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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 
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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 



Thermoreversible cross-linking of EPM 

 67 

6 

7 

8 

9 

 

 

 

 

 

 
 

 

  

 

 

 

 
 

 

 
 

 
 

 

 

 

 

1 

2 

3 

4 

5 

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 

A B 
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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. 

2.5. References 

[1] Sperling LH, Mishra V. Polym Adv Technol 1996;7:197. 

[2] Kistler SS. J Appl Phys 1940;11:769. 

[3] Hofmann W. Rubber Technology Handbook. Hanser Publishers, Münich 1989. 

[4] Baranwal KC, Stephens HL. Basic Elastomer Technology. ACS Rubber Division, Akron 2001. 

[5] Sutanto P, Picchioni F, Janssen LPBM, Dijkhuis KAJ, Dierkes WK, Noordermeer JWM. J Appl Polym Sci 

2006;102:5948. 

[6] Directive 2000/53/EC of the European Parliament. 2000. 

[7] Hickman D. Solid Waste & Recycling 1999;4. 

[8] Mashaan NS, Ali AH, Karim MR, Abdelaziz M. Sci World J 2014:214612. 

[9] Myhre M, MacKillop DA. Rubber Chem Technol 2002;75:429. 

[10] Nimmo W, Singh S, Gibbs BM, Williams PT. Fuel 2008;87:2893. 

[11] Mangili I, Collina E, Anzano M, Pitea D, Lasagni M. Polym Degrad Stab 2014;102:15. 

[12] Shi J, Jiang K, Zou H, Ding L, Zhang X, Li X, Zhang L, Ren D. J Appl Polym Sci 2014;131:40298. 

[13] Adhikari B, De D, Maiti S. Prog Polym Sci 2000;25:909. 

[14] Warner WC. Rubber Chem Technol 1994;67:559. 

[15] Jana GK, Das CK. Polym Plast Technol Eng 2005;44:1399. 

[16] Jana GK, Mahaling RN, Rath T, Kozlowska A, Kozlowski M, Das CK. Polimery 2007;52:131. 

[17] Myhre M, Saiwari S, Dierkes W, Noordermeer J. Rubber Chem Technol 2012;85:408. 

[18] Dijkhuis KAJ, Babu I, Lopulissa JS, Noordermeer JWM, Dierkes WK. Rubber Chem Technol 2008;81:865. 

[19] Sutanto P, Picchioni E, Janssen LPBM, Dijkhuis KAJ, Dierkes WK, Noordermeer JWM. Int Polym Proc 

2006;21:211. 

[20] Verbruggen MAL, van der Does L, Noordermeer JWM, van Duin M, Manuel HJ. Rubber Chem Technol 

1999;72:731. 

[21] Maiti M, Bandyopadhyay A, Bhowmick AK. J Appl Polym Sci 2006;99:1645. 

[22] Coran AY, Patel RP. Thermoplastic Elastomers based on Dynamically Vulcanised 

Elastomer/Thermoplastic Blends. In: Thermoplastic Elastomers: Holden NR Eds. Hanser Publications, 

Cincinnati 1996.  

[23] Karger-Kocsis J. Thermoplastic Rubbers via Dynamic Vulcanisation Thermoplastic Rubbers via 

Dynamic Vulcanisation. In: Polymer Blends and Alloys: Shonaike, GO, Simon, GP Eds. Taylor & Francis, New 

York 1999.  

[24] Such GK, Johnston APR, Liang K, Caruso F. Prog Polym Sci 2012;37:985. 

[25] Kloxin CJ, Scott TF, Adzima BJ, Bowman CN. Macromol 2010;43:2643. 

[26] Toncelli C, De Reus D, Broekhuis AA, Pichioni F. Thermoreversibility in Polymeric Systems. In: Self-

Healing at the Nanoscale: Amendol V, Meneghetti M Eds. CRC Press, Boca Raton 2011. 

[27] Cordier P, Tournilhac F, Soulie-Ziakovic C, Leibler L. Nature 2008;451:977. 

[28] Garcia JM, Jones GO, Virwani K, McCloskey BD, Boday DJ, ter Huurne GM, Horn HW, Coady DJ, Bintaleb 

AM, Alabdulrahman AMS, Alsewailem F, Almegren HAA, Hedrick JL. Science 2014;344:732. 

[29] Montarnal D, Capelot M, Tournilhac F, Leibler L. Science 2011;334:965. 

[30] Capelot M, Montarnal D, Tournilhac F, Leibler L. J Am Chem Soc 2012;134:7664. 

[31] van der Mee MAJ, Goossens JGP, van Duin M. Polymer 2008;49:1239. 

[32] van der Mee MAJ, Goossens JGP, Van Duin M. J Polym Sci A-Polym Chem 2008;46:1810. 

[33] Gandini A. The furan/maleimide Diels-Alder reaction: Prog Polym Sci 2013;38:1. 

[34] Toncelli C, De Reus DC, Picchioni F, Broekhuis AA. Macromol Chem Phys 2012;213:157. 



Thermoreversible cross-linking of EPM 

 75 

6 

7 

8 

9 

 

 

 

 

 

 
 

 

  

 

 

 

 
 

 

 
 

 
 

 

 

 

 

1 

2 

3 

4 

5 

[35] Tian Q, Rong MZ, Zhang MQ, Yuan YC. Polym Int 2010;59:1339. 

[36] Franc G, Kakkar AK. Chem-a Eur J 2009;15:5630. 

[37] Goiti E, Huglin MB, Rego JM. Macromol Rapid Comm 2003;24:692. 

[38] Gheneim R, Perez-Berumen C, Gandini A. Macromol 2002;35:7246. 

[39] Moustafa MMAR, Gillies ER. Macromol 2013;46:6024. 

[40] Gandini A, Silvestre AJD, Coelho D. Polym Chem 2011;2:1713. 

[41] Nandivada H, Jiang X, Lahann J. Adv Mater 2007;19:2197. 

[42] Chen XX, Dam MA, Ono K, Mal A, Shen HB, Nutt SR, Sheran K, Wudl F. Science 2002;295:1698. 

[43] Gandini A, Coelho D, Silvestre AJD. Eur Polym J 2008;44:4029. 

[44] Ax J, Wenz G. Macromol Chem Phys 2012;213:182. 

[45] Canary SA, Stevens MP. J Polym Sci A-Polym Chem 1992;30:1755. 

[46] Gousse C, Gandini A. Polym Bull 1998;40:389. 

[47] Stevens MP, Jenkins AD. J Polym Sci A-Polym Chem 1979;17:3675. 

[48] Kavitha AA, Singha NK. Acs Appl Mater Interfaces 2009;1:1427. 

[49] Burlett DJ, Lindt JT. Rubber Chem Technol 1993;66:411. 

[50] Saelao J, Phinyocheep P. J Appl Polym Sci 2005;95:28. 

[51] Guldogan Y, Egri S, Rzaev ZMO, Piskin E. J Appl Polym Sci 2004;92:3675. 

[52] van Duin M. Macromol Symp 2003;202:1. 

[53] Barra GMO, Crespo JS, Bertolino JR, Soldi V, Pires ATN. J Braz Chem Soc 1999;10:31. 

[54] Oostenbrink AJ, Gaymans RJ. Polymer 1992;33:3086. 

[55] Schmidt U, Zschoche S, Werner C. J Appl Polym Sci 2003;87:1255. 

[56] Vermeesch I, Groeninckx G. J Appl Polym Sci 1994;53:1365. 

[57] Zhang Y, Broekhuis AA, Picchioni F. Macromol 2009;42:1906. 

[58] Laita H, Boufi S, Gandini A. Eur Polym J 1997;33:1203. 

[59] Gousse C, Gandini A, Hodge P. Macromol 1998;31:314. 

[60] Kossmehl G, Nagel H, Pahl A. Angew Makromol Chem 1995;227:139. 

[61] Kumnuantip C, Sombatsompop N. Mater Lett 2003;57:3167. 

[62] Kim JK, Lee SH. J Appl Polym Sci 2000;78:1573. 

[63] Dikland HG, Van Duin A. Rubber Chem Technol 2003;76:495. 

[64] Mullins L, Tobin NR. J Appl Polym Sci 1965;9:2993. 

[65] Sombatsompop N. Polym Polym Compos 1999;7:41. 

[66] El-Sabbaghm SH, Yehia AA. Egypt. J. Solids 2007;30:157. 

[67] Martin DL. Crosslink density determinations for polymeri materials 1970;RK-TR-70. 

[68] Zhang Z, Yin J, Heeres HJ, Melian-Cabrera I. Microporous Mesoporous Mater 2013;176:103. 

[69] Mikroyannidis JA. J Polym Sci A-Polym Chem 1992;30:125. 

[70] Liu X, Du P, Liu L, Zheng Z, Wang X, Joncheray T, Zhang Y. Polym Bull 2013;70:2319. 

[71] Stamboliyska BA, Binev YI, Radomirska VB, Tsenov JA, Juchnovski IN. J Mol Struct 2000;516:237. 

[72] Pritchard RH, Terentjev EM. Polymer 2013;54:6954. 

[73] Litvinov VM, Barendswaard W, van Duin M. Rubber Chem Technol 1998;71:105. 

[74] Orza RA, Magusin PCMM, Litvinov VM, van Duin M, Michels MAJ. Macromol 2007;40:8999. 

[75] Twardowski T, Kramer O. Macromol 1991;24:5769. 

[76] Kluppel M. Macromol 1994;27:7179. 

[77] Klots TD, Chirico RD, Steele WV. Spectrochim Acta A-Mol Biomol Spectr 1994;50:765. 

[78] Keller RC. General Purpose Elastomers - Ethylene-propylene rubber. In: Basic Elastomer Technology 

Baranwal KC, Stephens HL Eds. Rubber Division, Akron 2001. 

[79] Teramoto N, Niwa M, Shibata M. Materials 2010;3:369. 

[80] Nakajima N, Yamaguchi Y. J Appl Polym Sci 1997;66:1445. 

[81] Diani J, Fayolle B, Gilormini P. Eur Polym J 2009;45:601. 

[82] Henssler JT, Matzger AJ. J Org Chem 2012;77:9298. 

[83] Chen Y, Xu C. J Macromol Sci B-Phys 2012;51:1384. 

[84] Tizard GA, Dillard DA, Norris AW, Shephard N. Exp Mech 2012;52:1397. 

  



Chapter 2 

                                                                                                        Lorenzo Massimo Polgar 76 

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.  


