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Summary 
 

Apart from the many beneficiary product properties plastic materials have given us, the 
vast majority of these plastics are made from non-renewable fossil resources such as 
crude oil. The use of fossil fuel resources is under scrutiny due to the inherent rise in 
anthropogenic CO2 in the atmosphere, which is linked to the global warming and 
changing weather patterns we are currently facing. Therefore, a transition in the chemical 
industry’s feedstock from nonrenewable fossil fuel resources towards renewable 
resources is a viable pathway to reduce the anthropogenic CO2 emissions in the future. 
Currently, roughly 15% of the extracted fossil fuel resources are being used in the 
production of chemicals and plastics. Therefore, transitioning to a renewable feedstock 
for the chemical and plastic industry can have a large impact on reducing anthropogenic 
CO2 emissions. Since plastics are here to stay –which is a good thing– many research 
groups focusses on how renewable resources can give us new renewable plastics with 
the desired beneficiary product properties. 

At present lignocellulosic biomass, obtained from secondary biomass resources such as 
corn stovers and switch grass, is annually harvested at sufficient scales to provide raw 
materials for the chemical industry. The structural components of plants in this 
lignocellulosic biomass is a mixture comprising of cellulose, hemi-cellulose and lignin. 
The complexity of this mixture is due to different chemical structures of the components, 
and thereby inhibit direct drop-in replacement in the existing petrochemical plants. 
Therefore, worldwide enormous efforts are being made to be able to utilize these 
biomass “waste” streams, partially via thermal and/or chemical depolymerization into the 
chemical building blocks of these plant components. These biobased chemical building 
blocks can subsequently be (bio)chemically modified into completely new chemicals and 
building blocks. The research described in this thesis encompasses the use of two such 
potential building blocks obtainable from hemi-cellulosic biomass: 1,3-cyclopentanediol 
(chapters 1-3), and 1,3-cyclopentanediamine (chapters 4-6). The new building blocks 
are used to synthesize novel biobased polymers, with the goal to achieve beneficial 
physical and mechanical properties required for high performance polymer applications. 

This PhD research was part of Chemelot InSciTe’s HORIZONTAL research program, 
and performed in the laboratories of the Aachen-Maastricht Institute for Biobased 
Materials (AMIBM). Considering the functionality of the monomers (a diol and a diamine) 
and the focus of the AMIBM research group on high performance engineering plastics, 
the research focus is set out to prepare various polycondensates with these monomers. 
The term high-performance revolves around making materials for low volume 
applications, e.g. mechanical parts, where key parameters are semi-crystallinity and the 
related mechanical performance (preferably strong and ductile). An important factor in 
choice for engineering plastics rather than bulk plastics for e.g. packaging is the cost 
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price: the cost of development for a new monomer and the related novel polymers will be 
too high to compete to “classical” bulk plastics such as PE, PP, PS and PVC.  

Considering the limited availability of both 1,3-cyclopentanediol and 
1,3-cyclopentanediamine as starting material the project was set out to start with the 
development of a small-scale polymerization and analysis tool (chapter 1). A 57-parallel 
thin-film polycondensation reactor was successfully developed with which 
polymerizations on ca. 10 mg scale could be performed. Due to high rates of evaporation 
of monomers in thin-film conditions first the various monomers are synthesized into trimer 
prepolyesters. These prepolyesters are found to be highly efficient for high-throughput 
screening in 10 mg scale, where influence of catalyst, temperature, time, and 
co-monomer is readily studied. The small-scale polymerization is readily combined with 
analysis techniques which require small amounts of material such as TGA, DSC, GPC, 
MALDI-ToF-MS, FTIR, and NMR. However, mechanical performance such as tensile 
testing, DMTA and rheology of these polymers could not be studied since more material 
is required (in the order of grams). 

The structure-property relationship between the chemical nature of the cyclopentane ring 
and the polymer properties is readily studied for the polymers obtained from the small-
scale polymerization setup. The structure-property relationship is compared to 
industrially relevant cyclic monomers such as 1,4-cyclohexanediol and diamine, and 
1,4-cyclohexanedimethanol, which is a common trend throughout this entire thesis. A 
comparative study (chapter 1) for thermal transition temperatures show that polyesters 
having cyclopentanediol exhibit lower Tg and Tm than cyclohexanediol, but a similar Tg 
and Tm to cyclohexanedimethanol, albeit with a hampered crystallinity. The lowering in 
thermal properties and crystallinity is likely caused by the less stable half-boat 
conformation of cyclopentane compared to the stable boat-conformation of cyclohexane 
structures. Furthermore, 1,3-cyclopentanediol display the characteristic cis/trans 
behavior where polymers with mainly the trans isomer are semi-crystalline in nature, and 
those with increasing cis-isomer crystallization is hampered, and eventually lost while 
reaching concentrations of 40% cis-isomer.  

A limitation for the use of 1,3-cyclopentanediol in high-temperature melt-
polycondensation is that both isomers are found to be inherently thermally instable 
(chapter 2). Trans-1,3-cyclopentanediol can be used up to ca. 220 °C, but at higher 
temperatures dehydration of the end-groups takes place. This dehydration gives rise to 
unsaturated bonds which during prolonged heating causes various side-reactions 
leading to o.a. cross-linking. Cis-1,3-cyclopentanediol is found to be highly unstable to 
elevated temperatures: Already at 180 °C severe polymer degradation takes place, and 
preliminary mechanistic investigations suggest this happens via intramolecular 
hydrogen-bonding, which leads to the complete loss of the cyclopentanediol moiety in 
the polymer, leaving the acid end groups. These acid end groups in turn catalyze the 
dehydration and chain-scission reactions, thus effectively autocatalyzing the polymer 
degradation. These temperature limitations indicate that 1,3-cyclopentanediol cannot be 
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used directly in the polycondensation with the industrially relevant terephthalic acid or 
2,5-furandicarboxylic acid because of the too high melting temperature. This effectively 
means that cyclopentanediol is not capable of competing with cyclohexanediol and 
cyclohexanedimethanol for the envisioned engineering plastics. 

The potential of 1,3-cyclopentanediol as comonomer in the production of biobased 
polymer PEF is studied for the effect on Tg, Tm and gas-barrier properties (chapter 3). 
Industrially relevant cyclic diols in the co-polymerization of PEF typically give a rise in Tg 
due to the rigidity of the ring-structure, but also hamper crystallization. For co-
polymerizing 1,3-cyclopentanediol it is found that the Tg is actually lowered while also 
crystallinity is hampered, confirming previous findings that the rigidity of cyclopentanediol 
is inferior to cyclohexane counterpart. Preliminary oxygen permeability studies on 
polymeric films of the co-polymers indicate that there is a lowering of overall barrier 
properties, which is typical for the co-polymerization of cyclic diols in PEF. Normally with 
the copolymerization of industrially relevant cyclic diols there is a trade-off between 
increase in Tg and slight decrease in barrier properties. However our findings indicate 
that 1,3-cyclopentanediol lowers both, and is therefore deemed as not suitable for this 
kind of applications. 

Preliminary results of direct polycondensations with 1,3-cyclopentanediamine indicate 
similar results to polyesters based on 1,3-cyclopentanediol: The thermal properties are 
similar to the 1,4-cyclohexanedimethylamine counterpart, albeit with hampered 
crystallization. Though these polyamides are difficult to characterize due to solubility 
issues, and limited thermal stability, a different approach was taken. The diamines are 
transformed into dicarboxylic acids by a benign reaction with two equivalents of 
renewable itaconic acid (chapter 5). The resulting 1,3-cyclopentanediamine based 
bis(pyrrolidone carboxylic acid) (BPDA) is thermally stable and is readily polymerized 
with aliphatic diols to generate polyesters. The resulting polyesters are amorphous in 
nature, with a Tg around 30 °C and readily absorb water. The benign transformation of 
instable diamines to thermally stable dicarboxylic acid intermediate is highly promising, 
therefore a mini-review on this topic was written and published (chapter 4).  

Although the BPDA-based polyesters based on 1,3-cyclopentanediamines do not lead to 
advantageous polymeric properties, BPDA-based polyesters based on trans-1,4-
cyclohexanediamine and para-phenylenediamine are found to be highly promising as 
polymers for high-performance applications (chapter 5). The BPDA-based polyesters 
based on trans-1,4-cyclohexanediamine or para-phenylenediamine polymers exhibit 
semi-crystalline behavior. The semi-crystallinity behavior, with a moderate Tg (30-45 °C) 
and high Tm (170-210 °C), and high crystallization rates have never been described 
before for this class of polyesters. These polymers have a high (potential) biomass 
content (~75-80%), and are readily synthesized via standard polycondensation 
techniques. Preliminary mechanical performance and crystallization is studied to assess 
the potential use of this new class of semi-crystalline polymers (chapter 6). For both 
polymers, given that they have sufficiently high molecular weight, are found to be ductile 
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at room temperature when in the amorphous phase, and can be cold-drawn up to 500%. 
When isotropically crystallized the polymer materials displayed brittle failure with a low 
modulus. However, annealed drawn tapes of the trans-cyclohexane based polymer lead 
to oriented semi-crystalline and tough fibers with a tensile modulus ranging from 710MPa 
to 3.1 GPa and stress to break ranging from 94 MPa to 138 MPa. The polymer based on 
para-phenylenediamine can be processed in the same fashion, although no strain-
induced crystallization takes place during the cold-drawing. Nevertheless, these cold-
drawn amorphous tapes still exhibit a tensile modulus of 3.65 GPa and a stress at break 
of 362 MPa. Moreover, these drawn tapes revert to their original shape upon heating 
beyond their glass transition temperature, allowing for their deformation without 
significant loss of properties, a feature similar to that of a shape-memory material.
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