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Summary 

 

Thermosetting polymers have a vast and wide variety of applications in our 

modern society. The network structure of this class of materials provides superior 

mechanical, thermal, and chemical properties. However, reprocessing of the 

materials is difficult. In case of damage, repair requires substantial efforts and, in 

some cases, is even impossible. Furthermore, recycling of the materials is also 

very difficult, particularly when considering techno-economics. This has 

stimulated research interest in self-healing methods for polymeric networks. The 

strategy of embedding functional groups into the structure that allow for 

thermally reversible Diels-Alder reactions to occur is among the most popular 

methods. With this approach, thermally reversible materials can be made and 

used for new applications such as removable adhesives, self-healing coatings and 

composites, and shape memory materials.  

Recent environmental and geopolitical concerns, and anticipated scarcity 

regarding the use of crude oil derived products have stimulated research on the 

development of biobased substitutes for conventional synthetic polymers. 

Vegetable oils are important industrial raw materials and abundantly available 

(202 million tons per year in 2016-2018) at relatively low cost (ranging from US$ 

400 – 800 per ton). As such, the use of vegetable oils for the synthesis of 

reversible polymeric networks may have a positive impact on the development of 

green and sustainable polymers.  

Oil from the seeds of Jatropha curcas is a promising raw material for a number of 

reasons. Though not yet a commodity on the world market, it is toxic in nature 

and thus not suitable for food applications and has a relatively high amount of 

unsaturated C-C bonds in the fatty acid chain, which is relevant for network 

generation. A common strategy involves the introduction of furan groups into the 

fatty acid chains followed by cross-linking of the modified oil with a bismaleimide 

via the Diels-Alder approach.  
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Chapter 2 describes a synthetic approach to introduce furan groups to the fatty 

acid chains of Jatropha oil. It involves an epoxidation reaction of the C-C double 

bonds in the fatty acid chains followed by reaction with furfurylamine. Amidation 

of the fatty esters was shown to be the main side reaction, leading to fatty 

amides. The reaction was optimized by using a statistical method and it was 

shown that the reaction is best performed at 100 
o
C, with a 1:1 furfurylamine to 

epoxide molar ratio, in the presence of LiBr (100 mol % based on the triglyceride) 

and a batch time of 24 h. The product contained on average 2.19 furan units per 

triglyceride molecule, while only 4 % of the esters were converted. After reaction 

with a bismaleimide,  a flexible polymer was obtained with interesting properties. 

In Chapter 3, research is described to identify whether the synthetic methodology 

provided in Chapter 2 is only valid for Jatropha oil or also for other plant oils. In 

addition the possibility to tune the properties of the resulting polymers by using 

other bismaleimides was investigated. It was found that the reaction between the 

epoxidised oil and furfurylamine to introduce furan groups in the sunflower oil is 

more difficult than for Jatropha oil and, under similar conditions, more undesired 

fatty amides were formed. A possible explanation is that epoxidized sunflower oil 

contains a higher amount of neighboring epoxides, leading to lower reaction rates 

-(methylene-di-

4,1-phenylene)bismaleimide and aliphatic 1,12-bismaleimido dodecane (and 

mixtures thereof) yielded polymers with Tg values ranging between 4 to 20 
o
C. It 

-

(methylenedi-4,1-phenylene)bismaleimide in the bismaleimide, probably as a 

consequence of its aromatic structure. The thermal reversibility of the product 

was proven by DMA and FTIR. For the latter, characteristic vibrations of the furan 

and maleimide became more intense upon heating  samples from 50 
o
C to 150 

o
C 

and were reduced during cooling to 50 
o
C. The data also provided indications for 

isomerization from the endo to the exo adduct during the measurements. It was 

also found that the thermal reversibility of the polymers decreased with more 

heating and cooling cycles, which could be due to aromatization of the Diels-Alder 

adduct and homopolymerization of the bismaleimides. 
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In Chapter 4, a series of thermally irreversible and reversible networks were 

synthesized from the same biobased substrates, and the resulting polymers were 

compared. Epoxidized jatropha oil was cross-linked with biobased amines 

(Priamine 1071 and 1,4-diaminobutane) and a non-biobased one (tris(2-

aminoethyl)amine), yielding irreversible networks with Tg values ranging between 

2 
o
C to 11 

o
C. These materials responded well during DMA measurements 

between -40 
o
C to 100 

o
C.    To obtain reversible networks, two different types of 

monomers were synthesized. The first monomer with a pendant furan unit was 

obtained by reaction of the epoxidized oil with furfurylamine. The second one was 

synthesized by converting the amines into maleimide units. The two monomers 

were subsequently polymerized via the Diels-Alder approach. The polymers 

demonstrated reversibility upon heating from 50 
o
C to 150 

o
C and cooling to 50 

o
C 

(FTIR), illustrating the suitability of the concept. However, the products are brittle 

below 5 
o
C and deform above 55 

o
C. It suggests that the reversible networks can 

substitute irreversible ones only in a narrow operating window around room 

temperature.  

In Chapter 5, potential applications for the thermo-reversible polymers described 

in Chapter 3 are provided. First experiments were aimed to use them as 

removable glues.  Five types of reversible polymers, synthesized from jatropha 

and sunflower oil, and cross-linked using aliphatic bismaleimides as well as 

mixtures of aliphatic and aromatic ones, were used. The performance of 

theproducts was examined by a peel test according to ASTM D1876-08 with some 

modifications. The results imply that the use of aromatic bismaleimide and 

shorter chain aliphatic bismaleimide are preferred when considering peel 

strength. Furthermore, it was also shown that the adhesives performed better 

than a commercial benchmark. 

Subsequently, the use of reactive fillers to improve the mechanical properties of 

the thermo-reversible networks under investigation was explored. A jatropha-

based reversible polymer was modified by using a maleimide-modified silica gel 

(14.5 % and 29 % volume fraction). The storage modulus of the resulting 

composites (DMA, 24 
o
C to 50 

o
C) was shown to increase with higher amounts of 
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filler, suggesting a good interfacial interaction between the matrix and filler. A 

linear relation between the modulus values at 28 
o
C, 33 

o
C, and 38 

o
C and the 

volume fraction of filler was obtained.  

Self-healing abilities of the reversible polymers was studied by using a system 

composing of a furan-modified polyketone cross- -(methylenedi-

4,1-phenylene)bismaleimide. Despite its reversibility, the polymeric network 

lacked self-healing ability, likely due to its relatively high molecular weight. This is 

expected to hinder macromolecular flow and ultimately the closing of scratches 

and cracks upon heating. The addition of a lower molecular weight furan-

functionalized jatropha oil into the thermosetting polyketone provided an 

improved material and cracks were healed by heating at 150 
o
C for 1 h. 
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