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Abstract 
A proof of principle for the use of Diels-Alder chemistry as a thermo-reversible cross-linking 

tool for ethylene-vinyl acetate rubber (EVM) is demonstrated for a modified EVM and newly 

synthesized copolymer. Similar to previous work on maleated ethylene-propylene (EPM), 

commercial EVM rubber grafted with maleic anhydride was modified with furfurylamine and 

cross-linked with bismaleimide via a Diels-Alder coupling reaction. Use of a functional EVM 

terpolymer proved beneficial for the reversibility of the cross-linked material over maleic 

anhydride grafting functionalization. Reversibility of both rubber networks and their 

reworkability were proven with solubility tests and in a practical way by cutting and remolding 

rubber material into new coherent samples (impossible for conventionally cross-linked EVM 

rubbers), and on the basis of their mechanical properties. Rubber compounding was performed, 

resulting in superior physical properties of the resulting products compared to those of virgin 

Diels-Alder cross-linked EVM and conventionally cross-linked EVM rubber. Comparison of the 

latter with an analogous EPM system showed presence of polar clusters of high cross-link density 

is impeded in the EVM system due to its polar character. The resulting homogeneous cross-link 

distribution provides improved stability in mechanical behavior. It is thought the identified effect 

of polarity is an important discovery towards commercial recyclable rubbers. 
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1. Introduction 
Ethylene vinyl acetate rubbers (EVM) have found common use as photovoltaic insulators,1-4 

cable insulants,5-13 hot melt adhesives,6,8-10,13,14 coatings,6,9 emulsion paints9 and in shoe 

soles6,10,12,13,15. Furthermore, recent recognition of EVM as an oil resistant material useful for 

automotive applications with stringent high temperature requirements such as gaskets, seals and 

hoses broadened the scope and interest in the rubber material.5,8 The excellent heat and aging 

resistance combined with the outstanding weathering/ozone/UV resistance and good 

processability of the copolymer makes it very suitable for these applications.5,8-10,13 The superior 

resistance to many conditions of the random copolymer is owed to the absence of unsaturation in 

the polymer chain backbone.8  

To improve these virgin properties and meet more stringent final product requirements for use 

in applications, several methods such as blending the rubber with other elastomers or 

optimization of the final rubber compound formulation can be employed.16-27 However, the most 

common strategy applied in the rubber industry is to cross-link the rubber’s polymer 

chains.8,10,13,28 Such a cross-linked rubber will show improved rigidity, dimensional stability and 

resistance to heat and chemicals.29 However, this is where a problem arises for EVM rubber, since 

the aforementioned fully saturated backbone makes commonly applied rubber sulfur cross-

linking impossible.5,30 Therefore, at present, the two main methods for EVM cross-linking are high 

energy irradiation, chemical cross-linking through peroxide curing or silane cross-linking.5,9,10,13,31 

However, these methods have some practical disadvantages. First of all, the absence of double 

bonds in EVM makes peroxide or silane cross-linking very difficult. This also leads to the formation 

of very irregular networks.5  Second, the cross-linking process is prone to secondary reactions like 

chain scission and degradation which compete with the cross-linking reaction.5,32,33 These 

reactions impede cross-linking, making them less efficient.34-36 Finally, these cross-linking 

methods are both irreversible which makes rubber recycling impossible.  

Reversible cross-linking, with the current focus of research on waste limitation and the need 

for more sustainable industrial materials in the future, provides a viable alternative. In previous 

work, reversible cross-linking of EPM rubber was successfully performed using thermo-reversible 

furan-maleimide Diels-Alder (DA) cross-links.37 Generally, reversible cross-linked networks arise 

from relatively weak interactions such as ionic interactions, hydrogen bonding or crystallinity, 

that are not indefinitely able to hold stress without creep.38,39 Reversible covalent cross-link 

networks on the other hand did prove successful for some specific materials, like hemiaminal 

networks40 and epoxy networks with frozen topology.38,41-43 However, modification of common 

industrial rubbers to allow for these types of reversible cross-linking is often impossible and 

requires the design of new polymers. Therefore the thermo-reversible DA reaction was used, 

because it can be applied to a broader range of polymers like EPM and EVM.44-49 Furthermore its 

relatively fast kinetics, mild reaction conditions,44,50-52 and low coupling and high decoupling 
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temperature make it very suitable for reversible polymer cross-linking.45-47,53-56 Specifically the 

furan-maleimide DA system is most known and has been reported numerously.45-47,57-61 Also, it is 

reported that the furan-maleimide DA system allows for self-healing, showing removability and 

remendability.62-65 By heating above the DA decoupling temperature the polymer chains will 

partially disconnect, increasing the mobility of the chains, while associating again into new DA 

cross-links upon cooling.64 These self-healing materials create a new paradigm whereby materials 

manage, rather than prevent damage, providing new solutions for materials and design engineers 

in demanding environments.66-68 

The addition of controlled amounts of functional groups or monomers enables even more 

possibilities for tailoring rubber properties and obtaining improved chemical, mechanical and 

environmental properties.69-73 To allow for reversible furan-maleimide DA cross-linking and 

prevent deleterious scission of the saturated backbone, maleic anhydride (MA) groups were 

introduced along the polymer backbone. Two viable options are considered to introduce the 

desired functionality for cross-linking into the EVM rubber. First is post-polymerization 

modification, where MA groups are grafted on the polymer backbone of industrial EVM. 

Subsequent insertion of furfurylamine (FFA) into the pending anhydride rings will afford an 

imide.74,75 The second option is copolymerization, where a monomer bearing a furan group is 

added during copolymerization synthesis of EVM.76,77 Thermo-reversible DA chemistry between 

the polymer chains with electron-rich furan moieties in both rubbers is finally possible through 

use of an electron-poor bismaleimide (BM).46,55,61,78,79 

Although thermo-reversible furan-maleimide DA cross-linking of EPM rubber proved feasible, 

it is assumed a non-homogeneous cross-link network was obtained. This due to the fact that EPM-

g-MA is known to form polar clusters enriched with MA groups, driven by the difference in 

polarity between the polar MA grafts and the apolar polymer backbone.80 Since both FFA and BM 

are more polar than the EPM backbone, the majority of the cross-linking chemistry will take place 

in these polar clusters. This will afford cross-linked domains in DA cross-linked EPM-g-furan and 

therefore a heterogeneous spatial distribution of cross-links. Furthermore the density of such 

cross-linked domains would be smaller, and the chance of intramolecular cross-linking within the 

same polymer chain would increase. EVM rubber, on the other hand, will most likely be unable to 

form polar clusters of furan grafts. This because the polar inter- and intramolecular interactions 

of polymer chains induced by the vinyl acetate groups will predominate, impeding the formation 

of MA-rich and thereof arising cross-link clusters. (Figure 1).  

Polar clusters play a critical role in controlling both transport characteristics and the 

mechanical stability of polymers, affecting the structure and dynamics of the material. Work on 

the role of ionic clusters using x-ray scattering, pioneered by Eisenberg and co-workers,82,88-90 

showed that ionic groups generally segregate into multiplets, small and tightly packed ionic 

assemblies driven by Coulombic forces that in turn form polar clusters.89 As confirmed by  
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Figure 1. Schematic representation of proposed formation of a non-homogeneous and homogeneous spatial 
distribution of functionality and cross-links respectively upon DA cross-linking of EPM and EVM rubber. 

 

several authors, stability of these clusters is determined by a balance between electrostatic and 

elastic pulling forces of the polymer chains.89,91-94 Furthermore, clusters’ size and shape are 

generally influenced by residual electrostatic energy between multiplets, the steric repulsion 

between monomers, and the energies needed to deform the polymer coils from their free, natural 

configuration due to confinement.95-97 Subsequently, material characteristics of clustered 

polymers are a results of the balance between the conformation of the rubber backbone and the 

electrostatic forces. The size, shape, number, and distribution of these clusters, all affect the 

overall structure and dynamics of the polymer.81 Therefore, clusters of ionic content do not only 

impart rubber conductivity and electrolytic transport characteristics, but the shape and degree of 

clustering also has a strong influence on the rubber’s mechanical properties.82,83 For example, 

recent work has shown that the Young’s modulus is affected by polymer clusters, increasing when 

present clusters are larger, most pronounced for polymers with relatively small clusters.83 

Furthermore, it was reported that polymers with pendant ions like the systems addressed in this 

work, opposed to polymers with ions in the rubber backbone, will form discrete clusters.98 

Consequently it is expected that the absence of polar clusters in the EVM system will afford a more 

homogenous cross-link network, with a possibly beneficial effect on the material’s mechanical 

behavior for commercial product application. 

The aim of this work is to thermo-reversibly cross-link the industrial rubbers EVM and EVFM 

via furan/maleimide DA ‘click-chemistry’, a novelty in the open literature to the best of our 

knowledge. The main goal is to compare these systems to analogously cross-linked EPM rubbers, 

to study the expected presence of polar clusters of high cross-link density in the EPM system and 

their absence in the polar EVM and EVFM systems, using sing small angle X-ray scattering (SAXS). 

This to investigate the effect of clustering on the mechanical and morphological behavior of a 

rubber. The thermo-reversibility and mechanical properties of the EVM and EVFM systems, 

synthesized by post-polymerization modification and copolymerization respectively, will be 
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identified and the effect of precursor synthesis strategy on rubber properties will be studied. 

Finally, a preliminary evaluation of EVM rubber compounding in relation to current industrial 

standards will be performed.  

 
Scheme 1. BM cross-linking of furan grafted industrial EVM rubbers, precursors prepared through either post-
modification or copolymerization (MA grafts are represented attached to the ethylene as an example) 
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2. Experimental 

2.1 Materials 

The parent ethylene/vinyl acetate copolymer rubber (EVM, Levamelt 700, 30wt% ethylene,  Mn 

= 35.3 kg/mol, PDI = 9.1), the analogous maleated copolymer rubber (EVM-g-MA, 29.3wt% 

ethylene, 69.3wt% vinyl acetate, 1.41wt% MA, Mn= 30.5 kg/mol, PDI = 16.6), the ethylene/vinyl 

acetate/furfuryl methacrylate terpolymer rubber (EVFM,  37.8wt% ethylene, 59.4wt% vinyl 

acetate, 2.8wt% furfuryl methacrylate Mn = 45.8kg/mol, PDI = 2.7), carbon black N550 and the 

sunpar oil were kindly provided by Lanxess elastomers. The EVM-g-MA precursor was pretreated 

in a vacuum oven at 175°C for one hour to convert any present hydrolyzed diacids into 

anhydrides.99 

1,1-(methylenedi-4,1-phenylene)bismaleimide (BM, Sigma-Aldrich, 95%), octadecyl-1-(3,5-di-

tert-butyl-4-hydroxyphenyl)propionate (Irganox 1076, Sigma-Aldrich, 99%), dicumyl peroxide 

(DCP, Perkadox BC, Sigma-Aldrich, 98%), tetrahydrofuran (THF, Sigma-Aldrich, >99.9%), toluene 

(Sigma-Aldrich, 99.8%) and acetone (Ac, Sigma-Aldrich, >99.5%) were purchased and used as 

received. Furfurylamine (FFA, Sigma-Aldrich, ≥ 99%) was freshly distillated before use. 

 

2.2 Methods 

2.2.1 Furan functionalization of EVM-g-MA 

Preparatory heating of EVM-g-MA at 175°C in a vacuum oven resulted in the conversion of all 

carboxylic acid groups, formed upon hydrolysis, back to anhydride.99,100 The EVM-g-MA rubber 

was then dissolved in THF to afford a 10 wt% solution, after which 3 equivalents based on the MA 

content in EVM-g-MA of 1.41 wt%, of FFA were added The closed system reaction mixture was 

left to stir at room temperature for 5h and subsequently precipitated into a sevenfold amount of 

demineralized water under mechanical stirring. Through slow pouring the polymer EVM-g-furan 

was obtained as white threads. The polymer product was dried in an oven at 50°C up to constant 

weight. Finally, the dark yellowish product was pressed briefly at 175°C in a closed system to 

convert all functional groups to form irreversibly closed imine rings. 

2.2.2 EVFM synthesis a 

743g t-butanol, 1488g vinyl acetate, 2.0g furfuryl methacrylate and 2.5g 2,2'-azobis(2,4-

dimethyl)valeronitrile (AVDN) initiator were mixed in a 5L high pressure reactor under 

continuous stirring. Present oxygen was removed by purging with nitrogen five times, after which 

1062g ethylene was added. The mixture was then heated at 61°C at a pressure of 380 bar (±10 

                                                             
a Synthesis performed by Lanxess elastomers, original characterization data not provided. 
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bar) for 30 minutes. Subsequently, 122g t-butanol, 157g vinyl acetate and 28g furfuryl 

methacrylate were continuously added over a time period of 8.5 hours. After an additional 1.5 

hours of polymerization at these conditions, residual ethylene was removed for the polymer 

solution in a blowdown tank and ethylene/vinyl acetate/furfuryl methacrylate terpolymer 

(EVFM) was obtained. 

2.2.2 Diels-Alder cross-linking 

EVM-g-furan rubber was dissolved in THF to afford a 10 wt% solution to which 1000 ppm 

phenolic antioxidant Irganox 1076 and 0.5 equivalents of 1,1-(methylenedi-4,1-

phenlyene)bismaleimide were added, based on the furan content in EVM-g-furan. After obtaining 

a homogeneous reaction mixture, it was dried in an oven at 50°C up to constant weight to remove 

the solvent. Product EVM-g-XL was obtained as a brownish product which was then pressed into 

bars and a plaque for characterization. The rubber was first heated in the mold at 140°C for 5 

minutes, after which it was pressed at 100 bars for 30 minutes followed by cooling to 90°C in the 

closed system of the press. Similar method was followed for EVFM terpolymer rubber cross-

linking. 

2.2.3 Peroxide cross-linking 

EVM rubber was cross-linked in an internal mixer (Brabender Messenkneder Type W 30 EHT), 

by addition of respectively 0.5, 1.5 and 3.0 phr of DCP. Through operation of the mixer at 50 rpm, 

70% fill factor and 50°C for 10 minutes, a homogeneous mixture was obtained. Subsequent 

vulcanization of the obtained compound was performed by compression molding it into bars and 

a plaque at 10x its half time at 160⁰C, τ160, which also allowed for characterization. In the pressing 

procedure the compound was first heated in the mold at 160°C for 5 minutes, after which it was 

pressed at 50 bars for 35 minutes followed by cooling to 90°C in the closed system of the press. 

2.2.4 Compounding 

Cross-linking of rubber compounds was performed in an internal mixer, using (Eq. 1) to 

calculate the maximum mass of the final compound.  

𝑀 = 𝑉𝑚𝑖𝑥𝑒𝑟 × 𝜌 × 𝑓            (Eq. 1) 
 
M final sample mass 
Vmixer mixer volume (Vmixer=30 cm3 for Brabender)  
ρ material density (ρ=1.24 g/cm3) 
f fill factor (set at 75%) 

 

Affording an average final compound sample mass of 28g, allowed for calculation of the required 

amounts of the different additives using the compound recipe and the following equation: 
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𝑚𝑖 =
𝑀

𝑥
× 𝑦         (Eq. 2) 

 

mi ingredient mass 
M final sample mass  
x total of all ingredients in recipe (phr) 
y required amount of ingredient (phr) 

 

First, EVM rubber was added to the internal mixer, operating the mixer at 50 rpm and 50⁰C for 2 

minutes. Then the calculated amounts of the different ingredients, a premixed carbon black and 

sunpair oil mixture and Irganox 1076 anti-oxidant, were added and left to mix for an additional 3 

minutes. Finally, 1.6, 2.0, 4.0 and 6.0 phr of respectively BM or DCP cross-linking agent were added 

and the mixture was stirred for another 6 minutes. The product was pressed into bars and a 

plaque for characterization at 160⁰C and 50 bars for 32 minutes. The BM cross-linked samples 

were thermally annealed in an oven at 50⁰C for 3 days after pressing. 

 

2.3 Characterization 

2.3.1 Chemical analysis 

Elemental analysis (EA) of the rubber products for the elements N, C and H was performed on 

an Euro EA elemental analyzer. 

Small-angle X-ray scattering (SAXS) measurements were performed at the University of 

Groningen using an advanced Nano-Star SAXS setup, a homemade 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 multilayer optics Montel-P by Incoatec and 3 pinholes 

by Rigaku of 0.5, 0.3, and 0.5 mm in diameter spaced at distances of ca. 14, 40, and 62 cm from the 

middle of the optics unit, respectively. Passing through the optics, the primary beam is 

monochromized 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 pinholes are 

evacuated. The third pinhole 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 x 108 photons/s∙mm2 

and a beam diameter of 0.4 mm. The sample-to-detector range was set to 105 cm and data was 

collected for 3 minutes per rubber sample.101,102 

Gel permeation chromatography (GPC) was performed in THF (containing 0.01 M LiBr) on a 

Viscotek GPCMAX equipped with model 302 TDA detectors, using two columns (PSS-Gram-

1000/30, 10 μm 30 cm) at a flow rate of 1.0 ml/min. The molecular weights were calculated 

relative to PMMA standards by applying a triple detection method (refractive index, viscosity and 

light scattering).102  
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Differential scanning calorimetry (DSC) was performed using a TA Instruments Q1000. The 

second heating cycle was used to determine the glass transition temperature of the polymers. The 

glass transition temperatures reported were determined by the inflection point method using 

Universal Analysis software provided by TA Instruments. The rubber products were analyzed 

during a heat/cool/heat cycle in a range of -60 to 200°C.101 

1H-NMR spectra were recorded using a Varian Mercury Plus 400 MHz spectrometer with 

toluene-d8 as a solvent. Peak assignment was performed using the NMRPredict Desktop software 

of MestreNova. Chemical shifts are reported in parts per million with the resonance solvent signal 

as the internal reference (6.98 for toluene-d8). Data are reported as follows: chemical shifts, 

multiplicity, coupling constants (hertz), relative integration, and location. EVM-g-MA. 1H-NMR 

(400 MHz, toluene-d8): δ 5.10 (m, 1H, CH), 1.85 (d, J = 28 Hz, 3H, OCOCH3), 1.65 (br s, 2H,CR-CH2-

CR), 1.52 (br s, 3H, CR-CH2-CH2) and 1.30 (br s, 2H, CH2-CH2-CH2). 

Fourier transform infrared (FT-IR) spectra were recorded using a PerkinElmer Spectrum 2000 

instrument. Transmission of 1.0 mm thick rubber films compression molded for 10 min at 140°C 

and 100 bar were 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, averaging 32 scans. 

2.3.2 Cross-linking density determination 

Derivation of the molar contents from the obtained mass percentages with EA allowed for 

determination of the furan functionalization and DA cross-linking conversion. Subsequently, these 

conversions were used to calculate the number of modified and cross-linked groups on the rubber 

chain as a measure of cross-link density. Because the molar nitrogen content in EVM is identical 

to its number of furan groups, additional nitrogen content after rubber cross-linking can be 

attributed to formed BM cross-links. Comparison of the molar ratio of MA-grafted monomer and 

non-grafted monomers in EVM-g-MA precursor (7.64∙10-3) to the molar ratio of nitrogen allows 

for conversion calculations. Analogously, EVFM conversion calculations were performed by 

comparison of the molar ratio of furan-grafted monomer and non-grafted monomers in EVFM 

precursor (1.19∙10-2) to the molar ratio of present nitrogen. 

The cross-link density was measured by swelling experiments in toluene. Dried cross-linked 

rubber samples of approximately 500 mg were weighed into 20 mL vials and immersed in 15 mL 

toluene until equilibrium swelling was reached after 3 days. The equilibrium swelling was 

determined with swelling experiments of cross-linked material in toluene for approximately 5 

days, showing sufficient equilibrium swelling after 3 days (Figure 2). 
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Figure 2. Determination of equilibrium swelling time of DA cross-linked EVM-g-furan in toluene in duplo at 3 
days. 

 

Subsequently, the swollen samples were dried in a vacuum oven at 110°C until a constant 

weight was reached.12,103 Using the Flory-Rehner equation,104,105 (Eq. 3) the apparent physical 

cross-link density was calculated from the weights of the swollen and dried rubber samples. 

 

[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. 3) 

 
𝑉𝑅 volume fraction of rubber in swollen sample 
𝑉𝑆 molar volume of solvent (toluene, 0.1063 L/mol at room temperature)  
𝜒 interaction parameter (toluene-EVA, 0.133)12 

𝑊1 swollen weight of rubber 
𝑊2 dried weight of swollen rubber 
𝜌 density (930 kg/m3 for EVM and 870 kg/m3 for toluene) 

 

2.3.3 Thermal and mechanical analysis 

Thermogravic analysis (TGA) was performed in a Mettler-Toledo analyzer (TGA/SDTA851e) 

on 10 mg of sample using an air flow of 100 ml/min.106 The sample was loaded into a 70 μL α-

Al2O3 crucible and the temperature was increased from 30°C to 900°C at 10°C/min. Using an 

empty crucible blank curve correction was performed. 

Tensile testing and dynamic mechanical thermal analysis (DMTA) samples were prepared by 

compression molding 400 mg rubber product into rectangular bars with a length of 4.5 cm, width 

of 5 mm and thickness of 1 mm. Compression molding was performed on a Taunus Ton Technik 

V8UP150A press equipped with a temperature controller. Tensile tests were conducted according 

to the ASTM D412-06a standard for ‘Vulcanized rubber and thermoplastic elastomers – Tension’ 

on an Instron 5565. Using a clamp length of 15 mm and applying a strain rate of 500 ± 50 mm/min, 

8 samples of each rubber product were tested. The two outliers with respectively the highest and 
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lowest value were excluded for calculating the result average. One median stress-strain curve was 

selected as a characteristic for the entire series of a sample set. 

DMTA analysis of a bar was performed on a Rheometrics Scientific Solid Analyzer (RSA II) 

equipped with a Rheometrics LN2 environmental controller and a control computer. Tests were 

conducted in air using a temperature ramp experiment in the ‘film fiber’ mode with a clamp length 

of 23 mm, subjecting the samples to an oscillating frequency of 1 Hz and a strain of 0.7%. Heating 

cycles of 20°C to 150°C and 20°C to 180°C, each followed by cooling cycles back to 20°C, and all at 

a rate of 2°C/min were applied to the rubber samples. 

Hardness Shore A measurements were conducted according to the ASTM D2240-05 standard 

for ‘Rubber property – Durometer hardness’ on a Bareiss Durometer. Samples with a thickness of 

2 ± 0.1 mm were used for the tests. The average ± standard deviation values of 10 measurements 

were used to obtain the hardness values. Taking into account the viscoelastic behavior of EVM, 

the load reading was taken 50s after placing the force-loaded indenter on the rubber surface.103 

Compression set tests were performed according to the ASTM D395-03 standard for ‘Rubber 

property – Compression set’ on an Instron 4301-H0135. Each measurement was performed in 

duplo, using cylindrical samples with a diameter of 13 ± 0.1 mm and a thickness of 6 ± 0.1 mm at 

room temperature for 70h.  
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3. Results and discussion 

3.1 Chemical analysis 

3.1.1 Modification and cross-linking of EVM-g-MA and EVFM 

EA of the precursors and cross-linked rubber, after thorough washing and drying, confirmed 

the conversion of the EVM-g-MA anhydride groups into succinimide moieties bearing furan 

groups (Table 1). IR analysis of EVM-g-MA furan modification was not conclusive and unsuitable, 

due to the relatively low presence of functional groups and overlapping of their characteristic 

bands those of the far more present vinyl acetate monomer (appendix 5.1) 

 

Table 1. Reaction conversion according to EA. 

 
Elements (wt%) N, C, H Conversion (%) 

Number of functional 
groups per chain (-) 

EVM-g-MA <0.01, 65.40, 9.61 - 4.35  

EVM-g-furan 0.22, 64.89, 9.47 102.6 4.79 

DA cross-linked 
EVM-g-furan 

0.42, 65.16, 9.34 93.3 4.36 

EVFM 0.06, 67.41, 9.87 - 5.45 

DA cross-linked 
EVFM 

0.35, 67.34, 9.62 83.7 4.58 

 

Subsequent DA cross-linking of both EVM-g-furan and EVFM precursors by BM interconnection 

of the succinimide moieties was also confirmed by observed increases in nitrogen contents. These 

results are compliant with Scheme 1, given the theoretic increase in nitrogen content upon FFA 

modification and, even more so, after BM cross-linking. However, conversion calculations for the 

EVM system do indicate insufficient washing after furan functionalization to remove all excess 

unreacted FFA. Therefore more extensive FFA washing is required in future work on EVM furan 

modification. All in all, EA shows successful EVM-g-MA furan modification and indicates DA cross-

linking of both EVM-g-furan and EVFM. 

Additional proof for the DA cross-linking of EVM-g-furan and EVFM was provided by solubility 

tests of the precursors and final products in 1,2,4-trichlorobenzene (TCB), showing the effects of 

cross-linking and de-cross-linking (Figure 3). EVM-g-furan and EVFM are soluble in most 

common organic solvents.68 However, when an un-crosslinked polymer is soluble in a liquid, the 

crosslinked equivalent will swell in the liquid and be unable to dissolve.107 Results clearly show 

that DA cross-linking of soluble EVM-g-furan and EVFM affords insoluble rubber products under 

similar conditions. This indicates the formation of the insoluble cross-linked equivalent of both 
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furan precursors. Thermo-reversible cross-linking was observed by heating above the theoretical 

decoupling temperature, recovering the soluble de-cross-linked EVM-g-furan and EVFM 

precursors. IR analysis of EVM cross-linking tentatively supports the formation of DA adduct 

cross-links,  however more work is required to confirm this assumption (appendix 5.1). 

Characterization of EVM cross-linking by 1H-NMR spectroscopy proved unsuitable, due to the high 

molecular weight of the polymer and low MA grafting degree (appendix 5.2) 

 

 

Figure 3. Solubility of non-cross-linked, DA cross-linked and de-cross-linked EVM-g-furan (A) and EVFM 
rubbers (B) in TCB. 

 

An ideal thermo-reversibly cross-linked material has the same mechanical properties as its 

irreversibly cross-linked analogue with, unlike the latter, the possibility to reprocess used 

material into a new shape with similar properties. Reversibility of the cross-links was proven in a 

practical way by grinding and cutting the EVM and EVFM cross-linked material, breaking the 

existing cross-links by increasing the temperature, and compression molding the cut pieces into 

new coherent samples (Figure 4). Compression molding of EVM and EVFM precursors also clearly 

provided coherent samples for mechanical testing.  

 

Figure 4. Sample bars of EVM and EVFM precursor rubbers and (re)-cross-linked rubbers used for mechanical 
testing. 
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To conclude, EVM-g-furan modification and successful thermo-reversible cross-linking of EVM-

g-furan and EVFM were proven with EA, solubility tests, practical sample reprocessability and 

infrared spectroscopy. 

3.1.2. Intrinsic polymer properties 

Material characterization of the EVM-g-MA precursor by GPC provides a rubber number 

average molecular weight (Mn) of 30.53 ± 0.38 kg/mol and a weight average molecular weight 

(Mw) of 507.76 ± 1.98 kg/mol (appendix 5.3). The Mn and Mw of the EVFM precursor were 

determined by the supplier at respectively 45.82 kg/mol and 122.41 kg/mol. Temperature 

transitions of EVM-g-MA precursor over a range of -60°C to 200°C in DSC analysis indicate the 

presence of polyethylene (PE) given the distinct peak at 103.60°C (appendix 5.4). As explained by 

the supplier, this was due to a 10 wt.% PE addition in the MA grafting process of EVM to achieve 

a more homogeneous powder mixture to be dosed into the reaction extruder. This explanation is 

supported by the absence of a PE peak in the DSC of virgin EVM. Finally, TGA analysis of DA cross-

linked EVM shows polymer degradation is initiated at a temperature of approximately 300°C, well 

above the DA adduct decoupling temperature indicated by the solubility tests (appendix 5.5). The 

significant gap between the DA decoupling and material degradation temperature allows for 

material de-cross-linking and recycling. DMTA analysis proved unfeasible to identify EVM rubber 

samples cross-linking or de-cross-linking, because they show conservation of elasticity at elevated 

temperatures. (appendix 5.6). This makes observation of de-cross-linking transitions in DMTA 

analysis impossible. 

 

3.1.3 Cross-link density 

EA results were used to calculate the number of modified and cross-linked groups on the rubber 

chain as a measure of cross-link density (Table 1). According to the calculations, the product on 

average has 4 cross-links per unmodified rubber chain of approximately 30 kg/mol. It is believed 

this is a proper representation of the average cross-linking density in the product, since EVM has 

a homogenous cross-link distribution, as will be discussed in part 3.3.  

Besides EA, most common and popular techniques for cross-link density determination in the 

rubber science field are equilibrium swelling108-112 and mechanical measurements,111,113-118 both 

based on the basic rubber elasticity theory.119,120 Determination of the cross-link density from 

tensile tests and swelling experiments allows for convenient distinction between uniform and 

non-uniform cross-link bond distributions. This will be useful when discussing the effect of polar 

clusters on cross-linking, the main scope of this work. The determined swelling and mechanical 
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testing based cross-linked densities of cross-linked EVM and EVFM materials are depicted and 

discussed in appendix 5.7 (Figure 26). 

Cross-linking of elastomers, in general, improves the mechanical properties of the elastomer 

affording higher tensile strengths, lower compression sets and recoverable elongations.121 The 

magnitude of change in mechanical properties is related to the amount of cross-links present in a 

material, the cross-link density. Therefore comparison of the different rubbers’ mechanical 

properties needs to be performed at a similar cross-linking density for the comparison to be 

plausible. Cross-link densities of cross-linked EVM and EVFM are already in significant agreement 

according to cross-link density results in appendix 5.7 (8.75 x 10-5 and 8.48 x 10-5 mol∙cm-3 

respectively), confirmed by the similarity in number of cross-links per unmodified rubber chain 

calculated by EA (Table 1). However, mechanical properties of DA cross-linked EPM at this 

specific cross-link density were unavailable. Therefore, DA cross-linked EPM properties at a cross-

link density of 8.75 x 10-5 mol∙cm-3 were obtained through interpolation of data over a range of 

cross-link densities, readily available from previous work in our group.122 To allow for 

interpolation, common relations were used between cross-linking density and rubber 

vulcanizates’ typical physical properties relevant to the industry in literature (Figure 5).   

 

Figure 5. Schematic overview of general correlations between mechanical properties and the cross-link 
density of rubber vulcanizates. 

 

The static modulus, the ability for a material to resist deformation, increases linearly for higher 

cross-linked materials because they become more difficult to deform.123-127 The same holds for 

rubber hardness, though reaching a plateau at high cross-linking densities.123 Rubber 

compression and elongation decay exponentially, due to the increasing restriction of the cross-

links on the mobility of the cross-linked chains.123-126,128 During compression sets, this means the 

increased number of cross-links will enhance the material’s ability to restore to its original shape 

after deformation.129 Finally, tensile strength affords an optimum with increasing cross-link 

density.123-126,128-130  
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To acquire mechanical properties of cross-linked EPM at a cross-link density of 8.75 x 10-5 

mol∙cm-3, trends were fitted to modulus, tensile strength, elongation, hardness and compression 

values of DA cross-linked EPM-g-furan (Figure 6). Aforementioned general relations for 

mechanical properties dependence on cross-link density (Figure 5) were applied and respective 

equations were derived. The obtained fits proved to be representative, given they were in 

agreement with typical trends with values for the adjusted coefficient of determination R2 of 0.90-

0.99.  

 

 
  

𝑀𝑜𝑑𝑢𝑙𝑢𝑠 = 1.92 + 0.10 ∙ XLD R2 = 0.55 

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ = 1.23 + 0.29 ∙ 𝑋𝐿𝐷 − 0.01 ∙ 𝑋𝐿𝐷2 R2 = 0.87 

𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 = 204.26 + 461.58 ∙ 𝑒−0.15∙𝑋𝐿𝐷 R2 = 0.90 

𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠 = 32.79 + 2.95 ∙ 𝑋𝐿𝐷 − 0.13 ∙ 𝑋𝐿𝐷2 R2 = 0.99 

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = 9.50 + 21.14 ∙ 𝑒−0.53∙𝑋𝐿𝐷 R2 = 0.97 

 
Figure 6. DA cross-linked EPM-g-furan  modulus, tensile strength and elongation values trend fits in relation 
to cross-linking density. 

 

However, the modulus fit R2 of 0.55 indicates a discrepancy in the provided modulus values 

given that their distribution does not enable the derivation of a linear relation, while many reports 

from literature on various rubber vulcanizates support such a linear relation.123-127 Though given 

the value distribution it is assumed the obtained modulus value at a cross-link density of 8.75 x 

10-5 mol∙cm-3 is not that far off the real modulus value. From these equations, values for the tensile 

strength, Young’s modulus, elongation at break, hardness and compression set of DA cross-linked 

EPM-g-furan at a cross-link density of 8.75 x 10-5 mol∙cm-3 were obtained for comparison with the 

EVM and EVFM systems. 
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3.2 EVM and EVFM cross-linking 

3.2.1 Tensile testing 

Introduction of the required functionality into EVM rubber for furan-maleimide DA cross-

linking can be performed by post-polymerization modification and copolymerization. Both 

strategies were applied successfully according to chemical analysis, using similar DA cross-linking 

of respectively grafted EVM and EVFM terpolymer. The median stress-strain curves of various 

EVM and EVFM samples show that the DA cross-linked rubber, before and after reprocessing, 

yields at higher stresses and lower strains compared to their non-cross-linked precursors (Figure 

7A and Figure 8A). This distinction is illustrative for the difference in behavior of cross-linked 

and non-cross-linked rubbers as illustrated by peroxide cured EVM samples.103 Furthermore, the 

recycled cross-linked rubbers display similar characteristic properties with only a minor loss in 

the aforementioned stress and strain yield enhancement. 

 

 

Figure 7. Tensile test results for EVM-g-MA (1), EVM-g-furan (2), DA cross-linked EVM-g-furan (3) and 
reprocessed, DA cross-linked EVM-g-furan (4). Median stress-strain graphs (A) and the corresponding Young’s 
modulus, tensile strength and elongation at break (B). 

 

The Young’s modulus, the tensile strength, and the elongation at break of the EVM and EVFM 

samples were determined from tensile tests (Figure 7B and Figure 8B). The EVM precursors 

values show that higher tensile moduli and a lower elongation at break are obtained after furan 

modification of EVM-g-MA (Figure 7B). This difference could be explained by synergistic effects 

of the pending, conjugated furan groups.131 Their increased rigidity, π-stacking stabilization, and 

very low degree of radical cross-linking between these furan groups could be enough to increase 

the rubber’s toughness to a certain extent.37  
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Figure 8. Tensile test results for EVFM (1), DA cross-linked EVFM (2), and reprocessed, DA cross-linked EVFM 
(3). Median stress-strain graphs (A) and the corresponding Young’s modulus, tensile strength and elongation 
at break (B). 

 

Furthermore, both EVM and EVFM cross-linked samples show significantly higher values for 

tensile moduli and lower elongations at break compared to their non-cross-linked precursors. 

This is typical, since high tensile moduli and low elongation values are indicative of rubbers with 

high cross-linking densities.132,133 Also it seems that, to a certain extent, the cross-linked rubbers 

retain their characteristic properties after recycling, in particular the EVFM system. High slippage 

of the recycled EVM samples during tensile tests only allowed for the collection of two accurate 

tensile properties measurements, rendering the average less reliable. Nevertheless, primarily 

elongation values, and to a smaller degree their tensile strength in comparison to the precursors, 

does indicate re-cross-linking occurred. Recycled EVM tensile tests using clamps with more grip 

is advised to confirm this assumption.  

 

3.2.2 Rubber hardness and compression set 

The hardness and compression set at 23°C are also characteristic material properties for 

rubbers (Figure 9). First, a small difference in compression set between the non-cross-linked 

EVM-g-MA and the modified EVM-g-furan is observed. This is in accordance with the difference in 

elongation between these precursors discussed earlier, explained by synergistic effects of the 

pending, conjugated furan groups.131 Second, as one goes from the furan precursor to their DA 

cross-linked equivalent, the hardness increases and the compression set decreases, as is expected 

upon cross-linking. An improved hardness and decreased elastic-recovery ability are typical for 

cross-linked rubbers.123,134 Finally, it appears that the recycled cross-linked rubber does partly 

recover these characteristic properties for cross-linked materials. However, the decreased 

toughness after recycling indicates that not all cross-links are recovered and a rubber with lower 

cross-linking density is obtained. This shows that the aforementioned inferior tensile test 

properties upon recycling cannot entirely be explained by sample slippage, but indicates 
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insufficient recovery of all DA cross-links also is to blame. However, the superior hardness of 

recycled material over non-cross-linked rubber indicates cross-linking occurred, while the 

increase in compression set contradicts this conclusion. Based on these results and the tensile test 

results, it is proposed that re-cross-linking after recycling only regenerates part of the original 

cross-links, which possibly can be explained by a few reasons.  

 

 

Figure 9. Hardness and compression set results for non-crosslinked and cross-linked EVM. 

 

First, polymer chain interactions due to polar forces between vinyl acetate groups in EVM 

thwart the optimal alignment of de-cross-linked groups for re-cross-linking. Following the same 

line of reasoning, fully dissociated, highly polar BM will less likely find its way to a pending furan 

group. These mechanisms impede complete cross-linking regeneration, which is supported by 

previous work in our group on reprocessing non-polar, DA cross-linked EPM rubber, where 

mechanical properties are actually retained. Second, initial cross-linking is carried out in solution 

while recycling is performed in the melt. It is reported that solution cross-linking introduces a 

lower concentration of trapped entanglements but a large number of intramolecular loops.127,135-

137 This affords a discrepancy in comparison of original cross-linked and reprocessed rubbers’ 

properties. Results for reprocessed, DA cross-linked EVFM were not obtained, therefore EVFM 

samples hardness and compression set results will be covered in part 3.4.2.  

To conclude, the mechanical properties of the DA cross-linked EVM and EVFM systems show 

characteristic tensile moduli, elongation, hardness and compression set behavior for a cross-

linked rubber system, substantiating their successful DA cross-linking. Partial reversibility of the 

cross-links after reprocessing was observed. 
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3.3 Polar cluster formation 

The difference in polarity between the EPM-g-MA rubber backbone and the polar MA grafts is 

known to result in the formation of polar clusters.80 It is expected that the majority of cross-linking 

takes place in these domains of high cross-linking density (Figure 10 138).  

 

Figure 10. Schematic representation of MA-graft-rich domains in EPM-g-MA 

 

However, for both EVM and EVFM it is expected that their polar character will impede cluster 

formation and afford a more homogeneous spatial distribution of cross-links. As a consequence it 

is thought that presence or absence of polar clusters, will affect the rubber’s morphology and 

consequently its mechanical properties and rheology. The structure of polar clusters has been 

extensively studied, primarily using small-angle X-ray scattering (SAXS).139,140 In this study, SAXS 

measurements of EPM and EVM samples were performed to measure the size of any clusters 

present (Figure 11). Comparison of the EPM samples with the EVM system was preferred over 

comparison with the EVFM system, because the EPM and EVM precursors were synthesized 

similarly by post-polymerization modification MA grafting. 

3.3.1 Morphological analysis by X-ray scattering 

First, the observed peaks in the EPM samples’ SAXS profiles imply that these samples contain 

aggregates that differ in electron density from the polymer matrix.141 Second, the EPM precursors 

scattering peaks location at 0.057 Å-1 are in good agreement with literature.138,142 Third, for all 

EPM samples, a broad scattering peak around q = 0.06 Å-1 is observed. This indicates microphase 

separation of the anhydride groups into MA-rich domains, driven by the large polarity difference 

between the polar MA groups and the apolar polymer backbone.142 Nevertheless, Wouter et al.  

have shown that these domains do not only consist of MA groups, but also consist of a significant 

amount of EPM chain fragments, schematically represented in Figure 10. Lastly, and most 

important to note, is the absence of scattering peaks for non-cross-linked and cross-linked EVM 

samples. This confirms the assumption that addition of the vinyl acetate co-monomer impedes the 

formation of polar clusters and that a more homogeneous spatial distribution of cross-links is 

obtained. 
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Figure 11. SAXS imaging of EPM and EVM non-cross-linked precursors (A) and DA cross-linked samples (B) 

 

Comparison of the non-cross-linked and cross-linked EPM samples shows a difference in 

scattering intensity and peak position. These differences could be explained by cluster size and 

Bragg spacing, the latter being the distance d between the clusters according to q = 2π/d.143,144 The 

increase in scattering intensity observed after furan modification, but most significantly upon 

cross-linking, can be explained by an expected increase in polar cluster volume upon modification 

with the voluminous furan group and incorporation of the BM cross-linker respectively. The shift 

in peak position on the other hand is proven to be foremost determined by the size of the polar 

cluster (RCA) as depicted in Figure 10.145,146 As the cluster size increases, the related SAXS peak 

will shift to lower q values.145,146 The aforementioned increase in cluster size upon furan 

modification and cross-linking, therefore explains the related peak shifts. Furthermore, peak 

position is also affected by the Bragg spacing. Calculation of the Bragg spacing shows the larger 

distance between clusters in cross-linked EPM (20.94 nm) over the more closely packed clusters 

in non-cross-linked EPM precursors (11.22 nm), affording peak shifts to lower q values according 

to the Bragg spacing equation. This increase in Bragg spacing, affording shifts in peak position, is 

due to a few reasons. First, cross-linking tightens the structure of the polymer matrix, making 

nodules unable to return to their original position, increasing cluster spacing.141,147 Second, the 

increased ionic content of the clusters by incorporation of BM upon cross-linking also leads to an 

increase in Bragg spacing.148 However, important to note is that the Bragg spacing of a peak is only 

of relatively little significance, showing just a weak dependence on the ionic content of a 

polymer.90,145 

Interpretation of the observed peaks indicative for these ionic aggregates with a morphological 

model allows for relation of the SAXS profile to cluster property parameters like cluster size. 

Evaluation of several models to interpret SAXS data of EPM-g-MA by Wouters et al.138,139,146 proved 

the Yarusso and Cooper (Y-C) liquidlike model145 to be superior. This hard-sphere model 

describes the polar clusters as spherical particles with radius R1, surrounded by a polymeric 

restricted-mobility layer with radius RCA (Figure 10).139,145 The particles are arranged in a 
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liquidlike order with a distance of closest approach of 2RCA. The average volume of a volume 

element containing one scattering particle is set as Vp. Finally, ρ is the difference in electron 

density between the scattering polar clusters and the EPM matrix.142 The Y-C model was 

successfully used to fit the EPM SAXS patterns and obtain the fit parameters, all with values for R2 

of 0.99 (Table 2).  
 

Table 2. Parameters from the Y-C model fit of the SAXS patterns of the EPM samples. 

sample 
R1 
(Å) 

RCA 

(Å) 
RCA – R1 

(Å) 
Vp 

(Å3) 
ρ 

(e-∙ Å-3) 

EPM-g-MA 22.3 44.1 21.8 1.8 x 106 0.35 

EPM-g-furan 23.9 47.9 24.0 1.2 x 106 0.28 

EPM-g-furan, DA cross-linked 43.2 77.9 34.7 1.1 x 107 0.47 

 

Both EPM-g-MA and EPM-g-furan show polar clusters of quite similar size, only a small increase 

in cluster radius is seen due to the volume addition of the furan group. The associated counter 

intuitive decrease in polar cluster volume (Vp) upon furan modification can be explained by the 

fact that the presence of isolated MA groups in the matrix is not taken into account in the model. 

This makes Vp prone to errors and unreliable.142 However, based on recent work by Agrawal et al. 

it is also tentatively proposed that the decreased electron density of the EPM-g-furan clusters 

affords less spherical or globular clusters.81 Therefore, compared to the more spherically 

clustered EPM-g-MA and DA cross-linked EPM-g-furan, the more elliptical EPM-g-furan clusters 

will have a relatively large observed maximum cluster radius, despite its smaller cluster volume. 

A significant increase in cluster radius and volume is observed after DA cross-linking, due to the 

introduction of BM spacers between the clustered grafts to form cross-links. Furthermore, cross-

link formation reduces the mobility of the furan groups and therefore their ability to closely pack 

together. This decrease in chain packing efficiency will also lead to an increase cluster size. The 

thickness of the restricted mobility layer (R1 – RCA) increases accordingly as the size of the polar 

cluster (R1) increases. 

Assuming that all grafted MA groups are phase separated from the EPM matrix, which is 

plausible given the difference in polarity, ρ can provide information about the composition of the 

scattering particle.138 Calculation of the electron density of a MA, furan and BM cross-link group 

affords electron densities on the Pauling scale of respectively -3.9, 6.6 and -12.5, taking into 

account the BM cross-linker is present 0.5 equivalent. This is in accordance with the calculated 

electron density ρ, showing highest electron density for the clusters of cross-linked material, 

followed by EPM-g-MA and finally EPM-g-furan.  

The goal of the calculated cluster parameters for the EPM samples in this work was mainly to 

provide a relative comparison of non-cross-linked and cross-linked samples cluster properties. 

When a more accurate determination of absolute values of the parameters is required, use of a 

standard like the Lupolen standard is proposed.139 Furthermore, since the observed scattering 
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arises from both thermal, time-dependent concentration fluctuations due to Brownian motion 

(ergodic contribution), and static, time-dependent concentration fluctuations due to the 

inhomogeneous distribution of cross-links (non-ergodic contribution),149 a quantitatively better 

image is obtained when these dynamic and static scattering contributions are separated. This is 

often performed by subtracting the scattering intensity of the corresponding non-cross-linked 

polymer, assuming it reflects the dynamic scattering contribution so that solely the static 

scattering contribution of the original sample is obtained.140 Also, because EPM-g-MA of 

significantly higher molecular weight is used in this study than those used in previous studies (50 

vs 11 kg/mol),138,139,146 it is advised to apply the model improvements proposed by van der Mee 

et al.142 for more accurate parameter determination. Finally, towards a more uniform DA cross-

linked EPM rubber, it is proposed for future work that the extent of cross-link network 

heterogeneity could possibly be reduced by decreasing the cross-linker to monomer ratio and 

using a less-reactive cross-linker.140,150 This will decrease the probability of locally concentrated 

cross-linking reactions and afford a more homogeneous cross-linked polymer. 150,151 

All in all, SAXS results confirm the presence of polar clusters in the EPM samples and 

substantiate the assumption that the cross-links are more homogeneously distributed in DA 

cross-linked EVM than in DA cross-linked EPM.  

 

3.4 EVM, EVFM versus clustered EPM 

Towards a DA cross-linked rubber system, functionality introduction onto the rubber backbone 

is a crucial synthesis step. Two common functionalization strategies are post-polymerization 

modification and copolymerization, applied to EVM rubber in respectively the EVM and EVFM 

system.74-77 The commercially most favorable, versatile and convenient approach for post-

polymerization modification is peroxide-initiated free-radical grafting of MA onto saturated 

EVM.45,80,152-157 This modification can be carried out either in the melt158-160, in solution161-163 or in 

the solid phase.157,164-167 However, it is reported that the grafting reaction of MA is often 

accompanied by irreversible peroxide cross-linking reactions.153,168,169 This occurs when the 

polymer radicals, resulting from hydrogen abstraction by the peroxide derived alkoxy radical, 

combine pairwise into a cross-link instead of reacting with a MA monomer into a MA graft.35,170 

With functionalization by copolymerization on the other hand, furan functionality is directly 

introduced through addition of a furan bearing monomer, eliminating the possibility of partial 

irreversible cross-linking. To identify the effect of these two different functionalization strategies 

on the final product’s material properties, rubber properties of the EVM and EVFM samples are 

compared. Furthermore, the EPM samples are added to the comparison to study the effect of the 

discovered clustering on the properties of the final product, absent in the EVM and EVFM samples. 
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3.4.1 Tensile testing 

The fact that tensile test data was acquired at similar cross-link densities for the EVM and EVFM 

system, as well as the EPM system through interpolation, allows for tensile properties comparison 

of these rubber systems (Figure 12A). However, still many other virgin rubber property variables, 

e.g. molecular weight, affect the comparison. Therefore the relative effect of cross-linking on the 

tensile properties is also shown, to allow for easier identification of other variables and the 

observation of thermo-reversible character of the DA cross-linked systems (Figure 12B). 

  

 

Figure 12. Tensile test results for elongation of furan precursor DA cross-linking of the EVM systems in 
comparison with the EPM system in absolute values (A) and in relative percentages (B). 

 

First, as mentioned before all cross-linked samples show significantly higher values for tensile 

moduli and lower elongation at break compared to those of their non-cross-linked precursors, 

indicative of high cross-linking densities (Figure 12B). Second, following the same line of 

reasoning, the furan precursor of EVM appears to be tougher than those of EPM and lastly EVFM 

(Figure 12A). This difference could be explained by the contribution of peroxide cross-links. Both 

EVM and EPM contain a degree of peroxide cross-linking arisen from MA grafting, increasing their 

cross-linking densities, which does not occur for EVFM terpolymer. It appears that due to the keto-

enol tautomerism of the vinyl acetate group in EVM-g-MA (Figure 13), though the equilibrium 

lies on the keto side, present enol will be susceptible to form additional peroxide cross-links 

during MA grafting explaining the increased toughness of the EVM samples over the EPM samples.  

 

 

Figure 13. Vinyl acetate monomer keto-enol tautomerism mechanism 
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Third, DA cross-linking of EVM affords superior tensile properties in terms of tensile moduli 

and elongation at break over DA cross-linking of EPM and finally EVFM (Figure 12A). 

Nevertheless, relative enhancement of precursor material properties upon cross-linking is 

observed in reversed order, characteristic for their thermo-reversibility (Figure 12B). This could 

be explained by the aforementioned presence of irreversible cross-links in EVM and EPM, most 

evident in EVM due to keto-enol tautomerism. These additional DA adduct cross-links will 

enhance the rigidity and therefore mechanical properties of these rubbers. However, as these 

cross-links are unable to dissociate at increased temperature, the relative degree of thermo-

reversible character of the DA cross-linked rubbers will decrease. This affords a lower relative 

improvement of tensile properties upon DA cross-linking with increased presence of irreversible 

peroxide cross-links.  

Lastly, Mark et al. observed that networks with segregated cross-linking density like in DA 

cross-linked EPM-g-furan as confirmed by SAXS, display lower stability to elongation and lower 

elastic moduli.171 This was explained by considering the probable existence of chain segments 

between two or more cross-links in these materials that are too short to deform or store elastic 

energy. Consequently, these close-spaced cross-links within the polar clusters must be regarded 

as a cooperatively acting single cross-linking supernode of high functionality, but low individual 

ability for elastic-energy storage.140,172,173 This relation between polymer rheology and its degree 

of cross-linking inhomogeneity was substantiated by work of Okay et al., displaying a decreased 

effectiveness of these cross-links.150 It is assumed this mechanism applies to clustered DA cross-

linked EPM-g-furan, decreasing its mechanical toughness. Comparison with the uniformly cross-

linked EVM system, following the same line of reasoning having none of these inefficient cross-

links, shows that this indeed can explain the inferior tensile properties of the EPM system. To 

reduce the formation of these inefficient cross-links in the EPM system, it is proposed that 

attempting to reduce the degree of chain scission during MA grafting can prevent the formation 

of very short semirigid polymer chains that induce the aforementioned loss in cross-linked rubber 

tensile properties.174,175  

3.4.2 Rubber hardness and compression set 

Comparison of hardness and compression set results for the DA cross-linking of EPM, EVM and 

EVFM shows a typical increase in hardness and decrease in compression set characteristic for 

cross-linking of the furan precursor (Figure 14B).123,134  
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Figure 14. Hardness and compression set results of furan precursor DA cross-linking of the EVM systems in 
comparison with the EPM system in absolute values (A) and in relative percentages (B). 

 

Furthermore, a significant higher relative increase in hardness is observed for EVM than for 

EPM upon cross-linking. This difference could be explained by the more inhomogeneous spatial 

distribution of cross-links in cross-linked EPM rubber. Consequently, cross-linked EPM will have 

a broader distribution of network chain-lengths, and therefore will display a distribution of mesh 

sizes as illustrated in Figure 15.140 Topological and connectivity defects common in most polymer 

networks, like dangling chain ends, chain loops, and cross-linker to cross-linker shortcuts are also 

depicted.  

 

 

Figure 15. Schematic representation of a polymer network with inhomogeneous cross-linking density and 
connectivity defects. Typical mesh size is marked by the short arrow and typical length scale of spatial variation 
of the cross-linking density is indicated by the long arrow.  

 

The more uniform mesh size in the cross-linked polymer network of EVM compared to its EPM 

equivalent thwarts easy network penetration, affording a relative higher enhancement of the 

rubber’s hardness. This characteristic hardness increase is not observed as significantly for the 

also homogeneously cross-linked EVFM, despite the fact that modulus, tensile strength, elongation 

and compression set results strongly indicate cross-linking occurred. This counter-intuitive low 

relative increase in EVFM hardness is considered to be due to two reasons. First, it is thought this 

can be explained by a loss of entanglements upon cross-linking. EVFM has a relatively high 

number of entanglements because of its superior molecular weight over EVM-g-furan (45.82 vs 
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30.53 kg/mol respectively).176 However the polymer spacing between cross-links in which 

entanglements can arise shows to be similar for both rubbers, given the calculation of the number 

of grafted MA groups per polymer chain (Ω), using:  

 

Ω =
𝑀𝑝𝑜𝑙𝑦𝑚𝑒𝑟×𝐷𝐺×1000

𝑀𝑀𝐴×100
    (Eq. 4) 

 

where Mpolymer is the molecular weight of the precursor (kg/mol) and MMA is the molecular 

weight of the grafted MA (99 g/mol). This results in Ω = 4.3 for EVM-g-furan, and Ω = 18.9 for 

EVFM, with spacing between cross-links of respectively 7000 kg/mol and 6350 kg/mol.  Hence, a 

similar cross-linked network is obtained, so EVFM will relatively show more disentanglement 

upon cross-linking. Given that the hardness depends on the degree of disentanglement rather than 

on segmental mobility as reported by Nunes et al.,176 EVFM hardness will increase less significant  

because it is counteracted upon by a high degree of disentanglement. Second, it is proposed the 

absence of peroxide cross-links in the EVFM system affects the degree of free mobility of DA cross-

linking, therefore influencing the arising network mesh size uniformity. Other property 

differences between the furan precursors and cross-linked samples of the three rubber systems 

are in agreement with tensile tests results, following the same line of reasoning of peroxide cross-

linking and keto-enol tautomerism presence. 

When looking at all mechanical testing results, comparison of the EVM and EVFM evidently 

shows the contribution of irreversible peroxide cross-linking, associated with post-

polymerization modification MA grafting. Though providing improved rubber toughness, 

copolymerization precursor synthesis affords a rubber system with superior thermo-reversible 

character, of key importance when developing a thermo-reversibly cross-linked alternative. On 

the other hand, the EFVM system shows significantly inferior mechanical properties, unable to 

compete with current commercial rubbers like EPM and EVM. Adding to that, a drawback to 

applying copolymerization functionalization is that the used active catalytic species such as 

metallocene catalysts or Ziegler-Natta catalysts are sensitive to most functional groups, polar 

groups like MA in particular.177 Furthermore, competition between the olefinic double bond in the 

complexation to the transition metal and the Lewis basicity of the functional co-monomer can 

arise. All in all,  copolymerization functionalization proves promising, providing enhanced 

reversibility over radical grafting modification, but future work is required on tuning the different 

precursor synthesis methods towards a commercially competitive rubber system. Comparison of 

the mechanical properties of the EVM system to its EPM analogue supports that clustering has an 

effect on rubber properties, discussed further in the following section.  
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3.4.3 Clustering effect on mechanical behavior 

The presence of polar clusters and cross-linking domains in DA cross-linked EPM-g-furan, but 

on the other hand homogeneous spatial cross-links distribution in DA cross-linked EVM-g-furan 

established in this work, is expected to have implications on their mechanical behavior. It is 

thought that for a network consisting of high cross-link density zones, embedded in a matrix of 

less cross-linked polymer, stress will accumulate in these zones of elevated functionality.  

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.129,178 

 

 

Figure 16. Median stress-strain curve comparison of DA cross-linked EPM-g-furan and EVM-g-furan. 

 

Several authors propose it is not possible to derive evidence related to the heterogeneity of a 

network from the overall shape of a stress strain curves by itself.179 Only ultimate properties 

measured in tensile tests on itself are not sufficient to base conclusions for the network’s 

heterogeneity on. However, when combined with evidence gained from techniques that measure 

local properties, like SAXS in this work, it is allowed.179 Qualitative stress-strain curve comparison 

shows initial accumulation of stress in the cross-link clusters of EPM, with relatively little increase 

in strain at increased stress loads (Figure 16). As the stress focalization eventually leads to 

rupture of all cross-link cluster chains, applied stress is only compensated by polymer chain 

stretching as indicated by the flattening incline. Cross-linked EVM on the other hand displays a 

more gradual inclination, which indicates the applied stress is distributed more evenly over the 

network. Hence, the homogeneous cross-link distribution of EVM rubber allows for a more 

gradual breakage of cross-links and therefore loss of mechanical strength when it is exposed to 

stress. Accounting for the higher molecular weight of EPM (50 vs 30 kg/mol), given yield stress 

typically increase with molecular weight due to the greater number of entanglements per 

molecule,176 this difference will become more pronounced. All in all, despite the superior relative 

tensile properties enhancement upon cross-linking of EPM rubber (section 3.4.1), EVM shows 
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superior stability and reliability in mechanical behavior and degradation. The latter being a 

rubber property of key importance for future rubber applications. 

 

 

3.5 Towards a commercial product 

3.5.1 Rubber compounding 

Since thermo-reversible cross-linking of EVM showed promising results, the effect of rubber 

compounding is investigated. Towards commercial thermo-reversibly cross-linked EVM rubber, 

rubber compounding with additives is required to enhance or suppress certain properties.180 

Control of rubber product properties is primarily influenced by the amount of different additives 

in the compound. In this work a slightly modified compounding recipe common for EVM rubbers 

reported by Pazur et al. was used (Table 3).8 For preparation of thermo-reversible cross-linked 

samples an equivalent amount of BM was used. 

 

Table 3. Cross-linked EVM rubber compounding recipe. 
 

Component Amount (phr) 

EVM 100 

Carbon black N550 55 

Irganox 1076 anti-degradant 3 

Sunpar oil 15 

Perkadox BC peroxide (98%) 1.6 

Total 174.6 

 

Carbon black filler is primarily added for reinforcement,181-183 while oil is added to improve 

rubber processing and anti-degradant to retard rubber degradation by oxygen and prevent 

discoloration.184,185 Reprocessing of the compounded, DA cross-linked EVM rubber afforded 

feasible recycling. Through cutting cross-linked material, breaking the existing cross-links at 

elevated temperatures and compression molding of the cut pieces, a new coherent sample was 

obtained (Figure 17). 
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Figure 17. Sample bars of thermo-reversibly (re)-cross-linked rubber compounds 

 

Cross-link density determination from swell tests and tensile tests evidently shows increased 

polymer chain interaction after rubber compounding. This is due to a restriction in the mobility 

of the polymer chains, resulting from the physical cross-links introduced by the carbon black filler. 

The obtained increase in network rigidity will restrict swelling of the rubber and therefore 

significantly increase the Flory Rehner cross-link density. An increase of approximately a factor 4, 

from 8.75 x 10-5 mol∙cm-3 to 30.8 x 10-5 mol∙cm-3, is seen upon compounding EVM rubber.186  

Compounding with additives also clearly improves the toughness of the rubber product 

significantly (Figure 18). An improved tensile strength and hardness combined with lower 

elongation to break and compression set are characteristic for a more rigid material, beneficial 

towards a commercial rubber.  
 

 

Figure 18. Tensile strength, elongation (A) hardness and compression (B) results for DA cross-linked EVM-g-
furan gum and compound. 

 

This can be explained by the addition of carbon black filler. This added carbon black adsorbs 

rubber molecules to its surfaces, or occludes them in internal voids, resulting in partial 

immobilization of the rubber and an apparent increase in filler volume. They also form an 

agglomerated inter-particle structure, leading to strong non-linear viscoelastic behavior. More 

specifically, carbon black increases the rubber-filler interaction which cause the increase in 
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hardness and tensile strength. The decrease in resilience is again due to the introduction of 

physical cross-links by the filler. The drop in elongation at break can be explained by the decrease 

in matrix rubber content as more filler is introduced.186 

 

3.5.2 Current commercial standard 

Towards improved mechanical strength and thermal resistance of EVM rubbers, nowadays 

peroxide cross-linking is most used, in for example the solar cell encapsulates industry.187  For the 

thermo-reversible DA cross-linked EVM to become commercially feasible, it for one needs to be 

able to meet properties of present industrial cross-linked EVM rubbers. To allow for a fair 

comparison, peroxide cured compound was prepared according to a commercial recipe (Table 

3).  

 

 

Figure 19. Tensile strength, elongation, (A) hardness and compression (B) results for DA cross-linked EVM-g-
furan and peroxide cured EVM-g-furan compound. 

 

Tensile test and hardness results prove that thermo-reversible DA cross-linked EVM-g-furan is 

superior to its peroxide cured compound equivalent. A probable cause of the relatively low rubber 

toughness of commercial cross-linked EVM is the induced chain scission during cross-linking. 

However, tensile tests for the latter do show significant deviation in obtained sample results. 

Therefore to allow for proper comparison of the DA cross-linked rubber with commercial cross-

linked EVM, additional measurements are required to decrease the level of uncertainty. 
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4. Conclusion 
Industrial EVM-g-MA rubber was thermo-reversibly cross-linked in a straightforward two-step 

approach, using the same methodology successfully applied to EPM rubber previously in our 

group. First, maleated rubber was modified with FFA to graft furan groups onto the rubber 

backbone. Second, using an aromatic BM as cross-linking agent, two furan moieties were thermo-

reversibly linked together. In parallel, a terpolymer with a furan bearing monomer was cross-

linked analogously. Both reactions were performed successfully with good yields as indicated by 

elemental analysis, swelling experiments, solubility tests, practical sample reprocessability and 

infrared spectroscopy. Partial cross-linking reversibility was proven with solubility tests and 

substantiated to a certain degree by tensile testing. It is proposed that this is because polar 

interactions decrease polymer chains and BM mobility, making grafts and BM alignment for re-

cross-linking more difficult. Reprocessing was performed in an industrially representative way, 

by cutting the cross-linked product into small pieces and compression molding these into new 

coherent samples with similar properties. As expected, similar reprocessing of commercial type 

peroxide cured EVM rubber proved to be impossible. 

The introduction of furan functionality by copolymerization affords superior thermo-reversible 

character of the cross-linked system over post-polymerization MA grafting of the precursor. This 

due to the formation of permanent peroxide cross-links in the precursor during conventional 

peroxide-initiated MA grafting of EVM. Nevertheless, the improved cross-link density of EVM 

copolymer does afford a tougher cross-linked rubber. Furan functionality introduction by 

copolymerization shows to be preferred towards a recyclable rubber. However, the far inferior 

absolute mechanical properties of virgin EVFM compared to EVM, shows work is required on 

tuning the different precursor synthesis methods towards a commercially competitive rubber.  

The main goal of this work was to compare the EVM system with EPM to study the effect of 

polarity on the rubbers’ network morphology and mechanical behavior. SAXS measurements 

confirmed the presence of polar clusters in EPM precursors and cross-linked samples and their 

absence in similar EVM samples. This can be explained by the predominating polar interactions 

of the vinyl acetate co-monomer in EVM, exceeding precursor graft groups interactions. The 

formation of MA-rich and resultant cross-link clusters as in EPM is therefore impeded, affording 

a more uniform distribution of cross-links. The fundamental advantage of uniform cross-linking 

in the EVM system appears to be an improved stability in mechanical behavior and degradation, 

of key importance in future rubber applications. EVM samples showed superior mechanical 

properties over EPM, due to additional polar interactions between network chains.  

Preliminary evaluation of DA cross-linked EVM compounding provided a rubber compounding 

recipe that affords a significant increase in rubber toughness, due to interactions between the 

rubber and the carbon black filler. Comparison with the current industrial standard for EVM 

cross-linking with peroxide, indicates the thermo-reversible EVM system could be a viable future 
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commercial alternative. Further research to optimize EVM mechanical properties, investigate the 

possibility of integration in current industrial processes and identify economic feasibility is 

required to see if it is a feasible alternative to current EPM rubbers. 
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5. Appendix 

5.1 FTIR spectra 

 

Figure 20. FT-IR absorption spectra of EVM-g-MA, EVM-g-furan and DA cross-linked EVM-g-furan 

 

Arising absorption bands characteristic for the EVM base rubber show at 2920 and 2853 cm-1 

due to C-H asymmetric and symmetric stretching in the polymer backbone respectively(�̅�𝐶𝐻
 𝑎𝑠 = 

2920 cm-1, �̅�𝐶𝐻
 𝑠  = 2853 cm-1);188 at 1730 cm-1 due to carbonyl stretching of the vinyl acetate ester 

group (�̅�𝐶𝑂
𝑠  = 1730 cm-1); at 1370 cm-1 due to C-H bending of the vinyl acetate methyl group (�̅�𝐶𝐻3

 𝑠  

= 1370 cm-1); at 1240 cm-1 due to C-H stretching in the polymer backbone (�̅�𝐶𝐻
 𝑠  = 1240 cm-1); at 

1120 cm-1 due to stretching of the acetate ether linkage (�̅�𝐶𝑂𝐶
 𝑠  = 1120 cm-1) and at 1023 cm-1 due 

to stretching of the acetate ester group (�̅�=𝐶𝑂𝐶
 𝑠  = 1023 cm-1).189-193 The peaks at 2349 and 667 cm-

1 area result of respectively asymmetric stretch and double degenerated bending of atmospheric 

carbon dioxide present in the path of the IR beam during FT-IR spectra measurement.194-199 These 

peaks are therefore irrelevant for reactant and product structure analysis. 

Illustrative for the conversion of EVM-g-MA to EVM-g-furan is the disappearance of the 

characteristic anhydride bands while succinimide bands and stretching, C=C stretching  and 

deformation vibration bands of the furan ring appear after heating.37,155 The most characteristic 

anhydride bands appear at ~1780 and ~1850 cm-1, ascribed to mechanical coupling of carbonyl 

vibrations. Respectively the low-frequency band is produced by the asymmetric stretching mode 

(�̅�𝐶𝑂𝐶
𝑎𝑠  = 1780 cm-1) and the high-frequency band by the asymmetric stretching mode (�̅�𝐶𝑂𝐶

𝑠  = 1850 

cm-1).100,155 However these bands are absent in Figure 20, probably due to insufficient sample 

thickness to allow for observable MA carbonyl absorption only present 0.76 mol%. Increased 

sample thickness will improve anhydride band observation but afford oversaturation of acetate 
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vibrations, rendering following the reaction with FT-IR impossible. Therefore presence of MA 

grafts on the commercial EVM-g-MA is assumed.  Similar issues occur for identifying the 

succinimide bands  (�̅�𝐶𝑁𝐶
𝑠  = 1385 cm-1; 𝛿𝐻𝑁𝐶

𝑖𝑝
 = 1311 cm-1; 𝛿𝑂𝐶𝑁

𝑎𝑠𝑜𝑜𝑝
= 620 cm-1) and the stretching 

(1426 and 1345 cm-1), C=C stretching (�̅�𝐶𝑁𝐶
𝑠  = 1385 cm-1) and deformation (599 cm-1) vibration 

band of the furan ring.49,78,200,201 Identification of these bands fails due to closely spaced bands that 

afford overlapping with the more represented vinyl acetate group (43.2 mol% vinyl acetate : 0.76 

mol% succinimide moieties) absorption bands. Furthermore insufficient succinimide vibrations 

absorption causes them to fall below the detector accuracy. It is recommended sample thickness 

is varied or vinyl acetate contribution to IR absorption is suppressed with a protection group in 

future work for the spectra to support chemical analysis of the reaction.193 

The formation of the DA adduct results in an increase in absorption of ether linkages at 1120 

cm-1. Little acetate ether absorption is observed for EVM-g-MA and EVM-g-furan, while only after 

BM reaction to afford the DA adduct cross-links, additional ether linkages are formed. Therefore 

the magnification of the ether band supports the solubility tests indication of DA cross-links 

formation. Important to note however is that more work is required to support this assumption, 

given that the magnification can possibly not only be explained by the ether linkages in the 

relatively minor amount of added DA cross-links. Furthermore, when aforementioned suggested 

changes in IR analysis allow for identification of the succinimide bands, determination of DA 

adduct formation is also improved. Hence, this will allow for identification of a characteristic DA 

adduct band (𝛿𝐷𝐴𝑟𝑖𝑛𝑔
𝑖𝑝

= 1190 cm-1), a magnification in the absorption of the succinimide bands and 

a decrease in the furan-related absorptions (�̅�𝐶𝑂𝐶
𝑎𝑠  = 1780 cm-1).37 

 

5.2 1H-NMR spectra 

 

Figure 21. 1H-NMR spectrum EVM-g-MA in toluene-d8 
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EVM-g-MA. 1H-NMR (400 MHz, toluene-d8): δ 5.10 (m, 1H, CH), 1.85 (d, J = 28 Hz, 3H, OCOCH3), 

1.65 (br s, 2H,CR-CH2-CR), 1.52 (br s, 3H, CR-CH2-CH2) and 1.30 (br s, 2H, CH2-CH2-CH2). 

Work by Okada et al. and Chen et al. attributed to identification of the characteristic 1H-NMR 

signals for EVM base rubber.202,203 Resonance signals compliant with EVM are present and 

assigned in the commercial EVM-g-MA spectrum. Based on the composition of EVM-g-MA (PE : VA 

: MA = 56.0 : 43.2 0.76 mol%), theoretically the number of protons represented by each resonance 

signal was calculated. Doing so, the overlapping peaks for the polymer backbone protons were 

considered as one signal representing the polymer backbone. This afforded an average proton 

distribution of acetate methine proton : acetate methyl protons : polymer backbone in an EVM-g-

MA molecule of 1.00 : 3.05 : 7.22. This is in good accordance with the obtained spectrum for EVM-

g-MA, supporting the peak assignment to EVM-g-MA. 

However, peaks for the MA ring grafts CH and CH2 are absent. Characterization of MA grafted 

products is often difficult because of the low extent of grafting (< 2 wt.%). Furthermore it is also 

impossible to isolate the grafted product from unreacted polymer to allow for easier 

characterization. Work by Ranganathan et al. using low molecular weight model compounds as 

substrates for MA grafting overcomes these difficulties and allowed for designation of resonance 

peaks around 3.30, 3.20 and 2.83 ppm to the CH and CH2 protons of the grafted MA ring.157,204 This 

is supported by Mitov et al. assigning signals at 3.48, 3.19 and 2.88 ppm to respectively the 

methyne proton and the two methylene protons of the MA ring.157,205 However, in work by Qi et 

al. a distinct peak at 3.736 ppm was identified originating from the hydrogen proton on the 

anhydride ring.157,206 Even though data from literature do not all match, it is evident that additional 

signals in the range 2.8-3.8 ppm for the MA ring protons should be observed. Absence of these 

signals in the obtained spectrum in Figure 21 is explained by the relatively too low representation 

of MA in the polymer. Hence, characterization of EVM-g-MA cross-linking by 1H-NMR 

spectroscopy is not suitable, due to the high molecular weight of the polymer and low MA grafting 

degree 

 



43 
 

5.3 GPC results 

 

Figure 22. GPC analysis of EVM and EVM-g-MA precursor at a flow rate of 1.0 ml/min. 

 

 

5.4 DSC results 

 

Figure 23. DSC analysis of EVM (black) and EVM-g-MA (red) during a heat/cool/heat cycle in a range of -60 
to 200°C 
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5.5 TGA result 

 

Figure 24. TGA analysis of DA cross-linked EVM from 30°C to 900°C at 10°C/min. 

 

 

5.6 DMTA results 

DMTA is a common method to test the temperature response of a rubbers’ mechanical behavior. 

In this case specifically useful to determine the thermo-reversible properties of the EVM system. 

Using successful DTMA methodology applied to characterize the thermo-reversible cross-linking 

of EPM-g-MA,37 moduli of EVM samples were measured while heating and cooling at a controlled 

rate of 2 ⁰C/min from 20⁰C to 150⁰C and subsequently for another cycle at 0.05. ⁰C/min to a 

maximum temperature of 180⁰C (Figure 25). 
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Figure 25. Storage modulus (E’) and loss modulus (E’’) of EVM-g-MA, EVM-g-furan, DA cross-linked EVM-g-
furan, and the same cross-linked sample after reprocessing determined in DMTA cycles from 20 to 150 °C at a 
rate of 2 °C/min (A and C respectively) and from 20 to 180 °C at a rate of 0.05 °C/min (B and D respectively) 

 

All depicted heating curves, for both the storage modulus (E’) and the loss modulus (E”), show 

a similar decrease in modulus, indicating the rubbers become significantly softer upon being 

heated. This is because molar frictions are reduced in the rubbery material as temperature 

increases, therefore less force is required for deformation. Absolute comparison of both moduli 

shows the rubber depicts more elastic than viscous behavior. Nonetheless, related to reported 

analogous cross-linked EPM,37 the EVM samples display significant increased viscous behavior. 

This elasticity conservation shown by EVM gums at elevated temperatures, contrary to EPM gums, 

make it impossible to distinguish de-cross-linking transitions. Furthermore, stable modulus 

plateaus that are characteristic for the presence of rubber crosslinks are not observed, 132,207 

making it impossible to identify EVM cross-linking thermal properties using DMTA.  

To the best of our knowledge, DMTA analysis of EVM rubber to temperatures above 100°C has 

not yet been reported. Therefore it is very speculatively proposed that the absence of a modulus 

plateau indicative of cross-linking or de-cross-linking, is due to the contribution of additional 

morphological mechanisms in industrial EVM rubber. These mechanisms disguise the presence 

or dissociation of the thermos-reversible cross-links. First, the aforementioned presence of 
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irreversible peroxide cross-links affects the rubber’s softening behavior. Second, the enhanced 

chain flexibility at increased temperatures, improving polar groups alignment and interactions 

can have a similar effect. Also, PE is added in the grafting procedure to promote the formation of 

a homogeneous mixture of reactants, which can also affect DMTA analysis. It is recommended for 

future work different thermal analysis techniques or a EVM base rubber with a lower VA content 

are used. 

These values, together with a few odd observations seen in the mechanical properties of the 

EVM and EVFM samples, could imply there is more going on a molecular level than expected. 

Further research using alternative temperature dependent properties determination techniques 

could point out whether this is the case. 

 

 

5.7 Cross-link density determination alternative 

Besides swelling experiments in toluene, the cross-link density was also determined by 

transferring tensile test stress-strain curve data into the Mooney-Rilvin equation (Eq. 4).118,208-210 

 

𝜎 = 2 (𝐶1 +
𝐶2

Λ
) (Λ −

1

Λ2)      with     Λ = 1 + Χε    (Eq. 4) 

 
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%.118 

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. 

5).209 

 

[𝑋𝐿𝐷]𝑡 =
2𝐶1

𝑘𝐵𝑇
         (Eq. 5) 

       
 

kB boltzmann constant 
T temperature 
 

Cross-link densities of DA cross-linked EVM-g-furan and EVFM respectively, were obtained 

through both swelling experiments and derivation from tensile test results (Figure 26). 
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Figure 26. Cross-link densities as determined from swell tests with Flory-Rehner and tensile tests using 
Mooney-Rilvin. 

 

 The apparent cross-link density for DA cross-linked EVM-g-furan of 8.75∙10-5mol/cm3 

corresponds with 4.98 cross-link connections between two rubber chains. This value is in the 

same order of magnitude as the number of functional groups per chain determined from chemical 

analysis (Table 1). This suggests a random and uniform distribution of cross-links throughout the 

material. 

However, a relatively large discrepancy between the results of the two approaches is observed. 

On average close to a factor 15 times higher cross-link densities are obtained from tensile tests 

than from swell test experiments. It is thought this is partly due to the difference in mode of 

deformations of the polymer chains in both methods. In the tensile test approach, the polymer 

chains were fully stretched, whereas no chain stretching occurred during the swelling 

experiments.118 Therefore differences arise in how loosely the cross-links are embedded in the 

network structure, affecting the determined cross-link density.211 Furthermore work by Kramer 

et al has shown that the contribution of entanglements to the equilibrium modulus considered in 

the tensile test method is rather significant.212 In either method the obtained cross-link density 

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.112,120 

However, the degree in which entanglements that behave as cross-links are accounted for in the 

cross-link density does depend on the applied strain rate and used solvent affording an inherent 

difference between both methods. Also, the presence of elastically ineffective chain ends also 

contributes to the discrepancy between the two approaches.110 This is because these elastically 

ineffective chain ends are only tied to the network by one cross-link, making these parts of the 

network capable of relaxing when strained and free to move  (Figure 27).213 Hence, these defects 

that decrease the effective degree of cross-linking are unable to trap solvent and swell or bear 

stress effectively. The different mechanisms these chain ends affect the cross-link density 

determination methods by affords a discrepancy as well.  
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Figure 27. Schematic representation of free ends B, C and E that produce chain-end defects BG, CD and EF. 
Arrows indicate chains that are connected further up the network.  

 

Finally, rubber elasticity models also allow for topological constraints acting on the network 

chains due to high coil interpenetration in dry rubbers used in the tensile test method. 

Consequently, cross-links and chain segments are not able to fluctuate freely but are forced to 

remain within a confined space built by the surrounding chains. Contrary, coil interpenetration is 

reduced in the swelling method, increasing the size of the confined space resulting in a reduction 

of the topological constraint on the cross-links and chain segments and therefore also the 

apparent cross-link density.214 
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5.8 SAXS Yarusso-Cooper model fits 

 
Figure 28. Parameters and fits for Yarruso-Cooper model fits to the SAXS profiles of EPM-g-MA (A), EPM-g-
furan (B) and DA cross-linked EPM-g-furan (C) 
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