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ABSTRACT: Polyesters from furandicarboxylic acid derivatives,
i.e., dimethyl 2,5-furandicarboxylate (2,5-DMFDCA) and 2,4-
DMFDCA, show interesting properties among bio-based polymers.
Another potential heteroaromatic monomer, 3,4-bis-
(hydroxymethyl)furan (3,4-BHMF), is often overlooked but
holds promise for biopolymer synthesis. Cleaning and greening
synthetic procedures, i.e., enzymatic polymerization, offer sustain-
able pathways. This study explores the Candida antarctica lipase B
(CALB)-catalyzed copolymerization of 3,4-BHMF with furan
dicarboxylate isomers and aliphatic diols. The furanic copolyesters
(co-FPEs) with higher polymerization degrees are obtained using 2,4-isomer, indicating CALB’s preference. Material analysis
revealed semicrystalline properties in all synthesized 2,5-FDCA-based co-FPEs, with multiple melting temperatures (Tm) from 53 to
124 °C and a glass-transition temperature (Tg) of 9−10 °C. 2,4-FDCA-based co-FPEs showed multiple Tm from 43 to 61 °C and Tg
of −14 to 12 °C; one of them was amorphous. In addition, all co-FPEs showed a two-step decomposition profile, indicating aliphatic
and semiaromatic segments in the polymer chains.

■ INTRODUCTION
3,4-Bis(hydroxymethyl)furan (3,4-BHMF) was recently dis-
covered as a promising alternative to furanic heteroaromatic
diol monomers following the popularity of 2,5-BHMF.1−4

Pellis et al.5 reported that polyesters derived from 3,4-BHMF
exhibited higher thermal stability (Td50%) than those based on
2,5-BHMF. Typically, 3,4-BHMF is produced through the
reduction of dimethyl 3,4-furandicarboxylate (3,4-
DMFDCA).6,7 The derivation of 3,4-DMFDCA from an
agricultural residue through the Henkel reaction involving 2-
furoic acid was reported in a previous study.8 Additionally, 3,4-
DMFDCA was synthesized via a five-step reaction that
involved substituted dicarboxylic acid/cyclic anhydride with
dimethylmaleic anhydride as the initial reactant.9 Notably,
both 2-furoic acid and dimethylmaleic anhydride can be
obtained from bio-based resources, confirming their renew-
ability.8,10,11

2,5-Furandicarboxylic acid (2,5-FDCA) is a key bio-based
building block for poly(ethylene furanoate) (PEF) production
and has attracted much attention due to its eco-friendly
characteristics.12 PEF provides a promising future for pack-
aging materials by offering alternatives to traditional fossil-
based polyethylene terephthalate.12−14 With the prominence of
2,5-FDCA, its heteroaromatic isomer 2,4-FDCA has also
recently gained attention, offering increased structural
tunability in bio-based polymer synthesis. These two FDCA

isomers have different positions in the carboxyl groups, which
influences their reactivity and intramolecular interactions
within the polymer chain, including the ability of the polymer
chains to fold and crystallize. FDCA-based polymers based on
these two isomers were reported to exhibit different character-
istics and properties.15−18 As highlighted in several reports, in
comparison to 2,5-FDCA, the 2,4-FDCA isomer has been
observed to disrupt ordering and crystallization in the polymer
chain.15,18,19

Numerous requirements have been introduced in the pursuit
of developing sustainable polymers. In recent decades, there
has been a dramatic increase in the use of sustainable polymers
derived from bio-based raw materials.20,21 However, questions
have also been raised about the sustainability of the synthesis
procedure, e.g., the catalysts and energy consumption.
Enzymes have emerged as promising options for renewable
catalysts because they originate from bio-based resources,
thereby providing a clean process that ensures that no
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detrimental byproducts contaminate the resulting product or
the environment.22−26 Furthermore, enzymes catalyze reac-
tions under mild conditions at lower temperatures than metal
catalysts.20,22−24 In addition, several studies have shown that
enzymes have high selectivity.20,25−28 For example, Candida
antarctica Lipase B (CALB), the most extensively studied
enzyme in polyester synthesis, showed regioselectivity toward
primary alcohol in polymerization utilizing polyols, such as
glycerol.29,30 CALB selectivity has also been reported to be
applicable for isomeric structures, and a higher conversion rate
was achieved when polymerizing isomannide with succinic acid
than when using isosorbide to synthesize linear and cyclic ester
oligomers.31 In our previous work,32 CALB showed a
preference for 2,5-FDCA dimethyl esters over the 2,4-isomer
in furan-based polyester synthesis.

This study aims to fill the knowledge gap on the enzymatic
polymerization of furan heteroaromatic diol 3,4-BHMF. In
order to render polymer with enhanced rigidity, 3,4-BHMF
was enzymatically polymerized in combination with furan-
based esters and aliphatic diols. CALB preferences for
catalyzing 3,4-BHMF with different furanic isomers (2,5- or
2,4-FDCA dimethyl ester) and various aliphatic diols with
different chain lengths (6, 8, 10, and 12 methylene units) were
evaluated. Finally, the properties of the resulting polymer
derived from the furan heteroaromatic diol 3,4-BHMF were
studied.

■ MATERIALS AND METHODS
Materials. Novozym 435 (N435, Candida antartica lipase B

(CALB)) immobilized on acrylic resin (5000+ U g−1), 1,6-hexanediol
(1,6-HDO, 99%), 1,8-octanediol (1,8-ODO, 98%), 1,10-decanediol
(1,10-DDO, 98%), 1,12-dodecanediol (1,12-DODO, 99%), chloro-
form (CHCl3, Chromasolv HPLC, ≥99.8%, amylene stabilized),
deuterated chloroform (CDCl3, 99.8 atom % D), potassium
trifluoroacetate (KTFA, 98%), and 3,4-bis(hydroxymethyl)furan
(3,4-BHMF, 98%) were purchased from Sigma-Aldrich. Toluene
(anhydrous, 99.8%) was purchased from Alfa Aesar. Dimethyl 2,5-
furandicarboxylate (2,5-DMFDCA, 97%) was purchased from
Fluorochem UK. Absolute methanol (MeOH, AR grade) was
obtained from Biosolve Chemicals. 1,1,1,3,3,3-Hexafluoro-2-propanol
(HFIP, ≥99%) was acquired from TCI Europe. Dithranol (≥98%)
was purchased from Fluka.

N435 was predried, as reported previously.33 Dimethyl 2,4-
furandicarboxylate (2,4-DMFDCA) was synthesized using a pre-
viously described procedure.8 The molecular sieves (4 Å) were
preactivated at 200 °C. All of the other chemicals were used as
received.
One-Step iCALB-Catalyzed Polycondensation. As detailed

below, we employed enzymatic polymerization procedures to
synthesize furan-based copolyesters (co-FPEs), which were con-
structed upon previous research.4 Our experimental approach
involved copolymerizing DMFDCA, 3,4-BHMF, and an aliphatic
diol using a fixed molar ratio. In particular, we employed a
DMFDCA/3,4-BHMF/aliphatic diol feed molar ratio of
50:12.5:37.5, with the following procedure. First, a predried N435
and preactivated molecular sieve (15 and 150 wt % of the monomer,
respectively) were introduced into a 25-mL round bottle under a
nitrogen atmosphere. Subsequently, DMFDCA (265.4 mg, 1.44
mmol), 3,4-BHMF (46 mg, 0.36 mmol), 1,10-DDO (188.4 mg, 1.08
mmol), and anhydrous toluene (2.5 mL) were added to the flask. The
flask was then immersed in a preheated oil bath at 90 °C and
subjected to magnetic stirring under a nitrogen atmosphere. After 72
h, the reaction was allowed to cool to room temperature. Chloroform
(±10 mL) was added to the mixture, and the mixture was vigorously
stirred to dissolve the polymer products. N435 and the molecular
sieves were filtered using standard filtering techniques (folded filter
type 15 Munktell 240 mm) and then washed with chloroform (2 × 10

mL). All of the obtained solutions were mixed and concentrated using
a rotary evaporator set to 40 °C under a reduced pressure of 400−480
mbar. Precipitation of the concentrated solution in excess cold
methanol was performed. The precipitated product was then
recovered using centrifugation (5 min, 4500 rpm, 4 °C) in a
Thermo/Heraeus Labofuge 400 R and dried for ±3 days under
vacuum at 40 °C. Finally, the products were kept at room temperature
before analysis.
Procedure for the Two-Step iCALB-Catalyzed Polyconden-

sation. The initial 2 h reaction was carried out at 90 °C under a
nitrogen atmosphere with continuous magnetic stirring for the first
step. A second step was subsequently conducted under vacuum at 600
mmHg for 70 h. The procedure for polymerization and the
composition of the monomers, DMFDCA, 3,4-BHMF, and aliphatic
diol, were determined in a manner similar to the previously
mentioned one-step approach.
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 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 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).

The molecular weights (number-average, Mn, and weight-average,
Mw) of the co-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 μm MIXED-C 300 mm columns from Agilent Technologies
at 35 °C. HPLC grade chloroform was used as the eluent with a flow
rate of 0.5 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, Mw = 645−3,001,000 g mol−1). The samples
were filtered through a 0.2 μm PTFE filter prior to injection.

Matrix-assisted laser desorption/ionization-time-of-flight mass
spectrometry (MALDI-ToF MS) was performed using a 4800 Plus
MALDI TOF/TOF Analyzer (Applied Biosystems) in reflector
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) 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 left to dry. The presence of
copolyesters with different end groups was determined by the
following equation:

= + × + × + +M M r M r M M( )P EG 1 RU1 2 RU2 cation (1)

where MP is the molecular mass of a copolyester species, MEG is the
molecular mass of the end groups, r1 and r2 are the numbers of each
segment, MRU is the molecular mass of the 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 a
nitrogen flow. The product melting points (Tm) were measured by a
second heating scan. The glass transition temperatures (Tg) were
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 s.

The thermal stability and degradation temperature were analyzed
via thermogravimetric analysis (TGA) on a TA-Instruments
Discovery TGA 5500 instrument using a heating rate of 10 °C
min−1 in a nitrogen environment.
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Wide-angle X-ray diffraction (WAXD) patterns were recorded on a
Bruker D8 Endeavor diffractometer with Cu Kα radiation (λ = 0.1542
nm) in the angular range of 5−50° (2θ) at room temperature. The
percentage of crystallinity (χc) was determined using the WAXD
spectra through the following formula: χc (%) = 100 × k × Ic/(Ic +
Ia).

1,34 Here, k represents the relative scattering factor between a
polymer’s crystal and amorphous parts (typically assumed as k = 1
due to its difficulty of determination). The integration intensities of
the crystal peaks (Ic) and the integration intensity of the amorphous
halo (Ia) were obtained by using the Peak Analyzer tool available in
OriginPro 9.1 software by OriginLab Corporation.

■ RESULTS AND DISCUSSION
Synthesis and Structural Characterization of Co-FPEs.

co-FPEs were synthesized via enzymatic polycondensations, as
outlined in Scheme 1. The CALB-catalyzed reaction was
performed using two isomeric DMFDCA monomers, namely,
2,5- and 2,4-DMFDCA. A uniform approach was adopted for
the synthesis of co-FPEs to assess the reactivity of these two
FDCA dimethyl ester (DMFDCA) isomers in enzymatic
polymerization. In accordance with our prior research on the
enzymatic synthesis of furan-based polyesters,34 the use of
DMFDCA is favored over FDCA due to improved solubility of
the former. The use of the heteroaromatic furan diol 3,4-
BHMF was introduced in this work. 3,4-BHMF has been
previously reported to improve the thermal stability of
polyesters synthesized with dimethyl succinate (DMS),
dimethyl adipate (DMA), and dimethyl sebacate (DMSe).5

In this work, the aim was to explore the potential of enhancing
the rigidity of polymer chain structures by incorporating 3,4-
BHMF in combination with specified furan-based isomeric
esters and aliphatic diols. The aliphatic linear diols employed
in the synthesis feature varying chain lengths comprising 6, 8,
10, and 12 methylene units (x). The synthesized co-FPEs are
outlined in Table 1.

The successful synthesis of the co-FPEs was confirmed by
1H NMR and ATR-FTIR spectroscopy, as shown in Figures 1
and S1, respectively. The presence of signals at approximately
4.27−4.33 and 5.24−5.32 ppm, corresponding to −C(O)O−
CH2− (i) and −CH2− (f), respectively, confirms the formation
of ester bonds from each co-FPE isomer in Scheme 1 (see
Figures 1a and S1a). Two identical triplet peaks at
approximately 4.25 and 4.30 ppm and four singlet peaks
corresponding to asymmetric 2,4-DMFDCA were observed in
the 1H NMR spectra of 2,4-co-FPEs synthesized from the
reaction in Scheme 1B (see Figure S1a).18 Furthermore, the
asymmetry of 2,4-DMFDCA is reflected by the appearance of

two singlet furan signals at 8.08 and 7.44 ppm and two singlet
protons from the −O−CH3 end groups at 3.86 and 3.91 ppm.
However, only one furan proton peak at 7.18 ppm was
observed in the symmetrical furan structures of 2,5-co-FPEs
(Figure 1a).

Furthermore, the ATR-FTIR spectra in Scheme 1A,B
provide additional evidence of ester linkage formation for
both reactions through the sharp band at approximately 1721
cm−1, corresponding to the C=O stretching vibration of the
ester groups consistent with previous research on furanic
polymers,4,5,32 to represent the ester vibration from furan
monomer. Figures 1b and S1b display absorption bands related
to the furan heterocycle, including a weak band at 3118−3137
cm−1 arising from the =C−H stretching vibration of the furan
ring and bands at 1573−1583 and 1506−1511 cm−1 assigned
to the aromatic C=C bending vibrations.4,34 In accordance
with the findings of previous studies, the variations between
furan isomers are shown through peak shifts in the asym-
metrical and symmetrical stretching vibrations of the C=C
group, the ring vibration of the furan ring of =C−O−C= , and
the out-of-plane deformation vibration of the furan rings of
=C−H.18,19 More detailed information about the assignments
of the 1H NMR and FTIR peaks can be found in the Materials
and Methods section.

Scheme 1. Enzymatic Polymerization of Co-FPEs from (a) 2,5- and (b) 2,4-DMFDCA in Combination with 3,4-BHMF and
Linear Aliphatic Diols

Table 1. Abbreviations for the synthesized co-FPEs

xa
DMFDCA
isomer copolyester abbreviation

6 2,5-
DMFDCA

poly(3,4-furandimethylene furanoate-
co-hexamethylene-2,5-furanoate)

P(3,4-FMF-
co-2,5-HF)

8 poly(3,4-furandimethylene furanoate-
co-octamethylene-2,5-furanoate)

P(3,4-FMF-
co-2,5-OF)

10 poly(3,4-furandimethylene furanoate-
co-decamethylene-2,5-furanoate)

P(3,4-FMF-
co-2,5-DF)

12 poly(3,4-furandimethylene furanoate-
co-dodecamethylene-2,5-furanoate)

P(3,4-FMF-
co-2,5-
DOF)

6 2,4-
DMFDCA

poly(3,4-furandimethylene furanoate-
co-hexamethylene-2,4-furanoate)

P(3,4-FMF-
co-2,4-HF)

8 poly(3,4-furandimethylene furanoate-
co-octamethylene-2,4-furanoate)

P(3,4-FMF-
co-2,4-OF)

10 poly(3,4-furandimethylene furanoate-
co-decamethylene-2,4-furanoate)

P(3,4-FMF-
co-2,4-DF)

12 poly(3,4-furandimethylene furanoate-
co-dodecamethylene-2,4-furanoate)

P(3,4-FMF-
co-2,4-
DOF)

aThe number of methylene units in aliphatic linear diols.
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MALDI-ToF MS was employed to further investigate the
microstructures and end groups of the obtained co-FPEs. The
representative mass spectra of co-FPEs are shown in Figure 2,
covering the m/z range from 700 to 5000. Distinct peak
separations (m/z) were observed in the P(3,4-FMF-co-2,5-DF)
and P(3,4-FMF-co-2,4-DF) MALDI-ToF MS spectra. Two
different molecular weights corresponding to the aliphatic and
heteroaromatic repeating units were observed, with values of
294.35 and 263.23 g mol−1, respectively. A similar pattern was
observed in the MALDI-ToF MS spectra of all tested co-FPEs,
revealing the presence of 11 distinct species, as summarized in
Table 2. Both P(3,4-FMF-co-2,5-DF) and P(3,4-FMF-co-2,4-
DF) exhibited the same dominant peaks as linear species A and
cyclic species B. The present findings seem to be consistent
with other research on furan isomer polyesters synthesized via
CALB-catalyzed polymerization.34−37

Additionally, we can see from the MALDI-ToF MS results
that the prediction of m/z based on the possible variation in
repeating units would indicate that the co-FPEs are classified as
random copolymers. As displayed in Figure 2, species with the
same color represent similar repeating unit numbers (n). In
addition, an increasing number of aliphatic units (r1) is
represented by an increasing blue gradient, while in contrast,
the number of heteroaromatic units (r2) decreases (see Figure
2b). This random polymer arrangement generally occurs when

the three monomers are polymerized together through
transesterification.38,39

Influence of Isomeric Substitution and Aliphatic Diol
Chain Length on the Enzymatic Synthesis of Co-FPEs.
The effect of the isomeric substitution of 2,5- and 2,4-
DMFDCA isomers on the enzymatic synthesis of co-FPEs with
aliphatic diol as the flexible spacer unit and 3,4-BHMF as a
heteroaromatic comonomer was examined. Molecular weights
from SEC analysis, yield, and dispersities of the obtained co-
FPEs are summarized in Table S1. The degree of polymer-
ization (DP) was calculated using the same method, as
reported previously.4 The DP is plotted against the length of
the methylene unit of the aliphatic diols in Figure 3. The
results indicate that CALB prefers to copolymerize asym-
metrical 2,4-DMFDCA isomers over symmetrical 2,5-
DMFDCA isomers. This preference is evidenced by higher
values of the number-average degree of polymerization (DPn)
and weight−average degree of polymerization (DPw). As
highlighted in previous work,32 the asymmetrical structure of
2,4-DMFDCA creates a unique arrangement that influences its
interaction with the enzyme’s active site. The methyl ester
groups of 2,4-DMFDCA are oriented toward the hydrophobic
wall of amino acids in the CALB active site cleft, freeing up
space for a heteroaromatic or aliphatic diol to attack the acyl
intermediate. Therefore, this approach reduces steric hindrance
during copolymerization with a heteroaromatic furan diol and
an aliphatic diol. In contrast, the reaction depicted in Scheme

Figure 1. (a) 1H NMR and (b) ATR-FTIR spectra of co-FPEs
obtained from the enzymatic polymerization of 3,4-BHMF, 2,5-
DMFDCA, and aliphatic diols.

Figure 2. (a) MALDI-ToF MS spectra of co-FPEs synthesized from
3,4-BHMF, 1,10-decanediol, and two different DMFDCA isomers
(2,5- and 2,4-DMFDCA), and (b) magnified spectra.
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1A involves a symmetrical furanic isomer, 2,5-DMFDCA,
which tends to cluster carboxyl groups, as observed in our
previous work.32 In this case, the 2,5-DMFDCA methyl groups
are oriented away from the enzyme wall, resulting in steric
hindrance that restricts the propagation of the polymer chain.

The results from the reaction depicted in Scheme 1A
provide noteworthy insights into the effects of the aliphatic
comonomer as a spacer on enzymatic polymerization. We
observed relatively consistent values for DPn, approximately 24
for aliphatic unit chain lengths of 6−10. Similarly, the DPw
values are relatively constant at approximately 38 and 39.
However, increases in DPn and DPw occur when copolymer-
izing with x = 12 diol to 26 and 45, respectively. These
observed trends agree with previous studies and appear to
support the discussion in the previous section regarding the
influence of monomer orientation on steric hindrance during
copolymerization.40 The role of the aliphatic diol as an

Table 2. MALDI-ToF MS Analysis: End Groups of the Obtained Copolyesters

Figure 3. DPn and DPw of the co-FPEs from the two routes in Scheme
1 involving 2,5- or 2,4-FDCA dimethyl esters, 3,4-BHMF, and various
aliphatic diols against the chain length of the aliphatic monomer.
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aliphatic bridge between heteroaromatic monomers becomes
evident in this context.41,42 Our previous work, while
preliminary, suggested that the enzymatic polycondensation
of 100% furan diols and furan diester results in only a low-
molecular-weight product (see Figure S5). In this work, the
incorporation of 75% aliphatic diol effectively mitigated steric
hindrance and facilitated copolymer formation. The 1H NMR
data corroborate a negative correlation between rigid diol
incorporation and DP: polymers with a lower DPn in Figure 3
have a higher mol % 3,4-BHMF in the isolated polymer
(Figure S6).

Among the synthesized asymmetrical 2,4-FDCA-based co-
FPEs (see Scheme 1B), P(3,4-FMF-co-2,4-HF) (x = 6)
exhibited the highest numbers for both DPn and DPw, reaching
34 and 49, respectively. Like in the synthesis of 2,5-FDCA-
based co-FPEs, variations in the aliphatic diol length (x = 6 to
x = 12) did not significantly affect the DPn or DPw. For
instance, at x = 8 and x = 10, DPw remained constant at 45,
while their respective DPn values were 32 and 28. The longest
diol chain length (x = 12) displayed a relatively similar value,
with a DPn of 29 and DPw of 46. In contrast to the trends
observed for 2,5-FDCA-based co-FPEs, a preference for a
shorter aliphatic diol length (x = 6) was observed. This rather
contradictory result may be explained by the cyclization
reaction. Previous studies have reported that during step-
growth polymerization, the creation of linear products can be
impeded by simultaneous cyclization reactions.35,36,43,44 To
gain a more comprehensive understanding of the trends in
DPs, we further investigated the MALDI-ToF MS results and
quantified the relative abundance of each polymer species from
the peak intensities, as illustrated in Figure S2. However,
despite the advantages of MALDI-ToF MS for providing direct
identification of polymer product species, it is essential to note
that we should approach this analysis with caution because end
groups frequently influence the ionization efficiency of
MALDI-TOF MS.45−49 Polymer chains may vary in their
readiness for ionization based on their chain ends, potentially
leading to an overestimation of certain end groups compared
to others. Based on the results in Figure S2, it becomes
apparent that the 2,5-DMFDCA-based co-FPEs exhibited a
greater incidence of cyclic species (B) than the 2,4-DMFDCA-
based co-FPEs. This difference may be attributed to the use of
symmetrical 2,5-DMFDCA and 3,4-BHMF as comonomers. It
is well-known that CALB prefers to form cyclic polymers when
reacting with symmetrical structures rather than asymmetrical
structures.36 As observed in the MALDI-ToF MS spectrum of
P(3,4-FMF-co-2,5-DOF), the highest fraction of the total peak
intensity, 41%, was attributed to cyclic species (B). Hence, it is
reasonable to conclude that the DP trends in 2,5-FDCA-based
co-FPEs are mainly attributed to cyclic rather than linear
species. However, in 2,4-FDCA-based co-FPEs, a less
pronounced disparity in the number of cyclic fractions was
observed in the MALDI-ToF MS spectra, ranging from 10 to
15%. It can thus be suggested that the use of symmetrical 3,4-
BHMF and asymmetrical 2,4-DMFDCA can change the chain
and functional group orientations within the enzyme’s active
site, thereby limiting the formation of cyclic species. However,
it is important to acknowledge that other factors can influence
enzymatic catalysis efficiency, including the role of aliphatic
diols as comonomers, dilution conditions, enzyme specificity
toward substrates, monomer feed concentrations, viscosity,
temperature, and the effectiveness of side product remov-
al.35−37,44,50 In the following section, we study the use of a two-

step polymerization approach to improve side product removal
under vacuum conditions.
Influence of the Copolymerization Method. Numerous

studies provide valuable insights into preparing high-molec-
ular-weight polymers via polycondensations. Precise reaction
conditions are vital for obtaining a high-molecular-weight
product by counteracting stoichiometric imbalances due to
side reactions and monomer evaporation. Controlling the
temperature during the initial stage of polymerization
mitigated the monomer volatilization. Subsequently, side
product elimination is facilitated through vacuum treatment
in the second step.21,51 In this work, methanol was generated
as a side product of the transesterification reaction. Therefore,
to improve the removal of methanol, a two-step method with
600 mmHg vacuum after 2 h of precondensation was used to
synthesize P(3,4-FMF-co-2,5-DF) and P(3,4-FMF-co-2,4-DF).
Figure 4 illustrates DPn and DPw improvement through a two-

step method. Both P(3,4-FMF-co-2,5-DF) and P(3,4-FMF-co-
2,4-DF) exhibited similar trends in terms of molecular weight
improvement. P(3,4-FMF-co-2,5-DF) exhibited DPn and DPw
enhancements from 24 to 44 and from 39 to 80, respectively.
Similarly, 3,4-FMF-co-2,4-DF shows increases in DPn and DPw
of 58 and 85%, respectively.

In comparison to co-FPEs obtained from the one-step
method, two-step polycondensations reveal differences in the
compositions of the polymer species (Figure S3). In P(3,4-
FMF-co-2,5-DF), the number of cyclic species (B) increased
substantially by 90%, and there was a 68% increase in the
number of linear species with acid/aldehyde end groups (J).
However, species A, C, and H displayed decreasing trends,
suggesting increased cyclic species formation by backbiting due
to carboxyl and hydroxyl end groups.35−37 These findings
agree with our earlier observations,32 which showed that CALB
prefers cyclic product formation in symmetrical furan-based
polyesters. However, in P(3,4-FMF-co-2,4-DF), cyclic species
showed only a 19% increase, and linear species G and D
showed remarkable increases of 291 and 120%, respectively.
These results indicate that by using a two-step polymerization
reaction the cyclization reaction is more apparent when using a
symmetrical DMFDCA isomer. However, in P(3,4-FMF-co-
2,4-DF), where a nonsymmetric DMFDCA isomer is
employed, the improvement in the number of linear chains
is more apparent. This result agrees with the findings of
another study of dimethyl terephthalate-based polyesters; due
to the unrestricted rotation of hydroxy groups on the
symmetrical structure, the formation of enzyme−acyl inter-
mediates is promoted.36 In addition, implementing a two-step

Figure 4. Comparison of DPn and DPw results of P(3,4-FMF-co-2,5-
DF) and P(3,4-FMF-co-2,4-DF) in one- and two-step methods.
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process facilitates more efficient cyclization by minimizing
interference from byproducts.52 However, according to existing
studies, another factor, specifically reaction temperature,
appears to be more influential in promoting the formation of
cyclic products.37,53−56 To definitively determine the crucial
factors involved in this work, further investigation is needed as
we did not vary the temperature.
Thermal Properties of the Obtained co-FPEs. As

shown in Figure S4 and Table S2, all of the copolyesters
exhibited a two-step degradation profile in which the maximum
decomposition rate (Td‑max) occurred in the first step
(Td‑max‑1), ranging from approximately 389 to 400 °C, and in
the second step (Td‑max‑2), ranging from approximately 467−
501 °C. This finding suggested that the copolyester comprises
two distinct segments. Since the monomer feed contains a
lower amount of heteroaromatic diol than aliphatic diol and
considering the greater weight loss during the initial step as
opposed to the second step, we can infer that the degradation
temperature of the first step corresponds to the aliphatic
segment (R2; see Table 2) of the copolyester. These findings
align with previous research26,34 on aliphatic furan polyesters in
which Td‑max was within the same range as for Td‑max‑1 in this
work. In contrast, the second step Td‑max‑2 is associated with
the heteroaromatic segment (R1; Table 2), which is in
agreement with previous work on 3,4-BHMF-based poly-
esters.5 Moreover, our investigation revealed that 2,4-FDCA-
based co-FPEs (see Scheme 1B) possess a higher Td‑max than
2,5-FDCA-based co-FPEs (see Scheme 1A), which agrees with
the difference in molecular weight. This observation also aligns
with previous studies on the 2,4-DMFDCA isomer, which
showed that 2,5-FDCA-based polymers exhibit higher Td‑max
values than 2,4-isomer products.15,18 In addition, as previously
reported for poly(butylene 2,4-furanoate) (2,4-PBF), in
comparison to 2,5-PBF, a higher aromaticity could also
contribute to a higher degradation temperature.15

Interestingly, the findings indicate that through variations in
the diol chain length there is no substantial difference in
Td‑max‑1, but a notable distinction emerges in Td‑max‑2. This can
be attributed to the predominance of the heteroaromatic
segment (R1; see Table 2), which could be more prevalent in
the polymer product, leading to an elevated Td‑max‑2. In
particular, in 2,5-FDCA-based co-FPEs, P(3,4-FMF-co-2,5-
HF) (C = 6) demonstrated the highest Td‑max‑2 at 501 °C (see
Figure S4a). However, for 2,4-FDCA-based co-FPEs, P(3,4-
FMF-co-2,4-OF) (C = 8) had the highest Td‑max‑2 at 480 °C.
This indicates that these polymers contain the highest number
of heteroaromatic segments (R1; see Table 2). In addition, it is
notable that the overall Td‑max profiles of the copolyesters in
this work, which utilized 3,4-BHMF as a heteroaromatic diol,
were greater than those of the copolyesters with 2,5-BHMF.4

This finding also agrees well with previous work by Pellis et
al.,5 which showed that 3,4-BHMF-based polyesters exhibit
greater Td‑max values than 2,5-BHMF.

In addition to TGA, we conducted a comprehensive thermal
analysis of the co-FPE series using DSC. The thermal
characteristics of all co-FPEs are summarized in Table S2.
Figure 5 shows representative DSC and TMDSC profiles for
P(3,4-FMF-co-2,5-DF). The 2,5-FDCA-based co-FPEs ex-
hibited two broad melting peaks in the first heating and a
crystallization peak in the cooling scan. All of the obtained 2,5-
FDCA-based co-FPE materials exhibited similar glass tran-
sition temperatures (Tg) of approximately 9 and 10 °C,
regardless of the aliphatic diol chain length. This may be

attributed to the more apparent effect of the relative quantity
of heteroaromatic components in these co-FPEs. P(3,4-FMF-
co-2,5-HF) (C = 6) had the lowest molecular weight and the
highest Td‑max‑2, indicating the presence of a high hetero-
aromatic segment in this product. This underscores the role of
incorporating rigid components into the polymer’s main chain,
a well-known strategy for enhancing thermal stability.57−59 On
the other hand, a consistent decrease in the melting
temperature (Tm) was observed as the chain length of the
aliphatic linear diol increased. This decrease in Tm can be
attributed to the increasing chain flexibility and enhanced
mobility resulting from longer aliphatic chains.4 This
decreasing trend in the Tm aligns well with earlier conclusions
drawn from studies on furan-based polyesters and copolyest-
ers.4,34 2,4-FDCA-based co-FPEs exhibit diverse DSC profiles.
Except for P(3,4-FMF-co-2,4-DOF), no Tm or crystallization
peak was evident in the second heating scan. For co-FPEs with
x = 8−12, we observed a decreasing trend in Tg below 0 °C,
correlating with an increase in the length of the methylene
chain. This trend is likely attributed to the increased flexibility
influenced by an increase in the length of the aliphatic chains.
Conversely, P(3,4-FMF-co-2,4-HF) possesses a Tg at 12 °C
without a Tm, suggesting the characteristics of an amorphous
material. The co-FPEs (x = 8 and 10) show no apparent Tc in
the cooling scan, possibly due to their slow crystallization
kinetics. However, when utilizing an aliphatic diol chain of x =
12, we observed Tm during the first and second heating cycles,
with Tc appearing during cooling. This observation aligns with
prior research on semicrystalline polyesters derived from 3,4-
DMFDCA.32 To validate these findings further, we conducted
WAXD measurements, as discussed in the subsequent section.
Crystallinity of Co-FPEs. The findings from the DSC

analysis were corroborated by the WAXD patterns, further
confirming the semicrystalline nature of the 2,5-FDCA-based
co-FPEs. However, WAXD analysis indicated the presence of
one amorphous product in the 2,4-FDCA-based co-FPEs, i.e.,

Figure 5. (a) DSC curves and (b) TMDSC curves of P(3,4-FMF-co-
2,5-DF).
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P(3,4-FMF-co-2,4-HF) (see Figure 6b). Across the 2,5-FDCA-
based co-FPE WAXD spectra, a consistent diffraction pattern
emerged, marked by a strong peak ranging from 22.57° to
26.23° and a smaller peak at approximately 15.30° to 18.51°,
along with a broad signal extending from 9.96° to 14.05° (see
Figure 6a). These observations closely align with the findings
of our recent study on furanic−aliphatic copolyesters
synthesized from 2,5-FDCA isomers with 2,5-BHMF through
two-stage polycondensations.4 However, these results differ
from those of reported furanic−aliphatic polyesters produced
from DMA and 3,4-BHMF, which exhibit six intense peak
signals from 20° to 35°.5 Hence, it is hypothetically proposed
that the crystal structures of 2,5-FDCA-based co-FPEs more
closely resemble those of their 2,5-FDCA-based counterparts
than those of their 3,4-BHMF-based polyester counterparts.
The diffraction peaks show degrees of crystallinity (χc) ranging
from 46 to 38, aligning with the trends in the Tm values.

2,4-FDCA-based co-FPEs exhibit different diffraction
profiles, as shown in Figure 6b. Consistent with the DSC
findings, P(3,4-FMF-co-2,4-HF) displays an amorphous
characteristic, as evident from the broad halo diffraction in
the WAXD spectra. Conversely, the 2,4-FDCA-based co-FPEs
with x = 8−12 demonstrate semicrystalline properties with
varying diffraction patterns, possibly attributed to distinct
crystal packing. Notably, P(3,4-FMF-co-2,4-OF) displays a
sharp peak at 23.89°, accompanied by four broad peaks ranging
from 21.61° to 13.02°. Both P(3,4-FMF-co-2,4-DF) and P(3,4-
FMF-co-2,4-DOF) exhibited three diffraction peaks within the
range of 17.69° to 27.16°. Interestingly, these findings align
with prior research on aliphatic polyesters based on 2,4-
FDCA.32 Similarly, three diffraction peaks from 15° to 30°
were observed in the WAXD spectrum of poly-
(dodecamethylene-2,4-furanoate), while poly(octamethylene-
2,4-furanoate) displayed a sharp peak that was accompanied by
four broad peaks.

The variation in the WAXD diffraction profiles suggested a
difference in the crystallinity of the products obtained from the
two DMFDCA isomers. The semicrystalline profile of the 2,5-
FDCA-based co-FPEs is expected due to the symmetrical
structure of 2,5-FDCA, which facilitates the arrangement of
crystalline packing.60,61 Conversely, the asymmetrical structure
of 2,4-FDCA introduces a random distribution of monomer
orientations,19 leading to disruption of the crystal packing.
Therefore, it is reasonable to conclude that the orientation of
the heteroaromatic unit predominantly influences the polymer
crystallinity.

■ CONCLUSIONS
Furan dimethyl ester isomers (2,5- and 2,4-DMFDCA), in
combination with 3,4-BHMF diol and linear aliphatic diols,
were successfully employed to synthesize various co-FPEs via
enzymatic polymerization. The findings revealed an enzyme
preference for 2,4-DMFDCA over the 2,5-DMFDCA isomer,
as indicated by the highest DP achieved, i.e., DPw 49 and DPn
34 for P(3,4-FMF-co-2,4-HF). The steric hindrance arises from
the propensity of two symmetrical furanic monomers to cluster
when carboxylic and hydroxymethyl groups are positioned in a
reverse arrangement, while the formation of cyclic products
elucidates the catalytic preference of CALB in this process. As
expected, the flexible spacer, the aliphatic diol, alleviates steric
hindrance, promoting a more streamlined copolymerization
process. By employment of a vacuum, cyclization becomes
evident in the enzymatic polymerization of the symmetrical
2,5-DMFDCA isomer. The opposite outcome was observed for
the asymmetrical counterpart 2,4-DMFDCA. Comprehensive
material analysis revealed that isomeric switching within the
co-FPE structure resulted in unique thermal characteristics,
confirming that copolyester degradation comprises two distinct
steps, i.e., a heteroaromatic unit and an aliphatic unit. Nearly
identical Tg values of 9 and 10 °C were observed for all the
obtained 2,5-FDCA-based co-FPEs. Additionally, all 2,4-
FDCA-based co-FPEs possess a Tg below 0 °C. The WAXD
results align with the DSC analysis and verify the semicrystal-
line nature of all 2,5-FDCA-based co-FPEs, while 2,4-FDCA-
based co-FPEs showed varied diffraction profiles, and
amorphous materials were discovered for P(3,4-FMF-co-2,4-
HF). This can be explained by considering the impact of the
orientation of the heteroaromatic unit and the methylene
aliphatic unit. These findings hold the potential for further
exploration of enzymatic polymerization based on isomeric
variation of furan-based polymers. Furthermore, elucidating
the properties of these furanic isomeric co-FPEs provides
valuable insight into their prospective applications. For future
research, exploring the variation in the monomeric feed of
isomeric furanic esters and 3,4-BHMF, as well as the variation
in polymerization conditions, would provide further insights.
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Fernández-García, M. Enzymatic Synthesis of Polyesters and Their
Bioapplications: Recent Advances and Perspectives. Macromol. Biosci.
2021, 21 (10), No. 2100156.
(25) Maniar, D.; Silvianti, F.; Ospina, V.; Woortman, A.; van Dijken,

J.; Loos, K. On the Way to Greener Furanic-Aliphatic Poly(Ester
Amide)s: Enzymatic Polymerization in Ionic Liquid. Polymer 2020,
205, No. 122662.
(26) Silvianti, F.; Maniar, D.; Boetje, L.; Woortman, A. J. J.; van

Dijken, J.; Loos, K. Greener Synthesis Route for Furanic-Aliphatic
Polyester: Enzymatic Polymerization in Ionic Liquids and Deep
Eutectic Solvents. ACS Polym. Au 2023, 3 (1), 82−95.
(27) Kobayashi, S.; Uyama, H.; Kadokawa, J., Eds.; Enzymatic
Polymerization towards Green Polymer Chemistry; Springer: Singapore,
2019.
(28) Adrio, J. L.; Demain, A. L. Microbial Enzymes: Tools for

Biotechnological Processes. Biomolecules. 2014, 4, 117−139.
(29) Taresco, V.; Creasey, R. G.; Kennon, J.; Mantovani, G.;

Alexander, C.; Burley, J. C.; Garnett, M. C. Variation in Structure and
Properties of Poly(Glycerol Adipate) via Control of Chain Branching
during Enzymatic Synthesis. Polymer 2016, 89, 41−49.
(30) Kline, B. J.; Beckman, E. J.; Russell, A. J. One-Step Biocatalytic

Synthesis of Linear Polyesters with Pendant Hydroxyl Groups. J. Am.
Chem. Soc. 1998, 120 (37), 9475−9480.
(31) Habeych, D. I.; Juhl, P. B.; Pleiss, J.; Vanegas, D.; Eggink, G.;

Boeriu, C. G. Biocatalytic Synthesis of Polyesters from Sugar-Based
Building Blocks Using Immobilized Candida Antarctica Lipase B. J.
Mol. Catal. B: Enzym. 2011, 71 (1−2), 1−9.
(32) Silvianti, F.; Maniar, D.; Agostinho, B.; de Leeuw, T. C.; Pelras,

T.; Dijkstra, L.; Woortman, A. J. J.; van Dijken, J.; Thiyagarajan, S.;
Sousa, A. F.; Loos, K. Unraveling The Impact of Isomerism on
Enzymatic Polymerization of Furanic Polyesters. Adv. Sustainable Syst.
2024, No. 2300542. (n/a)
(33) 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.
Macromol. Chem. Phys. 2014, 215 (22), 2185−2197.
(34) Jiang, Y.; Woortman, A. J. J.; Alberda Van Ekenstein, G. O. R.;

Loos, K. A Biocatalytic Approach towards Sustainable Furanic-
Aliphatic Polyesters. Polym. Chem. 2015, 6 (29), 5198−5211.
(35) Kobayashi, S. Recent Developments in Lipase-Catalyzed

Synthesis of Polyesters. Macromol. Rapid Commun. 2009, 30 (4−5),
237−266.

(36) Hilker, I.; Schaafsma, A. E. J.; Peters, R. A. H.; Heise, A.;
Nijenhuis, A. J. Insight into Lipase-Catalyzed Formation of Macro-
cyclic Oligoesters. Eur. Polym. J. 2008, 44 (5), 1441−1450.
(37) Berkane, C.; Mezoul, G.; Lalot, T.; Brigodiot, M.; Maréchal, E.

Lipase-Catalyzed Polyester Synthesis in Organic Medium. Study of
Ring−Chain Equilibrium. Macromolecules 1997, 30 (25), 7729−7734.
(38) Dong, Y.; Wang, J.; Yang, Y.; Wang, Q.; Zhang, X.; Hu, H.;

Zhu, J. Bio-Based Poly(Butylene Diglycolate-Co-Furandicarboxylate)
Copolyesters with Balanced Mechanical, Barrier and Biodegradable
Properties: A Prospective Substitute for PBAT. Polym. Degrad. Stab.
2022, 202, No. 110010.
(39) Urpí, L.; Alla, A.; Martínez de Ilarduya, A. Elastomeric

Copolyesters of ω-Pentadecalactone and Cyclohexylenedimethylene
Succinate Obtained by Enzymatic Polymerization. Polymer 2023, 266,
No. 125624.
(40) Popescu, D.; Hoogenboom, R.; Keul, H.; Moeller, M. Hydroxy

Functional Acrylate and Methacrylate Monomers Prepared via
Lipase�Catalyzed Transacylation Reactions. J. Mol. Catal. B:
Enzym. 2010, 62 (1), 80−89.
(41) Zaidi, S.; Bougarech, A.; Abid, M.; Abid, S.; Silvestre, A. J. D.;

Sousa, A. F. Highly Flexible Poly(1,12-Dodecylene 5,5&prime;-
Isopropylidene-Bis(Ethyl 2-Furoate)): A Promising Biobased Poly-
ester Derived from a Renewable Cost-Effective Bisfuranic Precursor
and a Long-Chain Aliphatic Spacer. Molecules 2023, 28, 4124
DOI: 10.3390/molecules28104124.
(42) Wang, H.; Cheng, Z.; Djouonkep, L. D. W.; Wang, L.; Cai, S.;

Gauthier, M. Synthesis and Properties of Biodegradable Aliphatic−
Aromatic Polyesters Derived from 4-Hydroxybenzaldehyde. J. Appl.
Polym. Sci. 2023, 140 (29), No. e54063.
(43) Bastings, M. M. C.; de Greef, T. F. A.; van Dongen, J. L. J.;

Merkx, M.; Meijer, E. W. Macrocyclization of Enzyme-Based
Supramolecular Polymers. Chem. Sci. 2010, 1 (1), 79−88.
(44) Persenaire, O.; Alexandre, M.; Degée, P.; Dubois, P.

Mechanisms and Kinetics of Thermal Degradation of Poly(ε-
Caprolactone). Biomacromolecules 2001, 2 (1), 288−294.
(45) Puglisi, C.; Samperi, F.; Alicata, R.; Montaudo, G. End-Groups-

Dependent MALDI Spectra of Polymer Mixtures. Macromolecules
2002, 35 (8), 3000−3007.
(46) Alicata, R.; Montaudo, G.; Puglisi, C.; Samperi, F. Influence of

Chain End Groups on the Matrix-Assisted Laser Desorption/
Ionization Spectra of Polymer Blends. Rapid Commun. Mass Spectrom.
2002, 16 (4), 248−260.
(47) Florczak, M.; Michalski, A.; Kacprzak, A.; Brzezinśki, M.;
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