8 0.5 13.82 ± 0.8 47.9 ± 3.6 2.1 ± 0.3 102 ± 16 0.8 ± 0.4 7.3 ± 2.6 

DAC8 0.75 7.24 ± 0.9 47.0 ± 2.5 2.0 ± 0.4 188 ± 18 0.9 ± 0.3 10.7 ± 3.0 

                

DAC12 0.2 2.97 ± 0.2 34. 0 ± 3.8 1.7 ± 0.3 575 ± 131 1.4 ± 0.5 29.8 ± 4.2 

DAC12 0.3 10.2 ± 0.4 37.9 ± 3.7 2.3 ± 0.4 436 ± 76 1.9 ± 0.1 27.9 ± 3.2 

DAC12 0.4 11.2 ± 0.7 40.0 ± 4.2 2.1 ± 0.3 171 ± 19 1.0 ± 0.3 13.3 ± 1.9 

                

DAPh1 0.2 2.36 ± 0.5 25.2 ± 2.1 1.3 ± 0.3 494 ± 88 0.9 ± 0.3 60.4 ± 4.0 

DAPh1 0.35 8.67 ± 0.7 37.4 ± 2.4 2.0 ± 0.5 166 ± 31 1.3 ± 0.5 8.3 ± 2.1 

DAPh1 0.5 7.85 ± 0.9 39.8 ± 1.5 2.4 ± 0.4 164 ± 41 1.1 ± 0.4 32.7 ± 2.3 

DAPh1 0.75 6.07 ± 0.6 33.1 ± 3.0  1.8 ± 0.4 144 ± 33 1.0 ± 0.3 23.9 ± 2.5 

               

DAPh2 0.2 3.25 ± 0.5 25.9 ± 1.9 1.5 ± 0.3  369 ± 43 0.9 ± 0.3 28.2 ± 3.4 

DAPh2 0.35 8.92 ± 0.6 35.1 ± 2.7 1.9 ± 0.3 180 ± 19 1.3 ± 0.1 11.1 ± 2.9 

DAPh2 0.5 8.02 ± 0.8 37.8 ± 1.8 2.3 ± 0.4 181 ± 33 1.1 ± 0.5 11.3 ± 1.5 

DAPh2 0.75 3.34 ± 0.9 37.8 ± 1.9 2.0 ± 0.3 236 ± 47 1.2 ± 0.3 32.7 ± 3.6 
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Table S4.2. Properties of bismaleimide cross-linked EPM-g-furan. 
cross-

linker 

Eq. XLD  

(10-5 mol/mL) 

Hardness 

(Shore A) 

Young's 

modulus 

(MPa) 

Elongation 

at break 

(%) 

Tensile 

strength 

(MPa) 

Compression 

set  

(%) 

         

-     dissolves 33.5 ± 1.3 1.7 ± 0.21 897 ± 95 1.2 ± 0.4 32.7 ± 4.2 

  

BMC4 0.2 2.12 ± 0.4 38.5 ± 0.5 1.9 ± 0.1 1.6 ± 0.1 827 ± 71 26.5 ± 1.6 

BMC4 0.3 2.69 ± 0.2 38.9 ± 0.8 2.2 ± 0.1 1.7 ± 0.1 380 ± 38 16.6 ± 1.5 

BMC4 0.4 7.28 ± 0.7 41.0 ± 1.4 2.2 ± 0.1 1.7 ± 0.1 298 ± 26 15.2 ± 2.0 

BMC4 0.5 7.18 ± 0.3 49.5 ± 1.1 2.1 ± 0.2 1.8 ± 0.1 303 ± 38 9.0 ± 1.9 

BMC4 0.75 11.6 ± 0.5 49.5 ± 0.9 2.6 ± 0.2 2.2 ± 0.4 284 ± 64 7.1 ± 1.1 

 

              

BMC6 0.2 1.59 ± 0.4 38.8 ± 1.1 2.0 ± 0.1 1.2 ± 0.2 542 ± 90 31.2 ± 1.6 

BMC6 0.3 2.10 ± 0.9 38.1 ± 0.8 1.9 ± 0.1 1.5 ± 0.2 411 ± 109 15.8 ± 1.4 

BMC6 0.4 6.28 ± 0.6 41.8 ± 0.8 2.0 ± 0.1 1.7 ± 0.2 234 ± 51 8.3 ± 1.2 

BMC6 0.5 9.21 ± 0.3 45.0 ± 0.9 2.3 ± 0.1 1.9 ± 0.2 263 ± 39 6.4 ± 2.3 

BMC6 0.75 12.1 ± 0.4 48.6 ± 0.8 2.7 ± 0.1 2.5 ± 0.3 248 ± 43 5.9 ± 1.5 

 

              

BMC8 0.2 0.64 ± 0.5 34.9 ± 0.8 2.1 ± 0.2 1.4 ± 0.1 1054 ± 83 27.3 ± 3.0 

BMC8 0.25 3.30 ± 0.7 39.0 ± 0.7 2.0 ± 0.1 1.9 ± 0.1 521 ± 52 22.1 ± 2.9 

BMC8 0.3 8.22 ± 0.9 42.9 ± 1.2 2.1 ± 0.1 1.8 ± 0.2 265 ± 43 17.8 ± 2.3 

BMC8 0.4 10.4 ± 0.3 45.0 ± 1.5 2.1 ± 0.1 1.6 ± 0.1 243 ± 21 6.5 ± 1.5 

BMC8 0.5 13.3 ± 0.2 49.5 ± 1.0 2.6 ± 0.3 2.3 ± 0.4 194 ± 24 8.8 ± 1.2 

BMC8 0.75 12.6 ± 0.5 49.0 ± 1.1 2.3 ± 0.1 1.5 ± 0.1 252 ± 45 7.7 ± 2.0 

BMC8 1.0 7.86 ± 0.8 42.3 ± 1.4 2.1 ± 0.2 1.5 ± 0.2 278 ± 49 18.1 ± 1.9 

 

              

BMC12 0.2 0.77 ± 0.2 35.3 ± 0.7 1.9 ± 0.1 1.9 ± 0.1 

1246 ± 

142 18.4 ± 1.6 

BMC12 0.25 3.36 ± 0.4 35.4 ± 0.6 1.8 ± 0.1 1.5 ± 0.1 699 ± 43 14.2 ± 1.4 

BMC12 0.3 7.40 ± 0.3 39.8 ± 0.8 2.0 ± 0.1 2.1 ± 0.2 416 ± 47 9.7 ± 1.2 

BMC12 0.4 11.8 ± 0.4 42.3 ± 1.0 2.4 ± 0.2 2.2 ± 0.2 289 ± 26 8.9 ± 2.0 

BMC12 0.5 22.6 ± 0.6 53.0 ± 1.0 2.9 ± 0.2 2.8 ± 0.3 211 ± 38 4.9 ± 1.8 

BMC12 0.75 14.2 ± 0.5 45.6 ± 1.0 2.5 ± 0.1 1.9 ± 0.3 221 ± 32 11.0 ± 1.5 

    

 

 

 

 BMPh1 0.3 2.83 ± 0.2 41.8 ± 0.7 2.1 ± 0.2 1.6 ± 0.5 508 ± 74 19.1 ± 2.3 

BMPh1 0.4 5.33 ± 0.2 45.5 ± 0.7 2.3 ± 0.1 2.8 ± 0.4 592 ± 66 14.6 ± 2.5 

BMPh1 0.5 8.69 ± 0.3 47.5 ± 1.1 2.8 ± 0.1 2.8 ± 0.1 250 ± 27 10.2 ± 2.5 

BMPh1 0.75 6.60 ± 0.2 47.6 ± 1.4 2.5 ± 0.1 2.1 ± 0.1 364 ± 38 11.3 ± 1.5 

               

BMPh2 0.3 1.94 ± 0.4 41.0 ± 0.9 1.9 ± 0.1 2.1 ± 0.3 554 ± 87 15.0 ± 3.5 

BMPh2 0.4 3.12 ± 0.5 41.6 ± 0.9 2.4 ± 0.2 2.3 ± 0.2 535 ± 47 13.8 ± 2.4 

BMPh2 0.5 7.30 ± 0.6 46.6 ± 0.8 2.7 ± 0.1 2.5 ± 0.1 412 ± 63 10.5 ± 2.4 

BMPh2 0.75 4.88 ± 0.4 48.1 ± 1.1 2.5 ± 0.2 2.6 ± 0.5 464 ± 79 18.5 ± 3.1 
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 Cross-linking of rubber in the presence of 

multi-functional cross-linking aids via 

thermoreversible Diels-Alder chemistry †† 
 
Furan-functionalized polyketone (PK-FU) was added to a furan-functionalized 

ethylene-propylene rubber (EPM-FU). The mixture was subsequently cross-linked 

with a bismaleimide through Diels-Alder chemistry in order to improve the 

mechanical properties of the rubber. Infrared spectroscopy showed the reversible 

interaction between both polymers and the bismaleimide cross-linker. Likewise, 

mechanical measurements indicated the re-workability of the mixtures with no 

evident differences in storage modulus and mechanical properties after several 

heating cycles. The apparent cross-link density and material properties, such as 

hardness, tensile properties and compression set, could be modulated by changing the 

degree of furan functionalization of PK-FU and the loading of PK-FU in the blends. It is 

concluded that PK-FU has some characteristics of an inert filler, but mainly acts as a 

multi-functional cross-linking aid, enabling larger amounts of bismaleimide to cross-

link EPM-FU. 

 

  

                                                 
This chapter is based on: L. M. Polgar, G. Fortunato, R. Araya-Hermosilla, M. van Duin, A. Pucci and F. 
Picchioni, ‘Cross-linking of rubber in the presence of multi-functional cross-linking aids via 
thermoreversible Diels-Alder chemistry’ European Polymer Journal 2016 82, 208-219. 
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5.1. Introduction 

EPM copolymers are synthetic elastomers that are obtained from the 

copolymerization of ethylene and propylene. EPDM rubbers contain a third monomer, 

i.e. a non-conjugated diene (usually 5-ethylidene-2-norbornene or dicyclo-

pentadiene), introducing a small amount of pendant unsaturation for sulphur 

vulcanization. The saturated polymer backbone provides EP(D)M rubbers with 

inherent resistance against degradation by heat, oxygen, ozone and light, especially 

where compared to diene rubbers such as natural rubber and polybutadiene rubber 

[1, 2]. EP(D)M rubber is used in a large variety of outdoor and elevated-temperature 

applications, ranging from automotive to building and construction. Like other 

rubbers, EP(D)M rubber is compounded with (reinforcing) fillers and plasticizers, and 

subsequently shaped and cross-linked. Cross-linking is typically achieved via sulphur 

vulcanization or peroxide curing, resulting in an elastic, three-dimensional polymer 

network that cannot be melted or reprocessed [2, 3]. Simple mechanical grinding of 

waste rubber produces low quality feedstock for virgin rubber [4]. Meanwhile, 

pyrolysis and incineration are downcycling methods that are still associated with 

environmental issues. The irreversibility of the conventional cross-linking processes 

constitutes the major restraint in the recycling of waste rubber. Devulcanization of 

sulphur-vulcanized rubber, i.e. the cleavage of carbon-sulphur or sulphur-sulphur 

cross-links, has been widely studied [5-7] and is commercially practiced, but may 

cause a considerable amount of bond scission in the polymer main chain [2, 7], which 

is detrimental for the performance of the recyclate compared to the virgin material. 

 

In this context, the development of ionomers, thermoplastic elastomers (TPEs) and 

thermoplastic vulcanizates (TPVs) [8, 9] has represented a major advancement, since 

these products combine the processability of thermoplastics at relatively high 

temperature with the elasticity of cross-linked rubbers at service temperature. The 

polymer backbone of TPEs, for example (hydrogenated) styrene/butadiene/styrene 

[S(E)BS] triblock copolymers, consists of “hard” and “soft” segments, which phase 

separate at low temperature, resulting in two phases with a high and a low glass 

transition temperature (Tg), respectively [8, 10]. Cross-linking in TPEs does not occur 

through chemical bonds, but because the hard domains “cross-link” the soft matrix. 

The hard domains soften at high temperature, i.e. the “cross-links are broken”, and the 

TPE becomes melt processable [2]. The disadvantage of TPEs resides in their poor 

high-temperature performance, since this is factually limited by the Tg of the hard 

segments (e.g. around 80 °C for S(E)BS [11]).  

 

An alternative approach for the recycling of thermoset cross-linked polymers is 

thermoreversible cross-linking. In particular, the Diels-Alder (DA) reaction has gained 

major interest for this purpose, because of the relatively fast kinetics and the mild 

conditions for (de)cross-linking without the need of a catalyst [12-15]. DA cross-
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linking proceeds via the cycloaddition of a diene to a dienophile, typically a furan and 

a maleimide, at relatively low temperature (e.g. 50 °C) [16-19]. De-cross-linking via 

the retro DA reaction is favored at high temperature (typically above 100 °C), thus 

allowing the material to be reshaped or recycled. In a previous study a commercial, 

maleated EPM (EPM-MA) was grafted with furfurylamine (FFA), yielding EPM-FU, 

which was then cross-linked with a bismaleimide (BM) via the DA reaction (Scheme 

5.1:I) [20]. The resulting product showed mechanical properties similar to those of a 

conventionally peroxide cured EPDM rubber with a comparable cross-link density and 

possessed the added value of recyclability. It was possible to recycle the material via 

compression molding with excellent conservation of properties.  

 

Alternating, aliphatic polyketones (PK), obtained by copolymerization of carbon 

monoxide with ethylene and/or propylene, can be modified with FFA to introduce 

furan groups [21]. The resulting furan-functionalized polyketones (PK-FU) can be 

thermoreversibly cross-linked with BM (Scheme 5.1:II) [22]. Such products can be 

recycled up to 10 times with hardly any change in performance [21]. The mechanical 

properties can be modulated by varying the degree of furan functionalization and the 

furan/maleimide molar ratio [23]. The high brittleness and low impact strength of the 

PK-FU thermoset were overcome by the addition of a small amount of EPM-FU 

elastomer as a toughening-agent [24]. Upon the addition of BM, the thermoreversible 

reaction within and between the phase-separated EPM-FU and PK-FU in the blends 

(Scheme 5.1:III) was shown to significantly increase the impact strength  [24]. Since 

PK is easily functionalized with controlled conversion of furan and forms reversible 

thermosets when cross-linked with BM [33, 35], the resulting blend of EPM-FU and 

PK-FU is also fully recyclable. 
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Scheme 5.1. Grafting of furan groups onto maleated EPM rubber (I) and aliphatic polyketone (II) 

via reaction with furfurylamine and subsequent (de)cross-linking of the EPM- FU/PK- FU blends 

via the (retro)Diels Alder reaction with 1,1’-(methylene di-4,1-phenylene)bismaleimide (III). 

  

The relatively low amount of furan moieties along the EPM-FU backbone, factually 

limited by the chemical composition of the rubber precursor used (only 2 wt% of MA 

can be grafted onto EPM [20, 25, 26]), prohibits a detailed study on the effects of 

increasing the cross-link density and limits the mechanical properties of the cross-

linked rubber. When elastomers are cured with peroxides, multi-unsaturated 

chemicals are usually added as coagents to increase the cross-linking efficiency [27, 

28]. Typically, coagents such as trimethylolpropane trimethacrylate, triallyl (iso) 

cyanurate or m-phenylene bismaleimide are used. It would be useful if similar 

coagents could be developed for the BM cross-linking of EPM-FU. 

  

Another way of improving the elastic and mechanical properties of EPM-FU is by 

formulating the gum rubber. Gum rubbers are generally compounded with reinforcing 

fillers, such as carbon black or silica, to enhance their mechanical properties, 

especially their strength. Thermoset resins, typically phenolics, have been used as an 

alternative for or in combination with reinforcing fillers. These resins have excellent 

compatibility with the rubber and, thus, lower the melt viscosity of the rubber 

compound [29]. During the vulcanization stage, the phenolic resins are cured 

independently from the rubber, forming an interpenetrating polymer network [30-

32]. Depending on the structure of the phenolic resins, covalent bonds can be formed 
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between the two networks and, thus, phenolic resins can also be viewed as rigid cross-

linking agents [33-38].  

 

In this work, a reverse approach is applied, i.e. the mechanical properties of the DA 

cross-linked EPM-FU rubber are improved by incorporating small amounts of PK-FU. 

The PK phase could act as a rigid, multi-functional coagent domain in the EPM rubber 

matrix, thus factually increasing the cross-link density to industrially relevant levels 

(equal or above 10-4 mol/mL), or as a cross-linked filler. The DA cross-linking reaction 

of EPM-FU with BM is slow compared to conventional cross-linking methods, such as 

sulphur vulcanization. The use of highly functionalized PK-FU as a multifunctional 

cross-linking aid may render the reaction faster. Finally, PK can be functionalized with 

different amounts of furan groups, allowing for a new way of tuning the cross-link 

density and, thus, the material properties of the thermoreversibly cross-linked EPM 

rubber.  

 

The goal of this work is to blend EPM-FU and PK-FU, thermoreversibly cross-link the 

mixture with BM, while using PK-FU as a multifunctional aid to improve the material 

properties of EPM-FU. 

5.2. Experimental 

5.2.1. Materials 

Polyketone, i.e. an alternating polymer of carbon monoxide with ethylene or 

propylene (PK; CO, ethylene and propylene: 50, 30 and 20 mol%, respectively, Mn = 

2800 g/mol and PDI = 1.7) was synthesized according to a reported procedure [8, 39]. 

Maleated EPM (EPM-MA; Keltan DE5005  with 49 wt% ethylene, 2.1 wt% MA, Mn = 50 

kg/mol and PDI = 2.0) was kindly provided by ARLANXEO Netherlands B.V. 

Furfurylamine (FFA, Sigma-Aldrich, ≥99 %) was freshly distilled before use. 

Tetrahydrofuran (THF, >99.9 %), acetone (>99.5 %), decalin (98%), butylamine (99 

%) and 1,1’-(methylenedi-4,1-phenylene)bismaleimide (BM, >95 %) were purchased 

from Sigma-Aldrich and used as received. Deuterated dimethylsulfoxide (DMSO-d6, 

Sigma-Aldrich, ≥99.9 % deuteration) was used as solvent for 1H-NMR measurements. 

 

5.2.2. Methods 

5.2.2.1. Furan modification of polyketone 

Chemical modification of PK was performed via the Paal-Knorr reaction, using 

different molar ratios between the 1,4-dicarbonyl units of PK and the amines, e. g. 

furfurylamine or butylamine. The latter was used as a reference, which does react 

with PK, but the resulting modified PK (PK-BU) does not react with BM and only acts 

as a non-reactive filler. The reactions were performed in bulk in a 250 mL round-

bottom glass reactor, equipped with a reflux condenser, a U-type anchor impeller, and 

an oil bath for heating. After pre-heating 60 g of PK up to 110 °C, the amine was added 
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dropwise during 20 min. The total reaction time was 4 h at 110 °C with a stirring 

speed of 600 rpm. The resulting viscous product was frozen with liquid nitrogen, 

crushed to powder and washed three times with de-ionized Milli-Q water to remove 

any unreacted amine. After filtration and freeze drying, a light-brown powder was 

obtained as final product. The samples in Table 5.1 are coded indicating the type of 

amine (FU for furfurylamine and BU for butylamine) and the desired carbonyl 

conversion (XCO = 40, 60 or 80%). 

 

Table 5.1. Modification of polyketone (60 g). 

Sample 

 

Amine 

(g) 

Amine 

(mmol) 

XCO 

(%) 

Xamine 

(%) 

PK-BU80 26.7 365 78 98 

PK-FU40 17.7 182 39 99 

PK-FU60 26.6 274 58 98 

PK-FU80 35.4 365 76 96 

 

The obtained carbonyl conversion (XCO in %) of PK was calculated (Eq. 5.1). The amine 

conversion (Xamine in %) was calculated from the moles of amine (FFA or butylamine) 

in the feed (molamine) (Eq. 5.2) 

 

𝑋𝐶𝑂 =
2
%𝑁

𝑀𝑁
%𝐶
𝑀𝐶

 − 
%𝑁
𝑀𝑁

∙𝑛𝑦
𝐶

𝑛𝑥
𝐶  + 2

%𝑁

𝑀𝑁

∙ 100      (Eq. 5.1) 

𝑋𝑎𝑚𝑖𝑛𝑒 =

%𝑁

𝑀𝑁

𝑀𝑎𝑚𝑖𝑛𝑒
∙ 100.       (Eq. 5.2) 

 

%N, %C  weight of nitrogen and carbon per 100 g of final product, respectively.  

MN, MC   atomic weights of nitrogen and carbon (14.01 and 12.01 g/mol respectively). 

𝑛𝑥
𝐶    average number of carbons in the original monomer: (0.3 · 3) + (0.7 · 4) = 3.7  

𝑛𝑦
𝐶    average number of carbons in two modified monomers (one pyrrole):  

(0.3 · 0.3 · 6) + (0.7 · 0.7 · 8) + (2 · 0.3 · 0.7 · 7) + 5 = 12.4 [20].  

 

5.2.2.2. Furan functionalization of EPM-MA rubber 

EPM-MA was dried in a vacuum oven for one hour at 175 °C to convert any di-acid 

present into cyclic anhydride [20]. 100.0 g of dried EPM-MA (21.4 mmol MA) was 

dissolved in THF (10 wt% polymer) by stirring for 24 h at room temperature. 6.24 g 

FFA (64.3 mmol) was added to the solution. The reaction mixture was stirred in a 

closed system for 12 h at room temperature and then slowly dropped into 5 L of 

acetone under mechanical stirring. The modified rubber (EPM-FU), precipitated as 

yellowish strands, was filtered and dried in an oven at 50 °C up to constant weight. 

Finally, the intermediate amide-acid was compression molded for 15 min at 175 °C 

and 100 bar to ensure the complete conversion to succinimide. The conversion (XMA in 

%) of anhydride into imide groups was calculated from FT-IR (Eq. 5.3). 
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𝑋𝑀𝐴 = (1 −
𝐴1856
𝐹𝑈 𝐴723

𝐹𝑈⁄

𝐴1856
𝑀𝐴 𝐴723

𝑀𝐴⁄
) ∙ 100,      (Eq. 5.3) 

 

𝐴1856
𝐹𝑈 , 𝐴1856

𝑀𝐴   integrals of the absorption bands at 1856 cm-1 (C=O asymmetric stretching of 

anhydride ring) for EPM-FU and EPM-MA, respectively. 

𝐴723
𝐹𝑈  and 𝐴723

𝑀𝐴   integrals of the methyl rocking bands at 723 cm-1 (internal reference) [20].  

 

5.2.2.3. Blend preparation and cross-linking via Diels-Alder addition 

Blends were prepared by dissolving EPM-FU and the modified polyketones (PK-FU or 

PK-BU80), together at different weight ratios (95/5 or 90/10 EPM/PK, Table 5.2) in 

50 mL THF at room temperature. BM was added to the mixture in a stoichiometric 

amount (1:1 molar ratio between maleimide and total furan groups of both polymers). 

The molar ratio of these furan units in the EPM-FU and PK-FU parts of these blends is 

close to unity, i.e. it ranges from 0.5 (for 10PK-FU80) to 2.0 (for 5PK-FU40). The 

reaction mixtures were stirred for 24 h and the solvent was evaporated at 50 °C. All 

samples were compression molded into homogeneous samples for 40 min at 150 °C 

under a pressure of 100 bar and thermally annealed for 24 h at 50 °C for subsequent 

mechanical testing. “Reprocessed” sample bars were prepared by cutting or grinding 

these bars into small pieces (± 50 mm3) and compression molding these pieces into 

new, coherent samples similar to the original bars. 

 

Table 5.2. Experimental formulations of EPM-FU/(modified PK) blends with stoichiometric 

amounts of BM cross-linker. 

Sample 

 

EPM-FU 

(g) 

PK-FU or -BU 

(g) 

EPM /PK 

(w/w) 

BM 

(mg) 

 

EPM-FU 4.20 0.00 100/0 164  

5PK-BU80 4.00 0.21 95/5 153  

5PK-FU40 3.97 0.21 95/5 248  

5PK-FU60 3.97 0.21 95/5 287  

5PK-FU80 4.00 0.21 95/5 322  

10PK-BU80 3.99 0.44 90/10 147  

10PK-FU40 3.91 0.45 90/10 362  

10PK-FU60 3.98 0.45 90/10 438  

10PK-FU80 4.00 0.44 90/10 509  

 

5.2.3. Characterization 

FT-IR spectra were obtained using a Perkin-Elmer Spectrum 2000 in transmission 

mode or in Attenuated Total Reflection (ATR) mode with a diamond crystal. Samples 

for transmission FT-IR measurements were compression molded into 0.1 mm thick 

films for 30 min at 150 °C and 100 bar and measured in a KBr tablet holder. Ground 

samples and powders were measured using the ATR setup of Greasby Specac. 

Measurements were performed over a spectral range from 4000 to 600 cm-1 at a 
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resolution of 4 cm-1, averaging 32 scans. Deconvolution was used to integrate the 

areas related to the anhydride peak at 1856 cm-1 and the reference peak at 723 cm-1. 

Elemental analysis was performed with a EuroVector EA. 1H-NMR spectra were 

recorded on a Varian Mercury Plus 400 MHz spectrometer using DMSO-d6 as solvent. 

The apparent cross-link density was assessed via equilibrium swelling tests in decalin 

at room temperature. About 500 mg of dried, cross-linked sample was immersed in 15 

mL decalin for 72 h in order to reach the equilibrium swelling. The sample was 

weighed after removing the decalin wetting the surface (W1) and was then dried in a 

vacuum oven at 80 °C until a constant weight was reached (W2). The weights of the 

swollen and dried samples were used to calculate the apparent cross-link density 

using the Flory-Rehner equation (Eq. 5.4) [40]. It is noted that the Flory-Rehner 

equation is only applicable for homogeneous rubber samples with difunctional cross-

links, whereas the samples in this study are phase-separated mixtures of EPM with 

PK. Therefore, with the modified PK partly acting as a multi-functional cross-linking 

aid, the calculated values only represent apparent cross-link densities. Extraction 

experiments were performed by immersing small pieces (< 1 g) of sample in refluxing 

acetone for 72 h, filtration of the mixture and drying the residue for 24 h at 50 °C in a 

vacuum oven. 

 
𝑙𝑛(1 − 𝑉𝑅) + 𝑉𝑅 + 𝜒𝑉𝑅

2

2𝑉𝑆(0.5𝑉𝑅 − 𝑉𝑅
1/3

)
  with 𝑉𝑅 = 

𝑊2

𝑊2 + (𝑊1 − 𝑊2)∙
𝜌𝑠𝑎𝑚𝑝𝑙𝑒

𝜌𝑑𝑒𝑐𝑎𝑙𝑖𝑛

    (Eq. 5.4) 

 

VS   Molar volume of solvent (decalin: 154 mL/mol at room temperature). 

𝜒   Flory-Huggins interaction parameter (decalin-EPDM: 0.121 + 0.278VR [28]). 

ρdecalin   Density of the solvent (896 kg/m3 for decalin).  

ρsample   Density of the blend (860 kg/m3 on average; majority of each blend is EPM) 

 

Small-angle X-ray scattering (SAXS) measurements were performed on an advanced 

Nano-Star SAXS setup, a homemade assembly of a NanoStar camera and a Microstar X-

ray generator from Bruker AX-S. Optical microscopy was performed on a Nikon 

Eclipse E600 and images were captured with a Coolpix camera with MDC lens. 

Differential Scanning Calorimetry (DSC) was performed on a Perkin-Elmer DSC Pyris 1 

under a nitrogen atmosphere. The samples for DSC were weighed (10-17 mg) in an 

aluminum pan, which was then sealed. The sample was heated from -80 to 180 °C and 

then cooled to -80 °C using heating and cooling rates of 10 °C/min. Four cycles were 

performed for each sample. Dynamic Mechanical Thermal Analysis (DMTA) was 

performed using a Rheometric Scientific Solid Analyzer (RSA II) in fiber film mode. A 

clamp length of 23 mm, an oscillation frequency of 1 Hz and a strain of 0.7 % were 

applied. Samples were heated and cooled in cycles from 20 to 180 °C and back with a 

heating and cooling rate of 0.05 °C/min. DMTA specimens were prepared by 

compression molding 500 mg of product into 45 mm long, 5 mm wide and 1 mm thick 

rectangular bars. Similar samples were used for tensile tests, which were performed 
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on an Instron 5565 with a clamp length of 15 mm, according to the ASTM D4-112 

standard. A strain rate of 500±50 mm/min was applied. For each measurement 10 

samples were tested and the two outliers with the highest and the lowest values were 

excluded. Data presented are averages of the other 8 tests. Hardness Shore A was 

measured using a Bareiss Durometer, according to the ASTM D2240 standard. Test 

samples with a thickness of 2.0 ± 0.1 mm were prepared by compression molding. 

Average values were obtained from 10 measurements. Compression set tests were 

performed for 70 h at room temperature on a homemade device and relaxed for 30 

min at 50 °C, according to the ASTM D931 standard. Each measurement was 

performed in duplo on cylindrical samples with a thickness of 6.0 ± 0.1 mm and a 

diameter of 13.0 ± 0.1 mm, which were prepared by compression molding.  

5.3. Results and discussion 

5.3.1. Polymer modification 

The modification of PK was performed via the Paal-Knorr reaction with FFA or 

butylamine at a temperature of 110 °C. The reactions proceeded to nearly full 

conversion of the amine (Table 5.1: > 96%) and, thus, the targeted carbonyl 

conversions are almost reached, which is in agreement with previous results for this 

system [20-23]. A comparison of the 1H-NMR spectra of modified PK-FU and the 

original PK (Figure 5.1A) clearly shows the occurrence of a broad peak at ~5.7 ppm, 

which has been assigned to the hydrogen atoms of the pyrrole ring in the PK-FU 

backbone. The peak at 4.9 ppm has been assigned to the methylene group connecting 

the furan to the pyrrole, while the signals at 7.3, 6.2 and 5.9 ppm have been assigned 

to the hydrogen atoms of the pendant furan ring [21, 23]. Figure 5.1 only shows these 

relevant peaks, which clearly increase in intensity with increasing furan concentration 

in the reaction mixture.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. A: 1H-NMR spectra of unmodified polyketone (PK) and furan-modified polyketone with 

different degrees of carbonyl conversion (PK-FU40, PK-FU60 and PK-FU80) and B: transmission 

FT-IR spectra of EPM-MA and the modified EPM-FU. 

A B 

EPM-FU 

EPM-MA 
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The modification of EPM-MA with FFA into EPM-FU was studied by transmission FT-

IR (Figure 5.1B). The most indicative results for the conversion of the cyclic anhydride 

into the imide are the nearly complete disappearance of the C=O anhydride 

asymmetric stretching band at 1856 cm-1 and the appearance of the C=O imide 

stretching and the C-N imide symmetric stretching bands at 1710 cm-1 and 1378 cm-1, 

respectively [23, 41]. The appearance of the symmetric C-O-C stretching band at 1013 

cm-1 and of the out-of-plane hydrogen bending band at 740 cm-1 clearly indicates the 

presence of furan groups linked to EPM-FU [42]. The reaction conversion was 

calculated to be 99.9 %, which is in line with the quantitative modification achieved in 

previous work [20].   

 

5.3.2. Blend characterization 

ATR infrared spectra of the EPM-FU/PK-FU blends with and without BM (Figure 5.2), 

clearly show the appearance of the C-O-C stretching band of the DA adduct at 1185 

cm-1 and the disappearance of the symmetric C-O-C stretching band at 1013 cm-1 and 

of the out-of-plane hydrogen bending band at 740 cm-1 of the furan rings. This 

unambiguously proves the formation of Diels–Alder adducts in the blends [21, 23, 43, 

44], whereas the C-N stretching band of the imide rings at 1378 cm-1 merely 

demonstrates the presence of BM [24]. Unfortunately, it is not clear from these spectra 

whether the DA adducts are formed in the EPM-FU and the PK-FU phases and/or 

between them.  
 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. ATR FT-IR spectra of a PK-FU/EPM-FU blend before and after cross-linking with BM. 

 

The occurrence of cross-linking of the PK phase of the blends was shown by extraction 

experiments in acetone. The cross-linked PK-FU80 could not be extracted from the 5 

and 10PK-FU80 samples, whereas all PK-BU was quantitatively extracted from the 5 

and 10PK-BU80 samples.  

 

The large difference in polarity between the modified EPM and PK polymers 

(calculated solubility parameters are 16 (MPa)0.5 for EPM-FU and 22 to 26 (MPa)0.5 for 

PK-FU/EPM-FU blend 

Cross- 
linked 
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PK-FU, depending on the degree of furan functionalization [45]) suggests that EPM-FU 

and PK-FU are not thermodynamically miscible. In the previous study [24] EPM was 

dispersed in PK and formed phase-separated domains. In this study PK is the minor 

phase (5 to 10 wt%) and will form phase-separated domains dispersed in the rubber 

matrix. PK domains are indeed visible with optical microscopy on the freshly cut 

surface of a compression molded blend sample and seem to have a large variation in 

size (Figure 5.3A). DSC scans of cross-linked EPM-FU/PK-FU blends show the glass 

transition of EPM-FU at -60 °C (Figure 5.3B). The Tg of the starting PK-FU, between 5 

°C and 30 °C, depending on the degree of furan functionalization [22], is increased to 

above 100 °C upon cross-linking with BM and is located just beneath the retro-DA 

endothermic peak of the cross-linked sample, giving it an asymmetric shape. This  

implies that PK-FU does indeed form rigid/hard domains in the soft EPM-FU matrix at 

room temperature. Finally, the inclined slopes of the intensity of SAXS scans (not 

shown for brevity) at large length scale of both the cross-linked and non-cross-linked 

blends also indicate that domains larger than 100 nm are present [46].  

 

 
Figure 5.3. A: Optical micrograph of 10PK-FU60, displaying the phase-separation of 100 μm large 

PK domains (black spots) in the EPM matrix and B: DSC scan of 10PK-FU60 displaying two 

separate Tg of EPM-FU and PK-FU. 

 

Both the furan functionalization of PK-FU and the content of the modified PK-FU affect 

the apparent cross-link density of the blends (Figure 5.4A). It is noted again that the 

apparent cross-link densities shown in Figure 5 are useful for relative comparisons 

only. The blends containing PK-FU have higher cross-link densities than the neat EPM-

FU rubber, indicating that PK-FU indeed acts as a coagent for DA cross-linking with 

BM. For a given PK-FU product the apparent cross-link density increases with the 

amount of PK-FU. At constant PK-FU content the cross-link density increases with the 

degree of furan-functionalization of PK (and corresponding equivalent of BM). Similar 

behavior has been reported for rubber-based systems compounded with phenolic 

resins, either interpenetrating [30-32] or chemically bonded to the rubber matrix [33-

38]. PK-BU is not able to form any DA adduct and, indeed, the reference blends with 

PK-BU show the lowest apparent cross-link densities, which are even lower than that 

A B 

Tg, EPM-FU 
- 60 °C 

Tg, PK-FU 
130 °C 

TrDA  
150 °C 
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of the neat EPM-FU rubber. The effect of PK-BU seems to be larger than can be 

explained by the 5-10 wt% dilution of EPM-FU. This may be because the polar BM 

cross-linkers prefer the more polar PK-FU phase over the less polar EPM-FU phase.  

 

The apparent cross-link density is also plotted versus the total BM content (Figure 

5.4B), which corresponds with the formed amount of furan/maleimide DA adducts in 

the blends. The fairly linear correlation shows that the apparent cross-link density of 

the blends is indeed determined mainly by the BM content and thus the total furan 

content. When increasing the BM content in EPM-FU in the absence of PK-FU [47] on 

the other hand results in a decrease of the apparent cross-link density due to capping 

of pendant furan-groups with BM. Capping means that all furan units are linked to a 

single BM molecule, i.e. one maleimides function of BM is connected to only one 

polymer chain, while its second maleimides group is not connected. As a result, no 

cross-links can be formed. For the EPM-FU/PK-FU blends such an optimum is not 

observed as these samples always contain equimolar amounts of furan and BM, 

resulting in a continuously increasing apparent cross-link density. 

 
Figure 5.4. A: Apparent cross-link density, determined via equilibrium swelling, for cross-linked 

blends of EPM-FU and modified PK as a function of modified PK content and B: as a function of the 

total BM content in the blend (PK-BU data not included). Error bars indicate ± 1 standard 

deviation. 

 

5.3.3. Blend properties 

The temperature response of the storage modulus of the cross-linked 95/5 (w/w) 

EPM-FU/PK blends was studied by DMTA (Figure 5.5). The storage modulus shows a 

gradual decrease over a temperature range from 20 to 150 °C. This plateau is followed 

by a steep drop above 150°C for all samples when tested. The rubber plateau is a 

typical feature of covalently cross-linked rubbers [1], while the drop indicates the 

softening of the material upon de-cross-linking via the retro-DA reaction and going 

into the flow regime [21]. When heated samples were cooled back to 20 °C and tested 

again, they display a high recovery of the storage modulus at 25 °C, notably 88 %, 94 

% and 92 % for 5PK-FU40, 5PK-FU60 and 5PK-FU80, respectively. These results 
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confirm the reversibility of cross-linking in the blends, which is in agreement with the 

thermoreversible behavior of the neat cross-linked rubber reported previously [20]. 

 

The samples with PK-FU display a higher storage modulus at low temperatures than 

the neat EPM-FU rubber as a result of increased cross-linking. The increase in storage 

modulus with furan functionalization of the PK-FU at the same PK loading agrees with 

the increased cross-link density of these samples and suggests an interaction between 

PK-FU and EPM-FU. The rubber plateaus of the samples with PK-FU seem to have a 

more negative slope compared to EPM-FU, especially at higher PK loading. This is 

probably due to the gradual de-cross-linking via the retro-DA reaction (both within 

the PK domains in the rubber matrix and between the PK domains and the rubber) 

and the subsequent softening of the PK domains, resulting in a loss of rubber 

elasticity. Finally, the addition of PK-BU to the rubber results in a decrease of the 

storage modulus, which decreases rapidly with the temperature approaching 150 °C. 

The addition of PK-BU therefore appears to disturb the elastic rubber network 

strongly, which was also witnessed from the apparent cross-link density. This may be 

because the polar BM cross-linker partly dissolves in the polar PK domains and, thus, 

is excluded from cross-linking the apolar EPM-FU. 

 
Figure 5.5. Storage modulus as a function of temperature for blends of EPM-FU with A: 5 wt% and 

B: 10 wt% of modified PK, thermoreversibly cross-linked with BM, as measured with Dynamic 

Mechanical Thermal Analysis. 

 

All blends exhibit a significantly higher hardness than the neat rubber (Figure 5.6A). 

The hardness of the mixtures with PK-FU shows the same trend as observed for the 

apparent cross-link density and the storage modulus. The higher hardness of the PK-

BU reference sample is not consistent with the lower apparent cross-link density and 

suggests that the PK-BU domains are rigid. The compression set at room temperature 

(Figure 5.6B) assesses the ability of a sample to recover its original shape after 

deformation and, thus, provides a practical measure of the elasticity of a sample, with 

a low compression set representing high elasticity. The presence of PK in the blends 

with EPM-FU rubber has a detrimental effect on the compression set. This is 

particularly evident for the samples with PK-BU and with a high PK-FU content. When 

A B 
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comparing mixtures with the same PK content, the compression set becomes lower 

with increasing degree of furan-functionalization.  

 
Figure 5.6.  A: Hardness and B: compression set at room temperature of cross-linked blends of 

EPM-FU and PK-FU. Error bars indicate ± 1 standard deviation. 

 

The tensile tests results (Figure 5.7A) show that both the Young’s modulus (Figure 

5.7B) and the tensile strength at break (Figure 5.7C) are significantly higher for the 

samples containing PK-FU compared to the neat rubber. They increase with both the 

PK-FU furan-functionalization and with the PK-FU content. Conversely, the elongation 

at break of these samples (Figure 5.7D) shows an opposite trend, i.e. it decreases with 

both PK content and degree of furan functionalization. The increased Young’s modulus 

and the decreased elongation at break of the PK-BU reference samples imply that the 

observed effects should be attributed to both the addition of the non-elastic PK, as 

well as to the increased apparent cross-link density. 
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Figure 5.7. Median stress-strain curves (A) and average Young’s modulus (B), tensile strength (C) 

and elongation at break (D) for cross-linked blends of EPM-FU and PK-FU. Error bars indicate ± 1 

standard deviation. 

 

A representative selection of samples with low and high PK-FU content and furan-

functionalization has been reprocessed to determine the retention of the properties 

(reworked sample/original sample x 100%) (Figure 5.8). For all these samples the 

cross-link density and hardness are fully retained (> 95-105 %) upon reprocessing 

them. The compression set and tensile properties however, are significantly 

influenced by reprocessing the sample bars. This influence is more evident for 

samples with higher PK-FU content. This may be related to the phase separation of the 

EPM-FU matrix and the PK-FU domains. Previous studies showed that the properties 

of the pure PK-FU are fully retained upon reprocessing [21, 23]. In this study the EPM-

FU matrix reconnects the cut sample pieces upon reprocessing. Impoverishment of the 

dispersed PK-FU in the healed region may explain deterioration of the compression 

set and the tensile strength. Nevertheless, material properties of the reprocessed 

EPM-FU/PK-FU blends are still retained between 70% and 120% and superior to 

those of the starting EPM-FU.  

A B 

C D 
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Figure 5.8. Retention of the cross-link density, hardness, compression set, Young’s modulus, tensile 

strength and elongation at break for DA cross-linked EPM-FU and four characteristic EPM-FU/PK-

FU blends with different PK-FU content and furan-functionalization. 

5.4. Discussion 

The material properties of the different EPM-FU/PK blends are compared to those of 

the starting EPM-FU and discussed in terms of the cross-link density. Upon addition of 

PK-BU80, the hardness and Young’s modulus of these reference systems increases, 

while the cross-link density decreases. So, PK-BU interferes with cross-linking and 

seems to act as a filler. The tensile strength and elongation at break decrease though, 

so PK-BU is an inert and not a reinforcing filler. Finally, the compression set strongly 

increases, which indicates a major loss of elasticity. This may be because the polar BM 

migrates from the apolar EPM-FU into the more polar PK-BU domains. In summary, 

PK-BU is an inert filler that disrupts cross-linking.  

 

An increase of the furan content of the PK-FU added to EPM-FU results in an increase 

of the cross-link density, which correlates with the increase in hardness, Young’s 

modulus and tensile strength and the decrease in elongation at break and 

compression set. These results are fully in line with the well-known trends of these 

properties with cross-link density for vulcanized EPDM [48] and rubber in general 

[49]. An increase of the amount of PK-FU also results in an increased cross-link 

density, which again fully explains the increase of the hardness, Young’s modulus and 

tensile strength and the decrease of the elongation at break. However, addition of PK-

FU to EPM-FU results in an increased compression set (i.e. reduced elasticity), which 

is not consistent with the increased cross-link density. 

 

A series of plots of hardness, compression set, Young’s modulus, tensile strength and 

elongation at break versus the apparent cross-link density was constructed (Figure 

S5.1). The trends discussed above are clear, but there seems to be no simple 

correlation, i.e. there is a lot of scatter in the data. This shows that the EPM-FU/PK-FU 
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blends cross-linked with BM are complex systems with properties not solely 

determined by the cross-link density. For a part, this may be because the use of the 

apparent cross-link density is tricky, since it is not absolutely correct due to the 

heterogeneity of the EPM-FU/PK-FU-blends and the multifunctional character of PK-

FU.  

Overall, PK-FU behaves as a multi-functional cross-linking aid, though it also seems to 

have some characteristics of an inert filler. PK-FU does not act in the same way as a 

coagent in peroxide curing of elastomers. For peroxide resins, the addition of a 

coagent results in a higher cross-link density at the same peroxide content whereas 

the multi-functional PK-FU cross-linking aid allows for the addition of higher amounts 

of BM cross-linker. This results in higher cross-link densities and a corresponding 

improvement of the mechanical properties. The use of PK-FU as a multifunctional 

cross-linking aid is expected to create hard, cross-linked domains in the EPM-FU 

matrix, thereby increasing the apparent cross-link density (Figure 5.9).  

 

Figure 5.9. Schematic representation of the formation of highly cross-linked PK-FU domains in 

EPM-FU rubbers upon addition of BM cross-linker. 

The addition of PK-FU to the EPM-FU rubber allows the apparent cross-link density of 

the rubber compound to approach industrially relevant cross-link density levels 

(equal or above 10-4 mol/mL) [50, 51]. On top of that, PK can easily be functionalized 

with different amounts of furan groups, allowing for a new way of tuning the cross-
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link density of the resulting rubber mixtures. Finally, the addition of PK-FU does not 

affect the thermoreversible nature of EPM-FU cross-linked with BM, allowing for 

‘cradle-to-cradle’ production and recycling of the waste into new products with 

similar mechanical properties. 

5.5. Conclusions 

The cross-link density of thermoreversibly cross-linked EPM rubber was increased 

beyond the limit imposed by its degree of maleic anhydride functionalization without 

affecting the thermoreversible character of the cross-links. This was achieved by 

mixing furan-modified EPM rubber with various amounts of a furan-functionalized PK 

and cross-linking the blend with an aromatic BM through Diels Alder chemistry. The 

addition of PK-FU to the thermoreversibly cross-linked EPM-FU system allows for the 

addition of larger amounts of BM, resulting in an increase of the cross-link density. 

Mechanical properties, such as hardness, compression set, Young’s modulus, tensile 

strength and elongation at break, can therefore be modulated by varying the furan 

functionalization and/or the amount of PK-FU. It is concluded that PK-FU acts as a 

multifunctional cross-linking aid, though it also has some inert filler characteristics. 

The resulting cross-linked polymer network exhibits excellent reversibility as proven 

by DMTA and the retention of properties upon reprocessing the material, allowing for 

the material to be recycled on a ‘cradle-to-cradle’ basis. 
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Supplementary information Chapter 5 

 

Figure S5.1. A: Harness and compression set of all EPM-FU/PK-FU blends versus their apparent 

cross-link density and B: Young’s modulus, tensile strength and elongation at break of all EPM-

FU/PK-FU blends versus their apparent cross-link density. 
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Thermoreversible cross-linking of furan-

containing ethylene/vinyl acetate rubber with 

bismaleimide‡‡ 
 
A proof of principle for the use of Diels-Alder (DA) chemistry as a thermoreversible 

cross-linking tool for ethylene-vinyl acetate (EVA) rubber is demonstrated using two 

differently prepared amorphous furan-functionalized EVA rubbers. The first is an 

EVFM terpolymer of ethylene, vinyl acetate and furfuryl methacrylate. The second is 

an EVA-g-furan product, resulting from the reaction of maleated EVA with 

furfurylamine. Both furan-containing EVA rubbers have been cross-linked with 

bismaleimide via a DA coupling reaction to yield products with similar cross-link 

density. The BM cross-linked EVFM terpolymer products display rubber properties 

similar to the ones of peroxide cured EVA rubbers whereas the rubber properties of 

the BM cross-linked EVA-g-furan correspond to those of a rubber with a higher cross-

link density. The preparation of the EVA-g-furan was up-scaled to a small internal 

mixer, which also allowed compounding with carbon black and plastisizer in the same 

step. It was shown that compounding with carbon black resulted in reinforcement of 

the EVM rubber, i.e. enhanced strength, and did not interfere with the reprocessing via 

the retro DA reaction. 

  
                                                 
This chapter is based on: L. M. Polgar, E. Hagting, W.J. Koek, F. Picchioni and M. van Duin, ‘Thermoreversible 
cross-linking of furan-containing ethylene/vinylacetate rubber with bismaleimide’ Polymers 2017 81 (9) 1-
13. 
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6.1. Introduction 

Ethylene/vinyl acetate copolymers (EVA) can be tuned from crystalline plastics to 

amorphous rubbers by adjusting the vinyl acetate (VA) content. EVAs with 40 to 80% 

VA are soft and flexible materials with no or hardly any crystallinity, which yield 

elastic products upon cross-linking. Their excellent resistance against heat, 

weathering, ozone, UV and oil combined with the good processability makes EVA 

rubbers highly suitable for automotive applications with stringent high-temperature 

requirements, such as gaskets, seals and hoses [1-4]. EVA rubbers have also found 

common use as photovoltaic insulators [5-8], cable insulants [1,3,4,9-13], hot melt 

adhesives [2-4,10], coatings [2,10], emulsion paints [2] and shoe soles [3,4,14].  

 

The superior environmental resistance of EVA rubber is the result of the absence of 

unsaturated C=C bonds in the polymer backbone [1]. Unfortunately, the absence of 

any unsaturation prevents the use of commonly applied sulfur vulcanization for EVA 

rubber [9,15]. The main methods for EVA cross-linking are peroxide curing, high 

energy irradiation and siloxane/moisture curing [2-4,9,16]. These cross-linking 

methods are associated with side-reactions, like chain scission and degradation that 

compete with the cross-linking reaction, and the formation of irregular networks 

[15,17-19]. Moreover, these curing methods are not thermally reversible, making 

recycling of waste EVA rubber products impossible.  

 

Societal trends towards limitation of plastic and rubber waste and the need for more 

sustainable industrial materials make reversible cross-linking of rubber an interesting 

technology [20]. Its broad applicability [21-24], relatively fast kinetics,  mild reaction 

conditions [21,25] and low coupling and high decoupling temperature render the 

(retro) Diels Alder DA reaction quite suitable for reversible cross-linking of polymers 

[22,23,26-28]. In our previous work, thermoreversible cross-linking of EPM rubbers 

was successfully performed using (retro) DA furan-maleimide cross-linking [29]. To 

implement similar reversible furan-maleimide cross-linking to EVA rubber, a certain 

degree of functionalization has to be introduced along the saturated EVA polymer 

backbone, for example via copolymerization and post-polymerization modification 

[30]. High-pressure terpolymerisation of ethylene, VA and a furan-containing 

monomer in a solution process can be used for this purpose. Another approach is 

post-polymerization modification of EVA rubber via peroxide-initiated, free-radical 

grafting [22,31-36]. Unfortunately, free-radical grafting is often accompanied by 

irreversible cross-linking reactions [32,37,38]. Nevertheless, both methods will be 

pursued to introduce furan functionality on the EVA rubber backbone (Scheme 6.1).  

For both furan-containing EVA rubbers the addition of an electron-poor bismaleimide 

(BM) should enable for thermoreversible DA cross-linking [23,28,39-41]. The VA 

content of both EVA products is chosen to be approximately 70 wt%, because the 
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effects of cross-linking on material properties are more pronounced as the starting 

material is fully amorphous. 

 
Scheme 6.1. Furan-functionalized EVA via terpolymerization (top) and post-polymerization 

modification (bottom) and subsequent thermoreversible cross-linking with bismaleimide via 

(retro) DA chemistry. 

 

The first goal of this work is to study the effect of the way the functional furan groups 

are introduced on the EVA polymer chain (terpolymerization versus post-

polymerization modification) on the properties of thermoreversibly cross-linked EVA 

rubbers. The reprocessability and material performance of the BM cross-linked EVA 

rubbers will also be compared with peroxide cured EVA. The furan-functionalization 

of the maleated EVA and the subsequent DA cross-linking was up-scaled from a 

solution process to an internal mixer. EVA gum rubbers are usually compounded with 

reinforcing fillers, such as carbon black [42-44], and oil to improve the strength while 

maintaining good  processing. Carbon black also acts as a stabilizer, retarding rubber 

degradation by oxidation and preventing discoloration [45]. The furan-functionalized 

EVA is therefore also compounded with carbon black and oil to investigate whether 

carbon black affects the thermoreversible DA cross-linking and, in addition, still 

reinforces thermoreversibly cross-linked EVA .  

6.2. Experimental 

6.2.1. Materials 

The non-modified ethylene/vinyl acetate (VA) copolymer rubber (EVA rubber, 

Levamelt 700, 30 wt% ethylene,  Mn = 35 kg/mol, PDI = 9) and the maleated EVA 

copolymer rubber (EVA-g-MA, 29 wt% ethylene, 69 wt% VA, 1.41 wt% MA, Mn = 31 

kg/mol, PDI = 17) were kindly provided by ARLANXEO Germany. The 

ethylene/VA/furfuryl methacrylate (FM) terpolymer (EVFM,  38 wt% ethylene, 60 

wt% VA, 2.1 wt% FM, Mn = 46 kg/mol, PDI = 2.7) was synthesized from ethylene, VA,  

FM in t-butanol as solvent and using 2,2-azobis 2,4-dimethyl valeronitrile (ADVN) as 
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initiator. The EVA-g-MA precursor was dried under vacuum at 175 ºC for one hour to 

convert any diacid present into cyclic anhydride [29,46]. Carbon black N550 was 

kindly provided by Teijin Aramid.  1,1-(methylenedi-4,1-phenylene)bismaleimide (BM, 

95%), octadecyl-1-(3,5-di-tert-butyl-4-hydroxyphenyl) propionate (99%), dicumyl 

peroxide (DCP, 98%), dioctyl sebacate (DOS, ≥ 97%), tetrahydrofuran (THF, >99.9%), 

toluene (99.8%) and acetone (>99.5%) were all purchased from Sigma-Aldrich and 

used as received as reversible cross-linker, phenolic anti-oxidant, peroxide cross-

linker, lubricant and solvents, respectively. Furfurylamine (FFA, Sigma-Aldrich, ≥ 

99%) was freshly distillated before use. 

 

6.2.2. Methods 

6.2.2.1. Terpolymerization of ethylene, vinyl acetate and furfuryl methacrylate 

743 g t-butanol, 1488 g VA, 2,0 g FM and 2,5 g ADVN were added to a 5 L high-

pressure autoclave under continuous stirring. After removal of oxygen, 1062 g of 

ethylene was added and the temperature was raised to 61 °C.  A pressure of 

approximately 380 bar was reached. The pressure was kept at 380 bar during the 

polymerization by adding ethylene. After 30 min a solution of 122 g t-butanol, 157 g 

VA and 28 g FM were continuously added over a period of 8.5 h. The acrylate was 

added in two steps to avoid homopolymerization and/or long FM sequences in the 

EVFM polymer. After polymerization for 10 h the polymer solution was transferred to 

a blow-down tank and residual ethylene was removed. After the removal of unreacted 

VA and t-butanol under vacuum, 615 g of polymer (EVFM) consisting of 38 wt% 

ethylene, 60 wt% VA and 2,1 wt% FM (determined by 1H-NMR) was obtained.  

 

6.2.2.2. Furan functionalization of EVA-g-MA 

EVA-g-MA rubber was dissolved in THF to afford a 10 wt% solution to which 3 eq. FFA 

(with respect to the MA in EVA-g-MA) was added. The reaction mixture was left to stir 

at room temperature for 5 h in a closed system and, subsequently, precipitated into a 

seven-fold of demineralized water under mechanical stirring. The furan-

functionalized polymer (EVA-g-furan) was obtained as white threads. The polymer 

product was dried at 50 °C up to constant weight. Finally, the intermediate amide-acid 

was compression molded for 15 min at 175 °C and 100 bar to ensure the complete 

conversion to the cyclic imide. 

 

6.2.2.3. Diels-Alder cross-linking 

EVA-g-furan or EVFM rubber was dissolved in THF to afford a 10 wt% solution to 

which 1000 ppm phenolic antioxidant and 0.5 eq. BM (with respect to the furan 

content in the rubber) were added. When homogeneous mixtures were obtained, the 

majority of the solvent was evaporated in the fumehood by blowing over air. The 

residual solvent was removed in a vacuum oven at 50 °C. Sample bars of the obtained 

brownish mixtures were obtained by pre-heating the materials in a mold at 140 °C for 

5 min and compression molding them at 140 °C and 100 bar for 30 min. 
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6.2.2.4. Peroxide curing of EVA  

EVA rubber was mixed with the DCP peroxide in an internal mixer (Brabender 

Messenkneder, Type W 30 EHT) at 50 rpm and 50 °C. After homogenizing 26 g of EVA 

rubber (70% fill factor) for 4 min, the desired amount of DCP (1.5 or 3.0 phr) was 

added and after another 6 min a homogeneous mixture was obtained. Subsequent 

vulcanization of the obtained mixtures was performed by pre-heating the samples in a 

mold at 160 °C for 5 min and compression molding them at 160 °C and 50 bar for 35 

min. 

 

6.2.2.5. Compounding of EVA-g-furan 

Rubber compounds with filler and plasticizer were also prepared in the internal mixer. 

Homogenization of 28 g of EVA-g-furan was performed at 50 rpm and 50 °C for 2 min. 

A pre-blended mixture of 55 parts per hundred rubber (phr) of carbon black, 15 phr 

of DOS and 1000 ppm phenolic antioxidant was added to the mixer and mixed in for 3 

min. Next, 0.5 eq. thermoreversible BM cross-linker (with respect to the furan content 

of the rubber) or 1.6 phr of the DCP peroxide was added to the mixer, which was 

operated for an additional 6 min. The products were compression molded at 160 ⁰C 

and 50 bar for 32 min. Finally, the BM cross-linked samples were thermally annealed 

in an oven at 50 ⁰C for 3 days. 

 

6.2.3. Characterization 

GPC was performed using triple detection (refractive index, viscosity and light 

scattering) consisting of a Viscotek Ralls detector, Viscotek Viscometer Model H502 

and Shodex RI-71 Refractive Index detector. The separation was carried out by 

utilizing a guard column (PL-gel 5 µm Guard, 50 mm) and two columns (PL-gel 5 µm 

MIXED-C, 300 mm) from Agilent Technologies. THF (containing 0.01 M lithium 

bromide) was used as eluent with a flow rate of 1.0 mL/min. The number- and weight-

averaged molecular weight (Mn and Mw; polydispersity index [PDI] = Mw/Mn) was 

calculated relative to polymethylmethacrylate standards via refractive index, viscosity 

and light scattering. 1H-NMR spectra were recorded on a Varian Mercury Plus 400 

MHz spectrometer with CDCl3 as solvent. Elemental analysis (N, C and H) of the rubber 

products was performed on a Euro EA elemental analyzer after washing the samples 

thoroughly in acetone to remove any unreacted BM. The oxygen content was 

calculated via the mass balance. The number of functional groups per chain (#/chain) 

was calculated from the determined nitrogen content and the molecular weight. The 

cross-link density [XLD] was determined from swelling experiments in toluene. The 

swelling test was performed by weighing a rubber sample (approximately 500 mg) in 

a 20 mL vial and immersing it in 15 mL toluene until equilibrium swelling was 

reached (3 days). The sample was weighed after removing the toluene on the surface 

with a tissue (W1) and was then dried under vacuum at 110 °C until a constant weight 

was reached (W2). The cross-link density was calculated using the Flory-Rehner 

equation (Eq. 6.1) [47].  



Chapter 6 

                                                                                                        Lorenzo Massimo Polgar 144 

[𝑋𝐿𝐷]𝑠 = 
𝑙𝑛(1−𝑉𝑅)+𝑉𝑅+𝜒𝑉𝑅

2

2𝑉𝑆(0.5𝑉𝑅−𝑉𝑅
1/3

)
 with 𝑉𝑅 = 

𝑊2

𝑊2+(𝑊1−𝑊2)∙
𝜌𝐸𝑉𝑀−𝑔−𝑓𝑢𝑟𝑎𝑛

𝜌𝑡𝑜𝑙𝑢𝑒𝑛𝑒

 (Eq. 6.1) 

VR  volume fraction of rubber in swollen sample.  

VS  molar volume of solvent (decalin: (toluene, 0.1063 L/mol at room temperature). 

χ Flory-Huggins interaction parameter (0.133 for toluene-EVA with 70 mol% VA [13,48]).  

ρ density (930 g/mL for EVA and 870 g/mL for toluene) 

Differential scanning calorimetry (DSC) was performed using a TA Instruments Q1000 

under a nitrogen atmosphere. The sample for DSC was weighed (10-17 mg) in an 

aluminum pan, which was then sealed. The glass transition temperature (Tg) was 

determined by the inflection point method using Universal Analysis software provided 

by TA Instruments. The rubber products were analyzed in heating/cooling cycles from 

-60 to 200 °C using heating and cooling rates of 10 °C/min. Four cycles were applied 

for each sample. Tensile test specimens were prepared by compression molding 500 

mg of product into 45 mm long, 5 mm wide and 1 mm thick rectangular bars. 

Compression molding was performed on a Taunus Ton Technik V8UP150A press, 

equipped with a temperature controller. The tensile tests were performed on an 

Instron 5565 with a clamp length of 15 mm, according to the ASTM D4-112 standard. 

A strain rate of 500 ± 50 mm/min was applied. For each measurement 10 samples 

were tested and the two outliers with the highest and the lowest values were excluded. 

The data presented are averages of the other 8 tests. The figures show the median 

stress-strain curve. Hardness Shore A was measured using a Bareiss Durometer, 

according to the ASTM D2240 standard. Test samples with a thickness of 2.0 ± 0.1 mm 

were prepared by compression molding. Average values were obtained from 10 

measurements. Taking into account the viscoelastic behavior of EVA rubber, the load 

reading was taken 50 s after placing the force-loaded indenter on the rubber surface. 

Compression set tests were performed according to the ASTM D931 standard using a 

home-made device and cylindrical samples with a thickness of 6.0 ± 0.1 mm and a 

diameter of 13.0 ± 0.1 mm, which were prepared by compression molding. The 

samples were compressed to 75% of their original thickness for 70 h at room 

temperature and relaxed for 30 min at 50 °C.   

6.3. Results and discussion 

6.3.1. Characteristics of (cross-linked) EVA gum rubber 

EVFM and EVA-g-furan and their BM cross-linked products were thoroughly extracted 

and dried before characterizing them by elemental analysis, GPC, DSC and swelling 

tests (Table 6.1). The amount of nitrogen in EVA-g-furan is representative for the 

degree of conversion of the grafted maleic anhydride into the succinimide. Likewise, 

the cross-linking conversion of both EVA-g-furan and EVFM was determined from the 

molar nitrogen content of the extracted vulcanizates. These results were used to 
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calculate the number of functional and cross-linked groups on the rubber chain as a 

measure of cross-link density.  

 

Table 6.1. Reaction conversion according to elemental analysis. 

 Mn 

(kg/mol) 

PDI 

(-) 

N, C, H  O content 

(wt%) 

#/chain 

(-) 

Tg 

(°C) 

[XLD] 

(mol/mL) 

EVA rubber 35 9.1 <0.01, 64.41, 9.19  26.40 - - 11.9 - 

EVFM 46 2.7 <0.01, 67.41, 9.87  22.72 5.8 - 21.7 - 

EVA-g-MA 31 17 <0.01, 65.40, 9.61  24.99 4.4 - 12.7 - 

EVA-g-furan 31 17 0.20, 66.37, 9.52  23.91 4.3 - 11.0 - 

BM cross-linked 

EVFM 

- - 0.35, 67.34, 9.62  22.69 5.5 -22.3 8.62∙10-5  ± 

2.0.10-5 

BM cross-linked 

EVA-g-furan 

- - 0.42, 65.16, 9.34  25.08 3.9 - 9.7 8.75∙10-5 ± 

3.0.10-6 

1.5 phr DCP 

cured EVA 

- - <0.01, 64.44, 9.04  26.52 - -12.3 4.8.10-5 ± 

1.1.10-5 

3.0 phr DCP 

cured EVA 

- - <0.01, 62.47, 8.91  28.62 - -12.7 2.4.10-4 ± 

2.3.10-5 

 

The elemental analysis results confirm the composition of the EVFM terpolymer as 

determined by 1H-NMR (identical numbers obtained for the VA and FM content of 38 

wt% and 2.1 wt%, respectively). The findings for the furan-functionalization of EVA-g-

MA with FFA (> 95%) are in line with results previously reported for the facile and 

complete furan-functionalization of EPM-g-MA [29]. The Mn and PDI do not change 

upon furan-functionalization of EVM-g-MA. For the BM cross-linked EVFM and EVA-g-

furan the amount of BM still connected to the rubber after extraction points at a 

relatively high degree of conversion of the furan functionality (95% and 91% for the 

BM cross-linked EVFM and EVA-g-furan, respectively). These conversions correspond 

to cross-link densities of 9.4.10-5 and 1.0.10-4 mol/mL for the BM cross-linked EVFM 

and EVA-g-furan, respectively, which are very similar to those determined from swell 

tests (8.6∙10-5 and 8.8∙10-5 mol/mL, respectively). The cross-link densities of BM 

cross-linked EVFM and EVA-g-furan are also quite similar, allowing for a fair 

comparison of the material properties of these cross-linked products. The same holds 

for the cross-link densities of the reprocessed BM cross-linked EVA rubbers, viz. of 

8.4∙10-5 and 8.3∙10-5 mol/mL for EVFM and EVA-g-furan, respectively. Finally, it must 

be noted that the cross-link density of the 3 phr DCP cured EVA reference is relatively 

high with respect to the 1.5 phr DCP cured sample, which may be because the latter 

has just passed the gel point. The Tg of the different EVA rubbers is not affected by 

cross-linking (differences in Tg values before and after cross-linking are smaller than 1 

°C). The difference of 10 °C in Tg between EVFM and EVA is probably related to the 

higher VA content in the latter (30 wt% VA vs. 38 wt% for EVFM and EVA, 

respectively). 
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While EVA is soluble in most common organic solvents [49], its cross-linked products 

are expected to be non-soluble and to swell to a certain extent, depending on the 

degree of cross-linking [50]. Solubility tests in 1,2,4-trichlorobenzene show that both 

EVA-g-furan and EVFM indeed dissolve at room temperature, whereas their 

corresponding BM cross-linked products do not (Figure 6.1). Gel contents of the cross-

linked products were found to be close to 100% in toluene and 1,2,4-

trichlorobenzene. This indicates clearly the formation of a cross-linked network. 

Heating the 1,2,4-trichlorobenzene to 180 °C results in full dissolution of the BM 

cross-linked products, which demonstrates that de-cross-linking via the retro-DA 

reaction takes place at such high temperatures. Finally, the rubber products dissolved 

at 180 °C were recovered by removing the solvent under vacuum and then shown to 

be once more insoluble at room temperature, proving that re-cross-linking has taken 

place. The same conclusion is obtained from the reprocessability of the BM cross-

linked sample bars of both materials. Unlike irreversibly peroxide cured EVA rubber 

samples, both the BM cross-linked EVFM and EVA-g-furan samples can be cut in small 

pieces and subsequently be compression molded into new coherent sample bars with 

similar material properties (Figure 6.2). 

 

 

 

 

 

 

 

 

 

Figure 6.1. Solubility in 1,2,4-trichlorobenzene at room temperature of non-cross-linked, BM 

cross-linked and de-cross-linked samples of A: EVFM and B: EVA-g-furan. 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. Sample bars of rubber as such and BM/peroxide cross-linked and reprocessed rubber 

samples of A: EVFM, B: EVA-g-furan and C: EVA rubber.  
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6.3.2. Properties of (cross-linked) EVA gum rubber 

The hardness of the different EVA rubber products varies over a very wide range 

(Figure 6.3A). EVFM and EVA-g-furan initially display a similar hardness, which is 

significantly higher than that of the non-functionalized EVA rubber. The characteristic 

increase in hardness that occurs upon cross-linking [51,52] is observed for both BM 

cross-linked products. The hardness of the BM cross linked EVFM increases to the 

same level as that of the DCP-cured EVA rubber reference. The hardness of EVA-g-

furan, however, increases to a higher level upon BM cross-linking. This may be related 

to the presence of some irreversible cross-links that are known to form during the 

peroxide-initiated maleation of the EVA rubber [32,37,38]. Polymer radicals, resulting 

from hydrogen abstraction by the peroxide-derived alkoxy radicals, may combine 

yielding a cross-link instead of reacting with a MA monomer [15,53]. Although this 

extent of peroxide cross-linking in the EVA-g-MA and EVA-g-furan products may not 

be enough to result in significant gel contents in the swell tests, it may still contribute 

to an increased hardness of the cross-linked polymer. Reprocessing the BM cross-

linked samples results in fair retention of the hardness of 97% for EVFM and 83% for 

EVA-g-furan.  

 

The compression set (CS) at room temperature assesses the ability of a sample to 

recover its original shape after deformation and, thus, provides a practical measure 

for the elasticity of a cross-linked rubber. A low CS represents high elasticity and a 

high CS represents low elasticity. As expected, CS of the starting, non-cross-linked 

EVFM and EVA products are close to 100%, indicating the absence of any elasticity 

(Figure 6.3B). The non-cross-linked EVA-g-MA and EVA-g-furan products already 

display a certain degree of elasticity with CS values around 60%, which again may be 

related to the presence of some irreversible cross-links formed during the peroxide-

initiated maleation of the EVA. For apolar polymers grafted with polar groups, like 

maleated EPM, the presence of phase-separated, polar domains that are rich in (furan-

modified) MA grafts, which act as physical cross-links at room temperature, has been 

shown. However, as demonstrated in another study such polar clusters do not occur in 

polar EVA [54]. As expected, BM cross-linking of both EVFM and EVA-g-furan results 

in a decrease of CS with approximately the same step. Upon reprocessing of the BM 

cross-linked samples, the retention of CS is significantly higher for EVFM than for 

EVA-g-furan (106% versus 73%). Finally, both DCP-cured reference samples show 

very low CS values close to zero, indicating almost ideal elasticity. In this respect, the 

relatively high CS values of the BM cross-linked samples with similar cross-link 

densities may result from the thermoreversible character of the DA cross-links, which 

allows for their rearrangement under prolonged compression and results in creep or 

relaxation of the material.  
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Figure 6.3. A: Hardness and B: compression set at room temperature of EVFM, EVA-g-MA, EVA-g-

furan and EVA rubber precursors and their BM/DCP cross-linked and reprocessed products. The 

error bars indicate ± 1 standard deviation. 

 

Tensile tests were performed on all (cross-linked) EVA samples (Figure 6.4). The non-

cross-linked samples are typical gums with low Young’s moduli and tensile strength 

and extremely high elongation at break. The non-cross-linked EVA-g-furan precursor 

however, has a significantly higher Young’s modulus and tensile strength and a lower 

elongation at break than the non-cross-linked EVFM and EVA rubbers. The lower 

elongation at break may result from the difference in molecular weight (35 kg/mol for 

EVA-g-furan versus 45 kg/mol for EVFM) as larger polymers are more entangled 

[50,55]. This difference may also be a consequence of the presence of the low amount 

of irreversible peroxide cross-linking that is known to occur upon the maleation of 

EVA. All three EVA rubbers show a typical increase in Young’s modulus and tensile 

strength and a decrease in elongation at break upon cross-linking with respect to their 

non-cross-linked precursors [48,56,57]. The tensile properties of both 

thermoreversibly cross-linked EVA rubbers appear to be superior (larger tensile 

strength at a comparable elongation at break) to those of DCP-cured EVA rubbers with 

comparable cross-link densities. The Young’s modulus and tensile strength of the BM 

cross-linked EVA-g-furan are also higher than that of the BM cross-linked EVFM, 

despite their similar cross-link density. Meanwhile, the relative increase in Young’s 

modulus and tensile strength and decrease in elongation at break with respect to their 

non-cross-linked precursors is larger for EVFM. This may, again, be due to the 

aforementioned presence of irreversible cross-links in EVA-g-furan as these cross-

links would be unable to dissociate. This is in line with the lower retention of these 

properties upon reprocessing of the BM cross-linked EVA-g-furan with respect to the 

BM cross-linked EVFM. Nevertheless, both materials show high retention of their 

tensile properties upon reprocessing (~90%).  

A B 
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Figure 6.4. A: Median stress-strain curves of non-cross-linked (dashed lines), BM/peroxide cross-

linked (bold lines) and reprocessed (normal lines) EVA-g-furan, EVFM and EVA rubber samples 

and B: the average values for the Young’s modulus, tensile strength and elongation at break of the 

cross-linked EVA rubbers. The error bars indicate ± 1 standard deviation. 

 

6.3.3. Cross-linked EVA rubber compounds 

The furan-functionalization and DA cross-linking of EVA-g-MA was up-scaled from a 

solution route to an internal mixer, following a procedure as applied earlier for a 

maleated EPM [58]. This also allows for first compounding with carbon black and oil, 

followed by the addition of the BM cross-linker in a one-step process. A common EVA 

compound formulation [59] was used and modified to replace the DCP cross-linker by 

0.5 molar equivalent of BM with respect to the furan content of EVA-g-furan, assuming 

full conversion of the anhydride of EVM-g-MA during the preceding melt modification 

step. The compounding of EVA-g-furan with carbon black and oil does not interfere 

with the DA cross-linking as gel contents of 100% are obtained from swell tests. The 

cross-link densities of the EVA compounds were determined in the same way as for 

the EVA gum rubbers cannot be used in an absolute fashion, because of the presence 

of the carbon black and oil. Still, the apparent cross-link density does allow for a 

qualitative comparison. The apparent cross-link densities of both the BM cross-linked 

EVM-g-furan compound and the DCP-cured EVA reference compound (3.1.10-4 ± 

2.4.10-2 and 2.7.10-4 ± 3.5.10-2 mol/mL, respectively) are quite similar approximately 

three times higher than that of their corresponding gum rubbers. These increased 

apparent cross-link densities are the result of the presence of carbon black, which is 

known to adsorb rubber molecules onto its surface and to include them in internal 

voids. This results in partial immobilization of the rubber chains, restricting the 

rubber chain mobility and the vulcanizate swelling [60]. Compounding the BM cross-

linked EVA-g-furan with carbon black does not affect its thermoreversible character, 

as sample bars remain reprocessable upon compression molding whereas the DCP-

cured reference compounds do not (Figure 6.5). 

  

A B 
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Figure 6.5. Sample bars of cross-linked, cut and reprocessed samples of A: BM cross-linked EVA-g-

furan compounds and B: DCP-cured EVA rubber compounds. 

 

Compounding of the BM cross-linked EVA-g-furan with carbon black and mineral oil 

results in an increase of the hardness and the tensile strength and a decrease of the 

elongation at break, compared to the BM cross-linked EVA-g-furan gum rubber 

analogues (Figure 6.6). These effects are a result of the interaction between the 

rubber and the active carbon black filler. The decrease in elongation at break may also 

result from the reduced rubber content of the compound upon the introduction of a 

non-elastic filler [60]. CS as a measure for elasticity is not that much affected by the 

compounding. The retention of the material properties of the reprocessed rubber 

compounds is higher than that of the reprocessed gum rubbers. This may be because 

reinforced compounds have a higher starting level of properties resulting in a 

relatively lower deterioration of properties upon reprocessing.  

 

The BM cross-linked EVA-g-furan compound and the DCP-cured EVA compound have 

a similar hardness, tensile strength and elongation at break within the error margins. 

This demonstrates that the cross-links formed as a result of the DA cycloaddition of 

the grafted furan groups and the BM cross-linker are indeed strong, covalent bonds. 

Despite their similar cross-link density, however, the BM cross-linked EVA-g-furan 

compound has a significantly higher CS than the DCP-cured samples. This may be due 

to the thermoreversible character of the DA cross-links, allowing for the 

rearrangement of the cross-links under prolonged compression. This effect appears to 

be relatively slow as it is not observed for the relatively high-speed tensile properties. 

   

 

A B 
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Figure 6.6. A: Hardness and compression set at room temperature and B: tensile strength and 

elongation at break of BM cross-linked EVA-g-furan gum rubber and compounds, reprocessed 

compounds and DCP-cured EVA rubber compounds. The error bars indicate ± 1 standard 

deviation. 

6.4. Conclusions 

Amorphous EVA rubbers were thermoreversibly cross-linked via DA chemistry using 

new experimental approaches. First, a furan functionality used for the DA cross-

linking reaction was achieved through terpolymerization of ethylene, vinyl acetate 

and furfuryl methacrylate, resulting in EVFM, and secondly via post-polymerization 

modification of a maleated EVA resulting in EVA-g-furan. Both products were 

successfully cross-linked with the bismaleimide cross-linker and shown to be 

reprocessable in the melt with good retention of their material properties 

(approximately 90%).  

 

The BM cross-linked EVA-g-furan rubbers have superior rubber properties, such as a 

higher hardness, Young’s modulus and tensile strength and a lower elongation at 

break and compression set, than the BM cross-linked EVFM rubbers with  a similar 

cross-link density. This can be explained by the formation of a certain degree of 

irreversible peroxide cross-links that takes place during peroxide-initiated MA 

grafting of EVA rubber. Finally, the EVA-g-MA rubber was also functionalized with 

furan, compounded with carbon black and oil and mixed with the BM cross-linker in 

an internal mixer, which is a far more practical approach than the original solvent 

route. Compounding with carbon black does not interfere with the reversible DA 

cross-linking and the vulcanizate retains its rubber properties upon reprocessing. 

  

A B 
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The effect of polar clusters on elastomers cross-

linked with (retro-)Diels-Alder chemistry §§ 
 
Diels-Alder chemistry has been used as a tool for the thermoreversible cross-linking 

of furan-functionalized ethylene/propylene and ethylene/vinyl acetate rubbers. This 

work presents an investigation on the effect of the rubber polarity on clustering of 

functional groups, the distribution of the polar bismaleimide cross-linker and the 

subsequent consequences for the rubber properties in the apolar EPM rubber. SAXS 

measurements show that the BM cross-linking chemistry occurs in clusters, resulting 

in a microscopically hetrogeneous network. The absence of clusters and the 

homogeneous distribution of cross-links in EVM provides improved mechanical 

behavior with respect to EPM. 

 

 

  

                                                 
This chapter is based on: L. M. Polgar, E. Hagting, F. Picchioni and M. van Duin, ‘The effect of polar clusters 
on elastomers cross-linked with (retro-)Diels-Alder chemistry’ to be submitted to Polymer 2017. 
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7.1. Introduction 

Rubbers can generally be divided into two classes, based on the amount of 

unsaturation in their polymer backbone [1]. The most reactive elastomers, such as 

natural rubber, polyisoprene and butadiene rubber, have a high level of unsaturation 

in their backbone. Elastomers with low amounts of or no unsaturation, including 

ethylene-propylene rubber (EPM) and ethylene-vinyl acetate rubber (EVM), have a 

relatively low reactivity. Elastomers in the latter class distinguish themselves by their 

outstanding resistance to ozone, weathering, and high temperature [2].  

 

Both EPM and EVM copolymers have a very flexible polymer backbone with a high 

entanglement density and a relatively low glass transition temperature, which makes 

them soft and rubbery at room temperature. The major difference between EPM and 

EVM is their polarity. EPM is a hydrocarbon elastomer, containing only carbon and 

hydrogen atoms, and thus has a relatively low polarity. The large amount of vinyl 

acetate in EVM, on the other hand, results in a relatively high polarity. EPM 

copolymers with 40-55 wt% ethylene and EVM copolymers with 15-45 wt% ethylene 

are both amorphous at room temperature, due to the random copolymerization of 

ethylene with propylene or vinyl acetate, respectively, and the consequent absence of 

long ethylene of vinyl acetate sequences.  

 

Rubbers including EPM and EVM are typically cross-linked to achieve the maximum 

elasticity and strength. Unfortunately, cross-linking prohibits processing in the melt 

and thus limits recycling of these materials. Current societal trends towards the 

limitation of waste and the need for more sustainable materials increase the interest 

in and the appeal of reversible cross-linking of rubbers [3-8] and resins [9-11]. 

Thermoreversible cross-linking of maleated EPM and EVM rubbers has successfully 

been performed using the thermoreversible furan-maleimide DA reaction (Scheme 

7.1) [3,12].  

 

Scheme 7.1. Furan-functionalization of maleated EPM and EVM rubber and subsequent 

thermoreversible cross-linking with bismaleimide via (retro-)DA chemistry. 
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There are strong indications that the grafting of polar maleic anhydride (MA) groups 

onto the apolar EPM rubber does not occur in a random fashion [13]. Due to the large 

difference in polarity, the more polar MA groups are inhomogeneously dispersed 

throughout the rubber matrix during grafting, resulting in local areas with a high 

concentration of MA grafts in the resulting EPM-g-MA [13]. This effect is enhanced by 

polar interactions with already grafted MA groups. These interactions persist in the 

maleated EPM rubber where the formation of polar clusters high in MA concentration 

is observed [13,14]. It is assumed that these clusters are maintained upon furan-

functionalization and that the BM cross-linker will preferably dissolve in to these 

polar clusters. As a result, the majority of the DA cross-linking is expected to take 

place in these polar clusters. This will afford cross-linked domains, heterogeneously 

distributed in the EPM rubber matrix. EVM rubber on the other hand is a more polar 

polymer, thus there is no driving force to the phase separation of polar MA grafts in 

maleated EVM. BM cross-linking of EVM-g-furan is therefore expected to result in a 

more homogenously cross-linked network.  

 

A similar effect is known to occur in polymers with pendant ions [15]. Ionic groups 

generally segregate into multiplets that in turn form polar clusters [16-19]. Such ionic 

clusters do not only impart rubber conductivity, but the shape and degree of 

clustering also has a strong influence on the rubber’s material properties [17,20,21]. 

The material characteristics of clustered polymers therefore results from the balance 

between the conformation of the rubber backbone and the electrostatic forces [22-

26]. 

 

The goal of this work is to study the presence of polar clusters and the effect of the 

network heterogeneity on the material properties of apolar EPM copolymers and to 

compare these with polar EVM copolymers. The maleated EPM is expected to cross-

link heterogeneously whereas the maleated EVM is expected to form a 

homogeneously cross-linked network. Since polar clusters are known to play a critical 

role in controlling the structure and dynamics of the material, any differences 

between the material properties of these otherwise similar polymers are expected to 

arise from the (in)homogeneity of the network. 

7.2. Experimental 

7.2.1. Materials 

The parent ethylene-propylene copolymer (EPM, Keltan 3050, 49 wt% ethylene, Mn = 

50 kg/mol, PDI = 2.0) and ethylene/vinyl acetate copolymer (EVM, Levamelt 700, 30 

wt% ethylene, Mn = 35 kg/mol, PDI = 9) and the analogous maleated EPM (EPM-g-MA, 

Keltan DE5005, 48 wt% ethylene, 50 wt% propylene, 2.1 wt% MA, Mn = 50 kg/mol, 

PDI = 2,0) and maleated EVM (EVM-g-MA, 30 wt% ethylene, 69 wt% vinyl acetate, 1.4 

wt% MA, Mn= 31 kg/mol, PDI = 17) were kindly provided by ARLANXEO Performance 
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Elastomers. The EPM-g-MA and EVM-g-MA precursors were dried in a vacuum oven at 

175 °C for one hour to convert any present diacid into the cyclic anhydride [3,27]. 

Carbon black N550 was kindly provided by Teijin Aramid. Furfurylamine (FFA, Sigma-

Aldrich, ≥ 99 %) was freshly distillated before use. 1,1-(methylenedi-4,1-

phenylene)bismaleimide (BM, 95 %), octadecyl-1-(3,5-di-tert-butyl-4-hydroxyphenyl) 

propionate (99 %), dicumyl peroxide (DCP, 98 %), dioctyl sebacate (DOS, ≥ 97 %), 

tetrahydrofuran (THF, >99.9%), toluene (99.8%), decalin (98 %) and acetone (>99.5 

%) were all purchased from Sigma-Aldrich and used as received as reversible cross-

linker, anti-oxidant, peroxide cross-linker, lubricant and solvents, respectively.  

 

7.2.2. Methods 

7.2.2.1 Furan functionalization of EPM-g-MA and EVM-g-MA 

15 g of EPM-g-MA or EVM-g-MA rubber was dissolved in 150 mL THF after which 3 

molar eq. FFA (with respect to MA: 2.1 wt% in EPM-g-MA and 1.4 wt% in EVM-g-MA) 

was added. The reaction mixture was stirred at room temperature for 5 hr in a closed 

system and, subsequently, precipitated into a seven-fold of demineralized water 

under stirring. The furan-functionalized polymer (EPM-g-furan or EVM-g-furan) was 

obtained as white threads. The polymer product was washed thoroughly in acetone to 

remove any unreacted FFA and dried under vacuum at 50 °C up to constant weight. 

Finally, the intermediate amide-acid was compression molded at 175 °C and 100 bar 

for 15 min to ensure complete conversion to the cyclic imide. 

 

7.2.2.2 Diels-Alder cross-linking of EPM-g-furan and EVM-g-furan 

10 g of EPM-g-furan or EVM-g-furan rubber was dissolved in 100 mL THF to which 

1000 ppm phenolic antioxidant and 0.50 molar eq. BM (with respect to the furan 

content) were added. When homogeneous mixtures were obtained, the majority of the 

solvent was evaporated in the fumehood by blowing over air. The residual solvent was 

removed in a vacuum oven at 50 °C. Sample bars of the brownish mixtures were 

obtained by pre-heating the materials in a mold at 140 °C for 5 min and compression 

molding them at 140 °C and 100 bar for 30 min. 

 

7.2.2.3 Peroxide curing of EPM and EVM 

26 g of EPM or EVM rubber was mixed with the DCP peroxide in an internal mixer 

(Brabender Messenkneder, Type W 30 EHT) at 50 rpm and 50 °C (70% fill factor). 

After homogenizing the gum rubber for 4 min, 2.0 phr of DCP was added and after 6 

more min of mixing, a homogeneous mixture was obtained. Subsequent vulcanization 

of the obtained mixtures was performed by pre-heating the samples in a mold at 

160°C for 5 min and compression molding them at 160°C and 50 bar for 35 min. 

 

7.2.3 Characterization 

Gel Permeation Chromatography (GPC) was performed using a series of Viscotek Ralls 

detector, Viscotek Viscometer Model H502 and Shodex RI-71 Refractive Index 
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detector using triple detection (refractive index, viscosity and light scattering). The 

separation was carried out by utilizing a guard column (PL-gel 5 µm Guard, 50 mm) 

and two columns (PL-gel 5 µm MIXED-C, 300 mm) from Agilent Technologies. THF 

(containing 0.01 M lithium bromide) was used as eluent with a flow rate of 1.0 

mL/min. The number- and weight-averaged molecular weights (Mn and Mw, 

respectively, and the polydispersity index (PDI) = Mw/Mn) were calculated relative to 

polymethylmethacrylate standards.  

 

Elemental Analysis (EA) of the rubber products for the elements N, C and H was 

performed on a Euro EA elemental analyzer. The oxygen content was calculated via 

the mass balance. The number of furan groups per chain for the furan containing 

rubbers (#/chain) was calculated from Mn and the determined nitrogen content in the 

according to a reported procedure [3,12]. The conversion of the BM cross-linking of 

EPM-g-furan and EVM-g-furan was determined in a similar fashion and can be used to 

determine the cross-link density [XLD]EA using the known MA grafting content.  

The cross-link density [XLD]FR was determined from equilibrium swelling 

experiments in decalin for EPM and in toluene for EVM. Rubber samples 

(approximately 500 mg) were weighed in 20 mL vials and immersed in 15 mL solvent 

until equilibrium swelling was reached (3 days). The sample was then weighed after 

removing the solvent on the surface with a tissue (W1) and was finally dried in a 

vacuum oven at 110 °C until a constant weight was reached (W2). The cross-link 

density was calculated from the weights of the swollen and dried rubber samples 

using the Flory-Rehner equation (Eq. 7.1) [28-30]. 

 

 

[𝑋𝐿𝐷]𝐹𝑅 =  
𝑙𝑛(1−𝑉𝑅)+𝑉𝑅+𝜒𝑉𝑅

2

2𝑉𝑆(0.5𝑉𝑅−𝑉𝑅
1/3

)
 with 𝑉𝑅 =  

𝑊2

𝑊2+(𝑊1−𝑊2)∙
𝜌𝑅
𝜌𝑆

  (Eq. 7.1) 

VR  volume fraction of rubber in swollen sample.  

VS  molar volume of solvent (106.3 mL/mol and 154.3 mL/mol for toluene and decalin, respectively). 

χ interaction parameter (toluene/EVM: 0.133 [28,29] and decalin/EPM: 0.121 + 0.278VR [31]).  

ρR, ρS  density of the rubber (EVM: 0.930 g/mL and EPM: 0.860 g/mL) and solvent (toluene: 0.870 g/mL 

and decalin: 0.896 g/mL), respectively. 

 

The cross-link density was also determined from stress-strain curves via the Mooney-

Rivlin equation (Eq. 7.2) [32-35]. Using the values for stress versus strain of a rubber 

sample obtained during tensile testing, a linear proportionality between  
𝜎

2(𝛼−𝛼−2)
 

versus 
1

𝛼
 can be obtained from which the parameters C1 and C2 can be determined. The 

cross-link density can subsequently be determined (Eq. 7.3) [33]. 
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𝜎 = 2 (𝐶1 +
𝐶2

Λ
) (Λ −

1

Λ2
)      with     Λ = 1 + Χε              (Eq. 7.2) 

[𝑋𝐿𝐷]𝑡 =
2𝐶1

𝑘𝐵𝑇
       (Eq. 7.3) 

 

σ true stress measured in the strained state of the rubber 

C1, C2 characteristic parameters of cross-linked rubber representing entanglements and chemical cross- 

links, respectively.  

Λ extension ratio 

Χ strain amplification factor defined as σE0 ε⁄  (X=1 for rubber gums) 

E0 modulus of the rubber without filler (E0=E for gums) 

kB Boltzmann constant 

  

Small-angle X-ray scattering (SAXS) measurements were performed using an 

advanced Nano-Star SAXS setup, i.e. a home-made assembly of a NanoStar camera and 

a Microstar X-ray generator from Bruker AX-S. The collimation line between the 

rotating X-ray generator and the camera consists of a multilayer optics Montel-P from 

Incoatec and 3 pin holes of 0.5, 0.3, and 0.5 mm in diameter from Rigaku, spaced at 

distances of ca. 14, 40, and 62 cm, respectively, from the middle of the optics unit. 

Passing through the optics the primary beam is mono-chromized for Cu Kα radiation 

(λ = 1.542 Å) and simultaneously collimated to get a low-divergent beam. Both the 

optics and the collimation line with the first and the second pin holes are evacuated. 

The third pin hole, located in the sample chamber of the NanoStar camera, is in air. 

The SAXS intensity profiles were acquired at room temperature, running the X-ray 

generator at 45 kV and 60 mA, affording a primary X-ray beam flux at the sample 

position of 8.108 photons/(s.mm2) and a beam diameter of 0.4 mm. The sample-to-

detector distance was set to 105 cm and data were collected for 3 min per rubber 

sample [36,37].  

 

Tensile tests were performed on an Instron 5565 with a clamp length of 15 mm, 

according to the ASTM D4-112 standard. Strain rates of 500  mm/min and 5 mm/min 

were applied. Test samples with a width of 4.5 ± 0.1 mm and a thickness of 1.0 ± 0.1 

mm were prepared by compression molding. For each measurement 10 samples were 

tested and the two outliers with the highest and the lowest values were excluded. 

Numerical data presented are averages of the other 8 tests. The median stress-strain 

curve was selected to represent the entire series of a sample in Figure 3. Hardness 

Shore A was measured using a Bareiss Durometer, according to the ASTM D2240 

standard. Cylindrical test samples with a thickness of 6.0 ± 0.1 mm and a diameter of 

13.0 ± 0.1 mm were prepared by compression molding. Average values were obtained 

from 10 measurements. Compression set tests were performed according to the ASTM 

D931 standard, using a home-made device and the same cylindrical samples. The 

samples were compressed to 75% of their original thickness for 70 h at room 

temperature and relaxed for 30 min at 50 °C. Compression molding of all test samples 

was performed on a Taunus Ton Technik V8UP150A press for 30 min at 140 °C and 

100 bar for 30 min. 
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7.3. Results and discussion 

7.3.1.  Chemical characterization 

The parent EPM and EVM rubbers and their maleated and furan-functionalized 

analogues were characterized by GPC and EA after thorough extraction of unreacted 

components and subsequent drying (Table 7.1). The amount of nitrogen present after 

furan-functionalization of the maleated rubbers is representative for the degree of 

conversion of grafted maleic anhydride into succinimide. The cross-link densities of 

the BM cross-linked and DCP cured products as determined by EA, equilibrium 

swelling and stress-strain testing (Table 7.2).  

 

Table 7.1. Molecular characterization of rubber samples. 

 Mn 

(kg/mol) 

PDI 

(-) 

Elemental content (wt%) 

N, C, H → O 

Conversion 

(%) 

#/chain 

(-) 

EPM 53 2.0 <0.01, 86.67, 13.33 → 0.0 - - 

EVM 35 9 <0.01, 64.41, 9.19 → 26.4 - - 

EPM-g-MA 54 2.0 <0.01, 84.70, 14.30 → 1.0 - 11 

EVM-g-MA 31 17 <0.01, 65.40, 9.61 → 25.0 - 4.4 

EPM-g-furan 55 2.1 0.27, 84.80, 14.20 → 0.7 93 10 

EVM-g-furan 31 17 0.20, 66.37, 9.52 → 23.9 98 4.3 

 

Table 7.2. Cross-link densities as determined from elemental analysis, equilibrium swelling and 

tensile testing. 

* Decomposition products of DCP are cumyl alcohol and acetophenone. 

 

Grafting of MA onto EPM and EVM does not affect Mn because imidization only affects 

the grafted MA units, but not the polymer chains. The PDI of EVM increases, 

suggesting branching via a combination of intermediate EVM macro-radicals. The 

conversion of grafted MA to imide is high (> 90%). The cross-link density of the BM 

cross-linked EPM and EVM is similar because they have a similar degree of furan-

functionalization. Since the cross-link density is one of the main variables affecting the 

properties of cross-linked rubbers [38], the similarity in cross-link density of the BM 

cross-linked EPM-g-furan and EVM-g-furan allows for a fair comparison between 

them.  

 

For both BM cross-linked elastomers the cross-link density determined from EA 

closely corresponds to that determined by equilibrium swelling. The cross-link 

densities determined from the stress-strain curves, however, are significantly larger 

 Elemental content (wt%) 

N, C, H → O 

[XLD]EA 

(mol/mL) 

[XLD]FR 

(mol/mL) 

[XLD]MR 

(mol/mL) 

BM cross-linked EPM-g-furan 0.36, 83.65, 12.52 → 3.5 1.1.10-4 7.3.10-5 2.1.10-4 

BM cross-linked EVM-g-furan 0.42, 65.16, 9.34 → 25.08 1.0.10-4 8.8.10-5 1.4.10-4 

DCP cured EPM <0.01, 85.72, 12.95 → 1.3* - 8.9.10-5 1.5.10-4 

DCP cured EVM <0.01, 63.78, 9.00 → 27.22 - 8.4.10-5 1.1.10-4 
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than those determined from EA and equilibrium swelling. This may be due to inherent 

differences in the mode of deformation of the polymer chains between both methods. 

While the polymer chains are fully stretched in a tensile test, no chain stretching 

occurs during the equilibrium swelling experiments [34]. Differences in how loosely 

the cross-links or entanglements are embedded in the network structure may 

therefore affect the determined cross-link density [39]. Entanglements therefore 

appear to significantly contribute to [XLD]MR. Normally, when the cross-link density is 

obtained from either equilibrium swelling or stress-strain curves, it includes both true 

chemical cross-links and permanently trapped chain entanglements while temporary 

entanglements that can unfold in the swollen or strained state are neglected [40-42]. 

The difference between the cross-link densities determined by the different methods 

appears to be relatively small for the BM cross-linked EMP-g-furan. This may be 

related to the inhomogeneity of the cross-linked network. If the cross-linking points 

are more sparsely divided throughout the rubber matrix, they are less capable of 

trapping entanglements than a more homogeneously cross-linked network such as the 

BM cross-linked EVM-g-furan of the peroxide cure EPM and EVM. As a result, an 

inhomogeneously cross-linked network with a certain amount of cross-links may 

appear to be less cross-linked than a homogenously cross-linked network with the 

same number of cross-links [43]. Finally, the thermoreversible character of the BM 

cross-links may add to the observed discrepancies as during a swell test, the polymer 

is left for three days during which the dynamic, thermoreversible cross-links may 

open and close, allowing for the disentanglement of previously trapped 

entanglements.  

 

7.3.2.  Polar clusters 

The structure of polar and ionic clusters has been extensively studied, primarily using 

SAXS [43,44]. The starting EPM and EVM rubbers are assumed to be fully homogenous 

as no SAXS scattering was observed [27]. SAXS measurements of the various 

functionalized EPM and EVM samples were performed to investigate the presence of 

polar clusters, their size and structure (Figure 7.1). For all EPM samples a peak is 

observed in the SAXS profile, which implies that these samples contain aggregates that 

differ in electron density from the polymer matrix [45]. For EPM-g-MA this scattering 

peak is observed at a scattering vector (q) of 0.057 Å-1 for the EPM-g-MA precursor, 

which is in good agreement with literature data for similar materials [14,27]. The 

broad scattering peak indicates micro-phase separation of the grafted anhydride 

groups into MA-rich domains, which is driven by the large polarity difference between 

the polar MA grafts and the apolar EPM polymer backbone [27]. For EVM-g-MA and 

EVM-g-furan such a scattering peak is not observed, which confirms the assumption 

that the polar vinyl acetate co-monomers in EVM impede the formation of polar 

clusters.  
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Figure 7.1. SAXS characterization of A: non-cross-linked, functionalized EPM and EVM precursors 

and B: BM cross-linked EPM and EVM. 

 

SAXS scattering remains absent upon BM cross-linking of EVM-g-furan. For EPM-g-

furan however, BM cross-linking results in a significant increase in scattering intensity 

and a shift of the peak to a lower q value of 0.03 Å-1. These differences are associated 

with an increase in the cluster size and the Bragg spacing, which is the distance d 

between the clusters according to q = 2π/d [46,47]. The Bragg spacing was found to 

increase from 11.2 nm to 20.9 nm upon cross-linking EPM-g-furan, implying that 

clusters in the former are more closely packed. This increase in Bragg spacing upon 

cross-linking is related to the increased size of the polar clusters in the matrix. The 

related SAXS peak is known to shift to lower q values upon such an increase in cluster 

size [14,44,48]. The reason is that the structure of the polymer matrix is tightened 

during cross-linking. As a result, nodules are unable to return to their original 

position. Insertion of the (rigid) BM cross-linking agent into the polymer may also 

help to increase the average distance between the chains, resulting in larger Bragg 

spacing [45,49].  

 

The SAXS scattering observed for the functionalized EPM samples arises from both 

thermal, time-dependent fluctuations in cluster concentrations as a result of Brownian 

motion (ergodic contributions) and as a result of the inhomogeneous distribution of 

cross-links (non-ergodic contributions) [50]. These dynamic and static scattering 

contributions can be separated to obtain a more quantitative view by subtracting the 

scattering intensity of the corresponding non-cross-linked polymer, assuming the 

latter solely reflects the dynamic scattering contribution [43]. A morphological model 

can then be used to interpret the SAXS profiles, yielding the characteristics of the 

clusters. The Yarusso and Cooper (YC) model [48] was found to be superior in 

interpreting SAXS data of EPM-g-MA [14,44,51] (Figure S7.1). This hard-sphere model 

describes the polar clusters as spherical particles with radius R1, surrounded by a 

polymeric layer with restricted-mobility with radius R2 (Figure 7.2) [44,48]. The 

particles are arranged in a liquid-like order with a distance of closest approach of 2R2. 

The average volume of an element containing one scattering particle is defined as Vp = 

A B 
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4/3πR1
2. Finally, Δρ is the difference in electron density between the scattering polar 

clusters and the EPM matrix [27]. Here the YC model was successfully used to fit the 

SAXS patterns of EPM-g-MA, EPM-g-furan and BM cross-linked EPM-g-furan (Table 

7.3). The fit parameters were all obtained with R2 values above 0.99. 

 
Figure 7.2. Schematic representation of a YC model spherical, polar domain in (BM cross-linked 

[furan-functionalized]) EPM-g-MA with R1 the radius of the cluster and R2 the radius of the 

polymeric layer with restricted-mobility surrounding this cluster. 

 

Table 7.3. Parameters from the fit of SAXS patterns of functionalized EPM samples with the 

Yarusso & Cooper model. 

Sample R1 

(Å) 

RCA 

(Å) 

RCA – R1 

(Å) 

Vp 

(Å3) 

Δρ 

(e-/Å3) 

d 

(Å) 

EPM-g-MA 22.3 44.1 21.8 4.65.104 0.35 112 

EPM-g-furan 23.9 47.9 24.0 5.72.104 0.28 120 

BM cross-linked EPM-g-furan 43.2 77.9 34.7 3.38.105 0.47 209 

 

A relatively small increase in cluster size R1 is observed upon the furan-

functionalization of EPM-g-MA. This is remarkable as the size of the added FFA is 

similar to the initially grafted MA. When all grafted MA groups are phase-separated 

from the EPM matrix (which is very likely given their large difference in polarity), Δρ 

can provide information about the composition of the scattering particle [14]. While 

the furan-functionalization of EVM-g-MA affords a small increase in the overall 

electron density, the increased cluster volume will yield a lower electron density per 

cluster volume element Δρ. Formation of DA cross-links in polar clusters results in a 

significant increase in the electron density because of the very high polarity of the BM 

cross-linker. This compensates for the increased cluster volume and results in an 

increase in Δρ. The thickness of the restricted-mobility layer (R1 – RCA) also increases 

with the size of the polar clusters (R1).  

 

In conclusion, SAXS showed that the presence of polar clusters in (BM cross-linked) 

EPM-g-furan and their absence in (BM cross-linked) EVM-g-furan samples. This 

confirms that the cross-links are spatially more homogeneously distributed in BM 

cross-linked EVM-g-furan than in BM cross-linked EPM-g-furan.  
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7.3.3.  Material properties 

The material properties of rubbers (with phase-separated domains) are highly 

dependent on the cross-link density and the structure of the cross-linked, microphase-

separated domains. The cross-link density of the BM cross-linked EPM-g-furan and 

EVM-g-furan elastomers and of the DCP cured references are all roughly 8.10-5 

mol/mL (Table 7.2). Since both the EPM and EVM copolymers used in this study are 

amorphous at room temperature, the differences between their mechanical properties 

can provide information on the effect of the homogeneity of cross-linking.  

 

The stress-strain curves of EPM and EVM are typical for non-cross-linked rubbers 

with an extremely high elongation at break and a very low tensile strength [3,12]. 

Despite the intrinsic differences between the chemical structure of EPM and EVM, the 

tensile strength increases and the elongation at break decreases upon cross-linking of 

both materials (Figure 7.3A). The effect of BM cross-linking is more pronounced for 

EVM-g-furan than for EPM-g-furan. This may be because the non-cross-linked EPM-g-

furan already has polar clusters that can act as physical cross-links in a tensile test.  

 

A qualitative comparison of the shapes of the stress-strain curves of the BM cross-

linked EPM-g-furan and EVM-g-furan at different strain rates (Figure 7.3B) can give 

some insight in the effect of the heterogeneity of the network [52]. At both strain 

rates, the BM cross-linked EPM-g-furan shows an initial accumulation of stress with a 

relatively low increase in strain at increased stress loads. This stress localization in 

the cross-linked clusters eventually leads to rupture of the physical interactions in 

these clusters as is indicated by the flattening incline to the same stress-strain slope as 

the BM cross-linked EVM-g-furan. The overall more gradual inclination of the stress-

strain slope of the BM cross-linked EVM-g-furan indicates that the applied stress is 

distributed more evenly over the network.  
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Figure 7.3. Median stress-strain curves of A: EPM-g-furan and EVM-g-furan (dashed), their BM 

cross-linked products (solid) and DCP cured EPM and EVM references (dotted) at a similar cross-

link density and a strain rate of 500 mm/min and B: BM cross-linked EPM-g-furan and EVM-g-

furan at strain rates of 500 mm/min (solid) and 5 mm/min (dashed).  

 

The effect of cross-linking, entailing a characteristic increase in hardness, Young’s 

modulus and tensile strength and a decrease in elongation at break and compression 

set [53-56], is evident for both peroxide curing of EPM and EVM and BM cross-linking 

of EPM-g-furan and EVM-g-furan (Figure 7.4). Overall, the BM cross-linked EPM-g-

furan has a higher Young’s modulus and a lower tensile strength and elongation at 

break than the BM cross-linked EVM-g-furan (Figure 7.4A). The Young’s modulus and 

tensile strength of the BM cross-linked EPM-g-furan and EVM-g-furan are increased 

with respect to their DCP cured references. Finally, the relative increase in hardness 

and decrease in compression set upon BM cross-linking is larger for EVM-g-furan than 

for EPM-g-furan (Figure 7.4B). 

  
Figure 7.4. A: Tensile properties and B: hardness and compression set of EPM-g-furan and EVM-g-

furan, their BM cross-linked products and DCP cured EPM and EVM references with a similar 

cross-link density. The error bars indicate ± 1 standard deviation.  

 

The homogeneous distribution of cross-links in the EVM-g-furan rubber allows for a 

more gradual breakage of cross-links and initially more loss of mechanical strength 

when it is exposed to stress. This gradual breakage of cross-links eventually results in 

a higher tensile strength and elongation at break with respect to the heterogeneously 

BM cross-linked EPM-g-furan. Polymers with heterogeneous networks such as the BM 

A B 

A B 



 EVM Cross-link homogeinity 

 

 167 

6 

7 

8 

9 

1 

2 

3 

4 

5 

cross-linked EPM-g-furan display lower stability to extension because chain segments 

between two or more cross-links in clusters may be too short to deform or store 

elastic energy in these materials [57]. Their cross-links are closely packed in polar 

clusters and can only cooperatively act as a single cross-linked supernode with a low 

individual ability for elastic-energy storage [43,58,59]. For a network consisting of 

highly cross-linked zones embedded in a matrix of a less cross-linked polymer, stress 

will accumulate in these zones of elevated functionality (Figure 7.5). Contrary, a 

network with a uniform cross-link distribution will be able to transfer applied stress 

more efficiently so that all the chains in the network will bear an equal stress load 

[60,61]. The decreased effectiveness of such heterogeneously dispersed cross-links 

[62] may therefore explain the lower tensile strength and elongation at break of the 

BM cross-linked EPM-g-furan with respect to the EVM-g-furan. The observed 

differences would be even more evident if the molecular weights of the two 

elastomers were the same (50 kg/mol for EPM-g-furan versus 30 kg/mol for EVM-g-

furan) since yield stress typically increases with molecular weight due to the greater 

number of entanglements per molecule [63]. 

 

The observed smaller relative difference in hardness and compression set upon BM 

cross-linking of EPM-g-furan with respect to EVM-g-furan may also be a result of its 

more inhomogeneous distribution of cross-links. The associated broader distribution 

of chain-lengths between entanglements is already present in the non-cross-linked 

precursor as a result of the inhomogeneous distribution of functional groups. The 

broader distribution of mesh sizes [43] in the BM cross-linked EPM-g-furan with 

respect to the EVM-g-furan thwarts easy network penetration, affording a relative 

higher enhancement of the rubber’s hardness for the EVM-g-furan [43].  

 

 
Figure 7.5. Schematic representation of an inhomogeneously cross-linked polymer network with 

accumulation of stress in the cross-linked clusters. 

 

Finally, previous studies on the thermoreversibly cross-linking of the same EPM and 

EVM polymers showed that the retention of the material properties upon 

reprocessing in the melt is somewhat higher for the BM cross-linked EPM-g-furan 
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than for EVM-g-furan (97, 90, 95, 86 and 107 % versus 83, 89, 93, 74 and 73% for the 

hardness, Young’s modulus, tensile strength, elongation at break and compression set, 

respectively) [3,12]. This difference may also be related to the network heterogeneity 

of the former.  

7.4. Conclusions 

Two commercially available, maleated elastomers (EPM-g-MA and EVM-g-MA) were 

thermoreversibly cross-linked via Diels-Alder chemistry in a straightforward, two-

step approach of furan-functionalization and subsequent bismaleimide cross-linking. 

SAXS measurements showed the presence of clusters in the apolar EPM elastomers 

and their absence in the polar EVM elastomers indicating phase-separation of the 

polar MA/furan groups in the former. DA cross-linking of EPM-g-furan with polar BM 

takes predominantly place in such polar clusters, resulting in an inhomogeneously 

cross-linked network. Differences in material properties between the two cross-linked 

elastomers can be attributed to the homogeneity of their cross-linked networks as 

they are compared at the same cross-link density. The advantage of the uniform cross-

linking in EVM-g-furan appears to be an improved stability in mechanical behavior, 

resulting in a higher tensile strength and elongation at break.  
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Figure S7.1. Parameters for Yarruso-Cooper model fits to the experimental SAXS profiles of  

A: EPM-g-MA, B: EPM-g-furan and C: BM cross-linked EPM-g-furan. 
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Recyclable rubber compounds: from proof-of-

concept towards an industrial product *** 
 
It is demonstrated that the proof of concept for using Diels-Alder chemistry as a tool 

for the thermoreversible cross-linking of functionalized EPM-g-MA gum rubber is not 

limited to laboratory scale using a solvent route as presented in the previous chapters. 

The use of a laboratory internal mixer (30 cm3) is the first step towards an industrial 

process as it greatly reduces the processing time and allows for a solventless process 

for the furan-functionalization and BM cross-linking of EPM rubber. The resulting 

products have the same performance as those made on laboratory scale and have 

similar thermoreversible cross-linking behavior. Practical compounds were also 

prepared by mixing thermoreversibly cross-linked EPM with carbon black and 

mineral oil on a batch mixer. As expected, this resulted in an increase in hardness, 

Young’s modulus and tensile strength and a decrease in elongation at break and 

compression set without affecting the thermoreversible character of the cross-links. 

The pendant furan groups of the (non)cross-linked EPM-g-furan were found to 

interact with the carbon black filler which explains the high gel content and material 

properties of the EPM-g-furan. Finally, crystalline EPM rubber comounds were 

prepared. These show excellent material properties, which are retained over multiple 

reprocessing cycles. 
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This chapter is based on: L. M. Polgar, J. Keizer, R. Blom, B. Niemeijer, F.Picchioni and M. van Duin, 
‘Recyclable EPM rubber compounds based on thermoreversible Diels-Alder chemistry’ to be submitted to 
Rubber Chemistry and Technology 2017. 
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8.1. Introduction 

Elastomeric materials can be found everywhere in modern day life in products such as 

car tyres, seals and roof linings. Rubbers are suitable for so many applications, 

because they are generally elastic, though, strong and durable [1-3]. The main 

components in rubber products are cross-linked elastomers that are capable of quick 

recovery to their original dimensions after elongation or compression [1]. 

Unfortunately, cross-linking of elastomers is usually an irreversible process, which 

makes the recycling of rubber products practically impossible. This is the main reason 

why many rubber products are discarded after use, being burned for energy or sent to 

landfills. Some reuse of rubber products is found in re-treading tires or shredding 

rubber waste to be used as filler for playground surfaces. It is more desirable to be 

able to recycle these products in a cradle-to-cradle fashion, obtaining rubber products 

with the same material properties as the original products [4]. A lot of effort has 

therefore been devoted to the devulcanization of cross-linked rubbers [5-9]. 

Devulcanization often involves harsh mechanical, thermal and/or chemical 

treatments. An alternative solution is found in thermoreversible cross-linking of 

rubbers [10-16]. Thermoreversibility allows for the rubber to be reprocessed at 

intermediate temperatures that are high enough to temporarily break the cross-links 

without inducing thermal degradation through chain scission. In this way the 

desirable qualities of thermosets (high performance) and thermoplastics 

(recyclability) are combined. A good example is the thermoreversible cross-linking of 

functionalized ethylene/propylene copolymer rubbers (EPM) with bismaleimide (BM) 

through reversible Diels-Alder (DA) chemistry [10].  

 

EP(D)M rubbers have a saturated main chain and show high resistance against 

weather and heat aging and have low swell in aqueous media. The main applications 

of EP(D)M rubbers are in the automotive industry, cable insulation and building and 

construction industry [2]. With a market size of 1100 kton in 2015 [17], the 

replacement of EPDM with a thermoreversibly cross-linked EPM would have a huge 

impact on society. To meet this demand however, rubbers are generally produced in 

large volumes and with small economical margins. As a result, production costs are a 

leading factor for innovation in the industry. Up to now, examples of such 

thermoreversibly cross-linked rubber that are produced on an industrial scale are 

limited [18]. The furan-functionalization of maleated EPM and the subsequent DA 

cross-linking in small-scale laboratory processes, described in previous research, 

involve the use of large amounts of organic solvents (at least 10 times the batch size) 

and take much time per batch (roughly one week including dissolving and drying). In 

order to avoid this long and wasteful process and to take a first step towards 

industrial production, the use of an internal mixer for the furan-functionalization and 

cross-linking of the rubber compound is investigated.  
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Rubber products are usually compounded with (reinforcing) fillers. Carbon black is 

widely used as a filler in elastomers to modify their mechanical properties, i.e. the 

strength, fracture behavior, abrasion and failure properties are improved [19]. About 

90% of the worldwide production of carbon black is used by the tire industry where 

the carbon black enhances tear strength and improves modules and wear 

characteristics of the tires. Moreover, the addition of carbon black usually reduces the 

costs of (EPDM) rubber products as it is a relatively cheap material obtained by the 

partial combustion or thermal decomposition of hydrocarbons (usually as a by-

product of partially burned products from refineries). In addition, rubber products 

typically contain (oil) plasticizer to adjust the viscosity and hardness of the 

compound. The addition of reinforcing fillers such as carbon black has many 

complicated effects in any rubber compound, both on macro and micro scale [20,21]. 

It is therefore important to investigate whether compounding thermoreversibly cross-

linked rubber with filler and plasticizer has the same beneficial effects on the material 

properties and whether it affects the thermoreversible character of the rubber. 

 

The first part of this study involves the production of BM cross-linked EPM rubber 

compounds with carbon black and mineral oil using an internal mixer and an 

investigation of any interaction between the different components in the resulting 

compounds. For this part of the study amorphous EP(D)M rubbers are used to 

simplify the characterization with swelling tests. The second part of this study 

involves the evaluation of the material properties of the thermoreversibly cross-

linked rubber compounds and the retention of their properties upon reprocessing. 

Since an increase in the ethylene of peroxide cured EP(D)M rubbers is known to result 

in improved rubber performance due to the presence of crystalline domains, this 

second part also includes a comparison between amorphous and crystalline EPM 

elastomers to study the effect of the crystallinity on the material properties of 

thermoreversibly cross-linked rubber compounds.  

8.2. Experimental 

8.2.1. Materials 

The EPM copolymer (K3050, 49 wt% ethylene), the maleated EPM rubbers (EPM-g-

MA, DE5005, 49 wt% ethylene, 2.1 wt% MA and EPM-g-MA-cr, K2708R, 73 wt% 

ethylene, 0.8 wt% MA), the EPDM reference rubbers with 5-ethylidene-2-norbornene 

(ENB) as diene (ENB-EPDM, K8550C, 48 wt% ethylene, 5.5 wt% ENB and ENB-EPDM-

cr, K8570C, 66 wt% ethylene, 5.0 wt% ENB) and Sunpar 2280 oil were kindly 

provided by ARLANXEO Netherlands. Carbon black N550 and N772 were kindly 

provided by Teijin Aramid. Furfurylamine (FFA, Sigma-Aldrich, ≥ 99%) was freshly 

distillated before use. 1,1-(Methylenedi-4,1-phenylene)bismaleimide (BM, 95%), 

di(tert-butylperoxyiso-propyl)benzene (98%), octadecyl-1-(3,5-di-tert-butyl-4-

hydroxyphenyl) propionate (99%), and decalin (98%) were all purchased from 
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Sigma-Aldrich and used as received as reversible cross-linker, peroxide cross-linker, 

phenolic anti-oxidant and solvent, respectively. The aliphatic bismaleimide with a 12 

carbon spacer (BMC12) was synthesized from maleic anhydride (MA, >99%, Sigma-

Aldrich) and 1,12-diaminododecane (>98%, Sigma-Aldrich), according to a published 

procedure [22,23].  

 

8.2.2. Methods 

8.2.2.1.  Furan-functionalization of EPM-g-MA rubber 

The maleated rubber precursors were dried in a vacuum oven for one hour at 175 °C 

to convert any diacid present into cyclic anhydride [10,24]. 22 g EPM-g-MA was fed to 

an internal mixer (Brabender Messenkneder, Type W 30 EHT, 30 cm3) to reach a fill 

factor of 80% and it was homogenized at 50 rpm for 3 min. After some preliminary 

experiments a temperature of 128 °C was chosen as the minimum temperature to 

obtain a coherent batch of maleated EPM on such a small scale. Meanwhile, a spatula 

tip of the inhibitor (3-4 mg) was added. Next, 1.25 eq. of FFA (based on MA content, 

0.57 g for EPM-g-MA and for 0.22 g EPM-g-MA-cr) was slowly added to the rubber 

melt and allowed to react for 3 min. The mixer was then stopped and opened and the 

resulting EPM-g-furan product was removed and cooled. 

 

8.2.2.2. Furan-functionalization, compounding and cross-linking of EPM-g-MA rubber 

The furan-functionalization, mixing with carbon black and oil and BM cross-linking 

was combined in 1 process. First a filler/oil pre-mix of 70 parts per hundred rubber 

(phr) of carbon black N550 and 70 phr N772 with 50 phr Sunpar 2280 oil was 

prepared. After functionalizing 10 g of EPM-g-MA with FFA for 3 min (see 8.2.2.1.) the 

set temperature of the mixer is increased to 180 °C to ensure complete conversion of 

the amide-acid intermediate to the imide, the evaporation of the excess of FFA (bp = 

145 °C) and for the subsequent melting and good dispersion of the BM cross-linker 

(Tm = 176 °C). After homogenizing the EPM-g-furan for 3 min when 180 °C was 

reached, 19 g of the dry filler/oil mixture is added. When the torque was stable again 

(after typically 2-3 min), the BM cross-linker was added (0.2 to 1.5 molar eq. based on 

furan content). Mixing was continued for 2 min before the compound was removed 

from the mixer. Sample bars of the obtained products were obtained by pre-heating 

the materials in a mold at 140 °C for 5 min and compression molding them at 140 °C 

and 100 bars for 15 min. Compression molding was performed on a Taunus Ton 

Technik V8UP150A press, equipped with a temperature controller. The resulting 

sample bars were thermally annealed in an oven at 50°C for a minimum of 72 h to 

ensure complete cross-linking. 

 

8.2.2.3.  Compounding and peroxide curing of ENB-EPDM rubber 

10 g of ENB-EPDM was fed to the internal mixer and homogenized at 50 rpm and 70 

°C for 4 min. Then, 19 g of the dry filler/oil mixture is added (see 8.2.2.2.). When the 

torque was stable (after typically 2-3 min), 1 phr of pure peroxide was added slowly 
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to the mixture. The rubber compound was mixed for 4 more min until it was removed 

from the mixer. This rubber compound was then vulcanized by pre-heating in a mold 

at 160 °C for 5 min and compression molding at 160 °C and 50 bars for 35 min.  

 

8.2.3.  Characterization 

The conversion of EPM-g-MA to EPM-g-furan was followed by Fourier Transform 

Infrared spectroscopy (FT-IR) and elemental analysis (EA). FT-IR spectra were 

recorded on a Perkin-Elmer Spectrum 2000. Rubber films with a thickness of 0.1 mm 

were compression molded at 150 °C and 100 bar for 30 min, thermally annealed to 

ensure maximum DA cross-linking and measured in a KBr tablet holder. 

Measurements were performed over a spectral range from 4000 to 600 cm-1 at a 

resolution of 4 cm-1, co-averaging 32 scans. Deconvolution was used to quantify the 

areas under the individual FT-IR peaks (R2 > 0.95). The differences in relative peak 

areas were used to calculate the reaction conversions. The methyl rocking vibration 

peak at 723 cm-1 was used as an internal reference, as it originates from the EPM 

backbone and is not affected by chemical modification. The decrease of the 

absorbance of the C=O symmetrical stretch vibration of the anhydride groups at 1856 

cm−1 was used to calculate the conversion of the reaction from EPM-g-MA to EPM-g-

furan, according to a reported procedure [10]. The decrease of the characteristic C-O-

C symmetrical stretch vibration of the furan groups at 1013 cm-1 was used to 

determine the conversion of the cross-linking reaction in the same way. EA for the 

elements N, C and H was performed on a Euro EA elemental analyzer. The nitrogen 

content was related to the furan-functionalization according to a reported procedure 

[10]. 

 

GPC was performed using triple detection (refractive index, viscosity and light 

scattering), using a consisting of a Viscotek Ralls Viscometer Model H502 and Shodex 

RI-71 Refractive Index detector. The separation was carried out utilizing a guard 

column (PL-gel 5 µm Guard, 50 mm) and two columns (PL-gel 5 µm MIXED-C, 300 

mm) from Agilent Technologies at 30 °C. THF 99+%, stabilized with butylated 

hydroxytoluene was used as the eluent at a flow rate of 1.0 mL/min. The samples 

were filtered over a 0.45 µm PTFE filter prior to injection. Four GPC measurements 

were performed on each sample. Data acquisition and calculations were performed 

using Viscotek OmniSec software version 4.6.1, using a refractive index 

increment (dn/dc) of 0.052. Molecular weights were determined based on a universal 

calibration curve generated from narrow polydispersity polystyrene standards 

(Agilent and Polymer Laboratories).  

 

Equilibrium swelling experiments were performed in decalin. The rubber sample 

(approximately 500 mg) was weighed in 20 mL vials (W0) and immersed in 15 mL 

solvent until equilibrium swelling was reached (3 days). The sample was then 

weighed after removing the solvent on the surface with a tissue (W1) and was dried in 
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a vacuum oven at 110 °C until a constant weight was reached (W2). The gel content of 

the rubber is defined as W2/W0
.100%. For the reinforced rubber compounds W0, W1 

and W2 were corrected for the presence of carbon black and W0 was corrected for the 

presence of oil to enable the calculation of the rubber gel content. The cross-link 

density [XLD]gum was calculated from W1 and W2 using the Flory-Rehner equation (Eq. 

8.1) [25-27]. For the reinforced rubber compounds a correction for the adsorption of 

decalin by the carbon black is performed via the Kraus correction (Eq. 8.2) to obtain 

the cross-link density of the rubber compound [XLD]c [28].  

 

[𝑋𝐿𝐷]𝑔𝑢𝑚 = 
𝑙𝑛(1−𝑉𝑅)+𝑉𝑅+𝜒𝑉𝑅

2

2𝑉𝑆(0.5𝑉𝑅−𝑉𝑅
1/3

)
 with 𝑉𝑅 = 

𝑊2

𝑊2+(𝑊1−𝑊2)∙
𝜌𝐸𝑃𝑀−𝑔−𝑓𝑢𝑟𝑎𝑛

𝜌𝑑𝑒𝑐𝑎𝑙𝑖𝑛

 (Eq. 8.1) 

VR  Volume fraction of rubber in swollen sample.  

VS  Molar volume of solvent (decalin: 154 mL/mol at room temperature). 

χ Flory-Huggins interaction parameter (decalin-EPDM: 0.121 + 0.278VR [29]).  

ρ Density (0.860 g/mL for EPM-g-furan and 0.896 g/mL for decalin) 

 

[𝑋𝐿𝐷]𝑐 =
[𝑋𝐿𝐷]

1+𝐾∙𝜙
 with 𝐾 = 0.0179 ∙ 𝑉𝑜𝑎 + 2.29 and 𝜙 =

𝑓𝑐𝑏∙𝜌𝑐𝑜𝑚𝑝∙𝑊𝑔

𝜌𝑐𝑏∙𝑊1
 (Eq. 8.2)

   
Voa Oil absorption volume of unit weight by 50/50 ratio (94 mL/100 g for decalin on N550 [30,31]). 

fcb Weight fraction of carbon black in the dried residue (0.483). 

Wg Weight of rubber present in the dried residue (g).  

ρcomp Density of the dried residue (1.4 g/mL as a weighted average). 

ρcb Density of the carbon blacks (1.8 g/mL for a 50/50 ratio N550/N770 [2]). 

 

UV spectroscopy measurements were performed on an AQUAMATE Thermo 

Spectronic UV Spectrophotometer. Calibration curves were constructed from two 

series of samples with increasing concentrations of EPM-g-MA and EPM-g-furan in 

hexane, which were mixed with the carbon black by stirring for 24 h at 80 °C. The 

carbon black was then removed from the slurry using an ultracentrifuge at 4500 rpm 

for 10 min and the concentration of rubber in the centrifugate was measured using UV 

spectroscopy. Extraction experiments were performed on a FOSS Soxtec 2043 at 170 

°C using THF as solvent with 4 h boiling and 30 min rinsing. After extraction both the 

beakers containing the extraction solution and the thimbles containing the residue 

were placed in an oven at 50 °C for at least 8 h to evaporate all solvent and finally 

weighed. The same full extraction procedure was also performed with 3 empty 

thimbles to correct for any loss of weight. All measurements were performed in triplo. 

Thermographic analysis (TGA) of the dried Soxtec residues was performed using a 

Mettler Toledo TGA/SDTA851e connected to an auto robot TS0801RO with a Mettler 

Toledo TS0800GC1 Gas Control unit. The samples were heated from 20 °C to 500 °C at 

10 °C per minute under nitrogen to crack the rubber part of the residue, while leaving 

the carbon black unaffected.  
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The cure kinetics were studied using a Monsanto ODR 2000 Rheometer at 

temperatures of 50 or 180 °C according to ISO 3417:2008, yielding elastic torque 

versus time curves. Hardness was measured using a Bareiss Durometer, according to 

the ASTM D2240 standard. Square test samples of 5x5 cm and a thickness of 2.0 ± 0.1 

mm were prepared by compression molding. Average values were obtained from 10 

measurements. Tensile tests were performed on an Instron 5565 with a clamp length 

of 15 mm, according to the ASTM D4-112 standard. A strain rate of 500 ± 50 mm/min 

was applied. Test samples of 45 mm long, 5 mm wide and 1 mm thick were prepared 

by compression molding. For each measurement 10 samples were tested and the two 

outliers with the highest and the lowest values were excluded. Data presented are 

averages of the other 8 tests. The median stress-strain curves in the figures were 

selected to represent the entire series of a sample. Compression set tests were 

performed according to the ASTM D931 standard, using a home-made device and 

cylindrical samples with a thickness of 6.0 ± 0.1 mm and a diameter of 13.0 ± 0.1 mm, 

which were prepared by compression molding. The samples were compressed to 75% 

of their original thickness for 70 h at room temperature and relaxed for 30 min at 50 

°C.  

8.3. Results and discussion 

8.3.1.  The preparation of thermoreversibly cross-linked EPM-g-furan 

In the previous study the EPM-g-furan product was compression molded at 180 °C 

and 100 bar for 15 min to ensure conversion of the intermediate amide acid into the 

imide [32]. Three experiments were performed to determine whether (high 

temperature) compression molding is still required after the modification on an 

internal mixer (Figure 8.1). First, EPM-g-MA and FFA were mixed in the internal mixer 

at 128 °C and 50 rpm for 7 min and the product was separated in two parts. One part 

was compression molded at 180 °C and 100 bar for 15 min as in the previous study (i) 

and the second part was compression molded at 80 °C and 100 bar for 15 min (ii). 

Compression molding at a temperature of 80 °C proved to be high enough to obtain a 

homogeneous film for FT-IR spectroscopy and low enough to prevent conversion of 

amide acied (characteristic peaks at 1550 and 1650 cm-1) to the imide. Finally, 

another reaction between EPM-g-MA and FFA was performed in the mixer at 128 °C 

for 3 min and heating the mixer to 180 °C for another 3 min, after which the product 

was compression molded at 80 °C and 100 bar for 15 min (iii). No significant amounts 

of anhydride (�̅�𝐶𝑂
𝑎𝑠  = 1856 cm-1) are observed for any of the three furan-functionalized 

samples. However, the large peaks at 1550 and 1650 cm-1 present in sample ii indicate 

the presence of amide acids and confirm that higher temperatures are required to 

irreversibly convert these into imides. Such amide peaks are not present in samples i 

and iii. This clearly demonstrates that heating the material to 180 °C in an internal 

mixer suffices to achieve the desired conversion amide acids into imide. 
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Figure 8.1. FT-IR spectra of EPM-g-MA and 1 eq. of FFA after 7 min in an internal mixer at 128 °C 

and compression molding at 180 °C and 100 bar for 15 min (i, black) or at 80 °C and 100 bar for 

15 min (ii, red) and after 3 min in an internal mixer at 128 °C and 3 min at 180 °C and 

compression molding at 80 °C and 100 bar for 15 min (iii, blue). 

 

The furan-functionalization of EPM-g-MA in the internal mixer yielded a brownish 

product that appears similar to the product obtained via the solvent-based procedure 

followed in previous studies [32]. To determine the minimum amount of FFA required 

for the maximum conversion (an excess of 3 eq. FFA was used in the solution process 

[32]), the amount of FFA that was added to the internal mixer was varied from 0 to 1.5 

molar equivalent (based on the MA content). The characteristic furan peaks at 1504, 

1073 and 1013 cm-1 [10] were clearly visible in the FT-IR spectra. The conversion of 

EPM-g-MA to EPM-g-furan was determined from the decrease in the anhydride peak 

area at 1856 cm-1 as measured by FT-IR and from the nitrogen content using EA 

(Table 8.1). Overall high conversions are a result of the fast reaction between primary 

aliphatic amines and cyclic anhydride groups [33]. Complete conversion was achieved 

upon the addition of a small excess of FFA. The addition of 1.25 eq. of FFA was used 

for all other furan-functionalization experiments in the internal mixer described in 

this study.  

 

Table 8.1. Anhydride conversion upon the addition of different amounts of FFA as determined by 

infrared spectroscopy and elemental analysis. 

FFA added 

(eq.) 

Anhydride conversion 

(%) 

 FT-IR EA 

0 0 0 

0.50 47 45 

1.00 85 79 

1.25 100 97 

1.50 100 96 
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The thus developed furan-functionalization process of EPM-g-MA in an internal mixer 

(3 min reaction at 128 °C and 3 min heating to 180 °C) was followed by the addition of 

0.5 eq. of BM (based on the furan content) and mixing for another 2 min at 180 °C. The 

insolubility of the sample in decalin confirms that the material was cross-linked. The 

obtained cross-link density of 7.4.10-5 ± 0.5.10-5 mol/mL is comparable with cross-link 

densities obtained from FT-IR and EA measurements (6.9.10-5 and 7.7.10-5 mol/mL, 

respectively) and in the same order of magnitude as the cross-link densities of sulfur 

vulcanized or peroxide cured EP(D)M gum rubber (10-5-5.10-4 mol/mL) [34-38].  

 

For some polymers the high shear forces and temperatures applied when processed in 

an internal mixer are known to lead to degradation reactions, such as chain scission or 

long chain branching [39-41]. This can have a detrimental effect on the material 

properties of the polymers [42]. GPC measurements were performed on EPM-g-MA 

before and after processing in an internal mixer at 180 °C for 10 min (Table 8.2). Mn 

remains the same and Mw and PDI slightly increase upon processing under these 

conditions. This suggests that some branching took place and no significant chain 

degradation. 

 

Table 8.2. GPC results for EPM before and after processing in an internal mixer at 180 °C for 10 

min.  

 EPM as received EPM after processing 

Mn (kg/mol) 54 ± 4 54 ± 6 

Mw (kg/mol) 126 ± 12 146 ± 19 

PDI (-) 2.3 ± 0.2 2.7 ± 0.3 

 

In conclusion, the furan-functionalization and BM cross-linking steps performed in 

solution as described in the previous study [32] were combined and upscaled to an 

internal mixer process without the use of solvent. This resulted in complete anhydride 

conversion and a similar cross-link density in a much shorter time (10 min instead of 

3 days) with a smaller excess of FFA reagent (1.25 eq. instead of 3 eq.) and probably 

without significant degradation of the polymer. 

 

8.3.2.  Thermoreversibly cross-linked EPM-g-furan compounds 

Carbon black is the most used reinforcing filler in the rubber industry and is 

commonly used in EPDM compounds. The 70/50/70 formulation used for the 

compounding of EPM-g-furan in this study is in the same range as commonly added 

amounts of carbon black (50-150 phr) and oil (20-70) for commercial EPDM rubbers 

[43-45].  
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8.3.2.1.  Cross-link density 

In rubber technology, cross-linking is typically studied using rheological 

measurements [46-48]. These yield so-called rheometer curves that present the 

torque as a measure for the extent of cross-linking versus time at a specific cure 

temperature. Rheometer curves have been measured for EPM-g-MA, EPM-g-furan and 

BM cross-linked EPM-g-furan rubber compounds (Figure 8.2). Time sweeps of the 

thermally annealed samples were determined at 180 °C until a constant torque was 

obtained (Figure 8.2A). The samples were then quenched to prevent the premature 

formation of cross-links before re-measuring them at 50 °C (Figure 8.2B). The usual 

initial drop in torque (caused by shear thinning of the polymer upon heating and 

shearing) was skipped (first 30 s) to show only the effect of a constant temperature on 

the material. For the measurements at 180 °C the torque of all samples further 

appears to decreases to a plateau over time. This decrease in torque is strongest for 

the BM cross-linked EPM-g-furan. This may be due to de-cross-linking via the retro-

DA reaction, which is known to be prevalent at this temperature [10,49]. For the 

measurements at 50 °C the torque of the BM cross-linked EPM-g-furan clearly 

increases over time with respect to the non-cross-linked EPM-g-furan and EPM-g-MA. 

This may be due to the formation of cross-links via the DA reaction which is known to 

be prevalent at this temperature [10,50,51]. The torque of the non-cross-linked EPM-

g-furan also appears to slightly increase over time at 50 °C.  

 
Figure 8.2. Rheometer curves of EPM-g-MA, EPM-g-furan (both without cross-linker) and BM 

cross-linked EPM-g-furan at A: 180 °C and B: at 50 °C directly after quenching them from 180 °C. 

The lines are for illustrative purposes only. 

 

Equilibrium swelling experiments on compounds of EPM-g-MA, EPM-g-furan and BM 

and BMC12 cross-linked EPM-g-furan were performed to determine their gel and sol 

fractions and their cross-link densities (Table 8.3). A peroxide cured ENB-EPDM was 

used as a reference compound. The EPM-g-MA rubber almost entirely dissolves in 

decalin at room temperature with a small fraction of elastomer still bound to the 

carbon black filler. Remarkably, the gel fraction of the non-cross-linked EPM-g-furan is 

A B 
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significantly higher than that of the EPM-g-MA compound. This indicates that a 

significant amount of the EPM-g-furan elastomer is bound to the carbon black. On the 

other hand, a significant amount of the BM and BMC12 cross-linked EPM-g-furan 

elastomers has dissolved, resulting in a gel content that is lower than that of the 

peroxide cured reference sample. Nevertheless, their Kraus corrected cross-link 

densities are in the order of 5·10-5 mol/mL, confirming that these compounds are 

indeed cross-linked with network densities on the low side of commercially applied 

EPM and EPDM rubber products (10-5 to 10-2 mol/mL) [34,35,52]. The high sol 

fraction of the BM cross-linked EPM-g-furan may be a result of the reversible 

character of the cross-links that are in a constant dynamic equilibrium and allow part 

of the polymer to dissolve over time. This effect may be enhanced by the shifting of the 

equilibrium due to the continuous extraction of BM during the swelling test. The 

cross-link density of this gel fraction of the peroxide cured ENB-EPDM reference 

compound was found to be similar to that of the BM cross-linked EPM-g-furan.  

 

Table 8.3. Gel content and cross-link density as determined from equilibrium swelling experiments 

in decalin of compounds of EPM-g-MA, EPM-g-furan, BM cross-linked EPM-g-furan and peroxide 

cured ENB-EPDM. 

Compound Gel content 

(%) 

Apparent cross-link density 

(mol/mL) 

EPM-g-MA 0 - 

EPM-g-furan 23 9.5 ± 1.7.10-6 

BM cross-linked EPM-g-furan 79 9.3 ± 0.5.10-5 

BMC12 cross-linked EPM-g-furan 74 7.5 ± 0.4.10-5 

1 phr peroxide cured ENB-EPDM 98 8.6 ± 0.3.10-5 

 

8.3.2.2.  Polymer-filler interaction 

Carbon black consists of elemental carbon that is coalesced into particle aggregates 

and agglomerates that are highly porous and have a huge surface area [19,45]. This 

results in physical interactions with polymers as they get caught in the pores and 

small parts of multiple chains get absorbed by the carbon black particles [19,28]. The 

absorbed part of rubber on the carbon black surface is commonly referred to as bound 

rubber [20]. Bound rubber acts as additional physical cross-links and thereby affects 

the properties of the polymers. This may be the reason for the discrepancy between 

cross-link densities determined from equilibrium swelling and stress-stain curves 

(Table 8.3). The high gel content of the non-cross-linked EPM-g-furan also suggests 

that it has a higher bound rubber content than EPM-g-MA. Interactions between 

pendant furan groups on polymers and carbon nanotube fillers are described in 

literature [53-55]. The surface of carbon nanotubes resembles that of carbon black 

[56]. Interactions of a similar nature may take place in these EPM-g-furan compounds 

[57,58]. Furthermore, the BM cross-linkers may also interact with the carbon black 
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filler in a similar fashion, especially since the solubility parameter of BM of 27.6 

(MPa)0.5 more closely resembles that of the carbon black, which is typically between 

30 and 40 (MPa)0.5, than that of the EPM-g-furan rubber of 16.0 (MPa)0.5 [59,60]. Such 

an interaction could impede the (thermoreversible) BM cross-linking of the elastomer. 

Several experiments were performed to investigate such interactions. 

 

Five solutions of EPM-g-MA and EPM-g-furan in hexane ranging from 0.2 to 1.0 g/L 

were measured by UV spectroscopy before mixing them with carbon black for 24 h at 

room temperature. The carbon black was separated from the solution by centrifuging 

before re-measuring the UV spectrum of these solutions. Reference experiments in 

which carbon black was mixed in hexane showed no UV peaks after centrifuging. UV 

absorption is correlated to the concentration of the polymers via the Lambert-Beer 

law. A decrease in concentration after mixing with and removing carbon black was 

observed for all samples. The UV absorption at 220 nm was found to be the λmax for 

both compounds and was found to decrease with 4.8% for EPM-g-MA and 13.4% for 

EPM-g-furan (Figure 8.3). This demonstrates that the amount of EPM-g-furan 

extracted by the carbon black is higher than the amount of PM-g-MA, indicating that 

that despite the low degree of functionalization, the interaction between carbon black 

and EPM-g-furan is more prevalent than between carbon black and EPM-g-MA. Similar 

experiments were performed for different concentrations of BM in hexane (Figure 

S8.1). These showed no decrease in BM concentration after mixing with and removing 

carbon black from the mixtures, suggesting that there is no absorption of BM on the 

carbon black under these conditions. 

 
Figure 8.3. UV absorption at 220 nm of EPM-g-MA and EPM-g-furan in hexane before (closed 

symbols, solid lines) and after mixing with carbon black (CB) for 24 h at room temperature (open 

symbols, dashed lines). 

 

Soxtec extraction experiments of EPM-g-MA and EPM-g-furan and BM cross-linked 

EPM-g-furan gum rubbers confirm that these EPM rubbers completely dissolve in THF 

and that the thermoreversible character of the cross-links allows for complete 

dissolution under the extraction conditions (the boiling point of THF is 78 °C). 

Although the retro-DA reaction is not dominant at this temperature, rinsing with clean 



 Production of recyclable rubber compounds 

 

 185 

6 

7 

8 

9 

1 

2 

3 

4 

5 

solvent could result in a shift of the equilibrium by continuously extracting 

temporarily uncross-linked parts of the polymer and, mainly, BM cross-linker. This 

also explains the lower gel fraction of the rubber compounds when determined via 

Soxtec extraction with respect to equilibrium swell tests. Soxtec extraction and TGA of 

the extraction residue however, both show that a significant amount of elastomer is 

still retained together with the carbon black (Figure 8.4 and Table S8.1).  The retained 

fraction of polymer after extraction may be a result of an interaction with the carbon 

black. The shape of the TGA curves is similar for all tested extraction residues and 

thermal degradation of the polymers was observed around 400°C (Figure S8.2). A 

reference TGA experiment on pure carbon black resulted in a weight loss of less than 

0.1 wt%. 

 
Figure 8.4. Amount of bound rubber determined via Soxtec extraction and TGA. The 

error bars indicate ± 1 standard deviation. 

 

The large discrepancy between the rubber fraction in the extraction residue and the 

TGA weight loss of those residues is a result of the intrinsic differences between both 

methods as non-volatile degradation products are retained on the TGA sample. 

Besides that, the experiments are performed at different temperatures. The effect of 

temperature on the bound rubber content which may be enhanced if there are 

thermoreversible interactions such as the DA reaction between the rubber and the 

filler. Nevertheless, the different measurements indicate the same trend. The bound 

rubber fraction of all modified elastomers is higher than that of EPM. This may be 

because irregularities in the modified elastomer chains are more likely to get ‘stuck’ 

(bound) to the carbon black filler. The amount of retained rubber of the non-cross-

linked EPM-g-furan is significantly higher than that of EPM-g-MA. This increased value 

suggests an increased interaction between the pendant furans and the carbon black 

filler. The addition of BM to the compound does not result in an increase in bound 

rubber content for EPM-g-MA compound. For the EPM-g-furan however, higher bound 

rubber contents are observed upon the addition of BM. Nevertheless, the bound 

rubber content is still lower than that of the peroxide cured ENB-EPDM of which less 

than 2 wt% is dissolved during the extraction process.  
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In conclusion, rheometer time sweeps, equilibrium swelling, UV spectroscopy, Soxtec 

extraction and TGA experiments all indicate that there is an increased bound rubber 

content for the non-cross-linked EPM-g-furan compound with respect to the EPM-g-

MA compound. This may be a result of an interaction between the pendant furan 

groups and the carbon black filler. The BM cross-linking reaction appears not to be 

directly interfered by this interaction as the resulting products are still cross-linked. 

 

8.3.2.3.  Material properties of BM cross-linked EPM-g-furan 

Compounding the EPM gum rubbers with carbon black and oil has the expected effect 

on the material properties [19] as the compounds appear to have an increased 

hardness, Young’s modulus, tensile strength and elongation at break and a decreased 

compression set with respect to their corresponding gum rubbers (Figure 8.5). The 

non-cross-linked EPM-g-furan compound has an increased hardness, Young’s modulus 

and tensile strength and a decreased in elongation at break and compression set with 

respect to its EPM-g-MA precursor. This difference is larger than that between the two 

corresponding gum rubbers, confirming the interaction between the pendant furan 

groups of EPM-g-furan and the carbon black filler as these effects on the properties 

are usually attributed to an increased cross-link density. BM cross-linking of the EPM-

g-furan compounds results in an even more pronounced increase in hardness, Young’s 

modulus and tensile strength and a decrease in elongation at break and compression 

set. This effect is characteristic for cross-linking rubbers [61,62]. The lower cross-link 

density of the BMC12 cross-linked EPM-g-furan (Table 8.3) also results in a decreased 

hardness, Young’s modulus and tensile strength and an increased elongation at break 

and compression set with respect to the BM cross-linked EPM-g-furan (data not 

shown for brevity). This contradicts with previously reported results on EPM-g-furan 

rubber gums cross-linked with the same BMs [23]. The higher “effectivity” of the 

aromatic cross-linker in the rubber compounds may be because the majority of the 

compound consists of carbon black that is also mostly aromatic. This may result in a 

better miscibility of the aromatic cross-linker in the compound. Finally, the tensile 

strength of the peroxide cured rubber compound is relatively low with respect to 

values found in literature [63]. This may be because the use of 1 phr of peroxide in the 

absence of coagents is not be enough to yield a fully cross-linked system [64]. 

  



 Production of recyclable rubber compounds 

 

 187 

6 

7 

8 

9 

1 

2 

3 

4 

5 

 

 

 

 

 

 

 

 

 

 

Figure 8.5. A: Hardness and compression set and B: Young’s modulus, tensile strength and 

elongation at break of EPM-g-MA, EPM-g-furan, BM cross-linked EPM-g-furan with(out) fillers 

(gum rubber versus rubber compound) and a 1 phr peroxide cured ENB-EPDM reference. Error 

bars indicate ± 1 standard deviation. 

 

Although the thermoreversibly cross-linked EPM-g-furan compound clearly displays 

the properties of a cross-linked rubber [61,62], the peroxide cured ENB-EPDM 

reference compound with a similar cross-link density has a higher hardness, Young’s 

modulus, tensile strength and elongation at break and a lower compression set. The 

difference in properties between the two polymers may be a result of the larger 

molecular weight of the ENB-EPDM (85 kg/mol) with respect to the EPM-g-MA (50 

kg/mol) [65-67]. The peroxide-initiated grafting process of MA onto EPM is known to 

result in a certain amount of chain degradation due to unwanted side-reactions [68], 

resulting in a limitation of the chain length of the EPM-g-MA rubber. This is also the 

reason why these amorphous EPM-g-MA rubbers do not meet the requirements for 

peroxide cured EPDM compounds that are typically used in products such as single 

ply roof membranes (tensile strength of 9 MPa and the elongation at break of 200%) 

[69]. Therefore, low molecular weight, amorphous EP(D)M elastomers are rarely used 

in rubber products. They are used in some applications such as conveyor belts, but in 

these cases it requires the addition of fibers to reinforce the rubber compound. The 

material properties of these relatively short amorphous EPM-g-MA rubbers can be 

enhanced by using different BM cross-linkers [23] or by the addition of multi-

functional cross-linking aids [70]. Another way to tune the material properties of such 

EPM rubbers is by increasing the ethylene content and thereby increasing the degree 

of crystallinity of the elastomer [1].   

 

8.3.2.4.  Crystallinity of the rubber matrix 

Low molecular, crystalline EPM elastomers have several applications in the building 

and construction sector as well as in the wiring and cabling sector. If the 

ethylene/propylene ratio in EPM rubbers exceeds 1.5 the elastomer becomes 

crystalline resulting in a more rigid material [2]. The effect of the crystallinity on the 

properties of the thermoreversibly cross-linked rubber compounds is studied by 

A B 
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comparing the amorphous EPM-g-MA containing 49 wt% ethylene with the more 

crystalline EPM-g-MA-cr containing 73 wt% of ethylene. Peroxide cured ENB-EPDM 

containing 53 wt% of ethylene and ENB-EPDM-cr containing 66 wt% of ethylene are 

used as irreversibly cross-linked reference compounds. The Kraus corrected cross-

link densities of these materials after the addition of different amounts of cross-linker 

have been determined to allow for a comparison of the properties of these materials 

at the same cross-linking density (Figure 8.6).  

 
Figure 8.6. Apparent cross-link densities of compounds of amorphous and crystalline EPM-g-furan 

(solid lines) and ENB-EPDM (dashed lines) upon the addition of different amounts of BM and 

peroxide, respectively. The lines are for illustrative purposes only. Error bars indicate ± 1 standard 

deviation. 

 

The apparent cross-link density of both crystalline EP(D)M rubbers increases to a 

higher level upon the addition of cross-linker than that of their amorphous EP(D)M 

analogues. This is probably related to the presence of crystalline domains in these 

sampes. Both peroxide cured ENB-EPDM reference samples display a continuous 

increase in apparent cross-link density upon the addition of peroxide. This increase in 

cross-link density levels off at higher peroxide concentrations due to degradation in 

side reactions [71,72]. Such a correlation is also observed upon the addition of small 

amounts of BM to EMP-g-furan. However, the cross-link density does not increase any 

further upon the addition of more than an equimolar amount of BM with respect to 

the furan groups. An optimum in cross-link density was also observed in a previous 

study on similar gum rubbers [23,70] and was explained by the capping of pendant 

furan-groups with the excess of cross-linker. In this case however, the apparent cross-

link density does not decrease upon the addition of an excess of BM. This may be due 

to partial absorption of BM onto the surface of the carbon black filler.  

 

Samples with cross-link densities of around 1.7.10-4 mol/mL have been used to study 

the effect of the crystallinity of the elastomer and the type of cross-linking on the 

material properties of these rubber compounds (Figure 8.7). Overall, it appears that 
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the material properties of the crystalline BM cross-linked EPM-g-furan-cr more 

closely resemble the properties of the non-crystalline, peroxide cured ENB-EPMD 

reference compound. However, the relative difference with the crystalline reference 

compound is similar. This discrepancy may be due to a non-covalent interaction 

between pendant furan groups on the EPM-g-furan and the carbon black filler that 

impede the formation of covalent, thermoreversible cross-links between these furan 

groups and the BM cross-linkers. 

 
Figure 8.7. A: Hardness and compression set at and B: Young’s modulus, tensile strength and 

elongation at break of BM cross-linked amorphous and crystalline EPM-g-furan and peroxide 

cured ENB-EPDM reference all with an apparent cross-link density of around 1.7.10-4 mol/mL. The 

error bars indicate ± 1 standard deviation. 

 

The more crystalline BM cross-linked EPM-g-furan-cr and ENB-EPDM-cr rubber 

compounds have a higher hardness, Young’s modulus, tensile strength and elongation 

at break and a lower compression set that their amorphous EPM-g-furan and ENB-

EPDM analogues. The reason for this is that the crystalline polyethylene domains act 

as additional physical cross-links. These yield more resistance against deformation 

and require more force to stretch the rubber compound and to disrupt the crystalline 

regions, resulting in an increase in hardness, Young’s modulus and tensile strength. 

Normally, crystalline EP(D)M rubbers have somewhat inferior compression set at 23 

°C. The relaxation after compression in this study however was performed at a 

temperature of 50 °C. This results in an enhanced compression set for both crystalline 

EP(D)M rubber compounds. The increased elongation at break of the compounds with 

the crystalline elastomers is a result of stretching of the polymers out of their 

crystalline domains [1,73-75]. This phenomenon becomes evident when comparing 

the stress-strain curves (Figure 8.8). The initial steep increase in stress upon straining 

the crystalline EP(D)M compounds required to disrupt the crystalline regions is 

followed by a more gradual increase as a result of the stretching of the polymers. As a 

result, the tensile strength and elongation at break of EPM-g-furan-cr and ENB-EPDM-

cr rubber compounds are larger than those of the amorphous EPM-g-furan and ENB-

EPDM, respectively. 

A B 
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Figure 8.8. Median stress-strain curves of BM cross-linked compounds of amorphous (red) and 

crystalline (blue) EPM-g-furan and peroxide cured compounds of amorphous and crystalline ENB-

EPDM references. All samples have an apparent cross-link density of around 1.7.10-4 mol/mL. 

 

8.3.2.5.  Reprocessing and retention of the material properties.  

Finally, the thermoreversibly cross-linked EPM-g-furan-cr compounds were 

reprocessed by cutting compression moulded samples in small pieces, feeding these 

into the internal mixer and mixing them at 130 °C and 50 rpm for 3 min (until the 

stable torque indicated that a homogeneous mixture was obtained). The reprocessed 

material obtained from the internal mixer was compression molded at 150 °C and 50 

bars for 30 min and the apparent cross-link density (Table 8.4) and the material 

properties of the resulting homogeneous samples were determined (Figure 8.9). This 

process was repeated three times and the retention of the different properties with 

respect to the original BM cross-linked EPM-g-furan-cr compound was found to be > 

90% for every reprocessing step (Figure S8.3). 

 
Figure 8.9. A: Hardness and compression set and B: Young’s modulus, tensile strength and 

elongation at break of BM cross-linked EPM-g-furan-cr compounds after reprocessing in an 

internal mixer for up to three times. Error bars indicate ± 1 standard deviation. 

 

A B 
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Table 8.4. Apparent cross-link density as determined from equilibrium swelling for compounds of 

BM cross-linked EPM-g-furan-cr compounds after reprocessing in an internal mixer for up to three 

times. 

Compound Apparent cross-link density 

(mol/mL) 

Original BM cross-linked EPM-g-furan-cr 1,6 ± 0.2.10-5 

1x reprocessed BM cross-linked EPM-g-furan-cr 1,8 ± 0.4.10-4 

2x reprocessed BM cross-linked EPM-g-furan-cr 1.6 ± 0.5.10-4 

3x reprocessed BM cross-linked EPM-g-furan-cr 1.7 ± 0.5.10-4 

 

The thermoreversibly cross-linked EPM-g-furan-cr compound shows hardly any loss 

of apparent cross-link density or material properties upon reprocessing for up to at 

least three times. The hardness, Young’s modulus, tensile strength and elongation at 

break all remain relatively constant with respect to the original BM cross-linked EPM-

g-furan-cr. Remarkably, the hardness and Young’s modulus appear to increase and the 

elongation at break and compression set appear to decrease after the first 

reprocessing cycle. These changes in properties correspond to a material with a 

higher cross-link density. The properties deteriorate slightly and the hardness, 

Young’s modulus and tensile strength increase and the elongation at break and 

compression set decrease with respect to the original EPM-g-furan-cr compound after 

subsequent reprocessing cycles. 

 

The initial increase in cross-link density and corresponding effect on the material 

properties upon reprocessing may be caused by a more optimal mixing of the 

compound that takes place during the extra 3 min in the internal mixer. The smaller 

error bars determined for every material property after reprocessing also indicate 

this effect. Reference experiments performed to reproduce the original compound 

using longer mixing times also showed a similar effect on the properties (higher cross-

link density and the corresponding effect on the properties). However, these longer 

mixing times are likely to induce a certain amount of degradation [39-41], especially 

upon applying the high shear forces to the freshly added, cross-linked rubber before 

heating it up and de-cross-linking (it takes approximately 30 s for the rubber to reach 

the mixing temperature). In conclusion, the high retention of properties upon 

reprocessing of the thermoreversibly cross-linked EPM-g-furan-cr compounds 

demonstrates that compounding these gum rubbers with high amounts of carbon 

black (140 phr) and oil (50 phr) does not have a negative effect on their recyclability. 

It even appears that the retention of material properties upon reprocessing is higher 

for the compounds than for the gum rubbers [10]. A more in depth study of the 

interactions between the components in the compound is required to fully understand 

the reasons behind this.  
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8.4. Conclusions 

EPM-g-MA elastomers were furan-functionalized with FFA and BM cross-linked in a 

fast, solventless process using an internal mixer. High anhydride conversions were 

obtained according to FT-IR and EA analysis. Equilibrium swelling of the EPM-g-furan 

product with BM indicates that the material was cross-linked. The resulting cross-link 

density of 7.3.10-5 mol/mL approaches the typical range of cross-link densities for 

sulphur vulcanized and peroxide cured EPDM rubber. According to GPC 

measurements of EPM-g-MA before and after processing in the internal mixer, no 

significant chain degradation took place. 

 

The furan-functionalization and BM cross-linking process in the internal mixer was 

successfully combined with mixing with carbon black and oil in a one-step process. 

Compounding appeared not to directly interfere with the DA reaction as the 

compounded EPM-g-furan rubbers are still cross-linkable with BM as was shown, 

amongst others, by rheometer experiments. The increase in torque observed at low 

temperatures demonstrated the formation of cross-links whereas de-cross-linking via 

the retro-DA reaction was observed at high temperatures. Equilibrium swelling tests, 

UV spectroscopy, Soxtec extraction and TGA all indicated that there is an interaction 

between the pendant furan groups and the carbon black filler. This interaction 

resulted in an increase in hardness, Young’s modulus and tensile strength and a 

decrease in elongation at break and compression set of the non-cross-linked EPM-g-

furan with respect to the EPM-g-MA. Even so, the material properties of the BM cross-

linked products were inferior to those of peroxide cured EPDM reference compounds 

with the same cross-linking density as a result of its lower molecular weight. The low 

molecular weight of EPM-g-MA is an intrinsic result of side-reactions taking place 

during the peroxide-initiated grafting process of MA onto EPM. The properties can be 

improved however, by using a more crystalline EPM-g-MA (with higher ethylene 

content). The crystalline BM cross-linked EPM-g-furan-cr showed an increased 

hardness, Young’s modulus, tensile strength and elongation at break and a decreased 

compression set with respect to its amorphous analogue. Furthermore, these 

properties were retained upon reprocessing for up to three cycles. The fact that the 

reprocessability of the compounds is better than that of the gum rubbers may also be 

a result of the (reversible) interaction between pendant furan groups and carbon 

black that act as additional physical cross-links but that are more easily opened during 

reprocessing than the DA cross-links. 
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Supporting information Chapter 8 

 

Figure S8.1. UV absorption at 220 nm of hexane with different concentrations of BM before 

(closed symbols, solid line) and after mixing with carbon black for 24 h at room temperature and 

removing it via ultracentrifuge (open symbols, dashed line).  

 

Table S8.1. Retained fraction of rubber after Soxtec extraction by weighing and according to TGA. 

Compound Bound rubber content 

Soxtec TGA 

EPM 0.17 ± 0.02 0.08 

EPM-g-MA 0.26 ± 0.03 0.15 

EPM-g-MA with BM 0.27 ± 0.03 0.13 

EPM-g-furan 0.30 ± 0.02 0.18 

EPM-g-furan with BM 0.40 ± 0.03 0.22 

EPDM 0.47 ± 0.04 0.24 

peroxide cured ENB-EPDM 0.98 ± 0.03 0.75 
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Figure S8.2. TGA results of the SOXTEX extraction residues of different rubber compounds with 

and without BM. 

 

 
Figure S8.3. Retention of properties of BM cross-linked EPM-g-furan-cr upon up to three times 

reprocessing with respect to the original material. 
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Technology Assessment††† 

Currently, used rubber products cannot be reprocessed after their product life due to 

the irreversible methods traditionally applied for cross-linking. Thermoreversible 

cross-linking provides a new approach and allows for the development of recyclable 

rubber products. This development also advances the state of technology with respect 

to the recycling of rubber compounds with retention of material properties. The 

current process for the production of peroxide cured EPM rubber compounds does 

not have to be significantly adapted to facilitate the production and recycling of these 

new, reprocessable rubber compounds. Being able to recycle the new material twice 

without any significant loss of material properties more than compensates for the 

higher costs of the raw materials required for their production. The production and 

recycling was found to be economically feasible as it is estimated to be 33% lower 

than the production of conventional, peroxide cured EPM compounds. Unfortunately, 

the applicability of the new, reprocessable rubber is limited to room temperature 

applications due to the rapid deterioration of the material properties at elevated 

temperatures with respect to irreversibly cross-linked rubbers. Several alternatives 

are proposed to overcome issues regarding the temperature stability of the 

reprocessable rubber. Finally, the reinforcing effect of short cut aramid fibers on the 

material properties of the newly developed thermoreversibly cross-linked EPM 

rubbers is studied. 

  

                                                 
This chapter is based on: L. M. Polgar, E. de Ruiter, M. van Duin and F. Picchioni. ‘The application of 
thermoreversibly cross-linked rubber products’ Submitted to Polymers-Plastics Technology and Engineering 
Journal (Taylor and Francis) 2016 
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9.1. Introduction 

The final step in investigating the production, recycling and applicability of the newly 

developed, fully reprocessable rubber compounds is a technology assessment. This 

relies on the comparison with respect to conventional, peroxide cured EPM rubber 

compounds with similar material properties. These are intrinsically not processable 

after cross-linking. The technical assessment takes into consideration aspects related 

to the current production process of rubber products, which may have to be revised in 

order to implement the production and recycling of the reprocessable material. 

Secondly, the production of recyclable rubber materials is only economically viable if 

the benefits of producing them outweigh the extra costs for their production. The 

collection of recyclables should also be taken into consideration in this analysis. 

Finally, the conditions at which products containing the newly developed 

reprocessable rubber compounds can be applied, with a focus on the temperature 

stability, are further investigated. Here, the newly developed thermoreversibly cross-

linked rubbers are compared with conventional, peroxide cured and sulphur 

vulcanized EPM rubber compounds with similar material properties (at room 

temperature) which are intrinsically not processable after cross-linking. Some 

alternative DA diene-dienophile couples are studied and suggested for further 

research in order to overcome any shortcomings of the material at hand. Finally, the 

material properties of the fiber-filled rubber compounds with the newly developed 

thermoreversibly cross-linked EPM rubber is compared with a fiber-filled, peroxide 

cured EPDM. 

9.2. Production Process 

Currently, the production process of rubber products consists of a mixing stage and a 

subsequent molding step, e.g. compression, extrusion or injection molding, to shape 

and cure the final product. The rubber compound can be mixed in batches or 

continuously. Although continuous processing is generally preferred, an ongoing 

discussion regarding the use these both processes for the production of traditional 

rubbers evokes some of their advantages and disadvantages (Table 9.1) [1]. The main 

differences in production costs are related to staffing requirements, machinery and 

installation costs. Batch mixers are generally more easily adaptable by adjusting 

process variables such as temperature, rotational speed and mixing time. In a 

continuous process, the shear rate, temperature and residence time can be adjusted. 

The main disadvantage of continuous mixing is the need for homogeneous and easily 

processable materials. In any case, the uniformity of the rubber compound must 

always be consistent. 
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Table 9.1. Advantages and disadvantages of producing rubbers by batch and continuous mixing. 

 Advantages Disadvantages 

Batch 

mixing 

Handling of irregular materials Inefficient use of energy 

Little or no preparation of materials Batch to batch variations. 

Robust machinery that lasts long. Labor intensive. 

Continuous 

mixing 

Steady energy consumption. Not cost effective for short runs. 

Little operator attendance required. Requires special machine configurations. 

Uniform output. Unable to process irregular materials. 

Short residence times Requires automatic controls. 

 

The production of the rubber compounds is examined for a business-to-business case 

in which the materials are sold to a company that remolds them into the desired 

products. The following analysis must be considered as a preliminarily case study 

with no pretendance of being exhaustive nor accurate. It just serves the aim of 

illustrating, in broad strokes, the major effects to be considered for an economic 

comparison. The production of the conventional, peroxide cured rubber compounds is 

chosen as a reference because it also allows for the cross-liking of saturated 

elastomers such as EPM. The peroxide curing process is simplified to a process in 

which pre-mixed additives are added to the homogenized gum rubber in a batch 

mixer before adding the peroxide cross-linkers (Figure 9.1A). In must be noted that 

the temperature of the batch mixer must be kept relatively low (typically below 120 

°C) to prevent premature decomposition of the peroxides during mixing. The choice 

for a batch mixer to compare the two production processes is based on several 

reasons. First of all, the used, reprocessable rubber products re expected to have more 

irregular shapes due to wear and tear during use and are therefore more easily 

reprocessed on a batch mixer. Furthermore, preliminary experiments showed that 

relatively long residence times (± 10 min) are required for the proper mixing and de-

cross-linking of the reprocessable rubber compounds. Although the extrapolation of 

these residence times from a batch process to an extruder set-up is not 

straightforward, it is expected that relatively long residence times are still required to 

achieve complete de-cross-linking via the retro-Diels-Alder reaction. Meanwhile 

continuous mixing is not viable for residence times of longer than 20 to 30 s [1]. The 

production of the reprocessable EPM rubber compounds requires an additional 

modification step with furfurylamine (FFA) and the addition of a bismaleimide (BM) 

instead of a peroxide cross-linker (Figure 9.1B). Here, the temperature in the mixer 

must be kept relatively high to prevent premature cross-linking during mixing and 

subsequent degradation due to the high shear forces applied to the material. 
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Figure 9.1. Schematic production process of A: conventional, peroxide cured and B: reprocessable 

rubber compounds. 

 

The extra modification step that is required for the production of the reprocessable 

rubber compounds does not significantly affect the processing times and does not 

necessarily require any extra equipment. The same is true for the reprocessing of used 

material. Unfortunately, the use of the chemicals required for the production of the 

new, reprocessable rubber compound (FFA and BM) does require a revision of the 

current machinery to minimize the safety and health risks that accompany their use. 

Since FFA is harmful by oral and skin contact, the installation of an injection system 

into the pressure lid of the batch mixer is required. BMs are even more toxic chemicals 

that are lethal by inhalation and can cause severe eye damage and irritation to the 

skin. Although the BM will most probably be completely absorbed in the rubber 

compound, the installation of a ventilation system may still be required.  

9.3. Economic feasibility 

An economic feasibility study considers all adjustments that have to be made for the 

production of the new material with respect to the conventional process. This includes 

the different raw materials that are required for the production, the adjustments to 

the production process and the collection and recycling of used rubber products. First 

of all, the gum rubber that is used as a starting material for the production of the 

thermoreversibly cross-linked rubber compounds described in this thesis is a 

maleated ethylene/propylene rubber (EPM). The maleation step makes the EPM-g-MA 

gum rubber approximately 60% more expensive than the non-functionalized EP(D)M 

gum rubbers that are typically peroxide cured (approximately € 4,00 per kg for EPM-

g-MA versus € 2,50 per kg for EPM). Since the gum rubber is the major contributor to 

A 

B 
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the price of the rubber compound (Figure 9.2), this will have the most significant 

influence on the cost price per batch. The addition of FFA or the use of BM instead of 

peroxide cross-linkers does not significantly contribute to the price of the final 

product. The proportion of the different components is derived from the compound 

formulation used in Chapter 8. 

 
Figure 9.2. Pie charts showing the relative costs of the ingredients in A: peroxide cured EPM 

rubber compounds and B: thermoreversibly cross-linked EPM-g-MA rubber compounds with 140 

phr carbon black and 50 phr oil. 

 

The cost estimation for the production of the conventional, peroxide cured EPM and 

the thermoreversibly cross-linked EPM-g-furan rubber are both based on a primary 

rubber compound, i.e. produced from purely new materials (Table 9.2). Peroxide 

curing is assumed to require 5 phr of pure di(tert-butylperoxyisopropyl)benzene and 

1 phr of coagent to achieve the same level of cross-linking and similar material 

properties. The 1,1-(Methylenedi-4,1-phenylene) bismaleimide cross-linker was 

chosen as a coagent as is happens to be one of the most frequently used coagent for 

the peroxide curing of elastomer [2,3]. The price of furfurylamine is an estimation 

based on the prospect of eventual large scale production and bio-sourcing. 

 

Table 9.2. Cost estimations for the components required for the production of a batch of 600 kg of 

conventional, peroxide cured EPM and BM cross-linked EPM-g-furan rubber compound.  

   Peroxide cured compound BM cross-linked compound 

Component 
Price 

(€/kg) 

 

 

Amount 

(phr) 

Costs  

(€/kg compound) 

Amount 

(kg) 

Costs  

(€/kg compound) 

EPM 2.50  100 0.85 0 0 

EPM-g-MA 4.00  0 0 100 1.37 

Carbon black 1.00  140 0.47 140 0.47 

Oil 0.75  50 0.13 50 0.13 

Furfurylamine 2.00  0 0 1.5 0.01 

Peroxide 6.00  5 0.10 0 0 

Bismaleimide 15.00  1 0.05 1 0.05 

Total   296 1.60 293 2.03 

 

The 25% increase in costs of raw materials required for the production of the 

thermoreversibly cross-linked rubber compound with respect to the peroxide cured 

rubber compound should be overcome by the recycling of the reprocessable rubber to 

make the production economically feasible. Part of the higher costs of the starting 

A B 

2x 0.42% 
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materials are accounted for by the possibility of reprocessing any scrap material that 

is usually lost during the production process (roughly 10%). In chapter 8 it was 

shown that the thermoreversibly cross-linked rubber can be reprocessed at least 

twice without any significant loss of material properties. Reprocessing used product 

twice instead of using new raw materials will lower the production costs as the costs 

of acquiring used products is only based on the costs of collecting them. The 

processing cost (mixing and vulcanization) for the production and the recycling of the 

reprocessable rubber compounds are assumed to be equal with equal processing 

times and without the use of any extra equipment.  

 

It is crucial that the products are separated from non-reprocessable rubbers by 

discarding them in designated containers. The most cost-efficient way of collecting the 

recyclables is by gathering these containers directly at the production plant [4]. This 

enables total control over the acquisition of the recyclable products and is able to 

direct the amount of reprocessable rubber stock present in the processing plant. An 

estimation of the accommodated acquisition costs is based on the use of containers of 

approximately 1 m3 with an average fill rate of 60%. The total acquisition costs of the 

recyclable rubber products is estimated to be €0.50 per kg based on an container size 

of 600 kg, an average distance between the collection containers and the production 

and recycling plant of 300 km, a fuel consumption of 15 L per 100 km and a factor to 

correct for the depreciation of distribution materials, man-hours (logistics and the 

removal of possible pollution) etc. The collected recyclable rubber products can be 

reprocessed by heating them to above 150 °C in an internal mixer. This recycling step 

can be performed on existing rubber production plants using the present equipment. 

The reprocessable rubber products however, have to be marked with a code (batch 

number) that gives information about their origin and how often the material has 

been reprocessed to minimize deterioration of material properties. Although only the 

material properties of fully recycled rubber products have been studied (Chapter 8), 

mixing new and used reprocessable rubber material could further improve the quality 

and reprocessability of the resulting products [5]. The material costs were estimated 

to be approximately €1.60 per kg for production of the conventional peroxide cured 

EPM and €2.03 per kg for the reprocessable, BM cross-linked EPM-g-furan. If all 

reprocessable material is recycled twice and the costs for reprocessing are equal to 

the normal processing costs, only the acquisition costs remain. This means that the 

production of three batches of the new, reprocessable rubber would cost roughly 

€3.03 per kg. The lower average costs of producing this reprocessable rubber 

compound (roughly €1,- per kg) with respect to conventional, peroxide cured rubber 

compounds (roughly €1,60 per kg) should compensate for the investments required 

to make the slight changes to the production process discussed (vide supra). As stated 

above, this case study is intended as a prelimary analysis of the factors that are 

required for an economic evaluation. As such, it does not take into account possible 

modification of the base formulation recipes (i.e. changes in the amount and kind of 
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additives such as fillers) nor the corresponding product properties and their possible 

optimization as the thermoreversible cross-links in this material were found to be in a 

constant dynamic equilibrium between their open and closed states at every 

temperature (Chapter 5). These aspects are briefly discussed in the following because 

the conditions at which this material can be applied have to be investigated before 

using the material in a product.  

9.3. Experimental 

9.3.1. Materials 

Non-cross-linked, peroxide cured and sulphur vulcanized EPDM reference samples 

with a medium ethylidene (ENB-EPDM, Keltan 8550C, 5 3 wt% ethylene, 5.5 wt% 

ENB) and non-cross-linked, maleated EPM (EPM-g-MA, Keltan DE5005, 49 wt% 

ethylene, 2.1 wt% MA, Mn = 50 kg/mol, PDI = 2.0) were kindly provided by ARLANXEO 

Netherlands B.V. Prior to the reaction, EPM-g-MA was dried in a vacuum oven for one 

hour at 175 °C to convert present diacids into anhydride. Short cut aramid fibers (2 

mm) were kindly provided by Teijin Aramid. Furfurylamine (FFA, Sigma-Aldrich, 

≥99%) and 2-thiophenemethylamine (2-TMA, Sigma-Aldrich, 97%) were freshly 

distillated before use. 3-Cloropropylamine (APCl, > 99%), lithium cyclopentadiene 

(LiCp, > 99%), 1,1-(Methylenedi-4,1-phenylene)bismaleimide (BM, 95%), Multi walled 

carbon nanotubes (CNTs, O.D.×L = 6-9 nm × 5 µm, > 95%), Bis(t-butylperoxy-i-propyl) 

benzene (Perkadox14-40, AkzoNobel), Octadecyl-1-(3,5-di-tert-butyl-4-hydroxy 

phenyl)propionate (99%), tetrahydrofuran (THF, >99.9%), decalin (98%) and acetone 

(>99.5%) were all bought from Sigma-Aldrich. 

 

9.3.2. Methods  

9.3.2.1. Furan-functionalization and BM cross-linking of EPM-g-MA 

The EPM-g-MA precursor was converted into EPM-g-furan according to a reported 

procedure [6]. 40.0 g of EPM-g-furan (8.6 mmol furan content) and 40 mg anti-oxidant 

were dissolved in 500 mL THF. 0.5 eq. (based on furan content of EPM-g-furan as 

determined from characterization by infrared spectroscopy and elemental analysis) of 

the BM was dissolved in THF and added to the 10 wt% rubber solution under stirring. 

The majority of the solvent was evaporated in the fume hood by blowing over air. The 

residual solvent was removed in a vacuum oven at 50 °C and the resulting product 

was compression molded at 150 °C and 100 bar for 1 h and thermally annealed in an 

oven at 50 °C for 7 days. Compression molding was performed on a Taunus Ton 

Technik V8UP150A press, equipped with a temperature controller. 

 

9.3.2.2. Cyclopentadiene modification and cross-linking 

45.0 g EPM-g-MA rubber (9.6 mmol MA) was dissolved in 500 mL THF at room 

temperature. 4.5 g of APCl (28.9 mmol; 3.0 eq. based on MA content in EPM-g-MA) 

was then added to the 10 wt% rubber solution. The reaction mixture was stirred for 5 
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h in a closed system at room temperature and then precipitated by pouring it slowly 

into a tenfold amount of acetone (5 L) under mechanical stirring, yielding the polymer 

product as white threads. The product (EPM-g-Cl) was dried to constant weight in an 

oven at 35 °C. Subsequently, the product was briefly compression molded at 175 °C 

and 100 bar to ensure the conversion of all intermediate maleimide acid products to 

imide products. 40.0 g of the resulting EPM-g-Cl (8.6 mmol pendant Cl groups as 

determined from characterization by infrared spectroscopy and elemental analysis) 

and 40 mg anti-oxidant were dissolved in 500 mL THF under N2. An equimolar 

amount of LiCp was added under stirring and left to react at 30 °C for 18 h. 

Afterwards, the reaction mixture was precipitated in a 20:1 molar excess of demi-

water under mechanical stirring, yielding the polymer product as white threads. The 

product (EPM-g-Cp) was dried in a vacuum oven at 150 °C overnight to remove any 

traces of water and unreacted LiCp. The resulting product was compression molded at 

150 °C and 100 bar for 1 h and thermally annealed in an oven at 90 °C for 3 days. 

 

9.3.2.3. Thiophene-functionalization and BM cross-linking of EPM-g-MA 

45.0 g EPM-g-MA rubber (9.6 mmol MA) was dissolved in 500 mL THF at room 

temperature. 3.2 g of freshly distillated 2-TMA (28.9 mmol; 3.0 eq. based on MA 

content in EPM-g-MA) was then added to the 10 wt% rubber solution. The reaction 

mixture was stirred for 5 h in a closed system at room temperature and then 

precipitated by pouring it slowly into a tenfold amount of acetone (5 L) under 

mechanical stirring, yielding the polymer product as white threads. The product 

(EPM-g-tiophene) was dried to constant weight in an oven at 35 °C. Subsequently, the 

product was briefly compression molded at 175 °C and 100 bar to ensure the 

conversion of all intermediate maleimide acid products to imide products. 40.0 g of 

the resulting EPM-g-thiophene (8.6 mmol thiophene content as determined from 

characterization by infrared spectroscopy and elemental analysis) and 40 mg anti-

oxidant were dissolved in 500 mL THF. 0.5 eq. (based on thiophene content of EPM-g-

thiophene) of the BM was dissolved in THF and added to the 10 wt% rubber solution 

under stirring. The majority of the solvent was evaporated in the fume hood by 

blowing over air. The residual solvent was removed in a vacuum oven at 50 °C and the 

resulting product was compression molded at 150 °C and 100 bar for 1 h and 

thermally annealed in an oven at 90 °C for 3 days. 

 

9.3.2.4. Preparation of CNT-filled, BM cross-linked EPM-g-furan rubber compounds 

First, 0.22 g of CNTs was dispersed in 50 mL THF by sonication for 15 min. 

Subsequently, 0.020 g BM was dissolved in 10 mL THF and mixed with the dispersed 

CNTs. The mixture was refluxed at 50 °C for 1 day. Hereafter, the dispersion was 

filtered and washed. The residue was dried in an oven at 50 °C until constant weight 

was reached. The resulting CNT/BM mixture was suspended in 50 mL THF by 

sonication for 30 min. Then, 5 g of EPM-g-MA or EPM-g-furan was dissolved in 50 mL 

THF, mixed with the suspended filler and stirred for 15 min. The resulting mixture 
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was sonicated for 30 min and refluxed at 50 °C for 24 h. The majority of the solvent 

was evaporated in the fume hood by blowing over air. The residual solvent was 

removed in a vacuum oven at 50 °C. The resulting product was compression molded at 

150 °C and 100 bar for 15 min and thermally annealed in an oven at 50 °C for 3 days.  

 

9.3.2.5. Preparation of fiber-filled, BM cross-linked EPM-g-furan rubber compounds 

18 g of EPM-g-furan was fed to an internal mixer (70% fill factor) and homogenized at 

50 rpm and 130 °C for 4 min. Then, 1, 3 or 5 phr of short cut aramid fibers was added. 

When the torque was stable (after typically 2-3 min), the BM cross-linker was added 

(0.2 to 1.5 molar eq. based on furan content). Mixing was continued for 2 min before 

the compound was removed from the mixer. Sample bars of the obtained products 

were obtained by pre-heating the materials in a mold at 140 °C for 5 min and 

compression molding them at 140 °C and 100 bars for 15 min. The resulting sample 

bars were thermally annealed in an oven at 50°C for a minimum of 72 h to ensure 

complete cross-linking. 

 

9.3.2.6. Preparation of fiber-filled, peroxide cured ENB-EPDM rubber compounds 

18 g of ENB-EPDM was fed to an internal mixer (70% fill factor) and homogenized at 

50 rpm and 70 °C for 4 min. Then, 1, 3 or 5 phr of short cut aramid fibers was added. 

When the torque was stable (after typically 2-3 min), 0.5, 1 or 2 phr of pure peroxide 

was added slowly to the mixture. The rubber compound was mixed for 4 more min 

until it was removed from the mixer. This rubber compound was then vulcanized by 

pre-heating in a mold at 160 °C for 5 min and compression molding at 160 °C and 50 

bars for 35 min.  

 

9.3.3. Characterization 

The conversion of EPM-g-MA to EPM-g-furan, EPM-g-thiophene and EPM-g-Cl was 

followed by Fourier Transform Infrared spectroscopy (FT-IR) and elemental analysis 

(EA). FT-IR spectra were recorded on a Perkin-Elmer Spectrum 2000. Rubber films 

with a thickness of 0.1 mm were compression molded at 150 °C and 100 bar for 30 

min, thermally annealed to ensure maximum DA cross-linking and measured in a KBr 

tablet holder. Measurements were performed over a spectral range from 4000 to 600 

cm-1 at a resolution of 4 cm-1, co-averaging 32 scans. Deconvolution was used to 

quantify the areas under the individual FT-IR peaks (R2 > 0.95). The differences in 

relative peak areas were used to calculate the reaction conversions. The methyl 

rocking vibration peak at 723 cm-1 was used as an internal reference, as it originates 

from the EPM backbone and is not affected by chemical modification. The decrease of 

the absorbance of the C=O symmetrical stretch vibration of the anhydride groups at 

1856 cm−1 was used to calculate the conversion of the reaction from EPM-g-MA to 

EPM-g-furan, according to a reported procedure [6]. EA for the elements N, C and H 

was performed on a Euro EA elemental analyzer. The nitrogen content was related to 

the anhydride conversion according to a reported procedure [6]. 
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Tensile tests were performed on an Instron 5565 with a clamp length of 15 mm, 

according to the ASTM D4-112 standard. A strain rate of 500 ± 50 mm/min was 

applied. Test samples of 45 mm long, 5 mm wide and 1 mm thick were prepared by 

compression molding. For each measurement 10 samples were tested and the two 

outliers with the highest and the lowest values were excluded. Data presented are 

averages of the other 8 tests. The median stress-strain curves in the figures were 

selected to represent the entire series of a sample. Compression set tests were 

generally performed according to the ASTM D931 standard, using a home-made 

device and cylindrical samples with a thickness of 6.0 ± 0.1 mm and a diameter of 13.0 

± 0.1 mm, which were prepared by compression molding. The samples were 

compressed to 75% of their original thickness for 70 h at room temperature and 

relaxed for 30 min at 50 °C. Another series of compression set experiments was 

performed in which the samples were compressed to 75% of their original thickness 

for 70 h at 25, 60, 100 and 140 °C and relaxed for 30 min at room temperature. The 

Joule effect was visualized by exposing a sample bar of ± 2.5 cm to a potential source 

and measuring the applied current and the drop in voltage. At steady state heat 

generation, thermographic images were collected with a Fluke Ti10 IR Fusion 

Technology camera. Conductive self-healing was performed in the same set-up using a 

sample that was cut in half. The fresh cross-sections were fused together by exposing 

the conncted sample bar ends to a potential source for 90 min. 

9.4. Results and discussion 

9.4.1. Application window 

 

The furan-functionalization and BM cross-linking of EPM-g-MA was successfully 

performed and analyzed according to a reported procedure [6]. The cross-link density 

of the thermoreversibly cross-linked rubber product was found to be 2.07.10-4± 

0.21.10-4 mol/mL, which is similar to that of the peroxide cured and sulphur 

vulcanized EPDM reference samples (1.98.10-4±0.18.10-4 and 1.85.10-4±0.16.10-4 

mol/mL, respectively). The stability or creep behavior of the samples is examined by 

performing compression set experiments under different conditions (Figure 9.3). A 

comparison with measurements on peroxide cured and sulphur vulcanized EPDM 

rubbers was used to investigate how the dynamic equilibrium of the thermoreversible 

cross-links affects the material properties at room temperature. The relaxation time of 

different characteristic gum rubbers was followed after 70 h of compression (Figure 

9.3A) and different compression times were followed by 30 min relaxation at room 

temperature (Figure 9.3B).  



 Production, recycling and application 

 

 207 

6 

7 

8 

9 

1 

2 

3 

4 

5 

 
Figure 9.3. Compression set tests of BM cross-linked EPM-g-furan samples and of peroxide cured 

and sulphur vulcanized EPDM reference samples with similar cross-link densities applying A: 

different relaxation times after 70 h of compression and B: 30 min relaxation after different 

compression times at room temperature. The lines are for illustrative purposes only. Error bars 

indicate ± 1 standard deviation. 

 

The relaxation time of the BM cross-linked EPM-g-furan required to reach the desired 

compression set value is in between that of the sulfur vulcanized and peroxide cured 

EPDM reference samples with similar cross-link densities. Similarly, the influence of 

longer compression times on these thermoreversibly cross-linked samples is also in 

between that of the two reference samples. It can therefore be concluded that the 

dynamic character of the thermoreversible cross-links does not have a significant 

effect on the elastic properties of the reprocessable rubbers at room temperature. The 

compression set of BM cross-linked EPM-g-furan and the peroxide cured and sulphur 

vulcanized EPDM reference samples has also been measured at different 

temperatures (Figure 9.4). 

 
Figure 9.4. Compression set at different temperatures of BM cross-linked EPM-g-furan samples 

and of peroxide cured and sulphur vulcanized EPDM reference samples with similar cross-link 

densities. The lines are for illustrative purposes only. The error bars indicate ± 1 standard 

deviation.  

A B 
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Although the room temperature compression set is similar for all samples, it appears 

that a slight increase in temperature has a detrimental effect on the compression set 

of the thermoreversibly cross-linked EPM-g-furan samples with respect to the 

irreversibly cross-linked reference samples. This may be due to a shift in the DA 

reaction equilibrium towards the retro-DA reaction at elevated temperatures. The 

dynamic equilibrium may allow for a rearrangement of the cross-links to 

accommodate a certain degree of imposed compression. This means that the use of 

these reprocessable rubbers is strictly limited to room temperature applications such 

as wire and cable insulation or sealant applications. An additional limitation to the use 

of the DA chemistry for the thermoreversible cross-linking of elastomers is the 

aromatization of the DA adduct by the elimination of water. This side-reaction 

becomes predominant at temperatures above 200 °C due to high energy consumption 

of the reaction mechanism [7]. Even so, repeated reprocessing at high temperatures 

may lead to the occurrence of a certain degree of this irreversible side-reaction and a 

subsequent deterioration of reprocessability. There are several solutions and 

alternatives to overcome this and the sensibility of the material to slight increases in 

temperature.  

 

3.2. Alternatives yielding improved high temperature performance 

Other diene-dienophile couples can be used to thermoreversibly cross-link the 

modified elastomers via DA chemistry [8]. Especially cyclopentadiene seems to be a 

good alternative for the furan-maleimide couple as the temperature at which the 

retro-DA reaction becomes prevalent is higher (150-215 °C for cyclopentadiene [9,10] 

versus 110-170 °C for furan-maleimide [11-13]). Some preliminary experiments were 

performed in which EPM-g-MA was functionalized with 3-chloropropylamine and the 

resulting pendant chloride group was reacted with lithium cyclopentadiene [14]. 

Although this approach seemed to be successful for the highly functionalized 

polyketones used in a previously reported procedure [14], the application to EPM-g-

MA elastomers with a low degree of functionalization was less successful. The high 

reactivity of the cyclopentadiene groups is responsible for a number of side-reactions 

[15], resulting in a low conversion. More importantly, the formation of cross-links 

between pendant cyclopentadienes was found to proceed much slower for this system 

with respect to the furan-bismaleimide couple. This may be due to the lower 

concentration of functional groups, but is also likely to be a result of the low mobility 

of the polymer backbones that make it hard for the functional groups to recombine. 

The relatively small, bifunctional BM cross-linking agents were found to have a 

relatively high mobility in the rubber matrix, allowing for a faster recombination of 

diene and dienophile. As a result, the cyclopentadiene cross-linked EPM has a lower 

Young’s modulus and higher elongation at break with than the BM cross-linked EPM-

g-furan (Figure 9.5). Another preliminary experiment was executed in which EPM-g-

MA was modified with 2-thiophenemethylamine and the resulting EPM-g-thiophene 

was cross-linked with BM. The resulting material was cross-linked based on its 
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insolubility and the high Young’s modulus and low elongation at break with respect to 

its non-cross-linked precursor (Figure 9.5). Nevertheless, even though the retro-DA 

reaction may only become prevalent at higher temperatures for this diene-dienophile 

couple, this would also imply that the aromatization side-reaction becomes more 

prevalent.  

 
Figure 9.5. Tensile test results of non-cross-linked EPM-g-furan and EPM-g-thiophene, their BM 

cross-linked products and a cyclopentadiene cross-linked EPM gum rubber. Error bars indicate ± 1 

standard deviation. 

 
Alternatives to overcome problems related to using DA chemistry as a tool to 

thermoreversibly cross-link elastomers could involve the use other external stimuli to 

control the reversibly of the cross-links [17]. Preliminary experiments in using 

conductivity as an external stimulus for the reversible cross-linking of carbon 

nanotube (CNT) filled, BM cross-linked EPM-g-furan rubbers showed that the Joule 

effect results in heating up of the samples and indeed facilitates the conductive self-

healing of the material (Figure 9.6).  

 

 
Figure 9.6 Thermal images of A: EPM-g-MA (I = 0.062 A), B: non-cross-linked EPM-g-furan (I = 

0.024 A) and C: BM cross-linked EPM-g-furan (I = 0.049 A) all with 10 wt% carbon nanotubes. The 

color indicates of the bar an increase in temperature going from blue to red as indiocated by the 

legend. 

 

Other external stimuli that could be considered for thermoreversible cross-linking are 

magnetism, pH or light [18-21]. Carbene insertions for example could be considered 

for the modification of the rubber as the resulting compounds induce a certain amount 
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of photo cross-linking [22]. However, the main advantage of using temperature as an 

external stimulus is that the rubber production process would not have to be adapted 

in order to facilitate the reprocessing of the thermoreversibly cross-linked rubber 

products. Using another external stimulus for reprocessing the rubber products would 

imply a significant adaptation of the process. 

9.4.2. Product Application 

Finally, rubber products are usually reinforced with fillers such as aramid fibers. For 

the BM cross-linked EPM-g-furan, the Hardness and Young’s modulus increase and the 

elongation at break of the rubber compounds decreases upon compounding with 

larger amounts of short cut aramid fiber (Figure 9.7). No significant changes were 

observed in the tensile strength and the compression set. With the exception of the 

compression set, the effect of fiber loading of the thermoreversibly cross-linked 

rubbers on the material properties was the same as for fiber-loaded, peroxide cured 

ENB-EPMD rubbers with the same cross-link density (2.45.10-4±0.28.10-4 and 2.63.10-4 

±0.27.10-4, respectively). The inferior compression set of the thermoreversibly cross-

linked rubbers with respect to that of the peroxide cured reference sample may be a 

result of the rearrangement of cross-links under compression. Nevertheless, fiber 

filled rubber products may prove to be a suitable application for thermoreversibly 

cross-linked rubber.   

 

Figure 9.7. A: Hardness and compression set at room temperature and B: Young’s modulus, tensile 

strength and elongation at break of non-cross-linked EPM-g-furan and peroxide cured ENB EPDM 

with 1 phr of short cut aramid fibers and BM cross-linked EPM-g-furan with different fiber loading. 

Error bars indicate ± 1 standard deviation. 
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9.6. Conclusions  

A technical assessment of the production, recycling and implementation in products of 

the thermoreversibly cross-linked rubber compounds described in this thesis was 

performed. The process required for the production of conventional, peroxide cured 

EPM and the new, reprocessable rubber compounds was compared for a batch mixer 

process and studied for a business to business scenario. The current production 

process does not have to be significantly adapted to facilitate the production and 

recycling of these new, reprocessable rubber compounds. Furthermore, the higher 

costs of the raw materials required for their production are more than compensated 

for by recycling the products twice. Including the acquisition costs of roughly € 0.50 

per kg for collecting all used, reprocessable rubber products, the price of the 

production and twice recycling of the new, reprocessable rubber is estimated to be € 

1,- per kg. This is 33% lower than the estimated € 1,50 per kg for the production of 

conventional, peroxide cured EPM compounds.  

The applicability of a newly developed, reprocessable EPM rubber was studied by 

determining the material properties under different conditions. Although the dynamic 

character of the thermoreversible cross-links does not have a significant effect on the 

elastic properties of the reprocessable rubbers at room temperature, the application 

of these thermoreversibly cross-linked elastomers remain limited to room 

temperature applications due to the rapid deterioration of the material properties 

upon a slight increase in temperature with respect to irreversibly cross-linked 

rubbers. As the materal properties are stable at lower temperatures, it could be used 

in products for cable and wire insulation or sealing applications. Using alternative 

diene-dienophile couples such as cyclopentadiene of thiophene for the DA cross-

linking reactions are proposed to overcome issues regarding the temperature stability 

of the reprocessable rubber compounds. Using such components should increase the 

threshold temperature for the retro-DA de-cross-linking reaction. A disadvantage of 

this approach is the aromatization of the Diels-Alder adduct that is a side-reaction 

which is also more prevalent at higher temperatures. Using other external stimuli 

such as electricity, magnetism, pH or light for the control of the cross-linking process 

is proposed. Although this would help overcome the issues related to temperature 

stability, this would also imply that the reprocessing of the material would require a 

significant adaptation of the current rubber production process. Finally, the BM cross-

linked EPM-g-furan rubber was used for the preparation of armid fiber reinforced 

rubbers. The material properties of the resulting products are comparable to that of 

the fiber reinforced, peroxide cured reference sample and improve with the fiber 

loading. 
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Rubber products have formed an integral and essential part of our daily products over 

the last 150 years. Cross-linking of rubbers is crucial as it provides good elasticity and 

high strength. Unfortunately, cross-linking also prevents melt processability, making it 

difficult to recyle cross-linked rubber products, at least in a cradle-to-cradle context. 

Devulcanization of allows for the cleavage of cross-links, but also causes bond scission 

in the polymer main chain, which is detrimental for the performance of the recyclate 

compared to the virgin material. An alternative to devulcanization of rubbers is found 

in thermoreversible cross-linking, particularly via Diels-Alder (DA) chemistry. This is 

applied to obtain materials that combine the material properties of a permanently 

cross-linked rubber at service conditions with the melt (re)processability of a non-

cross-linked rubber.  

 

To enable thermoreversible cross-linking via DA chemisty the elastomers should have 

suitable, chemical functional groups. The chemical modification of existing elastomers 

provides an elegant route towards products with new chemical reactivity and/or 

adjusted polarity, useful for filler/substrate adhesion, blend compatibilization and/or 

bio-compatibility and also (thermoreversible) cross-linking. Chapter 1 provides a 

comprehensive and critical overview of the most commonly employed, post-

polymerization modification strategies for elastomers. Only those chemical 

modification routes that, on the one hand, employ low-cost reactants and simple 

process technology and, on the other hand, result in a clear and significant 

performance improvement have found industrial application. 

 

Chapter 2 provides a proof of principle for the use of DA chemistry as 

thermoreversible cross-linking tool for rubber products. A commercial ethylene-

propylene rubber (EPM) grafted with maleic anhydride has first been modified with 

furfurylamine to introduce furan groups along the rubber backbone. These pendant 

furans groups were then cross-linked with a bis-maleimide (BM) via a DA coupling 

reaction. The thermoreversibly cross-linked products have been compression molded 

into samples that displayed material properties similar to sulphur- and peroxide 

cured EPDM reference materials. Furthermore, upon cutting and re-molding, samples 

with similar properties as the starting ones were obtained, demonstrating the 

thermoreversibility of the DA reaction and the recyclability of the rubber.  

 

A deeper understanding of the temperature response of DA cross-linking in a 

thermoreversibly cross-linked rubber is presented in Chapter 3. The kinetics of the DA 

cross-linking and retro-DA (rDA) de-cross-linking reactions have been studied for the 
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BM cross-linked, furan-functionalized EPM rubber described in Chapter 2. The 

thermoreversibility of the system was shown by a combination of equilibrium 

swelling and rheological measurements. Dynamic time sweeps of the rubber sample at 

different temperatures were used to determine the kinetic constants of the (r)DA (de) 

cross-linking reactions at low and high temperatures, respectively. These were used to 

determine the Arrhenius activation energies. Finally, the resulting data were used to 

predict cross-link density profiles as a function of time and temperature, which 

correspond well with the experimental data. 

 

It is well-known that the properties of cross-linked rubbers are strongly affected by 

the cross-link density. In Chapter 4 it is shown that this also applies to 

thermoreversibly cross-linked elastomers. In addition the type and length of the 

cross-linker have a significant effect. A homologous series of diamine and BM cross-

linkers was used to cross-link maleic-anhydride-grafted EPM (EPM-g-MA) irreversibly 

and furan-modified EPM (EPM-g-furan) thermoreversibly, respectively. The 

irreversible system was prepared as reference material as the polymeric backbone is 

factually identical. For both the cross-link density reaches an optimum upon the 

addition of a slight molar excess of cross-linker with respect to the functional groups 

on the rubber backbone. Diamine cross-linking of EPM-g-MA occurs relatively fast, 

resulting in an inhomogeneously cross-linked network which explains the relatively 

large scatter in properties. For EPM-g-furan the use of BM cross-linkers with a 

solubility parameter close to that of EPM-g-furan and a relatively low melting point 

result in samples with relatively high cross-link densities. When compared at the 

same cross-link density, the rigid character of short aliphatic or aromatic cross-linkers 

accounts for the observed increase in hardness, Young´s modulus and tensile strength 

compared to the longer, more flexible aliphatic cross-linkers. In conclusion, the 

structure of the cross-linking agent can be considered as an alternative variable in 

tuning the rubber properties. 

 

Another way of adjusting the material properties of thermoreversibly DA cross-linked 

rubber is by the addition of a multi-functional cross-linking aid. Such a component can 

help to increase the cross-link density beyond the limits imposed by the degree of 

functionalization of the commercially available, maleated EPM. In Chapter 5 it is 

shown that furan-containing polyketones (PK) can be used for this purpose in a blend 

with thermoreversibly cross-linked EPM rubber. The increase in apparent cross-link 

density results in enhanced material properties, such as hardness, tensile properties 

and compression set. As a result, these properties can be modulated by changing the 

degree of furan functionalization of the furan-functionalized PK and the loading of 

functionalized PK in the blends. It is concluded that furan-functionalized PK has some 

characteristics of an inert filler, but mainly acts as a multi-functional cross-linking aid, 

enabling larger amounts of BM to cross-link EPM-g-furan. 
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The (r)DA approach for thermoreversible cross-linking is not limited to EPM rubber 

and the concept is expanded to amorphous, furan-functionalized ethylene-vinyl 

acetate (EVM) rubbers in Chapter 6.  The polymer precursor could be prepared 

according to similar strategy as in Chapter 2, i.e. reaction of furfurylamine with the 

maleated backbone. A parallel approach for obtaining thermoreversibly cross-linked 

EVM rubbers was investigated via copolymerization of a furan-functionalized 

monomer (yielding thus a terpolymer). Both furan-containing EVM rubbers were BM 

cross-linked to yield products with similar cross-link density. The terpolymer 

products display properties similar to the ones of peroxide cured EVM rubbers 

whereas the properties of the BM cross-linked EVA-g-furan correspond to a rubber 

with a higher cross-link density. The preparation of EVM-g-furan was up-scaled to a 

small internal mixer, which also allowed compounding with carbon black and 

plasticizer in the same step. It was shown that compounding with carbon black 

resulted in reinforcement of the EVM rubber, i.e. enhanced strength, and did not 

interfere with the reprocessing via the retro DA reaction. 

 

The main difference between EPM and EVM rubbers is the polarity. Chapter 7 

presents an investigation on the effect of the rubber polarity on clustering of 

functional groups, the distribution of the polar BM cross-linker and the subsequent 

consequences for the rubber properties in the apolar EPM rubber. SAXS 

measurements show that the BM cross-linking chemistry occurs in clusters, resulting 

in a microscopically hetrogeneous network. The absence of clusters and the 

homogeneous distribution of cross-links in EVM provides improved mechanical 

behavior with respect to EPM. 

 

In Chapter 8 it is demonstrated that the production of the thermoreversibly cross-

linked elastomers is not limited to laboratory scale reactions using a solvent route, but 

can also be performed on industrial equipment. The use of an internal mixer is the 

first step towards an extrusion/melt process as it greatly reduces processing time and 

allows for a solventless process for the furan-functionalization and BM cross-linking. 

The resulting products have the same properties as those made on laboratory scale 

and have similar thermoreversible cross-linking behavior. Chapter 8 also describes 

how practical compounds with carbon black and mineral oil can be prepared for 

thermoreversible cross-linked EPM on a batch mixer which resulted in an increase in 

hardness, Young’s modulus and tensile strength and a decrease in elongation at break 

and compression set. The pendant furan groups of the non-cross-linked EPM-g-furan 

was found to interact with the carbon black filler. This does not interfere with the BM 

cross-linking reaction. Amorphous and crystalline EPM rubbers were both 

thermoreversibly cross-linked and compounded. Especially the crystalline compound 

shows excellent material properties, which are retained over multiple reprocessing 

cycles. 
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Finally, Chapter 9 demonstrates that the current process for the production of 

peroxide cured EPM rubber compounds does not have to be significantly adapted to 

facilitate the production of new, reprocessable rubber compounds. Being able to 

recycle the new EPM material twice without any significant loss of material properties 

compensates for the higher costs of the raw materials. On the other hand, the 

applicability of the new, reprocessable rubber is limited to temperatures below 50 °C 

due to the rapid deterioration of the compression set with temperature.  

 

In conclusion, the work presented in this thesis provide a rather complete overview of 

the modification, thermoreversible cross-linking and compounding of different 

elastomers aimed at the production of recyclable rubber products exploiting DA 

chemistry. Furthermore, several aspects were studied more in-depth, such as the 

cross-linking kinetics, tuning of the material properties and the homogeinity of the 

polymer network, resulting in a good overall understanding of the material and the 

conditions to apply it. 
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Rubber producten zijn de afgelopen 150 jaar een essentieel onderdeel van ons 

dagelijks leven geworden. Het vernetten van rubbers is hierbij cruciaal omdat het 

rubbers van een goede elasticiteit en sterkte voorziet. Helaas voorkomt het vernetten 

van rubbers ook dat ze in de smelt herverwerkt kunnen worden. Dit maakt het cradle-

to-cradle recyclen van vernette rubbers onmogelijk. Devulkanisatie kan gebruikt 

worden om de dwarsverbindingen te verbreken, maar zorgt er ook voor dat sommige 

verbindingen in de polymere hoofdketen worden verbroken. Dit resulteert in een 

verslechtering van eigenschappen ten opzichte van het uitgangsmateriaal. Een goed 

alternatief voor devulkanisatie is thermoreversibel vernetten via de Diels-Alder (DA) 

reactie. Dit resulteert in materialen die de materiaaleigenschappen van een vernet 

rubber combineren met de verwerkbaarheid in de smelt van een niet-vernet rubber. 

 

Voor het thermoreversibel vernetten van elastomeren via de DA reactie moeten ze 

geschikte chemische functionele groepen bezitten. De chemische modificatie van 

bestaande elastomeren is een elegante route om producten met nieuwe chemische 

reactiviteit en/of polariteit te verkrijgen en is nuttig voor hechting aan substraten, 

(bio)compatibilisatie alsook voor thermorebesibel vernetten. Hoofdstuk 1 geeft een 

uitgebreid en kritisch overzicht van de meest gebruikte modificatie strategieën voor 

elastomeren. Alleen de chemische modificatie routes die enerzijds van goedkope 

reagentia en simpele procestechnologie gebruik maken en anderzijds resulteren in 

duidelijke en significante prestatieverbetering een industriële toepassing gevonden 

hebben. 

 

In Hoofdstuk 2 wordt het principe voor het gebruik van DA chemie voor het 

thermoreveribel vernetten van rubbers gedemonstreerd. Een commercieel etheen-

propeen rubber (EPM) dat is geënt met maleïnezuuranhydride is gemodificeerd met 

furfurylamine om zo furan groepen te introduceren. De resulterende furanen werden 

daarna vernet met bis-maleïmide (BM) via de DA reactie. De thermoreversibel 

vernette produkten zijn daarna geperst tot monsters met materiaaleigenschappen 

vergelijkbaar met die van zwavel- en peroxide-vernette EPDM rubbers. Bovendien is 

het mogelijk om deze in stukjes te snijden en er nieuwe monsters van te persen met 

vergelijbare eigenschappen als het uitgangsproduct. 

 

In Hoofdstuk 3 wordt de temperatuur respons van de DA cross-links in het 

thermoreversibel vernette rubber nader onderzocht. De kinetiek van DA vernetten en 

retro-DA (rDA) ontkoppelen werd gebestudeerd aan de hand van de BM vernette, 

furan-gefunctionaliseerde EPM rubbers die in Hoofdstuk 2 werden beschreven. De 
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thermoreversibiliteit van het systeem werd aangetoond door een combinatie van 

evenwichtzwelling en rheologische metingen. Reologische metingen over tijd bij 

verschillende temperaturen werden gebruikt om de kinetische constanten van de 

(r)DA vernetting en ontkoppelingsreacties bij, respectievelijk, lage en hoge 

temperaturen te bepalen. Deze werden gebruikt om de Arrhenius activeringsenergie 

van de DA en de RDA reacties te bepalen. Deze gegevens werden gebruikt om 

vernetingsprofielen te voorspellen als functie van tijd en temperatuur die goed 

overeenkomen met de experimentele gegevens. 

 

Het is bekend dat de vernettingsgraad de eigenschappen van vernette rubbers sterk 

beïnvloed. In hoofdstuk 4 wordt aangetoond dat dit ook geldt voor thermoreversibel 

vernette elastomeren en dat het type en de lengte van de cross-linker ook een 

significant effect hebben. Een homologe reeks diamine en BM cross-linkers is gebruikt 

voor het irreversibel vernetten van maleïnezuuranhydride-geënte EPM (EPM-g-MA) 

en het reversibel vernetten van furan gemodificeerd EPM (EPM-g-furan). Het 

irreversibel vernette systeem is hier als referentie gemaakt. Voor beide bereikt de 

vernettingsgraad een optimum bij het toevoegen van een geringe overmaat cross-

linker ten opzichte van de functionele groepen op het rubber. Het vernetten van EPM-

g-MA met diamine gebeurt relatief snel waardoor er een inhomogeen vernet materiaal 

ontstaat. Dit resulteert in een relatief grote spreiding van de materialleigenschappen. 

BM cross-linkers met een oplosbaarheids-parameter vergelijkbaar met die van EPM-g-

furan en een relatief laag smeltpunt resulteren in monsters met een hogere 

vernettingsgraad. Bij dezelfde vernettings-graad zorgt de stuggere aard van korte 

alifatische en aromatische cross-linkers voor een toename in de hardheid, Young's 

modulus en treksterkte ten opzichte van langere, flexibelere alifatische cross-linkers. 

Samenvattend kan de structuur van de cross-linker worden beschouwd als een 

alternatieve variabele voor het afstemmen van de eigenschappen van rubber. 

 

Een andere manier om de materiaaleigenschappen van thermoreversibel, DA-vernette 

rubbers aan te passen is door een multifunctionele vernettingshulp toe te voegen. Een 

dergelijke component kan helpen om de vernettingsgraad te verhogen voorbij de 

grenzen die zijn opgelegd door de beperkte mate van functionalisering van 

commercieel verkrijgbare EPM-g-MA rubbers. In hoofdstuk 5 wordt aangetoond dat 

furan-bevattende polyketonen (PK) hiervoor gebruikt kunnen worden door ze met 

thermoreversibel vernette EPM rubbers te vermengen. De toename van de 

waargenomen vernettingsgraad resulteert in verbeterde materiaaleigenschappen 

zoals de hardheid, treksterkte en compresieset. Zodoende kunnen deze 

eigenschappen aangepast worden door het veranderen van de hoeveelheid furan op 

het PK en de totale hoeveelheid PK in de mengsels. Geconcludeerd wordt dat furan-

gefunctionaliseerde PK een aantal kenmerken van een inert vulmiddel heeft, maar 

vooral fungeert als een multifunctionele vernettingshulp die het mogelijk maakt om 

EPM-g-furan met grotere hoeveelheden BM te vernetten. 
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Het thermoreversibel vernetten via de (r)DA reactie is niet beperkt tot EPM rubbers 

en dit concept is in Hoofdstuk 6 ook toegepast op amorfe, furan-gefunctionaliseerde 

EVM rubbers. Daarnaast zijn in dit hoofdstuk ook EVM rubbers die via 

copolymerisatie met furan gefunctionaliseerde monomeren werden verkregen 

(terpolymeren) thermoreversibel vernet. Voor beide furan-bevattende EVM rubbers 

zijn BM vernette eindproducten met een vergelijkbare vernettingsgraad verkregen. 

Het terpolymeer vertoonde eigenschappen die vergelijkbaar waren met die van 

peroxide-vernette EVM rubbers terwijl de eigenschappen van het BM vernette EVA-g-

furan overeenkwamen met die van een rubber met een hogere vernettingsgraad. De 

bereiding van de EVA-g-furan werd opgeschaald zodat het in een kleine interne mixer 

kon worden gemaakt. Dit gaf ook de mogelijkheid om deze te mengen met roet en olie. 

Aangetoond werd dat mengen met roet leidt tot versterking van de EVA rubber, d.w.z. 

resulteert in verbeterde sterkte, terwijl het geen invloed heeft op de verwerkbaarheid 

door middel van het ontkoppelen van het netwerk  via de retro DA reactie. 

Het belangrijkste verschil tussen EPM en EVM rubbers is hun polariteit. Hoofdstuk 7 

beschrijft een studie naar hoe de polariteit van de rubber matrix het clusteren van 

functionele groupen en de verdeling van de polaire cross-links beïnvloedt en wat de 

gevolgen daarvan zijn voor de eigenschappen van het apolaire EPM rubber. Uit SAXS 

metingen blijkt dat het vernetten van het rubber met de polaire BM cross-linkers in 

clusters plaatsvind, hetgeen resulteert in een inhomogeen netwerk. De afwezigheid 

van clusters and de vernettingshomogeniteit van EVM zorgen voor betere 

materiaaleigenschappen dan het inhomogeen vernette EPM. 

 

In Hoofdstuk 8 is de productie van thermoreversibel vernette elastomeren uitgebreid 

door deze op industriële apparatuur uit te voeren. Het gebruik van een interne mixer 

is de normaliter eerste stap naar een extrusie/smeltproces aangezien het de 

verwerkingstijd vermindert en resulteert in een oplosmiddelvrije manier om EPM 

rubbers met  furan te functionaliseren en ze met BM te vernetten. De op deze manier 

verkregen producten hebben dezelfde eigenschappen als de thermoreversibel 

vernette EPM rubbers die eerder op laboratoriumschaal gemaakt waren. In Hoofdstuk 

8 wordt ook beschreven hoe praktische producten van thermoreversibel vernette 

EPM rubbers met roet en olie op een batch mixer kunnen worden gemaakt. Dit 

resulteerde in een toename van de hardheid, Young's modulus en treksterkte en 

afname van verstrekking bij breuk en compressieset. De waargenomen interactie 

tussen de aan het EPM rubber hangende furan groepen en het roet dat als vulmiddel 

werd gebruikt blijkt niet te interfereren met de BM vernettingsreactie. Tot slot is er 

ook een vergelijking gemaakt tussen amorfe en kristallijne EPM rubbers die 

thermoreversibel vernet zijn met BM en gemengt zijn met roet en olie. Vooral het 

kristallijne rubber vertoont uitstekende eigenschappen die behouden blijven na 

meerdere keren opwerking.  
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Uiteindelijk laat Hoofdstuk 9 zien dat de huidige werkwijze voor de productie van met 

peroxide vernette EPM rubbers niet aanzienlijk hoeft te worden aangepast om aan de 

productie van de nieuwe, herverwerkbare rubbers te faciliteren. De hogere kosten van 

de grondstoffen die nodig zijn voor de productie van het nieuwe rubber worden 

gecompenseerd door de mogelijkheid om het nieuwe materiaal minimaal tweemaal te 

recyclen zonder significant verlies van materiaaleigenschappen. Aan de andere kant 

lijkt de toepasbaarheid van het nieuwe, recyclebare rubber beperkt te zijn tot 

toepassingen bij temperaturen onder de 50 °C omdat de compressieset snelle 

verslechteren bij het verhogen van de temperatuur.  

 

In conclusie biedt het werk in dit proefschrift een vrij compleet overzicht over het 

modificeren en thermoreversibel vernetten van verschillende elastomeren met als 

doel de productie van een recyclebaar rubber via DA chemie. Bovendien werden er 

meer diepgaand onderzoke gedaan naar verschillende aspecten zoals de kinetiek van 

het vernetten, de afstemming van de materiaaleigenschappen en de homogeniteit van 

het netwerk om zo een goed begrip van het materiaal en de omstandigheden die nodig 

zijn voor het thermoreversibel vernetten daarvan te verkrijgen. 
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Le gomme sono diventate parte integrante ed essenziale della nostra vita quotidiana 

da oltre 150 anni. La reticolazione delle gomme (vulcanizzazione) è fondamentale 

poichè fornisce una buona elasticità e una buona resistenza alla gomma stessa. 

Sfortunatamente, la reticolazione delle gomme impedisce il riprocessamento da fuso, 

rendendo così impossibile il riciclo dei prodotti gommosi reticolati, almeno in un 

contesto “cradle-to-cradle”. Un’alternativa al processo di devulcanizzazione è 

rappresentata dall’utilizzo di una reticolazione termoreversibile, in particolare 

attraverso l’utilizzo della reazione di Diels-Alder (DA). Questo permette di ottenere 

materiali che, nelle condizioni di utilizzo, combinano insieme sia le proprietà tipiche 

della gomme reticolate irreversibilmente, sia la capacità di essere riporocessate da 

fuso, proprietà tipica delle gomme non reticolate. 

 

Affinchè sia possibile reticolare in maniera termicamente reversibile queste gomme 

via DA è necessario che le gomme in questione contengono gruppi funzionali appositi. 

La modifica chimica di elastomeri già esistenti rappresenta una metodologia molto 

elegante verso l’ottenimento di prodotti con una nuova reattività chimica e/o con 

diversa polarità, che possono essere utilizzati come cariche/substrati di adesione, in 

miscele compatibilizzate/biocompatibili e anche reticolate in maniera termicamente 

reversibile. Nel capitolo 1 viene fornita una panoramica critica e completa degli 

impieghi più comuni degli elastomeri e delle loro modifiche fatte in fase di post-

produzione. Non sorprende affatto che le vie di modifica chimica che impiegano 

reagenti a basso costo e tecnologie di processo semplici, capaci di migliorare 

nettamente le prestazioni delle gomme, abbiano trovato applicazione a livello 

industriale. 

 

Nel capitolo 2 viene fornita una dimostrazione dell’utilizzo della reazione di DA come 

strumento per la reticolazione termicamente reversibile della gomma. Come prima 

cosa è stata modificata una gomma commerciale etilene-propilene innestata con 

anidride maleica (EPM), utilizzando la furfurilammina al fine di introdurre gruppi 

furano lungo la catena principale della gomma stessa. Questi gruppi furano, detti 

“pendenti”, sono stati reticolati usando una bismaleimmide (BM) in una reazione di 

accoppiamento DA. I prodotti reticolati reversibilmente sono stati utilizzati per 

produrre campioni, tramite la tecnica dello stampaggio a compressione, mostrando 

proprietà simili ai riferimenti EPDM trattati con zolfo e perossidi. Inoltre questi 

campioni, una volta tagliati e ristampati, hanno mostrato proprietà simili a quelle del 

prodotto di partenza, fornendo così una prova evidente della reversibilità della 

reazione DA e la possibilità di riciclare queste gomme. 

 

 

Riassunto 
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Un maggiore approfondimento del comportamento e della risposta a variazioni 

termiche nella reticolazione reversibile via DA, , è riportato nel capitolo 3. In questo 

capitolo viene riportato uno studio cinetico della reticolazione via DA e 

dereticolazione (r-DA), della gomma EPM funzionalizzata con furano descritta nel 

capitolo 2 con BM. La reversibilità termica del sistema è dimostrata tramite misure di 

equilibrio di rigonfiamento e da misure reologiche. Sono state effettuate misure 

dinamiche dei campioni gommosi a differenti temperature per determinare la 

costante cinetica della reticolazione e dereticolazione, rispettivamente a basse e ad 

alte temperature. Queste sono state introdotte nell’equazione di Arrhenius 

permettendo di stimare energie di per la reazione DA e la retro-DA. Questi dati sono 

stati utilizzati per prevedere la densità di reticolazione come funzione del tempo e 

della temperatura, con buona corrispondenza con i dati sperimentali. 

 

É noto che le proprietà delle gomme reticolate sono fortemente influenzate dalla 

densità di reticolazione. Nel capitolo 4 si riporta che, per elastomeri reticolati 

termoreversibilmente, anche il tipo e la lunghezza del reticolante ha un effetto 

significativo sulle proprietà della gomma stessa. Sono stati usati come reticolanti serie 

omologhe di diammine e BM al fine di reticolare irreversibilemnte e reversibilmente 

EPM aggraffata rispettivamente con anidride maleica (EPM-g-MA) e EPM aggraffata 

con furano. I sistemi irreversibili sono stati preparati per confronto, in quanto 

possiedono lo stesso scheletro macromolecolare. Per entrambe le serie, la densità di 

reticolazione raggiunge un massimo dopo l’aggiunta di un leggero eccesso di 

reticolante rispetto ai gruppi funzionali presenti sulla catena principale della gomma. 

Per quanto riguarda l’EPM-g-furano, le BM caratterizzate da un parametro di 

solubilità simile a quello dell’EPM-g-furano e un relativamente basso punto di fusione, 

forniscono i materiali con più alta densità di reticolazione. Quando si va a comparare 

sistemi con la stessa densità di reticolazione, il carattere rigido dovuto alle catene 

alifatiche corte e alla struttura aromatica del reticolante provoca un aumento della 

durezza, del modulo di Young e della resistenza alla trazione, rispetto ai reticolanti 

alifatici più lunghi e più flessibili. In definitiva, la struttura dell’agente reticolante può 

essere considerata una variabile alternativa nell’ottimizzazione delle proprietà delle 

gomme, specialmente per quanto riguarda la reticolazione termoreversibile delle 

stesse. 

 

Un altro modo per modulare le proprietà del materiale reticolato in maniera 

termicamente reversibile con DA è quello di aggiungere un reticolante ausiliario 

multifunzionale. Tale componente può contribuire ad aumentare la densità di 

reticolazione oltre i limiti imposti dal grado di funzionalizzazione della gomma 

maleata EPM disponibile in commercio. Nel capitolo 5 è riportato che i polichetoni 

(PK) funzionalizzati con furano possono essere usati a tale scopo, in una miscela con 

EPM reticolata termoreversibilemente. L’aumento apparente della densità di 
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reticolazione comporta un miglioramento delle proprietà del materiali come la 

durezza, le proprietà tensili e la compressione. Tali proprietà possono quindi essere 

modulate cambiando il grado di funzionalizzazione del PK con gruppi furano e la 

carica del PK stesso nella miscela. Si può concludere che la funzionalizzazione del PK 

con furano ha alcune caratteristiche di una carica inerte, ma agisce principalmente 

come reticolante ausiliario multifunzionale, consentendo di amplificare l’effetto 

reticolante della BM nella reticolazione dell’EPM-g-furano. 

 

L’approccio via DA per la reticolazione termoreversibile non è stato limitato solo alla 

gomma EPM ma è stato utilizzato anche per la funzionalizzazione con furano delle 

gomme EVM, così come mostrato nel capitolo 6. Le gomme sono state preparate con la 

stessa strategia descritta nel capitolo 2, ovvero la reazione con furfurilammina di 

gruppi maleici presenti nella gomma di partenza. Inoltre è stato studiato un approccio 

parallelo per ottenere gomme EVM reticolate reversibilmente attraverso la 

copolimerizzazione con monomeri funzionalizzati con furano (ottenendo quindi un 

terpolimero). Entrambe le gomme EVM funzionalizzate con furano sono state 

reticolate con BM per produrre materiali con densità di reticolazione simile. I prodotti 

mostrano proprietà simili a quelle delle gomme EVM trattate con perossidi e aventi 

simile densità di reticolazione, mentre le proprietà dell’EVA-g-furano reticolata con 

BM corrispondono a quelle di una gomma con un elevata densità di reticolazione. La 

sintesi dell’EVA-g-furano è stata eseguita in un piccolo miscelatore interno, con 

simultanea aggiunta di Carbon Black e di olio minerale nello stesso passaggio. È stato 

dimostrato infatti che il trattamento con Carbon Black produce, ad esempio un 

rigonfiamento dell’EVA, maggiore resistenza della stessa e non interferisce con il 

riprocessamento tramite reazione retroDA. 

 

La principale differenza tra le gomme EPM e EVM riguarda la polarità. Il capitolo 7 

riporta uno studio su come la polarità della matrice gommosa influenza la 

distribuzione polare della reticolazione con successive conseguenze per le proprietà 

stesse della gomma. Nella reticolazione con BM, che è polare, si formano aggregati 

nella gomma EPM che è apolare, causando quindi una disomogeineità nella 

reticolazione della gomma stessa. Misure SAXS mostrano come questo non accada per 

le gomme EVM che sono invece polari. La distribuzione omogenea delle reticolazioni 

nell’EVM fornisce una migliore stabilità e un migliore comportamento meccanico della 

gomma stessa rispetto alla gomma EPM. 

 

Infine, la produzione di elastomeri reticolati reversibilmente non è limitata solo a 

reazioni su scala di laboratorio in cui viene utilizzato un solvente, ma può essere in 

principio eseguita anche su scala industriale come riportato nel capitolo 8. L’uso di un 

miscelatore interno è il primo passo verso l’estrusione/processamento da fuso, dal 

momento che riduce notevolemnte i tempi di processo e permette la 

funzionalizzazione delle gomme EPR con furano e la reticolazione con BM. I prodotti 

 

 



Summaries 

                                                                                                        Lorenzo Massimo Polgar 224 

così ottenuti hanno le stesse proprietà di quelli ottenuti su scala di laboratorio e sono 

stati reticolati reversibilmente con successo. Nel capitolo 8 viene descritto anche come 

utilizzando composti quali il Carbon Black e l’olio minerale sia possibile reticolare 

termicamente l’EPM in un miscelatore discontinuo. L’aggiunta di tale composti 

comporta un aumento della durezza, del modulo di Young e della resistenza alla 

trazione ma comporta pure una diminuzione dell’allungamento a rottura e della 

compressione. É stata anche osservata un’interazione tra i gruppi furanici “pendenti” 

delle gomme EPM-g-furano e il Carbon Black aggiunto. Questa reazione però non 

interferisce con la reticolazione con BM.  

 

Sia gomme EPM amorfe che cristalline sono state reticolate reversibilmente e 

addizionate con cariche. Specialmente il composto cristallino presenta eccellenti 

proprietà meccaniche che restano invariate anche dopo svariati cicli di rilavorazione. 

 

Infine, nel Capitolo 9 viene dimostrato che l’attuale processo per la produzione di 

gomme EPM reticolate con perossidi non dovrebbe subire modifiche significative per 

adattarlo alla produzione di gomme riprocessabili. La possibilità di riciclare i nuovi 

materiali basati su EPM alcune volte, senza significativa diminuzione delle proprietà, 

compenserebbe l’aumento dei costi delle materie prime utilizzate per la loro 

produzione. Tuttavia, l’applicabilità di questi nuovi materiali riprocessabili è limitata a 

temperature inferiori ai 50°C a causa di un rapido peggioramento della 

compressibilità con la temperatura. 

 

In conclusione, il lavoro presentato in questa tesi fornisce una panoramica piuttosto 

completa riguardo la modifica, la reticolazione termoreversibile basata sulla reazione 

di accoppiamento DA e la composizione di differenti elastomeri finalizzati alla 

produzione di gomme riciclabili. Inoltre alcuni aspetti sono stati studiati in maniera 

più dettagliata, come la cinetica di reticolazione, il miglioramento delle proprietà del 

materiale e l’omogeneità della reticolazione del polimero, in modo da fornire una 

migliore conoscenza del materiale e delle sue condizioni di sviluppo. 
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