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Chapter 1 

General introduction 

 

Abstract 

The design of new or improved sustainable polymeric products is a current 

necessity of our society. This is especially true in connection with the main issues 

related to the production and use of polymeric products: i.e. raw material 

(petroleum) depletion and accumulated waste. The word “sustainability” entails 

here, for example, a (chemical) design concept that makes allowances for the 

two issues outlined above. This can be achieved by two different, albeit in some 

cases interconnected, approaches. The first one involves full or partial use of 

renewable and biodegradable sources as raw materials. The development of 

bioplastics (e.g. blends of starch with polyesters) in the last decades is 

paradigmatic for this strategy and provides end products that are biodegradable 

and at least partly renewable. However, the second approach, involving life time 

improvement of current (oil-based) polymeric products (e.g. thermosets) is 

particularly interesting if associated with the possibility to recycle the materials 

according to a “cradle to cradle” strategy. A combination of the two strategies 

(yielding new polymeric materials from renewable sources but also recyclable 

according to a “cradle to cradle” approach) constitutes a relevant novelty further 

investigated in this work. 
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1.1 Plastic sustainability issue 

Recovering from the global economic crisis in 2008-2009, the worldwide plastic 

industry has resumed a continuously growing pace with approximately 9% yearly 

growth rate since 1950.[1,2] In 2011, global plastic production increased by 10 

million tons to around 280 million tons. Dominated by the “big six” (i.e. 

polyethylene, polypropylene, polyvinyl chloride, polystyrene, polyethylene 

terephthalate, and polyurethane) that stand out in the market, plastic end-use 

applications vary from packaging, construction, automotive, electronics, 

household appliance, furniture, and so on (figure 1.1).[2] However, this massive 

use of plastics as unavoidable multipurpose materials faces serious challenges 

from an environmental point of view. Regardless of the huge efforts that have 

already driven appropriate countermeasures (e.g. reuse, recycle, and energy 

recovery), plastic waste accumulation still requires extra attention. For instance, 

in 2011, 40.9% of total generated plastic waste (10.2 x 106 tons) from EU 

countries ended up in landfill. This is not acceptable anymore according to recent 

EU regulations.[3,4] 

 

Figure 1.1. Plastic products life cycles in 2011, from converter demands (companies using 
plastic as input material and manufacturing finished and/or semi-finished products)[5] to 
disposal and recovery (27 countries of European Union with addition of Switzerland and 
Norway)[2]

 

While plastic waste challenges this sector in the post-consumption area, the 

industrial dependence towards petroleum as non-renewable raw materials 

source will create problems in the coming years also at the level of design and 

production of new (or improved) polymeric products. Despite the contentious 

debate over future conventional oil (i.e. crude oil, condensate, and natural gas) 
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and their availability, the fact that the expected future oil supply is strongly 

affected by new oil field finding, reserve growth, and also depletion rate remains 

undisputed.[6,7] When assuming the peak of conventional oil global production 

around 2030, eventually the oil reserves will be depleted somewhere at the 

beginning of 23rd century.[6] In this context a waste management policy, already 

defined at European level,[8,9] should be implemented and conceptually linked, 

when necessary, with relevant scientific research at both academic and industrial 

level. 

In accordance with such policy, a waste management hierarchy (figure 1.2) can 

be defined in order to tackle the challenges inherent to the issues outlined 

above.[8,9] However, only three types of approaches from the waste management 

hierarchy (i.e. prepare for reuse, recycle, and recovery) can be factually and 

conveniently linked to scientific research. The main focus of the present work 

lays on two strategies: prepare for reuse and recycling on one side and disposal of 

non-hazardous biodegradable waste (only implicitly contained in the EU policy 

pyramid) on the other. Both strategies display the potentiality for introducing 

novel aspects in the design and production of new polymeric products. As a 

consequence two main research topics can be defined: use of renewable sources 

as raw materials and design of recyclable polymeric products. These are 

discussed separately in the following.  

 

Figure 1.2. Waste management hierarchy, a classification of waste handling options 
priority in accordance to their environmental impacts[8,10]

 

1.2 Renewable sources as raw materials for new polymeric 

products 

Following the 12 Principles of Green Chemistry,[11] the use of renewable 

feedstock is highly encouraged in order to recognize and further stimulate the 

awareness for environmental protection in any chemical practice,[12] including 

polymer synthesis. Responding to the forthcoming petroleum depletion, the 
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design of novel polymeric products has been turning towards the use of 

environmentally friendly biomass as source of raw materials. As defined by The 

International Union of Pure and Applied Chemistry (IUPAC), “biomass is material 

produced by the growth of microorganisms, plants or animals”.[13] Another 

biomass definition that gives better understanding is provided by a joint project 

of United States Departments of Agriculture and Energy. In this context biomass 

is defined as “any organic matter that is available on a renewable or recurring 

basis, including agricultural crops and trees, wood and wood residues, plants 

(including aquatic plants), grasses, animal manure, municipal residues, and other 

residue materials”.[14] 

The use of biomass as raw material in the polymer industry is frequently and 

mainly related to bioplastics as final product. According to the European 

Community definition, bioplastics are biobased and/or biodegradable plastics 

(figure 1.3).[15] The term “biobased” describes that part of the material or product 

that is derived from biomass. On the other hand, biodegradation is a chemical 

process in which materials, with the help of microorganisms, degrade back into 

water, carbon dioxide and biomass (in the order of months depends on its 

application as defined by the EN 13432 norm).[15] 

 

Figure 1.3. Bioplastic material “coordinate system” according to European Bioplastics[15] 
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Among various type biomass, starch, vegetable oil, cellulose, lignin, and protein 

are the most widely used renewable materials.[16,17] Obtaining an inexpensive and 

abundant biomass feedstock would be a priority for any biobased products 

production, including for instance biodiesel and bioplastics.[17] Indeed the overall 

quality of biomass depends on regional issues such as soil quality, precipitation, 

and climate.[17] However, each type of biomass would have general features (e.g. 

availability, chemical composition, and physical properties) to consider. The 

present work explores the use of starch and a vegetable oil (i.e. jatropha oil) in 

polymeric products. Both raw materials have been already showing potentiality 

for use in bioplastics.[18-23]  

1.2.1 Starch as renewable source for polymeric products 

Most carbohydrates are found in nature as polysaccharides (e.g. cellulose, chitin 

glycogen, and starch) with medium to high molecular weight polymer (in the 

order of millions).[24] Starch contains two types of glucose polymer, amylose and 

amylopectin (figure1.4).[25] Whereas amylose consists of long unbranched chains 

of anhydroglucose (AHG) residues connected by α(1→4) linkages, amylopectin 

has a highly branched structure. Occurring in every 24 to 30 AHG repeating units, 

the branch point connects successive AHG units in α(1→6) Iinkages.[24-26] 
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Figure 1.4. Starch molecular structures consisting (a) anhydroglucose as repeating unit of 
(b) amylose and (c) amylopectin 
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Starch can be conveniently found in almost any organ of higher plants (e.g. 

pollen, leaves, fruit, woody tissue, tuber, etc.), but also in mosses, ferns, some 

protozoa, algae, and bacteria.[25] It naturally serves as energy storage system for 

monosaccharides.[24] Starch is mostly provided by wheat, corn, sorghum, potato, 

cassava, and rice.[19,20] Mostly used in food application (e.g. beverages, bakery, 

and sweetener), starch is the most important carbohydrate in human diet.[27-29] In 

addition, starch is also used in various applications including paper, chemicals, 

pharmaceuticals, and polymeric products (figure 1.5).[18,28,30] 

 

Figure 1.5. Application of starch and starch derivatives with total market of 8.9 x 106 tons 
in 2011 for 27 European Countries[30]

 

Since virgin starch is brittle and difficult to be processed (Tg above degradation 

temperature),[21] it must be modified prior to its application in almost any kind of 

polymeric product. Considered as a crystalline material, starch undergoes 

spontaneous structure deformation when mixed with certain amount of 

plasticizers. These are usually molecules that are capable of forming hydrogen 

bonds with the starch hydroxyl groups (e.g. water, glycerol, diglycerol, 

polyglycerol, sorbitol, maltodextrin, etc.) at high temperature and shear.[31,32] The 

process forms a homogeneous mixture known as thermoplastic starch (TPS).[20,31] 

Although TPS seems to be a promising product, it has a tendency to re-crystalize 

(retrogradation) caused by the re-formation of intermacromolecular  hydrogen 

bonds resulting from the plasticizer phase separation.[31] Poor water resistance 

and unsatisfactory mechanical properties (tensile strength) add up some 

drawback to TPS.[31,33] Blending or coating with hydrophobic polymer is suggested 

as solution to improve the properties of TPS even if it might entail an attenuation 

of the “green” character.[31,34,35]    

In order to reduce the total materials cost, starch (in granular or TPS form) can be 

mixed as filler with different thermoplastics (e.g. polyester and polyethylene). 

When the starch is used as granules, the processing has to be carried out below 
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the thermal degradation temperature (280-360 °C, depends on starch type).[31] 

Several starch blends comprise the use of conventional synthetic polymer (e.g. 

polyethylene,[32,36-38] polypropylene,[39-41] and polystyrene[42,43]) as matrix of the 

blends. Nevertheless, due to the hydrophobic nature of most used polymer 

matrixes, the blends possess poor mechanical properties (e.g. tensile strength, 

elongation at break, and toughness) due to poor interface interaction with the 

hydrophilic starch domains. Therefore, the use of interfacial agents (mainly as 

compatibilizers) is a necessity.[20] The ideal interfacial agents for a polymer blend 

consists of a block copolymer whose chemical structure is the same or similar to 

the individual component to be blended. This can be achieved in situ by reactive 

blending of suitable precursors. A paradigmatic example is the use of low density 

polyethylene-g-maleic anhydride (LDPE-g-MAH) as reactive interfacial agent 

precursor for LDPE/starch blends.[37,44] The reaction of the grafted MAH (on the 

LDPE backbone) with hydroxyl group of the starch particles eventually generates 

a compatibilizer consisting of both blends constituent (i.e. LDPE and starch in 

figure 1.6). As expected, the presence of compatibilizer eases the problem of the 

interface (lack of) adhesion; eventually leading to improved  mechanical 

properties (i.e. tensile strength and toughness).[37]  

O
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OH HO

OH

starch
starch
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Figure 1.6. Schematic representation of in situ reaction between functionalized LDPE and 
starch 

The use of conventional synthetic polymers eventually results in blends with poor 

or non-biodegradable properties. Therefore, synthetic biodegradable polymers 

can be more conveniently applied as matrix (e.g. poly-lactones, poly-lactides, and 

poly-glycolides)[20,45-49] in order to obtain fully biodegradable blends (even if not 

fully biobased ones). Despite of the vast development of polymer blends 

technology, there are still plenty of opportunities for novel scientific research 

mainly dealing with systematic studies on the interfacial agents preparation and 

the general use of green solvents for both functionalization and blending. 
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1.2.2 Vegetable oils as renewable sources for polymeric products 

Most vegetable oils are obtained from seeds, which supply both oil and a protein-

rich meal. In a classical process, seed extraction is achieved by pressing or by 

solvent extraction or combination of both methods. On the other hand, some oils 

(such as palm and olive ones) are originated from the corresponding soft fruit 

(endosperm).[50] Vegetable oils are mainly composed of triglycerides, which can 

be seen as a glycerin backbone with three fatty acid chains moieties attached to 

it (figure 1.7).[51,52] Besides the triglyceride, vegetable oils also consist of various 

other components (usually in relatively small concentration range of 1-5 %wt) 

including phospholipids, monoacylglycerols, diacylglycerols, free acids, pigments, 

flavor components, trace metals, sulfur compounds, antioxidants, and some 

vitamins.[53]  

H2C O

O

HC

H2C

O

O

O

O

 

Figure 1.7. Example of typical triglyceride structure, consisting palmitic, oleic, and linoleic 
acid (from top to bottom) 

According to the Food and Agriculture Organization of the United Nations, with 

an estimated production of 453.6 x 106 tons in 2011-2012, global vegetable oil 

production is expected to rise up to 5% in the coming year.[54] A large proportion 

of vegetable oil (e.g. coconut, palm, and palm kernel oil) originate from countries 

with tropical climates, while soybean, rapeseed, and sunflower ones are typical 

of moderate climates.[51] This is important when making allowances for the fact 

that the chemical and physical properties of vegetable oils (a function of the crop 

growing conditions) are dependent on the fatty acid distribution, mostly on the 

content of carbon-carbon double bonds (table 1.1.).[55]  

The length of the carbon chain and the number of carbon–carbon double bonds 

differentiate fatty acids from one to another. Fatty acids are commonly denoted 

by XX:Y, where XX designates the number of carbon atoms in the fatty acid chain 

and Y the number of double bonds (e.g. C18:1 represents oleic acid, 18 carbon 

chain with one double bond). Fatty acids with no double bonds are considered as 

saturated fatty acid (e.g. palmitic and stearic acid), while those with double 

bonds are commonly designated as unsaturated (e.g. oleic and linoleic acid).[52]  
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Table 1.1. Fatty acid composition of various vegetable oils[16]
 

Vegetable oil 
Double 
bonds

a
 

Fatty acid (%) 

Palmitic 
C16:0 

Stearic 
C18:0 

Oleic 
C18:1 

Linoleic 
C18:2 

Linolenic 
C18:3 

Palm 1.7 42.8 4.2 40.5 10.1 - 

Olive 2.8 13.7 2.5 71.1 10.0 0.6 

Groundnut 3.4 11.4 2.4 48.3 31.9 - 

Rapeseed 3.8 4.0 2.0 56.0 26.0 10.0 

Sesame 3.9 9.0 6.0 41.0 43.0 1.0 

Cottonseed 3.9 21.6 2.6 18.6 54.4 0.7 

Corn 4.5 10.9 2.0 25.4 59.6 1.2 

Soybean 4.6 11.0 4.0 23.4 53.3 7.8 

Sunflower 4.7 5.2 2.7 37.2 53.8 1.0 

Lineseed 6.6 5.5 3.5 19.1 15.3 56.6 

Jatropha
b
 3.7 11.8 2.6 45.2 39.5 0.2 

a
 average number of double bonds per triglyceride  

b
 composition calculated as average, also contain 0.4% of palmitoleic (C16:1)

[56]
 

 

Besides the use in the food industry, triglycerides are developed into various 

products such as biodiesel, lubricants, surfactants, surface coatings, 

pharmaceuticals, cosmetics, and polymers (figure 1.8).[51,52,57] Biodiesel is derived 

from vegetable oils (e.g. soybean, rapeseed, sunflower, and coconut oil) by a 

transesterification reaction (i.e. with an alcohol in the presence of a catalyst). 

Biodiesel plays an important role among the alternative fuels although it cannot 

(yet) replace petroleum-based diesel fuel entirely.[58] Furthermore, vegetable oils 

in the form of triglyceride and/or ester derivatives are used as non-water soluble 

based oils (75 up to 95 wt% of the total composition) in the lubricant industry. 

The synthetic ester derivatives are generally obtained from branched alcohols 

(e.g. trimethylolpropane, pentaerythritol, and neopentylpolyol) and long chain 

fatty acids. In addition, fatty acids diesters are also widely used for grease 

making.[59] 
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Figure 1.8. Product transformation route of triglycerides from vegetable oil, adapted 
from A. Corma et al.

[51]
 

The potentiality of triglyceride oil-based polymeric materials has been explored in 

the last few decades for many different applications. Novel types of polymers 

prepared from triglyceride oils include oxypolymerized polymer, polyesters, 

polyurethanes, polyamides, acrylic resins, epoxy resins, and poly(ester amide).[55] 

Oxypolymerization on vegetable oils is usually performed in multiple steps, 

starting with free radical formation on the fatty chains. The reaction is followed 

by oxidation to generate a peroxide radical molecule. Further reaction with 

another fatty chain eventually results in vegetable oil-based polymer (figure 

1.9).[55,60]  

H

OOOOH

O

O

R

O2

RH

 

Figure 1.9. Oxypolymerization reaction schematic on vegetable oil fatty chains, with R● as 
primary radicals from initiator decomposition[55]

 

Several types of polyester developed from triglycerides include alkyd resins and 

polyhydroxyalkanoates (PHA). However the main chemical route from 

triglycerides to polymeric resins often includes an intermediate epoxidation 

reaction of the double bonds present along the fatty acid moieties.[55,61,62] 

Epoxidation is considered important since the resulting oxirane ring has a high 

reactivity towards various nucleophiles (e.g. amines, thiols, and hydroxyl) that 

can be further exploited to yield other desired functionalities.[51,63] In addition, 
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the reactivity of oxirane ring towards nucleophiles such as alcohols, amines, and 

carboxylic acids can be used for polymerization routes.[55] Therefore the 

unsaturation degree of the vegetable oil becomes one of the major 

considerations for its chemical transformation into polymers. Among various 

potential vegetable oils as polymer precursors, jatropha oil can be considered as 

one of the most promising candidate due to its relatively high degree of 

unsaturation and toxicity for animals and human beings (i.e. rendering it non-

competitive with the food industry).[56,64-66]  

Jatropha curcas is a multipurpose bush/small tree belongs to the Euphorbiaceae 

family.[67] Considered to be native to Central and South America, it also thrives 

Central America, Africa, and Asia. Jatropha is a vigorous, drought- and pest-

resistant plant, and can grow under a wide range of rainfall (i.e. 200 mm to over 

1,500 mm/year). It survives also on barren, eroded lands, and under harsh 

climatic conditions.[67,68] Known with two genotypes (i.e. toxic and non-toxic), 

Jatropha curcas toxicity is differentiated by the presence of phorbol esters in its 

seed.[66,69] In term of “oil for food” versus “oil for fuel”, this toxicity is a potential 

advantage for jatropha since its oil can be seen as “technical” one, in no direct 

competition with the food markets.[69]  

According to the same argument and its chemical structure (relative richness in 

double bonds functionalities), jatropha oil also becomes a good candidate as a 

polymer (resin) precursor. As an example, polyesterification of glycerol, phthalic 

anhydride, and jatropha oil was studied in order to form alkyd resins (figure 

1.10).[23] Another alkyd resin suitable for electrical insulation applications was 

also developed from jatropha oils using glycerol, phthalic, and maleic 

anhydride.[22] 
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Figure 1.10. Typical polyesterification of triglyceride resulting in an alkyd resin (R = the 
remains of fatty acid structure)[22,23]
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A jatropha oil-based, urethane-modified polyetheramide (UPEtA) was developed 

by polycondensation of N,N-bis (2-hydroxy ethyl) jatropha oil fatty amide with 

hydroquinone forming polyetheramide (PEtA). Jatropha PEtA was further treated 

with toluene-2,6-diisocyanate to produce UPEtA (figure 1.11).[70] 
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Figure 1.11. Synthesis route of jatropha oil-based urethane-modified polyetheramide[70] 

These examples show how the synthetic routes are often cumbersome and 

lengthy (also in terms of number of steps). As for this thesis, and contrary to the 

reported examples, the focus is mainly laid on the simplicity of the approach. The 

use of jatropha oil as polymer precursor is focused on the direct and simple 

conversion of the double bonds into epoxy groups followed either by direct 

network formation (with diamines) or through the introduction of Diels-Alder 

active groups (yielding eventually a thermally reversible thermoset). 

1.3 Thermally reversible polymeric products 

In general, plastic materials fit into two categories: thermoplastics and 

thermosets. With respect to the generated waste, thermoplastic are relatively 

more environmentally friendly since they can be in principle recycled. On the 
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contrary, classic thermosets are not recyclable due to their rigid (covalently) 

cross-linked network. Besides the use, after grinding, as filler, the current waste 

management strategies are factually limited to energy recovery.[2,9] In recent 

years, researches regarding recyclable (according to a “cradle to cradle” 

approach) thermosets have become an important research field aiming at 

reducing raw materials consumption and the negative ecological impact caused 

by thermoset waste.  

The main obstacle on recycling thermoset is the cross-linked structure, which is 

responsible for the good mechanical properties (e.g. tensile strength). The three-

dimensional network can be easily formed; however these “classic cross-linked 

structures” are considered permanent since reforming and disassembling the 

network is not possible without altering the backbone structure. The use of 

(thermally) reversible cross-linking bonds constitutes an attractive solution to this 

problem. By enabling the polymer network to be disassembled, the material can 

in principle be re-worked and eventually recycled. For such re-workable 

materials, the thermal and mechanical properties need to be at least similar or 

expected to be even better compared to the conventional one.[71,72]  

Overall, thermally reversible cross-link bonds can be classified into two 

categories: physical and chemical ones. Physical intermacromolecular 

interactions (e.g. electrostatic ones) are generally less effective (in terms of end 

product properties such as tensile strength) than chemical ones. Indeed, typical 

physical interactions (e.g. hydrogen bonds, ionic, and Van der Waals) are 

relatively weak and do not yield a sufficiently stable three-dimensional 

network.[73] On the other hand, chemical cross-linking is based on covalent bonds 

that can be broken and reconnected by external thermal influence. Several type 

of chemical bonds used in these systems include ionene, ester-amide, radical 

coupling, and predominantly Diels-Alder ones.[73]  

Several systems used based on thermoreversible Diels-Alder reaction comprise 

the use of furan-maleimide, anthracene-maleimide, cyclopentadiene, fulvene-

fulvene, fullerene-diene, and cyclopentadiene-dithioester.[73] In this context the 

use of a furan-maleimide system (i.e. furan as diene and maleimide as 

dienophile), seems to represent a popular choice in view of the reagents 

availability and the almost perfect recovery (after thermal disruption of the 

network) of the original mechanical behavior. A paradigmatic example, firstly 

reported in our research group at the University of Groningen, is represented by 

the use of furan-functionalized alternating polyketones cross-linked with 

bismaleimide (figure 1.12).[74,75]  
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Figure 1.12. Thermoreversible system between furan-functionalized alternating 
polyketone with bismaleimide via DA-rDA reaction[75] 

The use of the furan-maleimide system has been also reported for epoxy resins 

displaying remarkable self-healing properties.[76-78] The focus of this thesis is the 

development of thermoreversible polymers based on the use of furan-maleimide 

Diels-Alder reaction. It must be noticed here how the exact origin of the 

backbone (whether petroleum derivative or not) is in this context not important, 

from a sustainability point of view, provided that the general concept (“cradle to 

cradle” recycling) is proved to be effective. 

1.4 Aim and scope of the thesis 

The general aim of this thesis is to outline several promising solutions in order to 

tackle polymer products sustainability issues. As previously mentioned, two 

different approaches were adjusted and developed based on the characteristic of 

the desired product. The first one involves full or partial use of raw materials 

from renewable sources, eventually disposable (e.g. biodegradable) at the end-

of-life of the corresponding product. The second strategy involves the design of 

thermally reversible polymers to be recycled via a “cradle to cradle” approach. 

The two strategies can be conveniently blended when designing products based 

on biomass and also thermally reversible. An overview of the present work 

according to these two strategies outlines also this possibility (figure 1.13). 
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Figure 1.13. Overview of the thesis chapters 

Chapter 2 focuses on blends of starch with a petroleum based biodegradable 

polyester (i.e. polycaprolactone). The blends represent a convenient synergy 

between both components characteristics, i.e. good mechanical properties of 

polycaprolactone (PCL) and low cost of starch. Since the blends require an 

interfacial agent, a systematic study of (relatively high molecular weight) PCL-g-

GMA preparation in the melt has been carried out. Chapter 3 describes the 

synthesis of the same reactive interfacial agents (i.e. PCL-g-GMA) in supercritical 

CO2, thus in a “green” solvent. In addition, comparison of both reactive interfacial 

agent and their use ternary blend of PCL/PCL-g-GMA/starch are described. 

Chapter 4 describes the possibility of exploring jatropha oil as raw material for 

novel polymeric products. The chosen polymerization route is based on the 

reaction of epoxidized jatropha oil with various different amines (i.e. 

hexamethylenediamine, triethylenetetramine, and p-xylylenediamine). The 

resulted product shows diverse mechanical properties depending on the amount 

and structure of the used amines. 
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A thermally reversible cross-linked jatropha oil-based thermosets is described in 

Chapter 5. This represents a combination of the two approaches outlined (vide 

supra), i.e. the use of renewable raw material and the development of recyclable 

thermoset. Through the thermoreversible DA-rDA system of furan-maleimide 

chemistry, furan functionalized jatropha oil was cross-linked using bismaleimide. 

The resulted polymer is further mixed with furan-functionalized alternating 

polyketone (PK-Furan) to achieve blends with satisfying mechanical properties 

and thermo-recovery degree. 

Last but not least, Chapter 6 explores the sustainability improvement of classic 

thermoset polymers (i.e. epoxy resins) by introducing recyclable properties via 

thermoreversible furan-maleimide chemistry. The synthesized epoxy resin was 

prepared by reacting furan functionalized-bisphenol A diglycidyl ether (BADGE) 

with bismaleimide molecules. Based on differential scanning calorimetry (DSC) 

and dynamic mechanical thermal analysis (DMTA), two of obtained materials (i.e. 

linear and branched resin) possess promising thermoreversible and mechanical 

properties.    
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Chapter 2 

Functionalized high molecular weight polycaprolactone by 

reaction with glycidyl methacrylate 

 

Abstract 

Two chemically modified polycaprolactone-based materials, i.e. 

polycaprolactone-g-glycidyl methacrylate (PCL-g-GMA) and PCL-g-diethyl 

maleate (PCL-g-DEM), are prepared by using relatively high molecular weight PCL 

(Mw=50,000) as precursor. The use of GMA results in higher functionalization 

degrees (FD) as compared to DEM. An increase in monomer intake leads to 

higher FD values. On the other hand, the influence of benzoyl peroxide (BPO, 

radical initiator) is strongly dependent on the GMA concentration. The obtained 

FD and efficiency values (E) are relatively higher with respect to similar processes 

using lower molecular weight PCL (Mw=3,000). Furthermore, a developed 

statistical model for the PCL-g-GMA synthesis indicates that the functionalization 

reactions are mainly governed by GMA intake, followed by the interaction of 

GMA and BPO, and finally by the amount of used BPO. This is remarkably 

different from the dependency found for PCL-g-GMA synthesis using PCL of lower 

molecular weight. The observed differences are tentatively explained on the 

basis of the influence of the medium viscosity on the overall reaction mechanism. 

In addition, the use of PCL(50,000)-g-GMA as compatibilizer for ternary blends of 

PCL/PCL-g-GMA/starch results in relatively better mechanical compared to those 

obtained by using PCL(3,000)-g-GMA. 

 

 

 

 

This chapter is based on: 

Iqbal, M., Qian, X., Mensen, C., and Picchioni, F., Functionalized high molecular weight 

polycaprolactone by reaction with glycidyl methacrylate, submitted to Journal of Applied 

Polymer Science 
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2.1 Introduction 

The application range of plastic materials is tremendously wide, which leads to 

relatively high demand and consumption and in turn to significant waste 

production.[1] The latter is causing very serious environmental problems due to 

the relatively high volume to weight ratio and resistance to degradation. This 

results in pollution of sea, soil, rivers and lakes, which in turn threatens fishery, 

ship navigation, hydropower plants operation, irrigation, and other public 

works.[2] Biodegradable plastics could be an attractive alternative to the use of 

conventional ones. Biodegradable plastics are polymeric materials capable of 

decomposing provided an appropriate environment and sufficient amount of 

time.[3,4] They may be divided into two groups: biopolymers from nature (from 

plants, animals, and microorganisms) and biodegradable synthetic polymers. The 

latter might be further divided into two subclasses: polymeric materials from 

renewable resources (e.g. poly(hydroxyalakanoates)) or petroleum-based ones 

(e.g. polycaprolactone). Carbohydrates, proteins and polyesters (examples from 

the first group) from microorganisms are common natural biopolymers that 

participate in nature’s renewal cycle. On the other hand, synthetic polyesters are 

considered as very promising materials among the general class of biodegradable 

synthetic polymers. In this respect polymers such poly-glycolide, poly-dioxanone, 

poly-lactides, and poly-lactones (especially polybutyrolactone, polyvalerolactone, 

and polycaprolactone) constitute a very popular choice at industrial level for the 

production of bioplastics.  

PCL (poly ε-caprolactone) has an excellent biodegradability, relatively good 

mechanical properties (i.e. high strain and stress at break), high compatibility 

with many types of polymers, and low melt viscosity, resulting in a high process 

ability.[5] PCL is sensitive to moisture but the rate of hydrolysis is very slow, 

especially compared to other polyesters like PLA and poly(lactic acid-co-glycolic 

acid) (PLAGA). Although not commercially produced from renewable raw 

materials, PCL is fully biodegradable when composted, a property often related 

to its relatively low melting point (58-60 °C).[6] PCL has been applied as 

biodegradable matrix to prepare drug delivery devices, due to its outstanding 

permeability to drugs. In agriculture, application for tree growth and transport 

has been proposed and it also has been used to produce thin-walled tree 

seedling containers.[7]  

Apart from the application mentioned before, PCL has also gained considerable 

interest in the field of packaging materials.[4] However, PCL is quite expensive for 

this applications with respect to non-biodegradable, petroleum-based 
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polymers.[8] For cost competitive biodegradable plastics applications, many of 

these polyesters are often blended with cheaper materials, such as starch, a 

relatively cheap and naturally abundant material.[5] Nevertheless, native starch is 

not suitable as a packaging material since it cannot be shaped in films with 

adequate mechanical properties (i.e. high strain and stress at break and high 

elastic modulus) and it is very sensitive to water. Therefore, blending of starch 

with synthetic biodegradable polyesters (especially PCL) has been widely 

researched.[4,9-11] However, blends of hydrophilic starch and hydrophobic PCL 

exhibit phase separation, due to differences in polarity of the building blocks. [4,10] 

This phase separation is highly undesirable and results in a very narrow 

application range.[4,12] To reduce the tendency for phase separation, a 

compatibilizer might be used to improve the interfacial adhesion between the 

two polymer phases.[4]  

Most compatibilizers are block or graft copolymers, with blocks that are each 

miscible with one of the two homopolymers constituting the blend. As a result, 

the interfacial tension between the immiscible polymers is lowered and a 

smoother morphology is generally obtained.[4] It has been reported that the use 

of interfacial agents like PCL-g-glycidyl methacrylate (GMA)[11,13] PCL-g-maleic 

anhydride (MAH)[9,14] and PCL-g-pyromellitic anhydride[9,15] results in improved 

mechanical properties of PCL/starch blends with respect to un-compatibilized 

ones. A systematic study of two reactive interfacial agents for PCL/starch blends, 

where starch is used as solid material, has already been published.[4] Low 

molecular weight PCL (Mw=3,000 g/mol) was functionalized using GMA or DEM as 

monomers and BPO as initiator, thus yielding PCL-g-GMA or PCL-g-DEM. A 

promising performance of these interfacial agents was assessed by measuring the 

mechanical/thermal properties of the corresponding ternary blends. It has been 

suggested by the authors that the use of a relatively high molecular weight 

materials could further improve such properties.  

Aim of this work was to study the functionalization of relatively high molecular 

weight PCL by using BPO as radical initiator and GMA or DEM as monomers. In 

particular we aimed at studying the influence of the chemical composition feed 

on the functionalization degree and at comparing the obtained results with those 

already published by our group[4] on the corresponding low molecular weight 

precursor. To the best of our knowledge such a systematic study on PCL 

functionalization represents a complete novelty in the open literature available 

on this topic. 
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2.2 Experimental 

2.2.1 Materials 

Polycaprolactone (PCL, CAPA 6506, Mw = 50,000) from Solvay Caprolactones, UK, 

was used as precursor in the functionalization reactions. Glycidyl methacrylate 

(GMA, 97wt% purity from Aldrich), diethyl maleate (DEM, 97wt% purity, Fluka), 

and benzyl peroxide (BPO, 75wt% purity from Merck) were used as received. 

Tetrahydrofuran (THF, >99wt% purity from Acros, Belgium), methanol (99.8wt% 

purity from Labscan, Ireland), xylene (>99.8wt% purity from MERCK, Germany), 

and chloroform (99.8wt% purity from Labscan, Ireland) were used as solvents 

without further purification. Potato starch (with 75wt% amylopectin and 25wt% 

amylose) from Avebe, The Netherlands, was used in PCL/starch blends after 

being dried under vacuum for 24 hours (110 °C). 

2.2.2 Synthesis of the interfacial agents 

The synthesis of the reactive interfacial agent was adapted from the literature.[4] 

The reactions were performed in a Brabender (Plasticorder PL2000) batch-

kneader with a chamber volume of 35 cm3. The intake volume of reagents was 

set at 24 cm3, which is about 70% of the chamber volume, to ensure a proper 

mixing. The mixing was performed at 130 °C with a constant rotation speed of 80 

rpm. PCL was added first to the chamber after reaching the desired temperature. 

A solution of BPO in GMA or DEM was added drop wise over a period of 5 

minutes right after PCL melted entirely (1-2 minutes as homogenous melt). The 

blends were further mixed for another 5 minutes before sample collection. A 

typical torque profile for the grafting reaction is presented in figure 2.1. In 

addition, the intakes and the result summary for each experiment are presented 

in table 2.1. 
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Figure 2.1. Torque profile for grafting reaction of PCL(Mw 50,000)-g-GMA 3 (60 rpm) 

2.2.3 Purification of PCL-g-GMA 

Further purification of PCL-g-GMA is required to remove the unreacted GMA 

monomer, the BPO decomposition products, and GMA homo-polymer. Based on 

a published procedure[4], PCL-g-GMA (about 5 g) was dissolved and stirred for 

about 1.5-2 hours in THF (100 ml). After filtration, methanol (400 ml) was added 

for precipitation at 6-8 °C (overnight). The suspension was decanted and the solid 

product was dried in a vacuum oven (40 °C, 5 mbar) until constant weight.  

2.2.4 Purification of PCL-g-DEM 

This purification procedure was based on the modified procedure for PCL-g-

maleic anhydride purification.[14] PCL-g-DEM (about 5 g) was dissolved in xylene 

(50 ml) and refluxed at 150 °C for about 2-3 hours. The resulting solution was 

filtered and then precipitated in methanol (450 ml). The obtained suspension was 

sealed and kept in 6-8 °C for a night. The suspension was decanted and the solid 

product was dried in vacuum (40 °C, 5 mbar) until constant weight. 

2.2.5 Blend of PCL/Starch 

The blends were prepared in a Brabender (Plasticorder PL2000) batch kneader 

(chamber volume 35 cm3). The intake volume was set on 24 cm3, to ensure a 

proper mixing. The kneader was heated to 170 °C with a mixing speed of 80 rpm. 

PCL, starch with or without PCL-g-GMA were premixed in a beaker before being 

added to the mixing chamber. The mixture was blended properly for 15 minutes 

followed by sample collection.[4,13] 
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2.2.6 Analytical methods 

2.2.6.1 Proton NMR 

1H NMR spectra were obtained by using a 400 MHz Varian AMX Oxford NMR 

apparatus with CDCl3 (99.6% atom D, Aldrich) as solvent. A 5% relative error on 

the peak area of the 1H NMR spectra was assumed, resulting in a 10% relative 

error in the FD values.[4] 

The amount of moles of monomer (either GMA or DEM) grafted on the PCL 

backbone was quantified by calculating the corresponding functionalization 

degree (FD), which is defined[4] as: 

100(%) ×=

−

−

PCLCL

PCLmonomer

n

n
FD

     (2.1)

 

nmonomer-PCL represents the amount of moles of either GMA or DEM attached to 

the PCL backbone while nCL-PCL represents the amount of moles of CL 

(caprolactone) repeating units along the PCL backbone. The FD was calculated by 

dividing the area of the peak of a characteristic proton belonging to either GMA 

(the -CH< proton of the epoxide ring at δ 3.2 ppm) or DEM (-CH2- protons on 

ethyl group of the ester at δ 4.2 ppm) by that of a characteristic proton of the PCL 

backbone (-CH2- protons at δ 4.0 ppm).[4,11,12,16,17] Therefore, the FD was 

calculated as follows: 

100(%) ×=

−

−

PCLCL

PCLmonomer

Area

Area
FD

    (2.2)

 

Furthermore, to describe the efficiency of the grafting process, E is defined by 

comparing the value of FD (experimental) with the maximum possibly obtained 

(theoretically) as: 

100(%)
max

×=

FD

FD
E        (2.3) 
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2.2.6.2 Modelling study 

The mathematical analysis of the experimental data was performed with the 

software package “MathCAD 14”. The influence of different processing 

parameters on the FD values has been quantified by performing a multivariable 

regression procedure on the available experimental data. An analysis of variance 

(ANOVA) was performed to check the adequacy of the statistical model. The 

applied procedure is well described in the literature.[18] It consists in the 

calculation of the sum of squares for the model (SSreg) and for the error (SSe), 

together with the total sum of squares (SSt). In combination with the relative 

degrees of freedom (DF), it is possible to calculate the mean square for the model 

(MSreg) and for the corresponding error (MSe). On the basis of these mean square 

values, the F-value for the model (Freg) is calculated. With this information, the P-

value for the model (P) is determined.  

2.2.6.3 Gel Permeation Chromatography 

A HP 1100 series GPC apparatus was used to measure the molecular size of all 

thirteen PCL-g-GMA reactive interfacial agents. For a typical measurement 40 mg 

of samples were dissolved in 4 ml THF. THF was used as the eluent in GPC 

apparatus, with a flow rate of 1.0 ml/min. The average molecular weight of the 

sample was calculated using the calibration curve established from the standard 

sample of polystyrene.  

2.2.6.4 Tensile Test 

The mechanical properties of the blends were characterized using tensile test 

performed by using an Instron 4301 pulling bench in accordance with ASTM 

D1708. The dumbbell-shaped microtensile specimens were prepared by using a 

Fontijne Holland (TH 400) hot press machine. Eight specimens (17.5 mm length, 

4.4 mm width and 2.0 mm thickness) were obtained from every sequence of 

pressing. The press temperature was set at 150 °C and a force of 150 kN was 

applied for 3 minutes. A water flow was applied to cool down the mold until 

room temperature was achieved, while the pressure was maintained. For every 

specimen, strain at break, stress at break, and elastic modulus were measured 

with a pulling rate of 50 mm/min. The corresponding value for every blend was 

calculated from an average of six measurements while the standard deviation 

was taken as the absolute error of the average values. 
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2.3 Results and discussion 

The two kinds of interfacial agents (PCL-g-DEM or PCL-g-GMA) were prepared by 

reacting a grafting monomer (either DEM or GMA) with relatively high molecular 

weight PCL (Mw 50,000) with BPO as radical initiator. As mentioned in the 

experimental section, a purification procedure was performed on each material 

before further analysis. The obtained results for PCL-g-DEM (figure 2.2, for the 

sake of brevity only three samples are presented) clearly show remarkably low 

FD values with respect to those obtained when using low molecular weight PCL.[4] 

Indeed, the FD values are so small (in the order of 1%) that no clear trend could 

be detected and thus no systematic study could be performed. Although the 

reasons for such difference need still to be investigated, the obtained results 

clearly indicate the importance of the average molecular weight on the 

functionalization reaction and the final FD values. 

 

Figure 2.2. FD values comparison of PCL(Mw 50,000)-g-DEM with PCL(Mw 3,000)-g-
DEM[4]As opposed to DEM, GMA has a good grafting performance towards the PCL 
backbone (figure 2.1) with some FD values close to 50%.  
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Such importance is clearly confirmed by the results obtained (table 2.1) from 

the systematic study on GMA functionalization. 

Table 2.1. Overview of experiments for the PCL-g-GMA  

Sample 

Intake 
PCL-g-GMA 

PCL Mw 50,000 
PCL-g-GMA

[4] 

PCL Mw 3,000 

GMA
a
 BPO

a
 

FD 
(%) 

E 
(%) 

Torque 
peak 
(Nm) 

Torque 
asymptote 

(Nm) 

FD 
(%) 

E 
(%) 

PCL-g-GMA 1 12 0.6 5.9 42.9 9.3 8.6 5.7 41.5 

PCL-g-GMA 2 24 0.6 21.0 65.9 8.9 8.5 15.2 47.8 

PCL-g-GMA 3 36 0.6 44.4 78.2 7.5 7.0 27.9 49.1 

PCL-g-GMA 3
b
 36 0.6 40.8 71.9 8.0 7.5   

PCL-g-GMA 3
c
 36 0.6 53.3 93.8 6.5 6.2   

PCL-g-GMA 4 6 0.3 1.7 26.7 8.6 8.1 3.2 50.0 

PCL-g-GMA 5 24 1.1 20.5 63.8 11.0 8.6 45.2
d
 - 

PCL-g-GMA 6 12 0.3 7.6 55.4 8.1 7.6 6.3 46.0 

PCL-g-GMA 7 10 0.3 5.2 46.3 7.6 7.3   

PCL-g-GMA 8 18 0.3 14.9 67.8 8.0 7.7   

PCL-g-GMA 9 24 0.3 19.6 61.8 8.4 8.0   

PCL-g-GMA 10 12 1.1 5.8 41.9 18.4 9.7   

PCL-g-GMA 11 36 1.1 45.6 79.7 8.9 7.0   

PCL-g-GMA 12 12 0.1 9.7 70.9 6.6 6.3   

PCL-g-GMA 13 24 0.1 18.9 59.6 7.4 7.1   

PCL-g-GMA 14 36 0.1 38.9 69.0 6.2 6.1   

PCL-g-GMA 15 36 0.3 42.5 75.3 7.7 7.4   

 

a
 mol fraction in percentage with respect to PCL repeating unit 

b
 reaction performed at mixing speed of 60 rpm 

c 
reaction performed at mixing speed of 100 rpm

 

d
 calculation based on the soluble fraction

[4]
 

 

We start the analysis by looking at the influence of the feed composition on the 

FD values. It is found that higher GMA intakes lead to the greater FD values and 

this trend is independent from the BPO intake (figure 2.3).  
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Figure 2.3. Effect of GMA intake on the FD values of PCL-g-GMA  

Similar results were also found in the previous work for GMA grafting on low 

molecular weight PCL[4] and represent a general difference between GMA and 

other monomers (such as MAH[13,14] or DEM[4]) for grafting onto different 

polymers.[13] The FD of PCL-g-MAH increases with the monomer amount until it 

reaches a maximum FD value, after which a decrease is detected. Differences in 

chemical properties between GMA and MAH/DEM might contribute either to the 

difference in mutual solubility (i.e. difference in solubility parameters of PCL and 

the reagents) in PCL or to their different grafting reaction mechanisms. The 

difference in mutual solubility can be easily estimated on the basis of the 

solubility parameters difference values (i.e. 0.29 cal1/2cm-3/2 for GMA vs. 6.3 

cal1/2cm-3/2 for DEM). Thus, GMA is expected to be better soluble in PCL, 

supposedly resulting in higher FD values.[4] Different grafting reaction 

mechanisms might be also responsible for the observed differences (figure 2.4).  
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Figure 2.4. Proposed grafting mechanism of PCL-g-GMA[12,14] 

A simple grafting reaction mechanisms for PCL-g-GMA is already well known.[12,19] 

Primary radicals generated from the initiator can abstract hydrogen from the 

polymer backbone yielding a macroradical. This can undergo side reactions (as 

termination by recombination, β-scission etc.), but also give addition to the 

monomer (GMA in this case). This first adduct can give H-abstraction (not shown 

for brevity), termination by recombination or initiate the GMA 

homopolymerization. This is the crucial difference with monomers such as DEM 

or MAH, which may easily react with a radical on the PCL backbone, but hardly 
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give any homopolymerization.[4,13] As a consequence, GMA is expected to be 

grafted as a chain while MAH or DEM as single monomeric units. In another 

words, the FD values of GMA are expected to increase, with the amount of 

monomer intake, because of this propagation mechanism. 

The BPO intake does not significantly influence the FD value at 24 mol% of GMA 

(figure 2.5), while a significant FD increase at 36 mol% GMA is found by doubling 

the amount of BPO. On the contrary, it is found that at 12 mol% GMA the FD 

slightly decreases with the BPO intake.  

 

Figure 2.5. Effect of BPO intake on the FD values of PCL-g-GMA 

Earlier studies indicate that a relative increase of BPO concentration (up to 0.6 

mol%) results in higher FD values. Higher radical concentration inside the mixture 

leads to faster transfer to the PCL backbone, thus leading to higher FD 

values.[14,17] At higher initiator concentration (above 0.6 mol%), the FD value is 

found to decrease due to the faster termination rate of free radicals (i.e. radical-

consuming reactions such as radical recombination are favored at higher 

concentrations of free radicals).[17] Similar results were obtained in this work, 

with FD values slightly decreasing or remaining constant at relatively low or 

medium monomer intakes (vide supra). This might be due to the occurrence of 

“cage effects” (i.e. reaction between generated radicals), which in turn consumes 

the generated radicals.[20] The occurrence of cage effects suppresses all other 
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reactions, such as the grafting, chain scission or the cross-linking since those 

reactions require primary radicals. Therefore, an increase of the BPO 

concentration (from 0.6 to 1.1%) either does not affect or results in lower FD 

values. On the other hand, a slight increase of FD at GMA 36 mol% is found. This 

is not strange if one takes into account the possibility of GMA 

homopolymerization (vide supra), which is supposedly faster at relatively high 

GMA concentrations. 

The trend observed at low GMA intake (12 mol%) was also reported in our 

previous work, while higher monomer concentrations were found to result in 

considerably higher FD values as compared to the present case.[4] This difference 

is thus clearly related to the different molecular weight of the used PCL and 

possibly to the different melt viscosity.  

Based on the de Gennes Reptation Model[21] for all polymer melts, the 

relationship between the intrinsic viscosity (η) and the polymerization degree 

(DP) is best described as follows (equation 2.4): 

)log(*4.310)log(*4.3)log( DP
DP =⇒= ηη

   (2.4)
 

The viscosity of PCL 50,000 is expected to be much higher than that of PCL 3,000, 

which is also confirmed by calculation using equation 2.4 (i.e. the viscosity ratio 

of PCL 3,000 towards PCL 50,000 is 7x10-5). Higher viscosity would create a 

favorable system for the cage effect. The lifetime of primary radicals in the cage 

are increased leading to possible side reactions.[20] Moreover, the high viscosity 

of the system also hampers the mobility of the generated macroradicals and 

lowers the chance of the macroradicals to react with the desired target 

molecules (GMA) because of diffusion limitations. 

In order to gain deeper insight into the influence of diffusion on the 

functionalization reaction, extra experiments were performed at different rotor 

speed values (i.e. 60, 80. 100 rpm) and similar GMA and BPO intakes. Different 

mixing speeds are equivalent to different viscosities. Overall, it is found that 

higher mixing speed gives higher FD and efficiency (figure 2.6).  



Chapter 2 

34 

 
Figure 2.6. Efficiency compared to reaction torque of PCL-g-GMA at different mixing 
speed values 

This represents a clear confirmation that diffusion constitutes the limiting step in 

the reaction mechanism. However, higher mixing speed lead to degradation of 

the PCL backbone (figure 2.7) and broadening of the overall distribution, as 

testified by the larger polydispersity index (PDI) values.  

 
Figure 2.7. Mn and PDI comparison of PCL-g-GMA with different mixing speed 
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This can have a negative influence on the compatibilization performance of these 

graft copolymers. Indeed, the average molecular weight of the graft copolymer is 

of paramount importance in determining its compatibilization effect.[4] As a 

consequence, it is interesting to compare the FD values as obtained for two 

different PCL, characterized by a relevant difference in average molecular weight 

(figure 2.8).  

 

Figure 2.8. FD comparison of PCL-g-GMA using PCL Mw 50,000 with PCL Mw 3,000 

In general the efficiency of the functionalization reaction is higher for PCL 50,000 

than for PCL 3,000 except at the lowest GMA intake (figure 2.8). The efficiency 

related to PCL 3,000 samples has a relative narrow range of values (40 to 50%). 

However, the FD values broadly vary from 5 to 27%. On the other hand, samples 

based on PCL 50,000 have broader range of efficiency (25 to 70%) and FD (5 to 

40%). Previous studies[12,14,17] have shown the importance of initiator and 

monomer intakes on the FD values. However, these investigations focused on a 

better understanding of the individual variables by studying the effect of the 

increased initiator or monomer concentration individually while keeping the 

other constant. A previous study in our group[4] shows that the mutual 

interaction between these variables determines the final FD values of PCL-g-

GMA.  
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In analogy with previous study, a statistical model has been also developed in the 

present work in order to quantify the synergy effect of initiator and monomer 

values on the FD values. In this case, the concentration of initiator and monomer 

are considered as independent parameters. It is assumed that FD = f(nm, ni), 

where nm is the molar amount of monomer in the feed and ni is the molar 

amount of initiator in the feed. The experimental data is best described by the 

quadratic model in equation 2.5. 

mimimi
nnnnnnFD 371.0026.0173.2087.0818.4851.2 22

−+−+−=      (2.5) 

From the values of the model regression coefficients (see below), it is clear how 

the functionalization reactions are mainly governed by the GMA monomer 

intake, followed by the synergy of both variable (GMA and BPO), while BPO 

initiator intake has less relevance. The results from the calculation are in line with 

the experimental ones (vide supra). The obtained model is validated by several 

statistical methods. The residuals distributions in a normal probability plot (not 

shown for brevity) as well as the very low obtained P-value (i.e. 5.5 x 10-7) from 

ANOVA (table 2.2) indicate that the model is statistically significant.  

Table 2.2. Analysis of variance for FD model of PCL-g-GMA 

 SS DF MS F-value 

Model 3.339 x 10
3 

5 667.864 327.556 

Error 20.389 10 2.039  

Total 3.36 x 10
3 

15   

 

The R2 value for the model (0.994) and its closeness to the adjusted-R2 one 

(0.992) both suggest that all important variables have been included in the 

model. It may be concluded that the model describes the experimental data well. 

Finally, a PRESS analysis[18] representing an “internal” validation method for the 

model, has also been carried out. The reasonable R2 value (0.975) indicates that 

the model correctly predicts the FD values as function of the process variables at 

least within the range experimentally used (table 2.1).  
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To give visualization for the effect of each variable towards the FD values, the 

suggested model is presented in a 3D surface plot (figure 2.9). 

 
Figure 2.9. 3D plot of the FD model for PCL-g-GMA 

In general, higher GMA intakes lead to higher FD, while BPO intakes have 

different effects towards the FD (depending on the GMA intake), as already 

discussed earlier.  From a more practical point of view, the statistical model 

provides, besides a reliable description of the experimental data, also a good 

mathematical description to modulate the FD values of PCL-g-GMA by changing 

the chemical composition (i.e. GMA and BPO intakes). 

In order to investigate the change of the molecular weight by the grafting 

reaction, GPC analysis was performed on the prepared PCL-g-GMA samples 

(figure 2.10).  
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Figure 2.10. PDI and Mn as a function of BPO intake 

For the sake of a structured discussion, the BPO intake is divided into three 

zones: low (0.1 mol%), high (>0.6 mol%), and medium intake values (between 0.1 

mol% and 0.6 mol%).  At low BPO intakes, only a slight change of molecular 

weight and PDI is found, and this trend is independent from the GMA intake. A 

significant decrease of molecular weight and an increase of PDI are observed at 

medium and high BPO intakes. During the grafting process, the generation of PCL 

macroradicals could lead to various reaction pathways such as recombination of 

macroradicals, the grafting of GMA, and also chain scission (figure 2.3). Higher 

BPO intake (at low and medium GMA intakes) leads to an increase in the amount 

of primary and macroradicals in the system. Therefore, two possibilities, besides 

addition to the monomer, would be more preferable: the recombination of 

macroradicals (i.e. cross-linking) or the chain scission[4,11,12,14]. It is clear from the 

presented data how chain scission is actually preferred in the present case. This is 

in agreement with previous studies that predict the dominance of β-scission for 

PCL treated in the melt with organic peroxides.[14,22] Moreover, the cross-linking 

is also supposed to be dominant at high BPO and GMA amounts. However, 

relatively low Mn and relatively high PDI are found. The high amount of initiator 

leads to more PCL* macroradicals, which will be mainly consumed by the grafting 

reaction at relatively high GMA intakes. Consequently, more PCL-g-GMA* will be 

created and these will continue growing via a GMA propagation step.[4] In this 

case, the increased BPO will ultimately result in increased concentration of the 

PCL-g-(GMA)n* species (figure 2.4). As such, the nature of the prepared polymers 
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will supposedly change dramatically from a slight to a heavily branched structure. 

In this context the GPC data might display lower average Mn values in relations to 

decrease in hydrodynamic volume of the prepared graft copolymers. 

To garner better understanding of the role of relatively high Mw PCL (i.e. 50,000) 

in PCL/starch blends, the functionalized PCL was used as compatibilizer.  In 

addition, a comparison with previously published work using PCL 3,000 was also 

carried out.[4] The binary blends of PCL/starch possess lower stress, and strain at 

break value (compared to pure PCL) due to the lack of interfacial adhesion 

between the starch particles and the PCL matrix.[4,13] On the other hand, for the 

ternary blends of PCL/PCL-g-GMA/starch, any addition of reactive interfacial 

agent (FD 2, 6, and 15%) result in slight improvements on the stress at breaks 

value (from 10.5 up to 16.9 MPa) and also insignificant changes of modulus (from 

337.0 up to 345.5 MPa) with respect to the corresponding binary blends. The 

strain value is significantly enhanced from 425.4% in a relatively narrow range 

(477.6-493.0%).  

Similar trends on mechanical properties improvements are observed in the 

present case in agreement with the previously reported work.[4] However, more 

relevant improvements (table 2.3) were generally achieved from blends using the 

compatibilizer based on PCL 50,000 (3,000 vs. 50,000; stress 111% vs 161%; strain 

101% vs. 115%; modulus 110% vs. up to 102%).  In addition, there are no 

significant differences on the blends thermal properties (not shown for the sake 

of brevity).  

Table 2.3. Summary of mechanical and thermal properties for binary and ternary 
PCL/starch blends using different Mw of PCL on its reactive interfacial agents 

Sample FD (%) σ (MPa) ε (%) 
modulus 
(MPa) 

PCL
a
 - 16.3 640.5 270.2 

PCL/S 80/20
a
 - 10.5 425.4 337.0 

PCL/S/PCL-g-GMA 80/20/5
a
 9.6 11.7 431.6 372.6 

PCL/S/PCL-g-GMA 80/20/5 2 16.9 493.0 331.3 

PCL/S/PCL-g-GMA 80/20/5 6 15.1 483.5 244.1 

PCL/S/PCL-g-GMA 80/20/5 15 15.5 477.6 345.3 

 

a
 experimental results from the work using PCL(3000)-g-GMA

[4]
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2.4 Conclusions 

Two reactive interfacial agents (i.e. PCL-g-GMA and PCL-g-DEM) prepared from 

chemically modified high molecular weight PCL -based materials have been 

successfully synthesized. In general, an increase in monomer intake (GMA or 

DEM) leads to higher FD values. The use of GMA results in higher 

functionalization degrees as compared to DEM and the former monomer was 

thus chosen for a systematic study on the influence of the feed composition on 

the final FD value. Relatively higher FD and E values are obtained with respect to 

similar processes using precursors characterized by a relatively lower average 

molecular weight (Mw=3,000). Along the same line, also the developed statistical 

model display prominent differences with respect to the one for lower molecular 

weight PCL. The observed differences are tentatively explained on the basis of 

the influence of the medium viscosity on the overall reaction mechanism. In term 

of the use of PCL(50,000)-g-GMA on ternary blends of PCL/PCL-g-GMA/starch, 

better improvements on mechanical properties are achieved compared to blends 

using PCL(3,000)-g-GMA. 
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Chapter 3 

The use of supercritical CO2 for functionalization of 

polycaprolactone by reaction with glycidyl methacrylate 

 

Abstract 

Polycaprolactone-g-glycidyl methacrylate (PCL-g-GMA), a reactive interfacial 

agent for PCL/starch blends, is synthesized using supercritical carbon dioxide 

(scCO2) as reaction medium and relatively high molecular weight PCL 

(Mw=50,000). Higher GMA and radical initiator intakes lead to higher 

functionalization degrees (FD) for PCL-g-GMA samples. A mathematical model is 

developed to describe the correlation between monomer and initiator intake and 

FD values. The model shows an excellent R2-value (0.978), which implies a good 

fit of the experimental data. Comparison of this model with a similar one for the 

reaction in the melt clearly indicates a better reaction efficiency in scCO2. 

Furthermore, GPC results show that less degradation occurred for samples made 

in scCO2. Finally, the use of the PCL-g-GMA made in scCO2 (as interfacial agent) in 

ternary blend of PCL/starch/PCL-g-GMA results in better mechanical properties 

with respect to those obtained by using the same graft copolymer as prepared in 

the melt.  

 

 

 

 

 

 
 
This chapter is based on: 

Iqbal, M., Mensen, C., Qian, X., and Picchioni, F., The use of scCO2 for functionalization of 

polycaprolactone by reaction with glycidyl methacrylate, submitted to Journal of Supercritical 

Fluids 



Chapter 3 

44 

3.1 Introduction 

Plastic products, with a global yearly production of approximately 265 million 

tons and an annual growth of approximately 5% (in 2010), represent the largest 

field of application for crude oil outside the energy and transportation sectors. 

The plastic industry is so dependent on oil that if the price of crude oil increases, 

a negative effect on the plastic market follows as consequence. Another 

important issue is the accumulation of plastic waste that is not easily degraded.[1] 

A lot of research has been performed in order to overcome these problems; the 

general field of “bioplastics” being in this case a paradigmatic example.  

Starch is a biopolymer already widely researched for application in bioplastics. 

However, direct use of starch usually results in rather poor mechanical properties 

(e.g. tensile strength) and in relevant drawbacks coupled with the  processability 

of the corresponding products.[2] A popular approach to solve these problems 

involves the blending of starch with a synthetic polymer such as polycaprolactone 

(PCL). The blend is expected to have good mechanical properties while 

maintaining its biodegradability.[3,4] However, phase separation takes place and a 

coarse morphology is obtained when simply blending starch with PCL.[3,5] In this 

context, the use of an interfacial agent represents a popular choice in order to 

improve the adhesion at the interface between the two polymers.[4,6-10]  

Generally, interfacial agents based on chemically modified PCL itself have been 

used to improve the system. The interfacial agent can be synthesized by 

functionalizing PCL with different monomers (functional groups). Another option 

is to graft PCL to starch by in situ ring-opening polymerization of ε-caprolactone 

in the presence of starch particles and using a catalyst.[4,7,8] The latter route is 

considered more complex than the functionalization of PCL. Monomers such as 

GMA,[9,11-13] maleic anhydride (MAH),[9,10,14-16] pyromellitic anhydride,[6] diethyl 

maleate (DEM),[13]  and acrylic acid (AA)[10] have been successfully grafted onto 

PCL backbone for compatibilization purposes. These researches also concluded 

that functionalization with GMA results in the highest efficiency. In general, the 

grafting reaction of GMA is performed in a melt state due to its simplicity. 

However, grafting reaction carried out in melt would also result in unwanted side 

reactions, such as PCL degradation. This problem can be minimized by using 

supercritical carbon dioxide (scCO2) as grafting medium. Moreover, due to the 

plasticizing effect of scCO2 a melting point depression is observed and thus a 

lower processing temperature can be applied. The supercritical fluid is also 

thought to act as “transporting agent”, thus improving mass transfer during the 

mixing and leading to higher conversion. [17] Several monomers such as GMA,[18] 
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MAH,[19] methyl acrylate,[20,21] and methyl methacrylate[22] have been already and 

successfully grafted onto polypropylene using supercritical carbon dioxide as 

reaction medium. However, a systematic study linking the chemical composition 

of the feed to the reaction course (e.g. to the obtained FD values) is still missing 

in the open literature. To the best of our knowledge, also the use of scCO2 as 

grafting medium for polyesters (PCL in this case) has been not yet described, 

even if spectroscopic evidences clearly suggest relevant solubility of scCO2 in this 

kind of polymers.[23] 

This research focuses on the development of interfacial agents (PCL-g-GMA from 

high molecular weight PCL) using scCO2 as grafting medium. The obtained graft 

copolymers are then used in PCL/starch blends and their influence on the 

mechanical properties established. In both cases (functionalization and blending), 

the corresponding melt-based processes/products will be taken as reference in 

order to establish the influence, if any, of scCO2 on the reaction efficiency and 

the final product properties. 

3.2 Experimental 

3.2.1 Materials 

Polycaprolactone (PCL, CAPA 6503, Mw = 50,000) from Solvay Caprolactones, UK, 

was used for the blends and the preparation of the interfacial agents without 

further purification or drying. Glycidyl methacrylate (GMA, purity of 97wt%, 

Aldrich) as grafting monomer was also used without further purification. 

Azobisisobutyronitrile (AIBN, purity of 98wt%, Acros Organics) was used as 

radical initiator. Carbon dioxide (CO2, purity of ≥99.7% volume, Linde Schiedam) 

and nitrogen (N2, purity of ≥99.7% volume, Linde Schiedam) were used during the 

grafting reaction. Tetrahydrofuran (THF, >99wt% purity from Acros, Belgium) and 

methanol (99.8wt% purity from Labscan, Ireland) were used during the 

purification process. Potato starch (with 75wt% amylopectin and 25wt% amylose) 

from Avebe, The Netherlands, was used in PCL/starch blends after being dried 

under vacuum for 24 hours (110 °C). 

3.2.2 Synthesis of PCL-g-GMA 

The interfacial agents were prepared in a Parr reactor (chamber volume 100 cm3) 

equipped with heating mantle and turbine impeller (figure 3.1). A compressor 

(LEWA) was used to bring the reactor to the desired pressure. PCL, AIBN initiator, 

and GMA monomer were weighted and placed in the reactor. Intakes and results 

for each experiment are given in table 3.1. The reactor was flushed with nitrogen 

(10-30 bars) for 10 minutes to remove oxygen from the system.  After that, the 
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nitrogen was released and the CO2 valve was opened to pressurize the reactor to 

approximately 50 bars. The heating mantle was set to the desired temperature 

(97 °C) followed with reactor pressure adjustment to the desired value (90 bars). 

A stirrer (operated at 900 rpm) was used to achieve better mixing. The reaction 

started when the desired temperature and pressure were reached. After a given 

40 min reaction time, the stirrer and the heating mantle were turned off and the 

valve was slowly opened to depressurize the reactor. The reactor was opened to 

collect the samples, which were immediately quenched in liquid nitrogen.  

 

Figure 3.1. Experimental setup scheme for synthesis of PCL-g-GMA in scCO2 

3.2.3 Purification of PCL-g-GMA 

To remove the unreacted GMA monomer, decomposed AIBN, and GMA 

homopolymers, a further purification of PCL-g-GMA is necessary.[13] PCL-g-GMA 

(5 g) was dissolved and stirred for about 1.5-2 hours in THF (100 ml). Methanol 

(400 ml) was then added for precipitation at 6-8 °C (overnight). The suspension 

was decanted and the solid product was dried in a vacuum oven (40 °C, 5 mbar) 

until constant weight.[13] 

3.2.4 Blend of PCL/Starch 

The blends were prepared in a Brabender (Plasticorder PL2000) batch kneader 

(chamber volume 35 cm3). The intake volume was set on 24 cm3, to ensure a 

proper mixing. The kneader was heated to 170 °C with a rotation speed of 80 

rpm. PCL, starch with or without PCL-g-GMA were premixed in a beaker before 

being added to the mixing chamber. The mixture was blended properly for 15 

minutes followed by sample collection.[9,13] 
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3.2.5 Analytical methods 

3.2.5.1 Proton NMR 

To characterize the reactive interfacial agent samples, 1H NMR measurements 

were performed. The 1H NMR spectra were obtained by using a 400 MHz Varian 

AMX Oxford NMR apparatus with CDCl3 (99.6% atom D, Aldrich) as the solvent. 

The FD could be calculated from the following: 

100(%) ×=

polymer

monomer

A

A
FD      (3.1) 

The amount of moles of GMA attached to the PCL backbone was calculated by 

dividing the area of the peak of a characteristic proton belonging to the GMA (-

CH< proton of the epoxide ring at δ 3.2 ppm, Amonomer) by that of a characteristic 

proton of the PCL backbone (-CH2- protons at δ 4.0 ppm, Apolymer).
[13,15,24] 

Furthermore, the efficiency of the grafting process, E, is defined by comparing 

the value of FD (experimental) with maximum obtained FD (theoretically on the 

basis of the feed composition) as follows: 

100(%)
max

×=

FD

FD
E       (3.2) 

3.2.5.2 Gel permeation chromatography 

Gel permeation chromatography was used for molecular weight and 

polydispersity index (PDI) determination. The samples were dissolved in THF (10 

mg/ml) with toluene as flow marker. The analysis was performed on a Hewlett-

Packard 1100 system equipped with three PL-gel 3 μm MIXED-E columns in 

series. The column was operated at 42 °C with eluent flow rate of 1.0 ml/min, 

and a GBC LC 1240 RI detector was equipped. The average molecular weight was 

calculated using a calibration curve from two known PCL samples. 

3.2.5.3 Tensile tests 

To characterize the mechanical properties of the samples, tensile test was 

performed by using an Instron 4301 pulling bench in accordance with ASTM 

D1708. The dumbbell-shaped microtensile specimens were prepared by using a 

Fontijne Holland (TH 400) hot press machine. From one sequence of pressing, 

eight specimens (17.5 mm length, 4.4 mm width and 2.0 mm thickness) were 

obtained. The press temperature was 150 °C and a force of 150 kN was applied 
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for 3 minutes. A water flow was applied to cool down the mold until reach room 

temperature, while the pressure was maintained. For every specimen, strain at 

break, stress at break, and elastic modulus were measured with a pulling rate of 

50 mm/min. The corresponding value for every blend was calculated from an 

average of six measurements while the standard deviation was taken as the 

absolute error of the average values. 

3.3 Results and discussion 

Sixteen different graft copolymers (PCL-g-GMA) were prepared by reacting GMA 

with PCL (Mw 50,000) using AIBN as radical initiator. The obtained FD and E 

values are based on the calculation from NMR analysis (table 3.1).  

Table 3.1. Overview of experiments for the PCL-g-GMA 

Sample 

Intake PCL -g-GMA 

GMA
a
 AIBN

a
 FD (%) E (%) 

PCL-g-GMA 1 5 0.6 0.0 0.0 

PCL-g-GMA 2 5 1.2 2.5 46.2 

PCL-g-GMA 3 5 1.8 2.1 39.1 

PCL-g-GMA 4 10 0.6 4.1 36.6 

PCL-g-GMA 5 10 1.2 6.7 59.7 

PCL-g-GMA 6 10 1.8 7.2 63.5 

PCL-g-GMA 7 15 0.6 12.5 70.1 

PCL-g-GMA 8 15 1.2 11.8 65.7 

PCL-g-GMA 9 15 1.8 12.0 66.6 

PCL-g-GMA 10 5 2.4 2.2 40.4 

PCL-g-GMA 11 10 2.4 6.5 57.2 

PCL-g-GMA 12 15 2.4 12.7 68.1 

PCL-g-GMA 13 5 3 3.8 69.6 

PCL-g-GMA 14 10 3 8.1 70.1 

PCL-g-GMA 15 15 3 12.1 66.0 

PCL-g-GMA 16 8 1.2 6.0 68.1 

a
 mol fraction in percentage with respect to PCL 
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The obtained results show that higher GMA intakes lead to higher FD values 

(figure 3.2). Similar results are observed for GMA grafting onto PCL in the melt 

even though using another radical initiator.[11,13] This trend is commonly 

explained by taking into account the higher GMA concentration, thus leading to 

faster grafting reaction rate. In addition, GMA is usually present as homopolymer 

grafted onto the PCL backbone.[9,11]  

 

Figure 3.2. Effect of GMA intake on the FD values of PCL-g-GMA 

This homo-propagation reaction (of the first GMA molecule grafted on the PCL) is 

usually invoked to explain the relatively high GMA consumption rate and FD 

values.[11]  

In our case, the increase in FD is not significantly affected (figure 3.2) by the AIBN 

amount except at the lowest employed intake (0.6%). A possible explanation for 

this behavior is probably connected to the reaction mechanism, as already 

described in the literature and reported in figure 3.3.[9,11] After the hydrogen 

abstraction from the PCL backbone by the primary radicals generated from the 

initiator, a PCL macroradical is formed. This has four available reaction pathways: 

it can give coupling with low molecular weight radicals present in the system 

(resulting in a termination step), with a growing GMA chain (yielding a grafted 

product) or with another macroradical (yielding a cross-linked product). 

Furthermore, it can also give addition to the GMA monomer, which can in turn 
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propagate to yield the desired graft copolymer or give H-abstraction (not shown 

for brevity). Two parallel reaction pathways (i.e. grafting of a single GMA 

molecule followed by homopolymerization or GMA homopolymerization 

followed by coupling with a macroradical) yield in principle the desired product. 

However, the first is clearly favored from a statistical point of view since the 

chance for recombination of a GMA growing chain with a macroradical (in 

principle a second order kinetic process) is supposedly smaller than the one for 

the addition of a GMA molecule to the same macroradical. Degradation reactions 

(not shown for brevity) might also take place.[13,15] 
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Figure 3.3. Simplified reaction pathway for grafting of GMA to PCL[9,11]
 

At low monomer intakes (5 and 10%), it is clear that the FD value increases with 

the amount of initiator used (figure 3.4).  This can be easily explained by making 

allowances for the increased amount of radicals generated at high AIBN intakes, 

which in turn can easily give addition to GMA. The trend is not monotonous, but 

the FD seems to level off (or only slightly increase) for AIBN intakes larger than 

1.5 mol%. In this case, cage-effects can be invoked to explain this trend.[25] 
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Figure 3.4. Effect of AIBN intake on the FD values of PCL-g-GMA 

For highest monomer intake (15%), the FD can be considered as constant and 

independent of the initiator amount. To the best of our knowledge, this has not 

been previously observed for functionalization reactions in scCO2. One might 

speculate that the relatively high concentration of GMA in a radical-rich 

environment might lead to GMA homopolymerization with only a slight 

detectable effect on the FD ratio. This is not surprising if one takes into account 

the relatively low chance for GMA homopolymer recombination with a 

macroradical (vide supra).  

The discussion above clearly highlights the synergistic effect of monomer and 

initiator intake in determining the final FD. The combined influence can be 

conveniently described by using a multivariable regression procedure. The 

obtained model (equation 3.3) assumes that FD = f(nm, ni), where nm is the 

amount of GMA and ni is the amount of AIBN in the feed. 

mimimi nnnnnnFD 123.0024.0245.0745.0939.2424.5
22

−+−+−−=    (3.3) 

The model is statistically, although qualitatively, validated by the random 

distribution of the residuals as function of the employed variables and in a 

normal probability plot (both not shown for brevity). A quantitative validation is 

obtained by the analysis of variance (ANOVA).[26] This procedure consists of 

calculating the sum of squares (SS) for the model and the error. When the 
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relative degree of freedom (DF) is known, it is possible to calculate the mean 

square (MS) for the model and error. With the latter value, the F-value and the P-

value can be determined for the model. The latter is a measure of the statistical 

significance of the model. In the present case, the very low P-value implies that 

the model is statistically significant (table 3.2).  

Table 3.2. Analysis of variance for FD model of PCL-g-GMA 

 SS DF MS F-value p-value  

Model 262.794
 

5 52.559 86.961 6.079 x 10
-7 

R
2
=0.978 

Error 6.044 10 0.604   R
2
(adj)=0.969 

Total 268.838
 

15    R
2
(PRESS)=0.933 

 

Furthermore, the obtained model is able to correctly describe the experimental 

data (as testified by the R2 and adjusted-R2 values) and has a very good predictive 

ability (R2-PRESS), at least within the range of variables studied here. The 

obtained model can be conveniently visualized in a 3D plot (figure 3.5), which 

highlights the dependence of the FD values on the feed composition, as 

previously discussed.  

 

Figure 3.5. 3D plot of model for FD from synthesis of PCL-g-GMA in scCO2 
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Particularly interesting is the comparison between the process in the melt and 

the one in scCO2, which can be performed on the basis of the corresponding 

statistical models and 3D-plots (figure 3.6). 

 

Figure 3.6. Comparison of grafting reactions in the melt and scCO2 

The model comparison area is limited to the intake values that were 

experimentally tested in both processes (initiator from 0.6 to 1% and GMA 

monomer from 6 to 15%). The use of two different initiators (BPO for melt, AIBN 

for scCO2) at two different temperatures might hinder a direct comparison. 

However, this has been easily overcome by employing appropriate reaction 

conditions, in particular a reaction time equal to 7 times the half-life time of the 

initiator at the given temperature (all initiator expected to be decomposed). In 

general, the scCO2 plot is always above the one for the melt process (except at 

low initiator and GMA intake for reason not yet clears). This demonstrates the 

higher efficiency (in terms of FD values) for the grafting reaction in scCO2 as 

compared to the one in the melt. From a scientific point of view, a preliminary 

explanation for the observed trend might be related to the improved diffusion of 

GMA and initiator in scCO2 as compared to the melt. 

3.3.1 Effect of feed composition on molecular weight 

GPC analysis was performed to investigate the correlation between the 

functionalization degrees of the reactive interfacial agents and the corresponding 

molecular weight. Overall, the Mn values are generally constant (figure 3.7).  
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Figure 3.7. Mn and PDI as function of AIBN intake 

This trend is in contrast to what reported by C-H. Kim et al., who observed an 

increase of the molecular weight probably related to chain extension.[11] In our 

case, no chain extension is observed, but a significant decrease (in Mn), coupled 

to a broader distribution (PDI values), at high AIBN (2.4 and 3.0%) and GMA (15%) 

intakes. Such slight degradation is probably due to the rich radical environment, 

which could leads to β-scission.  

Also in this case, comparison with the corresponding data for process in the melt 

(figure 3.8 and 3.9) yields several interesting conclusions.  

 

Figure 3.8. Mn comparison of reactive interfacial agents made in melt and scCO2 
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Figure 3.9. PDI comparison of reactive interfacial agents made in melt and scCO2 

In general, samples prepared in melt display only slight differences of the 

observed Mn and PDI values compared to those processed using scCO2. This is 

especially true at relatively large FD values, the degradation mainly being caused 

by the differences in processing temperature. Such advantage (less degradation) 

of scCO2 has already been stated by several authors.[17,21,22,25] This might 

constitute a relevant issue when employing the prepared graft copolymers as 

interfacial agents in PCL/Starch blends. 

3.3.2 Mechanical properties for PCL/Starch blends 

The mechanical properties of ternary blends (PCL/starch/PCL-g-GMA) are 

compared when using two interfacial agents with similar functionality (FD 6%) 

but prepared according to the two different processes (vide supra). We start 

noticing how the observed trends (figure 3.10 and 3.11) as function of the starch 

content (namely decrease in stress and strain at break) are in line with previous 

studies.[12,13] Compared to the binary blends, all compatibilized blends using 

interfacial agents prepared in scCO2 shows mechanical properties improvements 

(higher modulus, stress-, and strain at breaks in figure 3.10, 11, and 12.  
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Figure 3.10. Stress at break for ternary PCL/Starch/PCL-g-GMA blends 

 

 

Figure 3.11. Strain at break for ternary PCL/Starch/PCL-g-GMA blends 
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Figure 3.12. Modulus for ternary PCL/Starch/PCL-g-GMA blends 

On the other hand, blends with interfacial agents prepared in the melt show 

different trends. Higher stress at break values (with respect to the corresponding 

binary blends) are achieved only at 10 and 20% starch intake while strain at break 

values are in all cases lower. Finally, the modulus of the blends is not affected by 

the starch addition and retains its value, similar to the one of virgin PCL.  

A comparison of the mechanical properties as function of the employed process 

for the compatibilizer preparation (melt towards scCO2) shows that the stress 

and strain at break slightly decrease, especially at starch intake of 30% (figure 

3.10 and 3.11). The same is true for the modulus (figure 3.12) except for the 

blends with 30 wt% starch (similar values). These results could be preliminarily 

explained by the (slight) difference in average molecular weight (figure 3.8). 

However, it is debatable whether such small difference could be the cause for 

this dramatic improvement in mechanical properties. Another possible reason 

might lie in different topological characteristics for the two graft copolymers, as 

already suggested in our previous work.[13] In order to get deeper insight into the 

characteristics of the two graft copolymers (PCL-g-GMA from melt and scCO2), 

GPC measurements of the GMA homopolymers (polyGMA) acquired from the 

purifications process of PCL-g-GMA were carried out. A clear difference in the 

degree of polymerization (DP) could be observed, with polyGMA from the scCO2 

displaying shorter chains (scCO2-DP=9 vs melt-DP=11). By assuming that the chain 

length of polyGMA grafted on the PCL backbone are proportional to those which 

are formed as by-product of the grafting process, one might speculate that at 
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equal FD (as in this case) the PCL-g-GMA prepared in scCO2 has a larger amount 

of shorter GMA chains grafted onto the PCL backbone. This would in turn result 

in an easier (from a steric hindrance point of view) reaction of the GMA groups 

with the –OH ones on the surface of the starch particles.[13] Although speculative 

in nature, such hypothesis has also been formulated in connection to polymer 

blends comprising other polymeric components.[27]  

Independently of the exact mechanism and from a purely applicative point of 

view, one must stress here the superior performance of the scCO2-prepared 

compatibilizer with respect to its melt counterpart.  

3.4 Conclusions 

A series of reactive interfacial agents PCL-g-GMA has been synthesized under 

scCO2 and applied in ternary PCL/PCL-g-GMA/starch blends. The functionalization 

reaction in scCO2 clearly follows a different course with respect to the melt one. 

Higher FD values (at comparable feed composition) are generally obtained 

coupled with a substantial invariance (as opposed to thermal degradation in the 

melt) of average molecular weight and polydispersity of the starting PCL. The 

scCO2-prepared interfacial agents display also a clear difference in performance 

when used in ternary blends with starch and PCL, significantly outscoring the 

melt prepared ones in terms of stress, strain at break and modulus up to starch 

intakes of 30wt%. This has been preliminarily explained in terms of the difference 

in molecular weight but also in topology (i.e. length and distribution of the 

grafted chains) of these graft copolymers.  

To the best of our knowledge this study offers for the first time a comprehensive 

overview of the advantages of scCO2 functionalization with the respect to the 

classical melt process. As such, it paves the way towards the definition and study 

of new functionalization reactions in supercritical media and application of the 

corresponding graft copolymers in industrially relevant products. 
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Chapter 4 

Polymeric materials from cross-linking of epoxidized 

jatropha oil using multifunctional amines 

 

Abstract 

Epoxy resins are generally dependent, in terms of raw materials, on petroleum 

based chemicals. Epoxidized jatropha oil (EJO) is investigated as an alternative 

renewable monomer for production of epoxy resins. Jatropha oil was successfully 

epoxidized using performic acid resulting in a relatively high conversion and yield. 

Three different amine-based cross-linkers, i.e. hexamethylenediamine (HMD), 

triethylenetetramine (TETA) and p-xylylenediamine (pXD), were used as 

hardeners. The cross-linking reaction of EJO with the amines were performed at 

150 °C according to several different molar ratios, the resulting products being 

characterized by differential scanning calorimetry (DSC), attenuated total 

reflectance Fourier transform infra-red (ATR-FTIR), and proton nuclear magnetic 

resonance spectroscopy (
1
H NMR). Apparently, besides the desired aminolysis on 

the epoxy group, amidation of the ester group also took place during the cross-

linking reaction. The products resulted from equimolar reaction of EJO with TETA 

or pXD are rubbery materials; on other hand those from the reaction with HMD 

have the consistency of a paste. The products of EJO with TETA (mol ratio 1:1.65) 

and the pXD (mol ratio 1:3.3, with 8 or 24 hours pressing time) showed necking 

with a large elongation before breaking. Interestingly, after breaking (failure) the 

material reshaped to its original size. 
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4.1 Introduction 

Epoxy resins are worldwide used in high performance coatings, bonding, 

adhesives, composites, flooring, and electronics.
[1]

 In 2009, a worldwide global 

demand of epoxy resin quantified in 15.8 billion US$ was estimated.
[2]

 This is 

factually based, in terms of raw materials, on petroleum-based chemicals. 

Industrialized nations (i.e. Japan, India, China, European Countries, and USA) are 

by far the largest producers and consumers of epoxy resins.
[1,2]

 Further growth of 

the epoxy resin consumption is expected for the coming years, which will further 

require a vast supply of oil-based raw materials. In a general context 

characterized by oil sources depletion and sustainable product development, 

novel renewable resources for the synthesis of epoxy resins play an increasing 

important role and are the subject of several investigations at both industrial and 

academic level.
[3-5] 

Depending on the desired properties, low costs and 

availability, renewable resources such as polysaccharides, proteins, and 

vegetable oils have been already described as potential sources of new polymeric 

materials.
[6-8]

  

Vegetable oils such as sunflower, linseed, soybean and jatropha oil (JO) are 

worldwide investigated as renewable resources for various applications.
[4,5,8-10]

 

Triglycerides, which are the main components of vegetable oils, can be used 

directly or be chemically modified and transformed into polymerizable 

monomers via epoxidation, methathesis of the double bonds, acrylation of 

epoxies, reaction with maleic anhydride or transesterfication.
[4,5,11]

 Among these 

reactions, epoxidation is rather important since it results in the formation of 

oxirane rings, which in turn can be easily transformed into desired functionalities 

due to relatively high reactivity towards various functional groups (e.g. amines, 

thiols, and hydroxyl).
[5,12,13]

  

Jatropha oil, among all vegetable ones, has recently attracted relevant attention 

due to its relatively high content of double bond (3.2-3.8 per triglyceride 

molecule).
[14]

 The jatropha tree is used for different applications such as natural 

tooth paste and brush. The latex from the stem is used as natural pesticide and 

for wound healing, while the leafs are used as feed for silkworms.
[14]

 During the 

Second World War, JO was already used as substitute for mineral diesel, a focus 

recently revived by the research into JO conversion into biodiesel.
[15]

 JO is 

extracted from the seeds, of which it constitutes 30-50 wt%.
[15,16]

 For most of its 

species, the oil and the press cake itself are toxic for both human and animals; 

therefore its use for polymer development is not in direct competition with the 

food industry. 
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In this work JO has been firstly epoxidized, according to similar procedures 

reported for other vegetable oils,
[17,18]

 by using of performic acid generated in 

situ from the reaction of H2O2 and formic acid. Subsequently, the epoxidized 

jatropha oil (EJO) is further cross-linked by reaction with several amines. Besides 

its reactivity, the chemical structure of the amine, for example the aliphatic vs 

aromatic character, determines the properties of the final product (e.g. thermal 

and mechanical ones).
[19]

 In order to take this factor into account, 

hexamethylenediamine (HMD), triethylenetetramine (TETA) and p-xylylene 

diamine (pXD) were used as cross-linkers. To the best of our knowledge there is 

no reported research on cross-linking of EJO with amines in order to develop 

polymers. However, for the sake of honesty, it must be noted that similar 

researches have been performed on aminolysis reactions of other epoxidized 

vegetable oils with various amines.
[5,20-23]

 To sum up, the main objective of 

current work is to provide a proof of principle for the development of novel 

polymers from EJO as an alternative source for the epoxy resin chemistry.  

Secondly, we aim at investigating, on a preliminary level, the influence of the 

cross-linker (diamine) structure on the final product properties.  

4.2 Experimental 

4.2.1 Materials 

Jatropha oil (JO) was locally hot pressed (110-130 °C) using Danish BT50 Press 

from Jatropha Curcas L. seeds provided from Cape Verde (3.3 double bonds per 

triglyceride units as determined by GC-MS and 
1
H NMR). Toluene (99.5%, 

Aldrich), hydrogen peroxide (H2O2, 30wt%, pro analysis, Merck Chemicals), and 

formic acid (ACS Reagent, ≥99wt%, Merck Chemicals) were used for the 

epoxidation reaction. As for model reaction, methyl oleate (MeO, methyl cis-9-

octadecenoate, ≥99wt% purity, Sigma-Aldrich) were used as received. Three 

amines were used as received for the cross-linking reaction: p-xylylenediamine 

(pXD, purity of 99wt%, Aldrich), triethylenetetramine (TETA, ≥97.0%, Aldrich), 

and hexamethylenediamine (HMD, 98wt%, Sigma).  

4.2.2 Equipment 

All proton nuclei magnetic resonance (
1
H NMR) spectra were recorded on a 400 

MHz Varian AS400 spectrometer at ambient temperature using with CDCl3 

(99.6% atom D, Aldrich) as a solvent. For the attenuated total reflectance Fourier 

transform infra-red (ATR-FTIR) measurements, a Bruker IFS88 spectrometer 

equipped with golden gate MCT-A detector was used. Samples thermal profiles 

were recorded using differential scanning calorimetry (Q1000 DSC). For bars 
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sample preparation, hot press machines Fontijne Holland were used. 

Furthermore, tensile test was performed on an Instron 5565. 

4.2.3 Epoxidation of jatropha oil 

Epoxidation reactions of JO were carried out in a three necked round bottom 

flask equipped with condenser, stopper, and a dropping funnel, based on 

previously reported procedures.
[17,18]

 Jatropha oil (20 grams, 3.3 of double bonds 

per triglyceride molecule) was diluted with 100 ml toluene along with 12 ml of 

formic acid. The epoxidation reaction occurred by adding H2O2 (150 ml) drop wise 

to the reaction mixture while stirring at 700 rpm at 40 °C for 24 hours. 

Afterwards, the water and toluene layer were separated using a separation 

funnel. The toluene phase, containing EJO, was washed with 150 ml an 5wt% 

NaHCO3 aqueous solution until all the remaining peroxide was removed 

(confirmed with Quantofix peroxide test kit).  The EJO was subsequently washed 

with 150 ml demi water (twice) and 150 ml of brine (NaCl 5 wt%). Toluene was 

removed using rotary evaporator followed by 72 hours in a vacuum oven at 

30 °C. The end product is characterized using 
1
H NMR and FTIR. The conversion 

was calculated by comparing the integral of two typical EJO peaks (at δ 2.90 and 

3.30 ppm, assigned to the epoxy groups) with respect to the -CH3 protons signal 

(δ 0.88 ppm) was used as internal reference. 
1
H NMR EJO (400 MHz, CDCl3): δH 

(ppm) = 0.88 (9H, -CH3), 1.25-1.33 (C4-7 and 12-17, -CH2-), 1.49 (C8*,14*, 8, 11 of 

neighbor epoxy), 1.61 (6H of ester(C3), -CH2-CH2-C-(O)-C), 1.72 (2H, C11*), 2.31 

(6H ester(C2), -CH2-C-(O)-C), 2.89-3.10 (three epoxy peaks), 4.16, 4.28 (4H, -CH2- 

of triglyceride), 5.26 (1H, -CH< of triglyceride).  

4.2.4 Cross-linking reaction of epoxidized jatropha oil 

4.2.4.1 Model reaction of methyl oleate with HMD 

A mixture of methyl oleate and HMD (1:1 mol ratio) were heated for 27 hours at 

150 °C in a round bottom flask (stirring speed of 220 rpm). Afterwards, the 

mixture was cooled to room temperature and analyzed by a FTIR and 
1
H NMR.  

4.2.4.2 Small scale reaction of EJO with HMD 

A mixture of EJO with HMD was premixed at room temperature followed by hot 

pressing with 200 kN and 150 °C for 30 min. The resulted final products were 

characterized with FTIR and 
1
H NMR (CDCl3).  

4.2.4.3 Optimization of cross-linking reaction on hot press 

In order to find the best preheating and pressing time, mixture of EJO-amine 

were premixed at 150 °C for followed by hot press at 150 °C for several different 



Amine cross-linked polymer of epoxidized jatropha oil 

65 

times. The press machine was preheated to 150 °C before the insertion of mold 

plating packet. The mold packet was pressurized with 50 kN and held for 1 min 

followed with release for degassing. The pressing procedure was repeated with 

gradual pressure increase of 50 kN until 200 kN. Last pressing procedure (200 kN) 

was kept constant for several hours. Afterwards, the press-packet was directly 

removed from the press (at 150 °C) and allowed to cool until room temperature. 

The resulting product was characterized by DSC. The procedure were adapted 

from curing reaction of ω-epoxy fatty ester using amines.
[13]

 

4.2.5 Tensile testing 

The mechanical properties of three different products were tested. EJO and 

amines (i.e. TETA or pXD) were preheated and premixed at 150 °C for 2.5 hours. 

Mixtures were hot pressed on a 0.5 mm thick mold according to ASTM D638 

standard for micro tensile stretching (with 200 kN at 150 °C). The test specimens 

for tensile test were removed at room temperature. Analysis was performed with 

an Instrom 5565 instrument with a pulling speed of 12 mm/min with a clamp 

distance of 22 mm at (20 °C and 50% humidity). Samples also measured with DSC 

to determine the Tg of each test series, Tg was determined from the second 

heating cycle of the measurement (-20 °C to 200 °C with 10 °C/min heating rate). 

4.3 Results and discussion 

4.3.1 Epoxidation of jatropha oil 

The epoxidation reaction of JO using performic acid was adapted from the one of 

soybean oil.
[17]

 Performic acid was generated in situ from the reaction between 

H2O2 and formic acid. Toluene was used as diluent, instead of the generally used 

benzene, according to a reported procedure
[18]

, in view of the carcinogenic 

nature of benzene.
[24,25]

 In addition, a lower oil to diluent mol ratio (i.e. 

JO:toluene = 1:5 instead of 1:10) was used. These adjustments result in slightly 

lower reaction conversion (from 99% with benzene to 95% under the employed 

conditions). However, higher yields were successfully obtained (>92%) as 

measured by NMR (not shown for brevity).   

JO mainly contains combined triglycerides of oleic, linoleic, and palmitic acid. As 

natural oil, it also contains mono- and di-glycerides combined with some free 

fatty acids. An average of 3.5 double bonds per tri-glyceride molecule were 

originally specified and confirmed by 
1
H NMR and GC-MS (not shown for brevity). 

On the basis of the epoxidation conversion, an average of 3.3 oxirane groups per 

triglyceride molecule is calculated and it thus is expected to react with the 

amines forming a cross-linked network.  
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4.3.2 Preliminary cross-link reactions 

Several diamines were chosen and used in order to investigate the effect of the 

cross-linker structure towards the properties of the final products. However, 

there are in principle two reactive groups present on EJO molecules (i.e. oxirane 

and ester). Therefore, two reactions are possible:  aminolysis of the epoxy groups 

and amidation of the ester ones (figure 4.1). The latter is largely ignored, with 

few exceptions,
[20-22]

 in the open literature. This is understandable when taking 

into account that even if amidation takes place, this does not hinder the network 

formation. However, the breakage of the ester linkage has an influence on the 

average number of reactive epoxy groups per triglyceride molecule and, as such, 

eventually on the network structure and properties (e.g. probably leading to a 

relatively lower cross-linking density). As a consequence, a more detailed insight 

into this reaction and its quantification are desired and has been studied in the 

present work.  
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Figure 4.1. Reaction overview of cross-linked epoxidized jatropha oil using amines (i.e. 

HMD, TETA, and pXD). An oleate chain is taken here as an example. R1 = remaining of 

triglyceride structure consisting of different saturated and unsaturated fatty acids. 

To provide an insight into the amidation reaction, methyl oleate (MeO) as fatty 

ester model compound was reacted with HMD. It must be noticed; the model 

compound does not contain any epoxy group but then again only contain an 

unmodified double bond. As such this system can be conveniently employed to 

garner qualitative insight into the amidation reaction upon reaction of the amine 

with the ester group. After 27 hours of reaction, the ester signal of MeO in the 
1
H 

NMR spectrum at δ 2.26 ppm is completely disappeared, while the double bond 
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at δ 5.34 ppm is still present (figure 4.2). Protons signals of carbon 2 (in position α 

to the carboxyl group of methyl oleate) were shifted from δ 2.26 to 2.10 ppm, 

caused by the amide formation. Another shift also occurred for the protons on 

carbon B (position α with respect to the amino groups in HMD); the signals 

shifting from δ 2.64 to 3.20 ppm also in line with the amide formation.
[22]

 

 

Figure 4.2. 
1
H NMR (CDCl3) spectra of MeO, HMD and during the reaction of MeO and 

HMD after 27 hours 

The FTIR analysis (figure 4.3) confirmed the amide formation found in the 
1
H 

NMR spectra. The ester peak of MeO at 1735 cm
-1

 is greatly reduced in intensity 

upon reaction with HMD. In the FTIR spectrum of the MeO/HMD mixture, the C-H 

sp
2
 vibration remains unchanged at 3005 cm

-1
 indicating that no reaction 

occurred at the double bond site. The appearance of new peaks at 1633, 1540 

and 3298 cm
-1 

confirms the presence of the amide product.  
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Figure 4.3. FTIR spectra of MeO, HMD and their reaction product after 27 hours 

The absence of an epoxy group in the model compound (which will kinetically 

compete with the ester one for the amine in the real system) renders the analysis 

to only qualitative, in line with the original intentions. On the other hand, it 

clearly indicates that a proper characterization of the reaction product must 

make allowances for this amidation reaction, besides the desired one (aminolysis 

of the epoxy group). The importance of these reactions is demonstrated below. 

The small scale experiment of the EJO with the different amines was studied to 

provide an overview for the overall curing process in the hot press. EJO-HMD hot 

pressed samples (with 200 kN force, 150 °C for 30 min, equimolar amounts of 

amino and ester+epoxy groups) consist of a butter-like material that easily 

dissolves in CDCl3 for 
1
H NMR analysis (figure 4.4). These solubility characteristics 

already suggest low cross-linking density. The triglyceride protons (i.e. those 

attached to the glycerin moiety) shift from δ 5.3 and 4.2 ppm to lower ppm 

values. Similarly the protons on the carbon in α position to the carboxyl group 

(on the acid moieties) shifted from δ 2.35 to 2.14 ppm. These are factually 

identical to the shifts observed for the model compound reaction, thus indicating 

the occurrence of the amidation reaction. In addition, protons of the epoxy ring 

are still visible at δ 2.89 ppm which indicates that 30 min pressing time is not 

sufficient, even at equimolar ratios (epoxy and ester groups combined), for a 

complete reaction. 
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Figure 4.4. The 
1
H NMR (CDCl3) spectra of EJO and EJO mixed with HMD (30 min hot 

pressed) 

As for the EJO-TETA system, the reaction time was extended to 3, 6 and 21 hours 

in order to reach full conversion. The 
1
H NMR analysis of the corresponding 

products shows once more the occurrence of both amidation and aminolysis 

(figure 4.5). The amidation results in new peaks at δ 3.73 (glycerol), 3.34 and 2.17 

ppm (both amide, vide supra). The aminolysis results in a decrease of the peaks 

at δ 2.89 (epoxy) and 1.49 ppm (atoms 8, 11). After 27 hours, the epoxy signal at 

δ 2.89 ppm is barely visible. This, together with the significant decrease in the 

area of protons in α position to the epoxy group (δ 1.49 ppm) testifies the 

desired reaction of the amine with the epoxy ring. This semi-kinetic study shows 

the importance of the premixing step for the curing process in determining the 

complete conversion of the epoxy groups. Indeed from the 
1
H NMR spectra it 

could be concluded that total amidation and partial aminolysis took place after 

27 hours and according to different extents as function of the reaction time.  
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Figure 4.5. 
1
H NMR (CDCl3) spectra of EJO, TETA and their reaction products after 3, 6 and 

27 hours 

Based on the reaction of EJO-TETA, reactions of EJO-pXD were also performed for 

27 hours. Similar results (figure 4.6) were obtained indicating both amidation and 

aminolysis. The proton signals at δ 4.39, 3.6-3.86 and 2.18 ppm indicate 

amidation of the triglyceride ester. The decrease of the proton signals at δ 1.48 

and 2.8-3.2 ppm indicate that aminolysis took place.   

 

Figure 4.6. 
1
H NMR (CDCl3) spectra of EJO, pXD and their reaction mixture after 21 hours 
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As expected, confirming the results from the 
1
H NMR, FTIR spectra also shown 

both aminolysis and amidation reaction in each reaction mixture (Figure 4.7). 

Epoxy vibrations signals at 820, 840, and 1140 cm
-1

 are clearly presents only for 

the unreacted EJO which indicates aminolysis reaction. The C=O vibration band at 

1735 cm
-1

, which represents the ester bond, decreases while two amide vibration 

bands at 1635 cm
-1

 (C=O) and 1560 cm
-1

 (N-H) appear for all cross-linked samples. 

In addition, the strong sharp signal around 3350 cm
-1

 (N-H) confirms the presence 

of secondary amide as a product of amidation reaction.  

 

Figure 4.7. The FTIR spectra of EJO and EJO mixed with the used amines for 21 hours 

The results presented above could give a relative quantification of the two 

reactions for any given reaction time. In reality, the complicated nature of the 

spectra (often comprising mixture of tri-, di-and mono-glycerides as products of 

the amidation reaction) factually hinders an accurate quantitative analysis. 

Further research, outside the scope of the present work, including an accurate 

kinetic model, is currently being carried out. 

4.3.3 Cross-link reaction optimization 

From the preliminary study, it is known that an extended premixing could already 

generate a cross-linked network. However, only low cross-linking density was 

achieved as proven by the products solubility in CDCl3 for NMR analysis. 

Therefore an optimization strategy was defined and performed, involving 

different amine intakes and preheating times to obtain higher degree of cross-

linking. The best results yield predominantly a very soft material. This is 
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understandable when taking into account the linear aliphatic structure of HMD, 

which may not result in a sufficient mechanical strength (since amidation also 

takes place). Therefore the work was focused on two other more promising 

mixtures of EJO-TETA (table 4.1) and EJO-pXD (table 4.2). 

Table 4.1. The press results of the TETA series; in case of more samples, Tg of the sample 

is given as an average. 

mol ratio  
(EJO:TETA) 

preheating (h) press time (h) Tg (°C) 

1:1 1 8 6 

1:1 1 24 8 

1:1 2 8 5 

1:1 2 16 5 

1:1 2 24 9 

1:1 2.5 16 7 

1:1 3 16 6 

1:1 24 0 -1 

1:1 24 24 7 

2:1 24 24 4 

 

The time of preheating and pressing were varied in order to find the ‘optimum’ 

combination in terms of thermal behavior and visual appearance. All the pressed 

products from EJO-TETA were a slightly yellow transparent rubbery material. 

Longer pressing times result in darker (colored) products while improving the 

stiffness of the material. Each material was analyzed with DSC in order to 

determine its Tg. Longer pressing time leads towards a higher Tg, which indicates 

that further network formation still occurred. On other hand, preheating also 

improve the Tg to some extent. 

Very similar results are obtained for EJO-pXD mixtures (table 4.2). Until 24 hours 

of press time the Tg increases. Nevertheless, over extended pressing times, a 

decrease in Tg values is detected, which is most probably caused by thermal 

degradation. Afterwards, a batch of EJO-pXD (equimolar ratio of reagents and 2 

hours preheating) was employed for micro tensile stretching (D 1708-06). Two 

different pressing times (i.e. 8 and 24 hours) were chosen and resulted in a 

significant difference in Tg (3 °C towards 22 °C) 
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Table 4.2. The press results of the pXD series; presented Tg is given as average 

mol ratio 
(EJO:pXD) 

preheating (h) press time (h) Tg (°C) 

2:1 30 24 5 

1:1 1 24 13 

1:1 1 88 13 

1:1 2.5 8 3 

1:1 2.5 24 22 

1:1 2.5 88 20 

1:1 3.5 24 22 

1:1 28.5 0 8 

 

4.3.4 Mechanical properties comparison of cross-linked products 

Three series of cross-linked EJO were tested for their properties (table 4.3). The 

mechanical properties of the three series were determined at room temperature. 

The final material of the first (EJO-TETA of equimolar ratio), prepared by 2 hours 

of preheating and 24 hours of pressing time, showed an elastic behavior. On 

average the material could handle a stress of 0.82 MPa with a strain of 86.9%. 

The modulus of the material is 1.6 MPa and is has a Tg of 9 °C. Interestingly, after 

breaking (failure) the material reshaped to it is original size, thus indicating the 

rubbery behavior. 

Table 4.3. The tensile testing results together with the Tg of the corresponding materials. 

All preheated at 150 °C and pressed at 150 °C with 200 kN. 

Series 
Modulus 
(MPa) 

Tg 
(°C) 

Stress (MPa) Strain (%) 

amine 
Preheating 

(h) 
Press time 

(h) 
max 
load 

auto 
break 

max 
load 

auto 
break 

TETA 2 24 1.6 9 0.82 0.82 86.9 86.9 

pXD 2.5 8 18.3 3 0.99 0.35 29.1 126.2 

pXD 2.5 24 52.4 22 1.70 0.77 43.9 299.4 

 

Two series of EJO-pXD in equimolar ratio were tested; both series were 

preheated for 2.5 hours and were pressed for 8 or 24 hours. The 8 hours series 

had a Tg of 3 °C and a modulus of 18.3 MPa. The material showed necking after a 
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stress of 0.99 MPa and a corresponding strain of 29.1%. After neck formation the 

stress reduces to an average of 0.35 MPa and the corresponding strain to an 

average of 126.2%.  

The 24 hours series of pXD had a Tg of 22 °C and a modulus of 52.4 MPa. All 

samples of this series showed necking after an average stress of 1.7 MPa and a 

strain of 43.9% at max load. After necking the max strain the material could 

handle differs a lot from 217.3 to 479.1%. On average it has a strain of 299.4%. 

The stress is reduced after the neck forming to an average of 0.8 MPa, but 

showed significant differences in values from 0.4 to 1.4 MPa. 

From comparing the results of the three test series, it is clear that the modulus 

and stress at max load are increasing from the TETA series to the pXD 8 hours, 

and finally pXD 24 hours series (table 4.3). The TETA series could handle the 

highest strain at max load. Both pXD series showed necking and elongate to 

much higher values before breaking. The strain is increasing with the pressing 

time within the pXD series, for the strain at max load and the strain at breaking. 

The TETA mixture resulted in an elastic polymer, while the pXD mixtures showed 

necking, with a tremendous remaining deformation after the neck formation. A 

higher Tg and a stiffer material was expected for pXD series because of the 

benzene ring present in the structure of this cross-linker. Similar structural 

relationship of different cross-linker with respect to Tg and mechanical properties 

of the final products also found in the use of various anhydride in curing process 

of epoxidized soybean oil. The thermosets obtained from anhydrides with rigid 

structures (i.e. phthalic, maleic, and hexahydrophthalic anhydride) possess higher 

Tg and storage modulus compared to the linear one (i.e. succinic anhydride).
[26]

  

4.4 Conclusions 

Jatropha oil was successfully epoxidized using performic acid (generated in situ 

from the reaction of formic acid and H2O2) resulting in high conversion and yield. 

EJO is cross-linked with HMD, TETA and pXD in different mol ratios expecting to 

follow an aminolysis reaction route. However, FTIR and 
1
H NMR revealed that 

amidation also taking place during the cross-linking reaction. MeO was 

investigated as model compound in the amidation with HMD reveals the 

tendency of every amine forming amide bonds towards the ester group of the 

fatty ester. Only the EJO-TETA and EJO-pXD resulted in promising materials in 

terms of elastomer product. These materials were further investigated, giving 

rubbery material with interesting properties. EJO-TETA has elastic properties, 

after breaking (failure) the material reshaped to it is original size. EJO-pXD 

samples show necking and elongate to higher values before breaking. 
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In line with the original aim of the work, the presented result provides the proof 

of principle for the use of JO as raw material precursor of epoxy resins. 

Furthermore, the chemical structure of the employed cross-linker (amines) has a 

clear influence on the thermal and mechanical behavior of the end-product. This 

should be interpreted, on a molecular level, also as a result of the reaction 

kinetics, namely the competition of amidation towards aminolysis. A broader 

study on structure-property relationship (outside the scope of this work) should 

be carried out to further elucidate the interplay between the reaction kinetics, 

the final product structure and properties. 
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Chapter 5 

Diels-Alder cross-linked polymers derived from jatropha oil 

 

Abstract 

Methyl oleate, methyl linoleate, and jatropha oil were fully epoxidized using in 

situ generated performic acid. The epoxidized compounds were further reacted 

with furfurylamine in a solvent-free reaction to obtain a furan-functionalized 

derivative, which then functioned as a network precursor. Thermoreversible 

cross-linking was attained through a (retro) Diels–Alder reaction with a 

bismaleimide, resulting in the formation of a brittle network for furan-

functionalized methyl linoleate and jatropha oil. The furan-functionalized 

derivatives were also used as reactive additives with alternating (1,4)-polyketone 

reacted with furfurylamine (PK-Furan). In all cases the mechanical and self-

healing properties were evaluated with DMTA and DSC respectively. Full self-

healing properties were found for every sample tested. 

 

 

 

 

 

 

 

 

 

 

This chapter is based on: 

Iqbal, M., Knigge, R. A., and Picchioni, F., Diels-Alder cross-linked polymers derived from 

jatropha oil, submitted to Industrial & Engineering Chemistry Research 
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5.1 Introduction 

Thermosetting polymers are widely used in industry due to their tunable 

mechanical properties (modulus, strength, and durability) as well as their 

chemical and thermal resistance. This is due to the relatively high cross-linking 

density displayed by these materials. However, the same factor, i.e. high cross-

linking density, hampers the possibility for these materials to be reshaped or 

recycled. This is related to the factual impossibility of selectively cleaving the 

cross-linking bonds without affecting the main chain ones. As a consequence, end 

of life thermosets can be recycled only according to a “cradle-to-grave” approach 

(e.g. by incineration), thus adding pollution to the environment. Another 

drawback of these products is the dependence on oil, the main source for raw 

materials of these thermosets. On a long term, these factors render thermoset 

polymers unfit in a general context a sustainable (chemical) products.
[1,2]

 

Recycling of thermosets has been an important field in “sustainability”-driven 

research since it may decrease the need for raw materials and significantly lower 

the ecological impact. The main difficulties are found in the separation of the 

different compounds needed to reuse the materials in the original products, and 

the decrease in mechanical properties.
[3]

 The use of reversible cross-linking bonds 

might represent a solution to this problem. By dissembling the polymer network, 

the material can in principle be regained and used in other products of similar 

value and applications (i.e. according to a “cradle-to-cradle” approach). 

Different approaches of obtaining reworkable thermosets properties have 

already been investigated. One of most popular is the use of thermally-reversible 

cross-linked polymers. This concept involves a cross-linking reaction at relatively 

low temperatures (e.g. 40-50 °C), while the reverse reaction (i.e. the 

disassembling of the network) occurs at higher temperatures (for example 110-

140 °C).
[4] 

Cross-linked polymers can be prepared using a Diels-Alder (DA) cyclo 

addition of furan and maleimide, giving a reversed reaction through a retro Diels-

Alder (rDA) mechanism. For instance, self-healing thermosets based on the 

polymerization through Diels-Alder cross-linking with a tetra-methoxyfuran and 

1,8-Bis(maleimide)-1-ethylpropane have already been reported.
[5]

 Likewise, 

thermally reversible materials based on furan functionalized polyketone and 

bismaleimide through DA and rDA reactions were already reported to display 

excellent self-healing efficiency.
[6,7]

 

On the other hand, the use of renewable resources for (total or partial) 

substitution of thermosets raw material might also constitute another added 

value. Indeed, renewable resources are more environmentally friendly and also 
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interesting from economic point of view (i.e. in connection with their relatively 

low cost and abundance). Vegetable oils are considered as one potential source 

for biopolymers due to their unsaturated fatty esters structures, which contains 

double bonds (possible functional groups transformation).
[8]

 Jatropha oil (JO) is 

considered as promising source for polymers not only because of its relatively 

high unsaturated fatty acid content (3.2-3.8 double bonds per triglyceride 

molecule), but also due to its toxic nature (no direct competition with the food 

sector).
[9,10]

 Even though JO is mainly investigated for biofuel production, the oil 

is potentially developed for other type of applications (e.g. lubricant, 

pharmaceutical, polymer, etc.).
[10-14]

  

Regarding the potentiality of JO as “monomeric unit”, several synthetic routes 

have been reported in literature in order to obtain a vegetable oil-based 

polymer.
[8]

 The most popular strategy involves the modification of the reactive 

functional groups on the fatty chains (i.e. double bonds and ester group) in order 

to yield molecules with desired functionalities (e.g. hydroxyl, oxirane ring, etc.). A 

high-yield epoxidation method of vegetable oils has been reported, using in situ 

generated performic acid.
[15]

 In addition, kinetic studies on epoxidation of JO 

using peroxyacetic and peroxyformic acid have also has been reported.
[16]

 In 

terms of improving the versatility of triglyceride, the epoxidation process is 

considered to be an important reaction route since the oxirane ring is much more 

reactive and opens the possibility for reaction with various nucleophiles.
[8]

 As an 

example, one might consider the aniline functionalization of epoxidized methyl 

oleate, catalyzed by an ionic liquid.
[17]

  Similar addition of acetic anhydride to 

methyl oleate has also been reported.
[18]

 Promising salt catalyzed aminolysis 

reactions have also been widely studied, for instance by using LiBr
[19]

 and 

ZnCl2
[20]

, for the epoxide ring-opening using several different aliphatic and 

aromatic amines. Interesting results were reported on the reaction of epoxidized 

triglycerides with n-hexylamine and 1,6-hexamethylenediamine. Instead of only 

aminolysis, the reaction also shows amidation as primary reaction which leads to 

cross-linked products.
[21]

  

In this work we report the combination of the two concepts, i.e. use of renewable 

source for resin preparation and thermal reversibility of the prepared network. 

Based on previously reported results, the research strategy is divided into several 

steps. The first one involves the chemical modification of the double bonds on 

unsaturated fatty ester chains into epoxy groups. The second step is the reaction 

of furfurylamine with epoxidized fatty esters forming furan-modified monomers. 

Thirdly is the polymerization of the furan-functionalized monomers with a 

bismaleimide via the DA reaction. Last but not least, the use of the corresponding 
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polymers as reactive additives for cross-linked furan functionalized alternating 

polyketone is also evaluated. To the best of our knowledge and with the 

exception of the epoxidation reaction (step 1), the proposed approach is a 

relevant novelty of the present work with respect to previously published results. 

In addition, free fatty esters of methyl oleate and methyl linoleate are also 

investigated for the first time as precursors of thermally reversible networks.  

5.2 Experimental 

5.2.1 Materials 

Methyl oleate (methyl cis-9-octadecenoate, ≥99wt% from Sigma-Aldrich), methyl 

linoleate (methyl cis,cis-9,12-octadecadienoate, ≥99wt% purity, Sigma-Aldrich) 

and  jatropha oil (JO, 3.3 double bonds per triglyceride units, locally hot pressed 

from Jatropha Curcas L. seeds, Cape Verde) are used as source of fatty acids 

moieties. For the epoxidation reaction, formic acid (ACS Reag PH Eur ≥99wt%, 

Merck Chemicals), hydrogen peroxide (H2O2, stabilized, Ph Eur, BP, USP 30wt%, 

Merck Chemicals) and benzene (ReagentPlus®, thiophene free, ≥99wt%, Sigma-

Aldrich) were used as received. Trimethilsulfonium hydroxide (derivatization 

reaction for GC, 0.25M in methanol, Fluka) and tert-butyl ether (analytical 

standard, Sigma-Aldrich) are used for fatty esters analysis using GC-MS. LiBr 

(anhydrous, ≥99wt%, Sigma-Aldrich) are used to assist the furan functionalization 

reaction of epoxidized compound using furfurylamine (2-Aminomethylfuran 

≥99wt%, Sigma-Aldrich). Bismaleimide for the cross-linking reaction (1,1'-

(methylenedi-4,1-phenylene)bismaleimide, purity of ≥95wt%, Sigma-Aldrich) are 

used without further purification. In addition, THF (anhydrous, BHT inhibitor, 

≥99.9wt%, Sigma-Aldrich) and chloroform (anhydrous, PCR reagent, amylene 

stabilizer, ≥99wt% Laboratory Scan) are used as solvent. 

5.2.2 Epoxidation reaction 

The epoxidation reaction was adapted from previously reported works.
[15]

 Two 

step epoxidation reactions were performed to improve conversion on larger 

reaction scale. The fatty esters or JO was diluted using benzene (molar ratio of 

C=C on fatty ester: benzene = 1:5) in a three-neck round bottom flask. H2O2 and 

formic acid (molar ratio of C=C:H2O2:FA = 1:10:1) were added dropwise to the 

flask in two steps (40 °C at 400 rpm) of roughly the same volume. Firstly the 

reaction was left to proceed for 12 hours followed by removal of the water layer. 

Subsequently, another batch of FA and H2O2 was added dropwise to the reaction 

mixture. After another 12 hours, the water layer was removed followed by 

washing the solution using demi water via liquid-liquid extraction (5 times).  
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Afterwards, benzene was removed using rotary evaporation. The resulted 

products were analyzed with 
1
H NMR and GC-MS. 

5.2.3 Furan-functionalization reactions 

5.2.3.1 Functionalization of fatty esters or jatropha oil 

The epoxidized fatty ester (or epoxidized jatropha oil) and furfurylamine (molar 

ratio oxirane ring: furfurylamine = 1:5) were mixed in a glass vessel. To assist the 

epoxidation reaction, LiBr (110 mol% for epoxidized fatty ester or 50 mol% for 

epoxidized jatropha oil) were added to the mixture. Afterwards, the vessel was 

closed and sealed to prevent evaporation of furfurylamine. The mixture was 

further heated at 80 °C and mechanically stirred at 400 rpm for 24 hours. The 

product was dried in vacuum oven at 50 °C to remove the excess of unreacted 

furfurylamine. The dried product was further dissolved in CHCl3 followed by 

liquid-liquid extraction using demi water to remove LiBr. Afterwards, the 

chloroform was removed using rotary evaporation followed by drying in vacuum 

oven at 50 °C until constant weight. The final products (i.e. furan-functionalized 

methyl oleate (FAO), furan-functionalized methyl linoleate (FALO), and furan-

functionalized jatropha oil (FAJO)) were analyzed with 
1
H NMR. 

5.2.3.2 Furan functionalization of alternating polyketone 

Polyketone-50 (50% ethylene content) was added to a sealed 250 ml glass 

reactor, equipped with an oil bath and a mechanical stirrer with a U-type 

propeller. The polyketone was preheated to the liquid state at 100 °C. 

Furfurylamine (equimolar amounts of amine groups towards 1,4-di-carbonyl of 

PK) was added dropwise within 10 min. The reaction proceeded for 4 hours with 

a stirring speed of 400 rpm. After the reaction, the mixture was washed several 

times with demi water to remove the unreacted furfurylamine. The product was 

filtered and freeze-dried, obtaining furan-functionalized polyketone (PK-Furan) as 

a light brown powder. This procedure represents a slightly modified form of a 

published one.
[6,7]

 

5.2.4 Cross-linking reactions 

5.2.4.1 Cross-linking reaction of furan-functionalized fatty ester or jatropha 

oil 

The furan-functionalized compound and bismaleimide were dissolved in 

chloroform on a round bottom flask equipped with magnetic stirrer and a 

condenser. Afterwards, the reaction was carried out at 50 °C, 300 rpm for 24 
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hours. After chloroform removal, the product was dried in vacuum oven at 50 °C 

until constant weight.  

5.2.4.2 Cross-linking of furan-functionalized fatty ester or jatropha oil with 

PK-Furan 

As reference material, PK-Furan was cross-linked using an equimolar amount of 

bismaleimide (maleimide:furan-groups ratio of 1:1) using CHCl3 (10wt%) as 

solvent in a round bottom flask equipped with magnetic stirrer and condenser. 

The reaction was carried out at 50 °C and 300 rpm and kept for 24 hours. The 

product was dried in vacuum oven at 50 °C until constant weight. The blends of 

PK-Furan with furan-functionalized fatty ester or JO were performed following 

the same procedure as for the cross-linking reaction of PK-Furan (see above). The 

resulted products codes are based on the type of reactive additive used (i.e. FAO, 

FALO, and FAJO) and its amount (i.e. 10 or 20wt%).  For instance, cr-FAO-10% 

represents a cross-linked mixture of PK-Furan (90wt%) and FAO (10wt%).  

5.2.5 Characterizations 

5.2.5.1 Proton NMR 

Characterization of the products by 
1
H NMR was performed by using a Varian 

Mercury Plus 400 MHz using CDCl3 (99.6% atom D, Aldrich) or DMSO-d6 (99.96% 

atom D, Sigma-Aldrich) as solvents. MestRenova software was used for NMR 

spectra processing. The different peaks were assigned according to previously 

published results.
[11]

 The reaction conversion of epoxidation of methyl oleate was 

calculated from the ratio between the epoxide peak area (-CH< protons at δ 2.8 

ppm) and the initial one of the double bond from methyl oleate (-CH= proton at δ 

5.4 ppm): 

100(%) ×=

=CC

epoxide

A

A
Conversion

    (5.1)
 

In both cases the peak assigned to the -CH3 protons (δ 0.88 ppm) was used as 

internal reference. The calculation for conversion of methyl linoleate is also 

based on equation 5.1. However, the used peak for the calculations represents 4 

protons (two double bonds) each instead of 2 for methyl oleate. The peak area of 

the formed epoxides in epoxidized methyl linoleate (-CH< proton δ 3.1 and 3.2 

ppm) were compared to the initial peak of the double bond from methyl linoleate 

(-CH= proton δ 5.4 ppm). 
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Jatropha oil consists mainly of oleic and linoleic chains, attached to a glycerol. 

Peaks belonging to the glyceride are present at δ 4.2 and 4.3 ppm (-CH2-) 

represents 4 protons, and δ 5.3 (-CH<) represent 1 proton overlapping with the 

double bond signal. The epoxides signals appear at δ 2.8 to 3.2 ppm, similar to 

the oleic and linoleic products. Therefore the conversion of the reaction is also 

calculated following equation 5.1. 

The calculation for the furan functionalization reaction conversion of fatty esters 

or jatropha oil is based on the occurrence of two parallel reactions pathways (i.e. 

aminolysis and amidation). The 
1
H NMR amide bonds signal (δ 4.4 ppm), resulted 

from the reaction of ester groups with furfurylamine, with respect to initial ester 

signal (proton on carbon in α position to the carboxyl, δ 2.31 ppm) is used to 

calculate the amidation reaction conversion. On the other hand, the remaining 

signal assigned to the unreacted oxirane group (δ 2.8 to 3.2 ppm) is used for the 

aminolysis conversion calculation. 

5.2.5.2 GC-MS 

Epoxidized fatty acid was analyzed as it is using THF as a solvent. Fatty acid 

composition of JO was analyzed as its transmethylated derivates.
[22]

 For the 

sample preparation, 100 mg of JO was dissolved in tert-butyl ether (5 ml). A 

sample of 130 μL was mixed with 70 μL of trimethilsulfonium hydroxide inside a 2 

ml auto sampler vial. The vial was capped and properly shaked to ensure mixing 

before it was measured using a gas chromatography-mass spectrometry (GC-MS) 

in a Hewlett Packard (HP) 5890 series II Plus with HP chemstation G1701BA, 

B0100/NIST library software and a Hewlett Packard (HP) 5972 series mass 

selective detector. A fused-silica column (Solgel-1MS column: 30 m length x 0.25 

mm internal diameter and 0.25 µm film thickness) was used as the gas carrier at 

a column pressure of 49 kPa. The oven temperature was initially set at 80 °C for 4 

min. Next, the temperature was increased to 150 °C at a rate of 10 °C/min. After 

that, the temperature was further increased at 3 °C/min to 240 °C and held for 10 

min. A split ratio of 1:100 was used, the injector and detector temperature were 

set at 280 °C whereas the gas flow rate was set to 1 ml/min.  

5.2.5.3 DSC 

Analysis of thermoreversible cross-linking was performed using Differential 

Scanning Calorimetry (DSC). Samples of 10 to 15 mg were placed in a DSC pan. 

After sealing the pan, the temperature was raised at 5 °C/min from a starting 

temperature to a maximum temperature. The samples were kept at the 

maximum temperature for 1 min. After cooling down, the cycle was repeated to 

an overall of 4 cycles. The output was given as the heat flow in the system against 
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temperature. All first cycles of the DSC were discarded for analysis and simply 

used to erase thermal history of the samples.  

5.2.5.4 DMTA 

Dynamic Mechanical Thermal Analysis (DMTA) was achieved using a rheometrics 

scientific solid analyzer (RSA II). Analysis was conducted in the dual cantilever 

mode with a strain rate of 0.025% and an oscillation frequency of 1 Hz. The 

distance between the outer set points was 35 mm. The sample was heated from 

room temperature to 120 °C with a heating rate of 3 °C/min. Samples needed for 

the DMTA measurements were powdered using coffee grinder and pressed in 

rectangular bars at 120 °C and 4 MPa for 20 min, with a length of 54 mm, a width 

of 6 mm and a thickness of 1.5 mm. 

For the analysis, the bars are clipped between the screws. The outer screws were 

kept in place with a distance of 35 mm, and the inner screw was moved up and 

down with a strain rate of 0.025% and a frequency of 1 Hz in the dual cantilever 

mode. The temperature was raised from room temperature to 120 °C with a 

heating rate of 3 °C/min. The DMTA analysis was divided into two steps. Two 

cycles were done consequently per sample, only allowing the system to cool 

between the two runs. Afterwards, the sample was “healed” for 24 hours at 50 °C 

to ensure bonds reconstitution followed by another two cycles of measurements 

(figure 5.1). 

 

Figure 5.1. Sequence of DMTA analysis 

5.3 Results and discussion 

5.3.1 Furan functionalized methyl oleate and methyl linoleate based 

polymers 

This section discusses the use of methyl oleate (MO) and methyl linoleate (LO) as 

model systems for jatropha oil (JO). Even though the fatty acid content on JO may 
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vary depending on species, climate, soil quality, etc., MO and LO are chosen 

based on the fact that both components are the major fatty acid constituents in 

JO.
[9,11]

 As the first step of the polymer synthesis, MO and LO were epoxidized 

according to a published procedures.
[15]

 Formic acid was reacted in situ with H2O2 

to form performic acid, which acts as an oxygen donor for the alkene. The 

donated oxygen is replenished by H2O2, generating water (figure 5.2). Formic 

Acid can also open the oxirane ring and hydrolysis can occur in the presence of 

water. Benzene has been added as diluent of the organic phase to minimize 

oxirane ring-opening.
[23]

 Since the two layers are immiscible, the degree of mixing 

has a large influence on the reaction. However, at certain point high degree of 

mixing may promote the unwanted oxirane ring-opening reaction. In addition, 

higher reaction temperature gives stronger effect towards the degradation 

reaction.
[15,16]

  

The hydrolysis of the oxirane ring may occur in the presence of water and formic 

acid, and a lesser extent of H2O2. High chemical activity of formic acid may cause 

depletion of oxygen in the system if the H2O2 is no longer present, resulting in 

lower conversions.
[15,16]

 Therefore, two step epoxidation reactions were 

formulated to ensure the presence of H2O2. As expected, the epoxidation 

reaction of MO and LO gives full conversion (NMR spectra not shown for brevity) 

and also good yield (i.e. MO: 76% and LO: 92%). In addition, full conversion gives 

one oxirane group for epoxidized methyl oleate (ep-MO) and two groups for 

epoxidized methyl linoleate (ep-LO). This number is rather important for further 

steps, since the oxirane ring act as the basis for the furan functionalization 

reaction. 

The reaction with fufurylamine does not spontaneously take place at 

atmospheric pressure and room temperature. Since the primary amine of 

furfurylamine molecule is rather weak to undergo ring-opening reaction with the 

oxirane group, this aminolysis reaction requires an assist in a form of a salt. In 

addition, the salt is also expected to assist the amidation reaction on the ester 

groups on the epoxidized fatty esters (figure 5.2). Both reactions are rather 

important especially for ep-MO, since the resulting product must be at least 

difunctional in order to be subsequently incorporated in a polymeric material. 



Chapter 5 

86 

NH2

O

N N

O

O

O

O

O

OH

O

O

OHH2O2

Formic Acid (FA) Performic Acid (PFA)

Furfurylamine

+

+

Bismaleimide

Cross-linked Material

Step 1 Epoxidation

Step 2 Reaction with furfurylamine (i.e. aminolysis and/or amidation)

Step 3 Cross-linking

O C7H14

O

R1
C7H14

Jatropha Oil (JO)

O C7H14

O

R1
C7H14

O

Epoxidized Jatropha Oil (EJO)

+

O

O

OH

PFA

O C7H14

O

R1
C7H14

O

Epoxidized Jatropha Oil (EJO)

O C7H14

O

R1

C7H14

N
H

C7H14

O

C7H14

O

OH

NHaminolysis

amidation

O

O

N
H

C7H14

O

O C7H14

NH

OOH

Furan functionalized jatropha oil

aminolysis and
amidation

Furan functionalized jatropha oil or fatty ester

N
H

C7H14

O

O C7H14

NH

OOH

DA 50 °CrDA 120 °C

C7H14

HO

NH

O

O

O

C5H11

OH

HN

O

NH

C7H14

O

O

C7H15NH

HO

O

N

O

O

R2

N

O

O

O

HN

C7H14

O

C7H15

O

O

N

O

O

R2

N

O

O

O

R2 =

R1 = remaining of triglyceride structure

 

Figure 5.2. Reaction scheme of jatropha oil-based Diels-Alder cross-linked polymer. For 

the sake of simplicity, a single fatty acid chain (containing one double bond) is depicted. 
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Based on a similar aminolysis procedure with different primary amines described 

in the literature,
[15,18]

 ep-MO or ep-LO were reacted with furfurylamine. After 24 

hours, the reaction gives a conversion of 82% on the ester group and 89% on the 

epoxide for ep-MO. On the other hand, ep-LO displays a conversion of 83% on 

the ester group and 75% on the epoxide (confirmed by NMR). The neighboring 

location of the two oxirane ring close on ep-LO is probably responsible for the 

lower aminolysis conversion because of steric hindrance. These partial 

conversions are actually desired for later reactions with JO (see below). The 

furan-functionalized oleic (FAO) and linoleic (FALO) chains display approximately 

1.7 and 2.4 furan groups/molecule, respectively. Mixtures of partially converted 

FAO combined with its stereo isomers gives numerous protons signal on 
1
H NMR 

analysis. Therefore, signal assignment is highlighted only for the more important 

peaks (figure 5.3).  

 

Figure 5.3. 
1
H NMR spectra of FAO with functional groups assigned 

FAO was primarily reacted with bismaleimide to obtain a polymer as a result of 

the DA adducts formation. With a maximum of two possible adduct sites per FAO 

molecule, the reaction may only give a linear chain. However, poor solubility of 

the resulted polymer in organic solvents (i.e. acetone, THF, chloroform, and 

DMSO) at room temperature suggests that a relatively high molecular weight 

product was obtained. The DA-rDA thermoreversibility was investigated by using 

DSC (figure 5.4). At 110 °C, bonds rupture via the rDA reaction route starts taking 

place indicated by heat uptake. Each consecutive cycle reveals an apparent 

decrease on the material “thermo-recovering degree” specified by the loss of 

energy uptake.  
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Figure 5.4. DSC thermograms of FAO  

The decrease on thermo-recovering degree is most likely caused by the partial 

failure on molecular reconstitution via DA reaction. The presence of more stable 

DA adduct isomer (i.e. endo and exo adduct) might also contribute to the drop of 

thermo-recovering degree, as previously reported for similar systems.
[7]

  

5.3.2 Furan functionalized jatropha oil-based polymers 

Through the same method used for the epoxidation of the fatty esters (i.e. MO 

and LO), JO was fully epoxidized resulting epoxidized jatropha oil (EJO) with high 

yield of 96%. Therefore, the full conversion gives an average of 3.3 epoxides 

group per triglyceride molecules of EJO.  

Reactions of EJO with furfurylamine were performed with lower LiBr intake (i.e. 

50 mol%). The partial amidation, during the furan functionalization reaction of 

EJO, results in several different kinds of FAJO products (i.e. furan-functionalized 

mono-, di-, triglyceride, and free fatty amide). The multiplet at δ 3.7 ppm gives 

strong indication for the presence of glycerol or monoglyceride (
1
H NMR spectra 

not shown for brevity). However, some signal overlap occurs since aminolysis 

products give a broad signal between δ 3.7 to 4.0 ppm. The steric hindrance 

entailed by the triglyceride structure contributes to the partial character of the 

aminolysis reaction, with remaining (unreacted) epoxide peaks at δ 2.8 to 3.2 

ppm. Triglycerides contain three ester groups close to each other, thus rendering 

the overall steric hindrance a crucial factor in inhibiting both possible reactions 

(amidation and aminolysis of the epoxide ring). A total of 4.2 furan groups were 
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found for every triglyceride as combined reaction of amidation (47% conversion) 

and aminolysis (74% conversion).  

The cross-linking reactions of FAJO using bismaleimide (equimolar ratio) were 

performed. The resulted product (cr-FAJO, Im/f=1) was analyzed using DSC to 

investigate its thermoreversibility profile (figure 5.5).  An increase of heat flow 

starts to occur around 125 °C for each cycle which represents the rDA reaction. 

Similar to FAO and FALO, the thermo-recovering degree of each cycle decreases 

gradually compared to the previous one. The decrease can be explained using the 

same possibilities as for cross-linked fatty esters (i.e. short time for bond 

reconstitution and formation of most thermodynamically stable adducts 

isomer).
[6,7]

 In addition, relatively high degree of cross-linking caused the product 

to have a brittle nature, as clearly detected by visual observation.  

 

Figure 5.5. DSC of cr-FAJO with its thermoreversibility profile, Im/f=1  

5.3.3 Cross-linking of furan-functionalized fatty esters or jatropha oil with 

PK-Furan 

Seen the brittle nature of the product prepared by simple use of the oil 

derivatives (vide supra), probably due to the relatively large amount of reactive 

groups per molecule, these derivatives can be in principle conveniently used as 

reactive additives for other thermally reversible networks based on high 

molecular weight polymeric materials. In this context, the use of furan 

functionalized fatty esters or jatropha oil as additives for the PK-Furan 

thermoreversible polymer (fully petroleum-based and displaying a rather low 
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softening temperature at about 90-100 °C) has been investigated. In this case, 

the aim is to render an overall more rigid network (possibly resulting in relatively 

higher softening temperatures with respect to pure PK-furan) while conferring a 

partial “green character” to the end product.  

The thermoreversibility of cr-PK-Furan as reference material and several of its 

blends with FAO, FALO, and FAJO are investigated using DSC (table 5.1). The 

presented values are the results of normalization with respect to the previous 

cycle.  

Table 5.1. Summary of thermoreversibility properties for furan-maleimide cross-linked 

samples (Im/f=1) 

Sample wt%furan fatty ester/JO Cycle 2 Cycle 3 

cr-PK-Furan - 83% 83% 

cr-FAO-10% 10 88% 89% 

cr-FALO-10% 10 75% 82% 

cr-FAJO-10% 10 84% 91% 

cr-FAJO-20% 20 92% 93% 

In addition, for the sake of brevity only DSC profiles of cross-linked FAJO-10% in 

PK-Furan is presented (figure 5.6). 

 

Figure 5.6. DSC of FAJO-10% in PK-Furan  



Thermoreversible polymers derived from jatropha oil 

91 

A constant decrease in the peak area can be observed on every sample. The 

thermo-recovering degree of the mixtures is higher with respect to pure PK-

Furan, except for sample with 10wt% furan-functionalized linoleate (cr-FALO-

10%). The effect can be probably affiliated to differences in cross-linking density 

between the different samples. Indeed, FALO displays the presence of a similar 

amount of furan groups with respect to PK-Furan (i.e. 4.6x10
-3

 mol/g), while the 

numbers of furan groups per gram furan for FAO and FAJO are only 79% and 68% 

respectively (with respect to PK-Furan). This results in the use of different 

amounts of cross-linker (bismaleimide) and probably to slightly different values 

of cross-linking density, with FALO possibly delivering the highest network 

density. Therefore, systems with higher adduct density will require more energy 

(probably in connection with the more prominent steric hindrance) to decrosslink 

and indeed more time to fully reconstitute.  

The mechanical properties of the samples were evaluated using DMTA following 

the works of Zhang with PK-Furan.
[6]

 It is found that the second cycle of DMTA 

measurement of PK-Furan slightly differs from the first one. However, 

subsequent cycles show no significant differences on the mechanical properties. 

In addition, after healing process the mechanical properties were found similar to 

the first measurement. Therefore it is possible that the difference may be caused 

by the partial “healing”. To overcome that possibility, our sample was 

investigated in two step of measurement. Each step consists of two cycle of 

DMTA measurement, “healing” process was applied before the second step 

conducted. 

For the first cycle on PK-Furan, the increase in temperature does not affect the 

elastic storage modulus (E’) in significant way up to 70 °C (figure 5.7). Due to the 

high degree of cross-linking (Im/f=1), the viscosity effects, which are normally 

caused by the increase of temperature, are greatly reduced. A temperature 

increase up to 95 °C shows an increase of the loss modulus (E’’). A further 

temperature increase eventually increases the viscous forces followed by the rDA 

bond ruptures which reduces the cross-linking and causes deformation. 

Eventually, the DMTA measures no resistance from the sample with the given 

strain rate. After the first cycle, the system was cooled down and the 

measurement was repeated. The initial storage modulus and its slope are 

constant when comparing cycle 1 with 3 and 2 with 4. Decrosslinking and 

deformation effects that occurred in the first cycle become the initial state of the 

second cycle. The mechanical properties are more dependent on the 

temperature due to less cross-linking. The same conclusions can be derived from 

the difference in the curves of tan(δ). The cycles 3 and 4 after the healing process 
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show similar results compared to cycles 1 and 2, showing a fully healed product 

(figure 5.7). The results are in line with previously reported literature.
[5,6]

 

 

Figure 5.7. DMTA graph of cr-PK-Furan; 2 cycles before healing (PKF-1 and PKF-2) and 

after healing (PKF-3 and PKF-4) 

The addition of FAO-10% to PK-Furan does not gives significant changes for the 

modulus values compared to pure PK-Furan (figure 5.8). Measurements after 24 

hours healing process also showed full self-healing properties. However, in line 

with the original idea, a slight increase in the softening temperature is observed. 

 

Figure 5.8. DMTA graph of cr-FAO-10% in PK-Furan; 2 cycles before healing (FAO-1 and 

FAO-2) and after healing (FAO-3 and FAO-4) 
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As expected (see discussion on DSC data above), samples with FALO-10% intake 

were more brittle compared to all others. The multifunctional furan 

functionalized linoleic resulting a very dense DA adduct contributes to the 

brittleness of the networks. From the DMTA measurement, the modulus shows 

lower values with respect to those of FAO and PK-Furan (figure 5.9). The modulus 

of cycle 3 is improved compared to cycle 2, showing some “healing” of the 

product, even though not as good as observed in cr-PK-Furan and cr-FALO-10%. 

In addition, the sample could not regain its initial mechanical properties after the 

third cycle. In this case thus the gain in the increased softening temperature is 

counterbalanced by the loss in full thermal recovery degree. 

 

Figure 5.9. DMTA graph of FALO-10% in PK-Furan; 2 cycles before healing (FALO-1 and 

FALO-2) and after healing (FALO-3) 

FAJO was mixed with PK-Furan in two different fractions, 10wt% and 20wt%. 

Compared to cr-PK-Furan, the results of cr-FAJO-10% yield no large differences 

before healing (figure 5.10). As expected, a slight difference can be observed in 

the modulus between the first and third cycle since JO contains methyl linoleate 

moieties. However, the differences were not further observed on the fourth 

cycles.  
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Figure 5.10. DMTA graph of FAJO-10% in PK-Furan; 2 cycles before healing (FAJO-10% -1 

and FAJO-10% -2) and after healing (FAJO-10% -3 and FAJO-10% -4) 

Increasing the amount of FAJO up to 20wt% result in a more brittle material. At 

relatively low temperatures measurement for the first and third cycle, there is no 

significant resistance observed (figure 5.11). However, any attempts to measure 

the samples at higher temperature range (i.e. above 90 °C) were hindered by the 

brittleness of the sample. Partial healing of the material also occurred, indicated 

by the difference on cycle 1 with 3 and 2 with 4 of the measurement. An intake of 

10wt% FAJO in PK-Furan does not significantly change the mechanical properties 

with respect to pure cr-PK-Furan (also in terms of softening temperature values). 

In this case the “added-value” of the derivative lays only in its green character 

and not in any detectable improvement/change in the mechanical behavior of 

PK-Furan.  
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Figure 5.11. DMTA graph of FAJO-20% in PK-Furan; 2 cycles before healing (FAJO-20%-1 

and FAJO-20%-2) and after healing (FAJO-20%-3 and FAJO-20%-4) 

It must be concluded that, in line with the original intentions, all three vegetable 

oil derivatives, when used in blends with PK-furan, are indeed able to modify the 

network structure. An optimum exist in terms of thermal recovery degree (for all 

three a percentage of 10wt%), while a modification of the thermal behavior 

(namely softening temperature) is strongly dependent on the structure of the 

additive used. 

5.4 Conclusions 

Fatty acids capable of thermoreversible cross-linking were obtained by a three-

step synthesis. Methyl oleate, methyl linoleate and JO were epoxidized, furan-

functionalized with furfurylamine and cross-linked with bismaleimide, resulting in 

a thermoreversible network. Epoxidation of the fatty esters gave full conversion 

using a split method for the addition of reactants on larger scales. A solvent-free 

reaction of the epoxidized compounds with furfurylamine assisted with LiBr gave 

partial conversion on both ester and epoxide group. The furan-functionalized 

compounds were reacted with bismaleimide through a Diels-Alder reaction 

mechanism, forming a solid material. The furan-functionalized fatty esters were 

mixed with PK-Furan aiming at the formation of a denser network as well as at an 

improvement of the end product “green character”. All samples showed 

promising self-healing properties. However, multiple unsaturated chains (i.e. 

linoleate) highly contribute to the brittleness and the failure of network 

reconstitution. In addition, introduction of 10wt% of furan-functionalized 
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linoleate in PK-Furan, results in a product exceeding the softening temperature of 

the pure PK-Furan.  
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Chapter 6 

Thermoreversible epoxy resin based on furan-maleimide 

system 

 

Abstract 

In general, classic epoxy resins are still heavily dependent, in terms of the 

corresponding raw materials, on petroleum derivates. The introduction of 

thermoreversibility properties allows the material to be recycled and indeed 

improves its sustainability in particular. Two different polymers, linear and cross-

linked furan-maleimide based epoxy resin have been successfully synthesized, 

combining the advantage of classic epoxy resin with the possibility to render the 

material at least partially re-workable. A linear telechelic polymer was prepared 

by reacting furan functionalized bisphenol A diglycidyl ether (BADGE) with 

bismaleimide via a Diels-Alder (DA) reaction mechanism. This material served as 

“proof of principle” for the possibility to easily introduce thermally-reversible 

groups on commercial epoxy resins precursors. A preliminary attempt to yield a 

three-dimensional network (thus comparable to classical epoxy resins) was also 

successfully carried out. The thermoreversibility of both materials was 

demonstrated using gelation test and a series of FTIR measurement. DSC and 

DMTA measurements reveal sufficient healing efficiency, a promising relatively 

high Tg  and a (yet to be optimized) re-workability.  
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6.1 Introduction 

Epoxy resins exhibit a wide range of outstanding properties that have placed 

them as the standard option for a variety of applications such as adhesives, 

coatings, electronics, composites for structural applications, etc.
[1,2]

 Characterized 

by a  physical appearance that ranges from low viscous liquids to high melting 

solids, the properties epoxy resins are mainly governed by the corresponding 

precursors: the epoxy monomer, curing agents, and various additives.
[3]

 One of 

the most popular epoxy monomers is obtained from the reaction of 4,4'-

(propane-2,2-diyl)diphenol (bisphenol A) and 1-chloro-2,3-epoxypropane 

(epichlorohydrin), yielding bisphenol A diglycidyl ether (DGEBA or BADGE).
[1,4]

 

This is paradigmatic for one particular characteristic of currently available epoxy 

resins, namely the use of oil derivatives as raw materials. This factor, especially in 

connection with the current end-of-life solutions (exclusively relying on “cradle-

to-grave” strategic approaches), does not fit the current sustainability-driven 

climate. Several possible solutions to this mismatch have been already 

investigated. 

Introduction of bio-based epoxy monomers (e.g. vegetable oil, natural rubber, 

and lignin derivates) as an alternative would be a potential long term solution.
[4-8]

 

However, direct application of bio-based epoxy resin is still strictly limited by the 

corresponding physical properties (e.g. moisture resistance), yet to be optimized 

in order to fully match those of currently available oil derivatives. Increasing the 

life-time of the material by means of repairing or recycling it constitutes another 

viable option in the general sustainability context. Two popular paths are usually 

applied: extrinsic and intrinsic self-healing.
[9]

 Extrinsic self-healing involves the 

introduction of an external healing agent (e.g. a reactive monomer often 

encapsulated), which then fills the crack or broken area and subsequently gives in 

situ polymerization.
[10-12]

 On the other hand intrinsic self-healing relies on the 

direct presence, along the polymeric backbone, of functional groups able to 

stimulate healing as a result of physically and/or chemically reversible (e.g. as 

function of temperature) interactions.
[9]

 Against this backdrop, the choice of a 

self-healing mechanism involving thermally reversible covalent bonds based on 

the Diels-Alder (DA) mechanism represents a very popular choice mainly related 

to the relatively fast reaction kinetics.
[13,14]

 Among the many chemical groups that 

can react via DA mechanism, one of most investigated is based on the use of 

furan as diene and maleimide as dienophile,
[9,13,15-17]

 also specifically applied to 

epoxy resins. 
[9,18]

  

Indeed, a previous work already reported the use of N,N-diglycidyl-furfurylamine 

as a single molecule containing both epoxide and furan group. The epoxide 
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groups were reacted with methylhexahydrophthalic anhydride (as curing agent) 

to form an epoxy network while the furan ones were further reacted with a 

bismaleimide.
[9]

 The resulting material possessed mechanical properties similar 

to commercial epoxy resins and self-healing ones coupled, however, with a 

relatively low Tg (128-140 °C). 

Another work involving classic curing mechanism and self-healing epoxy resin has 

been recently reported. 
[18]

 The cross-linked polymer was prepared by mixing 

BADGE and a diamine, i.e. the adduct of furfurylamine and an aliphatic 

bismaleimide. The product possesses tremendous self-healing properties 

demonstrated by scratch tests. However, the corresponding mechanical 

properties are not reported, and the polymer has a drastically low Tg (61°C), 

significantly lower than its rDA temperature (117 °C).
[18]

  

In the present work, we report on the development of a new thermoreversible 

epoxy resin based on the reaction of furan-modified BADGE molecules with 

bismaleimide. A linear telechelic polymer as well as a cross-linked one (prepared 

via a relatively simple procedure) were investigated in terms of their chemical 

structure (e.g. by FTIR) and their thermally reversible behavior in solution 

(gelation experiments) and solid-state (mechanical and thermal properties). To 

the best of our knowledge, the synthesis of the linear telechelic polymer, the 

proposed approach to the cross-linked one as well as, more generally, the use of 

the furan-maleimide DA-rDA mechanism as the only polymerization/curing route, 

all represent novel aspects of this research.  

6.2 Experimental 

6.2.1 Materials 

Bisphenol A diglycidyl ether (BADGE, 172-176 epoxide equivalent weight, Sigma) 

and 1-(2-furyl)methylamine (furfurylamine, ≥99wt%, Aldrich) for BADGE 

modification reaction were used as received. As for the polymer synthesis, 1,1'-

(methylenedi-4,1-phenylene)bismaleimide (bismaleimide, 95wt%, Aldrich) also 

used without prior purification. In addition, chloroform (99.8wt% purity from 

Labscan) was used as solvent.  

6.2.2 Equipment 

All 
1
H NMR spectra were recorded on a 400 MHz Varian AS400 spectrometer at 

ambient temperature using with CDCl3 (99.6% atom D, Aldrich) as a solvent. FTIR 

spectra were recorded using a Perkin-Elmer Spectrum 2000 equipped with a 

heating stage and temperature controller. Differential scanning calorimetry (DSC) 

was performed on a Perkin-Elmer differential scanning calorimeter Pyris 1. In 
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order to quantify the healing efficiency, dynamic mechanical thermal analyses 

(DMTA) were conducted on a Rheometric scientific solid analyser (RSA II) under 

air environment using dual cantilever mode. 

6.2.3 Synthesis of furan-functionalized BADGE (BFA) 

The functionalization experiment was developed based on previously published 

reaction of terminal epoxy with various types of amines.
[19,20]

 The reaction 

between 10 g of BADGE and 22.4 grams of furfurylamine was carried out in the 

bulk (mol ratio of 1:4). BADGE and furfurylamine were placed in a round bottom 

flask. Afterwards, the mixture was stirred at 500 rpm and kept for 4 hours at 

80 °C. A dark yellow gel as final product (BFA) was obtained after the unreacted 

furfurylamine was removed using rotary evaporator and vacuum oven until 

constant weight. The conversion was calculated by 
1
H NMR using CDCl3 as 

solvent. 

6.2.4 Gelation test of linear furan-maleimide polymer (BFA-Bism) 

In order to demonstrate the thermoreversibility of the furan–maleimide polymer, 

a small scale reaction was performed by mixing BFA and bismaleimide (equimolar 

ratio) using DMSO as diluent, based on published work of thermoreversible 

polyketone-furan.
[16]

 The reaction mixture was placed on closed 4 ml glass vial 

and heated on an oil bath for 22 hours at 50 °C until it reached a gel state. 

Afterwards, the resulting polymer was heated to 150 °C for 5 minutes in order to 

disarrange the polymer via the rDA reaction.  Finally, the mixture was re-heated 

for 24 hours at 50 °C until it returned to its gel state.  

6.2.5 Synthesis of linear furan-maleimide based polymer (BFA-Bism) 

A linear telechelic polymer was prepared by mixing BFA with a solution of 

bismaleimide (equimolar ratio) in chloroform (10wt%). The bismaleimide solution 

was slowly added (drop wise) to the stirred BFA melt (50 °C at 300 rpm) in about 

30 minutes. Subsequently the reaction mixture was continuously stirred under 

the same experimental conditions (50 °C at 300 rpm). After 4 hours, the 

temperature was raised to 80 °C to ensure maximum conversion and to remove 

the majority of the solvent (300 rpm for 20 hours). Afterwards, the reaction 

product of BFA-Bism (linear polymer) was grinded followed by solvent removal in 

vacuum oven at 80 °C (overnight) until constant weight. 
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6.2.6 Synthesis of cross-linked furan-maleimide based polymer (crBFA-Bism) 

The synthesis of the cross-linked polymer is divided into two steps. The first one 

consists in the synthesis of a macromonomer (BFAB) with 4 furan groups per 

molecule. This is achieved by reacting BADGE and BFA (1:10 mol ratios) at 80 °C 

at 300 rpm in the bulk. The reaction was stopped after 24 hours resulting, as 

expected and desired, in a mixture of BFA-BADGE-BFA (BFAB) molecules and the 

remaining unreacted BFA (1:8 mol ratio). A dark brown gel was obtained after 

cooling down to room temperature followed by 
1
H NMR analysis in CDCl3. A full 

conversion was indicated by the absence of any signal from the epoxy groups 

from BADGE molecules at δ 3.34 ppm. 
1
H NMR BFAB (400 MHz, CDCl3): δH(ppm) = 

1.50-1.64 ((CH3)2C<), 2.66-2.83 (>CH-CH-NH-), 3.72-3.83 (-NH-CH2-CH<), 3.84-3.94 

(-O-CH2-C<), 3.95-4.08 (-CH(OH)-), 6.08-6.20 (>C=CH-CH=), 6.22-6.33 (>C=CH-

CH=), 6.63-6.86 and 6.99-7.18 (-CH2- of aromatic ring), 7.27-7.41 (-CH=CH-O-). 

The second step is the cross-linking reaction of the polymer. This was performed 

by slowly adding (in about 30 minutes) a solution of bismaleimide in CHCl3 

(10wt%) to the reaction mixture of step 1 (equimolar ratio with furan groups). 

The mixture was kept for 4 hours at 50 °C stirred at 300 rpm resulting in a dark 

brown product. Afterwards, the temperature was raised to 80 °C (kept for 20 

hours at 300 rpm). After grinding, the remaining solvent was removed by vacuum 

oven at 80 °C (overnight) resulting in a yellowish powder 

6.2.7 Analysis of thermoreversibility properties 

ATR-FTIR measurements were performed in 2 heating cycles for the linear 

polymer. The powder was measured as freshly prepared (vide supra) on the 

diamond surface of the ATR-FTIR in air atmosphere. Each measurement cycle 

starts from 30 °C until 180 °C in steps of 10 °C. Afterwards, the sample was 

cooled to room temperature (1 hour) before the second cycle started (also from 

30 to 180 °C).  
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Both materials (i.e. linear and cross-linked products) were tested by DSC. Samples 

of 10-15 mg were placed in a sealed DSC pan. The temperature was raised at 

5 °C/min from room temperature to a maximum one of 200 °C (kept for 1 min). 

After cooling, the measurement was repeated for total of 5 cycles. All first cycles 

of the DSC were not further analyzed since they were carried out to erase the 

thermal history of the samples. We denote thus as “first” cycle the one after this 

preliminary scan. 

Linear and cross-linked specimens (length of 54 mm, width of 6 mm, and 

thickness of 1.5 mm) for DMTA analysis were prepared by hot pressing the 

resulted powder polymer in a metal mold under a pressure of 30 bars at 170 °C 

for 30 minutes. The specimen were removed from the mold after cooling down 

to room temperature and then followed by 24 hours of curing at 50 °C in an 

oven. DMTA analysis was conducted in the dual cantilever mode with a strain 

rate of 0.025% and an oscillation frequency of 1 Hz. The distance between the 

outer set points was 35 mm. The sample was heated from room temperature to 

180 °C with a heating rate of 5 °C/min. After 24 hours of “healing” process (see 

above), the specimens were re-measured under exactly the same conditions. 

6.3 Results and discussion 

6.3.1 Synthesis of furan-functionalized BADGE 

The functionalization reaction of BADGE with furfurylamine (step 1 in figure 6.1) 

was performed in the bulk at 80 °C by using an excess amount of furfurylamine. 

This acts as diluent for BADGE and its excess ensures that no further chemical 

reaction takes place between the secondary amino groups of the product and 

epoxy ones (which would yield multifunctional monomers). The occurrence of 

the reaction is indicated by color and viscosity changes (i.e. darker yellow color 

and higher viscosity). Even without the presence of a catalyst, the non-

conjugated primary amine of furfurylamine is sufficiently reactive towards the 

easily accessible terminal epoxy groups of BADGE.
[15,19]
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Figure 6.1. Reaction scheme of BFA synthesis (Step 1), followed by the reaction yielding a 

linear thermoreversible epoxy resin BFA-Bism (Step 2A) 

After the removal of unreacted furfurylamine, a yellow gel is obtained and 

further characterized using 
1
H NMR. In accordance with expectations (vide 

supra), a high conversion (>99%) is obtained by comparing the intensity ratio of 

epoxy group signal on BADGE (δ 3.34; 2.89; 2.74 ppm) before and after the 

reaction (figure 6.2) by taking the aromatic peaks as internal reference.  
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Figure 6.2. 
1
H NMR spectra comparison of (a) furfurylamine, (b) BADGE, and (c) resulted 

reaction product of both compounds (BFA) 

6.3.2 Synthesis of linear telechelic polymer and its thermoreversibility 

properties 

In order to prepare the desired furan-maleimide based polymer, a classic Diels-

Alder reaction is conducted between the previously obtained difunctional BFA 

molecules and a bismaleimide (step 2A in figure 6.1). Gelation tests, FTIR and also 

DSC measurements of the polymer are performed to demonstrate and quantify 

the thermoreversibility of the system. 

For the gelation reaction, a small scale experiment with the reaction of BFA and 

bismaleimide (equimolar ratio) in DMSO was performed with the intention of 

demonstrating the thermoreversibility properties of the polymer (figure 6.3).  
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Figure 6.3. Polymerization reaction via DA mechanism (reaction time on the left) and 

disassociation via rDA mechanism of linear thermoreversible epoxy polymer 

A light yellow solution is obtained as an initial mixture of dissolved BFA and 

bismaleimide inside DMSO. After 22 hours of heating at 50 °C, the solution 

turned into a highly viscous liquid, thus indicating the occurrence of the Diels-

Alder polymerization reaction. Afterwards, 5 minutes heating on 120 °C results in 

the polymer re-solubilization as a consequence of the rDA depolymerization 

reaction. The thermal reversibility of the system is demonstrated after a 

subsequent heating at 50 °C for 24 hours yielding back a highly viscous liquid.  



Chapter 6 

108 

The obtained results from the gel test are in line with the previously published 

ones on thermoreversible polyketone-furan using same DA-rDA system. 

However, the polyketone-furan has shorter gelation time (2 hours) compared to 

our system (22 hours).
[16]

 This is probably related to the nature of the current 

system (linear polymer), which in principle does not display any cross-linking 

point and relies thus solely on the achievement of high molecular weight to 

achieve a highly viscous state. These visual observations are of course of a 

qualitative nature and, as such, need confirmation of (macro)molecular nature, 

achieved in this case by ATR-FTIR. For the sake of brevity, only several FTIR 

measurement of the BFA-Bism polymer at different temperatures are presented 

(figure 6.4). The measurements are basically divided into two heating cycles (30-

180 °C), separated by with 1 hour of cooling in between. The idea of performing 

measurements at different temperatures is to observe peak intensity changes at 

1180 cm
-1

 which represents the C-O-C bond on the furan ring of the DA adduct 

product. 

 

Figure 6.4. ATR-FTIR spectra of BFA-bismaleimide polymer in different temperature 

demonstrating the thermoreversibilty of the DA-rDA system 

After the temperature reaches 150 °C (1
st

 cycle), the intensity of the peak start to 

decrease gradually, which indicates that rDA is taking place. Different results 

compared to the PK-furan system arises when the polymer were further heated 

beyond 150 °C.
[16]

 The intensity of the peak still declines until it reaches its lowest 

intensity at 180 °C, which might indicate that the system has higher thermal 

stability. After cooling down (i.e. during the 2
nd

 cycle), a remarkable result is 
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booked since the peak intensity is comparable to the one at 30 °C during the first 

cycle. This indicates the reversibility of the system as well as its fast kinetics since 

1 hour cooling is sufficient to re-establish most of the DA adducts.  

The efficiency of the DA-rDA for the linear polymer is investigated by measuring 

its thermal behavior using DSC (figure 6.5).  

 

Figure 6.5. Thermal behaviour of linear polymer (BFA-bism) presented along with its 

relative thermal efficiency.  

DSC measurement showed mainly one broad endothermic transition (i.e. 120 to 

190 °C), which indicates, according also to the literature,
[16]

 the presence of the 

rDA reaction. Therefore, the integral of these endothermic peaks represents the 

total amount of energy absorbed during the rupture of the DA bonds.
[13,16]

 As 

observed, the rDA temperature of the polymer is slightly shifted to higher values 

for each consecutive thermal cycle. On the contrary, the relative value calculated 

from the integration of each endothermic peak shows a significant decrease for 

each consecutive thermal cycle. These two phenomena are well known. A 

significant decrease in the RDA enthalpies has been explained with the fact that 

the ruptured Diels-Alder bonds on the material do not have sufficient time to 

reconstitute during the cooling and reheating process during the DSC 

measurement.
[9,16]

 This is quite unsatisfactory in the present case since it does 

not in line with FTIR results (vide supra). However, later studies suggest rDA 

temperature shift might indicates the formation of the most thermodynamically 
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stable adduct between the endo or exo Diels-Alder products.
[9,13]

. The more 

stable adduct simply requires more energy to be broken (also often associated 

with higher rDA temperatures) and of course longer time to reconstitute (lower 

amount of DA for the next cycle).  

The thermoreversibility of the linear polymer were further studied using DMTA 

analysis. DMTA sample preparation was performed by hot pressing the polymer 

fine powder in a metal mold equipped with Teflon sheets (170 °C, 30 bars; figure 

6.6). The fact that the specimens for the DMTA measurement were prepared 

using this method already proves that the polymer has an excellent 

thermoreversibility and can be recovered at least once.  

 

Figure 6.6. Thermoreversible epoxy polymers bars and powder of (a) linear polymer (b) 

branched polymers; (c) stiff linear epoxy polymer 

The dynamic mechanical properties of the polymers were measured in two cycles 

for both samples (figure 6.7). The measurement strategy is based on a similar one 

already applied to PK-Furan bismaleimide polymers
[16]

, with the specimen being 

“healed” at 50 °C for 24 hours before the second measurement. The “healing” 

process was designated to regenerate the ruptured Diels-Alder bonds.  
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Figure 6.7. DMTA analysis of linear polymer from 20 °C till 170 °C (storage modulus E’, loss 

modulus E”, and tan δ)  

It is worth noticing (2
nd

 cycle) how the material could retain its stiffness 

compared to its original state. The corresponding softening point (taken here as 

peak of tan(δ)) is also relatively high (e.g. in comparison with the PK-Fur system) 

and in the range of 150 °C. The second measurement reveals a Tg increase of 

11 °C for the linear polymer (from 152 °C to 163 °C). This indicates, in line with 

the color changes in the solubility experiments, that possibly an oxidation 

reaction (the system does not contain any additive) is taking place resulting in the 

formation of a tiny amount (not detectable for example by ATR FT-IR) of 

irreversible bonds.  

6.3.3 Cross-linked furan-maleimide based polymer (crBFA-Bism) 

Based on the results for the linear telechelic polymer, the cross-linked one was 

prepared in a two steps synthesis. The first step consists in the preparation of the 

macromonomer BFAB (Step 2B in figure 6.8). The macromonomer is the resulting 

product of previously synthesized BFA (Step 1) with BADGE. Since the 

macromonomer has four furan groups, it behaves in principle as the cross-linker 

on the polymer system (step 3, in figure 6.8). It is worth noticing how the chosen 

route to a 3D network is factually very simple (one pot reaction relying on simply 

molar ratios) and as such very promising in view of possible industrial 

applications. 
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Figure 6.8 Reaction scheme of macromonomer synthesis followed by its cross-linking and 

decrosslinking reaction with bismaleimide 

Gel experiments (not shown for brevity) already confirmed the cross-linking 

reaction. DSC measurements on the cross-linked polymer were also performed in 

order to evaluate the DA-rDA behavior (figure 6.9). Similarly to the linear 
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polymer, the cross-linked one also shows one broad endothermic transition at 

wide temperature range (i.e. 120 to 190 °C) which represents the rDA reaction. 

Moreover, still in perfect analogy with the linear system, also in this case a slight 

shift of TrDA (towards higher values) and a decrease in the corresponding enthalpy 

is observed as a function of the thermal history. 

 

Figure 6.9. Thermal behaviour of cross-linked polymer (crBFA-bism) presented along with 

its relative thermal efficiency  

It should be highlighted that the cross-linked polymer is not the cross-linked 

version of the linear one. Nevertheless, the DSC traces are in fact quite similar 

and might be explained according to the same factors (e.g. endo/exo relative 

ratio) previously outlined. 

The dynamic mechanical properties of cross-linked polymers were also analyzed 

in two cycles (figure 6.10). The stiffness of the materials drastically decreased 

around 150 °C (tan(δ) peak). After the healing process, the polymer could retain 

its stiffness similar to its original state.  
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Figure 6.10. DMTA analysis of cross-linked polymer from 20 °C till 170 °C (storage 

modulus E’, loss modulus E”, and tan δ)  

After the healing process, a slight increase of the Tg (6 °C) occurs for the cross-

linked polymers. Furthermore, the DMTA result coincides with the previous DSC 

data trend, which reveals that the rDA shifted to higher temperature. The results 

are in contrast to the PK-Furan system, which could retain its mechanical 

properties after similar healing process.
[13,16]

 The possible presence of oxidation 

pathways as well as a re-arrangement of the macromolecular conformation (e.g. 

triggered by the changes in endo/exo relative ratios) might be responsible for 

this. Further research, currently being carried out, is needed in order to fully 

evaluate this behavior on a molecular scale. From an applicative point of view, 

the system if re-workable (at least once), it can be prepared according to a very 

simple procedure and it shows comparably higher Tg values with respect to other 

epoxy-based ones
[9,18]

 which in turn might disclose an application window 

significantly shifted towards relatively high temperature. 

6.4 Conclusions 

Linear and cross-linked furan-maleimide based epoxy resin has been successfully 

synthesized. The linear polymer was prepared by reacting furan functionalized 

bisphenol A diglycidyl ether (BADGE) with bismaleimide, while cross-linked 

polymer from a mixture of furan functionalized BADGE and furan functionalized 

epoxy macromonomer with bismaleimide. Both polymers exhibit 

thermoreversibility due to the DA-rDA reaction mechanism of the furan-
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maleimide groups. The thermoreversibility of the materials were demonstrated 

using gelation test and a series of FTIR measurement. DSC and DMTA 

measurements reveal sufficient healing efficiency and promising relatively high Tg 

for thermal resistance material application. Adding another traditional epoxy 

resin curing agent to the cross-linked polymer might open novel improvements in 

term of its mechanical properties and re-workability. 
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List of Abbreviations 

BADGE  : bisphenol A diglycidyl ether 

DA  : Diels-Alder 

DP  : degree of polymerization 

E  : efficiency value 

EJO  : epoxidized jatropha oil 

FAJO  : furan-functionalized jatropha oil 

FALO  : furan-functionalized methyl linoleate 

FAO  : furan-functionalized methyl oleate 

FD  : functionalization degree 

HMD   : hexamethylenediamine 

JO  : jatropha oil 

LDPE  : low-density polyethylene 

PCL-g-DEM : polycaprolactone-g-diethyl maleate 

PCL-g-GMA : polycaprolactone-g-glycidyl methacrylate 

PCL-g-MAH : polycaprolactone-g-maleic anhydride 

PDI  : polydispersity index 

PK-Furan : furan-functionalized alternating polyketone 

PEtA  : polyetheramide 

pXD   : p-xylenediamine 

rDA  : reto-Diels-Alder 

scCO2  : supercritical carbon dioxide 

TETA   : triethylenetetramine 

Tg  : glass-transition temperature 

TPS  : thermoplastic starch 

UPEtA  : urethane-modified polyetheramide 
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Summary 

The development of new or improved polymeric products constitutes a relevant 

challenge at both academic and industrial level when taking into account, among 

others, the corresponding environmental issues, mainly related with waste 

accumulation. Furthermore, the forecast limited supply of raw material (i.e. 

petroleum) for the polymer industry urges the design of new and/or improved 

“sustainable” polymeric products. The word “sustainability” entails here a 

(chemical) design concept that tackles these two main issues, i.e. the relevant 

dependency from non-renewable sources as well as the problem connected with 

the generated end-of-life waste. Two different approaches, albeit in some cases 

interconnected, are hereby developed. The first one involves full or partial use of 

renewable raw materials, eventually disposable (e.g. biodegradable) at the end-

of-life of the corresponding product. The development of bioplastics (e.g. blends 

of starch with polyesters) in the last decades is paradigmatic for this strategy and 

provides end products that are biodegradable and at least partly renewable. The 

second approach involves the life-time improvement of current (petroleum-

based) polymeric products, e.g. thermosets, by a priori incorporation in the 

design of the possibility to recycle the materials according to a “cradle to cradle” 

strategy. A combination of the two strategies (yielding new polymeric materials 

from renewable sources but also recyclable according to a “cradle to cradle” 

approach) constitutes an ideal “sustainable” solution to the issues outlined 

above. 

By focusing on blends of starch with an oil-derived biodegradable polyester, 

polycaprolactone (PCL), Chapter 2 explores the convenient synergy of both 

components, i.e. good mechanical properties of PCL and low cost of starch. A 

systematic study on the preparation of (relatively high molecular weight) PCL-g-

GMA (Mw=50,000 for the PCL precursor) as an interfacial agent for PCL/starch 

blends has been carried out. An increase in the monomer (GMA) intake leads to 

higher functionalization degree (FD) values. On the other hand, the influence of 

benzoyl peroxide (BPO, radical initiator) is strongly dependent on the GMA 

concentration. The obtained FD and efficiency values (E) are relatively higher 

with respect to similar processes using lower molecular weight PCL (Mw=3,000). 

In addition, the use of PCL-g-GMA as compatibilizer for ternary blends (PCL/PCL-

g-GMA/starch) results in relatively better mechanical properties compared to 

those obtained by using PCL(3,000)-g-GMA. 
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Chapter 3 describes the synthesis of the same reactive interfacial agent (i.e. PCL-

g-GMA), for compatibilization of PCL/starch blends, in supercritical CO2 (scCO2), 

thus in a “green” solvent. Higher GMA and radical initiator intakes lead to higher 

FD values. A mathematical model developed to describe the correlation between 

monomer and initiator intakes and FD values shows an excellent R
2
-value (0.978), 

which implies a good fit of the experimental data. The comparison with the same 

reaction performed in the melt clearly indicates better reaction efficiency in 

scCO2. Furthermore, the GPC results show that less degradation occurred for 

samples made in scCO2. Finally, the use of the PCL-g-GMA made in scCO2 (as 

interfacial agent) in ternary blend of PCL/starch/PCL-g-GMA results in better 

mechanical properties with respect to those obtained by using the same graft 

copolymer as prepared in the melt. This is preliminarily explained on the basis of 

the slightly different average molecular weight (after grafting) as well as of the 

different average chain length of the poly(GMA) grafted onto the PCL backbone. 

In Chapter 4, the possibility of using jatropha oil as raw material for novel 

polymeric products is explored. The chosen polymerization route is based on the 

reaction of epoxidized jatropha oil with various different multifunctional amines, 

i.e. hexamethylenediamine (HMD), triethylenetetramine (TETA), and p-

xylylenediamine (pXD). By combining the aminolysis reaction on the epoxy group 

with the amidation of the ester group, the resulted product shows diverse 

mechanical properties depending on the amount and structure of the used 

amines. The products resulted from equimolar reaction of EJO with TETA or pXD 

are rubbery materials; on other hand those from the reaction with HMD have the 

consistency of a paste. The products of EJO with TETA (mol ratio 1:1.65) and the 

pXD (mol ratio 1:3.3, with 8 or 24 h pressing time) showed necking with a large 

elongation before breaking. The visual appearance as well as the mechanical 

behaviour stem from the differences in network structure due to the chemical 

structure of the cross-linker and the kinetic competition of epoxy and ester 

groups for the amino ones of the cross-linker. 

A thermally reversible cross-linked jatropha oil-based thermosets is described in 

Chapter 5. This chapter represents a combination of the two approaches outlined 

above, i.e. the use of renewable raw material and the development of recyclable 

thermoset. Furan-functionalized jatropha oil is reversibly cross-linked through a 

thermoreversible Diels-Alder and retro Diels-Alder (DA-rDA) chemistry based on 

furan and maleimide. The furan-functionalized derivatives were also used as 

reactive additives for alternating (1,4)-polyketone reacted with furfurylamine 

(PK-Furan). In all cases the mechanical and self-healing properties were evaluated 
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with DMTA and DSC. Full self-healing properties were found and in some cases an 

increased softening temperature compared to pure PK-Furan. 

Last but not least, Chapter 6 explores the sustainability improvement of a 

“classic” thermoset polymer (i.e. epoxy resin) by introducing recyclable 

properties also via thermoreversible furan-maleimide chemistry. Two different 

polymers, linear and cross-linked furan-maleimide based epoxy resin, have been 

successfully synthesized, combining the advantage of classic epoxy resin with the 

possibility to retain at least partial re-workability of the end product. A linear 

telechelic polymer was prepared by reacting furan-functionalized bisphenol A 

diglycidyl ether (BADGE) with bismaleimide via a DA reaction mechanism. This 

material served as “proof of principle” for the possibility to easily introduce 

thermally-reversible groups on commercial epoxy resins precursors. A 

preliminary attempt to yield a three-dimensional network (thus comparable to 

classical epoxy resins) was also successfully carried out. The thermoreversibility 

of both materials was demonstrated using gelation test and a series of FTIR 

measurement. DSC and DMTA measurements reveal sufficient healing efficiency, 

a promising relatively high Tg and a (yet to be optimized) re-workability feature. 
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Samenvatting 

De ontwikkeling van nieuwe of verbeterde polymere producten vormt een 

relevante uitdaging op zowel academisch en industrieel gebied. Dit is des te meer 

het geval wanneer men de bijbehorende milieuproblemen in ogenschouw neemt, 

en dan vooral die met betrekking tot de opeenhoping van afval. Daarnaast zorgt 

het vooruitzicht dat er binnenkort een beperkt aanbod van chemische 

grondstoffen (zoals aardolie voor de polymeer-industrie) zal zijn, zorgt er voor 

dat het ontwerp van nieuwe en/of verbeterde "duurzame" polymere producten 

hard nodig is. Het woord 'duurzaamheid' duidt hier een (chemisch) concept aan 

die twee belangrijke punten betreft. De afhankelijkheid van niet-hernieuwbare 

bronnen, alsook de problemen die in verband staan met het gerecycleerde ‘end-

of-life’ afval. Twee verschillende benaderingen moeten hiervoor worden 

ontwikkeld. Deze zijn in sommige gevallen met elkaar verbonden. De eerste 

betreft het gehele of gedeeltelijke gebruik van hernieuwbare grondstoffen. 

Hiermee kunnen de betreffende producten uiteindelijk bijvoorbeeld 

wegwerpbaar en biologisch afbreekbaar gemaakt worden aan het einde van hun 

levensduur. De ontwikkeling van bioplastics (bijvoorbeeld mengsels van zetmeel 

met polyesters) is in de laatste decennia paradigmatisch geweest voor deze 

strategie en biedt nu eindproducten die biologisch afbreekbaar en, ten minste 

gedeeltelijk, recyclebaar zijn. De tweede benadering betreft het verbeteren van 

de levensduur van huidige (op olie gebaseerde) polymere producten (zoals 

bijvoorbeeld thermoharders) door middel van een ‘a priori’ opname in het 

ontwerp van de mogelijkheid om de materialen te recyclen volgens de "cradle-to-

cradle" strategie. Een combinatie van deze twee strategieën (nieuwe polymere 

materialen uit hernieuwbare bronnen die ook recyclebaar zijn volgens de "cradle-

to-cradle"-benadering) zou een ideale "duurzame" oplossing voor de hierboven 

genoemde onderwerpen zijn. 

Hoofdstuk 2 focust op mengsels van zetmeel met uit olie afgeleide, biologisch 

afbreekbare polyester polycaprolacton (PCL). Deze mengsels vinden synergie in 

de goede mechanische eigenschappen van PCL en de lage kosten van zetmeel. 

Een systematische onderzoek naar de bereiding van (relatief hoog moleculair) 

PCL-g-GMA (PCL precursor Mw=50.000) als ‘interfacial agent’ PCL/zetmeel-

mengsels is uitgevoerd. Een toename van de hoeveelheid monomeer (GMA) blijkt 

tot een hogere functionalisatie-graad (FD) te leiden. Aan de andere kant blijkt de 

invloed van benzoylperoxide (BPO, radicale initiator) ook sterk afhankelijk te zijn 

van de GMA concentratie. De verkregen FD en efficiëntie (E) zijn relatief gezien 
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hoger dan die van vergelijkbare processen die gebruik maken van lager 

moleculair PCL (Mw = 3000). Bovendien zorgt het gebruik van PCL-g-GMA als 

compatibilisator in ternaire mengsels (PCL/PCL-g-GMA/zetmeel) voor relatief 

betere mechanische eigenschappen vergeleken met die van PCL (3000)-g-GMA. 

Hoofdstuk 3 beschrijft de synthese van dezelfde reactieve ‘interfacial agent’ 

(bijvoorbeeld PCL-g-GMA) voor de compatibilisatie van PCL/zetmeel-mengsels in 

het “groene” oplosmiddel superkritisch CO2 (scCO2). Grotere hoeveelheden GMA 

en radicale initiator leiden tot hogere FD waarden. Een wiskundig model dat is 

ontwikkeld om de correlatie tussen de monomeer en initiator hoeveelheden en 

FD-waarden te beschrijven. Deze toont een uitstekende R
2
-waarde (0,978), 

hetgeen een goede ‘fit’ van de experimentele gegevens impliceert. Een 

vergelijking met dezelfde reactie die in de polymere smelt werd uitgevoerd, geeft 

duidelijk een betere reactie-efficiëntie in scCO2. Bovendien tonen de GPC 

resultaten aan dat er minder afbraak optreedt bij monsters die in scCO2 zijn 

gemaakt. Tenslotte blijkt het gebruik van het in scCO2 gemaakte PCL-g-GMA (als 

‘interfacial agent’) in een ternair mengsel van PCL/zetmeel/PCL-g-GMA tot betere 

mechanische eigenschappen te leiden dan die van hetzelfde ent-copolymeer 

wanneer deze in de polymere smelt is bereid. Dit is vooralsnog te verklaren aan 

de hand van het enigszins afwijkende molecuulgewicht (na het enten) van de 

verschillende gemiddelde ketenlengtes van de poly(GMA) die geënt zijn op de 

PCL ruggengraat. 

In hoofdstuk 4 wordt de mogelijkheid onderzocht om Jatropha-olie als grondstof 

voor nieuwe polymere producten te gebruiken. De gekozen polymerisatieroute is 

gebaseerd op de reactie van geëpoxydeerde Jatropha-olie met verschillende 

multi-functionele amines, zoals bijvoorbeeld hexamethyleendiamine (HMD), 

triethyleentetramine (TETA) en p-xylyleendiamine (PXD). Het combineren van de 

aminolyse reactie op de epoxygroep met de amidering van de estergroep zorgt 

ervoor dat het resulterende product diverse mechanische eigenschappen 

vertoont die afhankelijk zijn van de hoeveelheid en structuur van de gebruikte 

amines. De producten die voortkomen uit de equimolaire reactie van EJO met 

TETA of PXD zijn rubberachtige materialen. De producten die voortkomen uit de 

reactie met HMD hebben juist de consistentie van een pasta. De producten van 

EJO met TETA (mol verhouding 1:1.65) en de PXD (mol verhouding 1:3.3, met 8 of 

24 uur perstijd) toonden een zekere mate van insnoering met een grote rek 

voordat ze braken. Het uiterlijk en het mechanische gedrag komen voort uit de 

verschillen in de netwerkstructuur. Dit komt door de chemische structuur van het 
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cross-link middel en de kinetische concurrentie tussen de epoxy- en estergroepen 

en de amino-groepen van de cross-linkers. 

In hoofdstuk 5 wordt een thermisch reversibele vernette thermoharder die 

gebaseerd is op Jatropha-olie beschreven. In dit hoofdstuk worden de twee 

benaderingen die hierboven zijn beschreven gecombineerd, namelijk het gebruik 

van hernieuwbare grondstoffen en de ontwikkeling van recyclebare 

thermoharders. Jatropha-olie die eerst met furan is gefunctionaliseerd wordt 

vervolgens reversibel gecross-linked met behulp van de thermo-reversibele Diels-

Alder en retro Diels-Alder (DA-rDA) chemie die plaatsvind tussen furanen en 

maleïmides. De met furan gefunctionaliseerde derivaten werden ook gebruikt als 

reactieve additieven bij de reactie tussen alternerende (1,4)-polyketonen en 

furfurylamine (PK-Furan). In al deze gevallen werden de mechanische en 

zelfhelende eigenschappen geëvalueerd met behulp van DMTA en DSC metingen. 

De materialen bleken volledige zelfhelende eigenschappen te hebben. Daarnaast 

bleek in sommige gevallen de verwekingtemperatuur verhoogd te zijn in 

vergelijking met pure PK- Furan. 

Tot slot wordt in hoofdstuk 6 het verbeteren van de duurzaamheid van een 

"klassiek" thermohardend polymeer (d.w.z. epoxyhars) onderzocht. Het idee is 

om de recyclebare eigenschappen van de thermo-reversibele furan-maleïmide 

chemie ook hier te introduceren. Twee verschillende polymeren, lineaire en 

vernette op furan-maleïmide gebaseerde epoxyharsen zijn met succes 

gesynthetiseerd. Hierin wordt het voordeel van klassieke epoxy harsen 

gecombineerd met de mogelijkheid om het eindproduct ten minste gedeeltelijk 

te kunnen her-verwerken. Een lineaire telechelische polymeer werd bereid door 

het met furan gefunctionaliseerde bisfenol A diglycidylether (BADGE) met 

bismaleimide te laten reageren via het DA reactiemechanisme. Dit materiaal 

diende als "proof of principle" voor de mogelijkheid om thermisch omkeerbare 

groepen op een gemakkelijke manier in (voorlopers van) commerciële 

epoxyharsen te introduceren. Een eerste poging om een driedimensionaal 

netwerk (dus vergelijkbaar met klassieke epoxy harsen) te verkrijgen, werd dan 

ook met succes uitgevoerd. De thermo-reverisbiliteit van beide materialen werd 

aangetoond door middel van geleringstesten en een reeks FTIR-meting. 

Daarnaast lieten de DSC- en DMTA-metingen ook zien dat de efficiëntie van de 

zelfhelende eigenschappen van de materialen voldoende was. Ook bleek de Tg 

relatief hoge en daardoor veelbelovend te zijn en heeft het materiaal (nog te 

optimaliseren) eigenschappen die het recyclen ervan mogelijk maken. 
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