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GLOSSARY 
+I effect Inductive effect 
+R effect Resonance stabilizing effect 
11-und PD 11-aminoundecanoic acid based pyrrolidone dicarboxylic acid 
2,5-FDCA 2,5-furandicarboxylic acid 
3R Reduce, reuse, recycle 
6R Reduce, reuse, recycle, redesign and remanufacture 

ATR-FTIR 
Attenuated total reflection Fourier transform infra-red 
spectroscopy 

BHEF N,N’-bis(2-hydroxyethyl)furan-2,5-dicarboxamide 
BHET N,N’-bis(2-hydroxyethyl)terephthalamide 
BHFDA N,N-bis(2-hydroxyethyl)furan-2,5-dicarboxamide 
BP-C8 N,N’-octamethylene-bis(pyrrolidone-4-carboxylic acid) 
BP-Cx Bis(pyrrolidone) dicarboxylic acids with ‘x’ carbon spacer length  
CDCl3 deuterated chloroform 
CE Circular economy 
D2O deuterated water 
DMSO-d6 deuterated dimethyl-sulfoxide 
E factor Environmental factor 
EWG Electron withdrawing group 
FDCAox 2,5-FDCA based bis(2-oxazoline) 
FDCAox 2,5-bis(4,5-dihydrooxazol-2-yl)furan 
FTIR Fourier-transform infrared spectroscopy 
GPC Gel permeation chromatography 
HFIP 1,1,1,3,3,3-hexafluoroisopropanol 
IA Itaconic acid 
IAda N,N-bis(2-hydroxyethyl)benzene-1,3-dicarboxamide 
IAox 1,3-bis(4,5-dihydrooxazol-2-yl)benzene 
L-ala-PD L-alanine based pyrrolidone dicarboxylic acid 
L-DOPA-
PD L-Dopamine based pyrrolidone dicarboxylic acid 
L-his-PD L-histidine based pyrrolidone dicarboxylic acid 
L-lys-PD L-lysine based pyrrolidone dicarboxylic acid 
L-ph-ala-
PD L-phenyl alanine based pyrrolidone dicarboxylic acid 
L-tyr-PD L-tyrosine based pyrrolidone dicarboxylic acid 



MCT Mercury cadmium telluride detector 
Mw Molecular weight 
NMR Nuclear magnetic resonance 
PFG Pendant functional groups 
PLA Polylactic acid 
RH Relative humidity 
SeA Sebacic acid 
TFA-d deuterated trifluoroacetic acid 
Tg Glasstransition temperature 
TGA Thermogravimetric analysis 
Tm Melting temperature 
TMS tetramethylsilane 
TNBS 1,4,6-trinitrobenzenesulphonic acid 
TPP triphenylphosphite 
Tris buffer tris(hydroxymethyl)aminomethane 
UPE Unsaturated polyester 
UV-vis Ultraviolet visible range 
β-ala-PD β-alanine based pyrrolidone dicarboxylic acid 
γ-aba-PD γ-aminobutyric acid based pyrrolidone dicarboxylic acid 
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Summary 

 Polymers, both thermoplastics and thermosets, are of high importance in our 
daily life. However, the concern arising due to depletion of fossil feedstocks and 
traditional usage of plastics have forced both academia and industry to explore 
sustainable routes to develop polymers following biobased circular economy 
principles, i.e. through development of degradable, reusable, or recyclable polymers. 
To this end, biobased molecules synthesized from biobased/bio-sources or renewable 
feedstocks provide an alternative monomer source for polymers. One such interesting 
monomer is itaconic acid, with two functional dicarboxylic acids and one unsaturated 
bond, allowing it to undergo aza-Michael addition-cyclization (cascade) reaction, 
thereby generating a five membered heterocyclic pyrrolidone dicarboxylic acids 
functionality. Some of these pyrrolidone monomers have been recently used to 
develop fully renewable, degradable polymers like polyesters and poly amides, 
however the functional and reactive pyrrolidone monomer synthesis and its 
purifications are not yet optimized and explored. Traditional thermoset resins are 
non-recyclable, non-degradable which thereby end up as landfills or garbage thrown 
into oceans due to their permanent covalent crosslinking. Until now, epoxy resins 
have been extensively used to develop thermosets. However, there are several 
drawbacks of using epoxy resins, for example – its toxicity, brittleness, non-
recyclability and poor mechanical performance. Retrospectively, bis(oxazolines) 
chemistry has proven its beneficial potential in developing linear and branched 
polymers over decades. Until now, these bis(oxazolines) are widely used as chain 
extenders, however, their potential in developing thermosetting resins is hardly 
explored. Furthermore, their curing kinetics, mechanical performances and their 
potential end-of-life has not been evaluated. Additionally, the green pathway for 
synthesis of these bis(oxazolines) makes them more interesting, while following the 
concepts of green chemistry and sustainability principles.  

In this thesis, the potential of aza-Michael addition-cyclization (cascade) 
reaction is investigated with the aim to optimize the synthetic conditions and 
purification of various symmetric and multi-functional pyrrolidone dicarboxylic 
acids. They are further reacted with furan and phenyl based bis(oxazolines) to 
undergo ring opening polymerization, with the focus to understand their curing 
kinetics, mechanical properties under ambient and various controlled humidity 
conditions, and evaluating their potential end of life. Hence bis(oxazolines) chemistry 
is investigated thoroughly to develop both thermoplastics and thermosets, when 
reacted with the synthesized pyrrolidone dicarboxylic acids. The study also focuses 
on exploring the potential of renewable pyrrolidone dicarboxylic acids as new bio-
based building blocks for generation of bio-based low viscous thermosetting resins, 
used as an adhesive. While performing this study the efforts are made to understand 
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1) the synthesis and purification steps following the requirements of green chemistry; 
2) the curing kinetics of both linear chain formation and crosslinking density; 3) 
influence of ambient condition and relative humidity on the mechanical performances 
of the developed thermoplastic and thermoset; 4) potential end of life – recyclability, 
enzymatic depolymerization followed with recovery and reusage of the renewable 
monomers. This knowledge of understanding is relevant in developing a toolbox of 
novel renewable and recyclable thermoset resins/thermoplastics by using renewable 
bio-based building blocks.  

The symmetrical (bis)pyrrolidone dicarboxylic acids synthesis and its 
purification obtained by using itaconic acid and various aliphatic diamines via aza-
Michael addition reaction is performed and investigated using a combination of 1H 
and 2D-NMR (structural analysis) and thermal analysis (DSC and TGA) (Chapter 
2). Through NMR, GPC, and FTIR analysis it is demonstrated that these 
(bis)pyrrolidone dicarboxylic acids exhibit significantly enhanced curing rates in 2-
oxazoline resins compared to resins containing aliphatic dicarboxylic acids such as 
sebacic acid. Overall, it is shown that the rate of 2-oxazoline ring opening addition 
with carboxylic acid functionalities is determined by the dicarboxylic acid, whereas 
the ring opening addition of the 2-oxazoline functionality with amide groups is 
determined by the bis(2-oxazoline) compound. The thermosets obtained after curing 
proved to be readily plasticized by water, thereby opening possibilities towards 
predicting its potential end of life via enzymatic degradation. 

Followed with the understanding of their curing kinetics, several thermosets 
with varying crosslinking densities are prepared by mixing the desired ratio of 
(bis)pyrrolidone dicarboxylic acid with bis(oxazolines), followed by thermal curing 
at 180 °C (Chapter 3). The crosslink density of the thermosets is controlled by the 
usage of an excess of bis(2-oxazoline) and the achievement of full conversion is 
confirmed by Fourier transform infrared spectroscopy (FTIR). Retrospectively, the 
glass transition temperature of the thermosets increases with increasing crosslinking 
density. Nevertheless, all synthesized thermosets are prone to absorb water upon 
storage, resulting in a strong plasticizing effect and thus a suppression of the glass 
transition temperature. To assess the role of water on the thermo-mechanical 
properties, all thermosets are exposed to various relative humidity and their 
mechanical performance is evaluated. In general, we observe that the suppression in 
Tg under the influence of water facilitates a brittle-to-ductile transition as the Tg of the 
thermosets approaches room temperature, without significantly facilitating 
hydrolysis of the polymer backbone. Furthermore, it was observed that hydrolysis of 
the ester bonds can be enforced at elevated temperatures and high pressure in the 
presence of water, resulting in liberation of the used renewable (bis)pyrrolidone 
monomer in aqueous phase. Interestingly, the renewable (bis)pyrrolidone 
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dicarboxylic acids can readily be isolated by filtration as it crystallizes from water 
during cooling, thereby providing a promising route for its chemical recycling. 
Additionally, these renewable resins have better adhesive property to glass, metals 
and any polar surfaces having amide or ester bonds. Thus, the adhesion performance 
of these renewable thermoset resins is evaluated on aluminium and polylactide 
(PLA), both under ambient condition and after immersion in water that resulted in 
promising findings. Glass is excluded from the plan of experiment due to safety 
concerns. 

Furthermore, the effect of additional functionality and reactive groups 
towards ring opening polymerization with bis(oxazolines) is studied while using the 
synthesized functional pyrrolidone dicarboxylic acids obtained by using itaconic 
acids and naturally occurring L-amino acids (Chapter 4). The developed monomers 
prove to be excellent candidates for thermal polymerization with bis(2-oxazolines), 
yielding thermally stable thermoplastic polymers and thermosets. Through GPC and 
NMR analysis, it is demonstrated that the aromatic alcohol group in the monomer 
derived from L-tyrosine is non-reactive towards thermal ring opening addition with 
2-oxazolines under the employed reaction conditions. In other words, the thermal 
ring-opening addition polymerization of bis(2-oxazolines) can effectively be used to 
generate (co)polymers with pendant aromatic alcohol groups without requiring any 
protecting groups or solvents. Through evaluation of the visco-elastic response and 
stress relaxation tests, it can be proved that the relaxation behaviour of the developed 
polymers can be tailored by introduction of pendant functional groups, effectively 
increasing the secondary interactions.  

As explained earlier in Chapters 2 and 3 on the performance of 2-oxazoline 
based polymers, together with their potential for hydrolysis and consecutive recovery 
of the (bis)pyrrolidone dicarboxylic acids, the role of the residual diol of the ring-
opened 2-oxazoline has been ignored. However, the presence of two hydroxyl groups 
combined with two amide moieties makes these organic compounds promising 
candidates as nucleating agents; because they exhibit high melting temperature due 
to strong hydrogen bonding and a strong ability to self-assemble/crystallize upon 
cooling. Thus, the potential of bis(2-hydroxyethyl)furan-2,5-dicarboxamide (BHEF) 
and N,N’-bis(2-hydroxyethyl)terephthalamide (BHET) are explored as additives for 
PLA (Chapter 5). Overall it demonstrates that the BHET compound, potentially 
isolated from chemical recycling of thermally cured polymers, based on terephthalic 
acid based bis(2-oxazoline), is a promising additive for PLA (acting both as a 
plasticizer and nucleating agent, depending on the amount used), whereas, BHEF, the 
product that can be isolated after hydrolysis of thermally cured polymers containing 
a 2,5-furandicarboxylic acid based bis(2-oxazoline) has, despite its renewable origin, 
no signifnant effect as additive for PLA. Hence this renewable monomer (BHEF) is 
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better suited for the development of bio-based and biodegradabe polymers rather than 
for reuse as additive for PLA after chemical recyling. 

While working with BHET and BHEF as nucleating agents for PLA, it is 
observed that the cooling rate and the amount (wt%) of NA used plays a significant 
role in enhancing the nucleation efficiency of the matrix (PLA). Thus to further 
investigate the effect of supercooling, a series of oxalamide based organic compounds 
(OBOC) are synthesized and their capability to enhance the nucleation of polylactide 
is evaluated (Chapter 6). Interestingly, it is observed that the nucleation efficiency 
of the OBOCs increases at high cooling rates, making them more attractive for 
industrial processing conditions. It is observed that the nucleation efficiency of 
polylactide is significantly enhanced in the presence of OBOC crystals, as a 
transcrystalline PLA morphology grows from the OBOC crystal surface (at relatively 
low supercooling from the equilibrium melting temperature of PLA). However, such 
crystallization of PLA occurs only when the OBOC crystals are formed at or below 
145 °C while cooling at 10 °C/min. In contrast, when the OBOC crystals are formed 
above 145 °C (i.e. from a lower supersaturated state), the nucleation efficiency is 
reduced. Thus these findings override the possibility of both epitaxy and soft-epitaxy 
as their only plausible nucleation mechanism. Supported with in-situ polarized optical 
microscopy, differential scanning calorimetry, plate-plate rheology and molecular 
modelling, it is confirmed that the enhanced nucleation results from local stresses 
imposed with crystal growth of the nucleating agent on the polylactide melt thereby 
invoking stress-enhanced nucleation. Thus the reasoning of nucleation efficiency is 
attributed to 1) The imposed local shear rates, facilitated by the rapid growth of the 
OBOC crystals, which are high enough to facilitate contour orientation of the high 
molecular weight PLA chains next to the growing OBOC crystals, confirming the 
possibility for stress-enhanced nucleation, and 2) surface roughness of OBOC 
crystals. OBOC crystallization at high supersaturation yields defected 
smaller/defected OBOC crystals, which provides higher surface area and surface 
roughness, in contrast to lowered supersaturation (> 150 °C), they undergo annealing 
thereby providing a smoother surface and lesser surface area – retrospectively 
exhibiting a decreased nucleation efficiency, irrespective of the PLA supercooling. 
Interestingly, both the surface roughness of OBOC crystals and the local stresses 
imposed on the PLA melt increase when the OBOC crystal growth proceeds from a 
highly supersaturated state, providing an explanation to the cause of the favored 
crystallization of PLA at high cooling rates in presence of the chosen oxalamides. 

In this thesis, the potential of pyrrolidone based dicarboxylic acids is 
explored elaborately in developing renewable thermplastics and thermosetting resins. 
The thesis conclusively demonstrates that the combination of renewable pyrroldione 
dicarboxylic acids (both symmetrical and functional) together with potential biobased 
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bis(oxazolines) is a promising alternative in developing fast curable, biobased resins 
with controlled curing kinetics. The control over curing kinetics is highly desired in 
order to achieve optimal mechanical performance. Furthermore, the curing chemistry 
of bis(oxazolines) and pyrroldione dicarboxylic acids proved to be also beneficial in 
developing functional and renewable biobased thermosetting resins with additional 
functionality as pendant groups, available for secondary interactions thereby enabling 
dynamic networks formation. Furthermore, these renewable resins have better 
adhesion performance with metal and PLA, both under ambient conditions and after 
immersion in water. Due to the presence of numerous polar groups, the developed 
renewable thermosets and thermoplastics are prone to moisture absorption and thus 
can undergo hydrolysis under extreme condition, enabling to predict its end of life 
via enzymatic depolymerization and recycling of the developed polymer. 
Furthermore, recovery and reusage of these renewable pyrrolidone monomer is a 
promising addition towards circularity, on the other hand the potential of the open 
diols, obtained from ring opened structure of used bis(oxazolines), is further used as 
an additive (nucleating agent) for PLA to enhance its nucleation efficiency. Thus this 
thesis demonstrates that the concept of biobased circularity can be achieved while 
using these renewable pyrrolidone monomers in developing 2-oxazoline based 
polymers. These scientific reaserch findings, investigated with specific organic 
compunds or systems, are of general nature, thus can be also applied to develop other 
polymer systems. 
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INTRODUCTION



"What we are doing ma�ers more

than what we used to do"



 Linear to circular economy
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1.1 Linear to circular economy 

1.1.1 Transition from a linear to circular economy  

 For several decades, a linear economy has been in practice, which means 

that raw materials are transformed into products, are thrown away after use, and 

generally end up with aquatic life or as landfill.1  To limit the generation of waste and 

employ residual value of the products, recycling of materials or products came into 

practice2. Owing towards the environmental consequences of linear production and 

consumption of single used plastics in our daily life, the concept and practice of 

implanting a circular economy has gained momentum (figure 1.1)3,4. In a circular 

economy, manufacturers design products that are reusable, easier to repair and/or 

recover the used resources. While practicing this concept of closing the loop (i.e. 

making material streams circular rather than linear), the life span of these products 

extends and consumption of natural resources can be controlled or monitored5. 

Current examples include material recycling for reusage of used products, lowering 

the usage of natural resources in existing processed, and rethinking our value chains 

towards more renewable resource efficiency6. Our planet has a finite supply of fossil-

based resources and limited annual supply of renewable resources; serious problems 

are anticipated as the continuous consumption of  “seeming to be – abundant” natural 

resources proceeds to fulfill humankind’s ever-increasing demands and needs7. These 

activities include extraction, processing, manufacturing and usage activities, with a 

larger part of the used products ending up in landfill8. Hence, the concept and practice 

of a circular economy (CE) provides every tool, as it is based on three rules – 1) 

reducing wasteful resources, 2) effective design and implementation of products and 

3) improved resource efficiency, which is combined together with circular material 

flow involving recovery, reuse, recycling and remanufacturing (3R concept) of 

processed products5,3.   

 Thus, this practice is not only our sole option, but also it is considered as an 

inevitable step towards conservation of our natural resources, maintaining an 

ecological biodiversity, balanced human life and economic growth. The concept of 

circular economy developed over time. It started a few decades ago and started with 

the concepts of 1R (Reduce) introduced in the 1980s5. Later, during the 1990s, the 

3R concept, Reduce, Reuse and Recycle became a practice for focus.8,9,10 Nowadays, 

these concepts are developed further and aim to optimize the use of utilized natural 

resources, reducing pollution, emissions and waste. The current trend shows that 

achieving sustainable value chain in manufacturing requires green to sustainable 

manufacturing process11,12. 
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Figure 1.1. Schematic overview of the practices in a linear, reuse, and circular 

economy.  

1.1.2 Approach towards Closed-loop Sustainability  

Focusing towards sustainable practices while manufacturing products, leads 

to broader methodology for product development over multiple life cycles5,7,2. In this 

regards, as stated by I.S Jawahir the 3Rs principle are extended further to the 6R 

principle, Reduce, Reuse, Recycle, Recover, Redesign, and Remanufacture (figure 

1.2), which offers a closed loop with multiple extended life cycle systems as a basis 

for sustainable process5. While explaining 6R principles, the Reduce terminology 

focuses more on reduced energy, materials and other natural resources during its 

manufacturing process, while taking into account the reduction in emissions and 

wastes during usage or production5. Reuse refers to reuse of products as a whole or 

components after its first life cycle, and for its consequent cycles, reducing the virgin 

materials usage while producing newer products. Recycle involves the practices of 

considering the generated wastes used in developing new materials or products. 

Recovery is the process of collection, assembling, grading and cleaning of the used 

products at their end of use, while, Redesigning involves the rethinking to develop 

next generation products obtained from the previous products. This step is more 

beneficial from sustainable point of view, in order to avoid landfill. Lastly, 

Remanufacturing involves the reprocessing of the used products aiming towards 

regaining their original state without loss of their performance or functionality. 
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Hence, the 6R principles can provide a powerful basis for a more sustainable use of 

materials.   

1.2 Theme of Green Chemistry 

To address the sustainability in the field of chemistry, the 12 principles of 

Green chemistry have been introduced by Anastas and Warner13 about 30 years ago. 

It has taken a paradigm shift from traditional concepts of process efficiency (only 

focused on chemical yield), to that of one assigning the economic value by 

eliminating the waste and avoiding the usage of toxic and/or hazardous substances7. 

In this regard, green chemistry has become an utmost demanding research topic since 

its introduction. A useful parameter to measure the environmental acceptability of 

chemical processes is E (Environmental) factor, which defines the ratio of the waste 

to desired product formation14,15,16 ,. 

 

Figure 1.2. Closing the loop while practicing the 6R principles for sustainable and 

green polymeric future. 

 During the last two decades, the concept of green chemistry has been widely 

embraced by both academia and industry17. As a working definition of the essence of 

green chemistry, once Roger A. Sheldon16 simplified it to a single sentence:  
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“Green chemistry efficiently utilizes (preferably renewable) raw materials, eliminates waste 

and avoids the use of toxic and/or hazardous reagents and solvents in the manufacture and 

application of chemical products” 

 Hence, one could say that sustainability is our prime goal and green 

chemistry is a route to achieve it. Accordingly, the focus in this thesis is on 

development and evaluation of new monomers and polymers from renewable 

resources while taking the concepts of green chemistry into consideration. 

Furthermore, identification of the materials properties and providing routes for their 

reuse or recycling is essential to predict their sustainability and is therefore a second 

aim of this work. 

1.3 Biomass as an alternative renewable source 

1.3.1 Itaconic acid – A renewable biobased building block 

 Biomass is considered as the only source for renewable organic carbon on 

earth; it offers an efficient platform for the production of bioorganic acid as an 

alternative to the fast depletion of non-renewable fossil based resources.18,19,20,21 In 

this regard, itaconic acid (IA) is chosen as an efficient biobased alternative 

synthesized from, for example, lignocellulose biomass22,23,24. IA production can take 

place through various ways like fermentation of sugars by fungi like Aspergillus 

terreus25,26,27 and Ustilago maydis22 strains or, by metabolically engineered bacteria 

like Escherichia coli22 and Corynebacterium glutamicum22. Itaconic acid was 

discovered first by S. Baup in 1836 as it is a thermal decomposition product of citric 

acid28, while its production by Aspergillus itaconicus was reported by Kinoshita in 

193129. Later on, the focus towards fermentation was shifted to A. terrus strains as 

reported by Nelson et al.30 and Eimhjellen et al.31 who reported on the effect of 

different substrates (including sugars and alcohols) on IA production. Initially 

industrial production of IA was performed via pyrolysis of citric acid to itaconic 

anhydride, followed by hydrolysis of anhydride28. Many other techniques are 

evaluated for the synthesis of the IA through genetic engineering of various strains 

for higher production of IA. Due to the high demand of biobased alternatives, IA has 

become a valuable compound in the biotechnological industry. To compete with the 

conventional chemical methods, biorefineries are taking up the challenge to cut down 

the production cost by producing IA on a larger scale32. Over the last decades, IA has 

been used for the synthesis of functional polyesters33,34,35,36,37,38,39, polyamides40,41,42,43 

and other polymers44. Besides the renewable origin of IA, it holds an additional 

chemical advantage: IA contains an exo-vinyl group (unsaturated bond) along with 

two carboxylic acid moieties. Together, these functionalities allow IA to participate 

in Michael addition reactions45,46 with amines47, thiols38,48, or acetyl acetone49,50, 
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thereby providing access to a broad range of IA derived compounds, usable for 

polymerization51,18,52.  

1.4 Michael addition reaction 

     The chemical reaction named as the Michael addition reaction was introduced 

in the year of 1884 by the research of Arthur Michael, inspired by the work of Conard 

and Kuthzeit53. Initially, the Michael addition was considered as the addition of an 

enolate ion into the β-carbon atom of an α,β-unsaturated carbonyl compound53. Over 

the years, the Michael addition is not confined to the addition of only carbanions, as 

variety of nucleophiles bearing heteroatoms like nitrogen, oxygen, sulphur, and 

phosphor proved suitable Michael donors (scheme 1.1). Compounds bearing such 

electron rich heteroatoms, proved to act as nucleophile and actively participate in 

addition reaction to the C=C (unsaturated) bond of Michael acceptor. Generally, this 

reaction is activated by a neighboring electron withdrawing group (EWG) located on 

the Michael acceptor, such as a carbonyl, nitrite or cyanide functionality. In contrast, 

the presence of electron donating groups on the Michael acceptor, the inductive effect 

(+I effect) or resonance stabilizing effect (+R effect) results in slow or no aza-Michael 

addition reaction due to the decrease in electrophilicity of the C=C (unsaturation 

bond)54,55. Nevertheless, the Michael addition reaction can be considered as a 

versatile tool for the formation of C-C, and C-X (X= N, O, P, S) bonds in organic 

synthesis.  

 

Scheme 1.1. Schematic diagram of the Michael addition reaction, while using 

itaconic acid as Michael acceptor and a nucleophilic alkyl group (NH2-R) as Michael 

donor. 

1.4.1 Aza-Michael addition/cyclization cascade reaction – Biomass 

feedstocks to biobased monomers 

 Based on the nature of the nucleophile (Michael donor), Michael addition 

reaction is classified as carba-Michael addition, aza-Michael addition, oxa-Michael 

addition, phospho-Michael addition and thia-Michael addition reaction. The focus in 

this thesis is restricted to the used of the nitrogen nucleophiles only, hence on the aza-

Michael addition reaction56. It was firstly reported by McElvain et al. in 1948 who 

noted that the aza-Michael addition reaction is a second order reaction due to its 
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dependency of rate co-efficient on both the concentration of the Michael acceptor and 

donor (amines in this case). Over the years, various catalysts have been reported  for 

the aza-Michael addition reaction, including acid or base catalysts57,58, silica 

supported acids59,60, organic compounds61,62,63,64, clay supported Lewis acids65, 

organic polymers66, and ionic liquids67,68. Furthermore, the aza-Michael addition 

reaction can be conducted in water or 69 and solvent free approach (bulk).70,57,71 

During the course of this reaction, several factors such as reactivity of amines, 

nucleophilicity, and steric hindrance affect the reactivity of the Michael donor and 

determine the rate and progress of the reaction.72,73,74 An example, reacting aromatic 

amines with any α, β – unsaturated acrylate derivative requires harsh conditions (i.e. 

high temperatures) whereas reaction with aliphatic amines proceeds readily at room 

temperature.75 In particular, the aza-Michael addition on itaconic acid provides a 

toolbox of for the development of compounds having mono, di or multi-functional 

reactive groups usable for polymerization, as reported by groups of Sperry51, 

Miller76,77, Wilsens78,79 and others40,51,45. Confining the attention towards developing 

the aza-Michael addition on itaconic acid, a consecutive cyclization cascade reaction 

has been reported already in 1950 by Paytash and his coworkers when using primary 

amines.80   While reacting a primary amine or ammonia with itaconic acid, having a 

carboxylic acid (or ester group, when using itaconic esters) situated on the γ-position 

unsaturated bond (acting as EWG group), it forms a secondary amine as aza-Michael 

adduct. In turn, this adduct undergoes an intra-molecular cyclization with the ester or 

acid group spaced at the γ-position, to form a stable 5-membered N-substituted 

pyrrolidone ring (scheme 1.1, right).56,81 In this contrast, such a cascade reaction is 

not observed while using secondary amine as the Michael donor, thereby a tertiary 

amine is obtained as end Michael product. This aza-Michael addition/cyclization 

cascade reaction is reported for various other biobased monomers including fumarate 

and maleate esters, trans-aconitic and, and muconic acid provides a toolbox for the 

development of thermally stable and renewable monomers suitable for 

polymerization.82,83  

1.4.2 Aza-Michael addition/cyclization cascade reaction – Biobased 

monomers into polymers 

Over the years, the aza-Michael addition reaction has been employed 

successfully for the synthesis of pyrrolidone based carboxylic acids, as reported by 

Miller et al.76,77,84,51, Wilsens et al.78, Ali et al.40,42, Malferrari et al.85 and Qi et al.76 In 

turn, these monomers have been used for the synthesis of polyesters, polyamides and 

poly(ester-amide)s. In addition, as reported by Ali and his coworkers40 and Wang and 

coworkers86, the one pot reaction of itaconic acid and aliphatic diamines or aromatic 

diamines leads to either conventional poly-condensation reaction or salt formation 
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and subsequent poly condensation yielding mono-pyrrolidone polyamides via aza-

Michael addition and cyclisation cascade reaction proceeding under same reaction 

conditions, yielding high Tg, amorphous polyamides. 

It is not surprising that aza-Michael addition is not restricted to small 

molecules; it can also be conducted on/for polymers as reported by groups of Pellis 
47, Chanda and Ramakrishnan50, and Farmer49,47 which used the aza-Michael addition 

reaction for polymer post-modification or post-polymerization steps while using the 

pendant functional groups (abbreviated as PFGs). The conventional 

polycondensation reaction of itaconic acid with various diols yields polyesters 

bearing having residual unsaturated exo-vinyl bond in the polymeric backbone 

available for post-polymerization modification (Scheme 1.2)33,34,35. This functionality 

is still susceptible to undergo an aza-Michael addition, as reported by Robert and 

Friebel et al.36 However, the use of secondary amines are preferred as the aza-Michael 

adducts cannot undergo further cyclization reactions. Instead, the use of primary 

amines as reactants for post-functionalization of itaconic acid based polyesters is 

followed by the  cascade cyclization reaction, resulting in chain scission of the 

polymers, as is reported by Farmer and coworkers47 (scheme 1.2, top). This aza-

Michael addition and cyclization reaction is irreversible in nature, unlike some minor 

reversibility observed at elevated temperature as reported by Pellis et al87. 

Nevertheless, the employed post-functionalization is a well-known 

technique for synthesizing functional polymers with tunable properties like 

hydrophilicity, degradability and thermal properties. It is worth to note that itaconic 

acid undergoes isomerization on its exo-vinyl bond, and is known to be responsible 

for (undesired) crosslinking, converting the polyesters into thermosets.47  
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Scheme 1.2. A schematic overview showing the various region-isomers of itaconic 

acid, usage of exo-type double bond of itaconic acid with functionalized amines via 

aza-Michael addition/cyclization reaction resulting in thermal controlled 

degradation of the synthesized unsaturated polyester (UPE) via ring closure forming 

lactam ring and usage of exo-double bond for heat or UV initiated crosslinking. 

1.5 Oxazolines – A class of heterocyclic ring 

Oxazolines are introduced to the world of chemistry already early in the 19th 

century by Wenker88, Fry89 and Goldberg90. The 2-oxazoline ring is a five membered 

heterocyclic ring, containing one oxygen and nitrogen atom and are widely employed 

as ligands in asymmetric catalysis and as protecting groups for carboxylic 

acids91,92,93,94,95. These 2-oxazolines can be synthesized from carboxylic acids using 

amino alcohol96, haloalkylamides97, or from nitriles98,99 and aziridines100. There are 

various mechanisms proposed for the synthesis of oxazolines in literature; however, 
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the synthesis of bis(2-oxazolines) using amino alcohol and dicarboxylic acid such as 

2,5-furandicarboxylic acid is of particular interest due to their renewable origin. 

Various catalysts such as lanthanide chloride101, DAST102,103, Deoxo-Fluor reagent102, 

2-chloro-4,6-dimethoxy-1,3,5-triazine104, acidic zeolite105 and molybdenum oxide106 

can be used as dehydrating catalysts for the generation of 2-oxazolines107. As an 

alternative route, the synthesis of bis(2-oxazolines) are described through conversion 

of dicarboxylic acids into acyl chlorides via treatment with thionyl chloride, followed 

with ring closure using chloroethylamine hydrochloride and ring closure in methanol 

containing sodium hydroxide. A third route involves the esterification of the 

dicarboxylic acid to methanol, followed by treating with ethanolamine and ring 

closure with thionyl chloride. However, following the green chemistry principles, the 

most sustainable and green synthetic pathway is to employ the reaction of β-amino 

alcohol with the dicarboxylic acids in refluxing condition, using toluene as solvent 

for 24 hours, with added molecular sieves or dehydrant (required for water 

deprivation and ring closure of oxazolines ring formation)108,109. An overview of the 

various synthesis routes obtaining bis(2-oxazolines) from dicarboxylic acids is shown 

in scheme 1.3. 

 
Scheme 1.3. Various reaction pathways to synthesize bis(oxazolines) starting from 

dicarboxylic acids, where R= alkyl, phenyl, aromatic groups and so on. 

 

1.6 Renewable pyrrolidone monomers to polymers 

“Polymer” is now a days a word that encompasses our life starting from our 

pen to mobile phone, polymers are everywhere. Though polymers are generally 

obtained from fossil feedstock, endeavors of academia and industry have been 

undertaken to find a renewable alternative. Indeed, biomass such as lignin and 

cellulose proved to hold great potential as feedstock for the generation of renewable 

building blocks with various added functionality110,111,112,113. Furthermore, these 
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biobased building blocks are interesting due to their additional functionality allowing 

for the generation of thermoplastics and thermosets.  

1.6.1 Thermoplastics 

Thermoplastics, as the name suggests, are a class of polymers, which can be 

molten and solidified reversibly upon heating. There are various conventional 

thermoplastics available including polyesters, polyamides and poly(ester-amides). In 

this respect, the pyrrolidone based dicarboxylic acid monomers have proven 

promising candidates for the development of biobased polymers. Generally, the 

reaction between pyrrolidone based carboxylic acids to a reaction with aliphatic 

alcohols, yields amorphous and degradable polyester material as reported by the 

groups of Miller 76,84 and others114,40,42. In contrast, the groups of Wilsens 

demonstrated the possibility for the development of semi-crystalline polymers from 

pyrrolidone based dicarboxylic acids78. In general, the presence of pyrrolidone rings 

is considered beneficial as it allows for the synthesis of high Tg materials; the 

pyrrolidone ring hinders the chain orientation due to its bulky chemical structure, 

thereby increasing the Tg compared to aliphatic fatty acids as reported by the groups 

of Wilsens78, Ali51 and Wang115. Furthermore, the potential of aza-Michael addition 

is extended towards developing functional renewable polyesters using naturally 

occurring L-amino acids with aliphatic side groups as is recently reported by the 

group of Miller84. In addition to the synthesis of polyesters, the pyrrolidone based 

dicarboxylic acids have been used for the generation of polyamides as reported by 

Noordzij and coworkers78, Wang and coworkers86, and others51,42,43. Hence, these 

pyrrolidone based carboxylic acids has proved its potential as a renewable building 

block together with its sustainable and green chemistry approach during its synthesis.  

1.6.2 Thermosetting resins 

Thermoset polymers are special class of polymers, which irreversibly 

solidify upon curing, initiated by heat, radiation, pressure, or catalyst. There are 

various conventional thermosets arising from covalently crosslinked networks 

available in the market like polyurethanes (via usage of isocyanides), epoxy, phenol-

formaldehydes, vinyl esters and unsaturated polyesters. Similarly, the use of bis(2-

oxazolines) has proven beneficial in developing poly(ester-amide)s, both 

thermoplastic and thermosetting resins, as reported by the groups of 

Hoogenboom116,117,118,119,Luxenhofer120,121, Nuyken122,123,124 and Schubert125,126,127,128 

and Bohme95,129,91. 

Since last two centuries, thermal ring opening polymerization of 2-

oxazolines is employed for the generation of both thermoplastic and thermosetting 

polymers. Thermal polymerization proceeds via two pathways – one route is cationic 
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ring opening polymerizations that yield poly (2-oxazolines), which has proven 

beneficial for biomedical applications, as is part of the above references by 

Hoogenboom, Nuyken, and Luxenhofer. Furthermore, groups of Sano 130, Nery 131, 

Wilsens108 reported on thermal ring opening polymerization with carboxylic acids; 

this reaction proceeds via abstraction of labile proton of the carboxylic acid group by 

the 2-oxazoline, yielding a carboxylate ion. This carboxylate ion now undergoes a 

nucleophilic attack on the C5 position of the positively charged 2-oxazoline ring, 

leading to the formation of an ester-amide (scheme 1.4). It may be no surprise that 

this thermal ring opening addition reaction of bis(2-oxazolines) have been widely 

used as chain extenders for carboxylic acid terminated polymers94,132. Examples 

include their use as chain extender for recycled PET or for the development of liquid 

crystalline polymers, contributing to the recycling of polymers or starting materials. 

Furthermore, 2-oxazolines have been reported to react with amines and alcohols; The 

reaction with amines proceeds at elevated temperatures generating amine-amide 

bonds, as reported by M.J.Fazio133. The reaction with aromatic phenols is reported by 

groups of Cuberston and Luston134,  generating ether-amide bonds.  

In addition to the linear chain extension reaction (k1, scheme 1.4), the 

generated secondary amide groups participate in the ring opening polymerization 

with the 2-oxazoline moieties, thereby generating tertiary amide bonds (k2, scheme 

1.4). In this regard, the formation of the tertiary amide bonds are responsible for 

crosslinking of the 2-oxazoline resins, where the crosslinking density can be 

controlled by using excess of bis(2-oxazolines) monomers.130,108 

 

Scheme 1.4. Chain extension (k1) and branching (k2) reactions occurring during 

curing of the resin containing dicarboxylic acid and bis(2-oxazolines). The branching 

and crosslinking step is controlled with the excess amount of the used bis(2-

oxazolines). 
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1.7 Reversible dynamic networks (Recyclable thermosets) 

 It is noted that the chemical resistance of the thermosets is often considered 

excellent; these covalently bonded thermosets suffer from a poor recyclability. To 

this end, dynamic or reversible network has gained a lot of both academic and 

industrial attention. Reversible network formation in practice, uses chemistry like 

Diels Alder and Retro Diels Alder reaction135,136,137 for the formation of reversible 

and thermo-responsive covalent networks. Similarly, hydrogen bonding138,139,140, 

ionic bonding  and ionomers141,142 are also used to generate polymers having physical 

networks. The association and dissociation kinetics of these reactive species are 

responsible for their smart properties like repairing or self-healing used under 

optimum conditions. The self-healing mechanism was introduced first by Ludwik 

Leibler, which led to a new generation of thermosets that are repairable, healable or 

reprocessable after damage or fracture143,144,145,146,147. This class of thermosets 

outshined traditional thermosets in terms of sustainability, moreover, provided a 

platform for the development of this new generation of thermosets. This class of 

reprocessable thermosets have evolved over the years while exploring various 

possible chemistry leading to dynamic covalent crosslinking, as shown by 

F.E.Du.Prez et al.148–155, C.N.Bowman et al.156–162, and others173–177. In case of 

reversible networks, the presence of non-permanent covalent networks or crosslinks 

can break and make through reversible chemical bonding. As reported by F.E.D.Prez 

et al.151, the reversible polymer networks undergoes topological changes due to the 

fluctuations or dissolution of the overall connectivity during heating, thereby 

undergoing deformation or melting of the polymer. Furthermore, upon cooling down 

(below the glass transition temperature) the original state of the polymer is recovered 

(scheme 1.5). Please note, the behavior of this class of networks is different from that 

of vitrimers, where the fluctuations occur although the number of connectivity 

remains the same throughout the reaction time. Thus, these materials (reversible 

networks) behave both as thermoplastic and thermosets depending on the conditions 

applied. As for example, heat may trigger the loss of connectivity in a reversible 

dynamic network. Similarly does the aprotic polar solvents like dimethyl sulphoxide, 

dimethyl formamide, can also readily trigger the loss of connectivity and hence 

complete dissolution of the crosslinked polymer is facilitated. Thus, the reversible 

dynamic networks might be molten or solubilized and hence can be reprocessed with 

ease under any of these conditions (of choice).  
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Scheme 1.5: Plausible mechanism of reversible dynamic bonding in polymers, 

leading to reusage, recyclable and self-healable polymers via physical attractions or 

reversible chemical bonding triggered with heat.  

1.8 End of life 

Most of the traditional thermosets, based on for example epoxy or 

polyurethane, suffer from limitations in recyclability resulting from the presence of 

covalent crosslinks168,169. In contrast, thermosets based on polyester, polyamide, or 

poly(ester-amide)s proved to hold more promise with respect to their end-of-lie 

possibilities as they can be depolymerized via hydrolysis170,171 or enzymatic 

depolymerization172, can be subjected to biodegradation173,42 and can be chemically 

recycled168,174. As mentioned earlier, bis(2-oxazolines) derived polymers proved 

useful for the synthesis  of polyamides for biomedical applications175,176,177,178,179 and 

poly(ester-amide)s108,180,95,129 for various thermoplastic and thermosetting 

applications. These polymers, are prone to both hydrolysis and biodegradation via 

enzymes or bacteria173,42,42,171,181,182,183,184. As an end of life, enzymatic biodegradation 

may be the safest option; if ended as carbon dioxide and water. In some cases, 

biodegradation (when left in soil) yields small oligomers, which remains soluble in 

water thereby harming the aquatic life ecosystem. Perhaps a more sustainable 

approach would involve chemical recycling or enzymatic depolymerization. In this 

case, the polymer is depolymerized, and either the monomers or the starting materials 

can be isolated and reused. 

 

Self-healing
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Deformed with 
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Recover original state
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1.9 Aim and scope of the thesis 

The main motivation of this work is to evaluate the potential of polymers 

obtained from bis(2-oxazolines) and renewable pyrrolidone based dicarboxylic acids. 

This project is partly funded by Interegg Vlaanderen-Nederland and is a part of the 

BB100 project. The aim of this project is to develop fully renewable fibers, including 

all additives. The work performed in this thesis contributed to the development of 

novel monomers usable for curing with 2-oxazolines into free-standing films or 

adhesives, and for the development of nucleating agents using the same chemistry. 

To this end, monomers are synthesized from, amongst others, the renewable itaconic 

acid, 2,5-furandicarboxylic acid, and various naturally occurring L-amino acids. The 

kinetics of the thermal ring-opening addition reaction between the bis(2-oxazolines) 

and the developed dicarboxylic acids is studied, the mechanical performance and 

adhesion of the ensuing polymers is evaluated, and their potential for enzymatic 

depolymerization and chemical recycling of the monomers is identified (scheme 1.6).  

 

Scheme 1.6: Schematic representation showing summary of the thesis starting with 

synthesis of biobased monomers and its utilization in developing biobased resins, 

followed with evaluation of its mechanical performances and formation of dynamic 

networks based on 2-oxazolines chemistry. Lastly, their end of life is predicted via 

various pathways like enzymatic depolymerization and chemical recycling and the 

recovered organic compounds are further reused for polymerizations with 2-

oxazolines and as additives and adhesives for PLA. 
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 In more detail; In Chapter 2, the synthesis of a series of asymmetric 

pyrrolidone dicarboxylic acids from itaconic acid and aliphatic diamines is reported. 

This chapter details about the employed reaction conditions, analysis, yield, and 

thermal stability of the developed monomers. In the second part we evaluate the 

potential of these monomers in the thermal curing with bis(2-oxazolines). It is 

noteworthy that these monomers exhibit a significantly increased reactivity towards 

bis(2-oxazolines) compared to regular aliphatic dicarboxylic acids (sebacic acid), 

allows for shorter curing times. Lastly, the possibility for enzymatic 

depolymerization of the developed materials is explored.  

 The development of thermosets using the thermal ring-opening addition 

reaction in bis(2-oxazolines) resins is explored in Chapter 3. The developed 

thermosets proved highly sensitive to absorb water, resulting in a plasticizing effect 

and facilitating a brittle-to-ductile transition in their mechanical performance. The 

thermo-mechanical behavior in the presence of various amounts of water is discussed 

in detail and the adhesive properties of the developed polymers on alumina and 

polylactide are explored. Lastly, the possibility for chemical recycling of the 

(bis)pyrrolidone monomer, after hydrolysis of the developed polymers, is evaluated. 

 In Chapter 4, the synthesis of multifunctional pyrrolidone based 

dicarboxylic acids from itaconic acid and naturally occurring L-amino acids is 

reported. Examples of monomers that are used include L-phenyl alanine, L-tyrosine 

and L-histidine. The curing of these monomers with bis(2-oxazolines) is performed 

with the aim to generate polymers bearing pendant functional groups existing in the 

employed amino acid. For example, the polymerization of a pyrrolidine based 

dicarboxylic acid derived from L-tyrosine with an isophthalic acid based bis(2-

oxazolines) is performed, yielding a polymer bearing pendant phenol moieties. The 

visco-elastic and stress relaxation behavior are evaluated as a function of the chemical 

composition of the polymers and in the presence of pendant functional groups. 

 Chapter 5 shows the potential application the N,N’-bis(2-

hydroxyethyl)furan-2,5-dicarboxamide  (BHEF) and N,N’-bis(2-

hydroxyethyl)terephthalamide (BHET) as additive for PLA.  Both BHET and BHEF 

compounds are the hydrolyzed residues of polymers based on 2,5-furandicarboxylic 

acid or terephthalic acid based bis(2-oxazolines). In this chapter we evaluate their 

potential as plasticizer and nucleating agent for PLA. Though BHEF is renewable in 

origin, it proved to hold no interesting properties as additive in PLA. Instead, BHET 

proved to function both as a plasticizer and nucleating agent for PLA. Though the 

terephthalic acid from BHET is not renewable in origin, it can be isolated from 

recycling streams such as PET.  
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 Chapter 6 elaborates on a series of renewable oxalamide based nucleating 

agent for polylactide (PLA), providing an alternative to the BHET reported in 

Chapter 4. The nucleation mechanism is investigated in detail using polarized optical 

microscopy, DSC, and rheological analysis. Overall, we observed that the 

enhancement in PLA nucleation in the presence of these oxalamide based nucleating 

agents does not originate from epitaxy or soft-epitaxy but instead results from surface 

roughness and stress-enhanced nucleation. More importantly, the performance of 

these nucleating agents improves when subjected to increasing cooling rates, making 

these interesting for use under industrial processing conditions.  

 Lastly, the conclusion, outlook, recommendation and valorization of this 

thesis are given in Chapter 7.  
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In this chapter… 

 

 

“Chain-extension (k1) and cross-linking (k2) reaction between renewable dicarboxylic 
acids and a 2,5-furandicarboxylic acid based bis(2-oxazoline) yielding fully 
renewable and enzymatically depolymerizable thermosets” 

 

Abstract 

This chapter describes the synthesis of (bis)pyrrolidone  based dicarboxylic acids 
from itaconic acid via aza-Michael addition of a diamine using a catalytic amount of 
water and evaluates their potential application in 2-oxazoline resins for developing 
fully renewable thermoset materials. Later it is demonstrated that these 
(bis)pyrrolidone dicarboxylic acids exhibit significantly enhanced curing rates in 2-
oxazoline resins compared to sebacic acid. The rate of 2-oxazoline ring opening 
addition with carboxylic acid functionalities is determined by the used dicarboxylic 
acid, whereas the ring opening addition of the 2-oxazoline functionality with amide 
groups is determined by the used bis(2-oxazoline) compound. The thermosets 
obtained after curing proved to be readily plasticized by water, opening possibilities 
for enzymatic degradation.  
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2.1 Introduction 

 With the continuous growth of the plastic industry, an increasing amount of 

resources will be required to produce polymeric materials in the future. To this end, 

both academia and industry have a strong focus to develop renewable, recyclable, 

and/or degradable polymer materials that can ensure the sustainability of the polymer 

industry. Particular monomers that contribute to this endeavor are the renewable 2,5-

furandicarboxylic acid1, and itaconic acid2,3. 2,5-furandicarboxylic acid, generally 

obtained from hydroxymethyl furfural or its derivatives4, has proven to exhibit 

excellent gas permeability properties in thermoplastic materials5 and has also proven 

applicable for thermosetting resins6. Itaconic acid, having two carboxylic 

functionalities combined with the presence of a vinyl group, has proven to be of 

interest for the synthesis of renewable polyesters7–11, polyester resins12,13, 

polyamides14–17, and other polymers12,18–20. One particularly interesting application of 

itaconic acid is its ability to undergo the aza-Michael addition reaction with amines, 

followed by ring closure and the generation of a carboxylic acid functionalized 

pyrrolidone ring17,21. The resulting pyrrolidone based carboxylic acids are readily 

polymerized using conventional polycondensation methods, generally yielding 

amorphous and degradable polymer materials22–25. Especially the degradable nature 

of these carboxylic acids makes them interesting candidates for application in resins, 

as this opens possibilities for chemical recycling or full biodegradation of thermosets 

materials.  

 Though 2-oxazoline chemistry is often used to develop polymers for (bio-

)medical applications, as is reported by the groups of Hoogenboom26–29, 

Luxenhofer30–32, and Nuyken33,34, they are promising candidates for curing in resins 

for coatings or thermosets as they are highly reactive toward ring-opening addition 

with amines and carboxylic acid groups35–39. One particular challenge in the field of 

2-oxazolines is related to their sustainability, as most widely used synthesis routes to 

obtain the 2-oxazoline moiety require nitriles40–42, haloalkylamides43, or aziridines44 

as starting materials. That being said, an eco-friendly synthesis route involving the 

bulk amidation and consecutive ring formation of a carboxylic acid with an amino 

alcohol is known45,46, yielding the oxazolines functionality with only water as a 

reaction product.  

 Resins containing bis(2-oxazoline)s and dicarboxylic acids are known to 

undergo a thermal ring opening addition polymerization reaction, generating 

poly(ester-amide)s, which has been earlier communicated by groups of Bohme47–49, 

Sano50,51, Nery52, and others37,39,53–56 (k1 in Scheme 2.1). In turn, the generated amide 

groups are participating in a ring opening addition reaction with 2-oxazoline moieties, 

thereby forming tertiary amide bonds (k2 in Scheme 2.1). In fact, this mechanism is 
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responsible for the cross-linking of the 2-oxazoline resins, where the cross-link 

density is controlled by the excess of bis(2-oxazoline) monomer50,51,57. In previous 

work we have demonstrated that the application of renewable monomers in 2-

oxazoline resins can be beneficial for the curing process: Besides being renewable in 

nature, the application of a 2,5-FDCA based bis(2-oxazoline) (FDCAox) showed to 

be selectively enhancing this cross-linking reaction, thereby significantly suppressing 

the required curing time.  

 In the present study we evaluate the performance of itaconic acid based 

(bis)pyrrolidone  dicarboxylic acid monomers in 2-oxazoline resins (Scheme 2.1). 

The effect of the dicarboxylic acids on the curing process is explored using NMR 

spectroscopy, FTIR spectroscopy, and GPC chromatography. Additionally, the 

thermal behavior of the developed thermosets is investigated while particular 

attention is paid on the plasticizing effect of water in these materials. Lastly, 

preliminary enzymatic degradation studies are performed to evaluate whether these 

thermosets can be depolymerized in nature. 

 

 

Scheme 2.1. Expected reactions occurring during thermally initiated ring-opening 

addition of FDCAox with the (bis)pyrrolidone  dicarboxylic acid monomers explored 

in this study.  
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2.2 Experimental section 

2.2.1 Materials 

 Itaconic acid, 1,2-diaminoethane, 1,3-diaminopropane, 1,4-diaminobutane, 

1,5-diaminopentane, 1,6-diaminohexane, 1,7-diaminoheptane, 1,8-diaminooctane, 

1,9-diaminononane, 1,10-diaminodecane, and 1,12-diaminododecane were 

purchased from Sigma-Aldrich. Sebacic acid (SeA), 2-chloroethylamine 

hydrochloride, triphenylphosphite (TPP), thionyl chloride, sodium hydroxide, and 

potassium hydroxide were purchased from Sigma. 1,3-bis(4,5-dihydrooxazol-2-

yl)benzene (IAox) was purchased from TCI Europe. 2,5-furandicarboxylic acid (2,5-

FDCA) was obtained from Atomole, China (>99,5 wt%, GC-MS). 2,5-bis(4,5-

dihydrooxazol-2-yl)furan (FDCAox) was synthesized according to previously 

reported procedure57. The chemicals are used as received, unless it is mentioned 

otherwise. 

2.2.2 General synthesis procedure of the (bis)pyrrolidone  dicarboxylic 

acids  

 The (bis)pyrrolidone  based dicarboxylic acids were synthesized using a 

bulk reaction between itaconic acid and an α,ω-aliphatic diamine in a 2 : 1 molar 

ratio. The obtained monomers are abbreviated as BP-Cx where x denotes the 

methylene spacer length of the used diamine. As representative example, the 

synthesis of N,N’-octamethylene-bis(pyrrolidone-4-carboxylic acid), hence, BP-C8, 

is described: Itaconic acid (9.02g, 0.069 mmol) and 1,8-diaminooctane (5g, 0.035 

mmol) were added to a 100 ml round bottom flask . The mixture was heated to 130 

ºC and was allowed to stir for 18 hours in the presence of a catalytic amount of 

distilled water to yield a yellow viscous liquid. The product was obtained as white 

crystals after recrystallization from a mixture methanol and ethyl acetate, followed 

by filtration and washing with ethyl acetate, and drying in vacuo overnight at 50 ºC. 

The yield of the synthesized monomer is shown in table 2.1. The yield is measured 

gravimetrically, while the purity is traced with 1H NMR. 1H NMR analysis is shown 

in figure 2.1 (CDCl3 + d-TFA, 300 MHz): δ 3.80 (m, 4H), 3.44 (m, 4H), 3.31 (m, 2H), 

2.99 (d, 2H, J=7.9Hz), 1.57 (m, 4H), 1.30 (m, 8H). 13C NMR (CDCl3 + d-TFA, 300 

MHz): δ 178.2 (C=OOH), 175.0 (NC=O), 49.7 (NCH2 ring), 43.4 (NCH2 spacer), 

35.7 (CH ring), 33.8 (CH2 ring), 28.6 (CH2 spacer), 26.5 (CH2 spacer), 26.1 (CH2 

spacer). For the detailed overview of the synthesis and NMR analysis of the BP-Cx 

monomers, we refer to Appendix A (provided with QR code). 
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2.2.3 General melt polymerization procedure  

 Reaction mixtures containing the desired molar ratio of BP-Cx and bis(2-

oxazoline) were mixed using a mortar and pestle. When desired, 1 wt% of triphenyl 

phosphite (TPP) was added as catalyst. The obtained reaction mixtures were 

polymerized on small scale (10 mg in a HPLC vial) or were polymerized on a 3-gram 

scale after loading into a 250 mL round bottom flask fitted with a mechanical stirrer. 

The polymerizations were performed at 180 °C for 60 minutes to ensure full 

conversion. Regular sampling was performed to monitor the reaction over time.  

2.2.4 Characterization methods 

 1H NMR and 13C NMR spectroscopy was performed in a Bruker Ultrashield 

300 spectrometer (300 MHz magnetic field). Samples were prepared by dissolving 

10 mg of monomer or polymer in 0.5 ml deuterated dimethyl sulfoxide (DMSO-d6), 

in a mixture of deuterated chloroform (CDCl3) and deuterated trifluoroacetic acid 

(TFA-d), or in deuterated dimethylformamide (DMF-d7). All spectra were referenced 

against tetramethyl silane (TMS).  

 Molecular weight of the synthesized poly(ester amide)s was determined via 

Gel Permeation Chromatography (GPC). The polymers (5.0 mg) were dissolved in 

1.5 ml of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) containing 0,019 % sodium 

trifluoroacetate. After full dissolution, the mixtures were filtered over a 0.2 μm PTFE 

syringe filter before injection. The GPC apparatus was calibrated with poly (methyl 

methacrylate) standards. Two PFG combination medium microcolumns with 7 µm 

particle size (4.6 x 250 mm, separation range 100-1.000.000 Da) and precolumn PFG 

combination medium with 7 µm particle size (4.6 x 30 mm) with Refractive Index 

detector (RI) were used in order to determine molecular weights and dispersities.  

 Attenuated total reflection Fourier transform infra-red spectroscopy (ATR-

FTIR) was performed using Perkin Elmer Spotlight 400 equipped with PIKE 

GladiATR, dual mode MCT (mercury cadmium telluride) detector with an array or a 

temperature-stabilized DTGS (deuterated triglycine sulfate) as a standard 

configuration. Polymerization and curing reactions were monitored on-line for one 

hour at the desired reaction temperature between 140 °C and 220 °C. Spectra were 

collected every two seconds in the range of 4000 to 450 cm-1 with a spectral resolution 

of 4 cm-1.  

 Thermal stability of the BP-Cx monomers and poly(ester amide)s 

synthesized in this study was evaluated using thermogravimetric analysis (TGA). 

Experiments were performed on a TA Instruments TGA Q500 in a nitrogen rich 

atmosphere. Samples were heated from 20 to 700 °C, at a heating rate of 10 °C/min. 
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Differential scanning calorimetry (DSC) was performed to identify the thermal 

transitions of the developed materials using a TA Instruments DSC Q2000. Two 

heating and cooling runs were performed at heating and cooling rates of 10 °C/min. 

The melting temperature (Tm) was determined from the first heating run while the 

glass transition temperatures of the BP-Cx monomers were determined from the 

second heating run. 

2.2.5 Enzymatic depolymerization and solubilization procedures 

  The solubility and enzymatic degradation were evaluated on the developed 

thermosets obtained after curing of an equimolar mixture bis(2-oxazoline) and BP-

Cx monomers for 1 hour at 180 °C. In general, 30 mg of the thermoset was added to 

water or tris buffer solution (1 mL, 100mM, pH8), with or without Bascillus Sp (0.8 

ml, 16 units/mL, Sigma Aldrich) enzyme. The enzyme was added to the polymer 

together with a CaCl2 solution (0.01M) at 50 °C in order to enforce depolymerization 

and dissolve the poly(ester amide) thermosets58–60.  

2.3 Results and discussion 

2.3.1 (Bis)pyrrolidone  based dicarboxylic acid (BP-Cx) synthesis  

 Previous reports on (bis)pyrrolidone  based dicarboxylic acids from itaconic 

acid from different aliphatic diamine spacers (Scheme 2.2) often involve synthesis 

from water as both reaction medium and catalyst11,17. These dicarboxylic acids, 

generally obtained as viscous oily liquids, can be used directly for polymerization or 

are first isolated after several trituration steps15. One potential problem with these 

methods is that residual unreacted primary or secondary amine groups may be present 

in the final product. The presence of such amine impurities is detrimental for thermal 

curing polymerizations with 2-oxazolines as they are known to negatively affect the 

reactivity of the mixture61. Additionally, the presence of unreacted itaconic acid or 

amines will affect the stoichiometry and might hamper build-up of molecular weight. 

For this purpose, we have slightly modified the synthesis and purification methods 

provided in literature11,15: Firstly the synthesis is performed in bulk at 130 - 180 °C 

in the presence of a catalytic amount of water. After reaction overnight, the formed 

oily yellow liquid is subjected to reduced pressure to remove the water generated 

during the reaction. Secondly, the monomers are dissolved and recrystallized from a 

methanol / ethyl acetate mixture to obtain them in high purity.  
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Scheme 2.2. Aza-Michael addition of various diamines with itaconic acid, followed 

by intramolecular cyclization. The ensuing monomers are abbreviated as BP-Cx, 

where x stands for the number of methylene groups in the used diamine spacer. For 

example, the N,N’-octamethylene-bis(pyrrolidone-4-carboxylic acid) monomer 

based on 1,8-diaminooctane is named BP-C8. 

 

 
Figure 2.1. HSQC (1H-13C DEPT) spectrum (left) and 1H-NMR spectrum (right) and 

the corresponding peak assignment of the BP-C8 monomer, taken in CDCl3/d-TFA as 

solvent.  

  

 With respect to the yield of the monomers after purification, we observe that 

the recrystallization process proceeds rapidly and results in high isolated yields for 

monomers with short (BP-C2, BP-C3, and BP-C4) or long (BP-C10 and BP-C12) 

diamine spacers. However, recrystallization proved more challenging for the BP-Cx 

monomers having 5 to 9 methylene spacers between the pyrrolidone rings. Especially 

when using odd diamine spacers, recrystallization from solvent proved challenging, 

resulting in decreased isolated yields as is visible from Table 2.1. In fact, the BP-C7 

monomer proved impossible to crystallize using the described purification procedure, 

even upon prolonged recrystallization times at -20 °C. 

 

 

X = 2 - 12

F2 Chemical Shift (ppm)

F
1

 C
h

em
ic

a
l 

S
h

if
t 

(p
p

m
)

Chemical Shift (ppm)



Results and discussion 

 

41 
 

Table 2.1. Yield, thermal stability and thermal behavior of the BP-Cx monomers. 

Entry Yield (%)a Tm
 (°C)b Tg (°C)b Td (°C)c 

BP-C2 95 238 48.5 272 

BP-C3 90 194 31.3 269 

BP-C4 85 196 24.1 274 

BP-C5 65 156 22.3 275 

BP-C6 75 181 18.7 272 

BP-C8 85 153 12.6 274 

BP-C9 30 81 4.9 271 

BP-C10 90 131 3.1 274 

BP-C12 90 145 3.7 271 

aYield determined after purification by recrystallization. bDetermined from the DSC analysis, 

whereas the peak melting temperature (Tm) is determined from the first heating run and the 

glass transition temperature (Tg) is determined from the second heating run. cThermal 

degradation temperature determined from TGA analysis, where the Td denotes the onset point 

for degradation.  

 The obtained BP-Cx crystallites were tested for their thermal stability and 

melting behavior using TGA and DSC analysis. Overall, the monomers are stable up 

to temperatures well above their melting temperatures (Figure 2.2 and Table 2.1): In 

general, an onset of degradation is observed around 270 °C for all monomers, and no 

significant weight loss is detected below 250 °C. With respect to the thermal 

transitions prior to degradation, the BP-Cx monomers display distinct melting 

behavior (Tm) during the first heating run in DSC analysis. During the second DSC 

heating run cold-crystallization and consecutive melting is observed only for the 

BP-C2, BP-C8 and BP-C12 monomers, as is displayed in Figure 2.3A for BP-C8. All 

other monomers do not crystallize within the time provided by the DSC analysis 

methods, but instead display a characteristic glass transition temperature (Tg). The 

presence of such a Tg likely originates from the hydrogen bonding between 

dicarboxylic acid groups, resulting in long range order. Indeed, this seems to be the 

case as the Tg of the BP-Cx monomers (Figure 2.3B) decreases rather linearly with 
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the hydrogen bonding density of the carboxylic acid groups, as is explained in 

Appendix A (Figures A3&A4).  

 
Figure 2.2. Offset TGA thermograms depicting the thermal stability of the various 

BP-Cx monomers developed in this study. The applied heating rate for the TGA 

experiments was 10 °C/min. 

 

Figure 2.3. A) DSC thermogram of BP-C8 depicting the characteristic melting 

behavior of purified BP-Cx monomers. B) Overview of the peak melting temperatures 

of the synthesized monomers observed during the first DSC heating run, and the glass 

transition temperature observed during the second DSC heating run. All heating and 

cooling rates were 10 °C/min. Note, the filled symbols depict the thermal transitions 

of the BP-Cx monomers containing even amine spacers, whereas the open symbols 

depict the thermal transitions of the BP-Cx monomers with odd amine spacers.  

 An overview of all the peak melting temperatures observed during the first 

heating run and the glass transition temperatures observed during the second heating 

run is depicted in Figure 2.3B. In general, the melting temperature of the BP-Cx 

monomers decreases with increasing methylene spacer length. For example, the BP-
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C2 monomer exhibits a peak melting temperature at 238 °C, whereas the BP-C12 

monomer melts already at 145 °C. Additionally, a characteristic odd-even effect62,63 

is observed: The BP-Cx monomers with an odd amine spacer are displaying 

significantly lowered melting temperatures than the BP-Cx monomers containing 

even diamine spacers. This low melting temperature of BP-Cx monomers with odd 

amine spacers explains their previously observed low isolated yield: BP-Cx 

monomers with odd amine spacers can only form defected crystallites with low 

melting temperatures during recrystallization from solvent. As a consequence, crystal 

growth is significantly hindered, thereby lowering the isolated yield after 

recrystallization.  

 Overall, based on the synthesis procedure and the behavior of the 

synthesized BP-Cx monomers we can conclude that the modified bulk synthesis 

allows for upscaling in good yield when using diamine spacers that generate high 

melting BP-Cx monomers. 

 

2.3.2 Curing performance of BP-Cx monomer in 2-oxazoline resins  

 The BP-Cx monomers were used as dicarboxylic acid for the preparation of 

2-oxazoline resins. To avoid the use of solvents, the monomers were grinded in the 

solid state and polymerized in bulk. In this study, the evaluated bis(2-oxazoline) 

monomers are 1,3-bis(4,5-dihydrooxazol- 2-yl)benzene (IAox) and the renewable 

2,5-bis(4,5-dihydrooxazol-2-yl)furan (FDCAox). An overview of the used monomers 

for polymerization reactions is provided in Scheme 2.3. The characteristic 

polymerization reaction of BP-Cx monomers with FDCAox is depicted in Scheme 

2.1. In general, the ring-opening polyaddition reaction between dicarboxylic acids 

and bis(2-oxazoline)s (k1) yields linear poly(ester-amide)s57. However, the formed 

amide bond is susceptible to react with another 2-oxazoline moiety (k2), thereby 

providing the means to generate branched or cross-linked structures. In previous work 

we have demonstrated that the branching and cross-linking reaction is highly 

dependent on the selected bis(2-oxazoline spacer): To recall, the amorphous 2,5-

furandicarboxylic acid based amide groups are highly susceptible to participate in a 

branching reaction with a 2-oxazoline57.  
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Scheme 2.3. Overview of the used monomers for polymerization reactions performed 

in this study.  

  

 The curing performance of the BP-Cx monomers in 2-oxazoline resins was 

tested in equimolar systems containing either FDCAox or IAox. As reference, the 

reaction with sebacic acid as aliphatic dicarboxylic acid was performed. The 

equimolar systems were cured for one hour at 180 C under nitrogen atmosphere. The 

conversion and molecular weights were determined through 1H NMR and GPC 

analysis of samples taken at regular time intervals. The conversion determination 

procedure from NMR analysis and representative NMR spectra are provided in 

Appendix A (provided with QR code). Figure 2.4 depicts the conversion over time 

for the first 5 minutes of reaction time for the tested reaction systems: In general, we 

observe that all systems go to roughly 90% conversion within this reaction time. Such 

a high reactivity is expected as the reaction of 2-oxazolines with dicarboxylic acids 

is known to proceed sufficiently fast at this reaction temperature to allow for chain-

extension reactions in compounding or extrusion processes. Interestingly, we observe 

that resins with BP-C8 react significantly faster compared to systems containing 

sebacic acid as they already achieve more than 50% conversion within 20 seconds of 

reaction time. Additionally, as reported in previous work, resins containing 2,5-

FDCAox exhibit a higher reactivity than systems containing IAox (Figure 2.4), which 

is attributed to the increased tendency of FDCAox to undergo cross-linking with the 

formed amide groups57. 
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Figure 2.4. Conversion calculated from NMR analysis during the first 5 minutes of 

curing of the various 2-oxazoline resins at 180 °C. Characteristic NMR spectra and 

calculation method are provided in Appendix A (provided with QR code).  

 To obtain more information on the molecular weight build-up at the start of 

the curing process, systems containing various BP-Cx monomers and IAox have been 

cured for 1 minute at 180 C and their molecular weights were evaluated through 

HFIP-GPC analysis. Please note that we confine ourselves to IAox based systems for 

the determination of molecular weights given the high tendency of FDCAox based 

resins to undergo rapid cross-linking, thereby limiting their solubility. As is visible 

from Figure 2.5, the molecular weights (Mw) of the systems containing the BP-Cx 

monomers reach 10 – 20 kg/mol within only 1 minute of curing.  

 
Figure 2.5. A) GPC traces of equimolar systems containing dicarboxylic acid and 

IAox cured for 1 minute at 180 °C. B) Overview of corresponding molecular weights 

(Mw and Mn) of the GPC traces shown in Figure 2.5A.  

 In contrast, the system containing sebacic acid only yields a Mw of 4.5 

kg/mol after the same reaction time. Additionally, the presence of monomers and 
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oligomers can be detected in the GPC traces of all systems, confirming that no full 

conversion is yet achieved (Figure 2.5A). Furthermore, in all BP-Cx GPC traces a 

high molecular weight tail is observed, likely indicating the presence of branched 

structures. 

 To obtain more information on the polymerization proceeding over time, the 

IAox based resins containing sebacic acid and BP-C8 were cured for one hour and 

their molecular weight build-up was monitored over time using GPC analysis. As is 

shown in the GPC traces of the IAox: BP-C8 resin (Figure 2.6A), a rapid molecular 

weight build-up is achieved immediately upon melting. Over time, the residual 

monomers and oligomers continue to react and the high molecular weight tail 

increases, but overall, no significant changes are observed in the GPC traces. This 

experiment confirms that systems with BP-C8 exhibit extremely high reactivity and 

rapidly build up molecular weight. Furthermore, after 60 minutes of curing, the 

sample proved to be only partially insoluble in the HFIP solvent, indicating that 

branching and cross-linking proceeds over time.   

Figure 2.6. Molecular weight build-up according to GPC analysis during curing at 

180 °C for an equimolar A) BP-C8: IAox and B) Sebacic acid : IAox resin. Figures 

C) and D) depict the increase in Mw and PDI over time respectively for both systems.  
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 In contrast, when looking at the GPC traces of the sebacic acid-based resin 

(Figure 2.6B) we observe a more gradual increase in molecular weight over time. 

Such behavior is characteristic for polycondensation type of polymerizations. 

Additionally, when the polymerization reaches high conversions, a rise in high 

molecular weight tail and Mw is observed together with a systematic increase in 

dispersity, indicating that branching also occurs in this system (Figures 2.6C and 

2.6D). That being said, branching and cross-linking proceeds significantly slower in 

the presence of sebacic acid compared to samples containing BP-C8 as the system 

remains fully soluble in HFIP, even after 6 hours of reaction time. 

 From the previous observations we have strong indications that the BP-Cx 

monomers significantly enhance the reaction rate of 2-oxazoline resins compared to 

aliphatic dicarboxylic acids. However, at this point it is not clear whether the presence 

of BP-Cx selectively accelerates the k1 (chain extension) or k2 (branching) reaction 

constant as both processes seem to proceed simultaneously. In order to gain more 

information on this reactivity difference, on-line monitoring of the polymerization is 

performed using ATR-FTIR analysis. For these reactions a carboxylic acid to (2-

oxazoline) ratio of 1 : 2 has been used to enforce cross-linking and to assess the k2 

reaction constant: The excess of 2-oxazoline moieties ensure a rapid conversion of 

the dicarboxylic acids into ester-amide bonds in the initial stage of polymerization, 

leaving the residual 2-oxazoline moieties only with the amide groups to react. The 

reaction of the 2-oxazoline moiety with the secondary amide yields a tertiary amide 

bond (Scheme 2.1), which exhibits a characteristic resonance in FTIR spectroscopy 

around 1417 cm-1. Figures 2.7A and 2.7B depict the characteristic FTIR spectra 

obtained during a polymerization of FDCAox based resins containing BP-C8 and 

sebacic acid as dicarboxylic acid, respectively. 

 The FTIR spectra obtained during polymerization of systems containing 

IAox as bis(2-oxazoline) are provided in Appendix A (Figure A3). Three distinct 

vibrational bands are highlighted in Figure 2.7: I correspond to the furan ring 

vibration (816 cm-1), II corresponds to the 2-oxazoline ring vibration (922 cm-1), and 

III corresponds to the tertiary amide bonds vibration (1412 cm-1). In general, for both 

systems we observe that peak area I remains constant during the curing process, 

indicating that no evaporation of the FDCAox occurs over time. The fact that no 

components are evaporating over time allow us to use this vibration as internal 

standard. Signals II and III change over time as a result of the proceeding chemical 

reaction, as the 2-oxazoline ring is depleted during ring-opening (signal II) and 

tertiary amide bonds are formed upon cross-linking (signal III). 

 When qualitatively comparing the change in tertiary amide bond signal (III) 

over time for the four tested systems, we can identify two characteristic regimes in 
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the polymerization (Figure 2.8). Regime 1 denotes the region where mostly melting 

of the mixture proceeds in combination with reaction of the 2-oxazoline moieties with 

carboxylic acid groups until a plateau value is observed. According to the NMR 

analysis depicted in Figure 2.4 this generally proceeds within the first minutes of 

polymerization. Regime 2 denotes the region where the remaining 2-oxazolines react 

with the generated amide bonds, hence the cross-linking of the system is proceeding. 

Obviously, these regimes differ per reaction and depend on temperature, reaction rate 

and the presence of a catalyst. For this reason, non-indicative lines separating the two 

regimes are added to guide the eye.  

 

 
Figure 2.7. FTIR spectra (700-2000 cm-1) obtained during the on-line monitoring of 

the curing of (A) BP-C8 : FDCAox and (B) Sebacic acid : FDCAox systems at 180 

°C. Both polymerizations were performed in a dicarboxylic acid : 2-oxazoline ratio 

of 1 : 2. Vibrational bands I, II, and III denote the characteristic vibrations from the 

furan ring, 2-oxazoline ring, and tertiary amide bonds respectively.  

  

 Interestingly, systems containing BP-C8 tend to melt rapidly and reach a 

plateau value within seconds, as is visible from Figure 2.8A. However, the cross-

linking of the reaction mixtures seems to depend mostly on the selected bis(2-

oxazoline) spacer, as only the systems containing FDCAox tend to rapidly crosslink 
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over time. Systems containing IAox do exhibit cross-linking, but at a significantly 

decreased rate compared to FDCAox based systems. The addition of triphenyl 

phosphite (TPP) as catalyst, does facilitate the cross-linking reaction for all systems 

(Figure 2.8B), indicating that k2 reaction constant is determined by either the selected 

bis(2-oxazoline) or catalyst, but not by the dicarboxylic acid. The FTIR spectra 

obtained during polymerization of systems containing 1 wt% TPP used for the 

generation of Figure 2.8B are provided in Appendix A (Figure A4). 

 

 
Figure 2.8. Changes of the normalized tertiary amide vibration III during 

polymerization of dicarboxylic acid: bis(2-oxazoline) resins (ratio of 1 : 2) at 180 °C. 

The curves are freely shifted vertically to align the plateau values obtained at the end 

of regime 1 to ease the comparison.  

 

 To obtain quantitative insight on the effect of BP-Cx monomers on the 

polymerization kinetics, data fitting using normalized resonance II (2-oxazoline ring 

vibration) as input has been performed for the systems containing FDCAox. The 

reaction kinetics of the polymerization between bis(2-oxazoline)s and dicarboxylic 

acids can be described using differential equations (2.1) – (2.3):   

 

(2.1)  
𝛅[𝐀𝐜𝐢𝐝]

𝛅𝐭
= −

𝛅[𝐄𝐬𝐭𝐞𝐫]

𝛅𝐭
= −

𝛅[𝐒𝐞𝐜.𝐀𝐦𝐢𝐝𝐞]

𝛅𝐭
= −𝐤𝟏 [𝐀𝐜𝐢𝐝][𝐎𝐗] 

(2.2)  
𝛅[𝐎𝐗]

𝛅𝐭
= −𝐤𝟏 [𝐀𝐜𝐢𝐝][𝐎𝐗] − 𝐤𝟐[𝐒𝐞𝐜. 𝐀𝐦𝐢𝐝𝐞][𝐎𝐗  

(2.3)  
𝛅[𝐓𝐞𝐫𝐭.𝐀𝐦𝐢𝐝𝐞]

𝛅𝐭
= 𝐤𝟐 [𝐒𝐞𝐜. 𝐀𝐦𝐢𝐝𝐞][𝐎𝐗]  

 In differential equations (2.1) - (2.3), the 2-oxazoline concentration is 

denoted as [OX] in mol/kg. Similarly, the concentrations of the ester, amide groups, 

and tertiary amide groups are denoted as [Ester], [Sec. Amide], and [Tert. Amide] 
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respectively (in mol/kg). After normalization of the area of resonance II by the area 

of resonance I,  followed by conversion to concentration using a conversion factor57, 

the 2-oxazoline concentration during polymerization is obtained. This data has been 

used as input to fit both k1 and k2 reaction constants using differential equations 

(2.1) - (2.3) (Figure 2.9). For the data fitting we assumed that  both reactions are 

second order and irreversible, and that both 2-oxazoline moieties in a bis(2-

oxazoline) reactant are equireactive52. Additionally, we assumed that the 2-oxazoline 

concentration is linearly dependent on the normalized resonance II peak area, thus 

ignoring contributions from potential evaporation or changes in density during 

polymerization57.  

 

 
Figure 2.9. Bulk 2-oxazoline concentration during polymerization of (A) Sebacic 

acid : FDCAox and (B) BP-C8 : FDCAox resins, both in 1 : 2 molar ratios. The red 

line indicates the experimental data, whereas the black dotted line corresponds to the 

obtained fit. Cf indicates the conversion factor.   

 From Figure 2.9 we can observe that the used method can fit the FTIR data 

rather well. Remarkably, the k2 reaction constants of the two different resins are the 

same order of magnitude, while the k1 reaction constant increases with more than one 

order of magnitude when exchanging sebacic acid for BP-C8. These findings indicate 

that the previously observed enhancement in reaction and cross-linking rate in BP-C8 

based systems can be attributed to the selective enhancement of the k1 reaction 

constant only. The predicted molecular weight build-up during curing and the 

resulting decrease in cross-linking time as a function of change in k1 reaction constant 

is provided in Appendix A (Figure A6-A8).  

 Please note, for the system containing BP-C8, we expect that the k1 reaction 

constant obtained from the fit depicted in Figure 2.9 is overestimated. This is a result 

from the rapid 2-oxazoline depletion immediately upon the melting of the mixture, 

thereby preventing the collection of enough data points and at early stage of the 
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polymerization. Nevertheless, despite the potential error in the k1 value, we can 

clearly observe that the k1 constant is significantly higher when using BP-C8 as 

dicarboxylic acid. This behavior is consistently observed in systems containing other 

BP-Cx monomers as is shown in Appendix A (Figure A5).  

 The observed enhancement in k1 reaction constant in this work is rather 

comparable to the findings reported by Néry and coworkers for systems using a 

pyridine based bis(2-oxazoline). These authors attributed the enhanced reactivity to 

1) the basic nature of the pyridine ring and 2) to the stabilization of the protonated 2-

oxazoline moiety. Given the basic but non-reactive nature of N-alkylated pyrrolidone 

moeities52, it is plausible that they promote the deprotonation of the carboxylic acid 

moiety and thereby enhance its reactivity towards electrophiles such as 2-oxazolines. 

Verification of this hypothesis is part of ongoing work and will be communicated in 

future publications.  

 

2.3.3 Thermal behavior of the developed thermosets 

 With understanding of the effect of BP-Cx monomers on the curing kinetics 

in 2-oxazoline resins, in this section we evaluate their effect on the thermal behavior 

of the fully renewable thermosets, being systems based on FDCAox. To this end, 

various resins containing FDCAox and several readily recrystallizable BP-Cx 

monomers have been prepared in equimolar ratio and were cured for one hour at 180 

°C in the absence of catalyst. The obtained materials were analyzed for their thermal 

transitions using DSC analysis. The obtained materials are all amorphous in nature, 

as can be observed from the exemplary DSC heating and cooling traces for the 

FDCAox : BP-C8 based thermoset (Figure 2.10A). As expected, the rigid nature of 

the pyrrolidone rings in the polymer backbone increases the Tg (70 °C for BP-C8) 

compared to the thermosets based on sebacic acid (52 °C). Furthermore, also in line 

with expectations, the Tg of the thermoset increases with decreasing number of 

methylene spacers of the used BP-Cx monomer (Figure 2.10B).  

 One particular point for attention in these amorphous materials is that the 

presence of numerous free electron pairs in the oxygen and nitrogen atoms results in 

the significant absorption of water: As is visible from Figure 2.10A, exposure to water 

or moisture results in a plasticizing effect, thereby decreasing the glass transition 

temperature by roughly 30 °C. Such amorphous behavior combined with the 

plasticizing effect of water is observed for all FDCAox : BP-Cx based thermosets, as 

is shown in Figure 2.10B. The introduction of a water as plasticizer improves the 

deformability of the thermoset, but can also result in rapid hydrolysis of the ester 

groups present in these poly(ester-amide)s11,17,54. Though such hydrolysis can hamper 
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the structural integrity and lifetime of the materials, it also opens up possibilities for 

depolymerization and biodegradation of the thermosets.  

 

Figure 2.10. A) Second DSC heating and cooling traces for FDCAox: BP-C8 systems 

cured in an equimolar ratio at 180 °C. The same film has been measured directly 

after curing and after exposure to air. Image B) depicts the glass transition before 

and after air exposure for cured films containing various BP-Cx monomers and 

FDCAox. All DSC runs were performed at heating and cooling rates of 10 °C/min. 

2.3.4 Enzymatic depolymerization: Towards predicting end of life 

 To identify whether such depolymerization occurs in the presence of water, 

preliminary degradation studies were performed on the synthesized renewable 

pyrrolidone based polymers, as shown in scheme 2.4.  

 In general, 30 mg of product was placed in 1 mL of demineralized water or 

tris(hydroxymethyl)aminomethane (tris) buffer (100mM, pH8). Optionally, protease 

enzyme from Bacillus Sp58 (0.8 ml, 16units/ml, Sigma Aldrich) was added together 

with 200 μL of 0.01M CaCl2 solution. Please note, this enzyme is commonly present 

in soil and is generally responsible for the breakdown of amide bonds. Next, the vials 

were sealed, and incubated for 72 hours at 50 °C under constant shaking. 

 In general, we can observe from Figure 2.11A that both pure water and tris 

buffer do not absorb UV light in the evaluated range of 250 to 600 nm. BHFDA, the 

compound expected to be formed after hydrolysis of the ester bonds in FDCAox 

based thermosets (Scheme 2.4) does display a strong absorption peak around 280 nm. 

The other hydrolysis product, BP-C8, displays a minor absorption peak below 320 

nm. Ethanolamine, a reaction product expected to be formed after hydrolysis of the 

furan dicarboxamide bonds displays an adsorption maximum at 260 nm. Lastly, we 

observe that also the enzyme does not interfere with the TNBS activity as it only 

displays an absorption maximum below 300 nm.  
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Scheme 2.4: Chain-extension (k1) and cross-linking (k2) reaction between renewable 

dicarboxylic acids and a 2,5-furandicarboxylic acid based bis(2-oxazoline) yielding 

fully renewable and enzymatically depolymerizable thermosets.   

 After incubation, the solutions were placed in a cuvette and analyzed using 

UV-VIS spectrophotometry, together with a series of model compounds expected to 

form after hydrolysis of the ester bonds in the FDCAox:BP-C8 (1:1) polymers 

(Scheme 2.5). Directly after UV-VIS analysis of the mixtures, 25 μl of a 1 wt% 

solution of 1,4,6-trinitrobenzenesulphonic acid (TNBS) sodium salt solution was 

added, mixed with a pipette, and placed back for UV-VIS analysis. TNBS is a well-

known indicator for primary amines64–68 which allows us to identify whether the used 

protease facilitate amide bond breakage. In general, TNBS (absorption maximum at 

250-260 nm) reacts with primary amines to form a Meisenheimer complex 

(absorption maximum at 420 nm), which in turn can react further into a 

trinitrophenylamine (absorption maximum at 340 nm). In the absence of amines 

partial hydrolysis of TNBS occurs yielding picric acid which displays an absorption 

maximum at 340 nm69. Figure 2.11 displays the UV-VIS spectra in the range between 

250 and 600 nm for the various mixtures evaluated in this study.  

 As expected, the addition of TNBS to water only results in hydrolysis of the 

TNBS resulting in UV absorption corresponding to the presence of picric acid (Figure 

2.11B). Similarly, addition of TNBS to BP-C8, BHFDA, and the enzyme solutions 

only result in partial hydrolysis of TNBS. Please note, also tris buffer does not interact 

with TNBS in our used detection protocol despite the presence of an amine group, 

which is likely a result from steric hindrance of the three bulky ethanol side groups. 

In contrast, the system containing ethanolamine rapidly decolors when TNBS is 

added and displays a dominant UV absorption at 420 nm, indicating the presence of 
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the Meisenheimer complex (in fact, the UV absorption at this concentration is close 

to detection limit).  

 
Scheme 2.5. Overview of the reference compounds and the used TNBS sodium salt 

indicator used to identify UV activity and the presence of amines in the degradation 

products. 

 Systems containing FDCAox and BP-C8 based thermosets (1:1 ratio) were 

also incubated under various conditions. The general observations from these studies 

are that the presence of water alone is not sufficient to depolymerize the material: 

The thermosets immersed in water only swell but do not fully dissolve within a period 

of several weeks. In contrast, immersion in the slightly alkaline buffer does result in 

swelling and dissolution of the thermoset within 72 hours. Please note, since the 2,5-

FDCA based thermosets are crosslinked and insoluble, dissolution of the thermosets 

is only possible upon chemical break-down. Therefore, the dissolution observed in 

these degradation studies is likely a result from ester bond hydrolysis and consecutive 

dissolution of the hydrolyzed products, as has also been reported for BP-Cx based 

polyesters by Miller and coworkers11. This therefore indicates that hydrolysis is rather 

slow in pure water but is enhanced in alkaline conditions. Interestingly, the hydrolysis 

of the thermoset is significantly enhanced upon the addition of enzyme to polymer in 

buffer as full dissolution of the thermoset is observed within 48 hours of incubation. 

Addition of enzyme to polymer in only water does not enhance the hydrolysis rate to 

such an extent as the polymer merely swells over time. This strongly suggests that 

the combination of enzyme and buffer facilitates depolymerization of the thermoset 

through hydrolysis.  
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Figure 2.11. UV absorbance of solutions containing various media in the range of 

250-600 nm without (A, C) and with TNBS (B,D) as indicator. 

 Indeed, this seems to be the case when looking at the UV response of the 

ensuing mixtures. As is visible from Figure 2.11C, UV absorption is observed for all 

the samples below 300-320 nm, likely indicating the presence of hydrolysis product 

BHFDA. No primary amines are detected upon addition of TNBS for the polymers 

immersed in water, buffer or enzyme solution in water, indicating that only hydrolysis 

of the ester bonds takes place under these conditions. Interestingly, addition of TNBS 

to the system containing both buffer and enzyme results in a rapid discoloration of 

the solution and a rise in UV absorption maximum at 420. These preliminary findings 

indicate that the enzyme can also break down the amide bonds, thereby producing 

primary amines.  

 Though this absorption of water and consecutive enzymatic 

depolymerization shows potential for biodegradability of the material, it may be 

desired to increase the lifetime of the thermosets in the presence of water. One 

potential route to control the depolymerization rate is by controlling the cross-linking 

density of the thermosets: An increase in cross-linking density increases the Tg and 

decreases the tendency of the thermosets to absorb water. As a result, the 
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depolymerization process is expected to slow down and thermosets with controlled 

degradation rates can be developed.  

 Detailed studies related to the degradation mechanism and products of the 

developed thermosets as a function of chemical composition and cross-linking 

density are currently ongoing and will be part of future communications.  

2.4 Conclusions 

 The synthesis of fully renewable (bis)pyrrolidone based dicarboxylic acids 

was shown to be readily achieved in bulk with only water as catalyst. Furthermore, 

these materials have shown to be excellent candidates for curing in 2-oxazoline based 

resins: Both GPC and NMR data indicate that the BP-Cx monomers improve the 

reaction rate, thus allowing for faster curing. Additionally, through FTIR 

characterization we observed that the reaction kinetics in 2-oxazoline based resins 

can be controlled by a judicious selection of the reactants; the k1 reaction constant, 

responsible for chain extension, can be tailored by the choice of the dicarboxylic acid 

component, whereas the k2 reaction constant, responsible for branching and 

crosslinking, can be controlled by the choice of the bis(2-oxazoline) reactant. 

Combined, this provides a toolbox for the development of fully renewable and highly 

reactive resins with tailored thermal properties. Furthermore, the developed 

thermosets in this study are readily plasticized by water and are promising candidates 

for biodegradation as they are susceptible for enzymatic depolymerization.   

 

For further information, please refer to Appendix A.  
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In this chapter... 

 

 

 

“The synthesis and performance of thermosets using itaconic acid based dicarboxylic 
acids with bis(2-oxazoline)s is described together with their interaction with 
moisture, providing a route to recycle the used dicarboxylic acid monomers” 

 

 

 

Abstract 

This chapter reports on the synthesis and performance of thermosets using itaconic 
acid derived (bis)pyrrolidone dicarboxylic acids with bis(2-oxazolines), while 
investigating their interaction with moisture, providing a route to chemically recycle 
the used dicarboxylic acid monomers. 
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3.1 Introduction 

The depletion of fossil feedstock and the usage of traditional plastics have 

proven to contribute to major environmental issues such as water and air pollution1. 

To this end, industry and academia are exploring routes to make polymers suitable 

for circular economy, for example through the development of degradable materials 

or through reuse and recycling of already existing materials2–4. Additionally, as a step 

towards sustainable chemistry5–8, bio-based molecules synthesized from renewable 

feedstock could provide an alternative monomer source for polymers. One of such 

monomers is itaconic acid9–12. The monomer is generally obtained by distillation of 

citric acid13,14 and by fermenting corn starch15,16 which makes it readily available at a 

low cost. The presence of one unsaturated group along with two carboxylic moieties 

allows itaconic acid to undergo an aza-Michael addition, thereby generating a 

pyrrolidone based carboxylic acid functionality. Recently, these monomers have been 

successfully used for the synthesis of polyesters17, polyamides9,10,18–20, poly(ester-

amide)s21, and other polymers22,23. In general, the presence of the heterocyclic 

pyrrolidone ring introduces rigidity into the polymeric backbone, thereby allowing 

for the development of polymers with enhanced glass transition temperatures. 

However, the presence of hydrophilic pyrrolidone ring enhances the moisture 

affinity, effectively facilitating the plasticizing effect and in turn suppressing the glass 

transition temperature. A concomitant effect of the presence of water is that it 

facilitates hydrolysis of the pyrrolidone ring, allowing dissolution of the polymers in 

water and soil, thus making the polymer prone to enzymatic depolymerization21 

and/or potential biodegradation17.  

Poly(2-oxazolines) have proven their potential as polymers suitable for 

biomedical applications24–28. These applications have been reported by various 

researchers such as Hoogenboom et al.29–33, Luxenhofer et al.34–36, Nuyken et al.37,38 

and Schubert et al.39–42. Additionally, 2-oxazolines are promising candidates in resins 

for thermal curing with amines43–45 and carboxylic acids21,46–50.  

In previous work, we have demonstrated that the itaconic acid based N,N’-

octamethylene-bis(pyrrolidone-4-carboxylic acid) (BP-C8)21 readily reacted into 

poly(ester-amide)s at elevated temperatures with both 1,3-bis(4,5-dihydro-2-

oxazolyl)benzene (IAox) (scheme 3.1, k1 reaction) and with the bis(2-oxazoline) 

derived from renewable 2,5-furandicarboxylic acid. Additionally, when applying an 

excess of bis(2-oxazoline), the 2-oxazoline functionality can in turn react with the 

formed amide bonds, thereby generating a tertiary amide group (scheme 3.1, k2 

reaction). This second reaction proved to be a versatile tool for the development of 

thermosets, as it allows control over the cross-linking density by merely adding an 

excess of bis(2-oxazoline). 
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Scheme 3.1. Chain extension (k1) and branching (k2) reactions occurring during 

curing of the resin containing dicarboxylic acid BP-C8 and IAox. 

 

 When immersed in water, both the ester and amide functionalities in these 

thermosets are susceptible to enzymatic depolymerization, thereby opening new 

possibilities for chemical recycling or potential biodegradation21. Although these 

scenarios are promising for the potential circularity of these materials, the actual role 

of water on the chemical stability, thermal behavior and mechanical behavior of these 

materials has yet to be identified. Therefore, in this work we report on the role of 

moisture on the thermo-mechanical behavior of a series of 2-oxazoline based 

thermosets with varying cross-linking density. Though the use of 2,5-

furandicarboxylic acid based bis(2-oxazoline) is preferred from renewability aspects, 

its susceptibility towards cross-linking does not allow for the generation of non-

crosslinked polymers which are required as reference in this study. Instead, for a 

better control over the cross-linking process, in this work we make use of IAox 

derived from isophthalic acid, which could become a future renewable building block 

as synthesis routes are emerging with, for example, renewable xylenes51, isoprene52, 

or triacylglycerides53 as starting compounds. Lastly, in addition to the thermo-

mechanical behavior we report on a potential route for chemical recycling of the BP-

C8 monomer after hydrolysis of the thermosets. 

3.2 Experimental section 

3.2.1 Materials 

 Itaconic acid (99% purity), triphenyl phosphite (TPP, 98% purity), 

deuterated water (D2O, 99 atoms% D), and 1,8-diaminooctane (98% purity) were 

purchased from Sigma-Aldrich. 1,3-Bis(4,5-dihydro-2-oxazolyl)benzene (IAox, 98% 

purity, GC) was purchased from TCI chemicals. The chemicals used are used as 

received, unless described otherwise. 
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3.2.2 Synthesis of N,N’-octamethylene-bis(pyrrolidone-4-carboxylic acid), 

BP-C8 

 BP-C8 used in this study abbreviated as, N,N’-octamethylene-

bis(pyrrolidone-4-carboxylic acid) was synthesized using the method reported in 

earlier work (scheme 3.2)21: Itaconic acid (13.01g, 0.10mol) and 1,8-octanediamine 

(7.21g, 0.05mol) were placed in a round-bottom flask and heated in bulk to 180 °C 

for 18 hours. The product was obtained as off-white crystals via recrystallization from 

methanol and ethyl acetate and was isolated by filtration followed by drying in vacuo 

at 80 °C with a yield of 89%. Purity (≥99%) of the monomer was determined using 

NMR analysis. 1H NMR (CDCl3 + d-TFA, 300 MHz): δ 3.80 (m, 4H), 3.44 (m, 4H), 

3.31 (m, 2H), 2.99 (d, 4H, J=7.9Hz), 1.57 (m, 4H), 1.30 (m, 8H). 13C NMR (CDCl3 

+ d-TFA, 300 MHz): δ 178.2 (C=OOH), 175.0 (NC=O), 49.7 (NCH2 ring), 43.4 

(NCH2 spacer), 35.7 (CH ring), 33.8 (CH2 ring), 28.6 (CH2 spacer), 26.5 (CH2 -

spacer), 26.1 (CH2 spacer). 

 

Scheme 3.2: Reaction scheme showing the synthesis of N,N’-octamethylene-

bis(pyrrolidone-4-carboxylic acid), BP-C8. 

3.2.3 Melt curing procedure 

 The desired amount of the BP-C8 and IAox was weighed together with 1 

wt% triphenyl phosphite. The ensuing product was mixed with a mortar and pestle 

before usage. The resulting mixture was cured in a compression mold (30 bar 

pressure) at 180 °C for 90 minutes to ensure full conversion. The resulting films were 

dried overnight in vacuo at 70 °C prior to further use. A series of five polymers, 

having varying crosslinking density, were synthesized following the given procedure. 

The crosslinking density was varied by the addition of an excess of IAox.  The 

polymers having an equimolar ratio of BP-C8 and IAox is named polymer 1, whereas 

the thermosets containing 25 mol%, 50 mol%, 75 mol%, and 100 mol% excess of 

IAox (with respect to BP-C8) are called polymers 2, 3, 4, and 5, respectively. 

3.2.4 Characterization Methods 

 1H-NMR spectroscopy was performed with a Bruker Ultrashield 300 

spectrometer (300 MHz magnetic field). Samples were prepared by dissolving 10 mg 
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of material in 0.5 mL deuterated dimethyl-sulfoxide (DMSO-d6) or deuterated water 

(D2O). All spectra were referenced against tetramethyl silane (TMS).  

 Molecular weights of the synthesized poly(ester-amide)s was determined 

via gel permeation chromatography (GPC). The poly(ester-amide)s (5.0 mg) were 

dissolved in 1.5 mL of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) containing 0.019% 

sodium trifluoroacetate. After dissolution, the mixtures were filtered over a 0.2 μm 

PTFE syringe filter before injection. The GPC apparatus was calibrated with 

poly(methyl methacrylate) standards. Two PFG combination medium microcolumns 

with 7 μm particle size (4.6 mm × 250 mm, separation range 100−1.000.000 g/mol) 

and precolumn PFG combination medium with 7 μm particle size (4.6mm× 30 mm) 

with refractive index detector (RI) were used in order to determine the molecular 

weight and dispersity.  

 Attenuated total reflection Fourier transform infrared spectroscopy (ATR-

FTIR) was performed using a PerkinElmer Spotlight 400 equipped with a PIKE 

GladiATR, dual mode MCT (mercury cadmium telluride) detector with an array or a 

temperature-stabilized DTGS (deuterated triglycine sulfate) as a standard 

configuration. ATR-FTIR spectroscopy carried out on the cured thermosets with 

various crosslinking densities. Spectra were collected in the range 450-4000 cm−1 

with a spectral resolution of 4 cm−1. Polymerization and curing reactions were 

monitored on-line for two hours at a reaction temperature of 180 °C. 

 The thermal stability and moisture absorption of the synthesized thermosets 

were studied using Thermogravimetric analysis (TGA). Experiments were performed 

on a TA Instruments TGA Q500 in a nitrogen rich atmosphere. Samples were heated 

from 20 to 500 °C, at a heating rate of 10 °C/min.  

 Differential scanning calorimetry (DSC) was performed on a TA 

Instruments DSC Q2000 to identify the glass transition temperature of the developed 

materials, both before and after water absorption. Heating and cooling runs were 

performed at rates of 10 °C/min. The glass transition temperature of the materials was 

determined from the first heating run, in order to prevent full evaporation of the water 

during heating.  

 Tensile tests were performed to assess the mechanical performance of the 

thermosets on small scale. To this end, a Linkam micro tensile stage, equipped with 

a constant force of 50N load cell with accuracy of 0.01N was used. Samples were cut 

into a flat dog bone type specimen with an effective gage dimensions of 13 x 2 x 1 

mm (length x width x thickness). The tensile tests were performed at a deformation 

rate of 100mm/min. All the measurements were performed at room temperature. 



Results and discussion 

 

69 
 

 Torsional DMTA experiments on the inner parts of the PLA tensile bars 

were performed on an Anton Paar 702 twin drive rheometer equipped with DMTA 

clamps. The samples were heated from 40 °C to 160 °C and exposed to a strain of 

1% and consecutively cooled back to 40 °C. 

3.2.5 Thermoset hydrolysis and monomer recovery tests 

 The hydrolysis and monomer recovery tests were performed on the polymer 

1 and polymer 5. Sample specimens were cut and immersed in demineralized water, 

followed by heating to 130 C in a pressure vessel for three or six hours. Next, the 

supernatant was decanted off, cooled down to room temperature and stored at 5C 

after addition to methanol as co-solvent. Over time, small crystallites formed which 

were filtered off, dried at 60 C in vacuo prior to analysis using NMR spectroscopy.  

3.3 Results and discussion 

3.3.1 Synthesis, characterization and thermal behavior of developed 

thermosets 

 As explained in the experimental section, the BP-C8 monomer was 

synthesized according to the route reported in previous publication21, and recalled 

briefly in the experimental section. Scheme 3.1 demonstrates the thermal curing of a 

2-oxazoline functionality with a dicarboxylic acid group, which results into a ring-

opening addition reaction yielding an ester-amide moiety (k1 reaction). In turn, the 

generated amide bonds react with a 2-oxazoline moiety catalyzed by 

triphenylphosphite (TPP) resulting in the generation of a tertiary amide bond (k2 

reaction). This reaction mechanism, combined with the use of an excess of bis(2-

oxazoline) with respect to BP-C8, is employed to control the cross-linking density in 

our thermosets. To assess the required curing time to achieve full conversion, thermal 

curing of IAox and BP-C8 in a molar ratio of 2:1 is performed at 180 °C and 

monitored on-line using ATR-FTIR. Spectra are collected over time and are used to 

monitor the depletion of the 2-oxazoline functionality. An overview of the resulting 

FTIR spectra is provided in Figure 3.1(a), whereas an overlay of the spectra in Figure 

3.1(a) is provided in Figure 3.1(b). 
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Figure 3.1: (a) FTIR spectra (700−2000 cm−1) obtained during thermal curing of 

IAox and BP-C8 in a molar ratio of 2:1, at 180 °C. Vibrational bands I, II, and III 

are the characteristic vibration modes arising from the phenyl ring, 2-oxazoline 

moiety, and the tertiary amide bonds, respectively; (b) Overlay of FTIR spectra 

(700−2000 cm−1) obtained during thermal curing of IAox and BP-C8 in a molar ratio 

of 2:1, at 180 °C. Vibrational bands I, II, and III are the characteristic vibration 

modes arising from the phenyl ring, 2-oxazoline moiety, and the tertiary amide bonds, 

respectively.  

 From Figure 3.1(a) and (b)  it is apparent that the two 2-oxazoline ring 

vibrations21,46 decrease over time (vibrations II, between 900 and 1000 cm-1), while 

the vibration of the phenyl rings of IAox (vibration I, at 815 cm-1) remains constant. 

Given that intensity of the signal I remains constant over time, the possibility of 

monomer evaporation in the system could be excluded. Instead, the decrease in 

vibrations II confirms the consumption of the 2-oxazoline moieties resulting from to 

polymerization. Additionally, the occurrence of the k2 reaction shown in Scheme 3.1 

can be detected by the steady increase in vibration III (1430 cm-1) over time, 
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corresponding to the generation of tertiary amide bonds (Figure 3.1(b)). It is to be 

noted that vibration III is already present at the start of the reaction, resulting from 

the vibrations of the amide group of the pyrrolidone rings in BP-C8. Nevertheless, the 

FTIR experiments confirm that the curing of BP-C8, with an excess of IAox, can 

readily be achieved at 180 °C within one hour in the presence of 1 wt% TPP.  

 Thermosets containing BP-C8 and a various molar excess of IAox (0%, 25%, 

50%, 75% and 100%, corresponding to polymer 1, 2, 3, 4, and 5, respectively) are 

prepared under the same conditions: 1 wt% of TPP is added and the monomer mixture 

is grinded using a mortar and pestle. The ensuing mixtures are thermally cured in 

bulk at 180 °C in a compression mold. To confirm the full conversion of 2-oxazoline 

moieties, FTIR analysis is performed on the products and the resulting spectra are 

provided in Figure 3.2 

 

Figure 3.2. FTIR spectra between 800−1800 cm−1 obtained after the curing of BP-

C8: IAox at 180 °C. The curing was performed on resins having a composition of BP-

C8 : IAox in molar ratio of 1:1 (Polymer 1), 1:1.25 (Polymer 2), 1:1.5 (Polymer 3), 

1:1.75 (Polymer 4), and 1:2 (Polymer 5).  

 To ease comparison, all spectra are normalized against the ester carbonyl 

stretch vibration at 1734 cm-1. Similar to Figure 3.1, vibrational bands I, II, and III 

are highlighted in Figure 3.2 and correspond to the vibrations of the aromatic ring, 2-

oxazoline moiety, and the tertiary amide bonds, respectively. Indeed, no vibrations 

corresponding to the presence of the 2-oxazoline moiety are detected in any sample, 

confirming that the samples have achieved a high conversion. Additionally, on 

plotting the intensity of vibrational band III as a function of molar excess of IAox, it 

becomes apparent that the signal increases linearly with increasing IAox 

concentration (Figure 3.3). These observations suggest that the employed excess of 

I
II

III
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2-oxazoline moieties is successfully consumed and converted into tertiary amide 

bonds, effectively increasing the cross-linking density.   

 
Figure 3.3. Intensity of the vibrational band at 1430 cm-1 as a function of the excess 

of IAox used during polymerization.  

 DSC analysis is performed on the thermosets to assess the effect of cross-

link density on the glass transition temperature (Tg). As expected, the Tg of the 

thermosets gradually increases with the crosslink density: Polymer 1 exhibits a Tg of 

63 °C, while the Tg of polymer 5 approaches 100 °C (Figure 3.4, left). 

 To assess the influence of water on the glass transition temperature, the 

thermosets are exposed to different relative humidity (RH) conditions: ambient 

conditions (approaching 50% RH in our laboratories), 70% RH and 90% RH using a 

climate chamber. After exposing the materials for a day in these conditions, the Tg is 

determined using DSC (Figure 3.4, left). The right image of Figure 3.4 displays the 

characteristic DSC heating curves obtained for the material having an equimolar ratio 

of BP-C8 and IAox, directly after curing and after exposure to 70% and 90% RH. As 

anticipated, absorption of moisture facilitates a plasticizing effect, thus causing a 

suppression in the glass transition temperature. Additionally, we observe that the 

decrease in Tg, resulting from the plasticizing effect of water, is independent of the 

cross-link density; From Figure 3.4 left it can be observed that the Tg of all thermosets 

drops roughly by 40 °C when exposed to ambient conditions, 50 °C after exposure to 

70% RH, and 70 °C when exposed to 90% RH.  
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Figure 3.4. Left, thermoset Tg as a function of IAox excess used during curing and 

various humidity conditions. Right, exemplary DSC heating traces depicting the Tg 

suppression of polymer 1 after exposure to different humidity conditions.  

  

 The effective Tg suppression can be associated with the total amount of water 

absorbed during exposure to moisture. To confirm, TGA analysis is performed on the 

thermosets exposed to different RH (Figure 3.5, left) and with varying excess of IAox 

used for polymerization (Figure 3.5, right). To assess the maximum amount of 

absorbed water at room temperature, the polymers are immersed in demineralized 

water for a day prior to TGA analysis. The dry polymer 1 does not display any notable 

weight loss below 300 °C, after which rapid degradation occurs. However, upon 

exposure of the material to humidity, one can observe a stepwise weight loss 

occurring at 100 °C. This stepwise decrease is thought to be the result of diffusion 

and evaporation of absorbed water. Furthermore, the weight loss increases after 

exposure to increasing relative humidity. Note that for the sample that was immersed 

in water at room temperature, the weight loss is observed already below 100 °C. This 

evaporation at relatively low temperatures is associated with the water adhered to the 

surface of the sample, instead of water diffused into the sample. Additionally, the 

amount of absorbed water decreases with increasing cross-linking density, as is 

highlighted by the arrow in Figure 3.5 right. It is to be noted that prolonged exposure 

to these humidity conditions does not change the amount of absorbed water. To recall, 

exposure of the sample to the same conditions for a full week showed the same 

amount of absorbed water after the TGA analysis. These findings confirm that the 

water absorption at a given relative humidity is already at equilibrium after one day 

of exposure. Overall, from these findings we can conclude that the polymers 

synthesized in this study are highly sensitive to water/moisture. 
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Figure 3.5. Left) Weight loss of the polymer 1 after exposure to various RH 

conditions, where the ambient conditions approach 50% RH in our laboratories. 

Right) Weight loss of polymer 1 – 5 after exposure to ambient conditions.  

 

3.3.2 Effect of moisture on hydrolytic stability and mechanical performance 

 To address potential applications of these thermosets, identification of the 

hydrolytic stability is of key importance. The previously observed tendency of the 

developed materials to absorb water could pose a problem as this facilitates 

hydrolysis of the ester bonds next to the BP-C8 monomer (Scheme 3.1). Such 

hydrolysis would result in the liberation of oligomers or even BP-C8 monomers, 

effectively decreasing the molecular weight of the material and resulting in rapid 

deterioration of the mechanical properties. Therefore, the hydrolytic stability of the 

polymer 1 is assessed after exposure to the various RH conditions evaluated in this 

study (Table 3.1, Figure 3.6). This polymer 1, having no excess of IAox is not 

crosslinked and therefore could be analyzed using GPC techniques (Mw after curing 

was 56 kg/mol). In general, a decrease in Mw is observed upon exposure to increasing 

RH and/or upon increasing the exposure time.  

Table 3.1: Weight average molecular weight (Mw) obtained after exposure of polymer 

1 for 1 or 7 days to the various humidity conditions evaluated in this study. Note, 

directly after curing, the polymer containing an equimolar ratio of BP-C8 and IAox 

has an Mw of 56 kg/mol. 

Exposure 

time (days) 

Ambient 

conditions 

70% R.H. 90% R.H. Immersed 

in water 

1 54.3 kg/mol 50.8 kg/mol 50.9 kg/mol 42.5 kg/mol 

7 52.2 kg/mol 50.0 kg/mol 48.4 kg/mol 40.9 kg/mol 
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Though TGA analysis displayed no difference in the amount of water absorbed over 

time, the GPC analysis demonstrates that prolonged exposure to moisture does result 

in a gradual decrease in molecular weight over time. 

 
Figure 3.6. GPC traces showing the hydrolysis of polymer 1 after exposure to various 

climatic conditions: Dry, 50% RH, 70% RH, 90% RH, and immersion in water for 

one day (left) and one week (right).  

 

 Additionally, to the plasticizing effect of water, the decrease in molecular 

weight as a result of hydrolysis also results in a decrease of the glass transition 

temperature shown in figure 3.7. From these results it can be concluded that the 

hydrolysis of BP-C8 based thermosets with bis(2-oxazolines) is indeed occurring, 

hence these thermosets could be suitable candidates for applications where controlled 

degradation is desired.  

 

Figure 3.7. Tg observed from DSC analysis of the as synthesized polymers (black) 

and the same polymers (green) after immersion in demineralized water for 7 days. 

Note, the samples immersed in water are dried in vacuo elevated temperatures to 

minimize residual water in the sample prior to DSC analysis. 
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 The mechanical performance of the developed thermosets is evaluated after 

exposure to moisture for a week. Directly after synthesis, i.e. in the dry state, the 

thermosets are highly brittle in nature. In fact, we are unable to reproducibly cut 

tensile bars from cured films without cracking or breaking the thermosets. In contrast, 

the presence of water and the concomitant suppression in Tg allowed for ease in 

handling, sample preparation, and repeatable mechanical testing. The characteristic 

tensile data and standard deviations (average over 3 specimens) of the thermosets 

after exposure to 70% RH are provided in Table 3.2 whereas the characteristic tensile 

curves are shown in Figure 3.8.  

Table 3.2. Young’s modulus and maximum stress (either yield or fracture) of the 

polymers 1 - 5 exposed to 70% RH. Standard deviations are provided and were 

averaged over three specimens.  

Polymer Young’s Modulus (GPa)  Fracture stress (MPa) 

1 0.05 ± 0.02  0.30 ± 0.08 

2 0.23 ± 0.08  3.26 ± 0.47 

3 0.42 ± 0.37  21.9 ± 5.61 

4 0.72 ± 0.06  28.8 ± 4.94 

5 1.28 ± 0.19  31.5 ± 2.87 

 

 In general, we observe that the increase in cross-linking density results into 

thermosets having increasing yield point and a decreasing strain at break. For 

example, polymer 5 displays a maximum stress of 34 MPa prior to failure, after being 

exposed to 70% RH. Upon decreasing the cross-linking density, the materials go 

through a brittle-to-ductile transition, which is evident from the decrease in tensile 

modulus, the decrease in yield stress and the increase in strain at break of polymers 

4, 3 and 2, respectively (Figure 3.8). Such a decrease in yield point can be correlated 

to the decreasing Tg of the thermosets resulting from the absorbed water, as is shown 

in Figure 3.4.  

 A similar trend is observed for polymer 2 - 5 exposed to 90 % RH; These 

thermosets displayed rubbery deformation behavior independent of their cross-link 

density (Figure 3.9). The cause for such rubbery deformation is associated with the 

large amount of absorbed water, the resulting suppression of the Tg to values below 

room temperature, and hence the absence of a yield point.  
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Figure 3.8. Characteristic engineering stress vs engineering strain curves for 

polymer 1 – 5 after exposure to 70% RH. Note, the inset displays the same traces, 

only at low engineering strain.  

The only exception to this behavior is polymer 1, which, due to its Tg below 

room temperature (Figure 3.4) and the absence of cross-links, flows during the tensile 

experiments. Overall, these findings stress the importance of moisture in these 

materials as it facilitates a brittle-to-ductile transition and thereby toughens the 

thermosets. 

 
Figure 3.9. Characteristic engineering stress vs engineering strain curves for 

polymer 2 – 5 after exposure to 90% RH.  

3.3.3 Potential of BP-C8 based polymers as adhesive  

 Given the affinity to moisture, we have evaluated the potential of the 

developed polymers as adhesive for PLA and alumina both under ambient conditions 

and after immersion in water. Therefore, specimens were prepared as described in the 

experimental section and subjected to lap shear tests, following the ASTM D 5868 
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standard. The tensile data are provided in Figure 3.10 whereas an overview and 

comparison of data is provided in Tables 3.3 and 3.4. 

Table 3.3. Overview of adhesive strength of the different adhesives and polylactide 

on alumina, conducted under ambient conditions and under water (or after 

immersion in water, as is done in this work). 
 

AData obtained from J.J. Wilker et al.54; The bonds are lap-shear joints between two aluminum 

pieces cured at  37 °C for 24 hours, whereas PLA was applied as adhesive through solvent 

casting.  

 These preliminary results indicate that the use of BP-C8 based polymers as 

adhesive for alumina is highly promising as it can be used under ambient and wet 

conditions. Overall, the performance of P1 as adhesive it is slightly inferior to Gorilla 

glue®, though we expect that improvement can be made by optimizing the chemical 

composition of the polymer.   

Table 3.4. Overview of the adhesive strength of polymers having an equimolar ratio 

of BP-C8 and IAox, used as adhesive to polylactide. Lab shear tests were performed 

after exposure to three different humidity conditions; in the dry state, under ambient 

conditions, and after immersion in water.  
 

AData obtained from J.J Wilker et.al.54 

Instead, when employing P1 as adhesive for PLA, we observe that the samples fail 

already at lower force. For comparison, the adhesive strength of P1 with alumina is 

2.35 MPa, whereas that with PLA is only around 1.1 MPa.  We expect that the strong 

hydrogen bonding of P1 with the metal surface can facilitate a stronger bonding 

Adhesive Adhesion in 

air (MPa) 

Adhesion under 

water(MPa) 

Elmer’s glue (polyvinyl alcohol)A 3 ± 1 0 

Gorilla glue (polyurethane)A 2.8 ± 0.7 2.5 ± 0.8 

Starch glueA 2.4 ± 0.4  0 

Hide glue A 0.8 ± 0.1 0 

Polylactide A 0.21 ±  0.06  0.10 ± 0.05 

P1 2.3 ± 0.37 2.0 ± 0.36 

Adhesives composition Maximum force 

(N) 

Tensile shear strength 

(MPa) 

Catechol-PLA bondingA - 0.21 + 0.006 

P1 (dried) 90.3 + 31.3 1.07 + 0.35 

P1 (ambient condition) 57.2 + 3.79 0.73 + 0.06 

P1 (water immersed) 49.3 + 19.3 0.56 + 0.20 
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strength. Accordingly, we expect that the decreased capability of PLA to accept 

hydrogen bonds is a plausible reason for its lowered interaction with P1 (i.e. it only 

contains one carbonyl per repeat unit as hydrogen bond acceptor).  Furthermore, the 

presence of water proves detrimental for the adhesive strength of P1 to PLA, as is 

observed from its suppression to from roughly 1.1 to 0.7 MPa (Table 3.4).  

 

Figure 3.10. Shearing stress versus strain data generated during the lap shear tests 

on Left) PLA and right) Alumina under ambient conditions and bottom) after 

immersion in water.  

 Nevertheless, these findings indicate that the BP-C8 based polymers 

developed in this study have potential as adhesive, not only for alumina, but also for 

hydrogen bond accepting thermoplastic plastic polymers, such as polylactide. Note, 

though we have observed an excellent adhesion of the developed polymers to glass, 

we have not identified its performance due to safety considerations. 
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3.3.4 Employing hydrolysis to control thermoset properties and recover the 

BP-C8 monomer  

 From the findings reported above, it is evident that water plays a crucial role 

on the chemical stability and on both the thermal and mechanical response of the BP-

C8 based thermosets. When these thermosets are exposed for sufficiently long time 

to moisture, hydrolysis continues until all ester bonds are broken. As can be deduced 

from Scheme 3.1, only the carboxylic acid moieties of BP-C8 are transformed into 

esters upon polymerization, hence hydrolysis of the ester bonds would liberate the 

original carboxylic acids groups and thus result in the release of the BP-C8 monomer. 

As explained earlier, the use of an excess of IAox facilitates the generation of tertiary 

amide bonds (k2 reaction Scheme 3.1), and thus determines the cross-linking density. 

As a result, in addition to the liberation of BP-C8, a combination of N,N’-bis(2-

hydroxyethyl)benzene-1,3-dicarboxamide (IAda) (Scheme 3.3, left) and the 

hydrolysis products containing branched / cross-linked species connected through 

tertiary amide bonds (Scheme 3.3, right) are liberated depending on the cross-linking 

density of the thermoset prior to hydrolysis. Though ester bond hydrolysis suppresses 

the mechanical properties, it also provides an opportunity to chemically recycle the 

liberated components. In a broad generality, two scenarios can be envisioned for the 

hydrolysis: Scenario 1, where the hydrolysis of the thermosets generates strictly BP-

C8 and IAda components and scenario 2, where the BP-C8 is selectively liberated 

after hydrolysis. Scenario 1 is likely to occur when the branching reaction (k2 reaction 

in Scheme 3.1) causing crosslinking can be suppressed, i.e. in polymer 1, having no 

excess of IAox and no cross-linking catalyst (TPP). In contrast, the second scenario 

is more likely to occur in the samples having extensive branching and cross-linking, 

for example in polymer 5; On using an excess of IAox, thereby promoting cross-

linking, all the IA-da moieties during hydrolysis are prevented from breaking off the 

polymer chain as they are connected through tertiary amide bonds.   

 Experiments have been performed to evaluate the feasibility of both 

scenarios. With respect to the first scenario, we attempted to hydrolyze polymer 1. 

The experiment is performed by placing the polymer at atmospheric pressure in a 

pressure vessel filled with demineralized water. Next, the pressure vessel is closed 

and heated to 130 °C for at least three hours while water is maintained in its 

superheated state. After cooling, the polymer is found to be almost fully hydrolyzed, 

concluded by the fact that a clear solution is obtained combined with the fact that 

demineralized water is not a solvent for the original polymer. Since the BP-C8 

monomer could be recrystallized from a water/methanol mixture, methanol was 

added to the supernatant and the ensuing mixture was stored at 5 °C. Like the 

purification method for BP-C8, crystallization of BP-C8 is observed over time. The 
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crystals are filtered and dried after which the presence of BP-C8 is confirmed using 

NMR spectroscopy. 

 
Scheme 3.3. Chemical structures of the expected products after hydrolysis of the 

polymers used in this study. Left)  N,N-bis(2-hydroxyethyl)benzene-1,3-

dicarboxamide (IAda), which is liberated when the IAox only participated in the k1 

reaction shown in Scheme 3.1. Right) Possible hydrolysis structures formed after 

hydrolysis for IAox moieties which did participate in the k2 reaction shown in Scheme 

3.1. Note, the ratio between the left) and right) structures is dependent on the cross-

linking density of the polymer, and hence on the excess of IAox used for 

polymerization. 

 Figure 3.11 shows the 1H-NMR spectra of polymer 1 directly after synthesis 

(blue), polymer 1 after hydrolysis (green), the crystallites obtained after hydrolysis 

and consecutive recrystallization (red), and the virgin BP-C8 crystals as obtained after 

synthesis and purification (black). Note, the polymer was hydrolyzed in 

demineralized water until a fully soluble solution was obtained, after which the water 

was removed via rotary evaporation and drying in vacuo prior to NMR analysis of 

the hydrolyzed polymer 1.  

 In Figure 3.11, polymer 1 displays the characteristic signals corresponding 

to both the BP-C8 and IAda moieties present in the polymer backbone. Additionally, 

the presence of ester bonds can clearly be observed around 4.2 ppm (resonance 6), 

corresponding to the methylene protons next to the ester bond. Indeed, after 

hydrolysis, this proton signal decreases significantly and shifts to 3.5 ppm (resonance 

6’), corresponding to the protons next to the free alcohol groups of IAda55.  Similarly, 

the methylene protons next to the amide group (resonance 5) shift to 3.3 ppm after 

hydrolysis (resonance 5’)55, overlapping with resonances C and D of the BP-C8 

moiety. The crystals formed from the solution of hydrolyzed polymer 1 are 

predominantly the BP-C8 monomer (86%) whereas the residual 14% is the IAda 

compound, as is evident from the red 1H-NMR spectrum. Although the method to 

recover the BP-C8 monomer after polymer hydrolysis is far from being optimized (i.e. 
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the BP-C8 yield after recrystallization is slightly exceeding 40%), we consider it a 

promising route for separation of the used components for further use. Indeed, 

changing BP-C8 with BP-C2, i.e. the dicarboxylic acid obtained after reaction of 

1,2-ethanediamine with two itaconic acid molecules, allowed for the retrieval of 

already 84% of the BP-C2 used for polymerization. To be more precise, the crystals 

were obtained in 95% yield (of the employed BP-C2) and displayed a purity of 88% 

BP-C2 according to NMR analysis (data provided in Appendix B). Please note, the 

protocol used for the synthesis and hydrolysis is like that reported above.  

 

Figure 3.11. 1H-NMR spectra of, from top to bottom, polymer 1 directly after 

synthesis (blue), polymer 1 after hydrolysis (green), the crystallites obtained after 

hydrolysis (red), and the pure BP-C8 monomer as obtained after synthesis and 

purification (bottom, black).  

 To address the possibility of the second hydrolysis scenario, we have placed 

polymer 5 for hydrolysis. The sample is cut into bars after exposure to air. The bars 

are placed in a pressure vessel at 130 °C together with demineralized water for six 

hours. In contrast to previous observations, the thermoset remained structurally intact 

even after subjecting them to such harsh hydrolysis conditions. Apparently, the use 

of the excess of IAox resulted in enough tertiary amide cross-links (Scheme 3.1) to 

maintain the cross-linked nature of the thermoset after hydrolysis of the ester bonds. 

In accordance with our observation in the scenario 1, cooling of the supernatant 

resulted in the formation of small crystallites that are identified as the BP-C8 

monomer. Both the original thermosets and the hydrolyzed thermosets are analyzed 

using FTIR after drying (Figure 3.12). In Figure 3.12, the FTIR spectra are 

normalized on vibration I, corresponding to the vibrations of the phenyl ring (815 cm-

1). To recall, the absence of the vibrations II (2-oxazoline ring vibrations between 

900 and 1000 cm-1) suggests a high 2-oxazoline conversion. Additionally, it is evident 
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that hydrolysis resulted in the breakage of a large fraction of ester bonds, indicated 

by decrease in both the C-O stretch vibration of the ester bond around 1170 cm-1 

(vibration IV) and the C=O ester stretch around 1730 cm-1
 (vibration VII). 

Additionally, the decrease in the ester bonds results in an increase in the vibration V 

(C=O stretch of the tertiary amide, 1636 cm-1), and a slight decrease in vibration VI 

(C=O stretch of the secondary amide, 1660 cm-1). The removal of the BP-C8 

monomer concentrates the leftover tertiary amide groups, explaining the increase in 

signal V after hydrolysis. Furthermore, the decrease in signal VI suggests that the 

immersion of the thermosets in demineralized water at 130 °C in a closed pressure 

vessel also facilitates partial hydrolysis of the secondary amide bonds. 

Retrospectively, it is possible that vibration VII results from the C=O stretch of free 

carboxylic acid groups of isophthalic acid. Nevertheless, from the FTIR analysis we 

can confirm that we have developed a procedure to hydrolyze the ester bonds in the 

thermoset while leaving the tertiary amide bonds intact.   

 
Figure 3.12. FTIR spectra between 800−1800 cm−1 of polymer 5, obtained directly 

after synthesis (grey) and after hydrolysis for 6 hours, followed by drying in vacuo 

(black). Note, the FTIR spectra were normalized on the aromatic ring vibration at 

815 cm-1.   

 With respect to the thermo-mechanical behavior, DMTA analysis is 

performed (after both drying and exposure to ambient conditions and the results are 

provided in Figure 3.13. From Figure 3.13 left, it is evident that the as-cured polymer 

5 exhibits a storage modulus (E’) around 3 GPa below its glass transition temperature 

of 102 °C. Note, the glass transition temperature is identified as the peak in loss 

modulus (E”). On exposing the same thermoset to roughly 50% RH at room 

temperature, both the storage modulus and Tg decrease to roughly 1 GPa and 93 °C, 

respectively. This observation is in line with the previously reported results and is 

attributed to the plasticizing effect of water.   
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Figure 3.13. DMTA traces showing both E’ and E” (in MPa) for polymer 5, directly 

after curing (left) and after hydrolysis in a pressure vessel (right). Please note, both 

samples were measured in a dried state (red lines) and in a wet state (black line) after 

exposure to ambient conditions (~50% RH).  

 The hydrolyzed polymer 5, in its dry state, exhibits a storage modulus of 3 

GPa and Tg at 98 °C (Figure 3.13, right). However, on exposing the hydrolyzed 

polymer to 50% RH, the material softens considerably resulting in a drop-in storage 

modulus E’ to 40 MPa (below its Tg) suggesting that the thermoset absorbs 

significantly more water after hydrolysis compared to the as-synthesized polymer. 

Interestingly, the Tg of the hydrolyzed sample in the wet state does not display a 

significant decrease in the presence of water (90 °C). However, from Figure 3.13 

right one can observe that the storage modulus for the sample exposed to 50% RH 

gradually increases upon heating, suggesting a continuous evaporation of water 

during the experiment. Retrospectively, we consider it plausible that the Tg of the 

material was originally lower than observed but gradually shifts to higher values 

during the experiment as a result of the continuous evaporation of absorbed water 

during heating.  

 The loss of the BP-C8 monomer in the hydrolyzed sample can be identified 

by the difference in the storage modulus above the glass transition temperature of the 

two samples. For comparison, at 160 °C the as synthesized thermoset exhibits a 

plateau modulus of 20 MPa, whereas the same sample exhibits a plateau modulus of 

4 MPa after hydrolysis. Considering the relation 𝐸′ = 3𝜌𝑅𝑇/𝑀𝑐, where ρ is the 

density, T the temperature, R the ideal gas constant, and Mc the molecular weight 

between cross-links, and assuming that the sample in its original and hydrolyzed state 

exhibit a comparable density, we can conclude that Mc of the thermoset after 

hydrolysis increases by a factor of 5. The increase in Mc combined with the enhanced 

absorption of water and softening of the thermoset after hydrolysis is evidence for the 

breakage of the ester bonds, and at least the partial removal of BP-C8 monomers. 
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Scheme 3.4: An overview schematic representation showing the significance of 

utilizing renewable (bis)pyrrolidone based thermoset resins – with potential towards 

chemical recycling.  

 

 Overall, these findings (summarized in scheme 3.4) demonstrate that this 

class of thermosets could be promising in applications where structural integrity is 

desired combined with a slow release of carboxylic acid functionalized molecules, 

for example in drug delivery applications. The potential of such functional thermosets 

is currently being explored and will be part of future communications.   

3.4 Conclusions 

 In this study we have demonstrated that the cross-link density of poly(ester-

amide) thermosets based on BP-C8 and IAox can readily be controlled through the 

usage of an excess of bis(2-oxazoline) monomer and triphenylphosphite as a catalyst. 

The synthesized thermosets are brittle and display glass transition temperatures 

between 60 and 100 °C directly after curing. Interestingly, all thermosets exhibit a 

high affinity to moisture. On the absorption of water, the glass transition temperature 

decreases, and the thermosets display a brittle-to-ductile transition: As anticipated, 

the mechanical response of the thermoset is found to have a strong dependence on 

the Tg. The presence of water in the thermosets is shown to facilitate slow hydrolysis 

of the ester bonds, effectively lowering the molecular weight over time. The 

sensitivity for hydrolysis provides an opportunity for chemical recycling of the BP-

C8 monomer: On synthesizing non-crosslinked polymers, hydrolysis could be 

enforced in a pressure vessel, effectively breaking down the polymer to the BP-C8 

monomer and the hydrolyzed structure of IAox, N,N-bis(2-hydroxyethyl)benzene-

1,3-dicarboxamide. Through preliminary tests, we demonstrate that the BP-C8 

monomer could be crystallized from the ensuing solution providing a potential route 

Chemical recycling

(IAox)

hydrolysiscrystallization

180  C
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Linear or crosslinked
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for its chemical recycling. In addition, when using a thermoset with a high cross-link 

density, the ester bonds could also be hydrolyzed using the same approach, again 

liberating the BP-C8 monomer. However, the tertiary amide cross-links formed 

through the introduction of an excess of bis(2-oxazoline) proved to maintain the 

structural integrity of the thermoset even after ester hydrolysis. Overall, these 

findings demonstrate that this class of thermosets could be promising in applications 

where structural integrity is desired together with a slow release of carboxylic acid 

functionalized molecules over time, for example in drug-delivery applications.  

 

For further information, please refer to Appendix B.  
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In this chapter… 

 

 

“Synthesis and performance of functional pyrrolidone based dicarboxylic acids from 

itaconic acid and naturally occurring L-amino acids with bis(oxazolines) is evaluated 

showing secondary interactions in their viscoelastic behavior” 

 

Abstract 

This chapter reports on the synthesis of novel asymmetric functional and renewable 

biobased carboxylic acids obtained via cascade aza-Michael addition-cyclization 

reaction using itaconic acid and series of amino acids, including the naturally 

occurring L-phenyl alanine, L-lysine, L-histidine, and L-tyrosine. The developed 

monomers prove excellent candidates for thermal polymerization with bis(2-

oxazolines), yielding thermally stable thermoplastic polymers and thermosets. 

Furthermore, the presence of non-reactive pendant groups proved to be beneficial in  

tailoring their relaxation behavior by effectively increasing the secondary 

interactions.  
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4.1 Introduction 

Over the years, both academia and chemical industry have focused on the 

development of materials from renewable resources1,2,3, for example from plant 

oils4,5, rosins6, terpenes7,8 and sugars7,9,10. Among the developed chemicals, itaconic 

acid (IA) has gained considerable attention over the years as its two carboxylic acids 

and the exo-type double bond make it highly versatile for both chemical modification 

and polymerization purposes.11,12,13 Examples of routes towards itaconic acid based 

polymers include both chain-growth (i.e. free radical polymerization)14,15,16 and step-

growth (i.e. polycondensation)17,18 techniques. Additionally, itaconic acid, itaconic 

esters, or itaconic acid based polymers with residual unsaturated bonds can be post-

functionalized via a Michael addition, using for example amines19, thiols17,20 or acetyl 

acetone12,21,19,13,22,23. When primary amines are used the aza-Michael addition 

reaction can be followed by a cascade cyclization reaction, leading to N-substituted 

2-carboxylic acid-pyrrolidone. In particular, the aza-Michael addition-cyclization

reaction has proven promising for the generation of monomers for polycondensation,

as this reaction allows for the synthesis of (di-)carboxylic acid functionalized

pyrrolidone (scheme 4.1, top). As is reported by the groups of Miller, Ali, and

Wilsens, these monomers have been used for the development of renewable

polyesters25,26,27, poly(ester-amide)s28, and polyamides29,27,30,31,30 which can be either

amorphous or semi-crystalline, enzymatically degradable, bioresorbable, and display

potential for chemical recycling.32

Scheme 4.1. Schematic overview of the aza-Michael addition of itaconic acid with 

enantiomeric L-amino acids (top, left) and the cascade cyclization with the carboxylic 

acid at the γ-position forming a stable 5-membered pyrrolidone ring (top, right). The 

names and functional groups (R) of the naturally occurring amino acids used in this 

study are depicted on the bottom of the scheme.  
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These pyrrolidone dicarboxylic acids prove particularly interesting for 

polymerization with bis(2-oxazolines), as the carboxylic acid moiety readily 

undergoes a ring-opening addition reaction with a 2-oxazoline ring, generating a 

poly(ester-amide) linkage (k1 reaction, scheme 4.2). In previous work we 

demonstrated that the basic nature of the pyrrolidone ring drastically enhances the 

rate of polymerization28, effectively providing a platform for the generation of 

polymers compatible with commercial processing methods (i.e. reactive extrusion or 

compression molding). To illustrate, the polymerization does not require the removal 

of a condensate and yields poly(ester-amide)s with molecular weights well above 10 

kg/mol within one minute of reaction at 180 °C. However, the thermal ring-opening 

addition polymerization is not limited to the generation of poly(ester-amide)s; 2-

oxazolines are known to react with aromatic alcohols (yielding ether-amide linkages, 

k2 reaction, scheme 4.2)) and amines (yielding amide-amides linkages) as is reported 

by the groups of Bohme and Lûston.33,34,35 Additionally, 2-oxazolines can react with 

amides , thereby generating a tertiary amide and a new amide bond (k3 reaction, 

scheme 4.2). This latter reaction proved an interesting cross-linking mechanism for 

the generation of thermosets where the cross-linking density can be controlled 

through the addition of an excess of bis(2-oxazoline)28,36.  

Scheme 4.2. Schematic overview of the thermal ring-opening addition reaction 

between IAox and the L-tyrosine derived pyrrolidone based dicarboxylic acid (L-tyr-

PD) yielding poly(ester-amide)s bearing pendant phenyl groups  (k1 reaction). 

Secondly, unreacted 2-oxazoline moieties can react with the aromatic alcohol group 

of L-tyr-PD (k2 reaction) or amide moiety (k3 reaction) to yield ether-amide or amide-

amide branches, respectively, both providing mechanisms for cross-linking.  
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 Though the versatility of the thermal 2-oxazoline curing chemistry may be 

clear, 2-oxazolines are by far most reactive towards carboxylic acids, likely resulting 

from their low pKa and their strong nucleophilic character in the deprotonated state. 

Accordingly, the difference in reactivity of the 2-oxazoline moiety towards different 

functional groups (carboxylic acids >> amine>amide>phenol) can potentially be used 

for the generation of polymers bearing functional side-groups37–40. Hence, the 

purpose of this work is twofold; firstly, we aim to demonstrate that the aza-Michael 

cascade addition-cyclization reaction can be performed on naturally occurring amino 

acids to generate renewable dicarboxylic acids having an additional functional group 

such as a phenol, catechol, amine, or imidazole. To this end, we report on the reaction 

between itaconic acid and a series of both synthetic and naturally occurring amino 

acids, including L-tyrosine, L-DOPA, L-lysine, and L-histidine (scheme 4.1). These 

starting amino acids are chosen due to the presence of their specific functional groups 

like phenolic hydroxyl, catechol, tricarboxylic acid or imidazole groups, which might 

undergo post-polymerization modifications. Additionally, we aim to demonstrate that 

these monomers are excellent candidates for polymerization with a bis(2-oxazoline) 

derived from isophthalic acid (IAox), yielding both thermoplastic and thermosetting 

polymers. Furthermore, we highlight the versatility of the thermal 2-oxazoline curing 

chemistry by generating poly(ester-amides) bearing pendant phenol groups, for 

which we observe an increased viscosity and relaxation time, corresponding to the 

presence of enhanced dynamic network interactions through hydrogen bonding.  

4.2 Experimental section 

4.2.1 Materials 

 Itaconic acid, L-tyrosine, L-phenyl alanine, L-histidine, L-alanine, β-alanine, 

L-lysine, γ-aminobutyric acid, 11-aminoundecanoic acid, sodium hydroxide, and all 

used solvents (both normal and deuterated) were purchased from Sigma-Aldrich. 1,3-

bis (4,5-dihydrooxazol-2-yl)benzene (IAox) was purchased from TCI Europe. The 

chemicals are used as received, unless it is mentioned otherwise. 

4.2.2 General synthesis procedure of the bis(pyrrolidone) dicarboxylic 

acids 

 The functional pyrrolidone dicarboxylic acids were synthesized in bulk by 

reacting itaconic acid with the desired amino acid in a 1.2 : 1 molar ratio in the 

presence of a catalytic amount of water. The slight excess of itaconic acid is required 

to compensate the side reactions occurring due to isomerization of itaconic acid as 

reported by Farmer et al.13 except in case of L-lysine and L-histidine, double molar 

ratio of itaconic acid to amino acid was taken to assess reactivity of both amine (L-

lysine) and the imidazole (L-histidine) functionalities. Note, sodium hydroxide was 
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used to improve the melting/solubility of the amino acid in the reaction mixture. The 

obtained monomers are abbreviated as L-ala-PD (based on L-alanine), β-ala-PD 

(based on β-alanine), L-lys-PD (based on L-lysine), L-his-PD (based on L-histidine), 

L-tyr-PD (based on L-tyrosine), L-ph-ala-PD (based on L-phenyl alanine), γ-aba-

PD (based on γ-aminobutyric acid) and 11-und-PD (based on 11-aminoundecanoic 

acid). A detailed overview of the optimized purification conditions used for the 

various monomers are provided in the table 4.1 shown below. 

Table 4.1. Reaction conditions, temperature, time and solvent for purification used 

for the synthesis of the pyrrolidone dicarboxylic acid monomers synthesized in this 

study.  

 

4.2.3 General melt polymerization procedure  

 Polymerization mixtures were prepared on a 3 g scale by mixing and 

grinding equimolar amounts of the desired pyrrolidone dicarboxylic acid and 1,3-

bis(4,5-dihydro-2-oxazolyl) benzene (IAox) in a mortar and pestle. The obtained 

Name Amino acids Temper

ature 

Catalyst Time Solvent for 

recrystallization 

L-ala-PD L-alanine 130° C Water 20hrs.  MeCN - EtOAc 

β-ala-PD β-alanine 130° C Water 20hrs. MeCN – EtOAc  

γ-aba-PD γ- aminobutyric acid 130° C Water 16hrs. MeCN – EtOAc  

11-ada-

PD 

11-aminoundecanoic 

acid 

110° C Water 16hrs. MeCN – EtOAc  

L-ph-ala-

PD 

L-phenylalanine 130° C Water 20hrs. Acidic water 

L-tyr-PD L-tyrosine 140° C Water 48hrs. Acidic water – 

MeCN 

L-DOPA-

PD 

L-DOPA 130° C Water 20hrs. Acidic water – 

MeCN 

L-lys-PD L-lysine 130° C Water 20hrs. Isopropanol 

L-his-PD L-histidine 120° C water 16 

hrs. 

acetone 
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powder mixture was transferred to a 100 mL round bottom flask fitted with a 

mechanical stirrer and polymerized at 180 °C for 30 minutes in inert atmosphere. 

Whenever required, sampling was performed to monitor the 2-oxazoline conversion 

over time.  

4.2.4 Characterization methods 

1H NMR and 13C NMR spectroscopy was performed in a Bruker Ultrashield 

300 spectrometer (300 MHz magnetic field). Samples were prepared by dissolving 

10 mg of monomer or polymer in 0.5 ml deuterated dimethyl sulfoxide (DMSO-d6). 

All spectra were referenced against tetramethyl silane (TMS).  

Molecular weight of the synthesized poly(ester amide)s and dispersities 

were determined via Gel Permeation Chromatography (GPC) using a PSS SECcurity 

HPLC system fitted with a Refractive Index detector (RI) running on 1,1,1,3,3,3-

hexafluoroisopropanol (HFIP) modified with 0,019 % sodium trifluoroacetate. 

Separation took place over a PFG combination medium pre-column (4.6 x 30 mm) 

and two PFG combination medium microcolumns all at 7 µm particle size (PSS 

brand, 4.6 x 250 mm, separation range 100-1.000.000 Da). The GPC apparatus was 

calibrated with poly (methyl methacrylate) standards. The polymers (2-5.0 mg) were 

dissolved in 1.5 ml of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) containing 0,019 % 

sodium trifluoroacetate. After full dissolution, the mixtures were filtered over a 0.2 

μm PTFE syringe filter before injection.  

Liquid Chromatography – Mass Spectrometry (LC-MS) analysis was 

performed on a Shimadzu Nexera 2 UHPLC system equipped with a Shimadzu 

LC-30AD pump, a SPD-M30A photodiode array detector, an ELSD-LTII 

evaporative light scattering detector and LCMS-2020 single quadrupole detector. The 

system was run on MilliQ water and LC-MS grade acetonitrile both modified with 

0.1% formic acid. A Waters XSelect CSH C18 column (3.0 with a particle size of 3.5 

ųm) was used, operating at 30 °C. The method was setup with a gradient of 5% 

acetonitrile in water for 45 s, an increase to 95% acetonitrile over 2.45 min, 30 s at 

95% followed by flushing back to 5% acetonitrile for 2 min. Samples were prepared 

by diluting the reaction mixtures 80 times with methanol or water at ± 1 mg/mL. The 

vial was shaken vigorously prior to filtration over a 0.2 µm PFTE filter and 

consecutive injection. The dilution is performed to ensure that the saturation limit of 

the detector is not reached. While performing the LC-MS analysis for the 

quantification of the progress of reaction mixture ELSD is used as the qualitative 

method, due to the absence of any strong resonance stabilized groups. Due to the non-

linear response of ELSD detectors quantification of reactant and product 

concentrations is not possible without use of calibration lines. However, in our case, 

the overlap elution of the different products and reaction intermediates prevented 
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quantification of the reaction mixture. Accordingly, we have used LC-MS only for 

qualitative analysis of the reaction products. All LC-MS peak values are described as 

[M+1] = X (m/z).  

Thermal stability of the synthesized monomers was evaluated using 

thermogravimetric analysis (TGA). Experiments were performed on a TA 

Instruments TGA Q500 in a nitrogen rich atmosphere. Samples were heated from 20 

to 700 °C, at a heating rate of 10 °C/min.  

The glass transition temperature of the synthesized polymers, all being 

amorphous, was identified using differential scanning calorimetry (DSC) on a TA 

Instruments DSC Q2000. Two heating and cooling runs were performed at heating 

and cooling rates of 10 °C/min. The glass transition temperature was determined from 

the second heating run.  

The stress relaxation tests and temperature dependency of the viscoelastic 

response of the developed polymers was measured using an Anton Paar 702 twin 

drive rheometer. A parallel plate geometry, with a diameter of 12 mm and gap of 750 

μm was used to study the time dependence of the stress relaxation behavior at a strain 

(10%) at various temperatures. A strain of 0.5% and angular frequency of 1 rad/s 

were chosen for the temperature sweep experiments during cooling, starting from 200 

°C. All tests were performed in the linear viscoelastic regime. 

4.3 Results and discussion 

4.3.1 Aza-Michael cascade reaction on naturally occurring amino acids  

  As is reported in literature, the aza-Michael addition reaction proceeds with 

addition of an amine as nucleophile to the unsaturated C=C bond of itaconic acid or 

dimethyl itaconate. Recently, Miller and Qi reported on the aza-Michael addition-

cyclization between itaconic acid and several naturally occurring amino acids bearing 

hydrocarbon side chains (i.e. L-alanine, L-valine, L-leucine, and L-isoleucine, 

performed in bulk at 130 – 150 °C). The expected pyrrolidone based dicarboxylic 

acids were isolated after trituration in yields varying from 68-74%.26 However, to the 

best of our knowledge, the aza-Michael cascade addition-cyclization has not been 

reported on amino acids having additional functionalities such as phenol (i.e. L-

tyrosine or L-DOPA), amine (i.e. L-lysine), or imidazole (i.e. L-histidine) groups. 

Therefore, to identify its feasibility, we explored the potential of aza-Michael cascade 

addition-cyclization reaction on a series of amino acids, both naturally occurring and 

synthetic, for the development of pyrrolidone based dicarboxylic acids (Table 4.2). 

All monomers are synthesized following the guidelines of green chemistry; the 

reaction is conducted in bulk for 20-36 hours at temperatures between 120 °C and 
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140 °C, while using water as catalyst. Next, reduced pressure is applied to the reaction 

mixtures for one hour to enforce the cascade cyclization reaction and remove the 

generated water. In turn, purification is performed by crystallization or trituration in 

solvents such as water and acetonitrile.  

Table 4.2. Overview of the various amino acids used for the synthesis of pyrrolidone 

based dicarboxylic acids, reaction temperatures, isolated yields and thermal stability 

(graphs provided in Appendix C, Figure C10).  

Name Amino acid Reaction 

temperature 

(oC) 

Isolated 

Yield  

(%) 

T90
B 

(oC) 

L-ala-PD L-alanine 120 51 265 

β-ala-PD β-alanine 120 63 222 

γ-aba-PD γ-aminobutyric acid 130 98 245 

11-und-PD 11-aminoundecanoic acid 130 93 286 

L-ph-ala-PD L-phenylalanine 130  69 266 

L-tyr-PD L-tyrosine 140 65 262 

L-DOPA-PD L-DOPA 120 - - 

L-lys-PDA L-lysine 130 17 112 

L-his-PDA L-histidine 120 51 160 

AResults depicted of the reaction containing a double molar ratio of itaconic acid, yielding a 

mixture of both mono and di-substituted pyrrolidone product isolated. BT90 identifies the 

temperature where 10% weight was lost during thermogravimetric analysis performed at a 

constant heating rate of 10 °C/min in a nitrogen atmosphere.  

 Prior to purification, the reaction mixtures were subjected to LC-MS 

analysis to identify potential side reactions. Generally, we observe that the reaction 

proceeds readily under the selected reaction conditions and the desired products are 

indeed formed for all reactions. As an example, the synthesis of L-tyr-PD is 

described as follows: Itaconic acid (4.3 g, 33 mmol) and L-tyrosine (5 g, 27 mmol) 

were added to a 20 mL microwave glass vial together with sodium hydroxide (0.54 

g, 13.5 mmol) and a catalytic amount of water (13.5 μL, translating to a concentration 

of 0.5 ml / mol amino acid). Next, the mixture was heated to 140° C and was allowed 

to stir for 32 hours in an oil bath to yield a yellow viscous liquid. The product (yield 

65%) was obtained as white crystals after precipitation and trituration with a mixture 
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of dilute acid (0.1 M HCl) and acetonitrile overnight, followed by filtration and 

washing with ethyl acetate, and drying in vacuum overnight at 50 ºC. 1H NMR 

(CD3)2S=O, 300 MHz) provided as figure 4.2: δ 12.80 (COOH, s, 1H), 9,12 (OH, s, 

1H), 6.99 (d, 2H, J=7.8Hz.), 6.64 (d, 2H, J=8.2Hz.), 4.68 (t, 2H), 3.53 (m, 2H), 3.16 

(m, 1H), 3.05 (m,3H), 2.86 (m,3H), 2.36(m, 2H). 13C NMR (CD3)2S=O, 300 MHz): 

δ 174.53 (C=OOH ring), 172.0 (C=OOH), 172.88 (NC=O ring), 156.28 (C-OH 

phenyl ring), 129.99 (C-H phenyl ring), 127.80 (C-phenyl ring), 115.59 (C-H phenyl 

ring), 55.39 (N-CH spacer), 46.30 (N-CH2 ring), 36.13 (N-CH ring), 33.14 (CH2 

ring), 33.63 (CH2 spacer). Furthermore, the characteristic LC traces of the crude 

reaction mixture obtained after L-tyr-PD synthesis and of the L-tyr-PD after 

purification is provided in figure 4.1 (ELSD signal). The chemical structures of the 

reaction intermediates, side-products and products are provided in Scheme 4.3. 

Scheme 4.3. Potential intermediates and products formed during the reaction 

between itaconic acid and naturally occurring amino acids. Top) amide formation 

between a carboxylic acid of itaconic acid and the amine of the amino acid, followed 

by ring closure yielding an imide functionalized carboxylic acid. Middle, desired aza-

Michael cascade addition-cyclization reaction yielding the pyrrolidone based 

dicarboxylic acid. Bottom, dimerization between two amino acid molecules, followed 

by the aza-Michael addition-cyclization cascade reaction, yielding pyrrolidone based 

dicarboxylic acid dimers.  

From the LC trace in Figure 4.1 we observe the presence of two small peaks 

eluting between 0.25 and 0.4 minutes, which are identified as the residual reactants 

itaconic acid (IA) and L-tyrosine (L-tyr). The desired product L-tyr-PD is observed 

to elute at 2.25 minutes (m/z of 294 g/mol). In addition, we suspect the presence of 
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intermediate B (scheme 4.3), corresponding the reaction product where one 

carboxylic acid of itaconic acid has reacted with the amine of L-tyrosine to form an 

amide with two free dicarboxylic acids, to elute almost simultaneously with the L-

tyr-PD product.  

 Identification of intermediate B in the reaction mixture is motivated by the 

presence of the two peaks eluting after 2.5 minutes, which are identified as an imide 

formed after ring closing of Intermediate B while splitting off water (m/z 276 g/mol), 

and decarboxylated L-tyr-PD product (m/z = 249 g/mol). Please note that purity is 

not easily determined from LC-MS as 1) the normalized peak area of the different 

elution peaks does not scale similarly with their respective concentration, 2) the 

elution peaks of Intermediate B and the L-tyr-PD product overlap, and 3) both 

Intermediate B and L-tyr-PD have the same molecular weight.  

 

Figure 4.1. Characteristic LC traces of the crude reaction mixture after 32 hours of 

reaction (top, black line), and the pure L-Tyr-PD product after purification (bottom, 

red line).   

 Instead, NMR analysis proved to be more suitable; Purification of the 

reaction mixture by trituration proved successful as the obtained product was 

identified solely as L-tyr-PD according to 1H-NMR analysis (figure 4.2). In Figure 

4.2, the resonances denoted as e, f, and g in correspond to the protons of the 

pyrrolidone ring. Furthermore, the presence of only one resonance at 4.7 ppm (proton 

d) is indicative for the purity of the reaction product as this highlights the absence of 

unreacted L-tyrosine and/or intermediate A (scheme 4.3). Though LC-MS suggests 

the presence of a trace of intermediate B in the purified L-tyr-PD (LC trace, figure 

4.1), no resonances are observed between 5 and 6 ppm in NMR analysis, which would 

be indicative for the presence of unsaturated bonds in either the imide ring or 

intermediate B. Overall, these findings confirm the high purity of L-tyr-PD, given 

Intermediate B

IA L-Tyr

Product

Decarboxylated

product Imide

Product
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that the amounts of intermediate B and imide products are below the detection 

threshold of the NMR analysis technique.  

 

Figure 4.2. HSQC (left) and 1H NMR spectra (right) of L-Tyr-PD monomer after 

purification.  

 Detailed information on the synthesis and identification of the chemical 

structure of the monomers synthesized in this study is provided along with the side 

products formed, and identification of their chemical structures are discussed in detail 

below. The only exception is for purification and analysis for the L-DOPA-PD 

monomers, which is due to the challenges arising from their purification and the 

corresponding complexity of the obtained mixtures. 

4.3.1.1 Synthesis of 1-(1-carboxy-2-phenylethyl)-5-oxopyrrolidine-3-

carboxylic acid (L-ph-ala-PD)  

 The synthesis of L-ph-ala-PD was achieved in bulk through reaction of 

itaconic acid (14.2 g, 109.1 mmol) and L-phenyl alanine (15 g, 90.7 mmol) at 130 °C 

for 20 hours using 0.5 ml of water and 0.5 equivalent of sodium hydroxide per mol 

of L-phenyl alanine. Next, residual water in the reaction mixture is removed using 

reduced pressure, after which a viscous liquid was obtained. The product was 

obtained by crystallizing from acidic water (HCl, 0.1 M). The white crystals obtained 

were dried in vacuo at 80 °C, to yield the product in 69% yield. Identification of the 

structure and purity (>95%, as no traces of impurities are observed) of the monomer 

was determined using NMR analysis as is shown in Figure 4.3. 1H NMR 

((CD3)2S=O), 300 MHz): δ 7.23 (m, 5.02 H), 4.71 (m, 1.0 H), 3.62 (m, 2 H), 3.16 (m, 

1.2 H), 3.01 (m, 2 H) and 2.40 (m, 2 H). 13C NMR ((CD3)2S=O), 300 MHz): δ 174.49 

(C=OOH ring), 172.90 (NC=O ring), 171.85 (C=OOH), 137.89 (C-H phenyl ring), 

128.80 (C-phenyl ring), 126.94 (C-H phenyl ring), 55.18 (N-CH spacer), 46.43 (N-

CH2 ring), 36.09 (N-CH ring), 34.19 (CH2 ring), 33.57 (CH2 spacer).  
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Figure 4.3 HSQC (left) and 1H NMR spectra (right) of 1-(1-carboxy-2-phenylethyl)-

5-oxopyrrolidine-3-carboxylic acid (L-ph-ala-PD).  

4.3.1.2 Synthesis of 1-(1-carboxyethyl)-5-oxopyrrolidine-3-carboxylic acid 

(L-ala-PD) 

 The synthesis of L-ala-PD was achieved in bulk condition through reaction 

of itaconic acid (8.8g, 67.6 mmol) and L-alanine (5g, 56.1 mmol) at 130 °C for 20 

hours using 0.5 ml of water and 0.5 molar equivalent sodium hydroxide mol L-alanine 

used. Next, the residual water in the reaction mixture is removed using reduced 

pressure, after which a viscous liquid was obtained. The product was obtained by 

crystallizing from acetonitrile and ethyl acetate. The white crystals obtained were 

dried in vacuo at 80 °C to yield the product in 51% yield. Identification of the 

structure and purity (≥95% as no traces of impurities are observed) of the monomer 

was determined using NMR analysis as is shown in Figure 4.4. 1H NMR 

((CD3)2S=O), 300 MHz): 4.55 (m, 1.0 H), 3.52 (m, 2 H), 3.23 (m, 1 H), 2.45 (m, 2 

H), and 1.32 (m, 3 H). 13C NMR ((CD3)2S=O, 300 MHz): δ 174.84 (C=OOH ring), 

172.93 (NC=O ring), 171.85 (C=OOH), 49.29 (N-CH spacer), 45.92 (N-CH2 ring), 

33.97 (N-CH ring), 36.03 (CH2 ring), 14.93 (CH3 ¬group).  
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Figure 4.4. HSQC (left) and 1H NMR spectra (right) of 1-(1-carboxyethyl)-5-

oxopyrrolidine-3-carboxylic acid (L-ala-PD) 

 

4.3.1.3 Synthesis of 1-(2-carboxyethyl)-5-oxopyrrolidine-3-carboxylic acid 

(β-ala-PD) 

 The synthesis of β-ala-PD monomer was achieved in bulk through reaction 

of itaconic acid (8.76g, 67.3 mmol) and β-alanine (5g, 56.1 mmol) at 130 °C for 20 

hours using 0.5 ml of water and 0.5 molar equivalent sodium hydroxide per mol β-

alanine used. The residual water in the reaction mixture is removed using reduced 

pressure, after which a viscous liquid was obtained. The product was obtained by 

crystallizing from acetonitrile and ethyl acetate. The white crystals obtained via were 

dried in vacuo at 80 °C to obtain the product in 63% yield. Identification of the 

structure and purity (≥85%) of the monomer was determined using NMR analysis as 

is shown in Figures 4.5. Note traces of solvent impurities remain present in the 

monomer and is not part of the product structure, as is evident from the HMBC, 

HSQC and COSY spectrum depicted in Figure 4.5 and 4.6 respectively. 1H NMR 

((CD3)2S=O), 300 MHz): 3.52 (m, 2 H), 3.38 (m, 2 H), 3.16 (m, 1 H), 2.44 (m, 4 H). 
13C NMR ((CD3)2S=O), 300 MHz): δ 174.84 (C=OOH ring), 172.93 (NC=O ring), 

171.85 (C=OOH), 49.29 (N-CH spacer), 45.92 (N-CH2 ring), 33.97 (N-CH ring), 

36.03 (CH2 ring), 14.93 (CH3 group).       
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Figure 4.5. HSQC (left) and 1H NMR spectra (right) of 1-(2-carboxyethyl)-5-

oxopyrrolidine-3-carboxylic acid (β-ala-PD). NMR spectrum referenced against 

DMSO signal at 2.5 ppm. 

 

 

Figure 4.6. COSY (1H -1H) and HMBC (13C -1H) of 1-(1-carboxyethyl)-5-

oxopyrrolidine-3-carboxylic acid (β--ala-PD). 

4.3.1.4 Synthesis of 1-(3-carboxyethyl)-5-oxopyrrolidine-3-carboxylic acid 

(γ-butyric-PD) 

 The synthesis of γ-aba-PD was achieved in bulk through reaction of itaconic 

acid (7.57g, 58.2 mmol) and γ-aminobutyric acid (5g, 48.4 mmol) at 130 °C for 20 

hours using 0.5 ml of water and 0.5 molar equivalent sodium hydroxide per mol γ-

aminobutyric acid used. The residual water in the reaction mixture is removed using 

reduced pressure, after which a viscous liquid was obtained. The product was 

obtained by crystallizing from acetonitrile and ethyl acetate. The white crystals 

obtained were dried in vacuo at 80 °C to obtain the product in 98% yield. 

Identification of the structure and purity of the monomer was determined using NMR 

analysis as is shown in Figures 4.7. The overall purity, is calculated by taking the 

ratio of the integrals at 5.7 and 6.1 ppm, corresponding the two protons next to the 

unsaturated bond of itaconic acid (0.13) and the integral value of proton 5 from the 

γ-aba-PD product (2.0), resulting in a purity of 94%, whereas the remaining 6% 

accounts for unreacted itaconic acid. 1H NMR ((CD3)2S=O), 300 MHz): 3.45 (m, 2.0 

Impurity

Impurity
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H), 3.35 (m, 1.4 H), 3.18 (m, 3 H), 2.46 (m, 2 H), 2.17 (m, 2 H), and 1.66 (m, 2 H). 
13C NMR ((CD3)2S=O), 300 MHz): δ 175.02 (C=OOH ring), 174.44 (NC=O ring), 

172.39 (C=OOH), 48.82 (N-CH2 ring), 41.39 (N-CH2 spacer), 35.89 (N-CH ring), 

31.29 (CH2 ring), 22.93 (CH2 spacer), 34.11 (CH2 spacer). 

 

Figure 4.7. HSQC (left) and 1H NMR spectra (right) of 1-(3-carboxyethyl)-5-

oxopyrrolidine-3-carboxylic acid (γ-aba-PD).   

 From Figure 4.7 one can observe the presence of a small trace of itaconic 

acid, together with the pyrrolidone based dimer and imide as main side-products. 

Despite the high isolated yield of these monomers, it appears that there are some 

residual traces of the impurities present in addition to itaconic acid. Retrospectively, 

the resonances in the NMR spectrum depicted in Figure 4.7 at 1.8 ppm and 2.3 ppm 

are likely corresponding to residual amounts of pyrrolidone based dimer or its ring-

closed product which also aligns with the LC traces of the compound having m/z = 

283 g/mol (shown in figure 4.8). 

 

Figure 4.8. Expected chemical structure of the ring-closed pyrrolidone based dimer 

of γ-aba-PD. 

4.3.1.5 Synthesis of 1-(10-carboxyethyl)-5-oxopyrrolidine-3-carboxylic 

acid (11-und-PD) 

 The synthesis of 11-und-PD was achieved in bulk through reaction of 

itaconic acid (3.88g, 29.8 mmol) and 11-aminoundecanoic acid (5g, 24.8 mmol) at 

* *
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130 °C for 20 hours using 0.5 ml of water and 0.5 molar equivalent sodium hydroxide 

per mol 11-aminoundecanoic acid used. The residual water in the reaction mixture is 

removed using reduced pressure, after which a viscous liquid was obtained. The 

product was obtained by crystallizing from acidic water and acetonitrile. The white 

crystals obtained were dried in oven at 80 °C to obtain the product in 93% yield. 

Identification of the structure and purity (91%) of the monomer was determined using 

NMR analysis as is shown in Figure 4.9. Generally, we observe that there are two 

signals at 2.0 (integral of 0.2) and 2.4 ppm (integral of 0.07), where the signal at 2.0 

ppm likely corresponding to the CH2 protons from Intermediate A (aza-Michael 

adduct). Taking the proportion of this signal and signal 1 (2.12 / (0.2 + 2.12), 

translates into the presence of roughly 9 mol% of Intermediate A. 1H ((CD3)2S=O), 

300 MHz): 3.54 (m, 2.0 H), 3.17 (m, 3 H), 2.47 (m, 2 H), 2.20 (m, 2 H), 1.46 (m, 4 

H) and 1.25 (m, 12 H). 13C NMR ((CD3)2S=O), 300 MHz): δ 175.05 (C=OOH ring), 

174.93 (NC=O ring), 172.13 (C=OOH), 48.84 (N-CH2 ring), 41.84 (N-CH2 spacer), 

35.86 (N-CH ring), 34.15 (CH2 ring), 24.97 (CH2 spacer), 34.12 (CH2 spacer) and 

26.59 (CH2 spacer). 

 

 

Figure 4.9. . HSQC (left) and 1H NMR spectra (right) of 1-(10-carboxyethyl)-5-

oxopyrrolidine-3-carboxylic acid (11-und-PD). 

4.3.1.6 Synthesis of 1-1’-(1-carboxypentane-1,5-diyl)bis(5-oxopyrrolidine-

3-carboxylic acid (L-lys-PD) 

 The synthesis of L-lys-PD monomer was performed in bulk through reaction 

of itaconic acid (10.7g, 82.2 mmol) and L-lysine (5g, 34.2 mmol) at 130 °C for 20 

hours using 0.5 ml of water and 0.5 molar equivalent sodium hydroxide per mol L-

lysine used. The residual water in the reaction mixture is removed using reduced 

pressure, after which a viscous liquid was obtained. The product was obtained by 

precipitation and trituration with acetonitrile. The product was obtained as yellow 

crystals in a yield of 17% after drying in vacuo at 80 °C. Identification of the structure 
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of the monomer was determined using NMR analysis as is shown in Figure 4.10. 1H 

NMR (CDCL3 + d-TFA, 300 MHz): 4.85 (m, 1 H), 3.85 (m, 2 H), 3.51 (m, 3 H), 3.45 

(m, 4 H), 3.10 (m, 4 H), 1.94+2.16 (m, 2 H), 1.72 (m, 2 H) and 1.42 (m, 2 H). 13C 

NMR (CDCL3 + d-TFA, 300 MHz): δ 178.05 (C=OOH ring), 175.58 (NC=O ring), 

175.63 (C=OOH), 46.83 (N-CH2 spacer), 50.12 (N-CH2 ring), 36.05 (N-CH ring), 

43.15 (CH2 ring), 33.61 (CH2 spacer), 27.46 (CH2 spacer) and 22.75 (CH2 spacer). 

 

 

Figure 4.10. HSQC (left) and 1H NMR spectra (right) of 1-1’-(1-carboxypentane-

1,5-diyl)bis(5-oxopyrrolidine-3-carboxylic acid (L-lys-PD).  

 As is shown in the LC-MS traces of the reaction product of the L-lys-PD 

monomer (Appendix C, Figure C6), we observe the presence of two products; a 

disubstituted (major) and mono-substituted (minor) component. Considering the 

integral of the peak of resonance 8 as accounting for one proton (as standard value, 

Figure 4.10), then the integrals of 5, 6, and 7 account for six protons (corresponding 

to the L-lysine backbone). In turn, when both amine groups have participated in the 

aza-Michael addition-cyclization cascade reaction, then we expect two pyrrolidone 

rings per lysine molecule, hence the integral of the signals 1 and 11 should account 

for four protons. However, as is observed from Figure 4.10, we only observe the 

integral to be 3.73, suggesting that we are dealing with a mixture of both mono- and 

di-substituted products. Similarly, the integral value of the signals at 3 and 9 

corresponding to two CH2 groups of pyrrolidone ring (CH2-N bond) appears as 3.82 

instead of 4.0. This lowered integral value of the signals corresponding to the 

pyrrolidone ring suggests there is a mixture of both mono- and di-substituted L-lys-

PD. Accordingly, the purity of the obtained L-lysine-PD monomer was determined 

using the formula below, based on the assumption that all molecules are disubstituted; 
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∫(𝑠𝑖𝑔𝑛𝑎𝑙 1+11)𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙−∫(𝑠𝑖𝑔𝑛𝑎𝑙 1+11)𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑

4
× 100%     

=
4 − 3.73

4
× 100% 

= 7.5% 

Hence, the product is isolated as 92.5% disubstituted product (both the aza-Michael 

adduct and the ring closed structure), while the L-lys-PD product accounts for the 

remainder 7.5%. It appears that the purification protocol used favors the isolation of 

the disubstituted product, and hence, is likely the reason for the low yield after 

purification. Nevertheless, these findings clearly demonstrate that also L-lysine can 

readily be subjected to reaction with itaconic acid, though it seems to be more 

favorable to target the synthesis of the pyrrolidone based tricarboxylic acid, rather 

than having one pendant amine group unreacted.  

4.3.1.7 Synthesis of 1-(1-carboxy-2-(3,4-dihydroxyphenyl)ethyl)-5-

oxopyrrolidine-3-carboxylic acid (L-DOPA-PD) 

 The synthesis of L-DOPA-PD monomer was achieved in bulk through 

reaction of itaconic acid (7.8g, 60 mmol) and L-dopamine (9.85g, 50 mmol) at 130 

°C for 20 hours using 0.5 ml of water and 0.5 molar equivalent sodium hydroxide per 

mol L-DOPA used. The residual water in the reaction mixture is removed using 

reduced pressure, after which a viscous liquid was obtained and was analyzed without 

purification (i.e. purification proved unsuccessful). NMR analysis was performed to 

confirm the presence of the desired L-DOPA-PD product as is shown in Figure 4.11. 
1H NMR (D2O, 300 MHz): δ 6.57 (m, 1 H), 6.51 (m, 1 H), 6.38 (m, 1 H), 4.60 (m, 

0.53 H), 4.49 (m, 0.49 H), 3.39 + 3.24 (m, 2.24 H), 2.96 (m, 2.11 H), 2.67 (m, 1.15 

H) and 2.33 (m, 2 H). 13C NMR (D2O, 300 MHz): δ 174.49 (C=OOH ring), 172.90 

(NC=O ring), 171.85 (C=OOH), 130.59 (C-H phenyl OH ring), 120.85 (C-H phenyl 

ring), 119.89 (C-H phenyl ring), 116.10 (C-H phenyl ring), 55.96 (N-CH spacer), 

47.91 (N-CH2 ring), 35.70 (N-CH ring), 30.84 (CH2 ring), 33.14 (CH2 ¬spacer).    
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Figure 4.11. 1H NMR spectrum of 1-(1-carboxy-2-(3,4-dihydroxyphenyl)ethyl)-5-

oxopyrrolidine-3-carboxylic acid (L-DOPA-PD). 

The 1H-NMR spectrum in Figure 4.11 shows that the signal 8 corresponds to one 

aromatic proton (δ = 6.38 ppm). Accordingly, the integral of proton 4 should 

correspond to a value 1. However, we observe that these signals (located at δ = 4.60 

& 4.49 ppm) are split located and account for 0.53 and 0.49 respectively. This 

splitting of signal is expected to correspond to the unreacted L-DOPA (preferably in 

its oxidized form, figure 4.12) and the L-DOPA-PD product, respectively. Therefore, 

this data suggests that roughly, 50% of the L-DOPA participated in the aza-Michael 

addition and the remainder of the L-DOPA remains present in the unreacted or 

oxidized state (shown in LC-MS traces, Appendix C, Figure C7).   

 When evaluating the LC-MS trace of the reaction containing L-DOPA, one 

can observe the presence of both residual L-DOPA (denoted as AA) and itaconic acid 

(provided in Appendix C, Figure C7). The obtained mixture is green, likely resulting 

from the partial oxidation of L-DOPA into quinone and its consecutive cyclization 

into aminochrome (figure 4.12). 

 

Figure 4.12. Chemical structure of aminochrome resulting from partial oxidation of 

L-DOPA.  

 Additionally, we observe the elution of peaks having masses of m/z = 310 

g/mol (L-DOPA-PD or Intermediate B), m/z = 264 g/mol (decarboxylated L-DOPA-

PD or intermediate B) and m/z = 248 g/mol (reduced decarboxylated form of product 

of L-DOPA-PD). Possible structures of the compounds having a m/z= 264 g/mol and 

248 g/mol are provided in Scheme 4.4. As observed from NMR analysis, the L-DOPA 
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has a poor reactivity as residual L-DOPA remains present at the end of the reaction. 

Combined, the presence of various structures and the poor reactivity explain the 

challenging purification. As a result, we were unable to obtain the desired product in 

the pure form and excluded L-DOPA-PD from further study. 

 

Scheme 4.4. Potential chemical structures of the compounds observed in the LC 

elugram shown in Figure C7 having a m/z = 264 and 248 g/mol.  

4.3.1.8 Synthesis of 1-(1-carboxy-2-(1H-imidazol-5-yl) ethyl)-5-

oxopyrrolidine-3-carboxylic acid (L-his-PD) 

 The synthesis of L-his-PD monomer was achieved in bulk through reaction 

of both equimolar of itaconic acid (2.5 g, 19.3 mmol) with L-histidine (3.0 g, 19.3 

mmol) and double excess of itaconic acid (5g, 38.6 mmol) with L-histidine (3.0 g, 

19.3 mmol) at 120 °C for 20 hours using 0.5 ml of water and 0.5 molar equivalent 

sodium hydroxide per mol L-histidine used. The residual water in the reaction mixture 

is removed using reduced pressure, after which a viscous liquid was obtained. The 

product was obtained as slightly green crystals by precipitation and trituration with 

acetone and drying in vacuo at 80 °C. The mono(major) along with traces of 

disubstituted product was obtained in 43% yield (Figure 4.13), while disubstituted 

product yielded in 51% product consisting of both mono and di-substituted product.  

Purity of both products (equimolar ratio, Figure 4.13 and, double molar ratio of 

itaconic acid, Figure 4.14) was determined using NMR analysis. 1H NMR (d-D20, 

300 MHz): δ 8.80 (m, 1 H), 7.26 (m, 1 H), 4.37 (m, 1.29 H), 3.22 (m, 4.44 H), 2.57 

(m, 2 H). 13C NMR (d-D20, 300 MHz): δ 174.49 (C=OOH ring), 172.90 (NC=O ring), 

171.85 (C=OOH), 130.59 (C-H phenyl OH ring), 120.85 (C-H phenyl ring), 119.89 

(C-H phenyl ring), 116.10 (C-H phenyl ring), 55.96 (N-CH spacer), 47.91 (N-CH2 

ring), 35.70 (N-CH ring), 30.84 (CH2 ring), 33.14 (CH2 spacer).   
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Figure 4.13. HSQC (left) and 1H NMR spectra (right) of 1-(1-carboxy-2-(1H-

imidazol-5-yl)ethyl)-5-oxopyrrolidine-3-carboxylic acid (L-his-PD) containing 

traces of disubstituted product (L-his-PD), obtained while using equimolar ratio of 

itaconic acid with L-histidine.  

 From Figure 4.13 we observe that the signal corresponding to the methylene 

protons 1 (from the pyrrolidone ring) has an integral value of 1.83, while the integral 

of the aromatic protons 6 and 7 of the imidazole ring has a value of 1. This would 

imply that there is 0.9 pyrrolidone rings present for every imidazole moiety. In other 

words, only 90% of the L-histidine molecules participated in the aza-Michael 

addition-cyclization cascade reaction and the remainder of the molecules are either 

unreacted L-histidine or other side-products.   

 The 1H NMR analysis of the L-his-PD product obtained from the reaction 

mixtures using a 2.1: 1 ratio of itaconic acid and L-histidine is provided in Figure 

4.14. Using the same method as earlier, we observe that the integrals of imidazole 

protons 6 and 7 have a value of 1, if the aza-michael addition and ring closure on 

primary amine happens. However, the integral of the methylene group in the 

pyrrolidone ring / aza-Michael adduct (signal 1+10) has a value of 3.54 corresponding 

to 2H protons, where the signal 1 arises from ring closed pyrrolidone structure, and 

the remaining 1.54 value corresponds to the 2nd aza-michael addition reaction, which 

results in 0,77 molar ratio of double aza-michael addition reaction. Hence, it yields 

77 % disubstituted products along with traces of unreacted itaconic acid (< 4 mol %) 

(Figure 4.14) as identified by the presence of peaks between 5.5 and 6.5 ppm.  In 

summary, the synthesis of L-his-PD is only party successful as this compound can 

participate in a second aza-Michael addition reaction, yielding a multi-functional 

carboxylic acid. Nevertheless, this monomer mixture might prove promising for the 

development of renewable thermosets containing imidazole functionality.  
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Figure 4.14. HSQC (left) and 1H NMR spectra (right) of 1-(1-carboxy-2-(1H-

imidazol-5-yl)ethyl)-5-oxopyrrolidine-3-carboxylic acid (L-his-PD) obtained while 

using double excess molar ratio of itaconic acid with L-histidine.  

 

 

Figure 4.15. LC-trace of crude reaction mixture of the reaction between L-histidine 

and a double molar ratio of itaconic acid (top) and equimolar ratio of itaconic acid 

(bottom).  

 Similarly, the LC chromatogram of the reaction mixture of L-histidine and 

(a double molar ratio) itaconic acid, highlights the ability of the imidazole moiety to 

participate in the aza-Michael addition reaction (Figure 4.15). The presence of both 

the L-his-PD product and its disubstituted alternative which did undergo an 

additional aza-Michael addition (m/z = 268 and 398 g/mol, respectively), is in line 

with the findings from NMR analysis (Figure 4.14). Further cyclization of the 

disubstituted product depicted in Figure 4.14 was not plausible, as this would result 

in the formation of a quaternary amine.   
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 In general, very similar results are obtained for the other reactions although 

some additional side reactions are observed, depending on the used amino acid. For 

example, we observe dimerization occurring parallel to the aza-Michael addition for 

almost all amino acids (scheme 4.3, bottom reaction). Furthermore, the formation of 

intermediate B and the ensuing imide side-products are detected from LC-MS 

analysis for most amino acids, though these are not observed after purification. In the 

case of L-DOPA, we observe thermal degradation (oxidized form) during synthesis 

(resulting in a strong discoloration), effectively generating a diverse mixture of side 

products as indicated by LC-MS analysis (Appendix C, Figure C7). Although 1H-

NMR analysis indicates that the desired L-DOPA-PD is present in the reaction 

mixture, we were unable to isolate it from the reaction mixture and therefore excluded 

it from further study. In the case of both L-lysine and L-histidine we observe that the 

reactions conducted with double molar ratio of itaconic acid (to enforce a double aza-

Michael addition reaction with the goal to develop tri- or multifunctional carboxylic 

acids, of which the data is provided in Table 4.2) resulted in di-substituted products 

(as major component) along with mono substituted product(as minor component). 

Even though the reaction proceeds well for both monomers, purification remained 

challenging, likely resulting from the fact that a mixture of both mono and di-

substituted products was obtained. Accordingly, these products were obtained in low 

isolated yields. Nevertheless, the obtained monomer mixtures proved useful for 

polymerization of thermosets, as will be discussed briefly in the next section. Despite 

limitations by thermal stability, amino-acid oligomerization, and amide/imide 

formation, these findings clearly demonstrate that the aza-Michael cascade reaction 

can be conducted on naturally occurring amino acids to yield the desired 

multifunctional pyrrolidone monomers after purification.   

 It is worthwhile to note that significantly higher yields are obtained for 

reactions conducted on amino acids without a stereocenter. For example, the reaction 

products γ-aba-PD (using γ-aminobutyric acid as reactant) and 11-ada-PD (using 

11-aminoundecanoic acid as reactant) are isolated in 98% and 93% yield, 

respectively. In contrast, the products bearing a stereocenter in the amino acid, i.e. L-

ph-ala-PD and L-tyr-PD are obtained in yields between 50 and 70%. Ignoring the 

presence of side- and intermediate products, we consider it likely that the presence of 

two stereo centers in these reaction products (one in the amino acid spacer and one in 

the pyrrolidone ring) frustrates the crystallization during purification and/or promotes 

dissolution during trituration. Despite the progress of the reaction, purification is the 

limiting step in this protocol.   
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4.3.2 Thermal ring opening addition polymerization with bis(2-

oxazolines). 

 In order to polymerize the synthesized pyrrolidone based monomers with 

bis(2-oxazolines) they should exhibit a sufficiently high thermal stability and low 

volatility to be subjected to the thermal curing temperature of 180 °C. To evaluate 

which monomers were suitable for polymerization, thermogravimetric analysis was 

performed (Table 4.2). Indeed, most monomers, except for L-lys-PD and L-his-PD 

proved thermally stable, identified by the temperature where 10 wt% mass loss 

occurred (T90, Table 4.2, Appendix C, Figure C10) well above 200 °C. Both L-lys-

PD and L-his-PD degraded rapidly when heating beyond 150 °C, effectively placing 

limits on the polymerization temperature. To evaluate the polymerizability of the 

developed monomers, a series of (co-)polymers (P1-P15, Table 4.3) has been 

synthesized in bulk; the desired dicarboxylic acids were mixed with 1,3-bis(4,5-

dihydrooxazol-2-yl)benzene (IAox) in an equimolar ratio, ground and heated for 30 

minutes at the desired reaction temperature. The resulting molecular weights and the 

glass transition temperature (Tg) of the ensuing amorphous polymers are listed in table 

4.3. Note, as expected, both polymers containing L-lys-PD (P14) and L-his-PD (P15) 

cross-linked rapidly during polymerization resulting from the presence of the 

multifunctional carboxylic acids as side products and could not be subjected to GPC 

analysis due to their insoluble nature.  

 In general, we observe that the polymerization proceeds for all other 

dicarboxylic acids to yield polymers with a molecular weight around 10 kg/mol or 

higher within half an hour of reaction, according to HFIP-GPC analysis. Note, the 

dispersity of all polymers is relatively broad, which is common for these types of 

polymers as sometimes low molecular weight components can remain present 

(cyclics and oligomers). Though such low molecular weight species can be removed 

by dissolution and precipitation of the polymer, this would require excessive solvent 

usage and would result in material losses. Instead, we analyzed and used the materials 

as obtained directly after thermal polymerization in bulk.  As reported in previous 

work28, an increase in reaction time generally results in a further increase in molecular 

weight, however, not by chain-extension via reaction between 2-oxazoline and 

carboxylic acid moieties (k1, scheme 4.2), but mainly by branching resulting from the 

reaction between 2-oxazolins and the generated amide bonds (k3, scheme 4.2).  

 Furthermore, in the scenario when using L-tyr-PD, one can foresee that 

prolonged polymerization times can facilitate a second side-reaction as the thermal 

ring opening addition reaction between the aromatic alcohol of the L-tyr-PD and the 

2-oxazoline moiety yields ether-amide branches (k2, scheme 4.2). Accordingly, to 

minimize branching and the depletion of the aromatic alcohol groups of L-tyr-PD 
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during polymerization, we have limited the polymerization time 30 minutes in this 

study. However, if one aims to develop high molecular weight polymers or 

thermosets using this type of chemistry, one can consider the use of an excess of 

bis(2-oxazolines) combined with prolonged reaction times. 

Table 4.3. Overview of the reaction temperature, molecules weight, distribution, 

and glass transition temperature of the polymers developed in this study. 

Name Dicarboxylic acid Reaction 

temperature 

(°C) 

Mw 

(kg/mol) 

Đ (-) Tg  

(oC) 

P1 Sebacic acid 180 38.0 8.0 37 

P2 75% Sebacic acid / 25% 

L-ala-PD 

180 52.3 12.1 48 

P3  L-ala-PD 180 14.8 7.7 91 

P4 β-ala-PD 180 24.3 5.4 66 

P5 γ-aba-PD 180 86.7 13.3 77 

P6 11-und-PD 180 12.4 7.8 42 

P7 ph-ala-PD 180  43.4 6.2  92 

P8 75% L-ph-ala-PD / 25% 

L-tyr-PD 

180 38.2 7.2 104 

P9 50% L-ph-ala-PD / 50% 

L-tyr-PD 

180 19.9 9.2 110 

P10 25% L-ph-ala-PD / 75% 

L-tyr-PD 

180 9.3 9.0 111 

P11 L-tyr-PD 180 7.3  8.8 107 

P12 L-ph-ala-PD 180B 20.0 5.6  84 

P13 75% L-ph-ala-PD / 25% 

L-tyr-PD 

180B 20.2 8.2 109 

P14 L-lys-PD 130 A A 53 

P15 L-his-PD 130 A A 111 

ACross-linked BPolymerization conducted for 10 minutes.  
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 With respect to the thermal behavior, as expected, the glass transition 

temperature (Tg) of the polymers increases with the introduction of the pyrrolidone 

ring, as is observed when comparing the Tg of polymer P1 and P6 (while ignoring 

effects of the molecular weight difference). Retrospectively, decreasing the number 

of methylene groups in the used dicarboxylic acid increases the Tg further to 77 °C 

(P5), and 91 °C (P3). Note, though we would expect P4 to have a higher Tg than P5 

resulting from the decreased number of methylene spacers in the dicarboxylic acid, 

we expect that the Tg difference originates from the drastic difference in Mw between 

the two polymers. The introduction of pendant phenyl or phenol groups in addition 

to the pyrrolidone moiety in the polymer backbone pushes the Tg beyond 90 °C, as is 

clearly observed for the Tg of polymers P7 to P11. Similarly, the Tg of the developed 

polymer increases dramatically from 53 °C to 111 °C when exchanging the pendant 

aliphatic amine functionality (using L-lys-PD, P14) with an aromatic imidazole 

functionality (using L-his-PD, P15), respectively.   

 Interestingly, only polymer P8 and P9, which contain large amounts of L-

tyr-PD as dicarboxylic acid show a molecular weight (Mw) below 10 kg/mol. The 

origin of this behavior is found in the slow thermal decarboxylation of this monomer 

over time (Figure 4.17), effectively generating mono-functional carboxylic acids, 

which function as chain stoppers and thereby hamper the molecular weight buildup 

(Figure 4.16). Please note that L-ph-ala-PD also undergoes decarboxylation at higher 

temperature, although the rate of decarboxylation is not significant at the employed 

temperature. The effect of this side-reaction becomes evident when monitoring the 

ratio of ring-opened 2-oxazoline (conversion determined using 1H NMR is shown in 

Appendix C, Figure C9) over time during polymerization via 1H-NMR analysis in the 

presence of increasing amount of L-tyr-PD and L-ph-ala-PD (figure 4.16, left). As 

reported in literature, we observe that the reaction proceeds rather quickly at 180 °C 

and achieves >90 % conversion within 10 minutes of reaction time28,32. However, 

depletion of 2-oxazoline rings proceeds significantly slower with increasing amount 

of L-tyr-PD present in the system, suggesting that L-tyr-PD has a lowered reactivity 

than the L-ph-ala-PD. For example, when comparing P7 (100% L-ph-ala-PD) with 

P11 (100% L-tyr-PD) we observe a 2-oxazoline conversion of 85% and 46%, 

respectively after one minute of reaction time. Furthermore, after 30 minutes of 

reaction, we observe that an increasing concentration of unreacted 2-oxazoline 

moieties remain present in systems with increasing amount of L-tyr-PD. To illustrate, 

the remaining percentage of 2-oxazoline moieties present increases from 1% for P7 

to 2% for P8 and P9, and 5% for P10 and P11, suggesting that an increasing amount 

of L-tyr-PD has degraded during the reaction. The normalized GPC traces of the 

polymers P7-P11 obtained after 30 minutes of polymerization are displayed in Figure 

4.16, right. As the degradation of L-tyr-PD becomes more dominant, the presence of 

low molecular weight species increases and the overall molecular weight decreases. 
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Indeed, these findings suggest the presence of an increased number of chains that are 

unable to participate in the polymerization process as the terminal L-tyr-PD has 

degraded. Although the thermal lability of L-tyr-PD makes its direct use in 

polymerization challenging, it appears to be successfully incorporated in the 

polymeric backbone when used in lowered concentration and in combination with L-

ph-ala-PD (P10, 25% L-tyr-PD). Although degradation of the L-tyr-PD is still 

expected to proceed under these conditions, it does not appear to significantly limit 

the molecular weight build-up as the resulting polymer has a molecular weight close 

to 40 kg/mol. Overall, these findings confirm that the synthesis of polymers bearing 

functional side groups (phenol groups in this case) is possible in one reaction step in 

bulk using 2-oxazoline chemistry.  

 

Figure 4.16. Left, 2-oxazoline conversion, obtained from 1H-NMR analysis, during 

polymerization at 180 °C in polymers containing varying amount of L-tyr-PD and L-

ph-ala-PD (P7-P11). Right, GPC traces of the ensuing polymers obtained after 30 

minutes of reaction time. It is visible how with increase L-tyr content the molecular 

weight built-up is hampered. 

4.3.3 Evidence for thermal decarboxylation of L-tyr-PD   

 100 mg of the synthesized L-tyr-PD monomer was loaded in glass vial and 

heated under nitrogen atmosphere at 180 °C for 30 minutes in an oil bath. Both the 

virgin and heated L-tyr-PD are analyzed using LC-MS. Figure 4.17 shows the 

corresponding LC elugram with the masses of the peaks provided.  
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Figure 4.17. LC elugram depicting the rise of a compound having a m/z of 249 g/mol 

(corresponding to the loss of CO2 having a weight of 44 g/mol) upon prolonged 

heating of L-tyr-PD. 

The figure 4.17 shown above, depicts that indeed decarboxylation happens when 

100% L-tyr-PD is used, whereas similar tests are performed on L-ph-ala-PD and no 

significant changes are observed.  

4.3.4 Rheology and stress relaxation 

 From the above section it is clear that pyrrolidone based dicarboxylic acids 

obtained from naturally occurring amino acids can readily be developed and 

polymerized with bis(2-oxazolines). Though the thermal transitions can be controlled 

by careful selection of the dicarboxylic acid, the influence of the spacer length and 

functionality of the pendant group on the rheological behavior of the ensuing 

polymers is unknown. Therefore, to identify the effect of 1) the pyrrolidone ring, 2) 

pendant phenyl moiety, and 3) pendant phenol moiety on the viscoelastic behavior of 

the polymers, the temperature dependency and stress relaxation behavior of polymers 

P1, P2, P12 and P13 have been evaluated. To identify the effect of the pyrrolidone 

moiety in the polymer backbone, both P1, based on sebacic acid, and P2, containing 

25% L-ala-PD and 75% sebacic acid have been selected as model polymers. As can 

be deduced from Figure 4.18A and Table 4.3, P2 has a molecular weight roughly 

37% higher than P1 and exhibits a Tg 10 °C higher than that of P1. Both parameters 

are known to affect the rheological behavior of polymer melts; the viscosity of 

polymers melts generally increases during cooling displaying an exponential 

increase, until the glass transition temperature is reached41. Therefore, when cooling 

polymers from 200 °C, the viscosity of polymers with a higher Tg increases more 

rapidly. Secondly, the relaxation of polymer chains increase with increasing 

molecular weight, thereby affecting the viscosity of the system following the relation 
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η0 ~ Mw
 for non-entangled polymers (likely the case for polymers evaluated in this 

study given their low molecular weight and the relatively rigid backbone structures, 

as shown in the (Appendix C, Figure C10). Accordingly, an increase in viscosity and 

relaxation times may be expected when evaluating polymers with increasing 

molecular weights. Indeed, as is observed from Figure 4.18B, when comparing the 

temperature dependency of the elastic modulus of P1 and P2, we observe comparable 

behavior with roughly a 15 °C temperature difference, possibly originating from the 

difference in the Tg between the two polymers.  However, while the elastic modulus 

of P1 displays the expected exponential type of behavior during cooling, polymer P2 

displays deviation from such behavior between the temperatures of 120 and 170 °C 

(also present in the loss modulus, figure 4.20 and is clearly observed after performing 

a Tg correction for the polymers (Figure 4.19 left). Such a deviation from exponential 

type of behavior can correspond to the presence of the onset of an (entanglement) 

network caused by either high molecular weight polymer chains, or additional 

interactions existing in the polymer melt (i.e. hydrogen bonding of amide bonds with 

the pyrrolidone carbonyls), both resulting in an enhancement of relaxation times.  

 

Figure 4.18. A) GPC traces of polymer P1 and P2. B) Temperature dependency of 

the elastic modulus of polymer P1 and P2, determined at a strain of 0.5% and a 

frequency of 1 rad s-1 during cooling at a rate of 5 °C/min. C) and D) Relaxation 

spectra taken at 130 °C, 150 °C, and 170 °C for polymers P1 and P2 respectively. 

Note, settings used for acquisition of the relaxation spectra are provided in the 

experimental section.   

A) B)

C) D)
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 Indeed, when comparing the relaxation moduli of P1 and P2 determined at 

130, 150, and 170 °C we observe that P2 exhibits a delayed relaxation behavior at the 

respective temperatures, corresponding to the enhanced elastic modulus over the 

whole temperature range. However, when correcting for the difference in Tg of the 

materials, one can observe that the relaxation become rather similar with the 

exception that P2 takes longer to relax (Figure 4.19 right).  

 

Figure 4.19. Temperature dependency of the storage modulus of P1 and P2, after 

performing a Tg correction. Right, comparison of the relaxation spectra of P1 and P2 

taken in the same T - Tg temperature range denoted as RS in the left image (and taken 

at actual temperature of 130 °C for P1 and 150 °C for P2).  

 This suggests that the difference in elastic modulus between the P1 and P2 

are likely the result from the difference in molecular weight and Tg and not from the 

presence of the pyrrolidone moiety. In other words, even though the pyrrolidone 

moiety is a hydrogen bonding acceptor, it does not seem to significantly influence the 

viscoelastic properties of the developed polymers. Note, an overview of the loss 

moduli of P1 and P2 are shown in figure 4.20.  

 In order to identify the effect of L-ph-ala-PD and L-tyr-PD in the polymer 

backbone, two new polymers (P12 and P13) are synthesized with a comparable Mw. 

Given that the molecular weight and Tg strongly affect the viscoelastic behavior, as 

is observed for P1 and P2, the reaction time has been set to 10 minutes yielding 

polymers both having a Mw of 20 kg/mol. However, as can be deduced from Figure 

4.22A, polymer P13 contains a higher fraction of low molecular weight species, 

resulting in a broader dispersity. Note that the Tg of P12 (86 °C) is lower than the Tg 

of P7 (92 °C), likely resulting from the molecular weight difference between these 

polymers. 

RS
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Figure 4.20. Temperature dependency of the elastic modulus of polymer P1 and P2 

determined at a strain of 0.5% and a frequency of 1 rad s-1 during cooling at a rate 

of 5 °C/min, determined before (left) and after (right) Tg correction. 

 In addition, low molecular weight oligomers act as a plasticizer in 

pyrrolidone based polymers, potentially contributing to the Tg suppression as is 

observed in earlier work42. Based on DSC analysis, polymers P12 and P13 exhibit a 

Tg difference of roughly 20 °C, corresponding well with the Tg difference observed in 

rheology (peak in loss modulus, figure 4.21). 

 

Figure 4.21. Temperature dependency of the elastic modulus of polymer P12 and 

P13 determined at a strain of 0.5% and a frequency of 1 rad s-1 during cooling at a 

rate of 5 °C/min, determined before (left) and after (right) Tg correction.  

 When comparing the temperature dependency of the elastic modulus of the 

polymers upon cooling (Figure 4.22B), we observe that both materials deviate from 

exponential type of behavior, whereas P13 shows this behavior over a broader 

temperature range between 130 – 180 °C compared to 100 – 130 °C for P12. In 

contrast to earlier observations for P1 and P2, the relaxation spectra of P12 are 

significantly different in this temperature region. Though the relaxation spectrum of 

T – Tg ( C)

T – Tg ( C)
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P12 taken at 110 °C displays very slow relaxation of the sample, we consider this 

effect the result from the sample being too close to the glass transition temperature 

and hence having long relaxation times. Instead, the relaxation spectrum taken at 130 

°C clearly shows the presence of two separate relaxation processes, one which takes 

place within the first 10 seconds whereas the second process requires roughly 1000 

seconds to relax. Such behavior suggests the presence of an additional process 

occurring in the melt with a relatively fast relaxation time. Given the difference in 

chemical structure between P1, P2 and P12, we do not consider hydrogen bonding, 

nor the presence of pyrrolidone ring the cause of this behavior. Instead, we consider 

it likely that either this enhancement in stress relaxation originates from the 

differences in chain rigidity or potential pi-pi stacking between the pendant phenyl 

rings of the L-ph-ala-PD moieties. This behavior is lost when maintaining P12 at 

temperature of 150 °C and higher; the corresponding stress relaxation spectra show 

that this process relaxes within 1 second, which corresponds to the frequency of the 

temperature ramp used to generate the data displayed in Figure 4.22B. In other words, 

though the process still takes place, it readily relaxes during the experiment and hence 

is not picked up.   

 

Figure 4.22. A) GPC traces of polymer P12 and P13. B) Temperature dependency of 

the elastic modulus of polymer P12 and P13, determined at a strain of 0.5% and a 

frequency of 1 rad s-1 during cooling at a rate of 5 °C/min. C) and D) Relaxation 

spectra taken at 110 °C (P12) and at 130 °C, 150 °C, and 170 °C for polymers P12 

and P13 respectively. Note, the same experimental protocols were followed as used 

in Figure 4.19, which are provided in the experimental section. 

A) B)

C) D)



Conclusions 

126 
 

 As mentioned earlier, the introduction of L-tyr-PD in the polymer backbone 

broadens the temperature range where the elastic and loss modulus (figure 4.22 and 

4.21) deviate from exponential behavior. We expect that this originates from the 

presence of the pendant phenol groups of L-tyr-PD, which provide additional 

hydrogen donors for hydrogen bonding to the polymer. Therefore, polymer P13 is 

expected to have a significantly higher hydrogen bonding density than the previously 

explored polymers, which is expected to remain present at higher temperatures/longer 

timescales. The stress relaxation spectra of P13 are different from those of P12 and 

do not show a two-stage relaxation process (Figure 4.22D). This is likely the result 

of the combined relaxation mechanisms including pi-pi interactions and the increased 

hydrogen bonding density in the system. This behavior becomes more apparent when 

performing a Tg correction for both polymers, which highlights the higher elastic 

modulus of P13 above Tg (Figure 4.23, left). Furthermore, the overall relaxation time 

does not seem to be influenced strongly by the presence of L-tyr-PD, the difference 

in relaxation behavior becomes apparent when comparing Tg corrected relaxation 

spectra (Figure 4.23, right). Overall, these preliminary findings clearly demonstrate 

the potential of the bis(2-oxazolines) curing chemistry as it allows for the bulk 

synthesis of thermoplastic polymers with controllable relaxation behavior via 

tailoring of the hydrogen bonding density (dynamic network behavior).  

 

Figure 4.23. Temperature dependency of the storage modulus of P12 and P13, after 

Tg correction. Right, comparison of the relaxation spectra of P12 and P13 taken T-

Tg + 35 °C (denoted as RS in left image, taken at actual temperatures of 130 °C for 

P12 and 150 °C for P13). 

4.4 Conclusions 

 The successful synthesis of renewable pyrrolidone based dicarboxylic acids 

using naturally occurring L-amino acids and itaconic acids is reported in this work. 

The monomers are synthesized via the cascade aza-Michael addition/cyclization 

reaction and are isolated after crystallization or trituration with isolated yields 

RS
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between 50 and 70%. Though synthesis of pyrrolidone functionalized monomers 

bearing pendant phenol groups was feasible, the purification of monomers bearing 

pendant amine or imidazole groups proved challenging, as these functional groups 

are also susceptible towards  aza-Michael addition reactions. Overall, the synthesized 

monomers with side groups proves excellent candidates for thermal curing in 2-

oxazoline based resins in bulk at temperatures of 130 or 180 °C to yield thermoplastic 

polymer or thermosets. GPC analysis on the non-crosslinked materials confirms that 

all polymers are obtained in molecular weights above 10 kg/mol, except for polymers 

containing large amounts of L-tyr-PD, which undergoes thermal degradation during 

thermal curing. Nevertheless, copolymerization of L-tyr-PD (25% of dicarboxylic 

acid component) with L-ph-ala-PD (75%) proved beneficial in developing a polymer 

with an Mw of 40 kg/mol while bearing one pendant phenol group for every four 

dicarboxylic acid residues. Evaluation of the relaxation behavior and temperature 

dependency of the viscoelastic behavior suggests an increase in viscosity and change 

in relaxation behavior when introducing L-tyr-PD in the polymer backbone. This 

behavior confirms the presence of the functional (phenolic-OH) group of L-tyr-PD 

as free (pendant) group, since its presence effectively increases the overall hydrogen 

bonding density of the polymer melt. Furthermore, it is expected that the developed 

monomers and polymers can be subjected to post-functionalization, providing 

additional control over the thermo-mechanical performance and viscoelastic 

behavior. 

For further information, please refer to Appendix C. 
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“Evaluating the performance of the precursor of bis(oxazolines) as an additive in a 
biopolymer (poly lactic acid)” 

 

 

Abstract 

After performing chemical recycling of polymers based on either terephthalic acid or 
2,5-furandicarboxylic acid based 2-oxazolines (as is reported in chapters 1 and 2) 
the potential of these two organic compounds abbreviated as BHET and BHEF are 
evaluated as an additive for poly(lactic acid) (PLA) in this chapter. Interestingly, the 
combined plasticising and nucleating effect identifies BHET as a promising 
processing aid and nucleating agent for PLA. 
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5.1 Introduction 

Poly-ʟ-lactide (PLA) is an aliphatic thermoplastic polyester that can be 

derived through fermentation of renewable resources and has gained much attention 

as it is biodegradable when exposed to elevated temperatures and in the presence of 

bacteria1,2. Despite its renewable origin, amorphous PLA generally suffers from 

brittle failure behavior which is generally related to its high glass transition 

temperature (Tg) around 60 °C and thus its high yield point3. Although PLA can be 

semi-crystalline with a melting temperature up to 180 °C, it suffers from a slow 

crystal growth rate4. Furthermore, the melting and crystallization behavior of PLA is 

dependent on the presence of the ᴅ-enantiomer, as random incorporation of this 

enantiomer in the polymer backbone decreases the crystallinity, until a fully 

amorphous material is obtained5. With respect to processing, PLA is susceptible to 

hydrolysis, transesterification, and several degradation reactions at temperatures 

above 200 °C, potentially decreasing the molecular weight and thus the mechanical 

performance6. Despite these limitations, PLA has proven to be a promising material 

in, for example, packaging7, laminates8, composites9,10 and 3D-printing11.  

One route to counter the slow PLA crystal growth rate is through 

enhancement of the nucleation process: the introduction of a (foreign) organic or 

inorganic component can facilitate heterogeneous nucleation, thus acting as a 

nucleating agent (NA). One particularly interesting class of NAs includes melt-

soluble hydrogen bonding organic compounds12,13. These compounds are designed to 

dissolve in the polymer matrix during processing and crystallize during cooling to 

generate surface for heterogeneous nucleation of the polymer matrix. This approach 

has successfully been employed to develop nucleating agents for PLA14–19, 

polyhydroxybutyrate20–22, isotactic polypropylene (iPP)23–27, and poly(1,4-butylene 

adipate)28.  

In previous chapters we have elaborated on the performance of 2-oxazoline 

based polymers, together with their potential for hydrolysis and the consecutive 

isolation of the bispyrrolidone based monomers. So far, the role of the residual diol 

of the ring-opened 2-oxazoline has been ignored. However, the presence of two 

hydroxyl groups combined with two amide moieties makes them promising 

candidates for use as nucleating agents as they generally exhibit high melting 

temperatures and a strong ability to self-assemble/crystallize upon cooling. 

Accordingly, in this chapter we elaborate on the potential of bis(2-

hydroxyethyl)furan-2,5-dicarboxamide (BHEF) and N,N’-bis(2-

hydroxyethyl)terephthalamide (BHET), as additives for PLA (Figure 5.1). 
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Figure 5.1. Chemical structure of the given organic compounds (left) N,N’-bis(2-

hydroxyethyl)terephthalamide (BHET) and (right) bis(2-hydroxyethyl)furan-2,5-

dicarboxamide (BHEF) used in this study.  

5.2 Experimental 

5.2.1 Synthesis of N,N’-bis(2-hydroxyethyl)terephthalamide (BHET) and 

BHEF 

The synthesis of N,N’-bis(2-hydroxyethyl)terephthalamide (henceforth 

abbreviated as BHET) was achieved through reaction of terephthalic acid (10g, 0.06 

mol) and ethanol amine (8 ml, 0.132 mol) in dimethylformamide at 150 °C for 18 

hours. Next, the ensuing mixture was cooled and the formed crystallites were filtered, 

washed with methanol, and dried. The product was crystallized from methanol and 

dried overnight in vacuo at 60 °C prior to use. BHET was isolated with a yield of 

78% and a purity ≥98%, according to NMR analysis: 1H-NMR (CDCl3, 300 MHz): δ 

8.55 (m, 2H), 7.92 (s, 2H), 4.74 (m, 2H), 3.5 (m, 4H) and 3.35(m, 4H). BHET did not 

display stable melting behavior; instead, melting is observed in polarized optical 

microscopy mounted with a Linkam Hotstage at 350 °C, followed by immediate 

degradation. 

Similarly, the synthesis of bis(2-hydroxyethyl)furan-2,5-dicarboxamide 

(named as BHEF henceforth) was achieved through reaction of furan dicarboxylic 

acid with ethanol amine, while using the similar reaction conditions as mentioned 

above. The product was crystallized from methanol and dried overnight in vacuo at 

60 °C prior to use. BHEF was isolated with a yield of 67% and a purity ≥98%, 

according to NMR analysis (provided in appendix D-figures D3 & D4): 1H-NMR 

(CDCl3, 300 MHz): δ 8.58 (m, 2*1H), 7.12 (s, 2H), 4.84 (m, 2*1H), 3.51 (m, 4H) and 

3.35(m, 4H). BHEF displayed stable melting behavior at 150 °C.  

5.2.2 Material Preparation and Blending Process 

PLA (L130 grade, Corbion) and additives (BHEF, HEABA and BHET) 

where dried for 24h at 60 °C in vacuo prior to use. In this study, we extruded PLA 

samples with additives (BHET and BHEF), varying concentrations of 0 wt% (pure 

PLA), 0.5 wt%, 1.0 wt%, 1.5 wt% and 2.0 wt%. All samples were mixed in the 

desired ratio prior to blending in a DSM Explore twin-screw micro-extruder with a 
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barrel size of 5 ml. The samples were processed at 200 °C for three minutes (100 

rpm), under constant nitrogen flow. After processing, when needed the extrudate was 

either cooled till room temperature or directly injection molded into tensile bars (2 

mm x 4 mm x 70 mm, with a gage length of 25 mm) using a DSM Xplore IM 5.5 

micro injection mold with a barrel temperature of 200 °C and a mold temperature of 

25 °C. 

5.2.3 Characterization Methods 

1H-NMR spectra were recorded with a Bruker Ultrashield 300 spectrometer 

(300 MHz magnetic field). NMR-samples were prepared by dissolving ca. 10 mg of 

sample in 0.5 ml deuterated chloroform (CDCl3). Spectra were referenced against 

tetramethyl silane (TMS).  

Weight average molecular weight (Mw) and polydispersity (PDI) of PLA 

blends after processing were determined from gel permeation chromatography (GPC) 

on a PSS SECcurity GPC system using Agilent 1260 Infinity instrument technology. 

The GPC system is equipped with two PFG combination medium micro-columns 

with 7 µm particle size (4.6 x 250 mm, separation range 100-1.000.000 Da), a PFG 

combination medium pre-column with 7 µm particle size (4.6 x 30 mm), and a 

Refractive Index detector (RI). Distilled 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) 

containing 0.019 % sodium trifluoroacetate was used as mobile phase at 40 °C, with 

a 0.3 mL/min flow rate. The GPC apparatus was calibrated with poly(methyl 

methacrylate) standards obtained from PSS. GPC samples were prepared by 

dissolving 5 mg of PLA in 1.5 ml HFIP overnight, after which the samples were 

filtered over a 0.2 μm PTFE syringe filter prior to injection. 

Differential scanning calorimetry (DSC) was performed on the samples 

using a TA Instruments Q2000 DSC. All samples were measured at heating and 

cooling rates of 1, 3, 10, 30, or 100 °C/min up to a maximum temperature of 200 °C, 

unless mentioned otherwise. The glass transition temperature (Tg) and peak melting 

temperature (Tm) were determined from heating runs. The crystallization exotherm 

observed during the first cooling run was used to define peak crystallization 

temperature (Tc) and onset of crystallization temperature (Tons). The peak 

crystallization temperature is considered the peak value of the crystallization 

exotherm, whereas the intersection of the tangents of the baseline and the 

crystallization curve is considered to be the onset temperature for crystallization. 

Polarization optical micrographs were taken (between cross-polarizers and 

using a 530 nm λ-wave plate) on an Olympus BX53 microscope mounted with an 

Olympus DP26 camera and a Linkam hotstage. The samples were heated to the 

desired temperature (generally 200 °C) at a rate of 30 °C/min. After leaving the 
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samples for 3 min under isothermal conditions, the samples were cooled at a specified 

cooling rate (generally being 3, 10, or 30 °C/min) to the desired temperature where 

crystallization was monitored for 30 minutes. Optical micrographs depicting the 

morphological changes were recorded both during cooling and under isothermal 

conditions. 

The evolution of the complex viscosity of the PLA blends was followed over 

time at 200 °C in an Anton Paar 702 twin drive rheometer. Parallel plate geometry, 

having a diameter of 15 mm and gap of 1000 μm, was used to study the time 

dependence of the complex viscosity. The strain (1%) and angular frequency (10 

rad/s) were chosen such that the experiments were performed in the linear viscoelastic 

regime.  

5.3 Results and discussion 

5.3.1 Influence of processing conditions on molecular weight of PLA  

   In addition to the thermal degradation of PLA during processing1,2, the 

presence of water or alcohol groups is known to facilitate hydrolysis or 

transesterification, effectively lowering the molecular weight of the polymer. In turn, 

such a molecular weight decrease can result in the suppression in mechanical 

performance of the final product. Given that BHET and BHET both bear two 

hydroxyl groups, we evaluated the rate of transesterification with PLA upon 

processing prior to evaluation of their potential as an additive. Accordingly, various 

concentrations of BHET and BHEF (0.5 – 2.0 wt%) were extruded with PLA for three 

minutes at 200 °C and the resulting blends were subjected to GPC analysis. As can 

be observed from the GPC traces shown in Figure 5.2 and the molecular weights 

shown in Table 5.1, both BHET and BHEF facilitate a slight suppression in Mw during 

processing; The pure PLA sample shows a Mw of 138 kg/mol, whereas the presence 

of 2.0 wt% of BHET yields PLA with a Mw of 129 kg/mol. Similarly, the presence of 

BHEF yields PLA with a Mw of 117 kg/mol.  
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Table 5.1. Weight average molecualr weigh (Mw) and polydispersity index (PDI) of 

the PLA after processing with various concentration BHET and BHEF, according to 

HFIP-GPC analy sis referenced against PMMA standards. 

Sample M
w
 (g/mol) PDI (-) 

PLA pure 138.000 2.16 

PLA + 0.5 wt% BHET 134.000 2.17 

PLA + 1.0 wt% BHET 138.000 2.18 

PLA + 1.5 wt% BHET 130.000 2.13 

PLA + 2.0 wt% BHET 129.000 2.11 

PLA + 0.5 wt% BHEF 131.000 1.95 

PLA + 1.0 wt% BHEF 127.000 1.96 

PLA + 1.5 wt% BHEF 121.000 2.01 

PLA + 2.0 wt% BHEF 117.000 1.94 

 

 It appears that transesterification proceeds slightly faster in with BHEF 

compared to BHET. A possible explanation for this behavior is found in the 

difference in melting temperature of the BHEF (150 °C) and BHET (> 300 °C); 

BHET needs to solubilize first in the PLA matrix during extrusion before it can 

participate in the transesterification reaction. In contrast, the processing temperature 

(200 °C) is well above the melting temperature of BHEF, allowing for 

transesterification throughout the whole extrusion. Nevertheless, though a molecular 

weight decrease is observed in the presence of BHEF (15% decrease for 2.0 wt% 

sample) and BHET (7% decrease for 2.0 wt% sample), we do not expect the 

transesterification significant enough to affect the mechanical properties of the PLA 

since the residual molecular weights are well above the entanglement molecular 

weight of PLA. 
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Figure 5.2. GPC traces of the PLA after processing with various concentration of 

BHET (left) and BHEF (right).   

 To identify how the diols affect the visco-elastic behavior of the PLA matrix 

during prolonged heating, we have loaded the BHET samples in the rheometer (plate-

plate geometry) at 200 °C and monitored the evolution of the complex viscosity over 

time (Figure 5.3A). Note, only BHET was used for this experiment as BHEF proves 

to trans esterify significantly faster with the PLA as observed from GPC analysis. 

Therefore, only determination of the complex viscosity of samples with BHEF was 

performed at a frequency of 10 rad/s without subjecting the samples to a time-sweep. 

Note, in the protocol used for the generation of the data displayed in Figure 5.3A, we 

start to monitor the exposure time directly after loading of the sample, though the 

equilibration time is not considered in the time sweeps. Generally, we observe that 

the pure PLA is stable under the evaluated conditions, indicated by the rather constant 

complex viscosity over time. As expected, the complex viscosity of PLA in the 

presence of BHET decreases over time. Furthermore, the complex viscosity decreases 

more rapidly over time as the BHET concentration increases. Given the increasing 

concentration of hydroxyl groups in the system, we consider it plausible that this 

decrease in complex viscosity is the result of the transesterification reaction of BHET 

with the PLA matrix. This decrease in Mw is rather significant; after roughly 3000 

seconds the molecular weight of the PLA has decreased with roughly 60% in the 

presence of 2 wt% BHET compared to pure PLA, indicated by the factor 20 

difference in complex viscosity between the samples (and the use of the relation η0 ∼ 

Mw
3.4 for linear entangled polymer chains). 

 

A) B)
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Figure 5.3. A) GPC traces of the PLA after processing with various concentration of 

BHET. B) Dependency of the complex viscosity over time for PLA with various 

concentration of BHET.  

 Interestingly, when looking closely at the complex viscosity values (10 

rad/s), being in the terminal regime) at the start of the experiment we can observe that 

BHEF does follow the expected trend based on the relation η0 ∼ Mw
3.4 (Figure 5.3), 

confirming that the viscosity decrease is solely the result of transesterification. In 

contrast, the BHET does not seem to follow the expected trend; instead the observed 

complex viscosity appears lower than expected. This would suggest that BHET acts 

as a plasticizer for PLA, effectively lowering the viscosity of the melt in addition to 

the viscosity suppression resulting from the transesterification process.  

5.3.2 BHEF and BHET as nucleating agents for PLA 

From the previous section we can conclude that BHET and BHEF can 

readily be used as additives for PLA under processing conditions, although continued 

exposure to elevated temperatures should be minimized to limit transesterification. 

To evaluate how the BHET and BHEF affect the nucleating efficiency of PLA, the 

samples were subjected to DSC analysis. Note, the sample having 2.0 wt% of BHET 

required heating to temperatures above 220 °C under quiescent conditions to fully 

melt the BHET crystallites. Such a high temperature is likely to accelerate both chain 

degradation and transesterification of PLA by BHET molecules. Therefore, samples 

containing 2.0 wt% BHET are excluded from DSC experiments. For the other 

samples, the DSC traces are shown in Figure 5.4.  

A) B)
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Figure 5.4. Differential scanning calorimetry traces of PLA samples having varying 

concentration of BHEF (top) and BHET (bottom). First DSC heating traces are 

decpicted on the left, whereas the crystallization exotherms observed during the first 

cooling trace are depicted on the right (heating and cooling performed at a rate of 

10 °C).  

 During the first heating, the pure PLA exhibits a distinct glass transition 

temperature (Tg) around 64 °C. We observe a slight suppression in the Tg to roughly 

58 °C in the presence of BHEF and, whereas PLA samples with BHET exhibit a 

decreased Tg between 56 and 59 °C. Upon further heating, cold crystallization of the 

samples is observed with a peak value around 97 °C for both BHEF and BHET. A 

small exotherm is observed around 160 °C, which is thought to result from the 

rearrangement of disordered α’ crystals formed during cold-crystallization into the 

thermodynamically stable α crystallites29,30. Further heating eventually results in 

melting of the α-crystallites as is evident from the melting endotherms at 175-177 °C 

depicted in Figures 5.4, left.   

 After melting of the PLA crystallites, all samples are cooled to 40 °C at a 

rate of 10 °C/min. During cooling (Figure 5.4, right), crystallization of the pure PLA 

is observed with an onset of crystallization (Tc_ons) at 108.1 °C and an enthalpy of 

crystallization (ΔHc) of 34.0 J/g. Interestingly, the presence of BHEF does not seem 
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to significantly influence the crystallization of PLA (provided in appendix D–figure 

D1 & D5); the Tc_ons is observed around 107-108 °C, while the ΔHc increases slightly 

to 40 - 41 J/g. It is expected that this slight increase in crystallinity could be the result 

of the lowered molecular weight, which generally results in a better crystallization. 

In contrast, BHET crystallization is delayed slightly in the presence of 0.5 wt% and 

starts at 107.8 °C (ΔHc = 30.7 J/g), potentially resulting from the plasticizing effect 

of BHET5. Increasing the concentration of BHET to 1 and 1.5 wt% increases the onset 

of crystallization to 125 °C (ΔHc = 46.3 J/g) and 133°C (ΔHc = 48.3 J/g), 

respectively. The increase in onset of crystallization can be converted to the 

nucleation efficiency using the equation NE = ((Tc-Tc
min)/(Tc

max-Tc
min)) . 100% 

described by Lotz and coworkers31, where Tc is the peak crystallization temperature, 

Tc
max is the maximum crystallization peak temperature of self-nucleated PLA (156.3 

°C for this PLA grade32), and Tc
min is the minimum crystallization peak temperature 

occurring in the absence of heterogeneous nucleation sites, hence as it proceeds in 

pure PLA. Indeed, one can observe that the use of 0.5 wt% BHET results in a negative 

nucleating efficiency (Table 5.2), confirming that the BHET delays the nucleation 

process of PLA when it resides in the dissolved state. Upon increasing the BHET 

concentration, the NE increases to values above 30%. An overview of the thermal 

transitions of the samples with BHET is provided in Table 5.2, while for BHEF is 

shown in Table 5.3.  

 To reflect, the nucleating efficiency of BHET is higher than that of Talc (NE 

= 28.7%), but lower compared to other melt-soluble oxalamide or hydrazide based 

nucleating agents (NE = 49.7 and 53.6, respectively)32. In contrast, the Tc for the 

samples containing BHEF are between 97 and 99 °C, translating to a NE of -2.5 to -

5%, supporting the notion that BHEF does not act as nucleating agent for PLA. To 

identify the origin of the enhancement in the nucleation process of PLA in the 

presence of BHET, polarized optical microscopy experiments mounted with a 

Linkam Hotstage have been conducted samples containing various BHET 

concentration. As can be seen from Figure 5.5, the enhancement in nucleating ability 

of PLA in the presence of 1.0 wt% BHET has its origin in the melt-soluble nature of 

BHET; As is shown in Figure 5.5, left, upon heating the sample to 180 °C, a 

homogenous mixture is obtained. However, upon cooling at a rate of 10 °C/min, the 

growth of tree-like BHET crystal is observed, which, upon further cooling, provide 

surface for heterogeneous nucleation of the PLA.  
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Table 5.2. Characterstic thermal transitions observed during the first heating and 

cooling runs in DSC analysis on the PLA samples having varying concentration of 

BHET.  

 First heating (10 °C/min) First cooling (10 °C/min) 

Sample 

name 

Tg 

(°C) 

Tcc_ons
a 

(°C) 

Tcc
a 

(°C) 

ΔHcc 

(J/g) 

Tm 

(°C) 

ΔHm 

(J/g) 

Tc_ons
b 

(°C) 

Tc
b 

(°C) 

ΔHc 

(J/g) 

NE 

(%) 

PLA pure 63.5 91.0 95.6 29.2 176.5 44.9 108.1 100.2 34.0 0 

PLA + 0.5 

BHET 

56.7 / 

63.6 

93.1 97.3 32.0 176.6 45.8 107.8 98.8 30.7 -2 

PLA + 1.0 

BHET 

58.2 / 

65.4 

90.8 97.1 28.8 177.6 46.7 124.9 117.6 46.3 31 

PLA + 1.5 

BHET 

58.5 / 

65.3 

88.6 96.1 29.8 175.4 45.9 133.5 120.5 48.3 36 

a Tcc_ons denoted the onset temperature for cold-crystallization, Tcc denotes the peak value of 

the cold-crystallization exotherm. bTc_ons denotes the onset temperature for crystallization 

during cooling, whereas Tc denotes the peak value of the crystallization exotherm. cNE reflects 

the nucleating efficiency, calculated using the equation NE = ((Tc-Tc
min)/(Tc

max-Tc
min)) . 100%.   

 When performing the same experiment in the presence of only 0.5 wt% 

BHET, no BHET crystal formation is observed prior to the homogenous 

crystallization of the PLA itself, in line with observations from DSC analysis. This 

would suggest that the BHET concentration is too low to crystallize from the PLA 

melt upon cooling and hence it only facilitates a plasticizing effect. Overall, this 

indicates that BHET is indeed melt-soluble nucleating agent for PLA, though only 

when in a concentration of 1.0 wt% and higher.  
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Table 5.3. Characterstic thermal transitions observed during the first heating and 

cooling runs in DSC analysis on the PLA samples having varying concentration of 

BHEF.  

 First heating (10 °C/min) First cooling (10 °C/min) 

Sample 

name 

Tg 

(°C) 

Tcc_ons
a 

(°C) 

Tcc
a 

(°C) 

ΔHcc 

(J/g) 

Tm 

(°C) 

ΔHm 

(J/g) 

Tc_ons
b 

(°C) 

Tc
b 

(°C) 

ΔHc 

(J/g) 

NE 

(%) 

PLA pure 63.5 91.0 95.6 29.2 176.5 44.9 108.1 100.2 34.0 0 

PLA + 1.0 

BHEF 

59.1  90.75 97.03 32.39 175.07 46.24 107.3 97.9 39.2 -

4.1 

PLA + 1.5 

BHEF 

58.6  90.13 96.6 33.93 175.3 46.4 106.4 96.9 39.0 -

5.9 

PLA + 2.0 

BHEF 

58.8  90.67 97.2 33.59 175.84 46.2 106.8 97.33 31.5 -

5.1 

a Tcc_ons denoted the onset temperature for cold-crystallization, Tcc denotes the peak value of 

the cold-crystallization exotherm. bTc_ons denotes the onset temperature for crystallization 

during cooling, whereas Tc denotes the peak value of the crystallization exotherm. cNE reflects 

the nucleating efficiency, calculated using the equation NE = ((Tc-Tc
min)/(Tc

max-Tc
min)) . 100%. 

  

 In contrast, no BHEF crystallization is observed prior to the homogeneous 

nucleation of PLA, irrespective of the employed BHEF concentration. This likely 

explains the inability of BHEF to enhance the nucleation process of PLA; the low 

melting temperature of BHEF prevents its crystallization from the PLA solution at 

temperatures where heterogeneous nucleation of PLA can occur. Instead, 

homogenous nucleation of PLA is observed for all samples containing BHEF. Given 

that BHEF does not seem to hold any plasticizing or nucleating capability for PLA, 

we will only proceed with samples containing BHET in the remainder of the paper. 
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Figure 5.5. Optical micrographs recorded between crossed polars and 530 nm λ-

wave plate of the sample having 1.0 wt% of BHET. Left) homogenous solution of 

BHET in PLA, middle) crystallization of treelike BHET crystallites from the PLA 

melt, right) PLA crystals growing on the surface of the BHET crystallites. Images 

were taken during cooling at a rate of 10 °C/min, after heating the sample to 200 °C. 

5.3.3 Effect of cooling rate on BHET morphology and nucleating 

efficiency of PLA 

As is observed from Figure 5.5, the crystallization of BHET from the PLA 

melt itself proceeds via a nucleation and growth, a process that is driven by the 

supersaturation; By decreasing the temperature of the polymer melt containing 

dissolved BHET, one decreases the solubility until a supersaturated state is achieved, 

a process that is dependent on both the temperature and the NA concentration. In line 

with observations from Figure 5.4, crystallization of a compound from such a 

supersaturated state effectively yields a homogenous dispersion of BHET crystals 

throughout the polymer matrix. The overall nucleating efficiency of the polymer 

matrix is determined by the geometry and the surface-to-volume ratio of the NA 

crystals, which in turn is dependent on the thermal history of the sample, and hence 

the supersaturation of the system prior to the NA crystallization. Therefore, we expect 

that the morphology of the BHET crystallites generated during cooling will strongly 

depend on both the thermal history and BHET concentration. To evaluate the effect 

of cooling rate on the BHET crystal morphology generated during cooling and its 

resulting effect on the nucleation of PLA, we have heated the samples to 200 °C, 

cooled them to 140 °C at a rate of 1, 3, 10, 30, or 100 °C/min, and monitored the 

crystallization process under isothermal conditions. These experiments have been 

performed both in a polarized optical microscpe mounted with a Linkam Hotstage 

and in DSC analysis. Figure 5.6 displays the characterstic BHET morphology and the 

ensuing PLA crystallization for pure PLA and for PLA with 1.5 wt% BHET, as 

observed in polarized optical microscopy.  

 

50 μm

180  C 140  C 135  C
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In general, we observe that the nucleation density in PLA during isothermal 

crystallization at 140 °C is very low, which, combined with the slow crystal growth 

rate, results in the growth of large PLA spherulites over time (top-right image in 

Figure 5.6).  In contrast, the formation of ‘treelike’ BHET crystallites is detected 

around 170 °C when subjecting PLA with 1.5 wt% BHET to the same experimental 

protocol. PLA crystal growth proceeds rapidly on the surface of the BHET network 

when reaching 140 °C, effectively covering the whole view area in microscopy with 

crystallites within 60 seconds. Upon subjecting the PLA with 1.5 wt% BHET to 

decreasing cooling rates, we observe a change in the BHET crystal morphology/habit. 

Cooling from 200 °C to 140 °C at a rate of 10 °C/min favors the growth of thick and 

short BHET fibrils, which becomes even more pronounced during cooling at a rate 

of  3 °C/min. In other words, the surface-to-volume ratio of the BHET crystallites 

decreases dramatically when they are allowed to crystallize more slowly. Such a 

decrease in available surface for nucleation of the PLA matrix decreases the 

nucleation efficiency, as is clearly observed in the optical micrographs taken during 

isothermal crystallization at 140 °C. 
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Figure 5.6. Optical micrographs taken between crossed polars and a 530 nm λ-wave 

plate of pure PLA and PLA + 1.5 wt% BHET. The samples were first heated to 200 

°C and cooled at a specific rate of 3, 10, or 30 °C/min to 140 °C after which the 

sample was allowed to crystallize under isothermal conditions. Note, For the sample 

cooled at 3 °C/min, nucleation proceeds already upon cooling to 140 °C due to the 

low cooling rate and the presence of the BHET crystallites. The scale bar, provided 

in the top left image, is the same for all micrographs.  

 The same features are observed from DSC analysis during isothermal 

crystallization in of the samples at 140 °C after cooling them at various rates from 

200 °C to 140 °C; As is evident from Figure 5.7 for samples containing 1.0 and 1.5 

wt% BHET, the higher the applied cooling rate, the faster the increase in crystalline 

fraction of PLA during isothermal crystallization at 140 °C. This behavior is 
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undoubtedly resulting from the increased surface-to-volume ratio of the BHET 

crystallites and thus the enhanced nucleation density of PLA. Furthermore, upon 

comparison of the isothermal crystallization endotherms at the same cooling rate, we 

observe that the sample containing 1.5 wt% BHET crystallizes faster than the sample 

containing 1.0 wt% BHET. Again, we expect that this is the result of the higher 

volume fraction of BHET crystals, effectively increasing the surface available for 

heterogenous nucleation of PLA. 

 

Figure 5.7. DSC thermograms observed during crystallization of PLA (left) and PLA 

containing 1.5 wt% BHET (right) under isothermal conditions at 140 °C. Prior to 

maintaining isothermal conditions, the samples were heated to 200 °C at a rate of 10 

°C/min, after which they were cooled with a specified cooling rate of 1, 3, 10, 30 and 

100 °C/min to 140 °C.  

  In contrast, the crystallization of pure PLA and the PLA containing 0.5 wt% 

BHET do not show such a cooling rate dependency; instead the crystallization 

proceeds slowly (pure PLA, Figure 5.7) or not at all in the evaluated isothermal time 

(0.5 wt% BHET, Figure 5.7). The absence of notable isothermal crystallization in the 

presence of 0.5 wt% BHET is undoubtlely resulting from the inability of BHET to 

crystallize from the PLA melt under the given conditions combined the plasticising 

effect.  
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5.4 Conclusions 

 In this work we report on the effect of both BHET and BHEF molecules on 

processing, crystallization, and thermo-mechanical behavior of PLA. We 

demonstrate that both compounds dissolve in PLA during processing, effectively 

participating in transesterification reaction with PLA. BHET proves to act as 

plasticiser for the PLA matrix and proves to be an promising nucleating agent for 

PLA, though only when it resides in the crystalline form. BHET crystallization favors 

high cooling rates, as this yields crystallites with a high surface-to-volume ratio. 

Overall this study demonstrates that the BHET compound, potentially isolated from 

chemical recycling of thermally cured polymers based on terephthalic acid based 

bis(2-oxazoline), it a promising additive for use in PLA. It is noteworthly that BHEF, 

the product that can be isolated after hydrolysis of thermally cured polymers 

containing a 2,5-furandicarboxylic acid based bis(2-oxazoline) has, despite its 

renewable origin, no signifnant effect as additive for PLA. Instead, it appears that the 

use of this renewable monomer is better suited for the development of biobased and 

biodegradabe polymers rather than for reuse as additive for PLA after chemical 

recyling. 

For additional information, please refer to Appendix D. 
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In this chapter... 

 

 

“Self-assembly of bis(oxalamide) based organic compounds enhancing the 
nucleating efficiency of PLA” 

 

Abstract 

The aim of this chapter is to evaluate various nucleation mechanisms and identify the 
critical parameters responsible for the enhancement of the PLA nucleation process 
in the presence of oxalamide based organic compounds (OBOC)s. The chapter 
addresses the mechanism involved in the cooling rate dependence on the nucleation 
efficiency of the OBOC:  The findings override the possibility of both epitaxy and soft 
epitaxy as a plausible nucleation mechanism, making both the surface roughness of 
OBOC crystals and the local stresses imposed on the PLA melt proceeding from a 
highly supersaturated state as explanation to the cause of the favored crystallization 
of PLA at the high cooling rates in the presence of the chosen oxalamides. 
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6.1 Introduction 

Polylactide (PLA) has attracted considerable attention in the recent years, 

resulting from its renewable origin1–4, biocompatibility5,6 and biodegradability7. 

Nevertheless, though PLA is considered a promising renewable polymer, it suffers 

from brittleness, low impact resistance, and poor long-term behavior due to its 

pronounced creep8,9. The latter is mostly the result of the low crystallinity of PLA 

after processing, resulting from its slow nucleation and crystallization kinetics10. 

Though the supercooling provides the driving force for the homogenous nucleation 

and crystallization process of PLA, the nucleation process can be enhanced by the 

addition of a nucleation agent11–13 (NA), potentially addressing the aforementioned 

limits in mechanical performance.  

Numerous additives, for example, calcium carbonate14, cellulose15, clay16, 

talc17, functionalized lignin18, hydrazides19,20, amino-acids21, and oxalamides22 have 

been reported to enhance the nucleation rate of the PLA melt. When using inorganic 

compounds, irrespective of the nucleation mode, the observed nucleating efficiency 

is generally limited by the (in)homogeneity of the dispersion of the filler in the 

polymer matrix. In this respect, the use of melt-soluble organic nucleating agents is 

preferred. These organic molecules are designed to dissolve in the polymer melt and 

crystallize on cooling – prior to crystallization of the polymer melt. It is to be realized 

that on decreasing the temperature of the polymer/NA solution, the solubility of the 

NA decreases until a supersaturated state is achieved that promotes nucleation and 

crystallization of the NA; a process that is dependent on both the temperature and the 

NA concentration in the polymer melt. Crystallization of the NA from such a 

supersaturated state effectively yields a homogenous dispersion of NA crystals 

throughout the polymer matrix. In turn, the overall nucleating efficiency of the 

polymer matrix is determined by the geometry and the surface-to-volume ratio of the 

NA crystals, which in turn is dependent on the thermal history of the sample, and 

hence the supersaturation of the system prior to the NA crystallization.   

An example of melt-soluble nucleating agents is oxalamide based organic 

compounds (OBOC). Generally, two oxalamide moieties are connected through a 

bridging spacer, which is varied to control the OBOC melting temperature. Secondly, 

the end-groups of the OBOC are selected such that they promote miscibility with the 

polymer matrix of choice.  When designed correctly and used in sufficient 

concentration, the side groups stimulate dissolution in the polymer matrix at elevated 

temperatures, while the hydrogen bonding between the oxalamide moieties provides 

the driving force for crystallization from the polymer melt upon cooling23,24. Indeed, 

this approach proved successful in designing melt-soluble nucleating agents for 

several polymers including polyhydroxyalkanoatesError! Bookmark not defined., isotactic 
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polypropylene24,25, polylactide22,26, and poly(butylene-adipate)26,27. Though this 

generic approach in designing nucleating agents for thermoplastic polymers is 

promising, the mode of nucleation is not clear; Given that multiple OBOCs can 

effectively enhance the nucleation efficiency of different polymers, we consider 

nucleation by epitaxial matching as general OBOC nucleation mechanism unlikely.  

Therefore, the purpose of this work is to evaluate various nucleation mechanisms and 

identify the critical parameters responsible for the enhancement of the PLA 

nucleation process in the presence of OBOCs. 

6.2 Experimental section 

6.2.1 Material Preparation and Blending Process 

Five different OBOCs have been synthesized according to the procedure 

described in earlier work, Scheme 6.1.Error! Bookmark not defined. As an example, the 

synthesis of diethyl 5,6,11,12-tetraoxo-4,7,10,13-tetraazahexadecane-1,16-dioate, 

abbreviated as OXA2, is briefly recalled; 1,2-diaminoethane was dropwise added to 

a 10-fold excess of diethyl oxalate in THF and the mixture was allowed to stir for 24 

hours at room temperature. The intermediate product, diethyl 2,2'-(ethane-1,2-

diylbis(azanediyl))bis(2-oxoacetate), precipitated during the reaction and was 

obtained as a white powder after filtration and washing three times with diethyl ether. 

Next, diethyl 2,2'-(ethane-1,2-diylbis(azanediyl))bis(2-oxoacetate) was dissolved in 

chloroform together and a double molar excess of β-alanine ethyl ester hydrochloride 

and triethyl amine. The product, OXA2, precipitated over time during refluxing for 

48 hours and was obtained as a white powder after filtration and washing three times 

with chloroform.  

 

 

Scheme 6.1. Chemical structures of the five OBOCs used in this study. The OBOCs 

are abbreviated based on the number of methylene groups in-between the oxalamide 

units; For example, the OBOC based on 1,2-ethanediamine, having two methylene 

groups between the oxalamide groups, is named OXA2.  
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 The thermal behavior of the OBOCs synthesized in this study, having 2, 3, 

4, 5, and 6 methylene spacers between the oxalamide groups, has been assessed using 

differential scanning calorimetry at heating and cooling rates of 10 °C/min (Figure 

6.1, top). An overview of the peak melting and crystallization temperatures are 

displayed in Figure 6.1, bottom. In general, we observe that an increase in spacer 

length results in a decrease in melting temperature, on top of the odd-even effect: 

OBOC having an odd number of methylene segments between the oxalamide groups 

display a significantly suppressed melting and crystallization temperature. 

Furthermore, for most OBOCs we observe various crystal-to-crystal transitions prior 

to final melting. Lastly, we observe that all OBOCs start to degrade either at 

temperatures above 200 °C or above their melting temperature23. 

 
Figure 6.1. DSC heating traces (top, left) and cooling traces (top, right) of the pure 

OBOCs synthesized in this study, obtained at heating and cooling rates of 10 °C/min. 

Additionally, the peak melting and crystallization temperatures as observed from the 

top images, depicting a clear odd-even effect, are provided as a function of OXA 

methylene spacer length in the bottom image.   

 

 The synthesized OBOCs are dried overnight at 60 °C in vacuo together with 

the PLA (Corbion L130 grade, <1% d-enantiomer). Next, master batches of 10 wt% 

OBOC in PLA is prepared through extrusion for three minutes in a DSM Xplore twin-

screw extruder (5 ml barrel size) at 180 °C and at 100 RPM. Next, the master-batches 

are diluted with PLA to obtain samples of 0.5, 1.0, 1.5, and 2.0 wt% OBOC. After 



Experimental section 

160 
 

extrusion, the samples are cooled to room temperature after which they were 

subjected to further analysis. A pure PLA reference is processed following the same 

protocol. 

6.2.2 Analysis methods 

1H-NMR spectra were recorded with a Bruker Ultrashield 300 spectrometer 

(300 MHz magnetic field). NMR-samples were prepared by dissolving ca. 10 mg of 

sample in 0.5 ml deuterated dimethyl sulfoxide (DMSO). Spectra were referenced 

against tetramethyl silane (TMS).   

Weight average molecular weight (Mw) and polydispersity (PDI) of PLA 

blends after processing were determined from gel permeation chromatography (GPC) 

on a PSS SECcurity GPC system using Agilent 1260 Infinity instrument technology. 

The GPC system is equipped with two PFG combination medium micro-columns 

with 7 µm particle size (4.6 x 250 mm, separation range 100-1.000.000 Da), a PFG 

combination medium pre-column with 7 µm particle size (4.6 x 30 mm), and a 

Refractive Index detector (RI). Distilled 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) 

containing 0.019 % sodium trifluoroacetate was used as mobile phase at 40 °C, with 

a 0.3 mL/min flow rate. The GPC apparatus was calibrated with poly(methyl 

methacrylate) standards obtained from PSS. GPC samples were prepared by 

dissolving 5 mg of PLA in 1.5 ml HFIP overnight under constant shaking, the samples 

were filtered over a 0.2 μm PTFE syringe filter prior to injection.  

The thermal behavior and transitions of the samples were identified via 

differential scanning calorimetry using a TA Instruments Q2000 DSC. All samples 

were measured at heating rate of 10°C to a maximum temperature of 190 °C, kept 

isothermal for 3 minutes, and cooled back to room temperature at a rate of 1,3, 10, 

30, or 100 °C/min unless mentioned otherwise. The glass transition temperature (Tg) 

and peak melting temperature (Tm) were determined from heating runs. The 

crystallization exotherm observed during the first cooling run was used to define peak 

crystallization temperature (Tc) and onset of crystallization temperature (Tons). The 

peak crystallization temperature is considered the peak value of the crystallization 

exotherm, whereas the intersection of the tangents of the baseline and the 

crystallization curve is considered the onset temperature for crystallization. For 

isothermal crystallization, all samples are heated from room temperature to 190 °C at 

a rate of 10 °C/min and kept isothermal for 3 minutes to erase the thermal history. 

Next, these samples are cooled at a rate of 50 °C/min to the desired isothermal holding 

temperature (between 145 – 170 °C) to allow nucleation and crystallization of the 

dissolved OXA molecules. After a five-minute isotherm at the holding temperature, 

the samples were cooled at a rate of 50 °C/min to 140 °C after which the isothermal 

crystallization of the PLA was monitored for one hour. Reference samples were 
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measured without subjection to an isothermal holding temperature, i.e. they were 

directly cooled to 140 °C at a rate of 50 °C/min after which the isothermal 

crystallization of the PLA was monitored. The obtained crystallization isotherms 

were subjected to an Avrami analysis28, The enthalpy of crystallization exotherm as 

a function of the isothermal time (ΔH(t) in J/g) was divided over the total of the 

crystallization enthalpy (ΔHtotal in J/g) to yield the crystalline mass fraction Wc. Note, 

the crystallization time was taken as t – t0 where t0 denotes that starting time of the 

crystallization exotherm. Next, the crystalline mass fraction was converted to the 

crystalline volume fraction (Vc), using equation (6.1), 

 

𝑉𝑐 =
𝑊𝑐

𝑊𝑐+(
𝜌𝑐
𝜌𝑎

)(1−𝑊𝑐)
  (6.1) 

where the ρc and ρa are the crystalline and amorphous densities of PLA, being 1.267  

g/cm3 and 1.257 g/cm3, respectively29. The Avrami parameters n (dimensionless) and 

k (in min-n) can be extracted from the Avrami equation (6.2) after applying 

logarithmic properties to both sides, equation (6.3)30   

 

1 − 𝑉𝑐 = exp (−𝑘𝑡𝑛)   (6.2) 

𝐿𝑜𝑔[− ln[1 − 𝑉𝑐(𝑡)]] = 𝐿𝑜𝑔(𝑘) + 𝑛 log(𝑡)  (6.3)  

 

 Classically, the Avrami parameter n is the summation of two terms, nd and 

nn, where nd reflects the dimensionality of the growting crystals (1, 2, or 3), and nn 

reflects the nucleation dependency which should vary between 0 (instantaneous 

nucleation) and 1 (sporadic nucleation)30.   

 The morphological development during crystallization of the samples was 

monitored using polarized optical microscopy on an Olympus BX53 microscope 

mounted with an Olympus DP26 camera and a Linkam hotstage (between cross-

polarizers and using a 530 nm λ-wave plate). The samples were heated to the desired 

temperature (generally 200 °C) at a rate of 30 °C/min. After leaving the samples for 

3 min under isothermal conditions, the samples were cooled at a specified cooling 

rate (generally being 3, 10, or 30 °C/min) to the desired temperature where isothermal 

crystallization was monitored for 30 minutes. Optical micrographs depicting the 

morphological changes were recorded both during cooling and under isothermal 

conditions.  

 The evolution of the storage modulus of the PLA blends was followed over 

time at 200 °C in an Anton Paar 702 twin drive rheometer. A parallel plate geometry, 

having a diameter of 15 mm and gap of 750 μm, was used to study the time 

dependence of the storage modulus over temperature range from 200 °C to 80 °C. 
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The strain (1%) and angular frequency (10 rad/s) were chosen such that the 

experiments were performed in the linear viscoelastic regime.  

6.3 Results and discussion  

6.3.1 OBOC as melt-miscible nucleating agent for PLA 

The OBOCs synthesized in this study (Scheme 6.1) are designed such that 

they dissolve in the PLA melt at elevated temperatures and crystallize upon cooling. 

To ensure the interaction required for dissolution in PLA at elevated temperatures, 

the OBOCs contain two β-alanine ethyl ester end-groups, which are expected to 

exhibit a high affinity towards the PLA chains due to their structural similarity. 

Secondly, the introduction of the hydrogen bonding oxalamide motifs provides the 

driving force to crystallize during cooling. These two features, i.e. dissolution and 

crystallization of the OBOCs are clearly observed in optical microscopy: An example 

of the capability of the synthesized OBOCs to enhance the nucleation process for 

PLA is provided in Figure 6.2, where the crystallization process of PLA in the 

presence of 2.0 wt% OXA4 is visualized during cooling.  

 
Figure 6.2. Polarization optical micrographs depicting the morphological changes 

when cooling the sample containing PLA and 2.0 wt% OXA4 from 200 °C to 130 °C 

at a rate of 10 °C/min.   

 As observed from figure 6.2, the OXA4 dissolves in the PLA melt, as a 

homogeneous mixture is obtained above the melting temperature of the PLA crystals. 

The crystallization of OXA4 molecules into star-shaped crystals is detected around 

138 – 136 °C during cooling at a rate of 10 °C/min, whereas the growth of the PLA 

crystals on the surface of the OXA4 crystals is immediately observed upon further 
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cooling. Interestingly, we observe the formation of a transcrystalline PLA 

morphology growing from the surface of the OXA4 crystals instead of spherulitic 

growth, indicated by the matching of the colors of the OXA4 crystals and the PLA 

crystals growing on their surface. 

 

Figure 6.3. Polarization optical micrographs depicting the morphological changes 

when cooling the pure PLA sample from 200 °C to 130 °C at a rate of 10 °C/min. 

Upon reaching 130 °C, the sample was kept isothermal for 1 minute while the 

changes in optical morphology were monitored. 

 Overall, this example clearly demonstrates that OXA4 crystals can 

effectively enhance the nucleation process of PLA, as the pure PLA sample does not 

display any notable crystallization when subjected to the same experimental protocol 

(Figure 6.3). The nucleating efficiency of the remaining OXA compounds as well as 

the main factors that govern it are detailed in the section below. 

6.3.2 Effect of the OBOC crystallization temperature on transcrystalline 

PLA morphology 

Strikingly different results are obtained when the same experimental 

protocol is followed for PLA containing 2.0 wt% OXA2 (Figure 6.4). In contrast to 

OXA4, Figure 6.4 reveals that the OXA2 crystal growth proceeds already at 174 °C 

during cooling at a rate of 10 °C/min and that the OXA2 crystals grow into relatively 

large needle shaped crystals instead of star-shaped crystals. More importantly and in 

stark contrast to the 2.0 wt% OXA4 system, further cooling of the PLA sample 

containing 2.0 wt% OXA2 only results in the formation of a low number of PLA 

spherulites at 130 °C. The absence of the previously observed transcrystalline PLA 
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morphology suggests that the OXA2 is a poor nucleating agent under the chosen 

experimental conditions.  

 
Figure 6.4. Polarization optical micrographs depicting the morphological changes 

when cooling the sample containing PLA and 2.0 wt% OXA2 from 200 °C to 130 °C 

at a rate of 10 °C/min. Upon reaching 130 °C, the sample was kept isothermal for 1 

minute while the changes in optical morphology were monitored. 

In contrast, when the OXA2 concentration is decreased to 1.0 wt%, OXA2 

crystallization is observed at considerably lower temperatures of 143 °C (Figure 6.5), 

which is immediately followed by transcrystallization of PLA from the OXA2 crystal 

surface. These findings indicate that the nucleating efficiency of PLA in the presence 

of OXA2 increases when the crystallization temperature of the OXA2 molecules from 

the PLA melt decreases.  
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Figure 6.5. Polarization optical micrographs depicting the morphological changes 

when cooling the sample containing PLA and 1.0 wt% OXA2 from 200 °C to 130 °C 

at a rate of 10 °C/min. Upon reaching 130 °C, the sample was kept isothermal for 1 

minute while the changes in optical morphology were monitored.  

 

 Similarly, when subjecting PLA containing 2.0 wt% OXA6 to the same 

experimental protocol, OXA6 crystallization is observed at 132 °C, immediately 

followed by PLA transcrystallization from the OXA6 crystal surface (Figure 6.6).  

Overall, these findings support the notion that the PLA nucleating efficiency by the 

OBOCs is strongly dependent on the crystallization temperature of the OBOC 

molecules from the PLA melt, hence on the supersaturation of the OBOC solution 

upon crystallization.  

 In order to identify the interplay between the employed OBOC 

concentration and the melting temperature of the pure OBOC compounds, we have 

compiled a phase diagram depicting the dependency of the OBOC crystallization 

temperature from the PLA melt as a function of OBOC concentration (Figure 6.7). 

Interestingly, no crystallization of the OXA3 and OXA5 was observed from the PLA 

melt upon cooling, likely originating from the low melting temperatures of the pure 

compounds (187 °C and 155 °C, respectively, Figure 6.1). For this reason, Figure 6.7 

only reflects systems containing OXA2, OXA4, and OXA6. In general, we observe 

that the OBOC crystallization temperature from the PLA melt decreases with 

decreasing concentration. Furthermore, as expected for miscible systems displaying 

a melting and crystallization temperature suppression, the phase diagram shows that 

the crystallization temperature follows the order OXA2 > OXA4 > OXA6 for a given 

OBOC concentration. Note that no OBOC crystallization was observed from the PLA 

in melt samples containing ≤ 0.5 wt% OXA2 and ≤ 1.0 wt% OXA4 or OXA6. We 
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expect that the OBOC crystallization from the PLA melt at such low concentrations 

proceeds only after crystallization of the PLA has occurred, and hence it is not 

observed under the chosen experimental conditions. The circled area denotes the 

combinations of OBOC concentrations and crystallization temperatures where a 

transcrystalline PLA morphology develops on the OBOC crystals surface during 

cooling. Overall, Figure 6.7 shows that the enhancement in nucleating efficiency of 

PLA, indicated by the development of the transcrystalline PLA morphology, 

proceeds when the OBOC crystallizes around or below 145 °C. Systems for which 

OBOC crystallization sets off at higher temperatures do not exhibit such a significant 

enhancement in PLA nucleating efficiency, and a spherulitic crystallization 

morphology, similar to those displayed in Figure 6.4, is observed instead. 

 
Figure 6.6. Polarization optical micrographs depicting the morphological changes 

when cooling the sample containing PLA and 2.0 wt% OXA6 from 200 °C to 130 °C 

at a rate of 10 °C/min. Upon reaching 130 °C, the sample was kept isothermal for 1 

minute while the changes in optical morphology were monitored. 
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Figure 6.7. Phase diagram depicting the crystallization temperature of OXA2, OXA4, 

and OXA6 from the PLA melt at various concentrations, as determined from 

polarized optical microscopy. The crystallization temperature reflects the visual 

observation of the OBOC crystals during cooling from the melt at a rate 10 °C/min. 

The region highlighted in green reflects the concentration range where a 

transcrystalline PLA morphology is observed on the OBOC crystal surface upon 

continued cooling. Note, the dotted lines are added to guide the eye of the reader.  

 The aforementioned findings from polarized optical microscopy correspond 

well with findings from DSC. As can be observed from Figure 6.8, left, no notable 

increase in peak crystallization temperature (Tc) of PLA is observed for the PLA 

containing 0.5 wt% OXA2 (Tc of 100 °C, compared to 99 °C for the pure PLA 

sample). As observed earlier, this directly relates to the inability of the OXA2 to 

crystallize from the PLA melt under these conditions, resulting in the homogeneous 

nucleation of PLA. As expected from Figure 6.5, a significant increase in Tc to 115 °C 

is observed in the PLA containing 1.0 wt% OXA2. Similarly, when increasing the 

OXA2 concentration further, the Tc of PLA is observed at 102 (1.5 wt% OXA2) and 

101 °C (2.0 wt% OXA2), undoubtedly resulting from the fact the OXA2 crystal were 

generated at too high temperatures. In addition, as is evident from Figure 6.4, the 

generation of the OXA crystals in systems containing 1.5 and 2.0 wt% OXA2 results 

in a relatively poor dispersion of large OXA2 particles with a decreased surface-to-

volume ratio (as is evident when comparing Figures 6.4 and 6.5), inevitably 

decreasing the number of potential heterogeneous nucleation sites further.  

Homogeneous solution

OBOC 

crystallization

Transcrystalline PLA 

morphology
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Figure 6.8. Left, first DSC cooling traces taken at a cooling rate of 10 °C/min for 

systems having varying concentration of OXA2, depicting the characteristic 

crystallization exotherms. Right, the evaluation of the storage modulus observed 

during cooling at a rate of 5 °C/min for systems having varying OXA2 concentration.  

 The trends are also observed in rheology (Figure 6.8, right). Note that, when 

PLA samples containing OXA2 are cooled from the melt, the sudden deviation from 

Arrhenius type of behavior (pure PLA, Figure 6.8 right) can be identified as the onset 

of PLA crystallization (Tons). The sample containing 1.0 wt% OXA2 shows the 

highest Tons of 125 °C, while the Tons decreases in the samples containing 1.5 and 2.0 

wt% OXA2 to 123 and 122 °C, respectively. More importantly, one can observe that 

the slope of the storage modulus during cooling to temperatures below Tons is lower 

for samples containing 1.5 and 2.0 wt% OXA2, suggesting a slower increase in 

crystalline fraction, hence these systems contain a lower number of growing PLA 

crystals. As mentioned earlier, this is likely the result from the poorer OXA2 

distribution, its lowered surface-to-volume ratio and the fact that the OXA2 crystals 

were grown at too high temperatures. For the sample containing 2.0 wt% OXA2, the 

crystallization of the OXA2 itself can be detected by the slight stepwise increase of 

the storage modulus around 160 °C.  

6.3.3 PLA crystallization during cooling in the presence of OBOC in 

varying concentration 

 The DSC and rheology data for the PLA samples with varying 

concentrations of the other OBOCs evaluated in this study are provided below in 

figure 6.9 and figure 6.10. It is evident from figure 6.9, that low melting temperature 

OBOCs (OXA3 and OXA5) does not hold the capacity to enhance the nucleation of 

PLA crystallites, whereas, the high melting OBOCs showed significant efficiency 

towards enhancing the nucleation of PLA crystallites. However, both the Overall, 

these findings confirm that the capability of the OBOCs to enhance the nucleation 

efficiency of PLA is highest when the OBOC crystallizes around 145 °C or lower 



Results and discussion 

 

169 
 

during cooling, irrespective of the chemical composition and the used OBOC 

concentration.    

 
Figure 6.9. left, first DSC cooling traces taken at a cooling rate of 10 °C/min for 

systems having varying concentration of OXA3 (top) and OXA5 (bottom), depicting 

the characteristic crystallization exotherms. Right, the evaluation of the storage 

modulus observed during cooling at a rate of 5 °C/min for systems having varying 

OXA3 (top) and OXA5 (bottom) concentration. 
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Figure 6.10. left, first DSC cooling traces taken at a cooling rate of 10 °C/min for 

systems having varying concentration of OXA4 (top) and OXA6 (bottom), depicting 

the characteristic crystallization exotherms. Right, the evaluation of the storage 

modulus observed during cooling at a rate of 5 °C/min for systems having varying 

OXA4 (top) and OXA6 (bottom) concentration.  

6.3.4 Identifying the OBOC nucleation mechanism 

 To obtain more information on the nucleation mechanism, we have 

performed the following experiment in polarized optical microscopy (Figure 6.11): 

First, the sample containing 2.0 wt% OXA4 was heated to 200 °C to melt both the 

OXA4 and PLA crystals and to obtain a homogenous solution. Next, the sample was 

cooled to 145 °C at a rate of 30 °C/min where it was kept under isothermal conditions 

for one minute to seed a low number of OXA4 crystals. Subsequently, the sample 

was heated at a rate of 30 °C/min to 155 °C and maintained at this temperature for 10 

minutes to stimulate the growth of the OXA4 crystals. Interestingly, at 155 °C the 

growth of a few PLA spherulites is observed on the center of the OXA4 crystals, 

likely corresponding to the growth of crystals that nucleated during the isotherm at 

145 °C (micrographs B and C, Figure 6.11. After the 10 minute isotherm at 155 °C, 

the sample is cooled at a rate of 10 °C/min to 130 °C, during which we observe 1) the 

further growth of existing OXA4 crystals, 2) the nucleation and growth of new OXA4 

crystals, and 3) the nucleation and growth of PLA crystals. Interestingly, as is visible 
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from the micrographs taken at 134 °C and 130 °C (micrographs E and F, Figure 6.11), 

the formation of the transcrystalline PLA morphology is only observed on the ‘freshly 

grown’ OXA4 crystals parts; No PLA crystal growth is observed on the surface of 

the OXA4 crystals that were allowed to develop at 155 °C (examples highlighted in 

micrograph F, Figure 6.11). Such behavior makes the possibility for both epitaxy and 

soft epitaxy as nucleation mechanisms by the OXA4 crystals highly unlikely. If these 

were the nucleating mechanisms, one would anticipate the nucleating efficiency to be 

solely dependent on the surface-to-volume ratio and the dispersion of the OBOC 

crystals, and independent on the temperature at which they were generated. 

 Instead, we would like to consider both local stresses imposed on the PLA 

melt by the growing OBOC crystals and their surface roughness as two alternative 

parameters that affect the PLA nucleation process. The concept of stress-enhanced 

nucleation has already been suggested as nucleation mechanism for the formation of 

the transcrystalline crystallization morphology in fiber reinforced thermoplastic 

polymers, where stress build-up occurs during cooling as a result of the mismatch in 

thermal expansion coefficient of the fiber and material matrix31–34. 

    
Figure 6.11. Left, Experimental protocol used to identify the effect of OXA4 

crystallization temperature on the PLA nucleation process. Right, polarization 

optical micrographs depicting the morphological changes, according to the letters 

displayed in the experimental protocol.   

 In turn, the stresses imposed on the polymer melt can orient the contour of 

the polymer chains, a feature that is well known to lower the entropy of the chains 

and, hence, lower the nucleation barrier35–37. In our case, the growth of the OXA4 

crystals will exert local stresses on the PLA melt in a similar manner, effectively 

imposing local shear on the PLA chains. The possibility for contour orientation, and 

hence stress-enhanced nucleation, can be evaluated by identification of the 

Weissenberg (Wi) number of this process. The dimensionless reptation or orientation 

Wi number is obtained by multiplying the imposed shear rate �̇� by the reptation time 

τrep and denotes the possibility for contour orientation of PLA chains when the value 

50 μm
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exceeds unity. In our experimental set-up, the local shear rate �̇�  imposed on the PLA 

chains is approximated by taking the ratio of OXA4 crystal growth rate and the OXA4 

radius at a given temperature or time38, whereas the reptation time τrep is obtained 

from rheology in combination with molecular modeling provided in detail in 

Appendix E (figures E1 and E2). The calculations used to determine both parameters 

are provided below. 

6.3.5 Approximation of shear rates during OBOC crystal growth 

To calculate the Weissenberg numbers (Wi) denoting the critical conditions 

for stress-enhanced nucleation or stress-induced crystallization, resulting respectively 

from chain orientation or stretch, we require both a value for the Rouse relaxation 

time and chain reptation time (shown in Appendix Figures E2c and E2d) and the shear 

rate imposed on the PLA melt by the growing OBOC crystals. To this end, the growth 

rate of the OXA4 crystals is assessed under two conditions: during cooling from 

elevated temperatures (shown in Figure 6.11), whereas an extended overview is 

provided in Figure 6.12) and under isothermal conditions at 140 °C. The growth rate 

was determined from the OXA4 crystals highlighted by the white arrows in Figure 

6.13. Please note, during the initial stage of crystal growth, we observe that the 

diameter is very small (~ 1 μm, Figure 6.12) and hence difficult to observe in 

polarized optical microscopy. Furthermore, over time, the crystals grow both in 

length and in radius, indicating that they continuously impose stress to the PLA melt, 

and thus continuously impose local shear to the PLA chains residing close to the 

surface of the crystals.  

 
Figure 6.12. Polarization optical micrographs depicting the morphological changes 

when cooling the sample containing PLA and 2.0 wt% OXA4 from 155 °C to 130 °C 

at a rate of 10 °C, during the following of the protocol outlined in Figure 6.2. 

We approximate the shear rate (�̇�) imposed on the PLA melt during the 

growth process of the tip of the OXA4 crystal by dividing the growth rate (in μm/s) 

by the radius of OXA4 crystal in the center. Note, the value of the radius in this 
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calculation is likely overestimated for the growing crystals, as the OXA4 tip tapers 

towards the growth fronts, meaning that the actual shear rates in the system can be 

higher than those calculated. Nevertheless, we consider the used approximation 

adequate to verify whether the imposed shear rates are sufficiently high to facilitate 

molecular orientation or stretch on PLA chains. An overview of the calculated 

parameters of the OXA4 crystal growing between 149 and 138 °C is provided in 

Table 6.1.  

Table 6.1. Overview of length (L), radius (R) and corresponding growth rate (V), and 

corresponding shear rate (𝛾)̇ of OXA4 crystals during crystallization during cooling 

from the PLA melt (as observed from polarized optical microscopy depicted in Figure 

6.12). 

Temperature 

(°C) 

La 

(μm) 

R 

(μm) 

V 

(μm/s) 

�̇�b 

(s-1) 

149 50.1 1.06 - - 

147 54.7 1.33 1.16 0.88 

145 60.6 2.00 1.47 0.74 

142 66.9 2.52 1.58 0.62 

140 73.2 2.42 1.59 0.66 

138 80.1 2.36 1.70 0.72 
            a As detected from polarized optical microscopy. approximated by V0/R. 

 The shear rate �̇� calculated in Table 6.1 in combination with the values for 

the relation times (τr and τrep ) presented in Figure E2c and E2d (Appendix) were used 

to calculate the Weissenberg numbers for molecular orientation and stretch displayed 

in Figure 6.13. As expected, and observed from Figure 6.13, the Rouse Wi numbers 

are several orders of magnitude too low to facilitate any contour or segmental stretch.  

 Additionally, shear rates applied by the growing OXA4 crystals are neither 

sufficient to facilitate a contour orientation when considering the whole molecular 

weight distribution. In contrast, when considering the 15% of the highest molecular 

weight chains, the main components generally involved in shear-induced 

crystallization, the reptation (orientation) Wi is roughly 1.8 – 2 through the evaluated 

temperature range, confirming that these experimental conditions indeed favor stress-

enhanced nucleation. To obtain more information, OXA4 crystallites were allowed 

to grow under isothermal conditions at 140 °C, as is shown in Figure 6.14. 
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Figure 6.13. Estimated Weissenberg numbers (Wi) for contour orientation (left) and 

(rouse) stretch (right) of the PLA chains, as a result of the OXA4 crystal growth 

depicted in Figure 6.13.  

Figure 6.14. Polarization optical micrographs depicting the morphological changes 

of the PLA sample containing PLA and 2.0 wt% OXA4 under isothermal conditions 

at 140 °C, after cooling the sample from 200 °C to 140 °C at a rate of 30 °C/min. 

Note, to ease the monitoring of the growth of the OXA4 crystals, transparent white 

circles are drawn around the crystals used to calculate the growth rate.  

 When determining the growth in both length and diameter of the OXA4 

crystal (Figure 6.15) over time we observe that the crystal grows at a rate of 

approximately 1 μm/s (the length increases roughly at a rate of 10 μm / 5 seconds, 

where the crystal has two growing fronts).  Similarly, the diameter of the crystal 

increases slowly from 1.2 μm to 2.9 μm during the crystallization process, translating 

to shear rates varying between 0.6 and 1.2  s-1.  
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Figure 6.15. Crystal length and diameter determined from the OXA4 crystal growing 

under isothermal conditions at 140 °C, as depicted in Figure 6.14.  

 These values correspond to an orientation Wi varying between 0.3 – 0.6 

(considering the whole MWD), 1 - 2 (considering the 30% highest molecular weight 

chains), and 1.8 – 3.6 (considering the 15% highest molecular weight chains).  Again, 

this experiment suggests that stress-enhanced nucleation is plausible to proceed under 

the experimental conditions.  

 Notice that the Rouse Weissenberg numbers were estimated as well, though 

they are considerably lower than unity suggesting that rouse stretch is not realized 

under the experimental conditions of the current study. Instead, according to the 

calculations presented above during isothermal OXA4 crystallization at 140 °C, we 

observe that the growing OXA4 crystals can facilitate local shear rates of 0.6 to 1.2 

s-1 on the PLA melt. This corresponds to Wi numbers for contour orientation of PLA 

chains between 0.3 - 0.6 (considering the whole molecular weight distribution) up to 

1.8 - 3.6 (considering the 15% highest molecular weight chains). In other words, this 

approximation suggests that in particular the contour of the high molecular weight 

PLA chains orients by the shear rates imposed by the growing OXA4 crystals. 

Furthermore, these findings suggest that stress-enhanced nucleation is possible under 

the experimental conditions in this study.  

 To reflect, Iqbal and coworkers demonstrated in a recent study that shear-

enhanced nucleation indeed proceeds when exposing the PLA to shear rates as low 

as 0.1 s-1 for 10 seconds at 140 °C39. However, though an enhancement in nucleation 

rate was observed compared to the pure PLA reference, Iqbal and coworkers observed 

an induction time of several minutes before crystallization proceeds after the 

application of the shear pulse. Furthermore, increasing the shear rate to �̇� = 2.0 s-1 
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(10 seconds pulse) still resulted in an induction time of more than 100 seconds before 

crystallization was observed. Based on these findings, despite the continuous increase 

in both OXA4 crystal length and diameter, which effectively imposes a continuous 

stress on the PLA chains close to the growing OXA4 crystals, we would expect longer 

induction times for PLA nucleation and crystal growth than those observed in our 

experiments.  

 In addition, surface roughness, a parameter that is widely considered to 

influence the heterogeneous nucleation process40–45, is likely to enhance the 

nucleation process of PLA in the presence of the growing OXA4 crystal even further. 

The argumentation is as follows: Freshly grown OXA4 crystal parts are likely to 

contain defects such as dislocations, potentially generating crystals with a high 

surface roughness. Following the findings depicted in Figure 6.12, the OXA4 crystals 

grown at 155 °C do not facilitate heterogeneous nucleation of the PLA matrix, 

indicating that they might contain less defects and hence a lowered surface roughness. 

The origin of this difference in surface roughness can be two-fold. First, the ‘freshly 

grown’ OXA4 crystal segments contain a high number of defects, which reorganize 

and/or recrystallize during the isothermal annealing step at 155 °C. Second, we 

consider it likely that crystals formed at elevated temperatures are already less 

defected resulting from the lower supersaturation of the system, which decreases both 

the crystal growth rate and the chance of defect formation. Either way, the OXA4 

crystals generated at or exposed to elevated temperatures are expected to exhibit low 

surface roughness, decreasing their capability to promote heterogeneous nucleation 

of PLA.  

 To verify these findings from polarized optical microscopy and support the 

above mentioned hypotheses, isothermal crystallization studies were performed and 

subjected to an Avrami analysis28–30. To this end, PLA samples with and without 2.0 

wt% OXA2 were heated to 190 °C and kept isothermal for 3 minutes to ensure both 

the PLA and the OXA2 are molten and to erase the thermal history of the sample. 

The sample was cooled at a rate of 50 °C/min to a first isothermal (holding) 

temperature between 145 and 170 °C for 5 minutes to allow for the generation of 

OXA2 crystals. Next, the sample was cooled at a rate of 50 °C/min to 140 °C after 

which the isothermal crystallization of the PLA was monitored (Figure 6.16A). As 

reference, the isothermal crystallization for both pure PLA and PLA with 2.0 wt% 

OXA2 was monitored after cooling to 140 °C directly (black and red lines in Figure 

6.16, respectively). The isothermal crystallization exotherms displayed in Figure 

6.16B clearly demonstrate that the PLA reference (black line) crystallizes particularly 

slowly at 140 °C, with a half-time of crystallization (thalf-t0) of 26.5 minutes. In 

contrast, the presence of 2.0 wt% OXA2 decreases thalf-t0 significantly to 4.0 when 

subjecting the sample to the same experimental protocol (red line, Figure 6.16B).  
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 Unfortunately, the samples subjected to a holding temperature of 145 °C and 

150 °C started to crystallize already at the holding temperature, preventing us from 

obtaining a useable crystallization exotherm upon cooling to 140 °C and are therefore 

excluded from further analysis.  

Figure 6.16. A) Schematic overview of experimental protocol employed to assess the 

effect the influence of OXA2 crystallization temperature on the isothermal 

crystallization of PLA at 140 °C. B) Isothermal crystallization isotherms (exo up) 

obtained at 140 °C following the experimental protocol displayed in image A). C) 

Development of the relative volumetric crystalline fraction (Vc) during isothermal 

crystallization at 140 °C. D) Overview of Avrami plots taking into account the 

development of Vc between 5 and 50 % (k in min-n).  

 However, as expected, the isothermal crystallization process of PLA with 

2.0 wt% OXA2 at 140 °C is slowed down for samples which were subjected to a first 

isothermal temperature between 155 °C and 160 °C (thalf-t0 of 8.5 and 8.6 minutes, 

respectively). As can be deduced from Figure 6.5, only a part of the dissolved OXA2 

molecules is taken up in the OXA2 crystals growing during the isothermal holding 

temperature, yielding crystals that are unable to promote heterogeneous nucleation 

upon further cooling to 140 °C. Instead, the enhancement in nucleation efficiency 

compared to the pure PLA sample originates from the remainder of the dissolved 
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OXA2 molecules that crystallize during/after cooling to 140 °C and effectively 

facilitate the growth of a transcrystalline morphology. However, a lower number of 

heterogeneous nucleation events can be expected as a result of the presence of ‘inert’ 

OXA2 crystals (i.e. without the ability to facilitate heterogeneous nucleation of PLA 

crystals), translating into a slower increase of the volumetric crystalline fraction (Vc) 

over time when compared to the same sample immediately cooled to 140 °C (Figure 

6.16C). This effect diminishes for samples subjected to an isothermal holding 

temperature of 165 or 170 °C (thalf-t0 of 5.2 and 4.1 minutes, respectively), as the rate 

of OXA2 crystallization at this holding temperature is very low. Accordingly, a high 

OXA2 concentration remains dissolved at the holding temperature and only 

crystallizes during cooling to or upon reaching 140 °C, effectively yielding a scenario 

very similar to the system which was directly cooled to 140 °C.  

 The difference in nucleation density in the different systems becomes 

evident when comparing the Avrami plots of the different samples (Figure 6.16D). 

For example, for the pure PLA reference (black line) we observe n = 2.75, a value 

significantly larger than for the PLA with 2.0 wt% OXA2 reference (red line), which 

yields n = 2.03. Classically, an Avrami parameter n of 2 would suggest the growth of 

2-dimensional crystals and the occurrence of instantaneous nucleation43, two features 

which can be expected in the presence of OXA2 crystals as they stimulate 

transcrystalline PLA crystal growth under the right conditions (Figure 6.5). The value 

of n = 2.75 for the pure PLA reference is close to the values reported in literature 

(varying from 2.4 – 3.3)29,46 and is generally attributed to athermal and three-

dimensional crystal growth. When subjecting the PLA with 2.0 wt% OXA2 to an 

isothermal holding time at 155 °C or 160 °C prior to isothermal crystallization at 140 

°C, the Avrami parameter n slowly increases to 2.24 and 2.40, respectively, 

suggesting a decrease in nucleation rate and/or a change in PLA crystal morphology. 

As explained above, such a change in nucleation and crystallization behavior is 

expected as part of the OXA2 is depleted during the isothermal holding temperature 

and is unable to facilitate heterogeneous nucleation of the PLA upon consecutive 

cooling. As expected, when increasing the holding temperature further, the Avrami 

parameter n decreases again to 2.11 and 2.27 (holding temperatures of 165 °C and 

170 °C, respectively). We would like to highlight that one should consider the 

obtained Avrami parameters as qualitative given that the nucleation and 

crystallization processes in these samples are rather complex combined with the fact 

that crystallization proceeds in some samples already during cooling towards 140 °C 

(Figure 6.17B). Nevertheless, these findings depict a clear trend in crystallization 

behavior that supports the observation that OXA crystals grown at elevated 

temperatures are unable to provide surface for heterogeneous nucleation of PLA, and 

hence, result in a decrease in nucleating efficiency of this class of nucleating agents. 
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6.3.6 Optimizing processing conditions for improved PLA nucleation 

Retrospectively, we learned that the OBOC crystal growth should proceed 

at temperatures around 150-145 °C or lower for the formation of a transcrystalline 

PLA morphology on the OBOC crystal surface. The critical parameter that drives the 

OBOC nucleation and crystal growth rate is the supersaturation, which is governed 

by the pure OBOC melting temperature, the employed OBOC concentration, and the 

imposed cooling rate47–50. In the previous section, we have elaborated on the interplay 

between the OBOC melting temperature, concentration, and thermal history on the 

PLA crystallization morphology (Figure 6.7), leaving the cooling rate as an additional 

parameter. When subjecting the samples to increasing cooling rates, a higher 

supersaturation can be achieved before the OBOC crystallization proceeds from the 

PLA melt. As both the OBOC nucleation and growth rate are generally expected to 

increase with increasing supersaturation43, the OBOC will crystallize with an 

increasing surface-to-volume ratio, hence there will be more surface available for 

heterogeneous nucleation of PLA24,25. In addition, increased OBOC growth rates will 

increase both the local stresses imposed on the PLA melt and the defects and surface 

roughness of the generated OBOC crystals. For example, as described in the previous 

sections, during cooling at a rate of 10 °C/min, the OXA2 is not effective in 

generating a transcrystalline PLA morphology when used in a concentration of 2.0 

wt%, while the OXA4 and OXA6 systems are. However, when subjecting these same 

samples to a cooling rate of 50 °C/min, one can observe the OXA2 becomes the most 

efficient nucleating agent when monitoring the isothermal crystallization at 135 °C 

(Figure 6.17, left).  

For example, the crystallization half-time (thalf - t0) observed under these 

conditions is 2.7 minutes, 8.6 minutes and more than 30 minutes for the systems 

containing 2 wt% OXA2, OXA4, and OXA6 respectively. For comparison, pure PLA 

displays a thalf - t0 of 17.7 minutes, indicating that the presence of 2.0 wt% OXA6 in 

fact delays the nucleation and crystallization process under these conditions. Such a 

delay in nucleation and crystallization rate is a characteristic feature of a plasticizer; 

Indeed, as observed from Figure 6.6, OXA6 remains dissolved at this temperature 

and could indeed act as a plasticizer, as we have reported for OBOCs dissolved in 

isotactic polypropylene24,51. When performing the same isothermal crystallization 

experiments for the PLA containing 2.0 wt% OXA2, but at different isothermal 

temperatures (Figure 6.17, right) we observe that PLA crystallization proceeds 

rapidly at 145 °C and lower, in line with the previous findings. However, the 

crystallization half-time (thalf – t0) increases rapidly during isothermal crystallization 

at 150 °C, suggesting that the OXA2 crystal growth proceeds sufficiently slow to 1) 

allow for the PLA phase to relax all imposed stresses and 2) develop crystals with a 

low surface roughness. Note, the decrease in PLA crystal growth rate as a function of 
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the decreasing undercooling of the PLA melt should be taken into account. 

Nevertheless, the findings displayed in Figures 6.16 and 6.17 confirm that a high 

cooling rate and the selection of a low crystallization temperature (≤ 145 °C) are 

essential for an optimal OBOC nucleation efficiency. These features are favorable for 

use under industrial processing conditions, as they generally require high cooling 

rates. 

 
Figure 6.17. Left, DSC thermograms depicting the crystallization exotherm observed 

during isothermal conditions (at 135 °C) after cooling pure PLA, and PLA with 2.0 

wt% OXA2, OXA4, and OXA6 from the melt at a rate of 100 °C/min to 135 °C. Right, 

half-time of crystallization (thalf - t0) as a function of the isothermal crystallization 

temperature in PLA systems containing 2.0 wt% OXA2, observed from DSC 

experiments after cooling from 200 °C to the desired isothermal crystallization 

temperature at a rate of 50 °C/min.  

6.4 Conclusions 

 In this work, we synthesized five different melt-soluble oxalamide based 

organic compounds (OBOCs) and evaluated their nucleation mechanism for PLA. 

The OBOCs indeed dissolve at elevated temperatures in the PLA melt and, dependent 

on the pure OBOC melting temperature and the used concentration, crystallizes upon 

cooling after which they provide a surface for heterogeneous nucleation to PLA. 

However, the effective nucleation efficiency seems highly dependent on the 

crystallization temperature of the OBOC from the PLA melt. These findings indicate 

that epitaxy or soft-epitaxy are unlikely nucleation mechanisms for these OBOCs. 

Instead, we identify surface roughness of the OBOC crystals in combination with 

local stresses imposed on the PLA melt by the growing OBOC crystals as critical 

parameters to explain this variation in nucleation efficiency. Since both surface 

roughness and OBOC crystal growth rates increase with increasing supersaturation, 

the use of OBOCs as nucleating agents is identified to be more suitable in processes 

where high cooling rates are desired. In this respect, the role of OBOCs is rather 

unique compared to the reported nucleating agents for PLAs in the literature. 
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7.1 Conclusions  

This thesis demonstrates that the synthesis of renewable pyrrolidone based 

dicarboxylic acids can be achieved via aza-Michael cascade cyclization, using 

itaconic acids and diamines/naturally occurring amino acids1. In addition, as 

described in Chapters 2 and 4, the synthesis procedures have been optimized to 

adhere to several principles of green chemistry; the reactions are performed in 

absence of solvent, water is employed as catalyst, and the monomers are obtained 

after purification via (re-)crystallization from water or other solvents. The developed 

pyrrolidone based dicarboxylic acids could successfully be polymerized into both 

thermoplastic and thermosets, making use of the thermal ring-opening addition 

reaction of bis(2-oxazolines)2. In this case, a melt polymerization route is adopted to 

circumvent the use of solvents and to make their processing and production 

economically more attractive. One essential requirement for thermally curable resins, 

for adhesive purposes, is control over their curing kinetics. The newly developed 

pyrrolidone based dicarboxylic acids exhibit roughly a 100 fold higher reactivity 

towards ring-opening addition reactions with bis(2-oxazolines) compared to 

commonly used monomers such as sebacic acid1. Retrospectively, their use aids in 

reduction of curing time of these bis(2-oxazolines) based resins (Chapter 2). Though 

the developed materials can have glass transition temperatures (Tg) above 100 °C, 

they are found to be plasticized with the absorption of water in ambient conditions, 

effectively restricting their use in humid conditions. Though this limits their potential 

use as an engineering plastic, it does exhibit a brittle-to-ductile transition, yielding 

tough thermosetting materials (Chapter 3). The adhesion strength of the developed 

materials on aluminum and polylactide at ambient conditions and after immersion in 

water is found to be comparable with the commercially available Gorilla glue3.  

Preliminary tests indicate that the developed materials can be depolymerized 

rapidly in the presence of protease enzyme from Bacillus Sp. Furthermore, though 

slow hydrolysis proceeds over time, the presence of absorbed water does significantly 

hamper the chemical integrity of the material over a period of weeks to months. This 

makes these materials  potential candidates for use in outdoor applications, for an 

example in agricultural seed coatings4–7, where moisture absorption together with its 

enzymatic degradation are crucial8 (Chapter 2). The materials synthesized in this 

thesis hold potential usage as medical adhesives or wound dressings9–11. For both 

applications, control over material stiffness and interaction with water is desired.   

Furthermore, chemical recycling is found to be feasible with retrieval of the 

pyrrolidone monomers on exposing the thermosets to extreme hydrolytic conditions 

for sufficiently long time. The mechanical performance of the porous thermoset 

(obtained by partial hydrolysis) is evaluated (Chapter 3) and investigated for its 
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potential in biomedical applications where the networks with different stiffness for 

cell growth are desired. Preliminary results suggest that these renewable thermosets 

are non-toxic towards cell growth. However, further pursuit of this topic is beyond 

the scope of this thesis and is recommended as future work.  

The developed synthetic route allows the synthesis of pyrrolidone 

dicarboxylic acids derived from naturally occurring L-amino acids, retrospectively 

providing additional functionalities such as aromatic alcohol groups especially when 

using L-tyrosine. The synthesis and purification of these monomers is found to be 

challenging especially in their isolation in high purity and moderate yields (>50%, 

Chapter 4). The thermal ring-opening polymerization of bis(2-oxazolines) is 

reported to be effective in synthesizing (co) polymers of (L-Tyr-PD and L-ph ala-PD) 

having pendant phenol groups without requiring any protective groups or solvents. 

By evaluating the viscoelastic response of the copolymers, it is demonstrated that the 

stress-relaxation response of the synthesized polymers can be tailored with the 

introduction of pendant groups, either by increasing the hydrogen bonding density 

(or secondary interactions in general) that increases the storage modulus of the 

synthesized amorphous polymer. Hence, these functional pyrrolidone monomers can 

be interesting in creating dynamic networks.   

Furthermore, in addition to the recovery of the pyrrolidone monomers , the 

presence of other organic components, originating from the ring opened structure of 

the used 2-oxazolines, cannot be avoided even after purification and recrystallization 

with methanol. The potential of these compounds as additives for polylactide is 

evaluated and reported in Chapter 5. It is worthwhile to note that though the use of 

2,5-furandicarboxylic acid derived bis(2-oxazolines) is desired from both kinetic and 

renewability perspectives (Chapter 2), its hydrolysis product N,N’-bis(2-

hydroxyethyl)furan-2,5-dicarboxamide (BHEF) is difficult to isolate and proves to 

hold no value when introduced into PLA as an additive. In this respect, the use of a 

terephthalic acid based bis(2-oxazoline) might be more preferred; its hydrolysis 

product N,N’-bis(2-hydroxyethyl)terephthalamide (BHET) can be easily isolated by 

recrystallization from water and acts both as a plasticizer and nucleating agent for 

PLA depending on the concentration of the additives used. To summarize the overall 

findings demonstrated in this thesis, a schematic overview is shown in scheme 7.1. 
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Scheme 7.1.  A schematic overview showing potential of using renewable pyrrolidone 

based thermoplastics and thermosets.  

 While working with BHET as nucleating agents for PLA, it is observed that 

the cooling rate plays a significant role in enhancing nucleation efficiency of the 

matrix (PLA). Hence a comparative study is performed with a series of renewable 

oxalamide based organic compounds (OBOC) to evaluate their nucleation 

mechanism (Chapter 6). Interestingly, it is observed that the nucleation efficiency of 

the OBOCs increases at high cooling rates, making them more attractive for industrial 

processing conditions. In this case, the observed nucleation mechanism overrides the 

possibility of both epitaxy and soft epitaxy matching, while making both the surface 

roughness and local stress imposed on PLA as the responsible factors for its 

nucleation efficiency. 

7.2 Technological assessment 

The technological aspect of this thesis is foreseen in the development of 

biobased resins meeting the requirements of adhesives while using renewable 

pyrrolidone dicarboxylic acids (as monomers). 

7.2.1 Adhesives in coatings and bio-medical application 

The adhesives and sealants market are estimated to be 60 billion dollars by 

2020, which is projected to reach 73.8 billion by 202412. As discussed earlier we have 

confirmed literature observations that 2-oxazoline based resins exhibit excellent 

adhesion to glass, metals and other polar surfaces having amide or ester bonds13–16. 
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Preliminary results confirm that the adhesion strength of the developed polymers on 

aluminium and polylactide (PLA) are comparable to that of commercially available 

Gorilla glue3 as shown in figure 7.1. The developed monomers provide a toolbox for 

the development of adhesives with tailored chemical, physical and mechanical 

properties, providing potential to override the performance of commercially available 

non-renewable adhesives (as for example - epoxy resin).   

 

Figure 7.1. Schematic diagram of lap-shear tests performed to show the adhesion 

strength of the renewable pyrrolidone based resins.  

Furthermore, these renewable thermosets, obtained in pure or partially hydrolyzed 

form, might hold potential in biomedical applications. Preliminary results suggest 

that these renewable thermosets are non-toxic towards cell growth.   

7.2.2 Towards enzymatic depolymerizable and regenerated resins: 

Transition from traditional to sustainable (biobased) resins 

Some of the traditional resins used like phenol formaldehyde17,18, epoxy 

resins19 etc. are either toxic or, non-recyclable, thereby ending as non-recyclable 

waste to landfill or aquatic contaminants. Among the adopted recycling methods, 

mechanical recycling is often used to reshape or reuse the polymers. While doing 

so, the mechanical performance of the recycled polymer deteriorates mainly due to 

chains scission. Similarly, biodegradation, or biological degradation via microbial 

actions, has been the goal for polymer degradation. However, this process does not 

allow us to recover the starting monomers (building blocks). In this respect, 

Enzymatic depolymerization can be an alternative approach, which will cause chain 

scission of the polymeric chains into oligomers or even into smaller repeating units 

(dimers or, even monomers) and can be recovered and reused for future 
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applications20–22. In addition to this, chemical recycling has been an emerging 

recycling possibility, where the starting building blocks (monomers) are recovered 

via a chemical technique like crystallization, precipitation, solvent extraction etc23. 

Sometime, the recovery of the pristine starting materials (monomers) is not possible, 

however the recovered organic compounds are used as a new building block (as 

monomer or oligomers) for further usage24. The steps involved in chemical recycling 

involves also pyrolysis, thermal recycling and solvolysis25,26.  

The polymers developed via ring opening polymerization of bis(2-

oxazolines) with renewable pyrrolidone dicarboxylic acids are of special interest 

when it comes to chemical recycling due to the presence of numerous hydrolysable 

ester and amide bonds2. These amorphous polymers  with ease in moisture absorption 

enables both enzymatic depolymerization1 and chemical recycling as recycling 

options (Chapter 2 & 3). These recycling steps allow recovery of renewable starting 

pyrrolidone monomers with a possibility of higher yield and purity, thus providing 

an excellent basis for chemical polymer recycling. Both these recycling steps make 

the synthesized amorphous polymers attractive to the adhesives and coating 

industries, where the traditional thermosets are known for their non-degradability and 

non-renewable toxic nature18. These sustainable approaches are interesting findings, 

while aiming towards achieving circularity of these (biobased) polymers27,28. 

However, the efficiency of their chemical recycling, i.e. recovery of the starting 

pyrrolidone monomers and evaluation of the performance of regenerated renewable 

bis(2-oxazolines) based resins is not evaluated earlier. Hence, a case study is 

conducted to comment on the chemical recycling efficiency of these renewable 2-

oxazoline based polymers. In this study, recovery of the C10 spacer pyrrolidone 

monomer is chosen, due to its higher crystallization efficiency owing to its larger 

spacer length (BP-C10, Chapter 2). The recycling efficiency of the pyrrolidone 

monomers, results into moderate to higher yield and purity (table 7.1 & figure 7.2).  

Table 7.1: Recovery efficiency (%) of the used pyrrolidone monomer (BP C10) 

obtained after the chemical recycling of the renewable 2-oxazoline based polymers 

BPC10 and 1,3-IAox. 

Recycling of  BPC10 Purity (%) Yield (%) 

1st recycling step >90 50 

2nd recycling step >90 63 

3rd recycling step >90 67 
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Figure 7.2. 1H-NMR spectra of, from bottom to top, polymer BPC10 and 1,3-IAox 

directly after synthesis (red), recovered BPC10 monomer after 1st recycling step 

(black), 2nd recycling step (blue) and 3rd recycling step (green).  

 Other pyrrolidone based dicarboxylic acids with even aliphatic spacers are 

evaluated for this recycling efficiency tests. However it was observed that not all even 

spaced pyrrolidone monomers show the same recycling efficiency, likely resulting 

from their different crystallization rates1 as evident from table 7.2 and elaborated in 

Chapter 2. 

Table 7.2: Recovery efficiency (%) of the various aliphatic even spacer pyrrolidone 

monomers obtained after the chemical recycling of the renewable 2-oxazoline based 

polymers. 

Polymer Recovery of monomers, yield (%) 

BPC2 85 

BPC4 Not isolated 

BPC6 13 

BPC8 53 

BPC10 67 

BPC12 63 

  

The recovered pyrrolidone monomers are used in polymerization with (bis)2-

oxazolines. The synthesized polymer demonstrates that the regenerated (bis)2-
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oxazoline based polymers have comparable mechanical performances, even after 

three recycling steps (table 7.3 and figure 7.3). Some traces of branching (oligomers), 

observed from the GPC data, cannot be excluded. However, no traces of impurity are 

observed in the 1H NMR of the recovered BPC10 monomer, which might be limitation 

of the employed 1H NMR instrument. 

 However, the differences in glass transition temperature (Tg) of the 

regenerated polymers may be attributed to the presence of branching, as reflected 

from their poly dispersity index, which inhibits its chain mobility thereby increasing 

the glass transition temperature significantly.  

 

Figure 7.3. (Top, left) 1H-NMR spectra of, from bottom to top, polymer directly after 

synthesis (red), regenerated polymer obtained after 1st recycling step (black), 2nd 

recycling step (blue). (Top, right) GPC traces of polymer directly after synthesis 

(red), regenerated polymer after 1st recycling step (black), 2nd recycling step (blue) 

obtained after curing for 60 minutes at 180 °C. (Bottom, left) Differential scanning 

calorimetry (DSC) traces of the as synthesized polymer (red), regenerated polymer 

obtained after 1st recycling (black) and 2nd recycling (blue) after curing at 180 °C 

for one hour. (Bottom, right) Characteristic engineering stress vs engineering strain 

curves for virgin polymer (red), 1st regenerated polymer (black) and 2nd regenerated 
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polymer (blue) after exposed to air for one day. Note, the inset displays the same 

traces, only at low engineering strain.       

Table 7.3. Molecular weight distribution of the virgin polymer containing recovered 

BPC10 and 1,3-IAox (red), regenerated polymer after 1st recycling (blue) and 2nd 

recycling (black). 

Polymer Mw  PDI 

Virgin polymer 47,800  4.99 

Regenerated polymer_1st recycling 54,500  15.6 

Regenerated polymer_2nd recycling 39,400  21.6 

  

 Similar investigations are performed with semi-crystalline polymers 

(obtained by using a combination of sebacic acid with 1,3-IAox and 1,4-IAox 

bis(oxazolines)) which as anticipated, showed chemical recycling is ineffective, 

Thus, a proper choice of monomers is critical while designing a degradable or 

recyclable polymer.  

7.2.3 Developing reprocessable (dynamic) networks in renewable 

(biobased) resins: A more sustainable future 

The synthesized functional pyrrolidone dicarboxylic acids are interesting in 

developing functional (biobased) thermoplastics, which can be further tailored via 

pre/post-modification to introduce dynamic networks via ionic interaction or 

hydrogen bonding or by modifications of pendant groups. Due to the presence of 

electron rich polymer backbone, any Lewis acids or metal ions can form co-ordinate 

bond via ionic interactions29,30 thereby forming ionic networks. Furthermore, the 

presence of numerous esters, amides and pendant functionalities like phenolic 

hydroxyl group, phenyl rings enhance the hydrogen bonding density, thereby making 

these renewable thermoplastics equivalent to thermosets. These secondary 

interactions (ionic or hydrogen bonding) introduces dynamic networks via clusters 

formation, below its dissociation temperature, thereby increasing its storage modulus 

with enhanced stress relaxation behavior above the glass transition temperature. The 

dissociation of these clusters lowers the viscosity of these amorphous polymer, 

thereby enable reprocessing or reshaping of these thermosets like thermoplastic upon 

their damage or failure, which is considered as a most sustainable mechanistic 

perspective31. This approach enables development of mechanically recyclable 

dynamic materials. The most interesting aspect of these secondary interactions lies in 

the fact that their dissociation and/or association kinetics is temperature dependent. 
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However, this dissociation-association kinetics is solely dependent on the nature of 

the crosslinking in polymer matrix invoking dynamics at the local length scales. If a 

targeted research is conducted, keeping commercialization in mind, these synthesized 

functional pyrrolidone monomers hold commercial potential for adhesives.  

 

Scheme 7.2. A representation showing circularity of the synthesized biobased 

pyrrolidone monomers and the derived renewable 2-oxazoline based polymers 

showing secondary interactions.  

 Combining the possibility of monomers acquisition from renewable sources, 

and recycling possibility of the synthesized polymers from these monomers, the 

proposed synthesis and recycling route in the thesis holds potential in the 

development of a new class of resins that are likely to be commercially attractive 

(Scheme 7.2). Overall, these findings are motivational towards conducting further 

research in developing renewable monomers as precursors for biobased polymers 

(thermoplastics and thermosets) while utilizing only renewable resources. All these 

factors govern the importance of using these pyrrolidone monomers (both aliphatic 

ones derived from diamines, and functional ones derived from L-amino acids) in 

developing a sustainable future.  

 As discussed earlier, the potential application of these developed renewable 

(biobased) resins include adhesives for renewable (bio)composites, where enzymatic 

depolymerization and (both mechanical and chemical) recycling are desired.   

7.3 Suggestions and outlook  

 As explained earlier, the target of using these synthesized pyrrolidone 

dicarboxylic acids involve green synthesis routes and biobased sources that can be 

obtained in higher yield and purity. This thesis demonstrates and confirms the 

potential of these pyrrolidone dicarboxylic acids as an alternative biobased monomer 

towards developing biobased thermoplastics and thermosets. Nevertheless, during the 

Renewable bis(2-oxazolines) based

resins

(Biobased) pyrrolidone dicarboxylic
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Chemical recycling, 
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execution of this study several questions were identified, which will further advance 

the understanding in the field. Some are mentioned herewith in the form of 

recommendation for future work. 

• Using the knowledge gained in this work, one may conclude that the developed 

materials will not be desired as engineering plastics. However, given their 

potential for recyclability, it is recommended to focus on the development of new 

resins that can be chemically recycled (fully) after their usage. 

• Second possibility is to evaluate the potential of these materials in composites, 

as the matrix can be ductile. (Though water absorption will induce a lot of stress 

on the matrix/filler surface and might not work as desired). 

• The developed renewable resins and porous thermosets obtained after partial 

hydrolysis, might be interesting for bio-medical applications (Chapter 3). The 

control over stiffness as a function of moisture exposure time makes it interesting 

to mimic the living tissue with varying stiffness. Preliminary results suggest that 

these renewable (bis)2-oxazoline based thermosets are non-toxic towards cell 

growth. Hence, further research will shed light on this goal, which can bring a 

new perspective and motivation towards using these (bis)2-oxazolines in 

biomedical field as adhesives.  

• The synthesized new functional pyrrolidone monomers (Chapter 4) derived 

from L-amino acids, opens a new opportunity to introduce dynamic networks via 

ionic bonding, hydrogen bonding with reprocessing efficiency without 

substantial loss of their mechanical performance. This approach would bring new 

in-sight for defining future research goals. 
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Supporting information for Chapter 2 

 

  

2-oxazoline conversion determination procedure using NMR 

spectroscopy 

To study the reaction rate of polymerization, the 2-oxazoline conversion 

was monitored during the polymerization of an equimolar ratio of 2,5-FDCAox 

with BP-C8 and IAox, both with BP-C8, at 180°C. Samples were collected during 

curing, dissolved in deuterated DMF (FDCAox) or DMSO (IAox), and analyzed 

with 1H NMR.  Generally, the 2-oxazoline conversion was calculated from 1H NMR 

spectra of the polymer obtained after polymerization for a defined reaction time. To 

this end, the conversion was calculated by dividing the value of the integral of the 

CH2O resonance of the ring-opened 2-oxazoline ring by the total number of CH2O 

protons present in the system. The total amount of 2-oxazoline was determined 

summing up the integrals of the CH2O resonance of the ring-opened 2-oxazoline 

ring (Signals A in Figure A1 and A2) and the integral of the CH2O resonance of the 

non-reacted 2-oxazoline ring (Signals B in Figure A1 and A2). Figures A1 and A2 

depict the exemplary NMR spectra in the region of interest (3 – 5 ppm) taken 

during polymerization of FDCAox and IAox based systems, respectively. 

                               

Figure A1. 1H NMR spectrum in the range of 4 – 8 ppm of the polymerization 

product of FDCAox with BP-C8 after 120 seconds of curing (d-DMF as solvent). A 

and B highlight the CH2O resonance of the ring-opened 2-oxazoline ring and the 

unreacted 2-oxazoline ring, respectively. 
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Figure A2. 1H NMR spectrum in the range of 3 – 5 ppm of the polymerization 

product of IAox with BP-C8 after 120 seconds of curing (d-DMSO as solvent). A 

and B highlight the CH2O resonance of the ring-opened 2-oxazoline ring and the 

unreacted 2-oxazoline ring, respectively. 

Relation between glass transition temperature of BP-Cx 

monomers and the hydrogen bonding density 

The hydrogen bonding density of the BP-Cx monomers is defined as the 

number of hydrogen bonds formed by one BP-Cx molecule divided over the number 

of atoms present in between the two carboxylic acid moieties (highlighted in red for 

BP-C2 in Figure A3). When plotting the hydrogen bonding density of the various 

BP-Cx monomers as a function of their glass transition temperature (Figure A4), one 

can see that the glass transition temperature is linearly related to the hydrogen 

bonding density.  

 

Figure A3. Schematic representation of the hydrogen bonding occurring in BP-C2. 
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Figure A4. Glass transition temperature as a function of hydrogen bonding density. 

FTIR analysis of IAox and/or TPP based systems 

Figure A5 depicts the FTIR traces of IAox : Sebacic acid (A) and IAox : 

BP-C8 (B) resins over time, as observed during curing performed at 180 °C. Similar 

to the description in the original manuscript, three distinct vibrational bands can be 

observed: I corresponds to the benzene ring vibration (815 cm-1), II corresponds to 

the oxazoline ring vibration (911 cm-1), and III corresponds to the tertiary amide 

bonds vibration (1425 cm-1). Again, I remain  constant during the curing process 

and is therefore used as internal standard. Signal II decreases significantly over 

time, resulting from the ring-opening addition reaction of the 2-oxazoline ring with 

the carboxylic acid group. However, in contrast to the system containing FDCAox 

depicted in Figure 2.7 of the original manuscript, no significant changes in peak 

area of resonance III is observed, indicating that the k2 reaction constant is 

significantly lower than for systems containing FDCAox. As can be seen from 

Figure A5., vibration II in spectra containing IAox is overlapping with other 

vibrations in the FTIR spectra, making accurate integration of the peak area 

challenging. Therefore, no data fitting to determine the k1 and k2 reaction constants 

was performed. Additionally, the FTIR traces used to generate the data in Figure 

2.8B, for BP-C8 systems containing 1 wt% TPP are provided in Figure A6. 
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Figure A5.  FTIR spectra (700-2000 cm-1) obtained during the on-line monitoring 

of the curing of (A) BP-C8 (1) : IAox (2) and (B) Sebacic acid (1) : IAox (2) systems. 

Vibrational bands I, II, and III denote the characteristic vibrations from the 

benzene ring, 2-oxazoline ring, and tertiary amide bonds respectively.  
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Figure A6.  FTIR spectra (700-2000 cm-1) obtained during the on-line monitoring 

of the curing of (A) BP-C8 (1) : FDCAox (2) and (B) BP-C8 (1) : IAox (2) systems, 

both containing 1 wt% TPP as catalyst. Vibrational bands I, II, and III denote the 

characteristic vibrations from the aromatic rings, 2-oxazoline ring, and tertiary 

amide bonds respectively.  

Verification of enhanced k1 reaction constant on the rate of cross-

linking  

From the findings in the original manuscript we observe that the k1 

reaction constant is significantly enhanced for systems containing BP-Cx monomers 

compared to systems containing sebacic acid. To verify is this also results in a more 

rapid cross-linking, we have predicted the average molecular weight increase over 

time taking into account the reaction kinetics described in equations (2.1) – (2.3) of 

the manuscript. The average molecular weight in the system can be approximated 

through subtraction of the reacted carboxylic acid and formed tertiary amide 

functionalities (A4) from the total number of monomers initially present in the 

system (Chains0 in (A5)).  Accordingly, the average molecular weight per chain 

(Mwt) in g/mol is defined as the total weight of the system (1 kilogram used for the 

model) divided by the number of chains present in the systems at any given time t 

(Chainst in (A6)). 
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(A4) Chainst = Chains0 – ([Acid]0-[Acid]t) + ([TertA]t-[TertA]0) 

(A5) Chains0 = 0.5*[OX]0 + 0.5*[Acid]0 

(A6) Mwt = (Chainst)-1 *103 

Here [Acid]0, [OX]0, and [TertA]0 are the carboxylic acid, 2-oxazoline, and 

tertiary amide concentrations at the start of the reaction. Similarly, [Acid]t and 

[TertA]t are the concentrations of carboxylic acid and tertiary amide functionalities 

at time t during curing. Using this approach, the molecular weight increase during 

curing is predicted using the k1 and k2 parameters obtained from FTIR data fitting 

(Figure A7). These predictions confirm that the enhanced k1 reaction constant 

increases both the molecular weight build-up in the early stage of polymerization 

and decreases the time-to-crosslink (defined as the time where the molecular 

weights surpass 106 g/mol).  

 

Figure A7.  2-Oxazoline depletion according to the FTIR data and corresponding 

data fit by using equations (1) – (3) (A and C) and the corresponding evolution of 

the average molecular weight during curing (B and D). Images A and B relate to 

the systems containing sebacic acid, whereas images C and D relate to the systems 

containing BP-C8. 
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Reaction kinetics of FDCAox based systems containing various 

dicarboxylic acids 

As reported in the original manuscript, the curing of systems containing 

FDCAox (2) and various dicarboxylic acids (1) such as adipic acid or suberic acid 

(Figure A8) and BP-C4 or BP-C6 (Figure A10) was monitored on-line in FTIR at 

180 °C. Data fitting using the same procedure reported in the original manuscript 

confirms that both the reaction constants k1 and k2 for systems containing adipic 

acid or suberic acid are highly comparable with the reaction constants found for 

systems containing sebacic acid (Figure A9). Similarly, for systems containing BP-

Cx monomers, the k2 reaction constant is comparable to the other dicarboxylic acids 

(Figure A11). As expected, the k1 constants in systems containing BP-Cx are 

significantly higher than those found for systems containing adipic acid, suberic 

acid or sebacic acid. It is worthy to note that the k1 constant for the system 

containing BP-C4 is lower than for the BP-C6 and BP-C8 systems, which is a result 

from the system not being fully molten after 12 seconds, thus affecting the FTIR 

traces (Figure A10-A). This is in line with the observations reported in the 

manuscript, that most BP-Cx monomers are depleted already during the melting of 

the resin.  
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Figure A8.  FTIR spectra (700-2000 cm-1) obtained during the on-line monitoring 

of the curing of (A) Adipic acid (1) : FDCAox (2) and (B) Suberic 

acid (1) : FDCAox (2) systems. Vibrational bands I, II, and III denote the 

characteristic vibrations from the furan ring, 2-oxazoline ring, and tertiary amide 

bonds respectively.  

 

Figure A9. Experimental FTIR data and their fits of polymerizationf of left) 

FDCAox (2) : Adipic acid (1) and right) FDCAox (2) : Suberic acid (1) at 180 °C. 

For both systems a conversion factor of 0.95 was used. 
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Figure A10.  FTIR spectra (700-2000 cm-1) obtained during the on-line monitoring 

of the curing of (A) BP-C4 (1) : FDCAox (2) and (B) BP-C6 (1) : FDCAox (2) 

systems. Vibrational bands I, II, and III denote the characteristic vibrations from 

the furan ring, 2-oxazoline ring, and tertiary amide bonds respectively.  

Figure A11 Experimental FTIR data and their fits of polymerizationf of left) 

FDCAox (2) : BP-C4 (1) and right) FDCAox (2) : BP-C6 (1) at 180 °C. For both 

systems a conversion factor of 1.10 was used. 
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2D NMR analysis of the synthesized (bis)pyrrolidone dicarboxylic acids 

are provided in the document below:  

 

 

Scan the QR code to obtain the document.  
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Supporting information for Chapter 3 

 

 

Analysis of BP-C2 crystallites obtained after thermoset hydrolysis 

and consecutive crystallization. 

 

 

 

Figure B1. 1H-NMR spectrum of the BP-C2 crystallites obtained after thermoset 

hydrolysis and consecutive recrystallization. BP-C2 purity was calculated by taking 

the ratio of signal A (1 proton from isophthalic acid) and signal B (4 protons of the 

two pyrrolidone rings).  

LC-MS and HR-ESI-MS analyses on the BP-C2 crystallites were 

performed on an Agilent Technologies 1100 series LC/MSD system with a diode 

array detector (DAD) and a single quad MS.  Analytical reversed phase HPLC-

analyses were performed with a Phenomenex Luna C18 (2) column (5 μm, 250 mm 

× 4.6 mm) and a solvent gradient (0–100% acetonitrile with 0.1% Formic acid in 

H2O in 15 min), the eluted compounds were analyzed via UV detection (277 nm). 

Mass spectrometry was used to confirm the molecular weight and elution time of the 

formed monomers. The results are depicted in Figures B2 and B3. 

A

A

B

B

C
D

C+D

DMSO



218 
 

 

 

Figure B2. LC-MS chromatogram of the BP-C2 crystallites obtained after thermoset 

hydrolysis and consecutive recrystallization.  

 

Figure B3. MS spectrum showing the molar mass of the compound eluting at 0.5-

0.75 in the chromatogram shown in Figure S6. Note, the observed molecular weight 

285 (M+) corresponds to the molecular weight of a positively charged BP-C2 

molecule (with a H+). 
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Supporting information for Chapter 4 

 

 

LC-MS traces of the reaction mixtures are shown below: 

 

Synthesis of 1-(1-carboxy-2-phenylethyl)-5-oxopyrrolidine-3-

carboxylic acid (L-ph-ala-PD)  

The figure C1 depicts the elution of dimer (m/z = 294 g/mol) and itaconic 

acid within first 0.5 minute, followed with the elution of the desired L-ph-ala-PD 

product (m/z = 278 g/mol) and intermediate B (m/z = 278 g/mol) starting at 2.5 

minutes. Additionally, the presence of decarboxylated L-ph-ala-PD (m/z = 233 

g/mol) is also observed after 2.75 minutes. We consider it likely that the presence of 

the reaction intermediates and side-products are the cause of the relatively low 

isolated yield of L-ph-ala-PD after purification.  

 

Figure C1. LC-trace of crude reaction mixture of the reaction between L-

phenylalanine and itaconic acid.   

Synthesis of 1-(1-carboxyethyl)-5-oxopyrrolidine-3-carboxylic 

acid (L-ala-PD) 

The figure C2 depicts the elution of the pyrrolidone L-ala-PD based dimer 

(L-alanine) (m/z = 278 g/mol) already starting at 0.25 minutes. Furthermore, the 

product (m/z = 202 g/mol) elutes with the intermediate A (m/z = 224 g/mol). Despite 

the isolation of the L-ala-PD in the pure form according to NMR analysis, we consider 

it likely that the presence of both the pyrrolidone based dimer and the intermediate A 

in crude reaction mixture partly explain the relatively low yield after purification.   
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Figure C2. LC-trace of crude reaction mixture of the reaction between L-alanine and 

itaconic acid. 

Synthesis of 1-(2-carboxyethyl)-5-oxopyrrolidine-3-carboxylic 

acid (β-ala-PD) 

 

Figure C3. LC-trace of crude reaction mixture of the reaction between β-alanine and 

itaconic acid. 

Synthesis of 1-(3-carboxyethyl)-5-oxopyrrolidine-3-carboxylic 

acid (γ-butyric-PD) 

From Figure C4 one can observe the presence of a small trace of itaconic 

acid, together with the pyrrolidone based dimer and imide as main side-products. 

Additionally, we observe the elution of a compound having m/z = 283 g/mol, which 

we expect to be the ring-closed pyrrolidone based dimer. Despite the high isolated 

yield of these monomers, it appears that there are some residual traces of the 

impurities present in addition to itaconic acid.  
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Figure C4. LC-trace of crude reaction mixture of the reaction between γ-

aminobutyric acid and itaconic acid. 

Synthesis of 1-(10-carboxyethyl)-5-oxopyrrolidine-3-carboxylic 

acid (11-und-PD) 

From Figure C5, it is observed that the reaction between 11-

aminoundecanoic acid and itaconic acid results in the formation of the desired 

reaction product (m/z = 313 g/mol) which eluted at 2.75 – 3.0 minutes. However, 

some trace of intermediate A (m/z = 332 g/mol) is observed eluting at 3.1 minutes. 

Besides these, traces of imide (296 g/mol) and intermediate B (m/z = 314 g/mol) are 

observed in addition to a trace of imide side product (m/z = 296 g/mol).  

 

Figure C5. LC-trace of crude reaction mixture of the reaction between 11-

aminoundecanoic acid and itaconic acid. 

Synthesis of 1-1’-(1-carboxypentane-1,5-diyl)bis(5-

oxopyrrolidine-3-carboxylic acid (L-lys-PD). 

As is shown in the LC-MS trace of the reaction product of the L-lys-PD 

monomer, we observe the presence of two products; a disubstituted (major) and 

mono-substituted (minor) component. In case of the reaction mixture containing L-

lysine (using a double molar ratio of itaconic acid, Figure C6), we observed that most 

functionalities participated in the aza-Michael addition-cyclization cascade reaction 

with itaconic acid, resulting in a minor amount of mono-, though mostly the di-

substituted product (m/z = 371 g/mol.). Additionally, the presence of products where 

one of the amines reacted with the carboxylic acid of itaconic acid are anticipated 
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(m/z = 371 g/mol, “Intermediate B”), as is supported by the elution of a compound 

with a mass of m/z = 353 g/mol corresponding the imide side-product. The 

combination of various compounds in the reaction mixture make purification 

challenging. In addition, we noted that the L-lysine based products show excellent 

solubility in water, likely resulting contributing to higher losses during trituration.  

 

Figure C6. LC-trace of crude reaction mixture of the reaction between L-lysine and 

a double molar ratio of itaconic acid. 

Synthesis of 1-(1-carboxy-2-(3,4-dihydroxyphenyl)ethyl)-5-

oxopyrrolidine-3-carboxylic acid (L-DOPA-PD) 

Additionally, we observe the elution of peaks having masses of m/z = 310 

g/mol (L-DOPA-PD or Intermediate B), m/z = 264 g/mol (decarboxylated L-DOPA-

PD or intermediate B) and m/z = 248 g/mol (reduced decarboxylated form of product 

of L-DOPA-PD) in figure C7. As observed from NMR analysis, the L-DOPA has a 

poor reactivity as residual L-DOPA remains present at the end of the reaction. 

Combined, the presence of various structures and the poor reactivity explain the 

challenging purification. As a result, we were unable to obtain the desired product in 

the pure form and excluded L-DOPA-PD from further study. 

 

Figure C7. LC-trace of crude reaction mixture of the reaction between L-DOPA and 

itaconic acid. 
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Synthesis of 1-(1-carboxy-2-(1H-imidazol-5-yl) ethyl)-5-

oxopyrrolidine-3-carboxylic acid (L-his-PD) 

Similarly, the chromatogram of the reaction mixture of L-histidine and (a 

double molar ratio) itaconic acid, highlights the ability of the imidazole moiety to 

participate in the aza-Michael addition reaction (Figure C8). The presence of both the 

L-his-PD product and its disubstituted alternative which did undergo an additional 

aza-Michael addition (m/z = 268 and 398 g/mol, respectively), in line with findings 

from NMR analysis.  

 

 

Figure C8. LC-trace of crude reaction mixture of the reaction between L-histidine 

and a double molar ratio of itaconic acid (top) and equimolar ratio of itaconic acid 

(bottom). 

2-oxazoline conversion determination procedure using NMR 

spectroscopy. 

To study the polymerization rate, the 2-oxazoline conversion was monitored 

during the polymerization of an equimolar ratio of 1,3-IAox with cotyrosinepolymer 

of (L-ph ala-PD + L-tyr-PD), at 180°C. Samples were collected after curing at 180 

°C for an hour, dissolved in d-DMSO, and analyzed with 1H NMR. To calculate the 

2-oxazoline conversion, we divided the value of the integral of the CH2O resonance 

of the ring-opened 2-oxazoline ring by the total number of CH2O protons (of both 

reacted and unreacted 2-oxazolines, signals X and Y, Figure C9). The total amount 

of 2-oxazoline was determined summing up the integrals of the CH2O resonance of 

the ring-opened 2-oxazoline ring (Signal Y, Figure C9) and the integral of the CH2O 

resonance of the non-reacted 2-oxazoline ring (Signal X, in Figure C9).  
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Figure C9. 1H NMR spectrum in the range of 0 – 10 ppm of the copolymerization 

product of IAox with L-tyr-PD and L-ph ala-PD (1:3 molar ratio) after 20 minutes 

of curing (d-DMSO as solvent). Y and X highlight the CH2O resonance of the ring-

opened 2-oxazoline ring and the unreacted 2-oxazoline ring, respectively. 

 

 

Figure C10. Frequency sweep of the polymer P12 (130 °C) and P13 (150 °C) 

determined at a strain of 0.1% and a frequency orange of 300-0.1 rad s-1.  
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TGA traces of synthesized monomers  

 

Figure C11. Weight loss as a function of temperature for the purified monomers 

developed in this work. TGA experiments were conducted under nitrogen atmosphere 

at a heating rate of 10 °C/min. Generally, we observe that all monomers are stable 

(ignoring the evaporation of some residual solvent) except for L-tyr-PD (showing 10 

% wt loss around 150 °C owing to its slight thermal instability) with L-lys-PD and 

L-his-PD as exception.  
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DSC traces of synthesized polymers 

 

Figure C12. Second heating DSC traces of polymers P1 – P6 (left) and P7 – P11 

(right) used for determination of the glass transition temperature, obtained during 

heating at a rate of 10 °C/min.  
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Supporting information for Chapter 5 

 

 

 

 

 

 

BHET morphology and its effect on PLA crystallization as a 

function of concentration       

 

Figure D1. Optical micrographs taken between crossed polars and 530 nm λ-wave 

plate of the samples having various concentration of BHET. The samples were first 

heated to 200 °C and cooled at a rate of 10 °C/min. Note, for the sample having 2 

wt% BHET, the sample was heated to 220 °C to enfore melting of BHET prior to 

cooling, despite potential degradation.  
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Isothermal crystallization after cooling at various rate (DSC)       

                  

 

Figure D2. DSC thermograms observed during crystallization of PLA with 0.5 wt% 

BHET (left) and 1.0 wt% BHET (right) under isothermal conditions at 140 °C. Prior 

to crystallization, the samples were heated to 200 °C at a rate of 10 °C/min, after 

which they were cooled with a specified cooling rate of 1, 3, 10, 30 and ‘100’ °C/min 

to 140 °C.  

 

1H-NMR spectra of N,N’-bis(2-hydroxyethyl)terephthalamide 

(BHET)  

 

Figure D3. 1H-NMR spectra of the polymer obtained by reacting BPD C10 with 

FDCAox, cured at 180 °C for 60 minutes, cured at 180 °C for 60 minutes. 



233 
 

 1H-NMR spectra of N,N’-bis(2-hydroxyethyl)furan-2,5-dicarboxamide 

(BHEF) 

 

Figure D4. 1H-NMR spectra of the N,N’-bis(2-hydroxyethyl)furan-2,5-

dicarboxamide (BHEF) in deuterated DMSO as solvent.  

Polarized optical microscopic images of the blend of PLA + 

BHEF (N,N’-bis(2-hydroxyethyl)furan-2,5-dicarboxamide) 

 

Figure D5. Polarized optical microscopic images (POM) of the bled of PLA + 

various wt(%) of FDCA diol extruded together at 190 °C for 3 minutes.  

 For microscopic images, a small amount of the samples are taken in between 

two microscopic cover slips and heated until 190 °C at a heating rate of 30 °C/minute, 

isothermal for 3 minutes and the cooled to room temperature at a cooling rate of 10 

°C/minute. During cooling down to room temperature, there is no PLA crystal 

formation observed until 100 °C.  
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Supporting information for Chapter 6

  

Identification of Rouse relaxation time for PLA 

 The temperature dependence of the stretch and reorientation relaxation times 

of the PLA chains in the melt have been estimated using linear rheology experiments 

and tube modelling. In more detail, SAOS measurements have been performed at 

various temperatures on two PLA grades, an amorphous one (6302D) and a semi-

crystalline one (L130). For the amorphous grade temperatures range between 62.5 oC 

and 200 oC, probing chain dynamics from the glass transition to the melt. For the 

semi-crystalline grade temperatures range between 160 oC and 220 oC revealing the 

behavior of the chains in the melt. It is worth emphasizing that the two grades have 

similar molecular weight and molecular weight distributions, allowing us to predict 

the behavior of the L130 PLA grade based on the findings of the 6302D grade.  

 For both grades, Figure E1 presents master curves at four different 

temperatures in the melt. Black circles refer to the L130 grade while colored symbols 

refer to the amorphous grade. According to Figure E1, the high temperature responses 

of the semi-crystalline PLA and the amorphous PLA overlap. This finding strongly 

suggests that in both melts the polymer chains undergo the same reorientation 

dynamics. That is, at all temperatures from 160 oC to 220 oC, the crystalline structure 

of the L130 grade is molten and thus chain reorientation proceeds in the same way as 

in the amorphous grade. To a large extent, this is also the case at 140 oC since at this 

temperature the storage moduli of the blends, i.e. OBOCs with PLA, lie close to the 

modulus of pure PLA (see Figures 6.8 (right), 6.10 and 6.11). This fact justifies the 

use of the tube model for the estimation of the reptation and the Rouse relaxation 

times of the chains of the L130 grade, based on the findings for the 6302D grade.  
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Figure E1. Master curves for an amorphous (6302D) and a semi-crystalline (L130) 

PLA grade at four temperatures in the melt. (160 oC, 180 oC, 200 oC, and 220 oC, 

respectively). Colored symbols refer to the 6302D grade while open black circles 

refer to the L130 grade. Dashed black lines represent tube model predictions using 

the experimental MWD of the 6302D material.   

 Notice that the master curves of both PLA grades have been obtained using 

identical shift factors. In particular, the horizontal and vertical shift factors 

respectively obey the following equations:  

 

log 𝑎𝑇 =
−𝑐1(𝑇 − 𝑇𝑟𝑒𝑓)

𝑐2 + 𝑇𝑟𝑒𝑓

,   𝑏𝑇 =
(𝜌0 − 𝑇𝑐310−3)(𝑇 + 273.15)

(𝜌0 − 𝑇𝑟𝑒𝑓𝑐310−3)(𝑇𝑟𝑒𝑓 + 273.15)
 

 

where 𝑐1 = 3.0202,  𝑐2 = −21.19 oC, 𝑐3 = 0.69,  𝑇𝑟𝑒𝑓 = 180 oC, and  𝜌0 =

1.0752 g/cm3.  

 When the reference temperature changes, the 𝑐1 parameter of the WLF 

equation changes according to the expression: 

𝑐1
′ = 𝑐1 (𝑇𝑟𝑒𝑓 + 𝑐2) (𝑇𝑟𝑒𝑓

′ + 𝑐2)⁄ . 

o L130
o L130

- - TMA - - TMA

Me = 4.2 kg/mol
GN

0 = 0.9 MPa

6302D
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   The dashed lines in Figure E1 present tube model predictions using the 

experimentally determined MWD of the amorphous grade. 𝑀𝑤
̅̅ ̅̅ = 210 kg/mol and 

PDI = 1.7. Model predictions at 180 oC have been obtained using the following 

parameterization set: 𝑀𝑒 = 4.2 kg/mol, 𝐺𝑁
𝑜 = 0.9 MPa, and 𝜏𝑒 = 5 ∗ 10−8 s. Model 

predictions at temperatures other than 180 oC have been obtained by shifting the 𝜏𝑒(T 

= 180 oC) value to the desired temperature using the WLF equation. Overall, the tube 

model describes well the experimental response of the 6302D grade. Since the L130 

grade has very similar MWD, the same model predictions describe the behavior of 

the semi-crystalline PLA as well.   

   In this respect, the stretch and reorientation relaxation times of both PLA 

melts can be determined using the information provided by the tube model. More 

specific, the Rouse and reptation relaxation times of each chain of the distribution 

can be respectively estimated according to the expressions: 

𝜏𝑅𝑖
= 𝜏𝑒𝑍𝑖

2, 𝜏𝑟𝑒𝑝𝑖
= 3𝑍𝑖𝜏𝑅𝑖

[1 − (3.38 √𝑍𝑖⁄ ) + (4.17 𝑍𝑖⁄ ) − (1.55 𝑍𝑖
3⁄ )]  

with 𝑍𝑖 denoting the number of entanglements, i.e. 𝑍𝑖 = 𝑀𝑤𝑖
𝑀𝑒⁄ . In turn, an 

average Rouse and reptation time can be obtained utilizing the equations: 

𝜏𝑅 = ∑ 𝑤𝑖𝜏𝑅𝑖

𝑁

𝑖=1

, 𝜏𝑟𝑒𝑝 = ∑ 𝑤𝑖𝜏𝑟𝑒𝑝𝑖

𝑁

𝑖=1

 

where 𝑤𝑖  is the (normalized) weight fraction of component (chain) 𝑖 of the 

molecular weight distribution.  

   Figures E2c and E2d show the temperature dependence of the obtained 

(average) relaxation times in the melt. In more detail, Figure E2c presents the Rouse 

or stretch relaxation times while Figure E2d depicts the reptation or reorientation 

relaxation times as a function of temperature. Open circles correspond to the average 

value when the whole MWD is accounted for. In the same figures, red and blue lines 

correspond to the situation at which only the highest 30% and 15% of the distribution 

is taken into account, respectively. These two fractions of the MWD can be seen in 

Figure E1a where the overall (normalized) MWD is shown by open circles. Finally, 

Figure E2b provides an alternative representation of the MWD; there the y axis 

corresponds to Z, the number of entanglements, rather than weight fraction w.    
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Figure E2. (a) Normalized MWD of the 6302D grade as obtained from GPC. (b) 

Molecular weights of the distribution as a function of the number of entanglements. 

(c) Temperature dependence of the average Rouse time of the distribution. (d) 

Temperature dependence of the average reptation time of the distribution. Open 

circles refer to the situation at which the whole MWD is considered in the 

calculations. Red and blue lines correspond to the situation at which the highest 30% 

and 15% of the MWD is only taken into account, respectively. 
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where I feel like home. Ooppss….our bro is left out alone now! Ravi (bro) – thank 
you bro, although we couldn’t get much time to spend together, but one year was 
enough for us to become friends. Bro I am still waiting for the spicy chicken curry!  

 I hope that I haven’t missed out anyone, and if I have, kindly accept my 
apologies.  

 In this beautiful journey of life, hopefully we will again cross each other’s 
path to make new memories… Stay happy and wish you all the best!  

With lots of love and best wishes, 

Manta  
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