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Chapter 1
General Introduction

In the last two decades, the utilization of renewable resources for
polymer synthesis has received immense attention. Molecules derived
from renewable resources such as adipic acid, 1,4-butanediol, 2,5furandicarboxylic acid, lactic acid, and succinic acid have formed
biobased chemical platforms that are seen as a potential alternative
to the current fossil-based building blocks. The use of biobased
monomers coupled with enzymatic polymerization has opened a
powerful and promising approach towards the greener production of
novel biobased polymers.
In this chapter, a brief introduction into biobased polymers is given.
This includes the derivation of furan building blocks from renewable
resources, their polymerization and an overview of the recent
developments in the field of enzymatic polymerization. Finally, the
motivation of this thesis will be highlighted.
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1.1

Polymers and Renewable Resources

Polymers are macromolecules that consist of many small
molecular fragments known as repeating units.1 Allocated by their
origin, polymers can be classified as natural or synthetic polymers.
Natural polymers can be found in living organisms, for example;
lignocellulose, starch, proteins, DNA and RNA. Synthetic polymers
are conventionally produced via the polymerization of simple
building blocks and they can be tailored to meet specific demands.
Driven by the establishment and advancement of common
polymerization techniques, the growth of synthetic polymers was
prominent in the early 20th century2, which led to a significant rise
in the consumption of this class of materials.
Polymers are known as ubiquitous and valued materials that
play an important role in our daily life due to their broad range of
applications, such as in packaging, coatings, fibers, adhesives,
foams, and specialty polymers. This was reflected by their
enormous annual worldwide demand of 348 million tons in 2017.3
However, the massive demand for polymeric materials was
accompanied by a severe environmental problem. The polymer
industry is mostly dependent on the fossil feedstock and
petroleum-based engineering processes.4, 5 This is of a great
concern as the fossil fuels are limited and are expected to be
depleted within a few centuries.6-8 As a consequence, polymer
industry faces a rising pressure to develop environmentally
friendly and sustainable production processes and materials. To
address these challenges, it is necessary to develop sustainable
polymer materials. One approach that has attracted considerable
research effort is the polymerization of monomers or platform
chemicals from renewable resources.
Biobased polymers are defined as “sustainable polymers
synthesized from renewable resources such as biomass instead of
the conventional fossil resources such as petroleum oil and natural
gas, preferably based on biological and biochemical processes”.9 In
recent years, the worldwide environmental awareness stimulated
| 2

the development of biobased polymers, since they offer a
significantly reduced dependency on fossil fuels and are therefore
recognized as one of the most successful innovations.5, 10-18 As
illustrated in Figure 1.1, biobased polymers can be classified into
three classes4, 18:
a) The 1st class: naturally derived polymers.
In this class, biomass (including chemically modified one)
is directly used as a polymeric material. Some of the
examples included in this class are cellulose, cellulose
acetate, starches, modified starches, and chitin.
b) 2nd class: bio-engineered polymers.
The 2nd class of biobased polymers is bio-synthesized by
using microorganisms and plants, for example,
poly(hydroxyl alkanoates) (PHAs), and poly(glutamic acid).
c) The 3rd class: synthetic polymers from renewable building
blocks.
The monomers used in this class are naturally derived
molecules or obtained from the breakdown of naturally
derived macromolecules via chemical and biochemical
processes. Poly(lactic acid) (PLA), poly(butylene succinate)
(PBS), and bio-poly(ethylene terephthalate) (bio-PET) are
some of the polymers included in this class.

Figure 1.1 General classification of biobased polymers and their
examples.
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Biobased polymers from the 1st and 2nd class typically have a
superior role in applications where biodegradability is required.
However, with regard to the design of the chemical architecture,
these first two classes of biobased polymers show a limited variety.
In contrast, biobased polymers from the 3rd class have a
particularly chemical structure versatility in the building blocks.
Moreover, the renewable monomers that form this class, can
readily be introduced to replace the common petroleum-derived
polymers. It is also notable that since the 1990s, the applications of
biobased polymers were gradually shifted from biodegradable to
general and engineering materials.4 Essentially, this fact makes
biobased polymers from the 3rd class far superior as compared to
the other two. The use of biobased monomers with versatile
structures enables the tailoring of novel biobased polymers with
the potential for specific applications. Hence, all these features lead
to an interest in the study of biobased polymers from the 3rd class.
Given recent developments in the area of biobased products,
it seems reasonable to assume that nearly any petrochemical
monomer can be produced from a renewable resource. Certainly,
routes for the synthesis of commodity petrochemicals, such as
succinic acid, ethylene, ethylene glycol, terphthalic acid, p-xylene,
xylene, benzene, toluene, and 1,4-butanediol from renewable
resources have already been demonstrated.19-27 This obviously
provides an opportunity towards the development of various
biobased polymers. For instance, a sustainable alternative to
existing petrol-based polymers (e.g. polyethylene (PE),
polypropylene (PP), and poly(methyl methacrylate) (PMMA)) or
even novel polymers which were not yet produced from petrolbased monomers.

1.2

Biobased Furan Monomers

Shifting from petro-based feedstock to renewable resources
can rectify some environmental problems associated with
petrochemical extraction and render a sustainable polymer
| 4

production. A nearly infinite supply of biobased monomers can be
generated from biomass as a source of raw materials.28 Biomass is
defined by the International Union of Pure and Applied Chemistry
(IUPAC) as a “material produced by the growth of microorganisms,
plants, or animals”.29 Among the various types of biomass starch,
vegetable oil, cellulose, lignin, and proteins are the most widely
used sources to generate diverse building blocks for biobased
polymers. Each type of this biomass gives access to different types
of building blocks and some of them are already industrially
produced (see Figure 1.2). In this thesis, different monomers (e.g.
diacids, diols, and diamines), which are mostly derived from
carbohydrates and vegetable oils, have been used.
Within a large variety of renewable building blocks, furan
derivatives and furan chemistry occupy a special position in
polymer chemistry. The similarity between furan and phenyl rings
opens an opportunity to a biobased alternative for phenyl-based
polymers. A whole new chapter in polymer science can be created
from furan compounds that are readily prepared from sugars
and/or polysaccharides.

Figure 1.2 Major Conversion Pathways from Biomass to Building
Blocks and Polymers.30
| 5
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Hydroxymethylfurfuraldehyde (HMF) is a furan derivative,
that can be prepared from C6 polysaccharides or sugars.17, 31-33 The
conversion of fructose to HMF is, for example, performed by acidcatalyzed dehydration in water with phase modifiers34,
supercritical acetone35, or high boiling point solvents36. HMF has
received some attention because of its oxidation product, 2,5furandicarboxylate (FDCA), which is considered as a suitable
alternative to terephthalic acid (TPA) and isophthalic acid.5, 16, 37
TPA is often used in the synthesis of polyesters (e.g., poly(ethylene
terephthalate) (PET)) and polyamides (e.g., poly(phthalamides)).
Improved routes and the scale-up process of FDCA production have
been actively studied so that it is currently readily produced from
biomass feedstock. Avantium Technologies B.V. (NL) industrially
produces FDCA without isolating the HMF intermediate, stable
alkoxy-derivatives of HMF are used instead.38, 39 As a result, the
FDCA price is expected to be cheaper than the petrol-based TPA
soon.16, 40

Scheme 1.1 FDCA and DMFDCA derived from HMF.
FDCA has two dicarboxylic acid groups and is therefore a
potential monomer for polycondensation with, e.g., diols or
diamines. The rigidity in the aromatic structure of the 2,5furandicarboxylate moiety can be useful for designing rigid
biobased materials with high glass transition temperatures and an
excellent thermal stability. As shown in Scheme 1.1, FDCA can be
obtained from oxidation of HMF7, 37 or converted from HMF via a
biocatalytic approach. 41 A set of other rigid monomers suitable for
a polycondensation reaction can as well be derived from HMF
(Scheme 1.2). For example 2,5-bis(hydroxymethyl)furan (BHMF)
can be obtained after hydrogenation of the aldehyde function of
| 6

HMF. The conversion of FDCA into polymeric materials is
summarized in the next section.

Scheme 1.2 A selection of monomers derived from HMF as reported
by Gandini et al.17

1.3

FDCA-based Polymers

In general, two synthesis approaches were developed as the
main fashion in furan-based polymers. In the first approach, a
Diels-Alder reaction is applied to synthesize novel thermally
reversible polymers from furan/maleimide and diene/dienophile
combinations, while the second approach is via a polycondensation
reaction and involves mostly monomers related to FDCA. A
comprehensive review on the furan based polymers from the first
approach has been published by Gandini et al.42 In this work, furanbased polymers originating from the second approach are
discussed, mainly due to interest in the utilization of FDCA and
BHMF monomers. However, this thesis is focused on the
polycondensation of FDCA and BHMF as these monomers are most
relevant for enzymatic polymerization (discussed in chapter 1.4).
| 7
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The main advantage of FDCA as a monomer is the structure
similarity with TPA, particularly the aromatic ring with two
carboxylic acid groups in opposite positions. The substitution of the
phenylene ring in TPA with a furan ring in FDCA will decrease the
covalent strength along the chain axis, due to the decrease in the
aromaticity and the polymer chain orientation. However, it will also
increase the polymer polarizability due to the presence of two lone
electron pairs on the oxygen atom. Hence, it will increase the
interaction between the different chains and eventually influence
the properties of the polymer materials.
Due to the high number of aliphatic monomers, furanicaliphatic polyesters are one of the most actively studied families of
furan polymers.11 The combination between FDCA monomers and
a vast number of aliphatic diols allows to tailor various furan
polyesters and vary the final properties of the polymers. Moreover,
in several studies, there is a general trend to select monomers that
can be obtained from renewable resources. Several studies
reported enhanced thermo-mechanical properties43-50 and
biodegradability51-56 of this novel class of polyesters. Regardless of
the recent development of bio-TPA to produce entirely renewable
poly(ethylene terephthalates) (PET), poly(ethylene furanoate)
(PEF) still achieves some recognition as their furan counterpart
and therefore becomes the most prominent member of the FDCA
polyester family.23, 57-60 PEF is a completely new polymer with highperformance properties (barrier, thermal, and mechanical)61, 62 and
is expected to create its own niche market.63 It is used in many
general applications like films and fibers; and particularly used for
packaging of soft drinks, alcoholic beverages, and mineral water. In
the last few years, several studies regarding PEF properties have
been published, including the thermal properties, degradation, and
mechanical behavior of the amorphous and/or semi-crystalline
form. 43-46, 52, 61, 62, 64-68
In the late 1970s, Moore and Kelly69, 70 started their studies in
the synthesis of furanic-aromatic polyesters. Consisting of furanic
| 8

and benzenic or totally furanic rings in their backbone, this family
of furan polyesters became attractive due to their enhanced
thermal and mechanical properties and/or their liquid crystalline
character. For instance, Gandini et al.43, 64 have reported the
synthesis of poly(1,4-phenylbismethylene 2,5-furandicarboxylate)
(PHBMF), poly(2,5-furandimethylene 2,5-furandicarboxylate)
(PBHMF), and poly(1,4-phenylene 2,5-furandicarboxylate) (PHQF).
All described polyesters displayed a high thermal stability,
especially PHQF with a maximum decomposition temperature
close to 490 °C. PHQF was shown to have a high crystallinity and no
thermal transition appeared below 400 °C, indicating that the
melting temperature (Tm) was above its degradation temperature.
Besides polyester, polyamides are one important family of
polymers as well. Polyamides typically exhibit a high thermal
stability, enhanced mechanical performance, enhanced impact
strength and abrasion resistance. They are generally used as fibers
and films for consumer goods, the automotive industry, and
electronics. All these attractive features certainly have encouraged
studies on furanic polyamides.71-76 Interestingly, compared to
Nylon, FDCA-based polyamides display higher glass transition
temperature (Tg) values and a comparable mechanical
performance. The first synthesis of FDCA-based polyamides dates
back to 1961, when Hopff and Krieger77, 78 found that the heating of
a hexamethylene diammonium FDCA salt gave rise to strong
decarboxylation, so that no discrete polymers were obtained from
their attempts. Subsequently, Heertjes and Kok79 reported that the
decarboxylation of FDCA occurred at about 195 °C. They reported
their attempts to polymerize FDCA, dimethyl 2,5furandicarboxylate (DMFDCA) or 2,5-furandicarbonyl dichloride
(FDCDCL) with C4, C6 and C8 linear aliphatic diamines and
obtained clear, brittle and light-yellow to brown color FDCA-based
polyamides. The Tm of PA-4F, PA-6F, and PA-8F were reported to
be 250, 175, and 125 °C, respectively. In contrast, Grosshardt et al.74
reported several amorphous FDCA-based polyamides (PA-6F, PA| 9
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8F, PA-10F, and PA-12F) with a Tg ranging from 70 to 110 °C,
obtained from the melt-polycondensation using Sn- or Ti-derived
catalysts. The companies, Avantium and Solvay, reported an
improved method to produce higher molecular weight FDCA-based
polyamides in two patents.71, 72 Here, Gruter et al. proposed a twostep polymerization strategy to prevent the occurrence of Nmethylation of the poly(amides). In the first step of the proposed
polymerization, DMFDCA and diamines are oligomerized, then
subsequently the polyamide oligomers are coupled by a
bifunctional linker.
Poly(ester-amide)s are interesting materials as they generally
display properties of both polyesters and polyamides. Polyesters
readily degrade through hydrolysis of the ester linkage, they are
more flexible, and in general show better solubility in organic
solvents. Due to their hydrogen bonding, polyamides show higher
thermal and mechanical robustness. With this combination of
features, poly(ester-amide)s are mainly suggested for applications
that require good thermo-mechanical properties, as well as
biocompatibility and biodegradation, for example, they would be of
high interest for biomedical applications or as high-performance
polymers with reduced environmental impact. Surprisingly,
compared to the furan-based polyesters and polyamides, recent
literature dealing with furan poly(ester-amide)s is scarce. Abid et
al. 80, 81 developed several furan poly(ester-amide)s via bulk
polycondensation. They found that the obtained poly(esteramide)s are amorphous polymers and the increase of the amide
fraction is increasing the Tg and decreasing the degradation rate.
Rastogi and Noordover et al.82 have successfully synthesized novel
poly(ester amide)s containing 2,5-furandicarboxylic acid moieties
and compared them to the terephthalic acid and isophthalic acid
analogs. In a more recent publication, they reported the synthesis
of FDCA-based cross-linked poly(ester amide)s via the
polymerization of 2,5-bis(4,5-dihydrooxazol-2-yl)furan (2,5FDCAox) with sebacic acid.83 In addition, the importance of this
| 10

furan polymer family was also highlighted in a patent on the
preparation of biodegradable furan poly(ester amide)s.84

1.4

Enzymatic Polymerization

Enzymatic polymerization is defined as an in vitro enzymecatalyzed synthesis of polymers that does not follow biosynthetic
pathways.85-87 For the synthesis of polymers, enzymatic
polymerization offers numerous benefits. It enables mild
conditions of the polymerization reaction, i.e., the presence of nontoxic media at low temperatures. Due to the high enzyme enantio-,
chemo- and regio-selectivity, it restricts side reactions and
consequently results in a polymer of good quality. Enzymes can
also be utilized in a broad range of environments, such as bulk,
biphasic organic media (solvent-aqueous mixtures), reversed
micelle systems, and supercritical fluids.88 The steric hindrance at
the active site of the enzyme allows the synthesis of linear chains
when monomers with a functionality <3 are used. Due to their
origin, enzymes are eco-friendly, non-toxic natural catalysts.
Therefore, unlike for organometallic catalysts (Zn, Al, Sn, or Ge),
removal of the enzyme from the end product is often not that
crucial. Moreover, the enzyme retains thermally or chemically
sensitive moieties in the monomer structure during polymerization.
Thus, the removal of moisture and oxygen during the reaction is not
strictly necessary.89-91 When immobilized, enzymes become
recyclable, cost-effective and can be stabilized to work at relatively
high temperatures.85, 92-94
The enzymatic production of polycarbonate and polyaromatic
compounds pioneered some of the first reported works.93 A
significant development in the enzymatic polymerization was
achieved when linear polyesters with high molecular weights were
synthesized. Another important progress was the discovery of
enzyme activity in organic solvents.95, 96 However, the activity was
still limited due to the low stability towards organic solvents and
high temperatures. To solve this issue immobilization techniques
| 11
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were employed.97 The enzymatic syntheses of various aliphatic
polyesters and polyamides from diacid diols/diamines,
hydroxyacids, lactones, and aminoacids have been reported in the
past.94, 98-110 However, the production of semi-aromatic and
aromatic polyesters or polyamides via the enzymatic pathway is
still limited. This is mainly due to low reactivity of the aromatic
monomers during the enzymatic polymerization (low
temperature) and the low solubility of the corresponding polymers.
The latter causes a loss of contact between the active site of the
enzyme and the oligomers, due to premature precipitation of the
oligomers and thus resulting in a low degree of polymerization.109
Nevertheless, due to the fast development of the FDCA and the
broad potential applications of furan-based polymers, our group, in
particular, successfully synthesized some furan-based polyesters
and polyamides via an enzymatic route.111-114 Indicative work
discussed herein focuses mainly on the exploration of the
accessibility of furan polyesters, polyamides, and poly(ester
amide)s through enzymatic polymerization.
1.4.1

Categories and Role of the Enzyme

Enzymes are classified into six different classes (EC) according
to the reaction type that they can catalyze108:
i)
EC.1. Oxido-reductase: catalyze redox-reactions by
electron transfer. For example, peroxidases and
laccases are normally used in the production of
polyanilines, polyphenols, polythiophenes, and vinyl
polymers.
ii)
EC.2. Transferases: catalyze the transfer of a functional
group from a donor compound to another compound.
For example polyhydroxyalkanoates (PHA) synthase,
hyaluronan synthase and phosphorylase produce
respectively, polyesters, hyaluronan, and amylose.
| 12

iii)

EC.3.Hydrolases: catalyze the hydrolysis of different
bonds. The most recognized enzymes in this class are
cellulase, chitinase, xylanase, papain, and lipase. They
are normally used in the production of polysaccharides,
polyesters, polycarbonates, polyamides, poly(amino
acid)s, polyphosphates, and polythioesters.
iv)
EC.4. Lyases: catalyze the addition of chemical groups
to break double bonds or the reverse where double
bonds are formed by the removal of functional groups
by means of other than hydrolysis and oxidation.
v)
EC.5.
Isomerases:
catalyze
racemization
or
epimerization of chiral centers.
vi)
EC.6. Ligases: catalyze the coupling of two molecules
with hydrolysis of the diphosphate-bond or other
similar triphosphates.
Until now, only four classes of enzymes have been reported to
catalyze in vitro polymerizations: oxido-reductases, transferases,
ligases, and hydrolases. Among these enzymes, hydrolases are
widely studied in the synthesis of polyesters and polyamides.
Especially, Lipases are the prominent and known as the most
efficient biocatalysts for the enzymatic polymerization of
polyesters. Besides polyesters, in our laboratory, several
polyamides/oligoamides, and poly(ester amide)s are successfully
prepared using lipase as biocatalyst.105, 106, 115
1.4.2

Lipases

Lipases are known as an enzyme type particularly suitable for
polycondensation, ring opening polymerization, and polymer
modification, due to their stability in organic solvents at moderate
temperatures.116, 117 In general, lipases retain a high catalytic
activity in nonpolar organic solvents with log P (logarithm of
partition coefficient) values more than 1.9.118, 119 Some organic
solvents that are suitable for lipases are benzene (2), toluene (2.5),
diphenyl ether(4.05), and hydrocarbons like cyclohexane (3.2) and
| 13
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n-hexane(3.5).120 It was reported that lipases can retain their
functionality in green solvents like ionic liquids and supercritical
CO2 as well.121-124 Additionally, lipases show a high stability at
elevated temperatures, can cover a wide range of pH values, and
have a broad range for accepting unnatural substrates.125 Lipases
can be isolated from several microorganisms and nowadays they
are commercially available with very high purity.
Lipases (E.C. 3.1.1.3) originally catalyze the hydrolysis of
water-insoluble long fatty acids triglycerides to di-glycerides,
mono-glycerides, and glycerol with the release of free fatty acids in
an aqueous solution. Lipases exhibit similar structures, all of them
possess an α/β hydrolase fold. The active site is generally
consisting of a catalytic triad consisting of a nucleophilic residue
(serine), a histidine base, and an acidic residue (aspartate). The
general catalytic mechanism of lipases is illustrated in Scheme 1.3.
The whole process involves an acylation followed by a deacylation
step.126, 127 In the acylation step, due to the proton transfer between
the aspartate, histidine, and the serine triad, the hydroxyl group of
the serine is activated. As the result, the nucleophilicity of the
hydroxyl group is increased which leads to a reaction with the
carbonyl group of the substrate (carboxylic acid or carboxylic acid
esters). Hence, a tetrahedral enzyme-substrate intermediate with a
negative charge on the oxygen of the carbonyl group is formed. A
hydrogen bond between the amide groups of the amino acids in the
enzyme and the oxygen in the carbonyl group of the substrate is
formed. This in turn leads to an oxyanion hole. Consequently, the
charge distribution is stabilized and the energy state of the
tetrahedral intermediate is reduced. After that, the alcohol (R1-OH)
is released from the intermediate. Subsequently, the acyl-enzyme
intermediate is formed by the covalent bond between the residues
of the substrate and the serine. The deacylation step starts when a
nucleophile (R2-OH) enters the enzyme and attacks the acylenzyme intermediate. The product (a new carboxylic acid ester or
carboxylic acid) is released and the enzyme is regenerated. The
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nucleophile (R2-OH) can be an alcohol (alcoholysis) or water
(hydrolysis).

Scheme 1.3 General mechanism of Lipases catalysis.127
Candida antartica lipase B (CALB) particularly is a well-known
biocatalyst and it is extensively used in the synthesis of polymers.
This is because CALB is stable over a broad pH range, and it has a
high degree of substrate specificity, with regard to both regio- and
enantio-selectivity.128 As illustrated in Figure 1.3, CALB is a protein
with a known tridimensional structure which comprises an
approximate dimension of 30 ⨉ 40 ⨉ 50 Å and consists of 317
amino acids with an overall molecular weight of 33 kDa. The active
site of CALB, similar to other lipases, has a Ser-His-Asp catalytic
triad (Ser 105, Asp 187, and His 224) and two oxyanion holes (Thr
40 and Gln 106).129
The catalytic mechanism of CALB is the same as for other
lipases. Most lipases have a hydrophobic lid covering their active
site and hence show a higher activity by an interfacial activation.
The interfacial activation is caused by the opening of the lid
structure from the enzyme when interacting with the substrate at
different interfaces. However, the existence of the lid structure and
the interfacial activation of CALB is still under debate.
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Figure 1.3 The crystal structure of Candida antartica lipase B
(Protein Data Bank ID: 1TCA).
Some studies suggested that CALB is an interfacial activated
enzyme with two α-helixes (α5 and α10) surrounding the CALB
active center that could work as the lid.130-133 A more recent study
reports that the interfacial activation of CALB is determined by the
interface hydrophobicity and the overall size of the substrate.132
Other studies suggest that CALB displays no interfacial
activation134 and exhibits no lid covering the entrance of the active
site. 129 It is also reported that the high selectivity of CALB is due to
a very limited pocket space in the active site compared to other
lipases.135
Enzyme immobilization, such as a covalent binding of the
enzymes to water-insoluble particles, adsorption on a different
surface, and entrapment in gels or hollow fibers, has increased the
enzyme stability as well as promoted their recyclability.136, 137 The
thermal stability and performance of CALB have improved in the
immobilized form. A prominent commercial immobilized CALB
that is used both in industry and in academia is Novozym® 435
(N435, Novozymes A/S, Denmark). N435 consists of 10 wt% of
CALB physically absorbed within 90 wt% of Lewatit VP OC 1600
beads (a macroporous divinylbenzene-crosslinked methacrylate
polymer resin).119, 138, 139 The bead size ranges from 315 – 1000 µm
and the average pore size is 140 – 170 Å.140, 141 N435 functions as a
hydrophobic catalyst that can work at mild conditions, but which
| 16

can also tolerate more extreme conditions like reactions at elevated
temperatures up to 150 °C.103, 142, 143

1.5 Mechanism
of
the
Enzymatic
Polycondensation – Targeted Polymers
In general, the synthesis of the targeted polymers (polyesters,
polyamides, and poly(ester amide)s), can proceed in three
polymerization
modes
(Scheme 1.4):
a)
step-growth
polycondensation; b) ring-opening polymerization and; c) ringopening addition-condensation polymerization, which is a
combination of the ring-opening polymerization and the
polycondensation. However, as a consequence of the rising interest
in FDCA, research of furan-based polymers was mostly focused on
the step-growth polycondensation. In a polycondensation process,
two functional groups of different or the same molecules
(monomers or oligomers) react, resulting in the formation of
higher molecular weight molecules. This process is often
accompanied by the extraction of a by-product (condensate), for
example water in the synthesis of polyesters.
Polyesters are polymers, in which the monomer units are
linked together by ester bonds, while in polyamides the repeating
units are connected by an amide/peptide bond. Polymers
containing both ester and amide groups in their backbones are
poly(ester amide)s. According to the composition of the main chain,
polyesters and polyamides can be classified into three types:
aliphatic, semi-aromatic, and aromatic.
Decades of research resulted in knowledge on a number of
parameters that affect the enzymatic polymerization. The
concentration and type of enzyme, the type and chain length of the
monomer, the temperature and time of the reaction, as well as the
reaction medium were found to be crucial aspects.88 These main
parameters can be adjusted/optimized depending on the targeted
polymer type and will be discussed thoroughly in this thesis.
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Scheme 1.4 Main polymerization modes of lipase-catalyzed syntheses
of polyesters and polyamides.
1.5.1

Polyesters

In general, semi-aromatic polyesters possess better thermal
and mechanical properties compared to the aliphatic polyesters.
They are mainly used as commodity and thermal engineering
plastics. An example for semi-aromatic polyesters is PET. PET as
the fourth-most-produced plastic in the world, has a global
production capacity more than 28 million tons in 2012.144, 145 PET
is often used for packaging, textiles, engineering resins, etc.
PlantBottle™ (Coca Cola, USA) and GLOBIO® (Toyota Tsusho
Corporation, Japan) are some examples for the commercial use of
biobased PET (30% biosourcing), while Avantium (NL) has
| 18

commercialized PEF, a 100% biobased semi-aromatic polyesters
based on furan monomers. 16, 63, 131 The synthetic routes
investigated so far for PEF production included several
polycondensation and polytransesterification approaches. A twostage melt polymerization approach has been adapted in many
studies including a patented one.44, 45, 65, 146-151 An in-depth
systematic study on the parameters affecting this two-stage
polymerization, i.e., starting monomer, temperature, and especially
the catalyst used, has been published by Gruter et al. in 2012.152
They discovered that a yellow discoloration of the PEF occurred
when the polymerization temperature was increased up to 260280 °C and dibutylin(IV)-oxide was used as the catalyst. Noordover
et al.153 reported similar discoloration problems for some FDCAbased polymers and suggested that it was due to the impurities of
the sugar in FDCA, side reactions (e.g. decarboxylation), or due to
the additives such as the catalyst.
The enzymatic polymerization obviously offers a solution to
the before mentioned issues in PEF synthesis or furan-based
polymers in general. The mild reaction conditions (temperature
and catalyst) offer a more eco-friendly synthetic route and prevent
that side reactions occur. The enzymatic synthesis of polyesters
was extensively reported in the past few years. In terms of the
synthetic methods, decades of research have provided a useful
guide about which parameters are affecting the enzymatic reaction
systems for polyester synthesis. During the lipase-catalyzed
polyester synthesis, four modes of reversible reactions may occur
(Scheme 1.5): hydrolysis, esterification, transesterification
(alcoholysis and acidolysis), and interesterification. In order to
facilitate an efficient equilibrium shift towards the polymerization,
it is important to remove the byproducts, such as water or alcohols,
from the reaction mixture. Among diverse reports about enzymatic
synthesized polyesters, the most common by-product removal is
via the application of vacuum.89, 154-156 In order to prevent the
evaporation of volatile reactants, it is crucial to limit the vacuum
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within the first step of the polymerization. Another method to
circumvent this problem has been suggested by Vouyiouka et al.157
by using molecular sieves in the pre-polymerization step and
subsequently applying a bulk postpolymerization. Several studies
also suggested more than one polymerization step by increasing
the vacuum and temperature. Jiang et al.158 proposed the division
of the reaction in two stages, applying inert conditions for
oligomerization, and then vacuum during the second stage. A
similar study, which is in a good agreement with these results, was
carried out by Kanelli et al.99 Compared to the one-stage process,
the proposed two-stage method resulted in a higher molecular
weight. Previously, different polyesters, including the FDCA-based
polyesters, were successfully prepared by this two-stage enzymatic
approach in our group.113, 114

Scheme 1.5 Basic elemental modes of lipase-catalyzed reactions in
polyester synthesis.
| 20
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Polyamides and Poly(ester amide)s

As mentioned earlier, the conventional synthesis of furanbased polyamides faced several drawbacks. The enzymatic
polymerization, on the other hand, gives the ability to synthesize
polyamides in a greener way and eliminate these drawbacks.
Lipase can catalyze the formation of amide bonds, and its use as a
biocatalyst for the in vitro syntheses of polyamides and poly(ester
amide)s is clearly attractive. Yet, the lipase-catalyzed
polymerization of polyamides has not been well studied due to the
high Tm and poor solubility of polyamides.109 At temperatures
above the Tm of the polyamides, the catalytic activity of lipases is
significantly decreased because of the protein deactivation and
denaturation. In addition, many polyamides can only be dissolved
in aggressive solvents (formic acid, concentrated H2SO4, and
trifluoroacetic acid), in which lipases lose their activity.
Nevertheless, some polyamides or oligoamides have been
synthesized via an enzymatic pathway.108, 159 The synthesis of
polyamides by lipases is dominating the current research with
N435 displaying the highest catalytic activity. In analogy to
polyesters, the basic modes of elemental reactions during the
polyamide syntheses consist of direct amidation and
transamidation (aminolysis) (Scheme 1.6). The application of
vacuum is still necessary for the enzymatic syntheses of
polyamides. However, a higher water amount can be tolerated due
to the higher reaction equilibrium constant (hundreds of times
larger than for polyesters).160 Hence, the applied vacuum in the
N435-catalyzed synthesis of polyamides is relatively high in
comparison to the polyester analogs (100 to 2 mmHg). Besides that,
molecular sieves are also used combined with a vacuum step.101, 104,
107
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Scheme 1.6 Basic elemental modes of lipase-catalyzed reactions in
polyamide synthesis.
As one of their main research focus, Loos et al. reported the
enzymatic pathway towards several aliphatic and semi-aromatic
polyamides or oligoamides.105-107, 115, 161 Several polyamides
obtained via the enzymatic polycondensation or ring opening
polycondensation were also reported, for example, by Cheng et
al.162, Ragupathy et al.103, and Kong et al.163 However, studies
related to the enzymatic synthesis of poly(ester amide)s are still
limited. For instance, Sharma et al.164 successfully obtained a
poly(ester amide) containing silicon units from dimethyl adipate,
diaminosiloxane, and 1,8-octanediol synthesized via a N435catalyzed polymerization in bulk. In addition, Ragupathy et al.103
studied the enzymatic approach on poly(amide-co-ester)s from
several combinations of monomers (pentadecanolide, 1,8diaminooctane, diethylsebacatae, and 1,12-diaminododecane).

1.6

Scope and Outline of the Thesis

The major aim of this research is to develop an enzymatic
polymerization synthesis as a greener approach to prepare a wide
array of biobased furan polymers and to investigate the properties
of those polymers with regard to potential applications. Due to the
utilization of furan monomers, in this research, the main focus lay
on the enzymatic synthesis of semi-aromatic polyesters,
polyamides, and poly(ester amide)s. In terms of both synthetic and
| 22

material issues, decades of research provided a useful guide about
which furan systems are robust and which are prone to difficulties.
This knowledge was used to successfully combine suitable furan
monomers with the enzymatic pathway. This thesis is composed of
five chapters, Chapter 1 is the introductory chapter and Chapter 24 describe different aspects of enzymatic polymerization of various
furan-based polymers.
Chapter 2 discusses the enzymatic synthesis of FDCA-based
semi-aromatic polyamides. Different aliphatic diamines were used
to study the effect of diamine chain length and the enzymatic
polymerization kinetics. A series of FDCA-based semi-aromatic
polyamides was successfully produced and their thermal
properties are carefully investigated and compared to those of the
FDCA- and petrol-based counterparts- produced via conventional
approaches.
In Chapter 3, the applicability of the enzymatic polymerization
in the synthesis of FDCA-based heteroatom-containing polyamides
was examined. In order to make the reaction greener, the
enzymatic polymerization was also performed in bulk. The effect of
the heteroatom functionality in the diamine monomers on the
enzymatic polymerization were studied and three (potential)
heteroatom diamines, namely 4,9-dioxa-1,12-dodecanediamine
(DODA),
diethylenetriamine
(DETA),
and
3,3ethylenediiminopropylamine (EDDA) were polymerized. It has
been shown that the enzymatic polymerization offers great
feasibility for the synthesis of these functional FDCA-based
heteroatom-containing polyamides.
Chapter 4 is devoted to investigate the impact of the furan
aromaticity on the CALB-catalyzed synthesis of furan-based
copolyesters. The enzymatic polymerization is performed by using
different monomers and applying different approaches. In addition,
the synthetic mechanism was evaluated by the variation of the
linear aliphatic monomers and their feed compositions. Finally, the
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obtained copolyesters were thoroughly characterized and
compared with their polyester analogs.
Chapter 5 outlines the enzymatic synthesis of various furanicaliphatic poly(ester amide)s. In this chapter, the enzymatic
polymerization is performed in an ionic liquid to study its effect and
applicability on the enzymatic synthesis of furanic-aliphatic
poly(ester amide)s.
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Enzymatic Synthesis of 2,5Furandicarboxylic Acid-based Semiaromatic Polyamides: Enzymatic
Polymerization Kinetics, Effect of
Diamine Chain Length and Thermal
Properties
Published in RSC Advances 2016, 6, 67941-67953.
2,5-Furandicarboxylic acid (FDCA)-based semi-aromatic polyamides are novel
biobased
alternatives
to
petrol-based
semi-aromatic
polyamides
(polyphthalamides), that have a broad commercial interest as engineering
thermoplastics and high performance materials. In this study, a series of FDCA-based
semi-aromatic polyamides is successfully produced via Novozym®435 (N435, an
immobilized form of Candida antarctica lipase b (CALB))-catalyzed
polycondensation of (potentially) biobased dimethyl 2,5-furandicarboxylate and
aliphatic diamines differing in chain length (C4 - C12), using a one-stage method at
90 °C in toluene. The obtained polyamides reach high weight-average molecular
weights ranging from 15800 to 48300 g/mol; and N435 shows the highest selectivity
towards 1,8-octanediame (C8). MALDI-ToF MS analysis indicates that no byproducts
are formed during the enzymatic polymerization. Study of the kinetics of the
enzymatic polymerization suggests that phase separation of FDCA-based
oligoamides/polyamides takes place in the early stage of polymerization, and the
isolated products undergo an enzyme-catalyzed solid-state polymerization. However,
the isolation yields of the purified products from the enzymatic polymerizations are
less than ~ 50 % due to the production of a large amount of low molecular weight
products that are washed away during the purification steps. Furthermore, the
thermal properties of the enzymatic FDCA-based semi-aromatic polyamides are
carefully investigated, and compared to those of the FDCA-based and petrol-based
counterparts produced via conventional synthesis techniques as reported in
literature.
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2.1

Introduction

2,5-Furandicarboxylic acid (FDCA) can be produced by
chemical or biocatalytic oxidation of 5-(hydroxymethyl)furfural
(HMF) that is usually derived from various renewable
carbohydrates.1-3 Currently, FDCA is already commercially
available.4 It can be expected that the price of biobased FDCA will
be comparable to or even cheaper than those of the biobased and
petrol-based TPA.5, 6 Therefore, FDCA, currently the most
promising green alternative to TPA, has great potential for
industrial applications such as the synthesis of novel aromatic
polymers. These polymers possess similar or even better
properties than those of their petrol-based counterparts.2, 7-9
Among aromatic polymers, semi-aromatic polyamides
(polyphthalamides) consist of both aliphatic and aromatic
monomeric units, which are linked by amide bonds in the main
chain. These polymers are commonly used as engineering
thermoplastics and high-performance materials,10-12 owing to their
good chemical / abrasion / corrosion resistance, excellent
mechanical properties and many other appealing attributes. Semiaromatic polyamides have found various applications in many
fields, for example, in the automotive industry, electrical and
electronics appliances, food contact materials, medical devices,
photovoltaic panels and parts, and oil and gas polymers.
In general, semi-aromatic polyamides can be produced via
step-growth polycondensation of aromatic diacid derivatives and
aliphatic diamines at both laboratory and industrial scale,13 usually
at elevated temperatures above 200 °C. However, such high
temperatures may induce many undesirable side-reactions, for
example, pyrolysis of aromatic diacids, N-methylation of
(poly)amides, cross-linking of polymer chains, and gel formation,
as well as, self-condensation and cyclization of diamines.8, 13 These
side-reactions result in not only the formation of low molecular
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weight products and discoloration, but property detriments of the
obtained polymeric materials.
Fortunately, the side-reactions can be greatly suppressed by
using enzymatic polymerizations, due to the mild reaction
conditions and the high catalytic specificity of the biocatalysts.
Enzymatic polymerizations are defined as the “in vitro (in the test
tubes) chemical synthesis of polymers via a non-biosynthetic (nonmetabolic) approach using an isolated enzyme as the catalyst”.14 It
is an alternative and powerful pathway for the production of
commodity polymers, which can compete with conventional
chemical synthesis approaches and physical modifications.15-21
Enzymatic polymerizations are also capable of producing various
novel polymers that are difficult to access via conventional
approaches. Moreover, enzymatic polymerizations are clean
processes, which can provide many advantageous sustainable
aspects such as energy and material saving, non-toxic renewable
enzyme catalysts, and gentle carbon footprint.22 Furthermore, by
utilizing biobased monomers in enzymatic polymerizations, the
energy and material consumption can be further reduced, and the
generation of hazardous waste and emissions can be greatly
minimized. This is essential for achieving a green polymer industry,
and will eventually be beneficial for realizing and maintaining a
sustainable society.
At present, 4 EC enzyme classes, including oxidoreductases
(EC 1), transferases (EC 2), hydrolases (EC 3) and ligases (EC 6), are
frequently used to catalyze or induce polymerizations.23 Polymer
classes produced via enzymatic polymerizations include vinyl
polymers,24, 25 polysaccharides,26-29 polyesters,19, 22 polyamides,30-32
and so on.21, 23
In principle, enzymes that can catalyze the formation of amide
bonds are suitable biocatalysts for the synthesis of polyamides.30, 32
Currently, hydrolases such as proteases, esterases (especially
lipases) and other enzymes, are commonly applied for the
biocatalytic synthesis of polypeptides and synthetic polyamides.
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Among hydrolases, Candida antarctica lipase b (CALB), especially
its immobilized formulation Novozym® 435 (N435), is the primary
enzyme catalyst used for enzymatic polyamide synthesis, as it
possesses a broad substrate specificity, high selectivity, and
excellent and stable catalytic activity. Many synthetic oligoamides
and polyamides were successfully synthesized via CALB-catalyzed
polymerization, for example: aliphatic oligoamides,33 semiaromatic oligoamides,34 aliphatic polyamides (nylons),35-40 silicone
aromatic polyamides,41 and poly(ester amide)s.37, 42
Previously, we demonstrated that CALB possesses high
catalytic activity towards rigid furan monomers including dimethyl
2,5-furandicarboxylate (DMFDCA) and 2,5-bis(hydroxymethyl)
furan (BHMF),43, 44 and the enzymatic polymerizations yielded
various FDCA-based and BHMF-based semi-aromatic polyesters

with high 
 ’s (weight-average molecular weights) of up to
100000 g/mol. Recently we applied the well-established
methodology from the enzymatic polymerization of biobased furan
polyesters to prepare a FDCA-based semi-aromatic polyamide,
poly(octamethylene furanamide) (PA8F), starting from DMFDCA
and 1,8-octanediamine (1,8-ODA) and using N435 as the
biocatalyst.45 High molecular weight PA8F was successfully

produced via a one-stage method in toluene, with a high 
 and

of
13400
and
48300
g/mol,
respectively.
On
the
other
hand,


limited studies are available on the production of FDCA-based
semi-aromatic polyamides by direct polycondensation of FDCA
derivatives and aliphatic diamines using conventional synthesis
techniques;46-50 and the resulting polyamides possessed relatively

lower molecular weights (
 = 4300 – 10000 g/mol) due to the
decarboxylation of FDCA and extensive occurrence of Nmethylation of (poly)amides at elevated temperatures.8, 49-52
Therefore, enzymatic polymerizations are appealing alternative
approaches for the production of FDCA-based semi-aromatic
polyamides with high molecular weight. However, the yield of the
purified PA8F from the enzymatic polymerizations was less than ~
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50 % despite the different polymerization conditions employed, as
the resulting polyamides possess a low solubility in the reaction
media.
In this study, to better understand the one-stage enzymatic
polymerization of FDCA-based semi-aromatic polyamides, the
enzymatic polymerization kinetics is studied by NMR, SEC and
MALDI-ToF MS, using DMFDCA and 1,8-ODA as model compounds.
Moreover, we extend our research to synthesize a series of
sustainable FDCA-based semi-aromatic polyamides by using
various (potentially) biobased aliphatic diamines differing in chain
length (see Scheme 2.1). In addition, we investigated the chemical
structures, end groups, and thermal properties of the obtained
polyamides. Furthermore, we compared the thermal properties of
the enzymatic FDCA-based semi-aromatic polyamides to those of
the FDCA-based46-48 and TPA-based counterparts53-56 produced via
conventional synthesis approaches as reported in literature.

Scheme 2.1. Enzymatic synthesis of FDCA-based semi-aromatic
polyamides (PAXF) via N435-catalyzed polycondensation of DMFDCA
and aliphatic diamines at 90 °C in toluene.

2.2

Experimental Section

2.2.1

Materials

N435 (≥ 5000 U/g), 1,4-butanediamine (1,4-BDA, 99 %), 1,6hexanediamine (1,6-HDA, 98 %), 1,8-octanediamine (1,8-ODA,
98 %), 1,10-decanediamine (1,10-DDA, 97 %), 1,12dodecanediamine (1,12-DODA, 98 %), toluene (anhydrous, 99.8 %),
formic acid (puriss, ≥ 98 %), 1,4-dioxane (≥ 99 %), molecular sieves
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(4 Å), dimethyl sulfoxide (DMSO, HPLC grade), dimethyl sulfoxided6 (DMSO-d6), trifluoroacetic acid-d1 (TFA-d1), and potassium
trifluoroacetate (KTFA, 98 %) were purchased from Sigma-Aldrich.
DMFDCA (97 %) was ordered from Fluorochem UK. 1,1,1,3,3,3Hexafluoro-2-propanol (HFIP, ≥ 99 %) was acquired from TCI
Europe. Dithranol (≥ 98 %) was purchased from Fluka. Methanol
(99.8 %) was purchased from Labscan.
The diamines, including 1,4-BDA, 1,6-HDA, 1,8-ODA, 1,10-DDA,
and 1,12-DODA, were purified by sublimation under reduced
pressure and stored in a desiccator. N435 was pre-dried as
reported previously.43-45, 57-59 The molecular sieves (4 Å) were preactivated at 200 °C in vacuo. The other chemicals were used
without further purification.
2.2.2 Procedure for N435-Catalyzed Polycondensation of
DMFDCA and Various Aliphatic Diamines via an One-Stage
Method in Toluene

Pre-dried N435 (20 wt %, in relation to the total amount of all
monomers) and pre-activated 4 Å molecular sieves (200 wt %)
were fed into a 25 mL round-bottom flask filled with nitrogen.
Subsequently DMFDCA (0.5000 g, 2.715 mmol), an aliphatic
diamine (0.1917 - 0.4358 g, 2.715 mmol), and anhydrous toluene
(500 wt %) were introduced into the flask, thereafter the flask was
sealed. The flask was then placed in an oil bath, where after the
reaction mixture was magnetically stirred at 90 °C for 72 h.
After the polymerization, toluene was evaporated by airblowing at room temperature. Then the products were dissolved
by formic acid (~ 15 mL). After that, N435 and molecular sieves
were removed by normal filtration using filter paper. Then the
N435, molecular sieves and the used filter paper were washed
three times with formic acid (~ 10 mL). All the solutions obtained
were combined and then concentrated by a rotary evaporator at
40 °C under reduced pressure (20 - 40 mbar). The concentrated
solution was added dropwise into an excess amount of 1,4-dioxane.
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The crude products were collected by centrifugation (30 minutes,
4500 rpm, 12 °C) and decantation at room temperature. After that,
the crude products obtained were dissolved again with formic acid
(~ 10 mL) and then added dropwise into excess of methanol. Then
the methanol solution with the precipitates was stored at -20 °C for
several hours. Subsequently, the precipitated products were
collected by centrifugation (30 minutes, 4500 rpm, 0 °C) and then
dried in vacuo at 40 °C for 3 days. Finally, the obtained FDCA-based
semi-aromatic polyamides were stored in vacuo at room
temperature prior to analysis.
Poly(butylene furanamide) (PA4F) 1H NMR (400 MHz,
DMSO-d6, δ, ppm): 8.48 (1H, m, -NH-CO-, from 1,4-BDA), 7.10 (2H,
s, =CH-, furan), 3.14 (4H, m,-NH-CH2-,from 1,4-BDA), 1.55 (4H, m, NH-CH2-CH2-, from 1,4-BDA), 2.81 (t, -CH2-NH2, end groups from
1,4-BDA); 13C NMR (75 MHz, DMSO-d6, δ, ppm): 157.16 (-CO-NH-,
from DMFDCA), 148.14 (-NH-CO-C(O)=CH-, furan), 114.26 (=CH-,
furan), 38.19 (-CO-NH-CH2-, from 1,4-BDA), 26.84 (-CO-NH-CH2CH2-, from 1,4-BDA). Isolation yield: 0.0853 g, 7 %.
Poly(hexamethylene furanamide) (PA6F) 1H NMR (400
MHz, DMSO-d6, δ, ppm): 8.46 (1H, m, -NH-CO-, from 1,6-HDA), 7.09
(2H, s, =CH-, furan), 3.24 (4H, m,-NH-CH2-,from 1,6-HDA), 1.51 (4H,
m, -NH-CH2-CH2-, from 1,6-HDA), 1.31 (4H, m, -NH-CH2-CH2-CH2-,
from 1,6-HDA), 3.84 (s, -OCH3, end groups from DMFDCA), 2.76 (t,
-CH2-NH2, end groups from 1,6-HDA); 13C NMR (75 MHz, DMSO-d6,
δ, ppm): 157.33 (-CO-NH-, from DMFDCA), 148.22 (-NH-COC(O)=CH-, furan), 114.44 (=CH-, furan), 38.56 (-CO-NH-CH2-, from
1,6-HDA), 29.31 (-CO-NH-CH2-CH2-, from 1,6-HDA), 26.22 (-CONH-CH2-CH2-CH2-, from 1,6-HDA). Isolation yield: 0.2084 g, 23 %.
Poly(decamethylene furanamide) (PA10F) 1H NMR (400
MHz, DMSO-d6, δ, ppm): 8.44 (1H, m, -NH-CO-, from 1,10-DDA), 7.08
(2H, s, =CH-, furan), 3.22 (4H, m,-NH-CH2-,from 1,10-DDA), 1.47
(4H, m, -NH-CH2-CH2-, from 1,10-DDA), 1.23 (12H, m, -NH-CH2-CH2CH2-CH2-CH2-, from 1,10-DDA), 3.83 (s, -OCH3, end groups from
DMFDCA), 2.73 (t, -CH2-NH2, end groups from 1,10-DDA); 13C NMR
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(75 MHz, DMSO-d6, δ, ppm): 157.07 (-CO-NH-, from DMFDCA),
148.14 (-NH-CO-C(O)=CH-, furan), 114.18 (=CH-, furan), 38.48 (CO-NH-CH2-, from 1,10-DDA), 29.25(-CO-NH-CH2-CH2-, from 1,10DDA), 28.91 (-CO-NH-CH2-CH2-CH2-CH2-CH2-, from 1,10-DDA),
28.73 (-CO-NH-CH2-CH2-CH2-CH2-, from 1,10-DDA), 26.43 (-CO-NHCH2-CH2-CH2-, from 1,10-DDA). Isolation yield: 0.3150 g, 35 %.
Poly(dodecamethylene furanamide) (PA12F) 1H NMR
(400 MHz, DMSO-d6, δ, ppm): 8.42 (1H, m, -NH-CO-, from 1,12DODA), 7.07 (2H, s, =CH-, furan), 3.21 (4H, m,-NH-CH2-,from 1,12DODA), 1.46 (4H, m, -NH-CH2-CH2-, from 1,12-DODA), 1.21 (16H, m,
-NH-CH2-CH2-CH2-CH2-CH2-CH2-, from 1,12-DODA), 3.82 (s, -OCH3,
end groups from DMFDCA); 13C NMR (75 MHz, TFA-d1, δ, ppm):
160.69 (-CO-NH-, from DMFDCA), 147.70 (-NH-CO-C(O)=CH-,
furan), 117.60 (=CH-, furan), 41.26 (-CO-NH-CH2-, from 1,12DODA), 29.40 (-CO-NH-CH2-CH2-CH2-CH2-CH2-CH2-, from 1,12DODA), 29.06(-CO-NH-CH2-CH2-, from 1,12-DODA), 28.82 (-CONH-CH2-CH2-CH2-CH2-, from 1,12-DODA), 26.71 (-CO-NH-CH2-CH2CH2-, from 1,12-DODA). Isolation yield: 0.1473 g, 16 %.
FDCA-based semi-aromatic polyamides ATR-FTIR
(ν, cm-1): 3290 - 3309 (N-H stretching vibrations); 3116 - 3119
(=C-H stretching vibrations of the furan ring); 2921 - 2932, 2851 2865 (asymmetric and symmetric C-H stretching vibrations); 1625
- 1646 (C=O stretching vibrations); 1570 - 1573 (aromatic C=C
bending vibrations); 1524 - 1531 (N-H bending vibrations); 1456 1472, 1435 - 1438 (C-H deformation and wagging vibrations);
1365 - 1384 (C-H rocking vibrations); 1279 - 1292 (C-N stretching
vibrations); 1160 - 1166, 1012 - 1016 (=C-O-C= ring vibrations,
furan ring); 961 - 968, 819 - 820, 757 (=C-H out-of-plane
deformation vibrations, furan ring); 718 (-(CH2)n-, rocking
vibrations); 672 (C-H bending vibrations); 646 - 650 (N-H wagging
vibrations).
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2.2.3 Enzymatic Polymerization Kinetics Study: the N435Catalyzed Polycondensation of DMFDCA and 1,8-ODA via
the One-Stage Method in Toluene
NMR Analysis. DMFDCA (0.5000 g, 2.715 mmol), 1,8-ODA
(0.3917 g, 2.715 mmol), pre-activated molecular sieves (1.78 g, 200
wt %) and anhydrous toluene (4.46 g, 500 wt %) were added into
a 25 mL flask with or without pre-dried N435 (0.18 g, 20 wt %).
The one-stage method was applied according to the same
procedure as described above. At selected time intervals, about 70
mg of solution mixture was withdrawn from the reaction.
Subsequently the solution mixture was dissolved by 1 g of DMSOd6 for 1H NMR analysis.
SEC and MALDI ToF MS Analysis. The one-stage method was
applied for the enzymatic polycondensation of DMFDCA (0.5000 g,
2.715 mmol) and 1,8-ODA (0.3917 g, 2.715 mmol) in the presence
of pre-dried N435 (0.18 g, 20 wt %) and pre-activated molecular
sieves (1.78 g, 200 wt %). A series of reactions was performed and
stopped at certain polymerization times (2, 6, 9, 24, 35 and 72 h,
respectively). After the polymerization, formic acid (~ 15 mL) was
added to the reaction flask, to dissolve the resulting products. N435
and molecular sieves were then filtered off, and washed with
formic acid three times. The obtained solutions were combined,
and then rotary evaporated at 40 °C under reduced pressure (20 40 mmHg), which afforded crude PA8F. The obtained crude PA8F
was dried in vacuo at 40 °C for 3 days, and finally stored in vacuo at
room temperature before SEC and MALDI-ToF MS analysis.
2.2.4

Instrumental Methods

1H

NMR spectra were recorded on a 400 MHz Varian VXR
spectrometer and 13C NMR spectra were recorded on a 300 MHz
Varian VXR spectrometer. The solvent was DMSO-d6 or TFA-d1. The
reported chemical shifts were referenced to the resonances of the
residual solvent or tetramethylsilane (TMS). The number-average
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molecular weight (
 ) was determined by H NMR according to
43-45,
57,
58
literature.
Attenuated total reflection-Fourier transform infrared (ATRFTIR) spectra were recorded on a Bruker IFS88 FT-IR
spectrometer, with 128 scans for each sample.
The molecular weights of the crude PA8F from the enzymatic
polymerization kinetics study were measured at 80 °C using an
Agilent size exclusion chromatography (SEC) system (Agilent
Technologies 1260 Infinity) from PSS (Mainz, Germany). The SEC
system was equipped with three detectors (an Agilent refractive
index detector G1362A 1260 RID, a PSS viscometer detector ETA2010, and a PSS MALLS detector SLD 7000), and four columns (a
PFG guard-column and three PFG SEC columns 100, 300 and 4000
Å). The detectors were kept at 45 °C, 60 °C and room temperature,
respectively. The eluent was DMSO (HPLC grade) with LiBr (0.05


M), with a flow rate of 0.5 mL/min. 
 and  were determined by
conventional calibration using a calibration curve generated by

pullulan standards (from PSS, 
 = 342 to 805000 g/mol).
The molecular weights of the purified PA4F, PA6F, PA10F and
PA12F were determined by SEC on a Viscotec GPCmax system
equipped with model 302 TDA detectors, a guard column (PSSGRAM, 10 µm, 5 cm) and two analytical columns (PSS-GRAM1000/30 Å, 10 µm, 30 cm). The eluent was DMF (HPLC grade) with


LiBr (0.01M), with a flow rate of 1 mL/min. 
 and  were
calculated by conventional calibration, using a calibration curve
generated by polymethylmethacrylate (PMMA) standards (from

PSS, 
 = 2460 - 655000 g/mol).
Thermal transitions of the synthetic FDCA-based semiaromatic polyamides were characterized by a TA-Instruments
Q1000 DSC (differential scanning calorimetry), with a heating and
cooling rate of 10 °C/min. Before the standard DSC measurement,
the tested polyamides were heated up to 100 °C at 10 °C/min, kept
at this temperature for 5 min, and then cooled down to room
temperature, to remove the remaining solvents and water.
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Thermal stability measurements of the obtained FDCA-based
semi-aromatic polyamides were performed on a PerkinElmer
thermogravimetric analyzer TGA7 under nitrogen environment,
with a scan rate of 10 °C/min. Before the standard thermal
gravimetric analysis (TGA), the tested polyamides were heated up
to 100 °C and then kept at this temperature for 0.5 h, to remove the
remaining solvents and water.
Matrix-assisted laser desorption/ionization-time of flight
mass spectrometry (MALDI-ToF MS) measurements were
performed on a Biosystems Voyager-DE PRO spectrometer in
positive and linear mode. The used matrix, solvent and
cationization agent were dithranol, HFIP and KTFA, respectively. At
first, dithranol (20 mg/mL), KTFA (5 mg/mL) and a polymer
sample (1 - 2 mg/mL) were premixed in a ratio of 5:1:5. Then the
mixture was hand-spotted on a stainless-steel plate and left to dry
afterwards. Polyamide species having different end groups were
determined by the following equation:  =  +  ×   +
 , where  is the molecular masses of a polyamide species,
 is the molecular mass of the end groups, n is the number of the
repeating units,  is the molecular mass of the repeating units,
and  is the molecular mass of the potassium cation.

2.3

Results and Discussion

2.3.1

Enzymatic Polymerization Kinetics Study

In our previous study, we found that the one-stage enzymatic
polycondensation of DMFDCA and 1,8-ODA in toluene resulted in
PA8F with high molecular weights but a low isolation yield
(< ~ 50 %, purified products).45 To better understand the one-stage
enzymatic polymerization in toluene, the enzymatic
polymerization kinetics was investigated by 1H NMR, SEC and
MALDI-TOF MS (See Figures 2.1-2.5).
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We noticed that FDCA-based semi-aromatic oligoamides were
already produced within 30 minutes of reaction time, as proven by
the appearance of a new signal at 3.83 ppm that is ascribed to the
methoxyl groups of oligoamides (see Figure 2.1). Moreover, the
proton signal assigned to the methoxyl groups of DMFDCA
disappeared completely after 2 h oligomerization, indicating that
all DMFDCA monomer was converted to oligoamides. This agreed
well with our previous result, which proved that 2 h
oligomerization is sufficient for the enzymatic polycondensation of
aliphatic polyesters.58
However, when the polymerization time was extended
from 3 to 9 h, the relative intensity of the peak ascribed to the
methoxyl groups of the resulting oligoamides/polyamides
decreased significantly. This is due to the precipitation of the
resulting products caused by their low solubility. Moreover, no
resonances can be assigned to the protons of the FDCA-based
oligoamides/polyamides after ~ 22 h reaction. This suggested that
no resulting products were identified in the reaction mixture, as
they were totally isolated from the reaction media due to the
precipitation.
In contrast to this, the monomer DMFDCA and the resulting
FDCA-based oligoamides/polyamides were clearly detected from
the control reaction in the absence of N435 after 0.5 - 71 h reaction
(Figure 2.2). Meanwhile, more oligoamides/polyamides were
prepared at a longer polymerization time, as the relative intensity
of the peak ascribed to the monomer DMFDCA decreases gradually
with the increase of polymerization time. This indicated that the
condensation between DMFDCA and 1,8-ODA can occur in the
absence of catalysts, but the reaction rate is rather low. In other
words, from Figures 2.1 – 2.2 we can draw the conclusion that the
polycondensation is indeed catalyzed by N435, which resulted in
high molecular weight PA8F as reported in our previous study.45
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Figure 2.1 1H NMR spectra of the solution mixture from the N435catalyzed polycondensation of DMFDCA and 1,8-ODA at 90 °C in
toluene.
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Figure 2.2 1H NMR spectra of the solution mixture from the control
reaction of DMFDCA and 1,8-ODA at 90 °C in toluene in the absence
of N435.
The enzymatic polymerization kinetics was also investigated
by SEC (Figures 2.3 – 2.4). Figure 2.3 depicts the SEC elution curves
of the crude PA8F from the enzymatic kinetics study and a plot of
) as a function of the polymerization
degrees of polymerization (
time. When the polymerization time was extended from 2 to 24 h,
the major retention volume of the obtained crude PA8F shifted
significantly to a lower value (Figure 2.3a), indicating the formation
of higher molecular weight products at a longer polymerization
time. As shown in Figure 2.3b and Table S1, the corresponding
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and 4 to 14, 48 and 42, respectively. Upon further increasing the


polymerization time from 24 to 72 h, the 
 and  slightly

increased, from 14 and 42 to 15 and 50, respectively. On the
contrary, the 
 showed a significant increase from 48 to 81, even
though all the resulting PA8F was phase separated from the
reaction after ~ 22 h reaction as indicated by the NMR study
discussed above. This is consistent with the MALDI-TOF MS results
which also confirmed that the enzymatic polymerization at longer
reaction times resulted in longer chain PA8F (Figure 2.5). The chain
growth of the isolated products after ~ 22 h reaction could be
explained by the N435-catalyzed solid-state polymerization, as
postulated in our previous study.45
However, only a small amount of high molecular weight PA8F
was produced via the solid-state polymerization, suggesting that
the efficiency of the enzymatic solid-state polymerization was quite
low. As the cumulative weight fractions determined by SEC shown
(see Figure 2.4), the enzymatic solid-state polymerization afforded
~ 3 - 4 % of additional PA8F with 
 of 42 - 509 (5500 - 67200
 of 509 - 1350
g/mol) and ~ 5 % of extra PA8F with higher 
(67200 - 178400 g/mol), when the polymerization time was
increased from 24 to 72 h.
We also found that a large proportion of short chain PA8F was
produced via the enzymatic polymerization. As shown in Figure 2.4,
after 72 h polymerization, ~ 27 % of the obtained crude PA8F
possessed a low 
 of less than 16 (< 2100 g/mol); and the amount

of PA8F with  of less than 42 (< 5500 g/mol) reached ~ 52 %.
The short chain PA8F possesses a high solubility in the used
precipitants (1,4-dioxane and methanol) and therefore, they were
washed away during the purification steps. Thus, only less than
~ 50 % of the products were collected after purification, and this
could be improved by choosing other proper precipitants.
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Figure 2.3 (a) SEC elution curves of the obtained crude PA8F from the
N435-catalyzed polycondensation of DMFDCA and 1,8-ODA in


toluene at different polymerization times; and (b) 
 , 
 and 
of the crude PA8F determined by SEC as a function of the



polymerization time. Herein,
 = 2 ×    ,  =



2 ×    ,  = 2 ×    , where
  is the molecular mass of the repeating units.
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Figure 2.4 Evolution of the cumulative weight fractions of the
)
obtained crude PA8F with different degrees of polymerization (
as a function of polymerization time. The crude PA8F was obtained
from the enzymatic kinetics study; and 
 and cumulative weight
fractions were determined by SEC.
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Figure 2.5 MALDI-ToF MS spectra of the obtained crude PA8F from
the enzymatic kinetics study at different polymerization times.
In summary, the enzymatic polymerization kinetics study
indicated
that
phase
separation
of
FDCA-based
oligoamides/polyamides occurred in the early stage of
polymerization, and that the resulting PA8F has undergone a
subsequent enzymatic solid-state polymerization. However, due to
the phase separation and the low efficiency of the enzymatic solidstate polymerization, a large proportion of short chain PA8F was
produced, which led to the low yields of the purified products.
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2.3.2 N435-Catalyzed Polycondensation of DMFDCA and
Various Aliphatic Diamines via an One-Stage Method in
Toluene
A series of FDCA-based semi-aromatic polyamides including
PA4F, PA6F, PA8F, PA10F and PA12F was successfully synthesized
via a one-stage enzymatic polycondensation in toluene (see
Scheme 2.1). The diamines used were (potentially) biobased 1,4butanediamine (1,4-BDA), 1,6-hexanediamine (1,6-HDA), 1,8octanediamine (1,8-ODA), 1,10-decanediamine (1,10-DDA), and
1,12-dodecanediamine (1,12-DODA). The number of methylene
units in the diamine segments is 4, 6, 8, 10 and 12, respectively,
which defines the chain length (x) of the tested aliphatic diamines.
The chemical structures of the obtained FDCA-based semiaromatic polyamides are confirmed by NMR and ATR-FTIR (see
Figures 2.6 – 2.7). The detailed NMR and IR assignments are
described in the Experimental Section and in our previous report.45
H2O DMSO
-CH2-CH2-

=CHPA12F

-OCH3-

-NH-

PA10F
PA8F
PA6F
PA4F
10

9

8
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6

5
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3

2

1

δ (ppm)

Figure 2.6 1H NMR spectra of FDCA-based semi-aromatic polyamides.
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Figure 2.7 ATR-FTIR spectra of FDCA-based semi-aromatic
polyamides.
2.3.3 Effect of Diamine Chain Length on Enzymatic
Polymerization.
The molecular weights of the obtained FDCA-based semiaromatic polyamides were determined by NMR and SEC, as
summarized in Table 2.1. The SEC retention curves are illustrated
in Figure 2.8 and in our previous report.45
PA4F
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PA10F
PA12F
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22
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Figure 2.8 SEC elution curves of the obtained FDCA-based semiaromatic polyamides (PAXF) produced via the one-stage enzymatic
polymerization in toluene at 90 °C. The eluent was DMF with LiBr. X
presents the methylene units in the diamine segments.
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Figure 2.9 depicts 
 and yield of the purified FDCA-based
semi-aromatic polyamides against the chain length of the tested
aliphatic diamines. The same trend with respect to the diamine

chain length is observed: the 
 and yield of the purified products
increased significantly with increasing the diamine chain length
from 4 to 8; however, by further increasing the diamine chain
length from 8 to 12, the enzymatic polymerization resulted in a

lower 
 and a reduction in yield of the purified products. This
indicated that N435 shows the highest selectivity towards 1,8-ODA,
which is in good agreement with the previous study on the
enzymatic polymerization of aliphatic polyamides as reported by
our laboratory.33
350

100

300
80

DPw

250

60

200
150

40

100
20

50
0

4

6

8

10

12

Yield of the Purified Products (%)

120

400

0

Diamine Chain Length (Carbons)

 and isolation yield of the purified FDCA-based semiFigure 2.9 
aromatic polyamides from the enzymatic polymerization against the
diamine chain length.
The enzymatic polymerization with 1,4-BDA having the
shortest chain length amongst the tested aliphatic diamines
resulted in PA4F with the lowest isolation yield. This could be
mainly attributed to two reasons. First, 1,4-BDA is not favored by
CALB due to its short chain length while second PA4F possesses the
lowest solubility among the FDCA-based semi-aromatic
polyamides.
Moreover, the isolation yield of the purified products from the
enzymatic polymerizations was less than ~ 50 %. This can be
explained by the production of a large proportion of low molecular
| 58

weight oligoamides due to the occurrence of phase separation and
the low efficiency of the enzyme-catalyzed solid-state
polymerization as discussed before. Noteworthy is that the
enzymatic polymerization can be significantly improved by using a
two-stage method in diphenyl ether as reported in our previous
study.45 We found that the two-stage enzymatic polymerization in
diphenyl ether can afford high molecular weight PA8F with a higher
isolation yield of ~ 70 %.
2.3.4 Enzymatic Approach versus Conventional Synthesis
Approaches.

Previously, FDCA-based semi-aromatic polyamides were
produced via conventional synthesis techniques, including melt,
solution and interfacial polymerization, as reported in literature.
46-48 Due to the low solubility of the resulting polyamides and the
occurrence of side-reactions at elevated temperatures such as the
decarboxylation of FDCA and extensive N-methylation of
(poly)amides,8 FDCA-based semi-aromatic polyamides with


relatively low molecular weights were obtained, with 
 and 
ranged from 4000 to 10000 and 11100 to 18800 g/mol,
respectively (Table 2.1). However, in our study, even under a mild
reaction temperature, the enzymatic polymerization generally


resulted in a higher 
 and  of around 9500 – 13400 and 15800
– 48300 g/mol, respectively. As confirmed by the MALDI-ToF MS
analysis (see below), no side-products were formed during the
enzymatic polymerization, which could have indicated the
decarboxylation of DMFDCA and N-methylation of (poly)amides.
This suggested that such side-reactions were greatly prevented by
using N435 as the catalyst. To conclude, we have proven that
enzymatic catalysis is a powerful approach towards the synthesis
of sustainable FDCA-based semi-aromatic polyamides.
It should be noted that the reaction time used for the
enzymatic polymerization was longer than that applied for the
conventional synthesis approaches. However, as indicated by the
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enzymatic kinetics study, the enzymatic polymerization time could
be shortened from 72 to ~ 24 h. In this case the enzymatic
polymerization could result in FDCA-based semi-aromatic

polyamides with similar 
 values. Therefore, the enzymatic
polymerization is comparable to the conventional approaches with
respect to the reaction time and the resulting molecular weights.
Furthermore, the enzymatic polymerization is an energy saving
process as the reaction temperature is mild; and no harmful
residuals are remained in the resulting polyamides by using
enzymes as catalysts. Besides, the immobilized enzyme catalysts
can be recycled and reused for many cycles.60
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Table 2.1 Molecular weights and thermal properties of the FDCAbased and TPA-based semi-aromatic polyamides
Tm
(°C)

15800
20600
48300
21200
19900
-e
13800
-e
11100
-e
12700

-f
162 g
160 g
135 g
125,138 g
250 h
-e
155 – 175 h
-e
125 h
-e

Melt
Interfacial
-e
Interfacial
-e
Interfacial
-e

12300 a
13400 a
13400 b
13400 a
9500 a
6000-10000 c
5200 d
6000-10000 c
4300 d
6000-10000 c
5300 d
≤ 8800
 ≤ 30) h
(
7000 d
-e
-e
-e
-e
-e
-e

18800
-e
-e
-e
-e
-e
-e

Solid-State

-e

-e

PA4F
PA6F
PA8F
PA10F
PA12F
PA4F47
PA6F48
PA6F47
PA8F48
PA8F47
PA10F48

Enzymatic
Enzymatic
Enzymatic
Enzymatic
Enzymatic
Interfacial
Melt
Interfacial/Solution/Melt
Melt
Melt
Melt

PA12F48
PA4T53
PA4T54
PA6T53
PA6T54
PA8T53
PA8T55

PA10T56
PA12T56


Mw

(g/mol)

Synthesis Approach

PA10F46


Mn

(g/mol)

Polymer

Interfacial

Solid-State

-e

-e

-e

Tg
(°C)

Td
(°C)

-f
6g
10 g
47 g
43 g
-e
-e
-e
-e
-e
-e

119 g
119 g
118 g
98 g
82 g
-e
110 j
-e
83 j
-e
71 j

257 k; 443 l
322 k; 460 l
378 k; 464 l
366 k; 463 l
321 k; 466 l
-e
350 - 450 h
-e
350 - 450 h
-e
350 - 450 h

-e
436 i
430 g
371 i
370 g
335 i
338 g

-e
-e
-e
-e
-e
-e
-e

68 j
-e
-e
125 i
-e
123 i
-e

270 g

-e

350 - 450 h
-e
350 m
-e
350 m
-e
402 m
~ 426 m;
~ 482 n
~ 426 m;
~ 482 n

130 h

290 g

∆
(J/g)

-e

-e

-

113 g
96 g

-

a 

 (number-average molecular weight) and 
 (weight-average molecular weight) were determined by SEC using DMF/LiBr as the eluent; b 
c 
d 


and 
 were determined by SEC using DMSO/LiBr as the eluent;  was determined by end group titration;  and  were determined by SEC
using HFIP as the eluent; e Not mentioned in the literature; f Not detected at the tested time temperature scales; g Tm (melting temperature) and ∆
(enthalpy of fusion) were determined by DSC (first heating scan), with a heating rate of 10 °C/min; The Tg (glass transition temperature) was
determined by DSC (second heating scan), with a heating rate of 10 °C/min; h The test method was not mentioned in the literature; i Tm and Tg were
determined by DTA (Differential Thermal Analysis) at a heating rate of 20 °C/min; j Tg was determined by DSC at a heating rate of 5 °C/min; k
Decomposition temperature at 5 % weight loss (Td-5%); l Temperature at the maximum rate of decomposition (Td-max); m Initial degradation
temperature; n Framework collapses temperature; Td = decomposition temperature.
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2.3.5

MALDI-ToF MS Analysis.

The end groups of the obtained FDCA-based semi-aromatic
polyamides were determined by MALDI-ToF MS. Eight polyamide
species with different abundance were identified (see Table 2.2 and
Figure 2.10), which is in good agreement with our previous study.45
The identified polyamide species were terminated with
ester/amine, ester/ester, amine/amine, acid/amine, ester/acid,
acid/acid, and ester/amide, as well as, without end groups (cyclic
polyamides).
The acid end group was produced by a N435-catalyzed
hydrolysis of esters during the polymerization;34, 45 and the
formation of the amide end group was due to the reaction between
the amine groups and formic acid at the purification step.34, 45, 61

Table 2.2 MALDI-ToF MS analysis: end groups of the obtained FDCAbased semi-aromatic polyamides
End groups

Remaining mass
(amu)

A

Ester/Amine

32.03

B

Ester/Ester

184.15

Entry

Polymer species

x = 4: 88.15
C

Amine/Amine

x = 6: 116.21
x = 8: 114.26

x = 10: 172.32
x = 12: 200.37

D
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Cyclic

0

E

Acid/Amine

18.02

F

Ester/Acid

170.12

G

Acid/Acid

156.09

H

Ester/Amide

60.05
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Figure 2.10 Representative MALDI-ToF MS spectrum of the obtained
PA12F with detailed peak interpretation.
| 63

2

Chapter 2

2.3.6 Thermal Properties of the Obtained FDCA-Based
Semi-Aromatic Polyamides
The thermal stability of the obtained FDCA-based semiaromatic polyamides was characterized by TGA. All tested
polyamides showed a decomposition temperature at 5 % weight
loss (Td-5%) and a temperature at the maximum rate of
decomposition (Td-max) at around 257 - 378 and 443 - 466 °C,
respectively (see Table 2.1 and Figure 2.11). We also found that the
obtained PA4F is less thermally stable compared to the other tested

polymers, which is probably due to its relatively low 
 . Moreover,
considering their high Td-max, all the tested FDCA-based semiaromatic polyamides possess a very broad processing window.
100
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PA10F

80
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PA12F
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Figure 2.11 TGA curves of the obtained FDCA-based semi-aromatic
polyamides produced via a one-stage enzymatic polymerization in
toluene at 90 °C.
The thermal transitions of the obtained FDCA-based semiaromatic polyamides were analyzed by DSC (see Table 2.1 and
Figure 2.12). Broad melting peaks ranging from 125 to 162 °C were
observed in the first DSC heating curves, except for PA4F which
possesses a high Tm above the tested temperature (200 °C) due to
its high chain rigidity. As reported by Heertjes and Kok,47 the Tm of

PA4F with a 
 of around 6000 – 10000 g/mol is 250 °C. Moreover,
the tested FDCA-based semi-aromatic polyamides possessed a
| 64

lower Tm when the chain length of aliphatic diamine units increased
(Figure 2.13a). A similar trend was also observed for the FDCAbased semi-aromatic polyesters44 and TPA-based semi-aromatic
polyamides.54, 56 In this study, the decrease of Tm with increasing of
the aliphatic diamine chain length can be explained by two facts.
The increase of the aliphatic diamine chain length results in an
increase in the chain flexibility and a decrease in the density of
hydrogen bonds and π-π stackings.
Tm1 = 125 oC

Tm2 = 138 oC

∆Hm = 43 J/g

Endo Up

First Heating

Cooling

Second Heating

40

60

Tg = 82 oC

80

100

120

140

160

Temperature (oC)

Figure 2.12 Representative DSC curves of the obtained PA12F. PA12F
( 
 = 9500 g/mol, 
 = 19900 g/mol) was produced via a onestage enzymatic polymerization of DMFDCA and 1,12-DODA in
toluene at 90 °C.
The enthalpy of fusion (∆ ) of the tested FDCA-based semiaromatic polyamides increased significantly from 6 to ~ 40 J/g
when the chain length of aliphatic diamine units was increased
from 6 to 10 and 12 (See Table 2.1). This may suggest that the
FDCA-based semi-aromatic polyamides with longer aliphatic
diamine units possess a higher crystallization ability because of the
higher chain flexibility.
No crystallization was observed in the DSC cooling curves of
all tested polyamides, and no melting peak appeared in the second
heating curves (see Figure 2.12). This indicated that all synthesized
FDCA-based semi-aromatic polyamides cannot crystallize in bulk at
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the tested conditions, which can be explained by their slow
crystallization rate.45
The Tg of the obtained FDCA-based semi-aromatic polyamides
decreased gradually from 119 to 82 °C when the chain length of
aliphatic diamine units was increased from 4 to 12 (Figure 2.13b),
which can be explained by the same line of reasoning as discussed
above for Tm. Again this agreed well with the previous studies
reported.44, 56, 62 It was found that the FDCA-based semi-aromatic
polyesters and TPA-based semi-aromatic polyamides showed a
continuous reduction in Tg with an increase of the chain length of
aliphatic diol/diamine units.
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Figure 2.13 (a) Tm, and (b) Tg of the FDCA-based semi-aromatic
polyamides (PAXF, X represents the chain length of aliphatic diamine
units) and TPA-based semi-aromatic polyamides (PAXT). The FDCA| 66

based semi-aromatic polyamides were produced via enzymatic
polymerizations in this study or by conventional synthesis techniques
as reported in the literature,46-48 while the TPA-based semi-aromatic
polyamides were synthesized via conventional approaches as
reported in the literature.53-56 If the polyamides possess several
melting peaks or showed different Tm in the literature, the highest Tm
is presented.
2.3.7 Comparison of the Thermal Properties: Enzymatic
FDCA-Based Semi-Aromatic Polyamides versus FDCABased and TPA-Based Counterparts Produced via
Conventional Synthesis Approaches
The FDCA-based semi-aromatic polyamides produced from
the enzymatic polymerizations possess similar thermal stability
compared to the FDCA-based and TPA-based counterparts
obtained via conventional approaches (See Table 2.1).
Moreover, Tm and Tg of the enzymatic FDCA-based semiaromatic polyamides are generally higher than those of the
counterparts synthesized via the conventional synthesis
techniques (Figure 2.13). This could be rationalized by the higher
molecular weights of the enzymatic FDCA-based polyamides.
Furthermore, Tg of the enzymatic FDCA-based semi-aromatic
polyamides is a bit lower than that of the TPA-based counterparts.
This could be attributed to the lower molecular weights of the
FDCA-based semi-aromatic polyamides, and the lower density of
intermolecular hydrogen bonds. The latter is due to the formation
of additional interactions between amide groups and oxygen
heteroatoms of the furan ring as reported in literature.63 Given the
fact that the difference in Tg is quite small (6 ~ 15 °C), we can draw
the conclusion that the FDCA-based and TPA-based semi-aromatic
polyamides possess a comparable Tg.
However, the TPA-based semi-aromatic polyamides possess a
much higher Tm, which is more than 130 °C higher than those of the
FDCA-based counterparts. This is attributed to the formation of
defected polymer crystals in the FDCA-based semi-aromatic
polyamides and their lower degree of crystallinity, which is caused
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by the perturbed hydrogen bondings due to the additional
interactions between amide groups and oxygen heteroatoms of
furan rings.63

2.4

Conclusions

A series of FDCA-based semi-aromatic polyamides is
successfully synthesized via N435-catalyzed polycondensation of
(potentially) biobased DMFDCA and aliphatic diamine differing in
chain length (C4 - C12), using a one-stage method at 90 °C in

toluene. 
 of the resulting products ranges from 15800 to 48300
g/mol, which is higher than those produced via conventional
synthesis techniques. We found that N435 shows the highest
selectivity towards 1,8-ODA (C8) among the tested aliphatic
diamines. Moreover, MALDI-ToF MS analysis suggested that no
byproducts were produced, which could have indicated the
occurrence of undesirable side-reactions during the enzymatic
polymerization. Therefore, enzymatic catalysis is proven to be a
robust pathway towards the synthesis of sustainable FDCA-based
semi-aromatic polyamides. These FDCA-based semi-aromatic
polyamides are promising biobased substitutes to petrol-based
counterparts, which have a great commercial interest as thermal
engineering plastics and high-performance materials.
The enzymatic polymerization kinetics study suggested that

 increases significantly with increase of polymerization time.
We also found that phase separation occurs in the early stage of
polymerization, and the enzymatic solid-state polymerization takes
place. However, a large proportion of the resulting polyamides
possess low molecular weights. As a result, only less than ~ 50 %
of the products were obtained after purification.
All obtained FDCA-based semi-aromatic polyamides possess a
Td-5% and Td-max at around 257 - 378 and 443 - 466 °C, respectively.
In addition, these enzymatic polyamides display a Tm of around 125
- 162 °C (except PA4F), and a Tg of around 82 - 119 °C. Moreover,
| 68

the tested enzymatic FDCA-based semi-aromatic polyamides
having longer diamine units generally possess a lower Tm and Tg,
but a higher crystallization ability.
The enzymatic FDCA-based semi-aromatic polyamides show a
slightly higher Tm and Tg, and similar thermal stability compared to
those produced via conventional synthesis techniques.
Furthermore, these enzymatic FDCA-based semi-aromatic
polyamides possess a comparable Tg and thermal stability, but a
much lower Tm compared to the TPA-based counterparts.
Considering the fact that toluene is not an eco-friendly solvent,
our future research will focus on the use of non-solvent and green
solvents such as ionic liquids and supercritical CO2 for the
enzymatic polymerization of biobased polyamides. We also hope
that the isolation yield and molecular weights can be improved by
using such green solvents.
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Chapter 3
Enzymatic Polymerization of Dimethyl
2,5-Furandicarboxylate and
Heteroatom Diamines
Published in ACS Omega 2018, 3, 7077-7085.
Previously, we have synthesized a diverse range of 2,5-furandicarboxylic
acid (FDCA)-based semi-aromatic polyamides via enzymatic polymerization.
This novel class of polymers are biobased alternatives to polyphthalamides,
which are petrol-based semi-aromatic polyamides. From a commercial
perspective, they have interesting properties as high performance materials
and engineering thermoplastics. It is even more appealing to explore novel
FDCA-based polyamides with added functionality, for the development of
sustainable functional materials. Here, a set of FDCA-based heteroatom
polyamides have been successfully produced via Novozyme 435 (N435)catalyzed polymerization of biobased dimethyl 2,5-furandicarboxylate
(DMFDCA) with (potentially)heteroatom diamines, namely 4,9-dioxa-1,12dodecanediamine (DODA), diethylenetriamine (DETA), and 3,3ethylenediiminopropylamine (EDDA). We performed the enzymatic
polymerization in solution and bulk. The later approach is more sustainable
and result in higher molecular weight products. Among the tested
heteroatom diamines, N435 shows the highest catalytic activity towards
DODA. Furthermore, we find that all obtained FDCA-based heteroatom
polyamides are amorphous materials with a relatively high thermal stability.
These heteroatom polyamides display a glass transition temperature
ranging from 41-107 °C.
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3.1

Introduction

Most commonly, semi-aromatic polyamides are used as highperformance materials and engineering thermoplastics. This is
owned to their good mechanical properties, excellent chemical
resistance, and other interesting features. 1, 2 These polymers have
many applications in the automobile industry, electronic and
electrical appliances, packaging, photovoltaic parts and panels,
medical devices, and also for materials, that are used for oil and gas
extraction.
Currently, semi-aromatic polyamides are mainly produced
from fossil fuels. However, these resources are limited and are
expected to be depleted within a few centuries.3-5 Generally, semiaromatic polyamides are obtained by polycondensation of aliphatic
diamines with petrol-based terephthalic acid (TPA) and ispohthalic
acid (IPA).6, 7 Although the prevalent combination of aliphatic
diamines and aromatic diacids gives access to a large range of semiaromatic polyamides with diverse properties. Using these
compounds in polycondensation to obtain high-molecular-weight
products at high conversion requires extreme condition and is
energy intensive. 8-11
Recent research shows that 2,5-furandicarboxylic acid (FDCA)
has been put forward as an alternative renewable building block to
replace TPA. FDCA is a rigid difunctional furan compound
resembling TPA in structure, which is likely to play an important
role in the construction of biobased polymer materials12-15, for
example, via polycondensation.14 FDCA can be directly generated
by oxidation of 5-(hydroxymethyl)furfural (HMF), which is easily
prepared from widely available renewable C6 sugars or
polysaccharides.16, 17 In addition, the production of other
heteroatom-containing chemicals from renewable resources
(including heteroatom amines) is steadily under development.18
Previously, the polymerization of diverse furanic monomers have
been reported, for example the synthesis of furanic-aromatic
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polyamides from difuranic acid choride and various difuranic
diamines.19, 20 FDCA-based polymers reportedly have better or
similar thermal and mechanical properties compared to TPA based
polymers. 15, 21-27 Consequently, polyphthalamides (semi-aromatic
polyamides) can potentially be replaced by sustainable FDCAbased polyamides.
In general, living organisms synthesizes macromolecules by in
vivo enzyme-catalyzed polymerization. Mimicking such behavior in
nature has let to in vitro enzymatic polymerization to be a wellknown field leading to notable interest in the production of novel
and commodity polymeric materials in a sustainable manner.28-31
Side-reactions can be significantly inhibited by using enzymatic
polymerization due to the high specificity of biocatalysts and mild
reaction conditions.32 In the past decade a vast array of polymer
classes have been produced via enzymatic polymerization, such as
polysaccharides, vinyl polymers, polyester, and polyamides.
Hydrolase is among the most widely used biocatalyst for polymer
synthesis. Hydrolases such as esterases, proteases, and lipases, are
popularly used in polyester synthesis. In addition, hydrolase can
also catalyze the amide bond formation making them good
biocatalysis for polyamide synthesis. Currently, the most
extensively studied enzymes in polyamides synthesis are lipases
and protease. In our laboratory, various polyesters and polyamides
are successfully synthesized via enzymatic polymerization,
including furan-based polyesters and furan-based polyamides. 7, 3336

Although the use of enzymatic polymerization is being
extensively studied, there is still a need for the further exploration
of this method to be applied in the synthesis of various novel
biobased polymers that are still not accessible via conventional
methods, for example, functional FDCA polymers. Due to the
additional functionality, new materials can be developed. Moreover,
FDCA based polymers, especially polyamides, have not been well
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explored up until now, and the knowledge of such polymers is
barely based on limited studies.
The aim of the research is, therefore, to demonstrate the use
of a bio-derived furan monomer in the combination with
heteroatom containing diamines via enzymatic polymerization, to
synthesize biobased polyamides with added functionality. The
resulting products will hereinafter be referred to as FDCA-based
heteroatom polyamides. We performed the enzymatic synthesis
both in solution and in bulk, and the later approach adds more
sustainability aspects to the final products. Moreover, we studied
the thermal properties and crystallinity of these heteroatom
polyamides, and investigated the difference compared to polymers
synthesized from DMFDCA with linear aliphatic diamines.

3.2

Experimental Section

3.2.1

Materials

Novozym 435 (N435, Candida antartica lipase B (CALB)
immobilized on acrylic resin, 5000+U/g), 4,9-dioxa-1,12dodecanediamine (DODA, 99%), diethylenetriamine (DETA,
reagent plus, 99%), 1,2-bis(3-aminopropylamino) ethane (EDDA,
technical grade, 94%), toluene (anhydrous, 99,8%), formic acid
(puriss,98+%), molecular sieves (4 Å), dimethyl sulfoxide-d6
(DMSO-d6, 99,5 atom %D), potassium trifluoroacetate (KTFA, 98%)
were
purchased
from
Sigma-Aldrich.
Dimethyl
2,5furandicarboxylate (DMFDCA, 97%) was purchased from
Fluorochem UK. 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP,99%)
was purchased from TCI Europe. Dithranol (98+%) was purchased
from Fluka. Tertrahydrofuran (THF, stabilized with BHT, pro
analyze) was purchased from Boom BV. 2,5-Dihydroxybenzoic Acid
(DHB, 98-100%) was purchased from ThermoFisher scientific.
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N435 was predried as reported previously37, and the
molecular sieves were preactivated at 200 °C in vacuo. All the other
chemicals were used without further purification.

Predried N435 (20 wt % in relation to the total amount of the
monomer) and preactivated molecular sieves (200 wt %) were
placed in a 25 mL round bottle flask under a nitrogen environment.
Subsequently, DMFDCA (5.000 mmol), diamines (5.000 mmol) and
anhydrous toluene (500 wt %) were added into the flask. The flask
was placed in an oil bath and the reaction mixture was magnetically
stirred under atmospheric pressure at 90 °C for 72h. After that,
formic acid (15 mL) was added to dissolve the products and then
the solution was filtrated (Folded filter type 15 Munktell 240 mm)
to remove N435 and molecular sieves. N435, molecular sieves, and
filter paper were washed three times using formic acid (10 mL). All
the obtained solutions were then combined and concentrated by
rotary evaporator at 40 °C under a reduced pressure of 20-40 mbar.
The concentrated solution was poured in an excess amount of THF.
The solution with the precipitated products were then stored for
several hours at -20 °C. Subsequently, they were isolated via
centrifugation (30 min, 4500 rpm, 4 °C in Thermo/Heraeus
Labofuge 400 R). The obtained crude products were dissolved by a
small amount of formic acid and then added dropwise in to THF.
The final products were collected via centrifugation following the
same procedure mentioned above, and dried in vacuo at 40 °C for 3
days. Finally, they were stored in vacuo at room temperature prior
to analysis.
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3.2.3 Procedure
for
the
N435-Catalyzed
Bulk
Polymerization of DMFDCA with Various Heteroatom
Diamines.
DMFDCA (5.000 mmol, 0.9208 g), diamines (5.000 mmol,
1.0216 g), pre-activated molecular sieves (200 wt %) and predried
N435 (20 wt % in relation to the total amount of the monomer) was
added into a 25 mL round bottle flask. The reaction mixture was
magnetically stirred at 90 °C under atmospheric pressure for 2h,
followed by applying 30 mmHg pressure for 70h. After that, the
obtained products were purified according to the same procedure
as described above. Finally, the products were stored in vacuo at
room temperature before analysis.
Poly(4,9-dioxa-1,12-dodecamethylene furanamide) (PA
DODAF): 1H-NMR (400 MHz, DMSO-d6, δ, ppm): 8.49 (1H, m, -NHCO-, from DODA), 7.10 (2H, s, =CH-, furan), 3.38-3.30 (4H, 12H,
overlap multiplet,-NH-CH2-, -O-CH2-, from DODA), 1.73 (4H, m,
-NH-CH2-CH2-CH2-O-, from DODA), 1.50 (4H, s, -O-CH2-CH2-O-, from
DODA); 13C-NMR (300 MHz, DMSO-d6, δ, ppm): 157.69 (-CO-NH-,
from DMFDCA), 148.67 (-NH-CO-C(O)=CH-, from DMFDCA), 114.69
(=CH-, from DMFDCA), 70.36 (-O-CH2-CH2-, from DODA), 68.16
(-O-CH2-CH2-CH2-NH-CO-, from DODA), 36.42 (-CH2-NH-CO-, from
DODA), 29.94(-CH2-CH2-NH-CO-,from DODA), 26.43 (-O-CH2-CH2-,
from DODA).
Poly(3-aza-1,5-pentamethylene
furanamide)
(PA
1
DETAF): H-NMR (400 MHz, DMSO-d6, δ, ppm): 8.25 (1H, m, -NHCO-, from DETA), 7.12 (2H, s, =CH-, furan), 3.43 (4H, m, -CO-NHCH2-, from DETA), 2.85 (4H, s, -NH-CH2- , from DETA); 13C-NMR
(400 MHz, DMSO-d6, δ, ppm): 157.62 (-CO-NH-, from DMFDCA),
148.06 (-NH-CO-C(O)=CH-, from DMFDCA), 114.57 (=CH-, from
DMFDCA), 47.29 (-CH2-NH-, from DETA), 36.88 (-NH-CO-CH2-, from
DETA), 150.28 (C=O, end groups from DMFDCA), 119.26 (=CH-, end
groups from DMFDCA, 52.21 (-OCH3, end groups from DMFDCA).
Poly(4,7-diaza-1,10-decamethylene furanamide) (PA
EDDAF): 1H-NMR (400 MHz, DMSO-d6, δ, ppm): 8.35 (1H, m, -NH| 80

CO-, from EDDA), 7.13 (2H, s, =CH-, furan), 3.29-3,25 (4H, 8H,
overlap multiplet, -CO-NH-CH2-, -NH-CH2-, from EDDA), 1.76 (4H,
m, -NH-CH2-CH2- , from EDDA); 13C-NMR (400 MHz, DMSO-d6, δ,
ppm): 157.38 (-CO-NH-, from DMFDCA), 148.15 (-NH-CO-C(O)=CH-,
from DMFDCA), 114.38 (=CH-, from DMFDCA), 48.63 (-NH-CH2CH2-NH-, from EDDA), 44.6(-CO-NH-CH2-CH2-CH2-NH-, from EDDA),
36.37 (-CO-NH-CH2-, from EDDA), 27.18 (-CO-NH-CH2-CH2-, from
EDDA).
Furanic-aliphatic heteroatom polyamides (ν, cm-1): 3251 3290 (N-H stretching vibrations); 3101 - 3114 (=C-H stretching
vibrations of the furan ring); 2935 - 2944, 2831 - 2873 (asymmetric
and symmetric C-H stretching vibrations); 1643 - 1646 (C=O
stretching vibrations); 1571 - 1573 (aromatic C=C bending
vibrations); 1500 - 1533 (N-H bending vibrations); 1429 - 1500,
1369 - 1440 (C-H deformation and wagging vibrations); 1342 1365 (C-H rocking vibrations); 1286 - 1288 (C-N stretching
vibrations); 1105 (C-O-C asymmetric stretching vibrations, DODA);
1099 - 1168, 1012 - 1016 (=C-O-C= ring vibrations, furan ring); 962
- 966, 821 - 825, 744 - 759 (=C-H out-of-plane deformation
vibrations, furan ring).
3.2.4

Instrumental Methods

NMR spectra were recorded on a Varian VXR Spectrometer
400; 13C 300 MHz), using DMSO-D6 as the solvent. Chemical
shifts (δ) are reported in ppm, whereas the chemical shifts were
referenced to the resonances of the residual solvent or
tetramethylsilane (TMS).
Attenuated total reflection-Fourier transform infrared (ATRFTIR) spectra were recorded on a Bruker VERTEX 70 spectrometer
in the range of 4000-400 cm-1, with 16 scans for each sample at a
nominal resolution of 4 cm-1 using a diamond single reflection
attenuated total reflectance (ATR).
Size exclusion chromatography (SEC) was performed in DMF
(containing 0.01 M LiBr) on a Viscotek GPCmax equipped with
(1H:

1H
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model 302 TDA detectors, two columns (Agilent TechnologiesPolar-Gel-L and M, 8 µm 30 cm) at a flow rate of 1.0 ml∙min-1. The
columns and detectors were held at 50 °C. Data acquisition and
calculations were performed using Viscotek OmniSec software
version 5.0. Molecular weights were determined based on a
conventional calibration curve generated from narrow dispersity

polystyrene standards (Agilent and PSS, 
 = 550 - 1190000
g/mol). The samples were filtered over a 0.2 µm PTFE filter prior
to injection.
Thermal transitions of the obtained polyamides were
measured by differential scanning calorimetry (DSC) on a TAInstruments Discovery DSC 2500. The samples were scanned by
heating-cooling-heating scans with heating-cooling rates of
10 °C/min. Tzero alumunium pinhole hermetic pans were used for
all the DSC measurements.
Thermal stability of the obtained polyamides was
characterized by thermal gravimetric analysis (TGA) on a TAInstruments Discovery TGA 5500 on an open pan under a nitrogen
environment. The scan rate was 10 °C/min. To remove the
remaining water and solvents in the polymer, the tested sample
was first heated up to 150 °C and then maintained at this
temperature for 30 min. before the standard TGA measurement.
Matrix-assisted laser desorption/ionization-time of flight
mass spectrometry (MALDI-ToF MS) measurements were
performed on a Biosystems Voyager-DE PRO spectrometer in the
positive ionization and the linear mode using an accelerating
voltage of 25 kV. The grid voltage, guide wire voltage, and delay
time were optimized for each spectrum to achieve the best signalto-noise ratio. PA DODAF and PA DETAF samples were prepared
using 20mg/mL matrix solution of dithranol in HFIP. Polymer
sample solution in HFIP (1-2 mg/ml), potassium trifluoroacetate in
HFIP (KTFA, 5 mg/mL) and Dithranol (20 mg/mL) were premixed
in a ratio of 5:1:5. After that, the resulting mixture (0,2-0,6 µL) was
hand-spotted on a MALDI target plate and left to dry. PA EDDAF
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samples were prepared using 40mg/mL matrix solution of 2,5Dihydroxybenzoic Acid (DHB) in 70/30 acetonitrile/water with
0.1% TFA. Typically, a 1:2 mixture of polymer sample solution in
HFIP (1-2 mg/ml) was mixed with the DHB matrix solution.
Subsequently, the mixture was hand-spotted on the MALDI target
plate and left to dry. Polyamide species having different end groups
were determined by the following equation:  =  +  ×
  +  , where  is the molecular masses of a polyamide
species,  is the molecular mass of the end groups, n is the
number of the repeating units,  is the molecular mass of the
repeating units, and  is the molecular mass of the potassium
cation.
Wide-angle X-ray diffraction (WAXD) spectra were recorded
at room temperature using a Bruker D8 Advance diffractometer
(Cu Kα radiation, λ = 0.1542 nm) in the angular range of 5-50° (2θ).

3.3

Results and Discussion

3.3.1 N435-Catalyzed Polycondensation of DMFDCA and
Various Heteroatom Diamines via Solution and Bulk
Polymerization
In this work, a series of FDCA-based heteroatom polyamides
namely PA DODAF, PA DETAF and PA EDDAF were successfully
synthesized via enzymatic polymerization (see Scheme 3.1). The
enzymatic polycondensation was carried out in bulk as well as in
solution at 90 °C using the biocatalyst N435. Biobased DMFDCA and
three heteroatom diamines were used as the monomer: DODA with
ether groups, and DETA and EDDA having secondary amine groups.
The enzymatic polymerization results are summarized in Table 3.1.
The obtained FDCA-based heteroatom polyamides chemical
structures are confirmed by ATR-FTIR and NMR (see Figure 3.1 and
3.2). The experimental section described detailed NMR and IR
assignments.
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Scheme 3.1 Enzymatic synthesis of FDCA-based heteroatom
polyamides via N435-catalyzed polycondensation of DMFDCA and
heteroatom diamines in solution or bulk.
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Figure 3.1 ATR-FTIR spectra of FDCA-based heteroatom polyamides
produced via enzymatic polymerization in bulk.
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Figure 3.2 1H NMR spectra of FDCA-based heteroatom polyamides
produced via enzymatic polymerization in bulk.
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Influence of Diamines on Enzymatic Polymerization.

FDCA-based heteroatom polyamides with relatively high
molecular weight up to 14900 g/mol was obtained by using DODA
as diamine monomer (Table 3.1). By changing to heteroatom
diamines containing secondary amine groups (DETA and EDDA),
the enzymatic polymerization resulted in lower molecular weight
polyamides. This indicated that N435 shows better catalytic
activity towards DODA compared to DETA and EDDA. This result
concur well with Schwab et al.38 , in which he also demonstrate that
the amide formation by CALB is preferable with DODA compared
to DETA. However, we have to take into account the fact that
reactivity of the diamines has a strong influence on molecular
weights. In general, the reactivity of amines depends on both its
basicity and nucleophilicity. The basicity increases with the
number of the electro donating groups that are linked to the amine
functionality. The nucleophilicity is determined by several factors
such as its charge, the nature of the chemical group present in or
near the amine substituents, and the nature of the solvent used in
the reaction.39
The enzymatic polymerization with DODA resulted in PA
DODAF with the lowest isolation yield compared to the other two.
Upon changing to diamines having secondary amine groups, the
isolation yield increases to more than ~50%. This can be explained
by the higher solubility of PA DODAF oligomers in the precipitant
(THF). PA DODAF oligomers have a higher solubility in the THF
compared to PA DETAF and PA EDDAF oligomers. During the
purification steps a higher amount of short chain oligomers were
removed, thus resulting in lower yields. Another polymerization
method or other suitable precipitants should be used to increase
the reaction yield.
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Table 3.1 Molecular weight and thermal properties of the FDCAbased heteroatom polyamides.

(g mol-1)


 b

Ðb


(
 / )

Yieldd
(%)

Tge
(°C)

Td
(°C)

14930

14200

2.35

26

58

264f;351h

-c

3700

-c

71

107

204f;292 g;361h

-c

60

51

193f;358h

Polymer

Solvent

Vaccum
(mmHg)

 b

(g mol-1)

b



(g mol-1)

PA
DODAF

Toluene

atm

6360

Toluene

atm

-c

Toluene

atm

PA
DETAF

PA
EDDAF

Bulk
Bulk
Bulk

30a
30a
30a

8030
-c

-c
-c

16620
-c

-c
-c

17000
5300

4800

5300

2.07
-c
-c

37
93
79

44
93

297f;432h

202f;288g;358 h

41

186f,366h

aThe polymerization conditions used were: Stage-1: 80 °C, 2h, atm; and Stage-2: 80 °C, 70h, 30 mmHg. bThe number average molecular weight (
 ), weight average
c


 
molecular weight (
 ), peak molecular weight ( ), and dispersity (Ð,  /  ) were determined by SEC using DMF/LiBr as the eluent. Can not be corrected: signal

is partly outside the polystyrene standard range dIsolated yield. eTg (glass transition temperature) was measured from the second DSC heating scan. fDecomposition
temperature at 5% weight loss (Td-5%). gDecomposition temperature at 10% weight loss (Td-10%). hTemperature at the maximum rate of decomposition.

Previously in our laboratory, different FDCA-based aromatic
polyamides (see Scheme 3.2a) were successfully synthesized by
using N435 as biocatalyst.33 FDCA-based aromatic polyamides with
high weight-average molecular weight up to 48300 g mol-1 were
successfully prepared. However, in this study, the enzymatic
polymerization gave significantly lower molecular weight
heteroatom counterparts. This may suggest that the tested
heteroatom diamines (DODA, DETA, and EDDA) are less favored by
CALB due to its ether or amine groups. This is in good agreement
with our earlier findings, in which we also found that the enzymatic
polymerization of polyester involving alkane-α,ω-aliphatic linear
diols is more favored compared to diethylene glycol.35 Nevertheless,
our results prove the substrate promiscuity of Candida antartica
lipase B as the biocatalyst.
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3.3.3 Influence of the Enzymatic Polymerization Method on
the Molecular weights and Isolation Yields.
Both the enzymatic polymerization in toluene and in bulk give
FDCA-based heteroatom polyamide with comparable molecular
weights, but in bulk, the molecular weights are higher. From this,
we can conclude that the enzymatic polymerization in bulk is
preferred. The high molecular weights in bulk polymerization
could be attributed to the lower enzyme catalytic activity in the
organic solvent: toluene. Toluene possesses a log P value of 2.73,
which is a suitable organic solvent for the lipase-catalyzed
polymerization. However, the presence of toluene in the system
changes the structure conformation of the enzyme and thus
reduces its catalytic activity.40 On the other hand, in the solvent free
system the enzyme retains its structure and thus shows a higher
catalytic activity. Furthermore, we applied vacuum in the
enzymatic polymerization in bulk where the elimination of the
residual alcohol and water is facilitated.
The enzymatic polymerization in bulk resulted in FDCA-based
heteroatom polyamides with higher isolation yields compared to
that in toluene. This is quite reasonable due to the fact that the
enzymatic polymerization in toluene gives lower molecular weight
FDCA-based heteroatom polyamides.
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Scheme 3.2 Chemical structures of (a) FDCA-based aromatic
polyamides (PAXF) and (b) FDCA-based heteroatom polyamides.

3

Chapter 3

3.3.4 Microstructures of
Heteroatom Polyamides.

the

Obtained

FDCA-based

The microstructures and end groups of the FDCA-based
heteroatom polyamides were analyzed by MALDI-ToF MS. Figure
3.3 shows the representative MALDI spectra.
Similarly, as in our previous study, when we used monoatomic
aliphatic diamines, eight different polyamide species were
identified (see Table 3.2). They were terminated by ester/ester,
amine/amine, ester/amine, acid/amine, acid/acid, ester/amide,
ester/acid and cyclic polyamides (without end groups). However,
in this work, additional end groups are identified. The heteroatom
bond in the amine end group can easily be cleaved off during the
ionization of the molecules in the MALDI-ToF measurement,
resulting in new fragmentation patterns. Therefore, additional
peaks are observed. For example, in the MALDI-ToF spectrum of PA
DODAF, the peaks assigning to the additional end groups are
marked as peak I and J (see Figure 3.3 and Table 3.3), indicating
that the amine (DODA) end group of PA DODAF undergo
fragmentation in C-α of the ether bond during MALDI-ToF
measurements.
As previously reported by our group, the acid end group is
formed because during the polymerization the esters were
catalytically hydrolyzed by N435.7, 11, 33 The formation of amide end
groups occurred because of the reaction between amine groups
and formic acid that we use at the purification step.11
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Figure 3.3 (a) MALDI-ToF MS spectrum of the obtained PA DODAF
and (b) magnified part with detailed peak interpretation. A-H
represent eight polyamide species ionized by K+. G’ represents the
polyamides having the acid/acid end groups that are ionized by Na+.
H” represents the polyamide having ester/amide end groups that are
ionized by H+. I-M represent five polyamide species fragments due to
the fragmentation in the heteroatom bond. I’-K’ represent the
polyamide species fragment that are ionized by Na+. PA DODAF was
produced via enzymatic polymerization in bulk.

| 89

3

Chapter 3

Table 3.2 MALDI-ToF MS Analysis: end groups of the obtained
FDCA-based heteroatom polyamides
End groups

Remaining mass
(amu)

A

Ester/Amine

32.03

B

Ester/Ester

184.15

Entry

Polymer species

R = -(CH2)3-O-(CH2)4-O(CH2)3-: 204.19
R = -(CH2)2-NH-(CH2)2-:
103.11
R = -(CH2)3-NH-(CH2)2-NH(CH2)3-: 174.29

C

Amine/Amine

D

Cyclic

E

Acid/Amine

18.02

F

Ester/Acid

170.12

G

Acid/Acid

156.09

H

Ester/Amide

60.05
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Table 3.3 MALDI-ToF MS Analysis: additional end groups of the
obtained PA DODAF
Polymer species

Remaining
mass (amu)

I

241.1

J

269.13

K

299.13

L

117.12

M

197.07

CHAPTER

Entry

3.3.5 Crystallinity and Thermal Properties of the Obtained
FDCA-based Heteroatom Polyamides.
The thermal behavior of the tested FDCA-based heteroatom
polyamides was analyzed by DSC. No melting and crystallization
peaks were observed. This indicated that the obtained FDCA-based
heteroatom polyamides are amorphous materials. As confirmed by
the WAXD measurements, no reflection peaks but only broad halo
appeared (Figure 3.4).
The glass transition temperature (Tg) of the obtained FDCAbased heteroatom polyamides are presented in Table 3.1 and
Figure 3.5. The Tg was ranging from 41-107 °C. PA DETAF showed
the highest Tg of 107 °C. This can be explained by two facts. First,
the repeating unit of PA DETAF is the most rigid because of its
shortest chain length. Second, the intermolecular hydrogen bond
density in PA DETAF is higher due to the secondary amine groups.
Moreover, the Tg of PA EDDAF approaches that of PA DODAF, even
though the molecular weight of PA EDDAF is much lower. This can
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be also explained by the higher intermolecular hydrogen bond
density in PA EDDAF.
Relative Intensity (a.u)

PA EDDAF Bulk
PA EDDAF Solvent

PA DETAF Bulk
PA DETAF Solvent

PA DODAF Bulk
PA DODAF Solvent

10

20

30

40

50

o

2θ ( )

Figure 3.4 Wide-Angle X-Ray Diffraction (WAXD) spectra of the
obtained FDCA-based heteroatom polyamides.
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Figure 3.5 DSC second heating curves of the obtained FDCA-based
heteroatom polyamides: (a) PA DODAF; (b) PA DETAF, and (c)
EDDAF.
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We also noticed that the Tg of FDCA-based heteroatom
polyamides from enzymatic polymerization in bulk is lower,
despite having higher molecular weight. This could be elucidated
by the varied composition of the end groups generated from
different synthetic approaches.
The Tg of the synthesized FDCA-based heteroatom polyamides
decreases as the chain length of the heteroatom aliphatic diamine
units increases. These results also agreed well with our previous
results reported in the literature, 33 which indicated that the Tg of
semi-aromatic polyamides decreased, whereas the chain length of
the aliphatic diamine units increased.
The thermal stability of the tested FDCA-based heteroatom
polyamides was determined by TGA. Figure 3.6 shows the TGA
curves of the FDCA-based heteroatom polyamides. The
temperature at 5% weight loss (Td-5%) of all FDCA-based
heteroatom polyamides was around 186 – 297 °C. The temperature
of maximal rate of decomposition (Td) of all FDCA-based
heteroatom polyamides was ranging from 351 – 432 °C. In addition,
we also observe 10% weight loss step in PA DETAF at temperature
around 288 – 292 °C. The temperature at the maximum rate of
decomposition can mostly associate with the thermal cleavage of
the amide bonds in the polymer backbones. However, to obtain
additional information for understanding the thermal degradation
mechanism steps, further analysis using TGA-GC/MS coupling
measurements are needed in the future. Considering their high
decomposition temperature, all FDCA-based heteroatom
polyamides have a very wide processing window.
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Figure 3.6 TGA traces of the obtained FDCA-based heteroatom
polyamides: (a) enzymatic polymerization in solution; and (b) in bulk

3.4

Conclusions

We demonstrate that enzymatic catalysis is a robust pathway
towards the synthesis of FDCA-based heteroatom polyamides. As
confirmed by 1H NMR and ATR-FTIR analysis, a series of FDCAbased heteroatom polyamides are successfully synthesized, with a


 of up to 16620 g/mol. We found that N435 shows the highest
catalytic activity towards DODA, a diamines having ether groups,
compared to the other two with secondary amines. Additionally,
we found that enzymatic polymerization in bulk is more preferred.
Furthermore, MALDI-ToF MS results indicated that no polyamides
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species can be assigned to the byproducts from undesirable sidereaction.
All obtained FDCA-based heteroatom polyamides are
amorphous materials with relatively high thermal stability. TGA
analysis results show that all obtained FDCA-based heteroatom
polyamides possess a Td-5% and Td-max at around 186-297 °C and
351-432 °C, respectively. Moreover, these heteroatom polyamides
possess a glass transition temperature at around 41-107 °C. Due to
the polymer chain rigidity, tested FDCA-based heteroatom
polyamides having shorter diamine units generally possess higher
glass transition temperature.
In the future research, it will be of great interest to optimize
reaction parameters to facilitate the enzymatic polymerization.
Furthermore, we are aiming to thoroughly understand the
enzymatic polymerization mechanism, thus we can design a
greener and more efficient pathway towards diverse biobased
polymers.

| 95

CHAPTER

Enzymatic Polymerization of Dimethyl 2,5-Furandicarboxylate and Heteroatom Diamines

3

Chapter 3

3.5

References

1.

Glasscock, D.; Atolino, W.; Kozielski, G.; Martens, M., High
performance polyamides fulfill demanding requirements for
automotive thermal management components. DuPont
Engineering Polymers 2008.
Marchildon, K., Polyamides – Still Strong After Seventy Years.
Macromolecular Reaction Engineering 2011, 5, (1), 22-54.
Williams, C. K.; Hillmyer, M. A., Polymers from Renewable
Resources: A Perspective for a Special Issue of Polymer Reviews.
Polymer Reviews 2008, 48, (1), 1-10.
van Putten, R.-J.; van der Waal, J. C.; de Jong, E.; Rasrendra, C. B.;
Heeres, H. J.; de Vries, J. G., Hydroxymethylfurfural, A Versatile
Platform Chemical Made from Renewable Resources. Chemical
Reviews 2013, 113, (3), 1499-1597.
Rass-Hansen, J.; Falsig, H.; Jørgensen, B.; Christensen, C. H.,
Bioethanol: fuel or feedstock? Journal of Chemical Technology &
Biotechnology 2007, 82, (4), 329-333.
Weber, J. N., Polyamides. In Kirk-Othmer Encyclopedia of Chemical
Technology., 4th ed.; John Wiley & Sons, Inc: 2011; Vol. 19, pp 454518.
Jiang, Y.; Maniar, D.; Woortman, A. J. J.; Alberda van Ekenstein, G.
O. R.; Loos, K., Enzymatic Polymerization of Furan-2,5Dicarboxylic Acid-Based Furanic-Aliphatic Polyamides as
Sustainable
Alternatives
to
Polyphthalamides.
Biomacromolecules 2015, 16, (11), 3674-3685.
Poojari, Y.; Clarson, S. J., Lipase-Catalyzed Synthesis and
Properties of Silicone Aromatic Polyesters and Silicone Aromatic
Polyamides. Macromolecules 2010, 43, (10), 4616-4622.
Poulhes, F.; Mouysset, D.; Gil, G.; Bertrand, M. P.; Gastaldi, S., CALB catalyzed synthesis of chiral polyamides. TetrahedronAsymmetry 2012, 23, (11-12), 867-875.
Stavila, E.; Arsyi, R. Z.; Petrovic, D. M.; Loos, K., Fusarium solani
pisi cutinase-catalyzed synthesis of polyamides. European
Polymer Journal 2013, 49, (4), 834-842.
Stavila, E.; van Ekenstein, G. O. R. A.; Loos, K., Enzyme-Catalyzed
Synthesis of Aliphatic-Aromatic Oligoamides. Biomacromolecules
2013, 14, (5), 1600-1606.
Sousa, A. F.; Matos, M.; Freire, C. S. R.; Silvestre, A. J. D.; Coelho, J.
F. J., New copolyesters derived from terephthalic and 2,5furandicarboxylic acids: A step forward in the development of
biobased polyesters. Polymer 2013, 54, (2), 513-519.

2.
3.

4.
5.
6.
7.
8.
9.
10.
11.
12.

| 96

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

Gandini, A., The irruption of polymers from renewable resources
on the scene of macromolecular science and technology. Green
Chemistry 2011, 13, (5), 1061-1083.
Gandini, A.; Lacerda, T. M.; Carvalho, A. J. F.; Trovatti, E., Progress
of Polymers from Renewable Resources: Furans, Vegetable Oils,
and Polysaccharides. Chemical Reviews 2016, 116, (3), 16371669.
de Jong, E.; Dam, M. A.; Sipos, L.; Gruter, G. J. M., Furandicarboxylic
Acid (FDCA), A Versatile Building Block for a Very Interesting
Class of Polyesters. In Biobased Monomers, Polymers, and
Materials, American Chemical Society: 2012; Vol. 1105, pp 1-13.
Delidovich, I.; Hausoul, P. J. C.; Deng, L.; Pfützenreuter, R.; Rose,
M.; Palkovits, R., Alternative Monomers Based on Lignocellulose
and Their Use for Polymer Production. Chemical Reviews 2016,
116, (3), 1540-1599.
Vilela, C.; Sousa, A. F.; Fonseca, A. C.; Serra, A. C.; Coelho, J. F. J.;
Freire, C. S. R.; Silvestre, A. J. D., The quest for sustainable
polyesters - insights into the future. Polymer Chemistry 2014, 5,
(9), 3119-3141.
Hülsey, M. J.; Yang, H.; Yan, N., Sustainable Routes for the
Synthesis of Renewable Heteroatom-Containing Chemicals. ACS
Sustainable Chemistry & Engineering 2018, 6, (5), 5694-5707.
Abid, S.; El Gharbi, R.; Gandini, A., Polyamides incorporating furan
moieties. 5. Synthesis and characterisation of furan-aromatic
homologues. Polymer 2004, 45, (17), 5793-5801.
Gharbi, S.; Gandini, A., Synthese de nouveaux polyamides
entierement furaniques. JOURNAL-SOCIETE CHIMIQUE DE
TUNISIE 2004, 6, (1), 17-26.
Gandini, A.; Silvestre, A. J. D.; Neto, C. P.; Sousa, A. F.; Gomes, M.,
The furan counterpart of poly(ethylene terephthalate): An
alternative material based on renewable resources. Journal of
Polymer Science Part A: Polymer Chemistry 2009, 47, (1), 295-298.
Deng, J.; Liu, X.; Li, C.; Jiang, Y.; Zhu, J., Synthesis and properties of
a bio-based epoxy resin from 2,5-furandicarboxylic acid (FDCA).
RSC Advances 2015, 5, (21), 15930-15939.
Gubbels, E.; Jasinska-Walc, L.; Koning, C. E., Synthesis and
Characterization of Novel Renewable Polyesters Based on 2,5Furandicarboxylic Acid and 2,3-Butanediol. Journal of Polymer
Science Part A-Polymer Chemistry 2013, 51, (4), 890-898.
Moreau, C.; Belgacem, M. N.; Gandini, A., Recent catalytic advances
in the chemistry of substituted furans from carbohydrates and in
the ensuing polymers. Topics in Catalysis 2004, 27, (1-4), 11-30.
Du, P.; Wu, M.; Liu, X.; Zheng, Z.; Wang, X.; Sun, P.; Joncheray, T.;
Zhang, Y., Synthesis of linear polyurethane bearing pendant furan
| 97

CHAPTER

Enzymatic Polymerization of Dimethyl 2,5-Furandicarboxylate and Heteroatom Diamines

3

Chapter 3

26.
27.

28.
29.

30.
31.
32.
33.
34.
35.
36.
37.

| 98

and cross-linked healable polyurethane containing Diels-Alder
bonds. New Journal of Chemistry 2014, 38, (2), 770-776.
Thibault, C.; Jocelyne, G.; Alain, R.; Jérôme, D., Synthesis and
properties of polyamides from 2,5 ‐ furandicarboxylic acid.
Journal of Applied Polymer Science 2018, 135, (8), 45901.
Kai, M.; Guofei, C.; Wei, W.; Anjiang, Z.; Yingying, Z.; Yajie, Z.;
Xingzhong, F., Partially bio‐based aromatic polyimides derived
from 2,5 ‐ furandicarboxylic acid with high thermal and
mechanical properties. Journal of Polymer Science Part A: Polymer
Chemistry 2018, 56, (10), 1058-1066.
Gross, R. A.; Kumar, A.; Kalra, B., Polymer synthesis by in vitro
enzyme catalysis. Chemical Reviews 2001, 101, (7), 2097-2124.
Kobayashi, S.; Makino, A., Enzymatic polymer synthesis: an
opportunity for green polymer chemistry. Chem Rev 2009, 109,
(11), 5288-353.
Gross, R. A.; Ganesh, M.; Lu, W., Enzyme-catalysis breathes new
life into polyester condensation polymerizations. Trends in
biotechnology 2010, 28, (8), 435-443.
Jiang, Y.; Loos, K., Enzymatic Synthesis of Biobased Polyesters and
Polyamides. Polymers 2016, 8, (7), 243.
Semlitsch, S. Building blocks for polymer synthesis by enzymatic
catalysis. PhD Dissertation, KTH Royal Institute of Technology,
2017.
Jiang, Y.; Maniar, D.; Woortman, A. J. J.; Loos, K., Enzymatic
synthesis of 2,5-furandicarboxylic acid-based semi-aromatic
polyamides: enzymatic polymerization kinetics, effect of diamine
chain length and thermal properties. RSC Advances 2016, 6, (72),
67941-67953.
Jiang, Y.; Woortman, A.; van Ekenstein, G.; Loos, K., EnzymeCatalyzed Synthesis of Unsaturated Aliphatic Polyesters Based on
Green Monomers from Renewable Resources. Biomolecules 2013,
3, (3), 461-480.
Jiang, Y.; Woortman, A. J. J.; Alberda van Ekenstein, G. O. R.; Loos,
K., A biocatalytic approach towards sustainable furanic-aliphatic
polyesters. Polymer Chemistry 2015, 6, (29), 5198-5211.
Jiang, Y.; Woortman, A. J. J.; van Ekenstein, G. O. R. A.; Petrovic, D.
M.; Loos, K., Enzymatic Synthesis of Biobased Polyesters Using
2,5-Bis(hydroxymethyl)furan
as
the
Building
Block.
Biomacromolecules 2014, 15, (7), 2482-2493.
Jiang, Y.; van Ekenstein, G. O. R. A.; Woortman, A. J. J.; Loos, K., Fully
Biobased Unsaturated Aliphatic Polyesters from Renewable
Resources: Enzymatic Synthesis, Characterization, and
Properties. Macromolecular Chemistry and Physics 2014, 215,
(22), 2185-2197.

38.

39.
40.

Schwab, L. W. Polyamide synthesis by hydrolases. PhD, University
of Groningen, Groningen, 2010.
Froidevaux, V.; Negrell, C.; Caillol, S.; Pascault, J.-P.; Boutevin, B.,
Biobased Amines: From Synthesis to Polymers; Present and
Future. Chemical Reviews 2016, 116, (22), 14181-14224.
Wang, S.; Meng, X.; Zhou, H.; Liu, Y.; Secundo, F.; Liu, Y., Enzyme
Stability and Activity in Non-Aqueous Reaction Systems: A Mini
Review. Catalysts 2016, 6, (2), 32.

| 99

CHAPTER

Enzymatic Polymerization of Dimethyl 2,5-Furandicarboxylate and Heteroatom Diamines

3

| 100

Chapter 4
Furan-Based Copolyesters from
Renewable Resources: Enzymatic
Synthesis and Properties
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Enzymatic polymerization provides an excellent opportunity for the
conversion of renewable resources into polymeric materials in an effective
and sustainable manner. A series of furan-based copolyesters was
-1

synthesized with M
w up to 35 kg mol , by using Novozyme 435 as a
biocatalyst and dimethyl 2,5-furandicarboxylate (DMFDCA), 2,5bis(hydroxymethyl)furan (BHMF), aliphatic linear diols, and diacid ethyl
esters as monomers. The synthetic mechanism was evaluated by the
variation of aliphatic linear monomers and their feed compositions.
Interestingly, there was a significant decrease in the molecular weight if the
aliphatic monomers were changed from diols to diacid ethyl esters. The
obtained copolyesters were thoroughly characterized and compared with
their polyester analogs. Our findings provide a closer insight into the
application of enzymatic polymerization techniques in designing
sustainable high-performance polymers.
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4.1

Introduction

The movement towards greener alternatives in polymer
science steadily grows as the drive for sustainability continues.1-3
The increasing concerns regarding environmental pollution and
crude oil depletion and price fluctuation have pulled both academia
and industry to focus more on green raw materials, chemistry, and
processing.4-6 To this regard, the conversion of renewable
resources into prevalent polymer materials through enzymatic
polymerization has become a particularly irresistible path.
Compared to conventional chemically-catalyzed processes,
enzymatic polymerization has been proven to be effective as a
more eco-friendly synthesis route.7, 8 In addition to the mild
reaction conditions, the high-selectivity of enzymes also allows to
avoid tedious protection-deprotection steps and improves the end
products quality.7, 9 In the past few years, enzymes have been used
to synthesize a wide array of polymer classes, for instance,
polyesters10-15, polyamides16-22, vinyl polymers23, 24, and
polysaccharides25. Nevertheless, compared to the conventional
synthetic route, the application of enzymatic polymerization is
somehow still economically limited. One interesting approach to
circumvent this limitation is to design sustainable highperformance polymers for technologically relevant applications.
In general, aromatic compounds provide rigidity to a polymer
chain, due to the inhibition of the rotational flexibility.26 Polymers
with rigid backbone are often characterized by their high thermal
and mechanical stability and are therefore suitable for the use as
high-performance polymers.27 Among them furan-based polyesters
are promising sustainable alternatives with great interest. In
addition to their sustainability, they possess similar or even better
properties than their petrol-based counterparts. For example,
poly(ethylene furanoate) (PEF) shows better barrier properties
compared to poly(ethylene terephthalate) (PET).28, 29
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An array of different furan polyesters were successfully
synthesized by Okada,30 Ballauff,31, and Gandini32-34 since the 1990s.
Thereafter, various furanic-aliphatic polyesters have been
reported, such as, poly(ethylene furanoate) (PEF), poly(butylene
furanoate) (PBF), and poly(2,3-butylene furanoate) (P23BF).35-40
We recently found that enzymatic polymerization can be used to
synthesize different semi-aromatic furan-based polyesters
(Scheme 4.1), by using dimethyl 2,5-furandicarboxylate (DMFDCA)
or 2,5-bis(hydroxymethyl)furan (BHMF).13, 15
To further enhance the properties, the additional
incorporation of aromatic content through copolymerization, in
which two or more different polyester backbones are chemically
linked together, can be an interesting approach. For example, Ma et
al.41, Wu et al.42, Sousa et al.43, and Morales-Huerta et al.44 applied
various conventional methods to synthesize furan-based
copolyesters. Recently, Morales-Huerta et al.45, 46 have reported the
enzymatic ring opening polymerization of poly(butylene 2,5furandicarboxylate-co-butylene
succinate)
and
poly(εcaprolactione-co-butylene 2,5-furandicarboxylate).

Scheme 4.1 Enzymatic synthesis of semi-aromatic furan-based
polyesters from (a) DMFDCA and aliphatic diols, and (b) BHMF and
diacid ethyl esters.
Inspired by our previous findings, we explored the enzymatic
copolymerization of two carbohydrate-sourced monomers
(DMFDCA and BHMF) with aliphatic linear monomers, to prepare
several semi-aromatic copolyesters. By performing a detailed
analysis of the enzymatic copolymerization, we observed the
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distinct activity of the enzyme towards different building blocks.
We also investigated the morphologies as well as the thermal
properties of the obtained furan-based copolyesters.

4.2

Experimental Section

4.2.1

Materials

Novozym 435 (N435, Candida antartica lipase B (CALB)
immobilized on acrylic resin, ≥5000 U/g), 1,4-butanediol (1,4-BDO,
99 %), 1,6-hexanediol (1,6-HDO, 99%), 1,8-octanediol (1,8-ODO,
98%), 1,10-decanediol (1,10- DDO, 98%), 1,12-dodecanediol (1,12DODO, 99%), diethyl succinate (99 %), diethyl adipate (99 %),
diethyl sebacate (98+%), deuterated chloroform (CDCl3-d1, 99.8
atom% D), chloroform (CHCl3, Chromasolv HPLC, ≥99.8%, amylene
stabilized) and diphenyl ether (99%) were purchased from SigmaAldrich. Dimethyl 2,5-furandicarboxylate (DMFDCA, 97%) was
purchased from Fluorochem UK. Diethyl dodecanedioate (95+ %)
was purchased from TCI Europe. Diethyl suberate (99%) was
purchased from ABCR. 2,5-Bis(hydroxymethyl)furan (BHMF,
98+%) was purchased from Apollo Scientific. Chloroform (CHCl3,
ChromAR HPLC, ethanol stabilized) and n-hexane (n-Hx, 99%)
were obtained from Macron. Absolute methanol (MeOH, AR) was
obtained from Biosolve Chemicals.
N435 was predried as reported previously11. Diphenyl ether
was distilled at 140 °C under reduced pressure and stored with
activated 4 Å molecular sieves before use. All the other chemicals
were used as received.

4.2.2 General Synthetic Procedure for CALB-catalyzed
Copolymerization with a Temperature Varied Two-stage
Method.
Based on our previously reported studies13, the following
temperature varied two-step enzymatic polymerization procedure
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was applied. As an example, the experimental co-polymerization of
DMFDCA, BHMF and diethyl succinate is described as follows.
Predried N435 (20 wt % in relation to the total amount of the
monomer) was fed to a 25 mL round bottle under a nitrogen
environment. Subsequently, DMFDCA (524 mg, 2.85 mmol), BHMF
(730 mg, 5.70 mmol), diethyl succinate (496 mg, 2.85 mmol) and
diphenyl ether (6 mL) were added into the flask. In the first step of
the reaction, the flask was magnetically stirred in an oil bath and
heated to 80 °C for 2h under a nitrogen atmosphere. Then at the
second stage, the pressure was reduced stepwise to 2 mmHg while
the reaction temperature was kept at 80 °C for the first 48h. Finally,
the reaction temperature was increased to 95 °C under full vacuum
for the last 24h.
After that, the flask was cooled down. Chloroform (20 mL) was
added to dissolve the products. N435 was filtered off by normal
filtration (Folded filter type 15 Munktell 240 mm) and then washed
with chloroform (3 ⨉10 mL). All the obtained solutions were then
combined and concentrated by a rotary evaporator at 40 °C under
a reduced pressure of 400-480 mbar. The concentrated solution
was dropwise added into an excess amount of methanol (or
hexane). The solution with the precipitated products were then
stored for several hours at -20 °C. After that, the precipitated
product was isolated via centrifugation (30 min, 4500 rpm, 4 °C in
a Thermo/Heraeus Labofuge 400 R, 50 ml Greiner bio-one, Cellstar
tubes) and dried in vacuo at 40 °C for 3 days. Lastly, they were
stored in vacuo at room temperature prior to analysis.
The synthesis procedure of the other copolyesters was the
same as the example above, except using different monomers and
feed compositions.
Furan-based copolyesters. ATR-FTIR (ν, cm-1): 3118 - 3137
(=C-H stretching vibrations of the furan ring); 2914 - 2954, 2848 2869 (asymmetric and symmetric C-H stretching vibrations);
1710 - 1729 (C=O stretching vibrations); 1573 - 1583, 1506 - 1511
(aromatic C=C bending vibrations); 1434 - 1471, 1371 - 1392 (C-H
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deformation and wagging vibrations); 1329 (C-H rocking
vibrations); 1122 - 1151, 1268 - 1276 (asymmetric and symmetric
stretching vibrations of the ester C-O-C groups) ;1203 - 1228,
1004 - 1031 (=C-O-C= ring vibrations, furan ring); 948 - 979, 798 835, 763 - 771 (=C-H out-of-plane deformation vibrations, furan
ring).
Poly(2,5-furandimethylene
furanoate-co-butylene
furanoate) [P(FMF-co-BF)] 1H NMR (400 MHz, CDCl3, δ, ppm):
7.20 (2H, s, –CH=, DMFDCA), 6.48 (2H, s, –CH=, BHMF), 5.28 (4H, s,
–CO–O–CH2–, BHMF), 4.38 (4H, m, –CO–O–CH2–, from 1,4-BDO),
1.90 (4H, m, –CO–O–CH2–CH2–, from 1,4-BDO), 4.61 (s, −CH2OH,
end group from BHMF), 3.92 (s, –O–CH3, end group from DMFDCA),
3.71 (t, –CH2–OH, end group from 1,4-BDO).
Poly(2,5-furandimethylene furanoate-co-hexamethylene
furanoate) [P(FMF-co-HF)] 1H NMR (400 MHz, CDCl3, δ, ppm):
7.18 (2H, m, –CH=, DMFDCA), 6.48 (2H, m, –CH=, BHMF), 5.28 (4H,
s, –CO–O–CH2–, BHMF), 4.32 (4H, m, –CO–O–CH2–, from 1,6-HDO),
1.77 (4H, m, –CO–O–CH2–CH2–, from 1,6-HDO), 1.46 (4H, m,
–CO–O–CH2–CH2–CH2–, from 1,6-HDO), 4.60 (s, −CH2OH, end group
from BHMF), 3.91 (s, –O–CH3, end group from DMFDCA), 3.64 (t,
–CH2–OH, end group from 1,6-HDO).
Poly(2,5-furandimethylene furanoate-co-octamethylene
furanoate) [P(FMF-co-OF)] 1H NMR (400 MHz, CDCl3, δ, ppm):
7.18 (2H, m, –CH=, DMFDCA), 6.48 (2H, m, –CH=, BHMF), 5.28 (4H,
s, –CO–O–CH2–, BHMF), 4.30 (4H, m, –CO–O–CH2–, from 1,8-ODO),
1.74 (4H, m, –CO–O–CH2–CH2–, from 1,8-ODO), 1.36 (8H, m,
–CO–O–CH2–CH2–CH2–, from 1,6-HDO), 4.60 (s, −CH2OH, end group
from BHMF), 3.91 (s, –O–CH3, end group from DMFDCA), 3.62 (t,
–CH2–OH, end group from 1,8-ODO).
Poly(2,5-furandimethylene furanoate-co-decamethylene
furanoate) [P(FMF-co-DF)] 1H NMR (400 MHz, CDCl3, δ, ppm):
7.18 (2H, m, –CH=, DMFDCA), 6.48 (2H, m, –CH=, BHMF), 5.29 (4H,
s, –CO–O–CH2–, BHMF), 4.31 (4H, m, –CO–O–CH2–, from 1,10-DDO),
1.74 (4H, m, –CO–O–CH2–CH2–, from 1,10-DDO), 1.36 (4H, m, –CH2–,
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from 1,10-DDO), 1.29 (8H, m, –CH2–, from 1,10-DDO), 4.61 (s,
−CH2OH, end group from BHMF), 3.92 (s, –O–CH3, end group from
DMFDCA), 3.63 (t, –CH2–OH, end group from 1,10-DDO).
Poly(2,5-furandimethylene
furanoate-cododecamethylene furanoate) [P(FMF-co-DOF)] 1H NMR (400
MHz, CDCl3, δ, ppm): 7.18 (2H, m, –CH=, DMFDCA), 6.48 (2H, m,
–CH=, BHMF), 5.29 (4H, s, –CO–O–CH2–, BHMF), 4.31 (4H, m,
–CO–O–CH2–, from 1,12-DODO), 1.74 (4H, m, –CO–O–CH2–CH2–,
from 1,12-DODO), 1.38 (4H, m, –CH2–, from 1,12-DODO), 1.26 (12H,
m, –CH2–, from 1,12-DODO), 4.61 (s, −CH2OH, end group from
BHMF), 3.92 (s, –O–CH3, end group from DMFDCA), 3.64 (t,
–CH2–OH, end group from 1,12-DODO).
Poly(2,5-furandimethylene
furanoate-co-2,5furandimethylene succinate) [P(FMF-co-FMS)] 1H NMR (400
MHz, CDCl3, δ, ppm): 7.13 (2H, m, –CH=, DMFDCA), 6.33 (2H, m,
−CH=, BHMF), 5.28 (4H, s, –CO–O–CH2–, BHMF-DMFDCA), 5.05 (4H,
m, −CO−O−CH2−, BHMF-succinate), 2.63 (4H, m, −O−CO−CH2−,
succinate), 4.57 (s, −CH2OH, end group from BHMF), 3.91 (s,
–O–CH3, end group from DMFDCA), 4.13 (m, −OCH2CH3, end group
from diethyl succinate), 1.23 (t, −OCH2CH3, end group from diethyl
succinate), 4.45 (s, –CH2–O–CH2–, BHMF ether).
Poly(2,5-furandimethylene
furanoate-co-2,5furandimethylene adipate) [P(FMF-co-FMA)] 1H NMR (400 MHz,
CDCl3, δ, ppm): 7.20 (2H, m, –CH=, DMFDCA), 6.34 (2H, m, −CH=,
BHMF), 5.26 (4H, s, –CO–O–CH2–, BHMF-DMFDCA), 5.01 (4H, s,
−CO−O−CH2−, BHMF-adipate), 2.33 (4H, m, −O−CO−CH2−, adipate),
1.64 (4H, m, −CH2−, adipate), 4.58 (s, −CH2OH, end group from
BHMF), 3.90 (s, –O–CH3, end group from DMFDCA), 4.11 (m,
−OCH2CH3, end group from diethyl adipate), 1.23 (t, −OCH2CH3, end
group from diethyl adipate), 4.45 (s, –CH2–O–CH2–, BHMF ether).
Poly(2,5-furandimethylene
furanoate-co-2,5furandimethylene suberate) [P(FMF-co-FMSu)] 1H NMR (400
MHz, CDCl3, δ, ppm): 7.21 (2H, m, –CH=, DMFDCA), 6.34 (2H, m,
−CH=, BHMF), 5.27 (4H, s, –CO–O–CH2–, BHMF-DMFDCA), 5.02 (4H,
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s, −CO−O−CH2−, BHMF-suberate), 2.30 (4H, m, −O−CO−CH2−,
suberate), 1.60 (4H, m, −CH2−, suberate), 1.30 (4H, m, −CH2−,
suberate), 4.59 (s, −CH2OH, end group from BHMF), 3.91 (s, –O–CH3,
end group from DMFDCA), 4.11 (m, −OCH2CH3, end group from
diethyl suberate), 4.46 (s, –CH2–O–CH2–, BHMF ether).
Poly(2,5-furandimethylene
furanoate-co-2,5furandimethylene sebacate) [P(FMF-co-FMSe)] 1H NMR (400
MHz, CDCl3, δ, ppm): 7.21 (2H, m, –CH=, DMFDCA), 6.35 (2H, m,
−CH=, BHMF), 5.27 (4H, s, –CO–O–CH2–, BHMF-DMFDCA), 5.02 (4H,
s, −CO−O−CH2−, BHMF-sebacate), 2.31 (4H, m, −O−CO−CH2−,
sebacate), 1.59 (4H, m, −CH2−, sebacate), 1.26 (8H, m, −CH2−,
sebacate), 4.59 (s, −CH2OH, end group from BHMF), 3.90 (s, –O–CH3,
end group from DMFDCA), 4.11 (m, −OCH2CH3, end group from
diethyl sebacate), 4.47 (s, –CH2–O–CH2–, BHMF ether).
Poly(2,5-furandimethylene
furanoate-co-2,5furandimethylene dodecanedioate) [P(FMF-co-FMD)] 1H NMR
(400 MHz, CDCl3, δ, ppm): 7.21 (2H, m, –CH=, DMFDCA), 6.35 (2H,
m, −CH=, BHMF), 5.27 (4H, s, –CO–O–CH2–, BHMF-DMFDCA), 5.02
(4H, s, −CO−O−CH2−, BHMF-dodecanedioate), 2.31 (4H, m,
−O−CO−CH2−, dodecanedioate), 1.60 (4H, m, −CH2−,
dodecanedioate), 1.24 (12H, m, −CH2−, dodecanedioate), 4.59 (s,
−CH2OH, end group from BHMF), 3.91 (s, –O–CH3, end group from
DMFDCA), 4.10 (m, −OCH2CH3, end group from diethyl
dodecanedioate), 4.46 (s, –CH2–O–CH2–, BHMF ether).
4.2.3

Instrumental Methods

Nuclear Magnetic Resonance (NMR) measurements were
performed on a Varian VXR Spectrometer (1H: 400 MHz), using
CDCl3 as the solvent.
Attenuated total reflection-Fourier transform infrared (ATRFTIR) spectra were recorded on a Bruker VERTEX 70 spectrometer
equipped with a Platinum-ATR diamond single reflection unit. The
measurement resolution was 4 cm-1 and the spectra were collected
in the range of 4000-400 cm-1, with 16 scans for each sample.
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Atmospheric compensation and baseline correction were applied
to the collected spectra using OPUS spectroscopy software (v7.0)
(Bruker Optics).
Size exclusion chromatography (SEC) was performed on a
Malvern Viscotek GPCmax equipped with triple detection,
consisting of a Malvern Dual detector and Schambeck RI2912,
refractive index detector. The separation was carried out by
utilizing two PLgel 5 µm MIXED-C, 300 mm columns from Agilent
Technologies at 35 °C. Amylene-stabilized chloroform
(CHROMASOLV, for HPLC, >99.8%) was used as the eluent at a flow
rate of 1.0 ml∙min-1. Data acquisition and calculations were
performed using Viscotek OmniSec software version 5.0. Molecular
weights were determined based on a conventional calibration
curve generated from narrow dispersity polystyrene standards

(Agilent and Polymer Laboratories, 
 = 645 - 3001000 g/mol).
The samples were filtered over a 0.45 µm PTFE filter prior to
injection.
Differential scanning calorimetry (DSC) measurements were
conducted to measure the thermal transitions of the obtained furan
copolyesters. The measurements were performed on a TAInstruments Q1000 DSC by heating-cooling-heating scans with
heating-cooling rates of 10 °C/min.
Thermal gravimetric analysis (TGA) was performed on a TAInstruments Discovery TGA 5500. The samples were heated at a
10 °C/min scan rate in a nitrogen environment. Before the standard
TGA measurement, the tested sample was first heated up to 100 °C
and then maintained at this temperature for 30 min. to remove the
remaining water and solvents in the polymer.
Wide-angle X-ray diffraction (WAXD) pattern of the obtained
furan copolyesters was recorded on a Bruker D8 Advance
diffractometer (Cu Kα radiation, λ = 0.1542 nm) in the angular
range of 5-50° (2θ) at room temperature.
Polarized optical microscopy (POM) images were observed
using a Zeiss Axiophot polarizing microscope equipped with a Sony
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DICC-500 camera for image acquisition. The images were recorded
by KS3000 software (Zeiss). The sample preparation was done on
a Mettler Toledo FP82HT hot stage with a Mettler FP90 control
panel.

4.3

Results and Discussion

4.3.1

Synthesis and Structure Characterization

Furan-based copolyesters were synthesized by a two-step
temperature varied enzymatic polymerization. The enzymatic copolymerization followed two different synthesis approaches as
depicted in Scheme 4.2. In the first approach, the furan-based
copolyesters were prepared by using DMFDCA, BHMF and an
aliphatic linear diol as the building blocks, whereas in the second
approach, linear diacid ethyl esters were used. The number of the
methylene units (n) in the dicarboxylic segments of the diacid ethyl
esters is 2, 4, 6, 8, or 10, whereas in the aliphatic linear diols, n is 4,
6, 8, 10 or 12. In this study, this number is defined as the chain
length of the tested aliphatic linear monomers. The obtained furanbased copolyesters are listed in Table 4.1.

Scheme 4.2 Enzymatic synthesis of furan-based copolyesters/cooligoesters from a) DMFDCA, BHMF, and aliphatic diols, and b)
DMFDCA, BHMF, and diacid ethyl esters via a two-stage method in
diphenyl ether.
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Table 4.1 All Obtained furan-based copolyesters.
FIRST APPROACH

4
6
8

10
12

Copolyester
poly(2,5-furandimethylene furanoate-co-butylene
furanoate)
poly(2,5-furandimethylene furanoate-cohexamethylene furanoate)
poly(2,5-furandimethylene furanoate-cooctamethylene furanoate)
poly(2,5-furandimethylene furanoate-codecamethylene furanoate)
poly(2,5-furandimethylene furanoate-cododecamethylene furanoate)

Abbreviation
P(FMF-co-BF)
P(FMF-co-HF)
P(FMF-co-OF)
P(FMF-co-DF)

CHAPTER

n[a]

P(FMF-co-DOF)

SECOND APPROACH
n[b]

Copolyester

Abbreviation

poly(2,5-furandimethylene furanoate-co-2,5P(FMF-co-FMS)
furandimethylene succinate)
poly(2,5-furandimethylene furanoate-co-2,54
P(FMF-co-FMA)
furandimethylene adipate)
poly(2,5-furandimethylene furanoate-co-2,56
P(FMF-co-FMSu)
furandimethylene suberate)
poly(2,5-furandimethylene furanoate-co-2,58
P(FMF-co-FMSe)
furandimethylene sebacate)
poly(2,5-furandimethylene furanoate-co-2,510
P(FMF-co-FMD)
furandimethylene dodecanedioate)
[a] The number of methylene units in aliphatic linear diols.
[b] The number of the methylene units in the dicarboxylic segments of the diacid ethyl
esters.
2

The chemical structures and compositions of the copolyesters
were confirmed by ATR-FTIR and 1H NMR spectroscopy (see Figure
4.1). The ATR-FTIR and 1H NMR spectra of the representative
furan-based copolyester from DMFDCA, BHMF and diacid ethyl
esters are illustrated in Figure 4.2. The detailed NMR and IR peak
assignments are available in the experimental section.
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Figure 4.1 (a) ATR-FTIR, and (b) 1H NMR spectra of the
representative furan-based copolyesters from DMFDCA, BHMF and
aliphatic diols.
4.3.2 Influence of Aliphatic Linear Monomers on the
Enzymatic
Co-polymerization
of
the
Furan-based
Copolyesters
In order to evaluate the influence of aliphatic linear monomers
on the enzymatic synthesis of the furan-based copolyesters, a
 ) of the
comparative study on the degree of polymerization (DP
whole series of the furan-based copolyesters was carried out. To
study the effect of the chain length of aliphatic linear diols, all furanbased copolyesters obtained from the first approach were
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evaluated (Figure 4.3). The results indicate that Candida antartica
lipase B (CALB) prefers longer linear diols (n = 8, 10 and 12)
compared to shorter linear diols (n = 4 and 6). If 1,8-ODO was used,
the enzymatic polymerization results in P(FMF-co-OF) with a
number-average degree of polymerization ( 
DPn ) of 122 and

weight-average degree of polymerization (DPw ) of 269, which was
the highest amongst the tested aliphatic diols. Furan-based

copolyesters with a relatively similar 
DPn and DP
w can be obtained
using 1,10-ODO and 1,12-DODO. Upon decreasing the chain length
n and DP

to 6 and 4 (1,6-HDO and 1,4-BDO), the DP
w of furan-based
copolyesters are decreased significantly. This results corroborate
our previous finding on the preference of CALB on longer chain
length of aliphatic linear diols.13
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Figure 4.2 (a) ATR-FTIR, and (b) 1H NMR spectra of the obtained
furan-based copolyesters from DMFDCA, BHMF, and diacid ethyl
esters.

From the second synthetic approach, the same 
DPn and DP
w
trend is observed with respect to the diacid ethyl ester chain length.
n and DP

Furan-based copolyesters with the highest DP
w of 73 and
137, can be obtained using diethyl adipate (n = 4; Figure 4.3). By
increasing the diacid ethyl ester length to n = 6 and 8, furan-based
n and 
copolyester with relatively similar DP
DPw values were
obtained. However, if diethyl succinate (n = 2) and diethyl
dodecanedioate (n = 10) were used as the monomer, the resultant
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n and DP

furan-based copolyester had only low DP
w values. Similar
results on the effect of diacid ethyl ester/dicarboxylic acid chain
length on enzymatic polymerization were reported previously.47, 48
This result can be explained by the variable specificity of CALB
towards diacid acyl esters with different chain length. This
explanation is also in agreement with the study reported by
McCabe and Taylor on the acyl-binding site of CALB.49 They found
that adipic acid is the most preferred substrate among tested
dicarboxylic acids, which is owing to its low entropic component
contribution to the enantioselectivity of CALB.
1st Approach 2nd Approach
DPn
DP

450

Degree of Polymerization

400

n

DPw

350

DPw

300
250
200
150
100
50
0
2

4

6

8

10

12

14

Methylene Units Length (n)

n and DP

Figure 4.3 DP
w of the furan-based copolyesters from first
and second synthetic approach against the chain length of the linear
monomer. The furan-based copolyester from the first approach
obtained from feed ratio of DMFDCA, BHMF, and aliphatic diols =
50 %: 12.5 %: 37.5 %, respectively and from the second approach the
feed ratio of DMFDCA, BHMF and diacid ethyl esters = 12.5 %: 50 %:
37.5 %, respectively.
Interestingly, by changing the aliphatic monomers from
aliphatic diols to diacid ethyl esters, enzymatic polymerization, in
general, resulted in copolyesters with significantly lower 
DP. This
can be explained by the instability of BHMF that results in ether
formation during the polymerization. As we reported previously,
the high reactivity of the OH group in BHMF can lead to dehydration
or reaction with ethanol to form BHMF ethers.15 Consequently, the
copolyester chain propagation will be greatly limited by the
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formation of BHMF ethers as chain stoppers. The formation of
BHMF ether was further confirmed by the presence of a small peak
(≤1 wt%) at δ ≈ 4.40 ppm in the 1H NMR spectra, as we reported
previously.15 However, the substrate specificity of the enzyme also
should be taken into account and this will be discussed further in
later sections.

One fundamental issue in this work was to understand the
monomer incorporation mechanism during the copolyester
formation, which seemed to be governed by the enzyme catalytic
activity and consequently influenced the molecular weights of the
resulting furan-based copolyesters. In this study, various molar
feed compositions were used and evaluated.
We observed that as soon as we increased the FMF molar feed

fraction to 50 %, 
DPn and DP
w of P(FMF-co-DOF) significantly
decreased from 86 and 160 to 11 and 14, respectively. A similar
trend is also observed in other copolyester series (Table 4.2). These
results imply that the propagation mechanism is not solely limited
by the formation of BHMF ethers in the system. Substrate
specificity of the enzyme can also determine the enzyme catalytic
activity and may also be an explanation for this. Like many enzymes,
depending on the structural complementarity of transition state
with the active site, CALB has the capability to catalyze diverse
reactions at different efficiency ranges.50
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Table 4.2 Molar fraction and degree of polymerization of the furanbased copolyesters obtained from different feed compositions of
DMFDCA, BHMF, aliphatic diols, and diacid ethyl esters.
FIRST APPROACH
Molar Fraction [%]
Copolyester

P(FMF-co-BF)
P(FMF-co-HF)
P(FMF-co-OF)
P(FMF-co-DF)
P(FMF-co-DOF)
SECOND APPROACH

Feed[a]

Co-polyester[b]

FFMF

FXF

XFMF

XXF


 [c]


 [d]

25
50
25
50
25
50
25
50
25
50

75
50
75
50
75
50
75
50
75
50

16
8
23
15
22
43
22
18
22
13

84
92
77
85
78
57
78
82
78
87

18
13
46
13
122
24
97
10
86
11

26
13
149
17
269
43
201
11
160
14


 [c]


 [d]

Molar Fraction [%]
Copolyester

P(FMF-co-FMS)
P(FMF-co-FMA)
P(FMF-co-FMSu)
P(FMF-co-FMSe)
P(FMF-co-FMD)

Feed[e]

Co-polyester[f]

FFMF

FFMX

XFMF

XFMX

25
50
25
50
25
50
25
50
25
50

75
50
75
50
75
50
75
50
75
50

44
69
24
-[g]
26
-[g]
24
65
14
78

56
31
76
-[g]
74
-[g]
76
35
86
22

5
5
73
-[g]
41
-[g]
44
-[g]
16
5

7
10
137
-[g]
71
-[g]
82
-[g]
22
13

[a]
FFMF,
FXF
represent
the
molar
feed
ratio
of
PFMF
and
PXF,
respectively.
[b] XFMF, XXF represents the molar fraction of PFMF and PXF segment in the obtained furan-based copolyester, determined
from 1H NMR.
 (number-average degree of polymerization) = 2 × [ 
[c] 
 − 62.06 /   ×    

+  ×    ].


[d]
 (weight-average degree of polymerization) = 2 × [  − 62.06 /   ×    
+   ×    ].

[e] FFMF, FFMX represent the molar feed ratio of PFMF and PFMX, respectively. [f] XFMF, XFMX represents the molar fraction
of PFMF and PFMX segment in the obtained furan-based copolyester, determined from 1H NMR.
[g] Cannot be determined.
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A possible copolymerization mechanism of P(FMF-co-DOF) is
depicted in Scheme 4.3. In this mechanism, the polymerization
starts with the formation of the acyl-enzyme complex and
continues with polycondensation. We propose that during the
polycondensation, an intermediate product (b) forms that can
inhibit the polymerization. Steric hindrance of (b) creates structure
incompatibility with the enzyme active site; consequently, the
polymer growth is terminated. Another possible explanation is that
the OH functionality in (b) transforms into ethers as in case of the
BHMF and eventually terminates the copolyester chain elongation.
The proposed copolymerization mechanism appears to be well
substantiated by the constantly lower value of FMF molar fraction
in the copolyester segment compared to the corresponding feed.
Additionally, Takwa et al.50 previously reported similar findings
regarding the low activity of CALB towards D, D-lactide, owing to
the bulky conformation of the lactide when acylated. However,
future studies by molecular modeling are recommended in order to
validate the proposed reaction mechanism.

Scheme 4.3 Proposed copolymerization mechanism of CALBcatalyzed formation of P(FMF-co-DOF).
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4.3.4

Thermal Properties of Furan-based Copolyesters

The thermal stability of the obtained furan-based copolyesters
was characterized by TGA and the representative characteristic
curves for their thermal degradation behaviors are depicted in
Figure 4.4. The values of the degradation temperatures are
summarized in Table 4.3. The copolyesters from the first synthetic
approach showed TGA traces with a two-step degradation pattern
(Figure 4.4a). It consists of an initial degradation at around 230250 °C with only around 10 % weight loss, followed by a secondary
degradation with a maximum degradation temperature at around
390 °C.
(a)
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Figure 4.4 TGA traces of the obtained furan-based copolyesters from
(a) DMFDCA, BHMF, and aliphatic diols with feed ratio 50 %: 12.5 %:
37.5 %, respectively and (b) DMFDCA, BHMF and diacid ethyl esters
with feed ratio 12.5 %: 50 %: 37.5 %, respectively.
In contrast, the thermal degradation profiles of the furanbased copolyesters from the second approach show the polymers
to be less stable (Figure 4.4b). Their degradation occurs in several
stages and a significant weight loss was detected at a temperature
around 220-280 °C. To conclude, the furan-based copolyesters
obtained from the first synthetic approach appeared to have a
better thermal stability, which is mainly owing to their higher
molecular weights. It should be noted that, for copolyesters
obtained from the first synthetic approach, the chain length of the
tested aliphatic diols and molar compositions of the monomeric
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units have no significant influence on the decomposition
temperature of the resulting copolyesters. Furthermore, the tested
furan-based copolyesters possess similar degradation profile and
temperature compared to their furan-based polyester
counterparts as we reported previously.13, 15
To evaluate the thermophysical behavior, a comparative DSC
study was performed. The thermal transitions of the whole
copolyester series are listed in Table 4.3, and representative DSC
and temperature-modulated DSC (TMDSC) traces of P(FMF-co-OF)
is plotted in Figure 4.5. To enhance the visibility of the Tg, we
performed the TMDSC measurement.
Table 4.3 Thermal properties of the obtained furan-based
copolyesters.
TGA[d]

DSC[c]
Polyester

Tg

Tm

Tc

Tcc

Td-10%

Td-max

[°C]

[°C]

[°C]

[°C]

[°C]

[°C]

P(FMF-co-BF) [a]

15

142

83

- [e]

230

370

P(FMF-co-OF)[a]

2

123

71

47

240

390

P(FMF-co-HF)[a]

120

- [e]

6

90[f]

- [e]

- [e]

P(FMF-co-FMS)[b]

-6

-[e]

- [e]

- [e]

P(FMF-co-FMSu)[b]

-16

57[f]

- [e]

- [e]

P(FMF-co-DF)[a]

P(FMF-co-DOF)[a]

P(FMF-co-FMA)[b]

P(FMF-co-FMSe)[b]
P(FMF-co-FMD)[b]

12
-2

-8

-19

-19

88

- [e]

62[f]
79

- [e]

- [e]
- [e]

43

- [e]

61

- [e]
- [e]

62

240
250
240

390
390
390

- [e]

220/310/430

- [e]

250/310/460

- [e]

280/320/460

- [e]
- [e]

240

250/310/450

[a] Furan-based copolyesters from DMFDCA, BHMF and aliphatic diol with a feed ratio of 50 %: 12.5 % : 37.5 %, respectively. [b]
Furan-based copolyesters from DMFDCA, BHMF and diacid ethyl esters with a feed ratio of 12.5 %: 50 %: 37.5 %, respectively. [c]
Tg = glass transition temperature from the modulated DSC heating scan, Tm = melting temperature from the second DSC heating scan,
Tc = crystallization temperature upon cooling, Tcc = cold crystallization temperature from the second DSC heating scan. [d] Td-10% =
decomposition temperature at 10 % weight loss, Td-max = temperature at the maximum rate of decomposition. [e] not detected at the
tested temperature range. [f] Measured from the first DSC heating scan.
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For the furan-based copolyesters obtained from the first
synthetic approach, broad and multiple melting peaks are observed
in all first heating cycles. A melting peak disappeared in the second
heating scan of P(FMF-co-DF) and no crystallization was observed
in the cooling cycle of P(FMF-co-HF) and P(FMF-co-DOF). In
addition, a cold crystallization transition (Tcc) can be observed
before the melting temperature (Tm) in the second heating scan of
P(FMF-co-OF) and P(FMF-co-DOF). This can be explained by the
polymer molecular motion and orientation, which could act as
nuclei and promote the spontaneous cold crystallization. In general,
we observed a constant decrease in their Tg and Tm value as we
increased the chain length of the aliphatic linear diol. The decrease
in Tg value is caused by the increasing chain flexibility and mobility
provided by the longer aliphatic chains. The decrease in Tm value is
corroborated well with our previous results of the corresponding
furan-based polyesters.13
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Figure 4.5 (a) DSC curves and (b) temperature modulated DSC
(TMDSC) curve of P(FMF-co-OF) from 50 % DMFDCA, 12.5 % BHMF,
and 37.5 % 1,8-ODO.
Except for P(FMF-co-FMD), no crystallization is detected in
DSC traces of the furan-based copolyester series obtained from the
second synthetic approach. Owing to their low crystallization rate,
no crystallization is observed, and the Tm disappeared in the second
heating scan of P(FMF-co-FMSu) and P(FMF-co-FMSe). For P(FMFco-FMS) and P(FMF-co-FMA), they are amorphous materials
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because no melting and crystallization observed. To verify this, we
conducted further analysis by WAXD measurements, which is
discussed below.
Crystallinity of Furan-based Copolyesters

The WAXD spectra and POM images confirm the semicrystalline properties of the furan-based copolyesters obtained
from the first approach (Figure 4.6a and 4.6c). As shown in Figure
4.6a, P(FMF-co-HF), P(FMF-co-OF), P(FMF-co-DF), and P(FMF-coDOF) gave rise to similar WAXD patterns, which displayed an
amorphous halo at 2θ ≈ 22 o and three reflection peaks at 2θ ≈ 10.0
- 13.6 ° , 16.8 - 17.9 °, and 24.1 - 24.9 °. P(FMF-co-BF) has three
similar diffraction peaks with one additional reflection peak at
22.5 °.
Interestingly, we observed similar WAXD patterns in their
furan-based polyester counterparts (PBF, PHF, POF, and PDF).13
This suggested that the furan-based copolyesters have similar
crystal structure to their furan-based polyester counterparts and
that they do not change significantly as we incorporate more
aromatic content in the main chain. As represented in Figure 4.6c,
the POM image of P(FMF-co-DOF) clearly showed that the product
consists of birefringent spherulites with an estimated particle size
of approximately 50 µm.
For the furan-based copolyesters obtained from the second
approach, distinct morphologies were observed. Analogous to their
polyester counterparts, P(FMF-co-FMSu), P(FMF-co-FMSe), and
P(FMF-co-FMD) are all semi-crystalline materials. They showed a
similar WAXD pattern with six reflection peaks at 2θ ≈ 13.7 - 13.8 °,
17.1 – 17.2 °, 20.2 – 20.4 °, 21.4 – 21.7 °, 22.8 – 22.9 °, and 23.7 –
23.8 ° (Figure 4.6b). In contrast, WAXD spectra of P(FMF-co-FMS)
and P(FMF-co-FMA) only displayed a broad halo at 2θ ≈ 22 °. This
result agrees well with the DSC results, indicating that both P(FMFco-FMS) and P(FMF-co-FMA) are indeed amorphous materials.
These two copolymers, in particular, showed different
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morphologies with their polyester counterparts, namely PFMS and
PFMA. As we incorporated FMF to the polymer main chain via
copolymerization, the polymer morphology change from semicrystalline to a completely amorphous structure.
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Figure 4.6 Wide-Angle X-Ray Diffraction (WAXD) spectra of the
obtained furan-based copolyesters from (a) DMFDCA, BHMF and
aliphatic diol with the feed ratio of 50 %: 12.5 % : 37.5 %, respectively
and (b) DMFDCA, BHMF, and the diacid ethyl esters with feed ratio
12.5 %: 50 % : 37.5 %, respectively. (c) POM image of P(FMF-co-DOF)
obtained from 50 % DMFDCA, 25 % BHMF, and 25 % 1,8-ODO.

4.4

Conclusions

We have shown that the application of enzymatic
polymerization techniques can be extended to prepare a series of
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sustainable furan-based copolyesters with increased content of
aromatic units. Hereby, we introduce two different synthetic
approaches. Using the first approach, a mixture of the furan
monomers with an aliphatic diol yields a series of copolyesters with
-1

comparable high molecular weights up to M
w = 35000 g mol ,
which is advantageous for future processability. By changing the
aliphatic monomers from diols to diacid ethyl esters (second
approach), a significant decrease in the molecular weight was
observed. This can be explained by BHMF ether formation in the
reaction system and the monomer incorporation mechanism
during the copolymerization. This is further supported
experimentally by the constant lower value of BHMF molar fraction
in the copolyesters compared to the corresponding feed ratio,
regardless of the variation in BHMF feed ratio.
The thermal stability of all copolyesters reported herein was
established by TGA analysis, which indicates industrially relevant
applicability. Compared to their furan-based polyester
counterparts, they possess similar decomposition profiles. DSC
analysis provides insights into the thermal behavior especially with
regard to the crystallization ability of the furan-based copolyesters.
Quite interestingly, aside from P(FMF-co-FMS) and P(FMF-co-FMA),
all copolyesters are semicrystalline materials. This suggests that
the presence of the FMF segment in the main chain hinders the
crystallinity of the furan-based copolyesters.
One limitation of our research is that the molecular weight of
the copolyesters is restricted by the incorporation of aromaticity in
the backbone. Future work should focus on enhancing the
molecular weight, as well as increasing the aromatic content in the
polyester chain. As such, we believe that this study provides a
fundamental background to design sustainable high-performance
polymers by an enzymatic pathway.
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Chapter 5
On The Way to Greener
Furanic-Aliphatic Poly(ester amide)s:
Enzymatic Polymerization in Ionic
Liquid

The polymerization of 2,5-furandicarboxylic acid (FDCA), one of the
key building blocks for the preparation of furan polymers, is often
accompanied with side reactions (e.g. decarboxylation). Due to the
mild reaction conditions, enzymatic polymerizations became an
excellent candidate to address this issue. Here, we present a green
and effective method to prepare different furanic-aliphatic poly(ester
amide)s (PEAFs) by applying two different approaches. PEAFs with
-1 were successfully synthesized by

M
w up to 21 kg mol
polycondensation of dimethyl 2,5-furandicarboxylate (DMFDCA)
with aliphatic diols, diamines or amino alcohols using Novozyme 435
as a biocatalyst. Additionally, we were able to enhance the
sustainability of the entire process by performing the polymerization
in an ionic liquid – BMIMPF6. The thermal properties of the resulting
furan poly(ester amide)s were thoroughly characterized. This study
provides an understanding how to tailor a more efficient and
environmentally friendly process for biobased furan poly(ester
amide)s fabrication.
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5.1

Introduction

2,5-Furandicarboxylic acid (FDCA) is a valuable building block
for the preparation of high-performance polymers including
polyesters and polyamides.1-6 It is a well-known biobased
monomer, which was extensively studied for the synthesis of
poly(ethylene furanoate) (PEF), a biobased alternative to
poly(ethylene terephthalate) (PET).7-9 However, due to side
reactions (e.g. decarboxylation) that occur at 200 °C, different
studies have consistently shown that mild reaction conditions are
required in the polymerization of FDCA.10 In this regard, the
enzymatic polymerization shows its potential and hence is
interesting to be developed for the synthesis of FDCA-based
polymers.
In general, enzyme catalysis has been applied in polymer
synthesis and proven to be a powerful pathway for polymer
production in a sustainable manner.11, 12 Enzymatic
polymerizations are known to be more eco-friendly due to the mild
reaction conditions and the used renewable non-toxic enzyme
catalyst.12, 13 Different studies reported the enzyme-catalyzed
production of FDCA-based polymers. To achieve the optimum
results, enzymatic synthesis of these furan polymers has been
conducted through different techniques, e.g., one-step, two-step,
two-step with varying temperature.5, 14-18 However, due to the poor
solubility of the products (e.g. FDCA-based polyamides), early
precipitation occurred in the enzyme-catalyzed reaction and leads
to low molecular weight products.
Copolycondensation is one of the possible methods to modify
polymer properties. With a combination of polyester and
polyamide features, poly(ester amide)s typically possess better
solubility compared to polyamides. They are also known to show
good thermo-mechanical behavior, as well as biocompatibility and
biodegradation. These properties make them attractive for use in
biomedical applications or as high-performance polymers with
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reduced environmental impact. Considering this, the application of
enzymatic polymerizations appears to be a promising method for
the preparation of poly(ester amide)s. For example, Sharma et al.
performed the synthesis of silicone poly(ester amide)s using N435,
the immobilized form of Lipase B from Candida antartica, in bulk at
70 °C.19 Another example was provided by Palsule et al. in which
they studied the enzymatic synthesis of silicone fluorinated
aliphatic poly(ester amide)s.20 Other studies on enzymatic
polymerizations of poly(ester amide)s were summarized
elsewhere.12 The preparation of furan poly(ester amide)s by nonenzymatic pathways via bulk copolycondensation was previously
reported.21, 22 However, despite the extensive studies on enzymatic
syntheses of furan polyesters and polyamides, similar studies on
furan poly(ester amide)s are not yet reported.
Herein, we report the synthesis of furan poly(ester amide)s by
lipase catalysis. N435 was used to catalyze a reaction between
dimethyl 2,5-furandicarboxylate (DMFDCA) with aliphatic diols
and diamines or amino alcohols. To improve the sustainability of
the whole synthetic process, we also conducted the reaction in an
ionic liquid - BMIMPF6. It has been reported that ionic liquids (ILs)
are green solvents with regard to their potential for high
recyclability, low flammability, volatility, and toxicity.23-25 By
performing a detailed analysis of the enzymatic polymerization, we
designed a more efficient and environmentally friendly process for
the synthesis of furan poly(ester amide)s.

5.2

Experimental Section

5.2.1

Materials

Novozym 435 (N435, Candida antartica lipase B (CALB)
immobilized on acrylic resin, 5000+ U/g), 1,6-hexanediol (1,6-HDO,
99 %), 1,8-octanediol (1,8-ODO, 98 %), 1,10-decanediol (1,10-DDO,
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98 %), 1,12-dodecanediol (1,12-DODO, 99 %), 1,6-hexanediamine
(1,6-HDA, 98 %), 1,8-octanediamine (1,8-ODA, 98 %), 1,10decanediamine (1,10-DDA, 97 %), 1,12-dodecanediamine (1,12DODA, 98 %), 6-amino-1-hexanol (6-AH, 97 %), toluene
(anhydrous,
99.8%),
1-butyl-3-methylimidazolium
hexafluorophosphate (BMIMPF6, ≥ 97.0 % ), chloroform (CHCl3,
Chromasolv HPLC, ≥99.8%, amylene stabilized), deuterated
chloroform (CDCl3-d1, 99.8 atom% D), and deuterated dimethyl
sulfoxide (DMSO-d6) were purchased from Sigma Aldrich. Dimethyl
2,5-furandicarboxylate (DMFDCA, 97 %) was purchased from
Fluorochem UK. 8-amino-1-octanol (8-AO, > 98.0 %), 10-amino-1decanol (10-AD, > 98.0 %), and 12-amino-1-dodecanol (12-ADO, >
98.0 %) were acquired from TCI Europe. Absolute methanol (MeOH,
AR) was obtained from Biosolve Chemicals.
N435 was pre-dried as reported previously26. The molecular
sieves (4 Å) were pre-activated at 200 °C in vacuo. The diamines,
including 1,6-HDA, 1,8-ODA, 1,10-DDA, and 1,12-DODA, were
purified by sublimation under reduced pressure and stored in a
desiccator. All the other chemicals were used as received.
5.2.2 CALB-catalyzed Polycondensation of DMFDCA with
Various Diamines and Diols.

Based on our previously reported studies, the following onestep enzymatic polymerization procedure was applied. As an
example, the experimental polymerization of DMFDCA, 1,12-DODO,
and 1,12-DODA is described in the following. Pre-dried N435 and
pre-activated molecular sieve (15 wt % and 150 wt % in relation to
the total amount of the monomer, respectively) were inserted to a
25 mL round bottom flask under a nitrogen environment.
Subsequently, DMFDCA (4.675 mg, 2.59 mmol), 1,12-DODO (2.618
mg, 1.29 mmol), 1,12-DODA (2.592 mg, 1.29 mmol) and solvent (5
mL) were added into the flask. The flask was magnetically stirred
in an oil bath and heated to 90 °C under a nitrogen atmosphere.
After a reaction time of 72h, the reaction was allowed to cool down
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and stopped. Chloroform (20 mL) was added to dissolve the
products under vigorous stirring. N435 and molecular sieve were
filtered by normal filtration (Folded filter type 15 Munktell 240
mm) and then washed with chloroform (3 ⨉ 10 mL). All the
obtained solutions were combined and concentrated by the use of
a rotary evaporator at 40 °C under a reduced pressure of 400-480
mbar. The concentrated solution was precipitated in an excess
amount of methanol. The solution with the precipitated products
were then stored overnight at -20 °C. After that, the precipitated
product was collected by centrifugation (30 min, 4500 rpm, 4 °C in
a Thermo/Heraeus Labofuge 400 R and dried under vacuum at
40 °C for 3 days, which yielded a white or light brown powder
depending on the reaction conditions. The powders were stored
under vacuum at room temperature prior to analysis.

5.2.3 CALB-catalyzed Polycondensation of DMFDCA with
Various Amino Alcohols.
A typical reaction is described as follows: In a 25 mL round
bottom flask, 1 g monomer (DMFDCA: amino alcohols = 1:1, mol
ratio), predried N435, and pre-activated molecular sieve (15 wt %
and 150 wt % in relation to the total amount of the monomer,
respectively) were mixed with solvent (5 mL). The flask was
magnetically stirred in an oil bath and heated to 90 °C under a
nitrogen atmosphere for 72h. At the completion of the reaction, the
reaction mixture was purified and dried according to the same
procedure as described above. The samples were stored under
vacuum at room temperature before analysis.
Furan-based poly(ester amide)s. ATR-FTIR (ν, cm-1): 3317
– 3334 (N-H stretching vibration); 3108 - 3120 (=C-H stretching
vibration of the furan ring); 2922 - 2935, 2850 - 2858 (asymmetric
and symmetric C-H stretching vibrations); 1720 - 1724 (C=O
stretching vibration of ester); 1645 - 1650 (C=O stretching
vibration of amide); 1573 - 1576 (aromatic C=C bending vibration);
1550 – 1552 (N-H bending vibration); 1491 - 1493, 1468 - 1475
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(C-H deformation and wagging vibration); 1392 (C-H rocking
vibration); 1142 - 1144, 1270 - 1284 (asymmetric and symmetric
stretching vibrations of the ester C-O-C group) ;1230 - 1234, 1010
- 1016 (=C-O-C= ring vibration, furan ring); 966 - 977, 820 - 822,
764 (=C-H out-of-plane deformation vibration, furan ring).
Poly(hexamethylene
furanoate-co-hexamethylene
furanamide) (PEAF6) 1H NMR (400 MHz, CDCl3, δ, ppm): 7.17 (2H,
m, –CH=, DMFDCA), 6.89 (1H, m, –NH–CO–, from 6-AH), 4.31 (2H,
m, –CO–O–CH2–, from 6-AH), 3.43 (2H, m, –CO–NH–CH2–, from
6-AH), 1.79 (2H, m, –CO–O–CH2–CH2–, from 6-AH), 1.64 (2H, m,
–CO–NH–CH2–CH2–, from 6-AH), 1.44 (4H, m, –CO–O–CH2–CH2–
CH2– CH2–, from 6-AH), 3.91 (s, –O–CH3, end group from DMFDCA),
3.66 (t, –CH2–OH, end group from 6-AH).
Poly(octamethylene
furanoate-co-octamethylene
octanamide) (PEAF8) 1H NMR (400 MHz, CDCl3, δ, ppm): 7.16 (2H,
m, –CH=, DMFDCA), 6.74 (1H, m, –NH–CO–, from 8-AO), 4.30 (2H,
m, –CO–O–CH2–, from 8-AO), 3.41 (2H, m, –CO–NH–CH2–, from
8-AO), 1.73 (2H, m, –CO–O–CH2–CH2–, from 8-AO), 1.61 (2H, m,
–CO–NH–CH2–CH2–, from 8-AO), 1.35 (8H, m, –CO–O–CH2–CH2–
CH2– CH2– CH2– CH2, from 8-AO), 3.92 (s, –O–CH3, end group from
DMFDCA), 3.64 (t, –CH2–OH, end group from 8-AO).
Poly(decamethylene
furanoate-co-decamethylene
furanamide) (PEAF10) 1H NMR (400 MHz, CDCl3, δ, ppm): 7.16
(2H, m, –CH=, DMFDCA), 6.72 (1H, m, –NH–CO–, from 10-AD), 4.30
(2H, m, –CO–O–CH2–, from 10-AD), 3.41 (2H, m, –CO–NH–CH2–,
from 10-AD), 1.73 (2H, m, –CO–O–CH2–CH2–, from 10-AD), 1.59 (2H,
m, –CO–NH–CH2–CH2–, from 10-AD), 1.30 (12H, m, –CO–O–CH2–
CH2–CH2–CH2–CH2–CH2–CH2–CH2, from 10-AD), 3.91 (s, –O–CH3,
end group from DMFDCA), 3.64 (t, –CH2–OH, end group from
10-AD).
Poly(dodecamethylene furanoate-co-dodecamethylene
furanamide) (PEAF12) 1H NMR (400 MHz, CDCl3, δ, ppm): 7.16
(2H, m, –CH=, DMFDCA), 6.69 (1H, m, –NH–CO–, from 12-ADO),
4.30 (2H, m, –CO–O–CH2–, from 12-ADO), 3.42 (2H, m,
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–CO–NH–CH2–, from 12-ADO), 1.74 (2H, m, –CO–O–CH2–CH2–, from
12-ADO), 1.59 (2H, m, –CO–NH–CH2–CH2–, from 12-ADO), 1.26
(16H, m, –CO–O–CH2–CH2–CH2–CH2–CH2–CH2–CH2–CH2–CH2–CH2,
from 12-ADO), 3.91 (s, –O–CH3, end group from DMFDCA), 3.64 (t,
–CH2–OH, end group from 12-ADO).
Analytics

Proton and carbon nuclear magnetic resonance (1H NMR and
13C NMR; 400 MHz) spectra were recorded on a Varian VXR
Spectrometer, using CDCl3 or DMSO-d6 as the solvent. Attenuated
total reflection-Fourier transform infrared (ATR-FTIR) spectra
were recorded on a Bruker VERTEX 70 spectrometer equipped
with an ATR diamond single reflection accessory. The
measurement resolution was 4 cm-1 and the spectra were collected
in the range of 4000-400 cm-1, with 16 scans for each sample.
Atmospheric compensation and baseline correction were applied
to the collected spectra using OPUS spectroscopy software (v7.0)
(Bruker Optics).

Molecular weights (number-average, 
 , and weight-average,


 ) of PEAFs were determined by size exclusion chromatography
(SEC) equipped with a triple detector, consisting of a Viscotek Ralls
detector, Viscotek Viscometer model H502, and Schambeck RI2912,
a refractive index detector. The separation was carried out by
utilizing two PLgel 5 µm MIXED-C, 300 mm columns from Agilent
Technologies at 35 °C. THF 99+%, extra pure, stabilized with BHT
was used as the eluent at a flow rate of 1.0 mL/min. Data
acquisition and calculations were performed using Viscotek
OmniSec software version 5.0. Molecular weights were determined
based on a conventional calibration curve generated from narrow
dispersity polystyrene standards (Agilent and Polymer

Laboratories, 
 = 645- 3001000 g/mol). The samples were
filtered over a 0.2 µm PTFE filter prior to injection.
The analysis of the thermal property was performed on a TAInstruments Q1000 DSC calibrated on indium standards. The
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heating rate was 10 °C min-1 under nitrogen flow. PEAFs melting
points (Tm) were derived from the first heating curve; glass
transition temperatures (Tg) were derived from the second heating
curve. The thermal stability and degradation temperatures were
analyzed on a TA-Instruments Discovery TGA 5500 using a heating
rate of 10 °C min-1 in a nitrogen environment.
Wide-Angle X-ray diffraction (WAXD) patterns were recorded
on a Bruker D8 Advance diffractometer with Cu Kα radiation (λ =
0.1542 nm) in the angular range of 5-50° (2θ) at room temperature.

5.3

Results and Discussion

5.3.1 Synthesis and Structural Characterization of Furanicaliphatic Poly(ester amide)s (PEAFs)
Furanic-aliphatic poly(ester amide)s (PEAFs) were
successfully prepared via two different procedures, as outlined in
Scheme 5.1. In the first procedure, PEAFs were synthesized by the
N435-catalyzed reaction between DMFDCA, diols, and diamines,
while in the second approach DMFDCA and linear amino alcohols
were used. The number of methylene units (n) in the aliphatic
linear diols, diamines, and amino alcohols is 6, 8, 10, and 12
respectively. In this work, this number is defined as the chain
length of the tested aliphatic linear monomers. The obtained PEAFs
are listed in Table 5.1. To evaluate the influence of the aliphatic
linear monomers on the enzymatic synthesis of PEAFs, a
comparative study between the two approaches was performed.
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Scheme 5.1 Enzymatic synthesis of furan-based poly(ester amide)s
from a) DMFDCA, aliphatic diols, and aliphatic diamines and b)
DMFDCA and aliphatic amino alcohols.
Table 5.1 Obtained furanic-aliphatic poly(ester amide)s (PEAFs).

6
8

10
12

Poly(ester amide)s
Poly(hexamethylene furanoate-co-hexamethylene
furanamide)
Poly(octamethylene furanoate-co-octamethylene
octanamide)
Poly(decamethylene furanoate-co-decamethylene
furanamide)
Poly(dodecamethylene furanoate-co-dodecamethylene
furanamide)

Abbreviation
PEAF6

CHAPTER

n[a]

PEAF8
PEAF10
PEAF12

[a] The number of methylene units in aliphatic linear diols, diamines, and amino alcohols

We found that DMFDCA can react with 1,8-octanediamine
(1,8-ODA) and 1,8-octanediol (1,8-ODO) or 6-amino-1-hexanol
(6-AH) in absence of N435. After the reaction, small amounts of
product were obtained with a yield less than 8 %. In the presence
of N435, the polymerization efficiency was significantly improved,
which was supported by higher yields (Table 5.3). This underlines
that the polymerization is catalyzed by the enzyme. This finding is
also in agreement with our previous findings, which showed that
the polymerization of DMFDCA with 1,8-ODA was improved by the
presence of the enzyme.14
Figure 5.1 shows the attenuated total reflection-Fourier
transform infrared (ATR-FTIR) and proton nuclear magnetic
resonance (1H-NMR) spectra of the acquired PEAFs. The ATR-FTIR
spectra confirm the presence of amide and ester linkages by the
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appearance of a sharp band around 1720 cm-1 and 1650 cm-1
indicating the C=O stretching vibration of the ester and amide
groups, respectively. The successful polymerization and chemical
structure of the PEAFs were further supported by the -COO-CH2and -CONH-CH2- signals present in the 1H-NMR spectra. Detailed
NMR and IR peak assignments are provided in the Experimental
Section.
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Figure 5.1 (a) ATR-FTIR, and (b) 1H-NMR spectra of the obtained
poly(ester amide)s from DMFDCA and aliphatic amino alcohols.
5.3.2 Influence of Linear Monomers on the Enzymatic
Synthesis of the PEAFs
In the first approach, aliphatic linear diols and diamines with
different chain lengths were screened to evaluate their influence on
the preparation of PEAFs (Figure 5.2). The results indicate that the
aliphatic linear diols and diamines with a chain length of n > 6 are
preferred by Candida antartica lipase B (CALB). The weight
average degree of polymerization (DP
w ) of the obtained PEAFs
increased from 56 to 78 upon increasing the chain length of the
diols and diamines from n = 6 to 8, respectively. PEAF10 with a

similar DP
w of 74 was obtained when the diol and diamine chain

lengths were increased to n = 10. PEAF12 with the highest DP
w of
128 was obtained from the enzymatic polymerization between
DMFDCA,
1,12-dodecanediol
(1,12-DODO),
and
1,12| 138

dodecanediamine (1,12-DODA). These results are in accordance
with our previous studies on the synthesis of furan polyesters and
polyamides, which suggest that CALB, in general, prefers longer
aliphatic linear diols and diamines.5, 15, 16
In the second approach, an increasing trend of the numbern ) and 
average degree of polymerization (DP
DPw with respect to
the amino alcohol chain length was observed. As illustrated in
Figure 5.2, the 
DPw value steadily increases from 23 to 97, if the
chain length of the amino alcohols is increased from n = 6 to 12.
Interestingly, these results are similar to the ones from the first
approach where diols and diamines were used as the aliphatic
monomers. This finding further supports our studies that CALB
shows a preference towards monomers bearing longer aliphatic
chains. Moreover, Couturier et al.27, in their study of the lipasecatalyzed aminolysis of various amino alcohols with fatty acids,
reported comparable findings. They observed an increase in yield
with increasing aliphatic amino alcohol chain lengths (n = 2, 3, 4, 5
and 6).
Degree of Polymerization

200

st

1 Approach 2nd Approach
DPn
DP

150

n

DPw

DPw

10

12

100

50

0

6

8

Methylene Units Length (n)

n and DP

Figure 5.2 DP
w of the obtained poly(ester amide)s from the
first and second synthetic approach against the chain length of the
linear monomers.
A comparison of the degree of polymerization (DP) of PEAFs
obtained from the first and second synthetic approach shows that
DPn of the first
both methods result in similar 
DPw , although the 
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approach is marginally higher (Figure 5.2). This can be again
explained by the substrate selectivity of CALB. However, the
reactivity of these aliphatic monomers and the solubility of end
products in the reaction medium needs to be taken into account as
well. Typically, the amino alcohols are more reactive than their
diols, but less active compared to their diamine counterparts.
Additionally, the steric hindrance of all monomers may also affect
the reactivity. Apart from reactivity, the DP may also be affected by
the corresponding polymer solubility in the reaction solvent.
Premature precipitation of the oligomers causes a contact loss with
the enzyme active site and thus, results in a low degree of
polymerization. Despite of the change in the aliphatic monomers
from diols and diamines to amino alcohols, different PEAFs were
successfully obtained with this CALB-catalyzed polymerization.
Interestingly, we also observed that CALB shows no specificity
for the formation of amide or ester. As summarized in Table 5.2, the
molar fractions X of amide and ester in PEAFs obtained from the
first approach are consistent with their molar feed values F. There
are similarities of the CALB behavior in this study and those
described by Couturier et al. on transesterification/transamidation
reactions.27 They observed that no specificity was shown by CALB
for amide or ester formation in the reaction between linoleyl ethyl
ester with several aliphatic amino alcohols.
5.3.3 Influence of Different Solvents on the Enzymatic
Synthesis of the PEAFs

Typically, the enzymatic polymerizations described in this
work were conducted in toluene as solvent. In order to create a
sustainable polymerization process, we replaced the toluene with
an ionic liquid (IL), BMIMPF6. This IL was reported to possess a
remarkable
performance
in
enzymatic
ring-opening
polymerization of lactides and lactones, which makes it a promising
candidate for the CALB-catalyzed syntheses of poly(ester
amide)s.28
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Table 5.2 Molar fraction and degree of polymerization of the PEAFs
obtained from DMFDCA, aliphatic diols, and aliphatic diamines.

PEAF6
PEAF8
PEAF10
PEAF12

Poly(ester
amide)s

Feed
Fester

Famide

Xester

Xamide


 [a]

50
75
50
25
50
50

50
25
50
75
50
50

52
76
54
44
55
53

48
24
46
56
45
47

44
33
52
28
42
81

Polymers


 [b]
56
56
78
40
74
128

[a] 
 (number-average degree of polymerization) = 2 × [ 
 − 32.03 /   ×   +   ×  ].
[b] 
 (weight-average degree of polymerization) = 2 × [ 
 − 32.03 /   ×   +   ×  ].

Using the first approach, PEAFs were successfully obtained
independent of the alkyl chain lengths in the tested monomers,
while the second approach was limited to alkyl chain lengths n > 6.
In general, the enzymatic polymerization performed in BMIMPF6
clearly resulted in lower molecular weight PEAFs compared to
those prepared in toluene (Table 5.3). For example, the first
n values of 5300approach conducted in toluene resulted in M
n
13000 g mol-1, while the polymerization in BMIMPF6 yielded M
values between 2200 and 4400 g mol-1. These results match those
observed by Heise et al.29, who reported a higher molecular weight
for poly(caprolactone) (PCL) synthesized by a N435-catalyzed ROP
in toluene in comparison to PCL prepared in BMIMPF6. They
suggested that this might be due to the better solubility of PCL in
toluene. A similar explanation might be applied in our case. The
different polarity of the solvents may also affect the final molecular
weight of the poly(ester amide)s.
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Table 5.3 Molecular weights, dispersities, and yields of the obtained
PEAFs.
First Approacha
Polyester

Solvent

 c
[g mol-1]

PEAF6
PEAF8
PEAF10
PEAF12

a PEAFs

Second Approachb


 c
[g mol-1]

Ðc


(
 / )

Yieldd
[%]


 c
[g mol-1]


 c
[g mol-1]

Ðc


(
 / )

Yieldd
[%]

Toluene

5300

6720

1.3

28

2100

2780

1.3

45

Toluene

6940

10390

1.5

47

5650

9360

1.7

43

Toluene

6140

10930

1.8

54

5780

10980

1.9

61

12990

20630

6300

11500

BMIMPF6
BMIMPF6
BMIMPF6
Toluene

BMIMPF6

2210

2800

4390

4150

2840

4030

7490

7450

diamines; b

1.3

1.4

1.7

1.6

1.8

19

40

47

39

44

-e

3090

4100

2600

-e

4490

6800

4700

alcohols; c The

-e

1.5

1.7

1.8

1.8

-e

39

32

81

30

synthesized from DMFDCA, aliphatic diols, and aliphatic
PEAFs synthesized from DMFDCA and amino
number-average molecular
d
e
 , weight-average molecular weight (

 
weight (
 ), and dispersity (Ð,  / ) were determined by SEC using THF as the eluent; isolated yield; not determined.

Besides the effect on molecular weight, the use of the IL also
caused a coloration of the PEAFs. All PEAF samples synthesized in
BMIMPF6 showed a yellow to brownish color, while PEAFs
obtained from the polymerization in toluene are white to light
yellow powders (Figure 5.3). In most cases, the coloration of FDCAbased polymers is due to the decarboxylation of FDCA. However, in
our case, the coloration of PEAFs cannot be explained in a similar
manner since the same polymerization in toluene yields white
powders. This clearly indicates that no decarboxylation is
occurring during the polymerization. In fact, the formation of
colored products can be attributed to solvent impurities of
BMIMPF6 in the final product. This is supported by the presence of
proton peaks of BMIMPF6 in the 1H-NMR spectra of the PEAFs
obtained from the reaction in IL (Figure 5.3c).
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Figure 5.3 PEAF12 synthesized from (a) DMFDCA, 1,12-DODO, and
1,12-DODA and (b) DMFDCA and 12-ADO. (c) 1H-NMR spectrum of
PEAF10 obtained from the reaction in BMIMPF6.
5.3.4 Crystallinity and Thermal Analysis of the Obtained
PEAFs
To explore the potential application of PEAFs, it is essential to
study their thermal properties. Therefore, we analyzed the thermal
properties and degradation behaviors of the obtained PEAFs by
performing differential scanning calorimetry (DSC) and thermal
gravimetric analysis (TGA) measurements. The values of the
thermal transitions and the degradation temperatures of the
obtained PEAFs are summarized in Table 5.4. The representative
thermal degradation profiles of the PEAFs are depicted in Figure
5.4a. They typically show a two-step degradation pattern and start
to decompose at a temperature around 390 °C. In general, the
PEAFs obtained from enzymatic polymerization in toluene appear
to possess a higher thermal stability, which can be explained by
their higher molecular weights. Importantly, we found that the
chain length of the aliphatic diols, diamines, and amino alcohols
have no significant influence on the decomposition temperatures
of the resulting PEAFs.
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Figure 5.4 (a) Representative TGA traces of the obtained PEAFs from
the second approach conducted in toluene (b) DSC curves of PEAF6
from the enzymatic polymerization of DMFDCA and 6-AH in toluene.
The representative DSC curves of PEAF6 from the second
approach in toluene are shown in Figure 5.4b. Two endothermic
peaks were obtained in the first heating cycle at around 120 and
140 °C. Similar to what we observed in furan polyamides, the first
small endothermic peak at around 120 °C could result from crystalcrystal phase transition.15 The melting peak (Tm) of the PEAF6 was
identified as the second endothermic peak at around 140 °C. In the
second heating scan, the Tm disappeared and no crystallization was
detected in the cooling curve. This indicates that the obtained
PEAFs cannot crystallize in bulk at the tested conditions due to
their slow crystallization rate. The Tg of the obtained PEAFs was
observed during the second heating scan with values ranging from
11 to 46 °C. The Tm and Tg of all obtained PEAFs show a decreasing
trend with increase of the chain length of the amino alcohols. A
similar trend was observed in FDCA-based semi-aromatic
polyesters and polyamides. As previously reported by our group,
this can be explained by an enhancement in the chain flexibility and
a reduction in the density of hydrogen bonds and π- π stacking.15
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Table 5.4 Thermal properties of the obtained PEAFs from DMFDCA
and amino alcohols.
TGAb

Polyester

PEAF6
PEAF8
PEAF10
PEAF12

Solvent

Tg
(°C)

Tm
(°C)

Td-max
(°C)

Toluene

44

140

390

Toluene

46

130

390

Toluene

35

90

390

BMIMPF6
BMIMPF6
BMIMPF6
Toluene

BMIMPF6

-c

22
22
25

11

-c

110
82

92

77

-c

360

380

395

350

a T = glass transition temperature from the modulated DSC heating scan, T = melting temperature from the first DSC
g
m
heating scan, b Td-max = temperature at the maximum rate of decomposition; c not determined.

The Wide-Angle X-ray diffraction (WAXD) spectra confirmed
that the obtained PEAFs possess semi-crystalline properties. As
shown in Figure 5.5, PEAF6 exhibits WAXD patterns which display
four diffraction peaks at 28.40 °, 23.64 °, 18.11 °, and 12.23 °.
Similarly, PEAF8 shows three diffraction peaks at 23.93 °, 17.37 °,
and 12.92 ° with additional low-intensity peaks at 34.22 °, 29.91 °,
27.09 °, 21.66 ° and 10.19 °. Two diffraction peaks located at the
same position around 23.95 - 24.00 ° and 17.37 - 18.33 ° are
detected in PEAF10 and PEAF12 spectra, while they also showed
multiple low-intensity peaks at 34.20 °, 29.94 °, 27.11 °, 26.07 °,
21.68 °, 20.42 °, 16.11 °, 12.47 °, 10.19 ° and 7.18 °. This result
indicates that the crystal phase of PEAF6 is similar to PEAF8, and
PEAF10 is similar to PEAF12.
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Figure 5.5 WAXD spectra of the obtained PEAFs from DMFDCA and
amino alcohols.

5.4

Conclusions

We designed an enzymatic synthesis pathway for the
production of furanic-aliphatic poly(ester amide)s (PEAFs). A
better understanding of the processes involved in the enzymatic
polymerization of PEAFs was achieved by introducing two different
synthetic approaches, which included the introduction of different
aliphatic monomers with varying alkyl chain lengths. Both
synthetic approaches yielded PEAFs with comparable 
DPw ,
n of the first approach in which diols and diamines
although the DP
were used as the monomers, is marginally higher. This can be
explained by the substrate selectivity of CALB, in which aliphatic
diamines and diols are preferred compared to the analogous amino
alcohols. On the other hand, the reactivity of the aliphatic
monomers and the solubility of the end products have to be taken
into consideration as well. To show that these synthetic processes
could be even greener, we performed the polymerization in an ionic
liquid. Using BMIMPF6 as the reaction solvent, we were able to
-1

produce different PEAFs with M
w up to 7490 g mol . In the case of
enzymatic synthesis of PEAFs, compared to toluene, the tested IL
| 146

(BMIMPF6) still gives products with similar characteristics. All
obtained PEAFs are semi-crystalline materials and possess a twostep degradation profile. They start to decompose at a temperature
around 390 °C, display a Tm of around 77 – 140 °C and Tg of around
11 – 46 °C.
We have performed the synthesis of PEAFs in a green way, i.e.
using renewable resources as starting materials, applying an
enzyme as the catalyst, and conducting the reaction in an ionic
liquid. This not only provides a greener method, but can potentially
deliver additional benefits to the polymers, for example
biocompatibility which is an essential factor for the use in
biomedical applications. Although still exemplified on the proof-ofconcept production of sustainable materials, these findings pave
the way to promote the transition from fossil- to bio-based
polymers, as well as more environmental friendly synthetic routes.
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Summary

Summary
The production and application of synthetic polymers have
risen exponentially over the past 50 years. This is mainly owing to
the fact, that polymers provide many societal benefits including
those positively connected to sustainability; such as lightweight
transportation to reduce fuel consumption and membranes for
efficient water purification. However, one major issue many
synthetic polymers share is that they are derived from
nonrenewable resources. Aside from that, massive energy
consumption in the production, as well as polymer disposal issues,
have become major threats to our environment. In this regard, the
production of polymers from biobased building blocks through
enzymatic polymerization becomes an irresistible solution.
Within a large variety of biobased building blocks, furan
derivatives and furan chemistry occupy a special position in
polymer chemistry. The similarity between furan and phenyl rings
opens an opportunity to a biobased alternative for phenyl-based
polymers. 2,5-Furandicarboxylic acid (FDCA) is a highly promising
biobased furan monomer, which already provided useful polymers
i.e polyethylene furanoate (PEF). However, there is one major
drawback, which limits the potential of FDCA: the decarboxylation
occurring while polymerization of this monomer.
Enzymatic polymerization, in this respect, has shown the
ability to solve this problem by providing mild reaction conditions
that can prevent the side reactions. The development of enzymatic
polymerizations started decades ago and is still in progress until
now. Interestingly, even though many studies reported the use of
enzymatic routes in the synthesis of aliphatic polymers, there is a
limited amount of reports on enzymatic synthesis of
(semi-)aromatic polymers. Therefore, the aim of this thesis is the
further development of enzymatic routes for the production of
various novel furan polymers with versatile properties.
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Chapter 1 begins by highlighting the theoretical dimension of
the research. A brief introduction into biobased polymers with
special attention to furan polymers is given. This includes the
derivation of furan building blocks from renewable resources and
their polymerization routes. Following that, an overview of the
recent developments in the field of enzymatic polymerization is
discussed.
FDCA-based semi-aromatic polyamides are novel biobased
alternatives
to
fossil-based
semi-aromatic
polyamides
(polyphthalamides) that have a broad commercial interest as
engineering thermoplastics and high-performance materials. In
Chapter 2, we extend the application of enzymatic polymerization
to the synthesis of FDCA-based semi-aromatic polyamides. A series
of these polyamides is successfully produced through
Novozym®435 (N435, an immobilized form of Candida antarctica
lipase B (CALB))-catalyzed polycondensation of (potentially)
biobased dimethyl 2,5-furandicarboxylate (DMFDCA) with
aliphatic diamines differing in chain length (C4 - C12). Using a onestage method at 90 °C in toluene, relatively high molecular weight
-1

polyamides with M
w ranging from 15800 to 48300 g mol were
obtained. We found that N435 shows the highest selectivity
towards 1,8-octanediamine (C8). The kinetics study suggests that
phase separation of FDCA-based oligoamides/polyamides takes
place in the early stage of polymerization, then the isolated
products undergo an enzyme-catalyzed solid-state polymerization.
Furthermore, we observed that the FDCA-based semi-aromatic
polyamides produced from the enzymatic polymerizations possess
similar thermal stability compared to the FDCA-based and TPAbased counterparts obtained via conventional approaches.
For the development of sustainable functional materials, it is
even more appealing to explore novel FDCA-based polyamides
with added functionality. In Chapter 3, a set of FDCA-based
heteroatom polyamides was successfully produced by N435catalyzed polymerization of biobased DMFDCA with (potentially
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biobased) heteroatom diamines, namely 4,9-dioxa-1,12dodecanediamine (DODA), diethylenetriamine (DETA), and 3,3'ethylenediiminodipropylamine (EDDA). It is apparent that, among
the tested heteroatom diamines, N435 shows the highest catalytic
activity towards DODA. Furthermore, to assess the possibility of a
greener polymerization route, we performed the enzymatic
polymerization in bulk and compared it to the toluene-based
synthesis. The result shows that higher molecular weight products
can be achieved from the reaction in bulk. We also find that all
obtained FDCA-based heteroatom polyamides are amorphous
materials with a relatively high thermal stability (up to 432°C), and
with glass transition temperatures (Tg) ranging from 41-107 °C.
Enzymatic polymerization can also be used to synthesize
different semi-aromatic furan-based polyesters from DMFDCA or
2,5-bis(hydroxymethyl)furan (BHMF). To further enhance the
polyester properties, an increase of aromatic content through
copolymerization can be an interesting approach. Chapter 4
discusses the enzymatic copolymerization of DMFDCA, BHMF,
aliphatic linear diols, and diacid ethyl esters. A series of furan-1

based copolyesters with M
w up to 35000 g mol was successfully
obtained. The synthetic mechanism was evaluated via the variation
of aliphatic linear monomers and their feed compositions. A
significant decrease in molecular weight was observed when the
aliphatic monomers were changed from diols to diacid ethyl esters,
which led us to propose a CALB-catalyzed copolymerization
mechanism of the furan copolyester formation. Compared to their
furan-based polyester counterparts, all copolyesters reported
herein display similar thermal decomposition profiles.
Interestingly, we also observe that the presence of the fully
aromatic segment in the main chain hinders the crystallinity of the
furan-based copolyesters.
The results in Chapter 2-4 indicate that the achieved
molecular weights not only depend on the enzyme specificity but
are also greatly limited by the low solubility of the furan polymers
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in the reaction mixture. With a combination of polyester and
polyamide features, poly(ester amide)s typically possess better
solubility compared to polyamides. They are also known to show
good thermo-mechanical behavior, biocompatibility, and
biodegradation. These properties make them appealing for use in
biomedical applications or as high-performance polymers with
reduced environmental impact. Therefore, owing to the abovementioned aspects, we designed an enzymatic synthesis pathway
for the production of furanic-aliphatic poly(ester amide)s (PEAFs)
in Chapter 5. Different PEAFs were successfully synthesized from
enzymatic polycondensation of DMFDCA with aliphatic diols,
diamines (first approach) or amino alcohols (second approach). It
appears that both synthetic approaches yielded PEAFs with

comparable weight-average degree of polymerization (DP
w ), while
n ) of the first
the number-average degree of polymerization (DP
approach is marginally higher. In addition, we further enhance the
sustainability of the entire process by performing the
polymerization in an ionic liquid (IL) – BMIMPF6. Compared to
toluene, the tested IL still gives products with similar
characteristics, e.g. thermal properties. The poly(ester amide)s
start to decompose at a temperature around 390 °C , display a Tm of
around 77 – 140 °C and a Tg of around 11 – 46 °C.
To conclude, we believe that this thesis will play an integral
role to push the transition from fossil- to bio-based polymers with
a focus on an environmentally friendly synthetic route. Given the
green nature and robustness of enzymatic polymerizations, this
pathway shows enormous potential to be applied for the synthesis
of various other biobased polymers and to ensure the future
development of sustainable polymers.
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De productie en toepassing van synthetische polymeren is
de afgelopen 50 jaar exponentieel toegenomen. Dit komt
voornamelijk door het feit dat polymeren veel maatschappelijke
voordelen bieden, waaronder die een positieve bijdrage leveren
aan duurzaamheid, zoals lichtgewicht transport om
brandstofverbruik te verminderen en membranen voor
efficiënte waterzuivering. Een groot probleem is echter dat veel
synthetische polymeren worden gemaakt uit niet-hernieuwbare
bronnen. Afgezien daarvan vormen zowel het enorme
energieverbruik bij de productie van de polymeren, als de
problemen die ontstaan bij de afvalverwerking, grote
bedreigingen voor ons milieu. In dat opzicht biedt de
enzymatische synthese van polymeren uit duurzame
grondstoffen een onweerstaanbare oplossing.
Uit een grote verscheidenheid aan duurzame grondstoffen
spelen furaanderivaten een belangrijke rol binnen de
polymeerchemie. De overeenkomsten tussen furaan- en
fenylringen bieden een kans om een biobased alternatief te
bedenken voor op fenyl gebasseerde polymeren. 2,5Furaandicarbonzuur (FDCA) is een veelbelovend biobased
furaanmonomeer dat al bruikbare polymeren heeft opgeleverd,
bijvoorbeeld polyethyleenfuranoaat (PEF). Er is echter een
belangrijk nadeel dat het potentieel van FDCA beperkt: de
decarboxylering die optreedt tijdens de polymerisatie van het
monomeer.
Enzymatische polymerisatie heeft aangetoond dit probleem
te kunnen oplossen door milde reactieomstandigheden te
gebruiken die de nevenreacties kunnen voorkomen. De
ontwikkeling van enzymatische polymerisaties is decennia
geleden begonnen en is nog steeds actueel. Interessant is dat er
veel onderzoeken zijn die het gebruik van enzymatische routes
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rapporteren voor de synthese van alifatische polymeren, maar
dat het aantal publicaties over enzymatische synthese van
(half-)aromatische polymeren beperkt is. Het doel van dit
proefschrift is daarom de verdere ontwikkeling van
enzymatische routes voor de productie van verschillende nieuwe
furaanpolymeren met veelzijdige eigenschappen.
Hoofdstuk 1 begint met het aanstippen van de theoretisch
achtergrond van het onderzoek. Een korte introductie over
biobased polymeren wordt gegeven, met in het bijzonder
aandacht voor furaanpolymeren. Er wordt ingegaan op zowel de
herkomst van furaanbouwstenen uit hernieuwbare bronnen, als
op de polymerisatieroutes. Daarna wordt er een overzicht
gegeven van de recente ontwikkelingen op het gebied van
enzymatische polymerisatie.
Semi-aromatische polyamiden gebaseerd op FDCA vormen
een biobased alternatief voor de semi-aromatische polyamiden
verkregen uit fossiele bronnen (polyftalamiden), die van groot
commercieel belang zijn als technische en high-performance
kunststoffen. In Hoofdstuk 2 breiden we de toepassing van
enzymatische polymerisatie uit naar de synthese van op FDCAgebaseerde semi-aromatische polyamiden. Een reeks van
verschillende polyamiden werd met succes gesynthetiseerd door
polycondensatiereacties
tussen
dimethyl
2,5furaandicarboxylaat (DMFDCA, een potentieel biobased
monomeer) en alifatische diaminen van verschillende
ketenlengtes (C4 - C12). Novozym®435 (N435, een
geïmmobiliseerde vorm van Candida antarctica lipase B (CALB))
werd als katalysator gebruikt. Door gebruik te maken van een
eenstaps-methode bij 90 °C in tolueen, werden polyamiden

verkregen met een relatief hoog molecuulgewicht M
w variërend
-1
van 15800 tot 48300 g mol . N435 vertoonde de hoogste
selectiviteit voor 1,8-octaandiamine (C8). De kinetiekstudie
suggereert dat fasescheiding van de op FDCA-gebaseerde
oligoamiden/polyamiden al in een vroege fase van de
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polymerisatie optreedt, waarna de geïsoleerde producten een
enzym gekatalyseerde vaste-stof polymerisatie ondergaan.
Verder hebben we waargenomen dat de via enzymatische
polymerisatie verkregen half-aromatische polyamiden met FDCA
als basis, een vergelijkbare thermische stabiliteit bezitten
wanneer men die vergelijkt met polyamiden op basis van FDCA
of TPA verkregen via conventionele methoden.
Voor de verdere ontwikkeling van duurzame functionele
materialen is het aantrekkelijk om nieuwe polyamiden met
toegevoegde functionaliteiten te gaan verkennen, waarbij FDCA
nog steeds de basis vormt. In Hoofdstuk 3 werden verschillende
heteroatoompolyamiden succesvol gesynthetiseerd via een
N435-gekatalyseerde polymerisatie van biobased DMFDCA met
verschillende heteroatoomdiamines, namelijk 4,9-dioxa-1,12dodecaandiamine (DODA), diethyleentriamine (DETA) en 3,3'ethyleendiiminodipropylamine (EDDA). Van de geteste
heteroatoomdiamines vertoont N435 de hoogste katalytische
activiteit voor DODA. Om de mogelijkheid van een groenere
polymerisatieroute te onderzoeken hebben we bovendien de
enzymatische polymerisatie uitgevoerd in bulk en die vergeleken
met de resultaten voor synthese in tolueen. Hieruit is gebleken
dat met bulkpolymerisatie (massapolymerisatie) hogere
molecuulgewichten kunnen worden bereikt. Alle verkregen
heteroatoompolyamiden bleken amorfe materialen te zijn met
een relatief hoge thermische stabiliteit (tot 432 °C) en met
glasovergangstemperaturen (Tg) variërend van 41-107 °C.
Enzymatische polymerisatie kan ook worden ingezet voor
de synthese van verschillende half-aromatische, op furaan
gebaseerde
polyesters.
DMFDCA
of
2,5bis(hydroxymethyl)furaan (BHMF) kunnen gebruikt worden als
bouwstenen. Om de eigenschappen van polyesters te verbeteren,
kan een verhoging van het aromatische gehalte door
copolymerisatie een interessante benadering zijn. Hoofdstuk 4
bespreekt de enzymatische copolymerisatie van DMFDCA met
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BHMF en lineaire alifatische diolen of dizuurethylesters. Een
reeks van op furaan gebaseerde copolyesters met
-1

molecuulgewichten M
w tot 35000 g mol werd met succes
verkregen. Het synthetisch mechanisme werd geëvalueerd door
verschillende lineaire alifatische monomeren te gebruiken en
door de toegevoegde hoeveelheid daarvan te variëren. Een
significante afname in molecuulgewicht werd waargenomen
wanneer werd overgegaan van diolen op dizuurethylesters. Op
basis
hiervan
verwachten
wij
dat
het
copolymerisatiemechanisme gekatalyseerd wordt door CALB. In
vergelijking met de lagere furaan-houdende polyesters, vertonen
alle hierin gerapporteerde copolyesters vergelijkbare
thermische ontledingsprofielen. Daarnaast vonden we dat de
aanwezigheid van volledig aromatische segmenten in de
hoofdketen de kristalliniteit van de copolyesters belemmert.
De resultaten in Hoofdstukken 2-4 laten zien dat de
verkregen molecuulgewichten niet alleen afhankelijk zijn van de
enzymspecificiteit, maar ook sterk worden beperkt door de lage
oplosbaarheid van de furaanpolymeren in het reactiemengsel.
Met een combinatie van polyester- en polyamidekenmerken, zijn
poly(esteramide)n over het algemeen beter oplosbaar dan
polyamiden. Zij staan ook bekend om hun goede
thermomechanische gedrag, biocompatibiliteit en biologische
afbreekbaarheid. Deze eigenschappen maken hen aantrekkelijk
voor het gebruik in biomedische toepassingen of voor highperformance kunstoffen die een lagere impact hebben op het
milieu. Gezien de bovengenoemde aspecten, hebben we in
Hoofdstuk 5 een enzymatische syntheseroute ontworpen voor
de productie van op furaan gebasseerde poly(esteramide)n
(PEAF). Verschillende PEAF werden met succes gesynthetiseerd
uit enzymatische polycondensaties van DMFDCA met alifatische
diolen en diamines (eerste benadering) of met aminoalcoholen
(tweede benadering). Het lijkt erop dat beide synthetische
benaderingen PEAF opleverden met een vergelijkbare
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gewichtsgemiddelde polymerisatiegraad ( 
DPw ), terwijl de
aantalgemiddelde polymerisatiegraad ( 
DPn ) van de eerste
benadering marginaal hoger was. Bovendien hebben we het
proces duurzamer gemaakt door de polymerisatie uit te voeren
in een ionische vloeistof – BMIMPF6. In vergelijking met tolueen
geeft BMIMPF6 nog steeds producten met vergelijkbare
karakteristieken, zoals de thermische eigenschappen. De
poly(esteramide)n beginnen te ontleden bij een temperatuur van
ongeveer 390 °C, vertonen een Tm van ongeveer 77 - 140 °C en
een Tg van ongeveer 11 – 46 °C.
Tot slot zijn we van mening dat dit proefschrift een
belangrijke rol zal spelen om een transitie te bewerkstelligen van
fossiele grondstoffen naar biobased grondstoffen voor de
productie van polymeren, waarbij de focus ligt op een
milieuvriendelijke syntheseroute. Gezien de groene aard en
robuustheid van enzymatische polymerisaties, biedt deze route
een enorm potentieel om te worden toegepast voor de synthese
van andere biobased polymeren en om de toekomstige
ontwikkeling van duurzame polymeren te garanderen.
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