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erization of furan-based polymers
in biobased solvents†
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and Katja Loos *a

The demand for biobased polymers is on the rise, driven by increasing environmental awareness and the

imperative for sustainability. Biobased materials, which offer renewability, have emerged as a solution to

the depletion of petroleum-based resources. Among biobased raw materials, 2,5-furandicarboxylic acid

(2,5-FDCA) has gained prominence as an extensively studied monomer in the last decade. Polyesters

based on 2,5-FDCA have shown compatibility and potential as biobased alternatives to polyethylene

terephthalate (PET) for packaging applications. Besides FDCA, 2,5-bis(hydroxymethyl)furan (2,5-BHMF),

a furan hetero-aromatic diol derivable from carbohydrates, has been identified as a versatile building

block, presenting interesting properties for polymeric materials. In adherence to sustainability principles,

the choice of catalyst for biobased polymer production is crucial. Biocatalysts, such as enzymes, not only

provide renewability but also offer advantages such as mild reaction conditions, aligning with sustainable

practices. However, many enzymatic polymerizations are reported in organic solvents, that are not

environmentally friendly and/or non-renewable. To address this issue, this study explored the use of

biobased solvents—namely, p-cymene, pinacolone, and D-limonene—for the enzymatic polymerization

of dimethyl 2,5-furan dicarboxylate (2,5-FDCA-based) polyesters and copolyesters with 2,5-BHMF. By

employing Candida antarctica lipase B (CALB), the enzymatic polymerization of this enzyme, particularly

with p-cymene, has demonstrated high performance, resulting in high-molecular-weight polyester and

copolyester products up to 7000 and 12 800 g mol−1, respectively. This study examined the thermal

properties and crystallinity of the obtained products by analyzing their structure–property relationships.

This research contributes to the advancement of sustainable polymer synthesis by considering biobased

raw materials, environmentally friendly catalysts, and biobased solvents.
Sustainability spotlight

The traditional production of polymers heavily relies on fossil-based resources, posing signicant environmental challenges. This study addresses these issues
by exploring enzymatic polymerization techniques for biobased furanic–aliphatic (co)-polyesters. Utilizing renewable biobased solvents, such as citrus-derived
solvents and pinacolone, represents a pivotal innovation. This approach offers a sustainable alternative, reducing dependence on non-renewable resources and
supporting environmentally friendly manufacturing processes. Aligned with the United Nations Sustainable Development Goals (SDGs) 9 (Industry, Innovation,
and Infrastructure), 12 (Responsible Consumption and Production), and 13 (Climate Action), this research promotes sustainable industrial practices, fosters
responsible production methods, and contributes to climate change mitigation. By advancing polymer science towards the use of sustainable and renewable
resources, this study underscores a critical shi in industrial applications.
Introduction

In light of growing environmental concerns, polymer science
increasingly aligns with a sustainable paradigm, demonstrating
a dedication to sustainability principles. Consequently, in
meric Materials, Zernike Institute for

en, Nijenborgh 4, 9747 AG Groningen,

ngen, The Netherlands

tion (ESI) available. See DOI:

436–3450
recent years, considerable attention has been directed towards
producing biobased polymers to replace those derived from
fossil-based resources with innovative, sustainable macromo-
lecular materials. A wide range of biobased polymers has been
produced using various renewable resources, contributing to
the diversity of bio-derived polymers available in the current
market. Notable examples include polylactic acid (PLA), poly(-
butylene succinate) (PBS), poly(3-caprolactone) (PCL), poly(-
butylene adipate-co-butylene terephthalate) (PBAT),
biopoly(ethylene terephthalate), biopoly(trimethylene tere-
phthalate) (Bio-PTT), biopolyamide (Bio-PA), and poly(ethylene
furanoate) (PEF).1–3 Among these, PEF has gained increased
© 2024 The Author(s). Published by the Royal Society of Chemistry
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recognition due to its superior properties compared to poly-
ethylene terephthalate (PET), particularly in packaging mate-
rials.2,4,5 This interest aligns with PET's established status as one
of the most widely produced polyesters. Consequently, the
increasing popularity of PEF is coupled with a proportional
increase in the utilization of 2,5-furandicarboxylic acid (2,5-
FDCA) derived from 5-hydroxymethylfurfural (HMF) from
carbohydrates, a biobased building block employed in synthe-
sizing PEF. Besides 2,5-FDCA, 2,5-bishydroxymethylfuran (2,5-
BHMF) also derivable from HMF is a recognized versatile
hetero-aromatic diol used as a polymer building block.6 2,5-
BHMF imparts rigidity or stiffness to the resulting polymer
chains, thereby affecting the material characteristics, including
on 2,5-FDCA-based polymers. Therefore, developing polymeric
materials utilizing 2,5-BHMF is also attractive following 2,5-
FDCA popularity.

In the last decade, research has explored various methods to
produce 2,5-FDCA-based polymers by varying monomers, cata-
lysts, and synthesis methods. Examples include two-step melt
polycondensations using titanium catalysts,7 solid-state post-
condensation for high-molecular-weight polymers,8 and hetero-
phase step-addition for FDCA-based epoxy vitrimers with self-
healing properties.9 Enzymatic catalysis, a green approach,
has also been effective in producing 2,5-FDCA-based copo-
lyesters, incorporating 2,5-BHMF using Candida antarctica
lipase B (CALB).10,11 The use of enzymes as biocatalysts offers
a more sustainable method due to their renewability, nontoxic
nature, and mild reaction conditions.1,5,12 Moreover, enzymes
have high selectivity, enabling the polymerization to be more
effective toward specic substrates, and frequently do not
require protecting groups, thereby reducing energy and waste
disposal expenses.1,12–14

The enzymatic synthesis of FDCA-based polyesters has been
extensively reported in recent years.15–19 Optimization of poly-
merization conditions to achieve high molecular weight has
been reported, such as applying variations in vacuum or
temperature conditions in one-step or two-stepmethods, as well
as varying monomers and comonomers.1,10,12,15,17,20 The solvent
used as the reaction medium could affect the enzyme catalytic
performance, thus inuencing the rendered results.1,15,16,18

Lipase, an active catalyst for synthesizing FDCA-based poly-
esters, typically works best in nonpolar organic solvents, which
are hydrophobic and have higher log P (>4.0), the solvent
distribution coefficient between water and octanol.21–24

However, traditional organic solvents, oen derived from fossil
fuels, pose sustainability issues due to their volatility and
environmental impact.25 Thus, a shi towards biobased
solvents is imperative.

Biobased solvents, derived from renewable resources and
exhibiting low toxicity, have emerged as environmentally
friendly alternatives.26,27 These solvents ensure process safety
and environmental acceptability and have expanded to enzy-
matic catalysis. Studies have shown that enzymes are active in
biobased solvents such as citrus-derived alkenes (D-limonene
and p-cymene), 3,3-dimethyl-2-butanone (pinacolone), 2-meth-
yltetrahydrofuran (2-MeTHF), g-valerolactone (GVL), and
Cyrene.27–32 Among these biobased solvents, citrus-derived
© 2024 The Author(s). Published by the Royal Society of Chemistry
solvents exhibited remarkable efficiency in the esterication
of 2-phenylpropionic acid using immobilized CALB, reaching
an 86% conversion rate.27 These citrus-based solvents per-
formed better than several other organic solvents, including
hexane, toluene, chloroform, and THF.27 In another report,
pinacolone, regarded as an alternative to toluene, was reported
to demonstrate a noteworthy conversion rate of more than 80%
when employed in the enzymatic polymerization of poly(1,4-
butylene adipate) and poly(1,8-octylene adipate) and more
than 50% for poly(1,4-butylene 2,5-furandicarboxylate) using
CALB.29,33 Pinacolone can be produced from renewable
resources. It has been reported that isobutene, which is the
precursor of pivalic acid that produces pinacolone, can be
generated by sugar fermentation.33

The novelty of this study lies in the use of biobased solvents,
specically citrus-derived solvents and pinacolone, for the
enzymatic polymerization of furanic–aliphatic polyesters or
copolyesters utilizing dimethyl 2,5-furandicarboxylate (2,5-
DMFDCA). To the best of our knowledge, there has been no
prior research focusing on this aspect. This study investigates
the inuence of these solvents on CALB-catalyzed synthesis of
these polymers. In the rst part, we studied enzymatic poly-
merization involving 2,5-DMFDCA with two variations of
aliphatic diols, i.e., 1,8-octanediol and 1,12-dodecanediol, in
both p-cymene or pinacolone. In the second part, we presented
the enzymatic copolymerization of 2,5-DMFDCA with 2,5-
bis(hydroxymethyl)furan (2,5-BHMF) as a rigid diol and 1,10-
decanediol as an aliphatic diol in p-cymene or D-limonene. We
assessed the inuence of solvent on enzymatic catalysis and
investigated the correlation between the structure and product
properties.

Our strategy focuses on fostering sustainability through
enzymatic polymerization, incorporating conditions that mini-
mize environmental impact. Specically, we utilize enzymes as
sustainable catalysts, facilitating reactions at signicantly lower
temperatures (below 100 °C), representing up to a 100%
reduction compared to the higher temperatures typically
required in conventional approaches employing metal-based
catalysts. Additionally, biobased solvents are employed for the
enzymatic polymerization process, replacing the non-
sustainable organic solvents traditionally used in previous
systems, which presented a limitation for more eco-friendly
enzymatic polymerization methods.34–36 Furthermore, this
study addresses the coloration issues frequently encountered in
furan-based (co)-polyester products synthesized via conven-
tional metal-catalyzed processes at elevated temperatures. By
conducting the reactions under milder conditions using bio-
based solvents and sustainable catalysts, we successfully
produced colorless products, thereby overcoming a common
challenge in the production of furan-based polymers.

Materials and methods
Materials

Novozym 435 (N435, Candida antarctica lipase B (CALB))
immobilized on acrylic resin (5000+ U g−1), 1,8-octanediol (1,8-
ODO, 98%), 1,10-decanediol (1,10-DDO, 98%), 1,12-
RSC Sustainability, 2024, 2, 3436–3450 | 3437
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dodecanediol (1,12-DODO, 99%), chloroform (CHCl3, Chroma-
solv HPLC, $99.8%, amylene stabilized), deuterated chloro-
form (CDCl3, 99.8 atom% D), potassium triuoroacetate (KTFA,
98%), 2,5-bis(hydroxymethyl)furan (2,5-BHMF, 97%), 3,3-
dimethyl-2-butanone (pinacolone, 97%), and p-cymene (99%)
were purchased from Sigma-Aldrich. Toluene (anhydrous,
99.8%) was purchased from Alfa Aesar. Dimethyl 2,5-fur-
andicarboxylate (2,5-DMFDCA, 97%) was purchased from Flu-
orochem UK. Absolute methanol (MeOH, AR grade) was
obtained from Biosolve Chemicals. 1,1,1,3,3,3-Hexauoro-2-
propanol (HFIP, $99%) and D-limonene (95%) were acquired
from TCI Europe. Dithranol ($98%) was purchased from Fluka.

N435 was predried as reported previously.37 The molecular
sieves (4 Å) were preactivated at 200 °C. All the other chemicals
were used as received.

One-step approach for iCALB-catalyzed polycondensations of
polyesters

A one-step enzymatic polymerization method was employed to
synthesize FDCA-based polyesters (FPEs) based on our previous
research by combining the monomer 2,5-DMFDCA at a 1 : 1 mol
ratio with diols, predried N435, and a preactivated molecular
sieve (15% and 150% of the monomer, respectively). For
example, we placed 2,5-DMFDCA (0.2787 grams, 1.51 mmol),
1,8-ODO (0.2212 grams, 1.51 mmol), a molecular sieve (1.5
grams, 150%), N435 (0.15 grams, 15%), and 2.5 mL of either p-
cymene or pinacolone as a solvent in a 25 mL round bottom
ask. Then, we heated the ask to 90 °C in a nitrogen atmo-
sphere and agitated it magnetically for 72 hours. Aerward, we
cooled and terminated the reaction, added 20 mL of chloroform
to dissolve the products, ltered N435 and the molecular sieve,
washed them with 30 mL of chloroform, mixed all the obtained
solutions, and concentrated them using a rotary evaporator at
40 °C and reduced pressure (400–480 mbar). We solidied the
concentrated solution by adding excess cold methanol,
collected the precipitated product through centrifugation (5
minutes, 4500 rpm, 4 °C) using a Thermo/Heraeus Labofuge
400 R, and dried it under vacuum at 40 °C for three days before
conducting our analysis. The resulting products were stored at
room temperature.

Procedure of the one-step approach for iCALB-catalyzed
polycondensations of copolyesters

Based on previous research, enzymatic polymerization was
performed to produce furan-based copolyesters (co-FPEs). An
experimental copolymerization of 2,5-DMFDCA, 2,5-BHMF, and
1,10-DDO as aliphatic diols was performed with a 2,5-DMFDCA/
2,5-BHMF/1,10-DDO ratio of 50 : 12.5 : 37.5 in the following
manner: initially, we introduced predried N435 and pre-
activated molecular sieves in amounts equivalent to 15% and
150%, respectively, of the monomer into a 25 mL round bottle
in a nitrogen environment. Next, we added 2,5-DMFDCA
(265.4 mg, 1.44 mmol), 2,5-BHMF (46 mg, 0.36 mmol), 1,10-
DDO (188.4 mg, 1.08 mmol), and 2.5 mL of either anhydrous
toluene, p-cymene or D-limonene to the ask. The procedure for
experimental polymerization and the subsequent purication
3438 | RSC Sustainability, 2024, 2, 3436–3450
of the product closely followed the one-step method previously
described for polyester synthesis.
Two-step iCALB-catalyzed polycondensations for copolyesters

Two-stage enzymatic polymerizations of co-FPEs were carried
out under two distinct vacuum conditions. Following a two-
hour reaction at 90 °C with continuous magnetic stirring
under a nitrogen atmosphere, the second step was initiated as
follows:

(1) In the rst method, a vacuum at 600 mmHg was applied
for 70 hours.

(2) In the second method, the vacuum pressure is slowly
reduced to 60 mmHg over 70 hours for the reaction in p-cymene
and D-limonene.

The experimental polymerization procedure and the
composition of the monomers used are similar to those in the
one-stepmethod for preparing co-FPEs, as previously described.
Furan-based polyesters

ATR-FTIR (n, cm−1): 3057–3200 (]C–H stretching vibration of
the furan ring); 2780–3021 (C–H stretching vibrations); 1720–
1724 (C]O stretching vibration of ester); 1573–1576 (aromatic
C]C bending vibration); 1491–1493, 1468–1475 (C–H defor-
mation and wagging vibration); 1392 (C–H rocking vibration);
1142–1144, 1270–1284 (asymmetrical and symmetrical stretch-
ing 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(octamethylene-2,5-furanoate)
1H NMR (600 MHz, CDCl3, d, ppm): 7.16 (2H, s, –CH], 2,5-
DMFDCA), 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 (4H, m, –CH2–, from
1,8-ODO), 3.90 (s, –O–CH3, end group from 2,5-DMFDCA), 3.62
(t, –CH2–OH, end group from 1,8-ODO).
Poly(dodecamethylene-2,5-furanoate)
1H NMR (600 MHz, CDCl3, d, ppm): 7.17 (2H, s, –CH], 2,5-
DMFDCA), 4.23 (4H, m, –CO–O–CH2–, from 1,12-DODO), 1.69
(4H, m, –CO–O–CH2–CH2–, from 1,12-DODO), 1.28 (4H, m, –
CH2–, from 1,12-DODO), 3.84 (s, –O–CH3, end group from 2,5-
DMFDCA), 3.62 (t, –CH2–OH, end group from 1,12-DODO).
Furan-based copolyesters

ATR-FTIR (n, 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 deformation
and wagging vibrations); 1329 (C–H rocking vibrations); 1122–
1151, 1268–1276 (asymmetric and symmetric stretching vibra-
tions 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).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Poly(2,5-furandimethylene furanoate-co-decamethylene-2,5-
furanoate)
1H NMR (600 MHz, CDCl3, d, ppm): 7.18 (2 H, m, –CH], 2,5-
DMFDCA), 6.48 (2 H, m, –CH], 2,5-BHMF), 5.29 (4 H, s, –CO–
O–CH2–, 2,5-BHMF), 4.31 (4 H, m, –CO–O–CH2–, from 1,10-
DDO), 1.74 (4 H, m, –CO–O–CH2–CH2–, from 1,10-DDO), 1.36 (4
H, m, –CH2–, from 1,10-DDO), 1.29 (8 H, m, –CH2–, from 1,10-
DDO), 4.61 (s, –CH2OH, end group from 2,5-BHMF), 3.92 (s, –O–
CH3, end group from 2,5-DMFDCA), 3.63 ppm (t, –CH2–OH, end
group from 1,10-DDO).
Analytics

Proton nuclear magnetic resonance (1H-NMR; 600 MHz) spectra
were recorded on a Bruker Ascend™ NMR600 spectrometer
using CDCl3 as the solvent.

Attenuated total reection-Fourier transform infrared (ATR-
FTIR) spectra were recorded on a Bruker VERTEX 70 spec-
trometer equipped with an ATR diamond single reection
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 soware (v7.0) (Bruker Optics).

The molecular weights (number-average, Mn; and weight-
average, Mw) of the FPEs were determined via a size exclusion
chromatography (SEC) instrument equipped with a triple
detector, consisting of a Malvern dual detector and Schambeck
RI2012, a refractive index detector. Separation was carried out
by utilizing two PLgel 5 mm MIXED-C 300 mm columns from
Agilent Technologies at 35 °C. HPLC grade chloroform was used
as the eluent, with a ow rate of 0.5 mL min−1. Data acquisition
and calculations were performed using Viscotek OmniSec so-
ware version 5.0. Molecular weights were determined based on
a conventional calibration curve generated from narrow dis-
persity polystyrene standards (Agilent and Polymer Laborato-
ries, Mw = 645–3 001 000 g mol−1). The samples were ltered
through a 0.2 mm PTFE lter prior to injection.

Matrix-assisted laser desorption/ionization-time of ight
mass spectrometry (MALDI-ToF MS) was performed using
a 4800 Plus MALDI TOF/TOF Analyzer (Applied Biosystems) in
reector positive mode. The matrix, cationization agent, and
solvent used were dithranol, KTFA, and HFIP, respectively. First,
dithranol (20 mg mL−1), KTFA (5 mg mL−1) and a polymer
sample (1–2 mg mL−1) were premixed at a ratio of 5 : 1 : 5. The
mixture was subsequently hand-spotted on a stainless steel
plate and le to dry. The presence of polyesters and copolyesters
with different end groups was determined by using eqn (1) and
(2), respectively:

MP = MEG + (n × MRU) + Mcation+ (1)

MP = MEG + (r1 × MRU1 + r2 × MRU2) + Mcation+ (2)

where MP is the molecular mass of the polyester or copolyester
species, MEG is the molecular mass of the end groups, n is the
number of repeating units, r1 and r2 are the numbers of each
© 2024 The Author(s). Published by the Royal Society of Chemistry
segment, MRU is the molecular mass of the repeating unit or
segment, and Mcation+ is the molecular mass of the potassium
cation, sodium cation or hydrogen cation.

The analysis of the thermal properties was performed on
a TA-Instruments Q1000 DSC instrument, which was calibrated
with indium as the standard. The heating rate was 10 °C min−1

under nitrogen ow. The product melting points (Tm) were
measured by a second heating scan. The glass transition
temperature (Tg) was measured by a second heating scan or
temperature-modulated differential scanning calorimetry
(TMDSC) at 2 °C min−1 with a temperature modulation of
±0.50 °C every 60 seconds.

The thermal stability and degradation temperature were
analyzed via thermogravimetric analysis (TGA) on a TA-
Instruments Discovery TGA 5500 instrument at 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 Endeavor diffractometer with Cu Ka radiation (l
= 0.1542 nm) in the angular range of 5–50° (2q) at room
temperature. The percentage of crystallinity (cc) was deter-
mined using the WAXD spectra through the following formula:
cc (%) = 100 × k × Ic/(Ic + Ia).38,39 Here, k represents the relative
scattering factor between a polymer's crystalline and amor-
phous parts (typically assumed to be k= 1 due to the difficulty of
determination). The integration intensities of the crystal peaks
(Ic) and the integration intensity of the amorphous halo (Ia) were
obtained using the Peak Analyzer tool available in OriginPro 9.1
soware from OriginLab Corporation. The d-spacings were
calculated from the diffraction peak maxima through Bragg's
equation.

Results and discussion
Synthesis and structural characterization of furan-based
polyesters

In the rst part of this manuscript, we produced FPEs via the
CALB-catalyzed polymerization of 2,5-DMFDCA with two
different aliphatic linear diols, as illustrated in Scheme 1. These
diols contained either eight or twelve methylene units (x), as
listed in Table 1. To promote a more green polymerization
system, we introduced two biobased solvents, p-cymene and
pinacolone, as media and evaluated their inuence on the
enzymatic synthesis.

The successful enzymatic synthesis of the FPEs listed in
Table 1 was conrmed by analyzing 1H-NMR and ATR-FTIR
spectra, as depicted in Fig. 1. The signal at 4.3 ppm, corre-
sponding to –CO–O–CH2–, provided evidence of polyester
formation. Furthermore, the ATR-FTIR spectra supported ester
linkage formation, as evidenced by the sharp band at approxi-
mately 1720 cm−1, corresponding to the C]O stretching
vibration of the ester groups. A detailed assignment of the 1H-
NMR and ATR-FTIR peaks can be found in the Materials and
methods section.

Matrix-assisted laser desorption ionization-time of ight
mass spectrometry (MALDI-ToF MS) was employed to further
investigate the microstructures of the FPEs and their end
groups. The representative mass spectra of the FPEs are shown
RSC Sustainability, 2024, 2, 3436–3450 | 3439
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Scheme 1 Enzymatic synthesis of furan-based polyesters using biobased solvents.

Table 1 Abbreviations for the synthesized furan-based polyesters

xa Polyesters Abbreviation

8 Poly(octamethylene-2,5-furanoate) 2,5-POF
12 Poly(dodecamethylene-2,5-furanoate) 2,5-PDOF

a The number of methylene units in the aliphatic linear diol.

Fig. 1 (a) 1H-NMR and (b) ATR-FTIR spectra of POF and PDOF ob-
tained from the utilized biobased solvents.
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in Fig. 2, covering them/z range from 500 to 3500. Distinct peak
separations (m/z) were observed, corresponding to 2,5-POF and
2,5-PDOF, with aliphatic repeating unit molecular weights of
266.11 g mol−1 and 322.17 g mol−1, respectively, conrming the
presence of both 2,5-POF and 2,5-PDOF as the products. For all
the tested FPEs, a similar pattern was observed in the MALDI-
ToF MS spectra, revealing the presence of eight species based
on the end group provided in Table 2. Fig. 2 shows that
generally, the FPEs are linear products of species A and G with
ester/–OH and ester/ester end groups. The MALDI-ToF result
also conrmed the presence of cyclic species (B) in the product,
which usually occurs during CALB catalytic polymerization.40–42

This nding agrees with previous work on furan-based poly-
esters, which utilize diphenyl ether as the enzymatic reaction
medium.39

Inuence of biobased solvents on the enzymatic synthesis of
furan-based polyesters

In the realm of enzymatic polymerization, prior studies exten-
sively documented the synthesis of FDCA-based polymers
utilizing lipase in conventional organic solvents such as
diphenyl ether and toluene.10,19,38,43 Notably, a two-stage method
in diphenyl ether yielded a high molecular weight 2,5-PDF
polymer of 23 700 g mol−1 which is seven times higher than the
molecular weight of 2,5-POF obtained with the same method,
due to the longer aliphatic diol enhancing the molecular
weight.39 The one-stage method in toluene resulted in 2,5-PDOF
and poly(octamethylene furanamide) (PA8F) with molecular
weights of 13 300 and 54 000 g mol−1, respectively, as reported
previously.34,43 However, the environmental implications asso-
ciated with diphenyl ether and toluene necessitated a shi
towards enzymatic polymerization utilizing potentially greener
alternatives, specically biobased solvents. Consequently, this
study focused on employing two bioderived solvents, p-cymene
and pinacolone, for polymerizing 2,5-POF and 2,5-PDOF. These
solvents were chosen based on the reported higher activity of
CALB in these solvents.27,29

Fig. 3 and Table S1† reveal that using p-cymene resulted in
a higher average molecular weight ðMwÞ for 2,5-PDOF and 2,5-
POF, achievingMw up to 7000 and 5000 g mol−1, respectively. In
3440 | RSC Sustainability, 2024, 2, 3436–3450
contrast, polymerizations using pinacolone yielded Mw 6200
and 4100 g mol−1, respectively. The SEC traces of the polyesters
exhibit slight tailing, with the polyesters synthesized in p-
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00358f


Fig. 2 (a) MALDI-ToF MS spectra of 2,5-POF and PDOF obtained from
different biobased solvents and the (b) magnified version.
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cymene more distinctly revealing multiple populations
(Fig. S8†). The higherMw in p-cymene is attributed to the higher
log P of p-cymene (3.47) compared to pinacolone (1.21), a critical
factor in enzymatic catalysis.33,44 It is known that a solvent with
a log P higher than 4 is favored for enzymatic catalysis because it
tends to be less deactivating to the enzyme.21,23

Considering additional solvent parameters from Table S3,†
such as hydrogen bond accepting ability (b) and molar volume
(Vm), which were previously reported to affect the enzymatic
reaction rate, further reinforces p-cymene's efficacy.26,27 p-Cym-
ene, with a lower b (0.13) than pinacolone (0.58), signies
reduced interference at the solvent–enzyme catalytic site, facil-
itating favorable substrate–enzyme interactions.26,27,45 More-
over, higher Vm of p-cymene (156.058 mL mol−1) suggests
a more conducive environment for catalytic reactions than
pinacolone (125.2 mL mol−1). As previously reported, a higher
Vm signies a bulkier structure, leading to less solvent
© 2024 The Author(s). Published by the Royal Society of Chemistry
interaction with the enzyme and substrate, thereby promoting
the enzymatic catalytic reaction of the substrates.26,27 In
summary, these solvent parameters, namely log P, b, and Vm,
support the suitability of p-cymene as the reaction medium over
pinacolone in this study.

Furthermore, as previously reported,46,47 p-cymene has
excellent dissolution capability for conjugated polymers,
allowing the polymerization to proceed without any interfer-
ence from precipitation of oligomers or polymers during the
reaction. Favorable polymer or oligomer interactions with the
solvent during polymer chain growth affect the availability of
reactive groups for inducing polymerization.18,48 This might
provide additional insight into the high percentage of enzy-
matic polycondensations achieved with p-cymene. There is an
opportunity to improve the results for better comparability with
toluene. Previous research by Pellis et al.49 suggests that p-
cymene yields higher molecular weight at lower temperatures,
known to promote the formation of linear polymer products in
CALB-catalyzed polymerization.50 Further investigation at lower
temperatures could clarify this hypothesis.

Expanding on the results obtained from the investigation of
MALDI-ToF MS peak intensities, the study conrms that
altering the aliphatic diol chain length from eight to twelve
inuences linear and cyclic production during enzymatic
catalysis using p-cymene or pinacolone. Despite the caution on
the potential impact of end groups on ionization efficiency,51–55

MALDI-ToF MS offers direct identication of polymer species.
The linear product of species A and G generated using p-cymene
or pinacolone indicates ester/OH and ester/ester end groups.
Additionally, cyclic product percentages increased to 86% for p-
cymene and 48% for pinacolone with the extension of the
aliphatic diol chain from eight (2,5-POF) to twelve (2,5-PDOF).
This observation aligns with prior ndings using toluene, which
is attributed to the greater exibility of longer aliphatic diol
chain length molecules.34 However, in contrast to the previous
ndings that linear products were infrequent when utilizing
toluene,34 we observe that CALB-catalyzed polymerization with
p-cymene or pinacolone generates more linear products than
cyclic FPE products. This underscores the versatility of p-cym-
ene and pinacolone in producing a linear structure rather than
a cyclic one, attributed to their higher Vm than toluene as
a previously reported small size solvent was preferred for
cyclization.56

Comparative analyses with enzymatic syntheses in ionic
liquids or deep eutectic solvents, namely 1-butyl-3-
methylimidazolium hexauorophosphate (BMIMPF6) and
urea–choline chloride (U–ChCl) from a previously reported
study,16 highlighted the superior results of 2,5-POF and 2,5-
PDOF obtained using p-cymene or pinacolone in this study (see
Fig. 3). The Mw values demonstrated that the enzymatic
synthesis using these biobased solvents was up to 61% more
effective for p-cymene and 55% for pinacolone compared to
using BMIMPF4 or U–ChCl. Furthermore, the yield increased to
35% for 2,5-PDOF using p-cymene and 14% for 2,5-PDOF using
pinacolone. Although the molecular weights were generally
lower than those achieved with toluene, comparable yields
hinted at the potential for more environmentally friendly
RSC Sustainability, 2024, 2, 3436–3450 | 3441
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Table 2 MALDI-ToF MS analysis: end groups of the obtained polyester

Entry Polyester species End groups Remaining massa (amu)

A Ester/–OH 32.04

B Cyclic 0

C Ester/aldehyde 154.03

D Acid/alcohol 18.02

E Ester/acid 170.03

F Aldehyde/aldehyde 124.1

G Ester/ester 184.15

H Alcohol/alcohol

118.18 (x = 6)
145.22 (x = 8)
174.28 (x = 10)
202.34 (x = 12)

a Remaining mass refers to the mass of the residual fragment aer fragmentation in mass spectrometry, expressed in atomic mass units (amu),
where 1 amu is dened as one-twelh of the mass of a carbon-12 atom.
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enzymatic polymerization methods with biobased solvents,
particularly for 2,5-FDCA-based polyesters.

In addressing the common issue of discoloration in FDCA-
based polymers, p-cymene has emerged as a promising solu-
tion, resulting in a white-powder product without discoloration,
similar to that obtained with toluene from previous work.34 In
contrast, pinacolone yielded a slightly yellowish product,
requiring additional purication steps to enhance its appear-
ance. The presence of a pronounced methylene proton peak at
3.49 ppm suggests that the yellow appearance may be attributed
to the presence of ketal side products, as previously observed in
CALB-catalyzed galactarate-based polymers using Cyrene,
which also contains ketone functional groups.57–59 The discol-
oration issue associated with pinacolone could potentially be
3442 | RSC Sustainability, 2024, 2, 3436–3450
addressed through a two-step method, which would facilitate
more effective removal of methanol side products, likely
contributing to increased ketal formation due to the shorter
chain alcohol in the system.60 Further research is needed to
draw conclusive insights into this discoloration phenomenon
(Fig. 4).
Synthesis and structural characterization of furan-based
copolyesters

This study further explores utilizing biobased solvents applied
to the enzymatic synthesis of furan-based copolyesters by
incorporating 2,5-BHMF. It is known that the rigid structure is
frequently affected by the enzymatic polymerization with CALB,
as well as material properties.10,61 Therefore, exploring the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparison of weight-average molecular weights ðMwÞ of
furanic–aliphatic polyesters synthesized in different solvents via
enzymatic polymerizations using CALB. The data on BMIMPF6 and U–
ChCl from a previous study,16 and toluene from a previous study.34
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copolymerization with 2,5-BHMF in a greener solvent, such as
biobased solvents, is fascinating. In light of the results from the
enzymatic synthesis of polyesters, in which we discovered the
discoloration issue with pinacolone, in the second scheme of
this study, besides utilizing p-cymene, we chose to use another
variation of a citrus-based solvent, D-limonene, which was
previously also reported to perform well in CALB catalysis.27 In
addition, we performed copolymerization in toluene as the
comparison system with the traditional organic solvent. As
presented in Scheme 2, the copolymerization of 2,5-DMFDCA
with 2,5-BHMF as a rigid diol and 1,10-decanediol as the linear
aliphatic monomer was performed utilizing CALB as a catalyst.
The main focus is to investigate the viability of the two citrus-
based solvents, considering their sustainability, in the
synthesis of furan-based copolyesters and to assess their impact
on enzymatic catalysis.

1H-NMR signals in Fig. 5a at approximately 4.31 and
5.29 ppm, prove the presence of –CO–O–CH2– in the ester formed
by the combination of 2,5-DMFDCA with aliphatic 1,10-dec-
anediol, as well as in the ester formed by 2,5-DMFDCA and 2,5-
BHMF. These signals conrmed the formation of copolyesters,
consistent with prior research on furan-based copolyesters.10 In
the ATR-FTIR spectra shown in Fig. 5b, a prominent band at
Fig. 4 From left to right, the products of poly(dodecamethylene-2,5-fura
pinacolone.

© 2024 The Author(s). Published by the Royal Society of Chemistry
1721 cm−1, representing the stretching vibration of the C]O
bond in the ester groups, offers additional evidence of ester
linkage formation. Furthermore, specic bands related to the
furan structure were observed, including a weak band corre-
sponding to the stretching vibration of the ]C–H bonds in the
furan ring at 3118–3137 cm−1 and bands at 1573–1583 cm−1 and
1506–1511 cm−1 corresponding to the bending vibrations of the
aromatic C]C bonds. These ndings conrm the successful
synthesis and structural attributes of P(2,5-FMF-co-2,5-DF) in this
study. For precise 1H-NMR and ATR-FTIR peak assignments,
please refer to the Materials and methods section. To investigate
the microstructures of P(2,5-FMF-co-2,5-DF) obtained from three
different solvents and their end groups, MALDI-ToF MS analysis
was employed. Fig. 6 shows their mass spectra, ranging fromm/z
700 to 2500. Clear distinctions in peak separations (m/z) were
evident in those co-FPEs with ten aliphatic unit chain lengths,
conrming the presence of this copolyester with aliphatic and
hetero-aromatic segments with molecular weights of 294.35 g
mol−1 and 263.23 g mol−1, respectively. Across all tested co-FPEs,
a consistent prole appeared in the MALDI-ToF MS results for
approximately eleven species, as outlined in Table 3. These
spectra displayed similar peaks for the three co-FPEs, high-
lighting the prevalence of linear species A, D, H, and F and cyclic
species B. These ndings align with prior observations on furanic
copolyesters,35 conrming the occurrence of typical cyclic and
linear products in enzyme-catalyzed polymerization.40–42

Another insight from MALDI-ToF MS and the estimated m/z
values based on the variations in repeating units revealed that
co-FPEs exposed random polymer structures. As evident in
Fig. 6a, species with similar repeating unit numbers (n) are
identied with the same color. In addition, the gradual increase
in the number of aliphatic segments (r1) is visually depicted by
the blue color gradation for each m/z peak in Fig. 6b, inversely
corresponding to the decrease in the number of hetero-
aromatic segments (r2). In agreement with the previous work
on furanic copolyesters,35 this random polymer structure oen
appeared due to transesterication polymerization involving
the three monomers.62,63

Inuence of citrus-based solvents on the enzymatic synthesis
of furan-based copolyesters

The use of two citrus-based solvents led to the successful
synthesis of P(2,5-FMF-co-2,5-DF), with results comparable to
noate) synthesized with toluene from previous work,34 p-cymene, and

RSC Sustainability, 2024, 2, 3436–3450 | 3443
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Scheme 2 Enzymatic synthesis of P(2,5-FMF-co-2,5-DF).

Fig. 5 (a) 1H-NMR and (b) ATR-FTIR spectra of P(2,5-FMF-co-2,5-DF)
resulting from the enzymatic polymerization of 2,5-DMFDCA, 2,5-
BHMF and 1,10-decanediol in different solvents.

Fig. 6 (a) MALDI-ToF MS spectra of P(2,5-FMF-co-2,5-DF) obtained
from different solvents from the two-step method under 600 mmHg
vacuum conditions and (b) the magnified version.
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those obtained with the organic solvent toluene. As seen in
Fig. 7 and Table S2,† we observed that from the one-step
method, toluene possesses 30 and 44% higher Mn compared
3444 | RSC Sustainability, 2024, 2, 3436–3450
to results with p-cymene and D-limonene, respectively. However,
when we applied the two-step method with p-cymene, the ob-
tained polymer had a molecular weight comparable to that ob-
tained with toluene. P(2,5-FMF-co-2,5-DF) possessesMn 5600 and
Mw 12 800 with p-cymene when vacuum is applied to 60 mmHg,
which is more or less similar to the results from the two-step
method in toluene with Mn 5800 and Mw 11 400. Moreover,
polymerization utilizing D-limonene did not substantially differ
between Mn and Mw; regardless of the applied method. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 MALDI-ToF MS analysis: end groups of the obtained P(2,5-FMF-co-2,5-DF)

Entry Copolyester species End groups Remaining massa (amu)

A Ester/alcohol 32.04

B Cyclic 0

C Acid/alcohol 18.02

D Ester/acid 170.03

E Aldehyde/aldehyde 124.1

F Ester/ester 184.15

G Alcohol/alcohol

128.05 (2,5-BHMF)
118.18 (x = 6)
146.23 (x = 8)
174.28 (x = 10)
202.34 (x = 12)

H Aldehyde/alcohol 2.02

I Acid/acid 156.01

J Acid/aldehyde 140.01

K Ester/aldehyde 154.03

Copolyesters unit and segment

n = r1 + r2
a Remaining mass refers to the mass of the residual fragment aer fragmentation in mass spectrometry, expressed in atomic mass units (amu),
where 1 amu is dened as one-twelh of the mass of a carbon-12 atom.
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values are consistent for eachmethod, withMn at 2400, 2300, and
3000 g mol−1 and Mw at 3500, 3400, and 4500 g mol−1. As
previously mentioned, solvents with higher log P values (>4.0) are
© 2024 The Author(s). Published by the Royal Society of Chemistry
preferable for enzymatic reactions.24 However, the log P prefer-
ence did not apply to the higher p-cymene results since the p-
cymene log P (3.47) is lower than the D-limonene log P (4.57).
RSC Sustainability, 2024, 2, 3436–3450 | 3445
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Fig. 7 Number-average molecular weight ðMnÞ and weight-average
molecular weight ðMwÞ of P(2,5-FMF-co-2,5-DF) synthesized in
different solvents and using different methods.
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p-Cymene and toluene have demonstrated superior perfor-
mance compared to D-limonene in both Mn (Fig. 7) and the %
mol-fraction of 2,5-BHMF in the copolyester (Fig. S3†). This
trend closely aligns with the solvent b values outlined in Table
S3† (0.13, 0.12 > 0.00), as discussed previously for polyesters.26,27

Furthermore, this alignment extends to the aromaticity trends
of the solvents: toluene and p-cymene are aromatic, whereas D-
limonene lacks aromatic properties. Additionally, Mn and %
mol-fraction of hetero-aromatic diol 2,5-BHMF are linearly
correlated (r2 = 89.3%), indicating that aromatic solvents yield
a longer product enriched in hetero-aromatic monomer units.
Aromatic solvent p–p stacking with furan is favored by
approximately −4 kcal mol−1 per interaction; this solvation
needs to be broken to access the CALB active site.64,65 We
hypothesize that aromatic solvent shielding of 2,5-BHMF repeat
units throughout the copolyester worsens product–CALB inter-
action. At high conversion, such a cleavage-resistant copolyester
better retains molecular weight. Furthermore, D-limonene
degrades by approximately 17% at 90 °C,66,67 suggesting that it
may not be inert under the temperature conditions employed in
this work. This degradation could account for the low conver-
sion observed with D-limonene. However, identifying the
specic peak corresponding to D-limonene degradation deriva-
tives, such as in the 1H-NMR spectrum, was challenging due to
the presence of numerous low-intensity overlapping peaks. In
summary, the ability to accept hydrogen bonds (b) and p–p

stacking plays a role in generating stronger catalytic activity of
CALB in this copolymerization. These results suggest that p-
cymene is a superior biobased solvent alternative for furan-
based polymers, and optimizing the removal of side products
with a two-step method considerably enhances the compara-
bility of results with toluene.

Despite the caution previously mentioned in investigating
the MALDI-ToF MS peak height intensities, as illustrated in
Fig. S2,† similar trends in the prevalence of cyclic species were
generally indicated for the products synthesized with p-cymene
and toluene. In contrast, when D-limonene was used, the
3446 | RSC Sustainability, 2024, 2, 3436–3450
dominant species consisted primarily of linear products. Using
the one-step method with p-cymene, D-limonene, and toluene
provided additional insights. The results indicated fairly
consistent trends, with predominantly cyclic species B occur-
ring at 24%, 25%, and 45%, respectively. Additionally, linear
products of species F were observed at 32%, 25%, and 20%.
Applying 600 mmHg vacuum conditions to the two-step method
revealed remarkable trends. Notably, cyclic species were preva-
lent in both products when p-cymene and toluene were used.
The percentage of cyclic species doubled to 54% with p-cymene
and increased to 52% with toluene. This shi correlated with an
increase in species J with the hydroxy group, which supports
intramolecular backbiting to form cyclic conformations during
lipase-catalyzed polymerization.40–42 In addition, consistent
with previous reports on the preference of CALB for generating
cyclic species with symmetrical substrates such as 2,5-
DMFDCA, attributed to the free rotation of hydroxy groups,41 as
discussed in previous work on furanic copolyesters, these
changes may be attributed to more effective cyclization through
backbiting.35 The two-step method likely facilitated fewer
interruptions from side products in the system. Subsequently,
a higher vacuum of 60 mmHg was applied to improve the
removal of side products or water from the system. This
adjustment revealed no substantial difference in results,
specically maintaining the cyclic species at 51% when using p-
cymene.

In contrast to the results obtained with p-cymene and
toluene, the application of vacuum at both 600 mmHg and 60
mmHg during enzymatic polymerization using D-limonene
resulted in comparable decreases in the proportions of cyclic
species, reaching 15% and 14%, respectively. The reversal of
trends with D-limonene compared to p-cymene is consistent
with the molecular weight trends discussed earlier. Hypotheti-
cally, the explanation related to p-cymene’s excellent dissolu-
tion capability might apply. As previously mentioned in the
discussion section for FPEs, p-cymene, known for its excellent
dissolution capability for conjugated polymers,46,47 is likely to
contribute to facile and mild polymerization, including cycli-
zation, without any interference from solid traces of oligomers
or polymers during the reaction. The SEC traces of the copo-
lyesters exhibit signicant tailing for those synthesized in
toluene and p-cymene under strong vacuum conditions. In
contrast, the protocols using D-limonene and other p-cymene
methods produced more uniform peaks, characterized by only
minimal tailing (Fig. S9†).

Consistent with the earlier discussion on the FPE product,
P(2,5-FMF-co-2,5-DF) from enzymatic polymerization with p-
cymene also appeared as a white powder similar to that ob-
tained with toluene (see Fig. 8). Moreover, the product from the
enzymatic reaction with D-limonene was a dark yellow powder,
andmultistep purication was required for a better appearance.
The dark yellow color is likely attributed to the presence of trace
amounts of D-limonene degradation products as discussed
previously; besides D-limonene undergoes autoxidation in the
presence of light and air, resulting in the formation of various
oxygenated monocyclic terpenes.67–70 These conditions could
subsequently lead to the formation of side products. This
© 2024 The Author(s). Published by the Royal Society of Chemistry
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discoloration issue could be effectively addressed by reducing
the reaction temperature to at least 70 °C, considering that D-
limonene degrades less than 10% around this temperature.66,67

Further research is necessary to conclusively validate this
hypothesis. In summary, these ndings underscore the supe-
riority of p-cymene as a citrus-based solvent for furan-based
polymerization compared to D-limonene.

Thermal properties and crystallinity of the obtained furan-
based polyesters

The thermal properties of the FPEs obtained in this work were
evaluated via DSC and TGA analyses, as presented in Fig. S4 and
Table S4.† All the obtained polyesters exhibited a one-step
degradation prole and decompose at temperatures ranging
from 390 to 396 °C, which agrees with the previous work on 2,5-
FDCA-based polyesters.16,34 They possess relatively high thermal
stability, making them suitable for diverse potential applica-
tions. The decomposition temperature of PDOF was slightly
greater than that of POF; this difference could be attributed to
the greater molecular weight of PDOF.

The thermal properties of polyesters are notably inuenced
by factors such as the length of the aliphatic methylene chain,
the degree of crystallinity or the presence of an amorphous
phase, and the molecular weight. As observed from the DSC
results, the obtained 2,5-PDOF with twelve aliphatic chain
lengths showed lower Tg than 2,5-POF with eight aliphatic chain
lengths, especially for the product from p-cymene. This could be
attributed to the longer aliphatic chain, which makes the
materials more exible than the shorter chain, and agrees with
previous work on furanic polyesters.16,18,34 The melting temper-
ature (Tm) shows the same trend as the Tg; the Tm of 2,5-PDOF
was lower than that of 2,5-POF. This behavior represents the
regularity of the molecular structure of the products and is
related to their crystal packing, as a higher Tm generally indi-
cates a greater degree of crystallinity (cc). This agrees with the
trends presented in Table S4;† a higher Tm was associated with
a greater cc. As we observed, double Tm peaks consistently
appeared aer the rst and second heating cycles for all the
sequences of the FPE products, which aligns with the ndings
of previous studies on furanic polyesters.16 This multiple Tm
prole suggested that the FPEs crystallize as metastable
lamellae during the heating scan.71–74 According to the melt-
recrystallization model, the heating process involves a compet-
itive interplay between the melting of crystallites and their
Fig. 8 From left to right: product appearance of P(2,5-FMF-co-2,5-DF)

© 2024 The Author(s). Published by the Royal Society of Chemistry
subsequent recrystallization. The melting peaks at both low and
higher temperatures are attributed to the melting of a specic
amount of the initial crystals and the melting of crystals formed
through the melt-recrystallization process during a heating
scan.72,75–77 However, further investigations, such as additional
variations in the predetermined crystallization temperature
during the cooling step and heating rate, are needed to support
this hypothesis.

In accordance with the DSC ndings, the wide-angle X-ray
diffraction (WAXD) patterns affirm that the furanic–aliphatic
polyesters obtained possess a semicrystalline structure with
a similar diffraction pattern, which would support the multiple
Tm mentioned above due to the melt-recrystallization process of
metastable lamellae.78 As depicted in Fig. S6,† 2,5-POF from
both p-cymene and pinacolone exhibited similar proles with
prominent diffraction peaks at 24.23° and 16.70° and broad
signals across 18.25 to 22.93° and 11.84° to 14.27°. Additionally,
2,5-PDOF from the two solvents showed comparable proles,
with one prominent peak at 24.01° and a broad signal across
15.49° to 19.59° and 6.21° to 11.08°. However, in alignment with
previous studies on furan–aliphatic polyesters synthesized in
various solvents, such as toluene, diphenyl ether, ionic liquids,
and deep eutectic solvents, the aliphatic chain apparently
affects the crystallite size since 2,5-POF has a more intense peak
at 16.70° than 2,5-PDOF at 15.49°.16,34,39 As previously reported
for poly(butylene terephthalate), sharper diffraction peaks
correspond to diffraction from larger crystallites, which also
aligns with the higher crystallinity of 2,5-POF products (see
Table S4†).79 Furthermore, the diffraction peak (2q) shied to
lower values with increasing diol chain length, transitioning
from 16.70° (2,5-POF) to 15.49° (2,5-PDOF). This corresponds to
an increase in the spacing between atomic lattice planes (d-
spacing) from 2.68 Å to 2.88 Å, which could be attributed to the
extended alkylene chain of diol units requiring additional space
to construct identical crystal lattices.39

Thermal properties and crystallinity of the obtained furan-
based copolyesters

The thermal degradation properties of the obtained copo-
lyesters follow two-step degradation proles, as presented in
Fig. S5 and Table S5.† The rst-step maximum decomposition
rate (Td-max-1) occurs between 227 and 243 °C, and the second-
step maximum decomposition rate (Td-max-2) occurs at higher
temperatures between 391 and 395 °C. This nding clearly
synthesized with toluene, p-cymene, and D-limonene.
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supports the existence of two segments within the copolyester
structure, i.e., aliphatic and hetero-aromatic segments.
Considering that the monomer feed contains a lower propor-
tion of hetero-aromatic diols than aliphatic diols, as the initial
step results in a relatively minor weight loss of approximately
10%, we deduce that the Td-max-1 occurrences are associated
with the hetero-aromatic segment of the copolyester. Moreover,
Td-max-2 is due to the degradation of the aliphatic segment. This
prole aligns with prior research on (co)-polyesters based on
2,5-BHMF,10,38,61 which also exhibit degradation in the same
temperature range within the appropriate frame of aliphatic
and hetero-aromatic segments.

DSC analysis revealed the thermal transition of the copo-
lyesters with a Tg below 0 °C, ranging from −1 to −5 °C. This
could be attributed to the length of the ten aliphatic chains,
which enhances the exibility of the material. In addition, a low
molecular weight would also increase the mobility and exi-
bility of the polymer molecular chains, which agrees with the
lower Tg exhibited by the one-step method, as these polymers
have lower molecular weights than the products from the two-
step method. In general, all the obtained P(2,5-FMF-co-2,5-DF)
show multiple Tm values, which could be explained similarly to
the previous discussion on the multiple Tm values of the FPE
products, considering the similar WAXD proles of P(2,5-FMF-
co-2,5-DF) in this work presented in Fig. S7† to those in
a previous report on the same furanic-copolyester synthesized
in diphenyl ether.10

As shown in Table S5,† variations in crystallization proles
were observed, with the one-step method showing a crystalliza-
tion peak from the cooling step for all the sequences, while the
two-step method showed cold crystallization. This difference
could be attributed to the larger spherulites for P(2,5-FMF-co-
2,5-DF) for the one-step products than for the two-step prod-
ucts; as previously reported for poly(L-lactic acid), larger
spherulites were generated from melt crystallization than from
cold crystallization.80 From the WAXD spectra presented in
Fig. S7,† we conrmed the semicrystalline properties of all the
obtained P(2,5-FMF-co-2,5-DF). We observed a strong 2q peak at
24.03–24.25° in addition to two broad peaks at 16.73–16.98° and
7.57–7.77°; these ndings agree with previous work on furanic–
aliphatic copolyesters synthesized in diphenyl ether.10 All the
products display similar WAXD proles; this implies that
despite the varied crystallization temperatures and spherulites,
the samples shared a uniform crystal structure.

Conclusions

This study successfully investigated CALB-catalyzed polymeri-
zation utilizing biobased solvents. The rst scheme successfully
synthesized 2,5-POF and 2,5-PDOF with eight and twelve
aliphatic methylene chains utilizing p-cymene or pinacolone. A
higher Mw was achieved with p-cymene than with pinacolone;
Mw 5000 g mol−1 2,5-POF and 7000 g mol−1 2,5-PDOF were
detected. This is attributed to the higher log P of p-cymene than
that of pinacolone, which results in less deactivating enzyme
activity. In addition, compared to pinacolone, p-cymene has
a lower b value, higher Vm, and excellent dissolution capability
3448 | RSC Sustainability, 2024, 2, 3436–3450
for solid traces of the oligomer, which support a more effective
catalytic process of the enzyme toward the substrate. Moreover,
we found that linear products were more apparent than cyclic
products for 2,5-POF compared to 2,5-PDOF when utilizing p-
cymene or pinacolone.

In the second scheme, P(2,5-FMF-co-2,5-DF) was successfully
produced with two citrus-based solvents, i.e., p-cymene and D-
limonene, and with toluene for comparison to non-biobased
solvents. A higher molecular weight, Mw 12 800 g mol−1, was
achieved when utilizing p-cymene than when utilizing D-limo-
nene (Mw 4500 g mol−1), and the result was comparable to that
obtained when utilizing toluene (Mw 11 400 g mol−1). Unlike
what was previously mentioned for FPE enzymatic polymeriza-
tion, log P did not apply to the superior catalytic activity of p-
cymene. The b value and p–p stackingmay play additional roles
in preserving the effective enzyme catalytic activity during the
polymerization of P(2,5-FMF-co-2,5-DF). In addition, it has been
discovered that the abundance of cyclic products is greater
when p-cymene and toluene are used, and this trend becomes
more apparent when the two-step method is applied due to less
disturbance from the side products to form cyclic products via
intramolecular backbiting.

Comprehensive material analysis revealed that all the FPE
products degrade in one step at temperatures ranging from 390
to 396 °C. Typical two-step decomposition was observed for the
obtained P(2,5-FMF-co-2,5-DF), representing the occurrence of
aliphatic segment decomposition between 391 and 395 °C and
the hetero-aromatic segment decomposing between 227 and
243 °C. All the products obtained are semicrystalline with
multiple Tm proles attributed to the presence of unstable
lamella. The aliphatic chain length of the obtained FPEs affects
the crystallite size, which agrees with the ndings of previous
reports on furan-based polyesters. Among the P(2,5-FMF-co-2,5-
DF) products, diverse crystallizations were observed despite
their uniformWAXD diffractogram proles, which could be due
to the diversity of their crystal spherulites.

Overall, p-cymene offers a valuable option as a biobased
solvent for enzymatic catalysis of furan-based (co)-polyesters
without discoloration of the obtained products. This study
highlights the applicability of bioderived solvents in enzymatic
polymerization to enhance the sustainability of biocatalysis
systems. Future research could improve the molecular weight
by varying the polymerization temperature since this parameter
likely affects enzymatic catalysis, as previously reported in some
studies. To enhance the sustainability of the entire system, the
product purication of furan-based polymers using greener
methods should be considered in future investigations.
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485, 110813.

32 G. de Gonzalo, Biocatal. Biotransform., 2022, 40, 252.
33 F. P. Byrne, B. Forier, G. Bossaert, C. Hoebers, T. J. Farmer

and A. J. Hunt, Green Chem., 2018, 20, 4003.
34 F. Silvianti, D. Maniar, B. Agostinho, T. C. de Leeuw,

T. Pelras, L. Dijkstra, A. J. J. Woortman, J. van Dijken,
S. Thiyagarajan, A. F. Sousa and K. Loos, Adv. Sustainable
Syst., 2024, 2300542.

35 F. Silvianti, D. Maniar, B. Agostinho, T. C. de Leeuw,
A. J. J. Woortman, J. van Dijken, S. Thiyagarajan,
A. F. Sousa and K. Loos, Biomacromolecules, 2024, 25(5),
2792–2802.

36 A. Pellis, S. Weinberger, M. Gigli, G. M. Guebitz and
T. J. Farmer, Eur. Polym. J., 2020, 130, 109680.

37 Y. Jiang, G. O. R. A. van Ekenstein, A. J. J. Woortman and
K. Loos, Macromol. Chem. Phys., 2014, 215, 2185.

38 Y. Jiang, A. J. J. Woortman, G. O. R. Alberda Van Ekenstein,
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