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ARTICLE INFO ABSTRACT

Keywords: 2,5-furandicarboxylic acid is an extremely appealing renewable chemical building block because of its potential
2,4-furandicarboxylic acid to replace the petrochemical and industrially widespread terephthalic acid via the synthesis of poly(alkylene 2,5-
2,4-FDCA . o furanoate)s (2,5-PAF). The recent interest in its structural isomer, 2,4-furandicarboxylic acid (2,4-FDCA), opened
ijg:;tgér;dlcarboxyhc acid the study of poly(alkylene 2,4-furanoate)s (2,4-PAF). In this work, 2,4-FDCA was polymerized with linear glycols

of increasing chain length, via a solvent-free polycondensation reaction, obtaining high molecular weight 2,4-
PAF. Namely, poly(trimethylene 2,4-furanoate) (2,4-PTF), poly(pentamethylene 2,4-furanoate) (2,4-PPeF) and
poly(hexamethylene 2,4-furanoate) (2,4-PHF). These polyesters were compression molded into films and sub-
jected to NMR, GPC, WAXS, PLOM, TGA and DSC analyses. The functional properties for food packaging ap-
plications were evaluated by mechanical and gas permeability tests. 2,4-PAF had tunable mechanical properties,
depending on the glycol used, and in some cases, the mechanical behavior of a thermoplastic elastomer and
shape recovery after break. In particular, 2,4-PPeF had outstanding gas barrier properties, while DSC analyses on
2,4-PHF showed an endothermic phenomenon attributed to the isotropization of a partially-ordered phase: it was
possible to demonstrate that this phase was disrupted during tensile tests and slowly recovered over time, at
room temperature. Overall, the results offer new insights into the structure-property relationships of poly
(alkylene 2,4-furanoate)s and display their great potential for the production of biobased, monomaterial, easily
recyclable and sustainable food packaging.

Structural isomerism
Thermal properties
Diffractometric analysis
Mechanical properties
Gas barrier properties

1. Introduction other products in their transportation and storage. A short life cycle, fast

rate of production and high durability are the causes which concurred to

Plastics are an irreplaceable class of materials in many applications
because of their unique combination of low specific weight with tunable
mechanical behavior, often accompanied by special properties of high
added value. 391 Mtons of plastics were produced in 2021 worldwide
and packaging had a predominant role in the market, comprising 44% of
the total production volume [1]. However, packaging is often single use
and fulfills its purpose in a relatively short time window, by protecting

the incontrollable growth of plastic pollution as a major issue for marine
ecosystems and, potentially, human health [2,3]. The issue is apparent
in the case of food packaging, which is meant to protect goods with a
short shelf life, whose recycling is made particularly challenging by the
possible contamination of food products and by the multilayered nature
of many food packaging systems, which must be structured in an in-
ternal layer with high gas barrier properties, typically poly(ethylene
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vinyl alcohol) (EVOH), to control the atmosphere to which the food is
exposed, with additional outer layers of polymers intended to compen-
sate the insufficient mechanical properties and moisture resistance of
EVOH [4,5]. Among the possible solutions, the problem can be tackled
with legislative or non-legislative interventions [6,7], and by strength-
ening the recycling infrastructure. On this front, progress has been made
in Europe in recent years, with a 117% growth in the recycling of post-
consumer plastic waste between 2006 and 2020 [1], but this progress
has not been sufficient to completely stop the flow of plastics landfilled
and dispersed in the environment. For this reason, the ecodesign of
polymeric materials plays a major role in the smart management of their
life cycle, and one way in which Polymer Chemistry can reduce the
environmental impact of food packaging is by enhancing its recyclability
and circularity, creating a new generation of polymers with combined
high mechanical and gas barrier properties, thus suitable for the pro-
duction of single-component packaging. When designing new green and
circular materials, the sustainability of raw materials and carbon emis-
sions must also be taken into consideration: LCA studies have found that
the production of 1 metric ton of biobased materials saves 55 GJ of
energy and 3 tons of equivalent CO,, compared to conventional mate-
rials [8]. For biobased materials from first-generation biomass (edible
crops), lower carbon emissions are counterbalanced by the environ-
mental impact of phosphate and nitrous oxide pollution caused by the
use of fertilizers and pesticides [8]. In the future, however, the potential
of refineries based on second-generation biomass (non-food crops and
lignocellulosic waste) [9] will mitigate this impact, while at the same
time representing a great opportunity for circularity. Overall, the cur-
rent objective of research in the field of food packaging is the prevention
of environmental issues related to the production and use of plastic with
the smart ecodesign of biobased, single-component and easily recyclable
polymers. 2,5-furandicarboxylic acid (2,5-FDCA) has emerged in recent
years among the most relevant biobased chemical platforms to achieve
this goal: it was in fact selected by the US Department of Energy as the
second most promising [10,11] and its production is currently
approaching commercial scale [12,13]. In Academia, 2,5-FDCA has been
extensively studied, and in particular the polyester resulting from the
polycondensation with ethylene glycol, poly(ethylene 2,5-furanoate)
(2,5-PEF) [14-19]. The functional properties of PEF were found to be
particularly interesting in the field of food packaging, attracting in-
dustry attention for its potential as a substitute for petrochemical poly
(ethylene terephthalate) (PET). Specifically, one of the most interesting
characteristics of 2,5-PEF is its gas barrier properties, 19 times superior
to those of PET [20], correlated with the higher rigidity of the furan
subunit compared to the terephthalic one, which causes less ring flip-
ping and lower gas permeation [21]. Expanding the scope to the entire
class of poly(alkylene 2,5-furanoate)s (2,5-PAF) homopolymers, high
molecular weight polyesters were synthesized from 2,5-FDCA and linear
glycols of increasing chain length, compression molded into films and
characterized by Guidotti et al., with the production of poly(propylene
2,5-furanoate) (2,5-PPF) from 1,3-propanediol, poly(butylene 2,5-fura-
noate) (2,5-PBF) from 1,4-butanediol, poly(pentamethylene 2,5-fura-
noate) (2,5-PPeF) from 1,5-pentanediol and poly(hexamethylene 2,5-
furanoate) (2,5-PHF) from 1,6-hexanediol [22]. The results were
found to be particularly interesting in the case of 2,5-PPeF, which pre-
sented an elastomeric behavior with shape recovery and, above all, gas
barrier properties comparable to those of EVOH. It has been experi-
mentally demonstrated that a partially ordered mesomorphic phase is
responsible for these exceptional results [23], which is theorized to
explain the peculiar gas barrier properties of all amorphous and rubbery
2,5-PAFs. In some instances, bifuran polymers were also theorized to
derive excellent gas barrier properties from other kinds of interactions
originated by oxygen exposure [24] and difuran polymers showed
comparably good gas barrier properties [25]. In this context, a Henkel-
type thermal disproportionation was studied by S. Thiyagarajan et al. as
a new synthetic method to obtain 2,5-FDCA from second-generation
biomass [23]. As a serendipitous discovery, 2,4-FDCA, a structural
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isomer of 2,5-FDCA could be obtained as a co-product of the reaction,
with a selectivity ranging from 14 to 30%, depending on the catalyst
used. In silico and dielectric spectroscopy experiments were also carried
out on both 2,5-PAF [26-31] and 2,4-PAF [32-34]. Moreover, the syn-
thesis of 2,4-PAF and several copolyesters was carried out, but their
molecular weight was not suitable for the functional characterization of
food packaging applications [35-37]. Another side product of the re-
action studied by S. Thiyagarajan et al. [23] was furan, a high-added
value chemical that can be further valorized by transformation into
1,4-butanediol [38]. For this reason, as proof of concept for a green
process with high atom economy, Bianchi et al. decided to study the
potential of the homopolymer obtained from the dimethyl ester of 2,4-
FDCA and 1,4-butanediol for food packaging applications: compared
with 2,5-PBF, 2,4-PBF showed reduced crystallization capability and
comparably satisfactory mechanical proprieties for the intended pur-
pose, while the gas barrier properties were found to be significantly
superior and comparable to those of 2,5-PPeF and EVOH [39]. This
result was attributed to the different macromolecular structural
arrangement of 2,4-PBF compared to 2,5-PBF: it was proposed that the
position of the carboxyl groups could make the furan oxygen more ste-
rically available for the formation of interchain interactions, leading to
the formation of a more tightly packed partially-ordered mesomorphic
phase. In fact, subjecting 2,4-PBF to annealing was shown to worsen its
gas barrier properties, since the mesomorph phase was disrupted by the
presence of the crystalline phase [39]. The excellent results obtained
during the study of 2,4-PBF have opened this line of research to the
investigation of the molecular, structural and solid state properties of
the other homopolymers belonging to the family of 2,4-poly(alkylene
furanoate)s (2,4-PAF), to collect broader information on the structural
properties of this new class of polyesters. Therefore, the purpose of the
present work was to use the dimethyl ester of 2,4-FDCA to synthesize,
compression mold and characterize poly(propylene 2,4-furanoate) (2,4-
PPF) from 1,3-propanediol, poly(pentamethylene 2,4-furanoate) (2,4-
PPeF) from 1,5-pentanediol and poly(hexamethylene 2,4-furanoate)
(2,4-PHF) from 1,6-hexanediol.

2. Experimental section
2.1. Materials

Dimethyl 2,4-furandicarboxylate (2,4-DMF) was synthesized as
detailed in the literature [23], then purified to monomer grade with
multiple recrystallizations from methanol. The following materials were
used as purchased: 1,3-propanediol (PD) (97% purity; Carbosynth Ltd.,
Combrook, UK); 1,5-pentanediol (PeD) (97% purity; Fluka Chemika
GmbH, Buchs, Switzerland); 1,6-hexanediol (HD) (97% purity, Tokyo
Chemical Industry Co. Ltd., Tokyo, Japan); 1,4-butanediol (BD) (97%
purity) and titanium isopropoxide (TIP) (Sigma-Aldrich, Saint Louis,
MO, USA).

2.2. Poly(alkylene furanoate)s Synthesis

The production of poly(alkylene 2,4-furanoate)s (2,4-PTF, 2,4-PPeF,
2,4-PHF) was performed in a 250 mL glass reactor, by the poly-
condensation method typically used for furan-based polyesters [22]. For
all syntheses, 200 ppm of TIP was used as a catalyst and an excess of
glycol (300 mol% compared to the ester), both as a reagent and as sol-
vent. The 1st stage of synthesis was the transesterification reaction,
which took place under nitrogen flow, at 190 °C, for 120 min, while the
2nd stage was the polymerization reaction, carried out at 210 °C, for
120 min, at a pressure gradually lowered down to 0.05 mbar. During the
second step the excess glycol distilled off and the torque increased up to
a plateau, at which point the reaction was stopped. The reagents used
were 4.0 g (21.9 mmol) of 2,4-DMF and 5.0 g (65.8 mmol) of PD to
obtain 2,4-PTF; 3.5 g (19.2 mmol) of 2,4-DMF and 6.0 g (57.6 mmol) of
PeD to obtain 2,4-PPeF; 2.9 g (16.0 mmol) of 2,4-DMF and 5.7 g (47.9
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mmol) of HD to obtain 2,4-PHF. The synthesized polymers (2,4-PTF, 2,4-
PPeF and 2,4-PHF) were purified by dissolving them in hexa-
fluoroisopropanol/chloroform (5% v/v) and by precipitating the solu-
tion in methanol (1 mL of polymer solution in 10 mL of methanol). After
recovery from methanol, the polymers were dried under the fume hood
overnight.

2.3. Molecular characterization

The chemical composition of the synthesized polymers was exam-
ined using proton nuclear magnetic resonance (*H NMR) spectroscopy
on a Varian Inova 400-MHz (Agilent Technologies, Palo Alto, CA, USA)
at room temperature. Approximately 10 mg of each polymer were dis-
solved in 0.7 mL of deuterated chloroform (containing 0.03 v/v% of
tetramethylsilane as internal standard) and using a few droplets of tri-
fluoroacetic acid, added immediately before the measurements.

To determine the number-average molecular weight (M,) and the
corresponding polydispersity index (P) of the synthesized polymers, gel-
permeation chromatography (GPC) with a 1525 binary HPLC pump
(Waters, Milford, MA, USA) was used, equipped with PLgel 5 mm
MiniMIX-C column (Agilent Technologies), at 30 °C. The eluent was
GPC-grade chloroform and the flow rate was 1 mL/min. Chloroform
solutions with a polymer concentration of 2 mg/mL were prepared, with
the addition of a few droplets of hexafluoroisopropanol. To obtain the
calibration curve, polystyrene standards were used, in the range of
550-2,500,000 g/mol.

2.4. Film preparation

2.5 g of purified powder of 2,4-PTF, 2,4-PBF, 2,4-PPeF and 2,4-PHF
was placed between two sheets of poly(tetrafluoroethylene) (PTFE) and
compression molded into 300 pm-thick films with the use of a C12
laboratory press (Carver, Wabash, IN, USA). The compression molding
was carried out for 2 min, at a pressure of 9 ton/m? and a temperature
30 °C above the Ty, of the samples (or the Ty, in the case of the amor-
phous samples).

2.5. Thermal characterization

To eliminate any possible traces of adsorbed moisture, the samples
were compression molded at 150 °C immediately before being subjected
to TGA analyses. For TGA analyses, a TGA4000 (PerkinElmer, Waltham,
MA, USA), was used to heat 5 mg samples from 40 to 800 °C (10 °C/
min), under a flow of 40 mL/min of pure nitrogen. The so-obtained data
were used to determine Tsy, the temperature at which a weight loss of
5% is achieved, Tonset, the temperature at which weight loss begins, and
Tmax, the temperature at which the derivative of the thermogram has
reached its minimum value.

DSC analyses were carried out on 5 mg samples, using a DSC6
(PerkinElmer, Waltham, MA, USA). The samples were placed in an
aluminum pan, then: 1. heated from —20 to 200 °C at 20 °C/min, 2.
cooled from 200 to —20 °C at 100 °C/min, 3. heated from —20 to 200 °C
at 20 °C/min. The glass transition temperature (Ty) was obtained
considering the intermediate heat flow value between the baselines
extending, respectively, from the beginning and the end of the glass-to-
rubber transition step. The specific heat variation (AC,) was calculated
by considering the height between the two baselines. The melting
temperature (Ty,) and the enthalpy of fusion (AHp,) were obtained by,
respectively, the maximum and the total area of the peak of the endo-
thermic phenomenon.

2.6. Structural characterization
Wide-angle X-ray scattering (WAXS) analyses were carried out on

film samples, using an X'PertPro diffractometer (PANalytical, Almelo,
The Netherlands) equipped with a solid-state X’Celerator detector. X-
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rays were obtained from a copper source (wavelength of 0,154 nm) and
the system moved in steps of 0.1°, with a rate of 100 s/step. Incoherent
scattering was not included in the results. By subtracting the amorphous
halo from the total area of the diffraction curve, it was possible to obtain
the area of the crystalline reflections (A.). Diving A. by the total area of
the diffraction curve (Ay), the crystallinity index (X.) was obtained.

Polarized light optical microscopy (PLOM) experiments were carried
out with an Axioskop 2 microscope (Carl Zeiss, Oberkochen, Germany),
equipped with an Axio Cam ICc 1 (Carl Zeiss, Oberkochen, Germany), a
64,625 HLX 100 W - 12 V halogen optic lamp (Osram, Munich, Ger-
many) and a TMS 94 temperature control system (Linkam Scientific
Instruments, Epsom, UK). Samples were observed at room temperature
and during a temperature scan up to 200 °C, at a heating rate of 20 °C/
min.

2.7. Mechanical characterization

Film samples were subjected to tensile tests with the use of an Instron
5966 (Instron, Norwood, MA, USA) with a transducer-coupled 1 kN load
cell. Samples were prepared with 5 mm of width, and 50 mm of height,
and the average thickness of each was measured using a micrometer
(around 300 pm). They were secured on the grips at a gauge length of
2.0 cm, then they were stretched at a constant rate of 10 mm/min. The
results were automatically converted into stress-strain curves and the
elastic modulus (E) was obtained as the slope of the initial points of the
curve, in a range with linear regression equal to at least 0.99. At least
five tests for each material were tested, and the results were reported
including their standard deviation.

Cyclical tensile tests were carried out under the same conditions, by
stretching until reaching a deformation of 50%, then by removing the
stress until reaching 0.005 MPa. 11 cycles of stretching and relaxation
were performed, and for each cycle, the hysteresis was calculated as the
difference between the integrals of the two curves.

2.8. Gas-barrier properties evaluation

To test the gas barrier properties, a manometric method was used by
the Gas Permeability Testing Manual and to the standards ASTM
D1434-82(2009) (Standard test method for determining gas perme-
ability properties of plastic film and coating), DIN 53536 (Determination
of permeability of rubber to gases) and ISO/DIS 15105-1:2007 (Plastic
film and sheeting determination of gas transport rate; part I: differential
pressure method). A permeance testing device, type GDP-C (Brugger
Feinmechanik GmbH, Munchen, Germany) equipped with an external
thermostat HAAKE-Circulator DC10-K15 type (ThermoFisher Scientific,
Waltham, MA, USA) was used to test film samples (diameter of at least
10 cm, surface area of 78.5 cm?) against pure Oy and CO4 (pressure =1
atm, temperature = 23 °C or 38 °C; gas flow = 100 cm®/min, relative
humidity = 0% or 85%). From the pressure-time plot obtained, it was
possible to calculate permeability and Gas Transmission Rate (GTR)
values. Each measurement was expressed as a mean value, from a
triplicate.

3. Results and discussion
3.1. Molecular characterization

The synthesized poly(alkylene 2,4-furanoate)s (Fig. 1) were sub-
jected to 'H NMR analyses. Each group of equivalent hydrogens in the
repeating units was labeled with a letter. The spectra and peak assign-
ments are shown in Fig. 2. In all spectra, it is possible to see signals
originating from chloroform (7.26 ppm) and the internal standard
(tetramethylsilane, 0 ppm). In all samples, the spectra show a pair of
singlets around 7-8 ppm, originated from aromatic furan hydrogens,
labeled a and b (or a’ and b’, or a” and b”) and located at 8.10 and 7.44
ppm, respectively. At lower chemical shift values it is possible to see the
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x=3 2,4-PTF
x=5 2,4-PPeF
n x=6 PHF

Fig. 1. Poly(alkylene 2,4-furanoate)s chemical structure (left) and compression
molded films of poly(trimethylene 2,4-furanoate) (2,4-PTF) (top right), poly
(pentamethylene 2,4-furanoate) (2,4-PPeF) (center right), poly(hexamethylene
2,4-furanoate) (2,4-PHF) (bottom right).

signals originated from protons labeled as c and d (or ¢’ and d’, or ¢” and
d”), which are the methylene glycol groups closest to the furan subunit.
It is important to note that the 2,4 isomer of the furan subunit is not
symmetrical and gives rise to two different chemical environments for
each ester bond, as already reported in the literature [34,35]. Moreover,
the shorter the glycol unit, the greater the influence of the furan subunit
on the methylene groups in o position from -COO- moieties: this effect
produces a high number of triplet combinations in the case of 2,4-PTF, in
the 4.46-4.23 ppm range, making the signals of the methylene groups c
and d appear as a group of multiplets. On the contrary, the greater length
of the glycol subunit allows us to distinguish two triplets for 2,4-PPeF, at
4.33 and 4.29 ppm (for ¢’ and d’ hydrogen, respectively), and two
triplets for 2,4-PHF, at 4.32 and 4.27 ppm (for the ¢” and d” hydrogen,
respectively). It is also interesting to note that the signals of the OH-
terminated methylene glycol groups are faintly visible in the spectra:
they are located at 3.76, 3.67 and 3.65 ppm for 2,4-PTF, 2,4-PPeF and
2,4-PHF, respectively. A situation similar to that discussed for ¢ and
d hydrogen can be observed for e hydrogen of 2,4-PTF: this glycol
methylene group is influenced at the same time by the furan rings in all
of their possible orientations, originating multiplets constituted by
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superimposed quintuplets, located in the 2.20-1.98 ppm range. In the
case of 2,4-PPeF, the corresponding methylene glycol groups are labeled
e’, and f and they originate two partly superimposed quintuplets
located at 1.81 ppm. The innermost glycol methylene group of 2,4-PPeF
is labeled as g’ and appears to originate a multiplet located at 1.55 ppm:
this signal seems to be influenced by the furan rings in all their possible
orientations, similarly to the case of methylene group e of 2,4-PTF.
Similarly, in the case of 2,4-PHF, the methylene glycol groups e” and
f” originate two partially superimposed quintuplets located at 1.76 ppm
and the glycolic g” and h” methylene groups originate a multiplet
located at 1.47 ppm. The tiny peak at 1.56 ppm, as also corroborated by
the quite broad shape, is due to water. MeOH residue is responsible for
the signal at 3.49 ppm. At around 3.65 ppm, the terminal -CH,OH
methylene protons are located. Lastly, the small peaks at 0.86 and 1.26
ppm are due to grease residues.

Overall, 'H NMR results confirm the structure of the synthesized
polymers. The success of the synthetic process was further validated by
GPC analyses. The results in Table 1 indicate that all polymers had a
high number average molecular weight (M) and a low polydispersity
index (D). All polymers had molecular weights above 20 kg/mol, which
is typically considered the threshold beyond which a polymer expresses
adequate processability and functional properties, making the different
GPC results practically irrelevant for comparing the properties of the
polyesters under study.

3.2. Thermal characterization

The evaluation of the thermal properties is essential for all polymers,
due to their impact on the physical state and stability of materials, both
during processing and during use: for this reason, DSC analyses were
carried out on compression-molded films of poly(alkylene 2,4-fura-
noate)s. The results can be found in Table 1. The first transition to

a c,d
CHCL e
b T™S
L L
8 7 6 5 4 3 2 i 0
ppm
c',d
CHClL
(R
g' ™S
7 e )
8 7 6 5 4 3 2 1 0
ppm
cl', d"
gH’ h"
a" bn
eVl, f L
CHCL
™S
8 7 6 5 4 3 2 I 0
ppm

Fig. 2. 1H NMR spectra of 2,4-PTF (top), 2,4-PPeF (middle) and 2,4-PHF (bottom), with peak assignment.
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Table 1
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GPC, WAXS, DSC (on compression molded films), and TGA data.  cooled in ice after compression molding. *: annealed at 45 °C for 24 h. The heating rate is 20 °C/min

(R20) unless specified otherwise.

GPC DSC WAXS TGA
M, b Tg ACP Tendo AHendo X Tso, Tonset Tmax
kg/mol °C J/(g°C) °C J/g
2,4-PTF
I scan 38 0.394 - - 0
1L sean 31.0 1.9 w 0511 - - - 369 390 409
2,4-PBF [39]
I scan 33 0.376 - - 0
1I scan 445 23 33 0.337 _ _ B 378 396 409
2,4-PPeF
I scan 11 0.348 - - 0
I sean 22.7 2.4 16 0.495 B - - 356 379 403
2,4-PHF
RO5 5 0.271 54 6
I scan R20 9 0.282 58 23
13 +0.1
R40 14 0.295 62 40
I scan 44.6 2.0 o 0471 i " 374 391 409
Quenched?® 6 0.433 - - 0
Annealed” 9 0.319 60 15 14 £ 0.3

study was the glass transition temperature (Tg). Across the series of
synthesized polyesters, Tg has been shown to follow a clear decreasing
trend with the increase in length of the aliphatic subunit. This causes the
amorphous component of 2,4-PTF, 2,4-PPeF and 2,4-PHF to be glassy,
rubbery and rubbery, respectively, at room temperature. The Tgs of the
poly(alkylene 2,5-fuanoate) counterparts with comparable molecular
weight have been reported to be higher [22,40] and are compared to the
polymers under study in Table 2: the interplay of multiple simultaneous
factors could lead to this result, including the flexibility of chains and
intermolecular interactions, contributing to higher free volume in the
case of poly(alkylene 2,4-furanoate)s. The difference in Ty between the
two isomeric forms of each polymer under study becomes progressively
smaller as the length of the aliphatic subunit increases: precisely, the
difference goes from 14 °C in the case of 2,5-PTF vs 2,4-PTF, down to
4 °C in the case of 2,5-PHF vs 2,4-PHF. This trend can be explained by
observing that the density of furan subunits per volume unit decreases as
the length of the glycol moiety increases and, as a consequence, the
impact of the two furan isomers on the Ty values. In terms of structure, it
was observed that 2,4-PTF and 2,4-PPeF films were completely amor-
phous, while 2,4-PHF showcased an endothermic phenomenon located
at 58 °C (Fig. 3, panel A). Upon further investigations, DSC scans carried
out at different heating rates revealed a shift towards higher tempera-
tures of the peak position, similarly to what happens for glass transition
phenomenon (Table 1 and Fig. 3, panel B). The shift towards higher
temperatures is not what would be expected by a traditional crystalline
phase, even if it might be explained by superheating and thermal lag.
The same type of shift in peak position was consistently observed on the
stretched sample (in controlled conditions) and on the 1 year stored film.
In order to assess their thermal stability, samples were also subjected to
TGA analyses. From the results shown in Table 1 and Fig. S2, the ma-
terials were found to be very thermally stable, with a Tyax up to 409 °C

Table 2
Comparison between the Ty and number average molecular weight of 2,4-poly
(alkylene furanoate)s and 2,5-poly(alkylene furanoate)s.

M, Ty AC, M, Ty AC,

kg/mol °C J/(g°C) kg/mol °C J/(g°C)
2,4-PTF 2,5-PTF [22]

31.0 38 0.394 30.0 52 0.361
2,4-PBF [39] 2,5-PBF [39]

44.5 33 0.376 32.6 39 0.360
2,4-PPeF 2,5-PPeF [22]

22.7 11 0.348 29.6 13 0.394
2,4-PHF 2,5-PHF [22]

44.6 9 0.286 28.9 13 0.205

in the case of 2,4-PTF and 2,4-PHF, equal to the Ty, determined for the
2,4-PBF previously synthesized [39]. 2,4-PPeF was found to have a
slightly lower Tpax of 403 °C, but all samples had higher thermal sta-
bility compared to poly(alkylene 2,5-furanoates), especially in the case
of 2,4-PTF which, in comparison, had a Tp,x of 23 °C higher than 2,5-
PTF [22]. This result can be explained by what has already been sug-
gested in the case of 2,4-PBF [39]: for geometric reasons, the isomerism
of poly(alkylene 2,4-furanoate)s might cause the oxygen belonging to
the aromatic furan ring to be more sterically accessible for the formation
of hydrogen bonds, which could affect the polymer even in its molten
state, causing greater resistance to thermal degradation. (See Table 1.)

3.3. Structural characterization

The poly(alkylene 2,4-furanoate)s under study were subjected to
wide-angle x-ray diffractometry (WAXS). The so-obtained diffracto-
grams are shown in Fig. 4, panel A and the calculated degree of crys-
tallinity is in Table 1. The WAXS results are in accordance with what was
already observed during DSC analyses (Table 1 and Fig. 3, panel A),
showing that all the poly(alkylene 2,4-furanoate)s under study are
completely amorphous with the exception of 2,4-PHF. In all samples of
the series we can see the primary amorphous halo and a secondary,
smaller bell at about 10°. A signal such as the latter, wide and at low
angles, should indicate the presence of a phase with low degree of order,
constituted by chains at high interplanar distance with respect to the
crystal lattice. In the case of 2,4-PHF, it is possible to observe the pres-
ence of a phase with greater order, indicated by the peaks at 260 = 11.7,
13.7, 19.5, 20.4, 21.3 and 24.8°, which are not as narrow as it would
typically be expected by a regular crystalline phase and they are located
at different angles than the ones of 2,5-PHF, as shown in Fig. 4, panel B,
suggesting a different kind of crystalline cell. Overall, the amorphous
halo, the bell at 10°, and the sharper signals of 2,4-PHF can be consid-
ered phases at increasingly higher degrees of order. To better under-
stand its structure, 2,4-PHF was subjected to various thermal treatments.
First of all, the compression molded film was annealed at 45 °C, for 24 h.
The resulting DSC scan (Fig. 3, panel A) shows that its melting tem-
perature moved from 58 °C to 60 °C and the melting peak was narrower,
possibly indicating that the less ordered domains were provided with
enough energy to rearrange and achieve a greater degree of order.
However, the corresponding WAXS diffractogram (Fig. 4, panel B) did
not show a clear variation in the peaks of 2,4-PHF. 2,4-PHF was also
compression molded a second time and quenched in ice. The resulting
material had no crystalline peaks, but only the amorphous halo and the
smaller bell at 10° (Fig. 4, panel B).
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To gather more information on their structure, polarized light optical
microscopy was carried out on the samples under study. The films were
observed both at room temperature and on a temperature heating scan.
A selection of pictures is shown in Fig. 5 and Fig. S3. In the case of 2,4-
PTF, 2,4-PPeF, and 2,4-PBF (previously synthesized [39]), the texture of
the samples was not completely transparent, as expected for amorphous
polymers, remaining almost unchanged even at temperatures much
higher than their Tgs (200 °C) (Fig. S3). The most interesting finding
involved 2,4-PHF: in this case, the sample showed some interaction with
polarized light, which increased with the increase in temperature. Once
at 200 °C, the sample holder was compressed, showing patterns remi-
niscent of a liquid-crystalline schlieren texture, already observed for
other polyesters in the literature [41-47]. After compression, the ma-
terial would return to its molten, transparent state. This was interpreted
as potential evidence of the development of a mesophase: in fact, it is
possible that intermolecular interactions could form even after the iso-
tropization temperature of 2,4-PHF, originating a reversible birefrin-
gence phenomenon as a consequence of the compression of the sample.
This hypothesis is confirmed by the literature, since the formation of a

mesophase of furan-based polyesters has been reported to be favored by
compression molding. In fact, the compression of furan-based polymers
might lead to the rearrangement of the furanic rings in a preferential
orientation which facilitates the formation of a larger number of inter-
molecular C— H---O bonds [40].

3.4. Mechanical properties

The series of poly(alkylene 2,4-furanoate)s, including the previously
synthesized and studied 2,4-PBF [39], was found to have mechanical
properties tunable by changing the length of the glycolic subunit,
similarly to their 2,5-isomeric counterparts [22] (Table 3). Specifically,
poly(alkylene 2,4-furanoate)s showcased a full range of mechanical
behaviors correlated to their physical state (Fig. 6, panel A): the glassy
and amorphous 2,4-PTF was rigid, the partially-ordered 2,4-PHF had a
yield point and was flexible and tough, and finally the amorphous and
rubbery 2,4-PPeF had the stress-strain response typical of a thermo-
plastic elastomer, with low elastic modulus and high elongation at
break. For further demonstrating the elastomeric properties of 2,4-PPeF,
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Fig. 5. Polarized optical microscopy pictures taken on a film sample of 2,4-
PHF. From top to bottom: 25 °C, 50 °C, 100 °C and compression of the film
at 100 °C.

Table 3
Mechanical characterization data.
2,4-PTF 2,4-PBF 2,4-PPeF 2,4-PHF PET [48]
E (MPa) 1428 + 146 939 + 72 4+1 110 +£ 21 3100
6, (MPa) - 16+1 - 741 -
ey (%) - 4+1 - 19 +2 -
o, (MPa) 3842 16 + 6 4+1 24+6 58
ep (%) 4+1 564 + 139 949 + 198 851 + 36 50

it was possible to subject it to cyclic tensile tests (Fig. 6, panel B): the
samples had low hysteresis values starting from the second cycle (Fig. 6,
panel C), which is a desirable result, since it resembles the behavior of an
ideal elastomer. Moreover, 2,4-PPeF showcased a noticeable elastic re-
covery of its initial shape after break (Video S1) and interestingly, also
2,4-PHF expressed elastic recovery after break (Video S2). As already
shown in this work, 2,4-PPeF is an amorphous and rubbery polymer at
room temperature. Polymers showcasing these structural characteristics
do not typically have an elastomeric behavior, however, the presence of
a mesomorph phase was confirmed experimentally in a polymer very
similar to 2,4-PPeF: its isomer, 2,5-PPeF [40]. This polymer chains
arrangement arises from H-bond like interactions and n-x bonds that can
lead to mono- or bi-dimensional order (mesophase). Mesomorph phases
are particularly challenging to identify during DSC or WAXS studies, but
even when the order is not high enough to produce a certain periodicity,
the underlying interactions are still present. The H-bond like in-
teractions and 7- & bonds could be responsible for the unusual process-
ability of polymers like 2,4-PPeF and could act as a physical crosslink,
causing a behavior similar to the one of a thermoplastic elastomer. The
presence of chemical crosslinks can be excluded because of the un-
changed processability and solubility of 2,4-PPeF films after subjecting
them to mechanical tests. Comparing the mechanical properties of all
poly(alkylene 2,4-furanoate)s, it can be noted that the elastic modulus is
the highest for 2,4-PTF, slightly lower for 2,4-PBF, intermediate for 2,4-
PHF and the lowest for 2,4-PPeF. Conversely, the elongation at break is
the highest for 2,4-PPeF, slightly lower for 2,4-PHF, intermediate for
2,4-PBF and the lowest for 2,4-PTF. These observations are predictable,
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considering that the trend of decreasing modulus is parallel to the in-
crease of the glycolic chain length, while 2,4-PHF shows an increase due
to its semicrystalline state. Also, the different elongation at break can be
explained considering that 2,4-PHF has a partially ordered phase which
requires energy to disrupt, increasing the toughness of the material,
while 2,4-PBF is completely amorphous. It is interesting to compare the
mechanical properties of the two isomeric families of homopolymers:
2,4-PTF had the same modulus, but was slightly more ductile than 2,5-
PTF, which was reported to have modulus of 1341 MPa and elongation
at break of 3% [22]. 2,4-PBF, had a slightly lower modulus but even
higher ductility than 2,5-PBF, which was reported to have a modulus of
1290 MPa and elongation at break of 157% [22]. 2,4-PPeF showed very
similar results when compared to 2,5-PPeF, which was reported to have
a modulus of 9 MPa and elongation at break of 1050% [22]. Finally, 2,4-
PHF showed mechanical properties that were considerably superior to
the ones of its isomeric counterpart 2,5-PHF, which was reported to have
a modulus of 906 MPa and elongation at break of 42% [22].

3.5. Gas barrier properties

The gas barrier properties of a polymer film used in the field of food
packaging are fundamental to guarantee the shelf-life of food products,
preventing alterations of the modified-atmosphere packaging, oxida-
tion, and losses of carbon dioxide from carbonated beverages. For this
reason, the gas barrier properties of the polymers under study were
tested towards Oy and COj, both in dry (0% relative humidity) and
humid (85% relative humidity) atmospheres (Table 4 and Fig. 7, panel
A). The comparison with commercial polymers used in the field of food
packaging showed remarkable results for all the poly(alkylene 2,4-fura-
noate) homopolymers under study (Fig. 7, panel C). Compared to PET,
both 2,4-PHF and 2,4-PTF showed lower CO, transmission rates, while
2,4-PBF and 2,4-PPeF were found to have vastly improved gas barrier
properties, (by approximately two orders in magnitude), comparable to
those of poly(ethylene vinyl alcohol) (EVOH), the industry standard for
excellent gas barrier properties in polymeric food packaging materials.
The barrier improvement factor with respect to PET [49] (O,-BIF and
CO2-BIF), at 23 °C and 0% RH, was calculated for all the 2,4-poly(alky-
lene furanoate)s under study, since PET is currently the most industrially
produced polyester for food packaging applications. The results confirm
that the gas barrier properties of 2,4-PHF are very similar to the ones of
PET (O2-BIF = 1; CO2-BIF = 2), 2,4-PTF had superior gas barrier prop-
erties than PET (Oy-BIF = 3; CO2-BIF = 18), 2,4-PPeF had vastly
improved gas barrier properties (O,-BIF = 120; CO,-BIF = 291) and 2,4-
PBF had the best gas barrier properties (O2-BIF = 164; CO2-BIF = 527).

Compared to poly(alkylene 2,5-furanoate)s, the polymers under
study showed similar gas barrier properties, except for 2,4-PTF and 2,4-
PBF (Fig. 7, panel B). In particular, in the case of 2,4-PBF, the gas
transmission rates decreased by two orders of magnitude, evidencing a
much higher gas blocking ability in comparison to 2,5-PBF, and the
possible causes of this behavior were discussed in the literature: in
particular, the excellent performance of 2,4-PBF was found to be related
to its amorphous state and lower crystallization capacity, which was
hypothesized to optimize the formation of a partially ordered meso-
morph phase [39]. The formation of a mesomorph phase has been shown
[40] or hypothesized for 2,5-PAF and 2,4-PAF polymers, and the lower
mobility of the 2,4-PAF chains, proven in other studies [32,33] might be
sufficient to explain this. As further evidence of the importance of the
amorphous state, even amorphous 2,5-PBF was found to show greater
gas barrier properties in comparison to semi-crystalline 2,5-PBF and
semi-crystalline 2,4-PBF [39]. 2,4-PPeF and 2,4-PHF were found to have
slightly higher permeability when compared with their isomeric coun-
terparts, and this could be explained by the fact that their Tg is lower
(Table 2), which causes an increase in free volume at room temperature,
making their amorphous phase more permeable to gases. Likewise, a
decrease in gas barrier properties could be observed for 2,4-PTF, when
compared to 2,5-PTF: both polymers are glassy at room temperature,
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Fig. 6. Panel A: Stress-strain curves for 2,4-PTF, 2,4-PBF [39], 2,4-PPeF, 2,4-PHF. Inset: magnification at low elongation. Panel B: Cyclic stress-strain curves for 2,4-

PPeF. Panel C: Hysteresis values for each cycle represented in panel B.

Table 4

0, and CO, transmission rates for the compression-molded films of 2,4-PTF, 2,4-
PBF [39], 2,4-PPeF, 2,4-PHF, expressed in (em® cm)/(m? day atm), under a
variety of humidity and temperature conditions. The shelf life of flexible film for
fresh food products and of rigid bottles for carbonated drinks is estimated as
shown in the literature [50].

2,4- 2,4-PBF 2,4- 2,4-PHF
PTF PPeF
Gas transmission rates
0x-TR 23°C 0% RH 0.1380 0.0022 0.0030 0.3836
0,-TR 23°C 85%RH  0.0781 0.0026 0.0047 0.6401
C(?FZR 23°C 0% RH 0.1225 0.0007 0.0031 0.4432
COy-
TR 23°C  85%RH  0.0732 0.0021 0.0031 0.4954
0,-TR 38°C 0% RH 0.0124 - - -
CO,- o o
TR 38°C 0% RH 0.0101 - - -
Shelf life
Bottle for carbonated drink 691 24,089 B B
(days)
vs biaxially oriented PET +297% +13,744% - -
Flexible film for fresh food
- - 35 <1
(days)
vs PVC wrap film - - +8436%  Comparable

and this might lead to an inferior optimization of interchain hydrogen
bonds, which are essential for the formation of a furanic mesophase,
highly impermeable to gases [40]. However, in the case of 2,4-PTF, the
Ty is lower, close to room temperature, so we could assume that the glass
might have higher free volume, facilitating the passage of gas, and still
not enough mobility for the macromolecular chains to optimize their
conformation and intermolecular interactions. To validate this hypoth-
esis, in the specific case of 2,4-PTF, gas barrier tests were carried out
again at 38 °C, a temperature corresponding to the Ty of the polymer.
The transition from the glassy to rubbery state increases the free volume,
worsening the gas-barrier properties, but it should also unlock the
movement of the furan macromolecules, improving the gas-block ca-
pacity. The results (Table 4) illustrate that the latter effect prevails over
the increase in free volume, determining a remarkable decrease in gas
transmission rates, by an order of magnitude, confirming that the opti-
mization of intermolecular interactions is crucial to obtain excellent gas
barrier properties in furan-based polyesters. Moreover, 2,4-PTF was left
to rest for two weeks and the gas barrier tests were repeated at 23 °C: the
results coincided with those obtained before the tests at 38 °C, con-
firming that the improvements obtained were reversible, exclusively due
to the optimization of the H-bonds, caused by the temperature at which
the tests were carried out. This behavior is corroborated even further by
observing the gas transmission rate values obtained in humid conditions
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Fig. 7. O, and CO, transmission rates at 23 °C in dry (0% RH) conditions. Panel A: values for 2,4-PTF, 2,4-PBF [39], 2,4-PPeF, 2,4-PHF, also in humid (85% RH)
conditions. Panel B: values for 2,4-PAF respectively compared to 2,5-PTF [22], 2,5-PBF [22], 2,5-PPeF [22], 2,5-PHF [22]. Panel C: values for 2,4-PAF compared to
HDPE [50], PLLA [50], PET [49], EVOH (32% ethylene) [50]. Inset: magnification at low GTR.

(Fig. 7, panel A) follow a different trend in the case of 2,4-PTF, when
compared to the other poly(alkylene 2,4-furanoate)s: in particular, an
increase in gas transmission rate is observed in the case of 2,4-PBF, 2,4-
PPeF and 2,4-PHF, possibly because the plasticizing effect of water has
prevailed over its crosslinking effect, causing an increase in free volume
and an increase in gas passage. Although, in the case of 2,4-PTF, the
plasticization of the material may have allowed the otherwise glassy
chains to be mobile enough to optimize their intermolecular bonds,
leading to less gas passage, similar to what was discussed in the case of
tests carried out at 38 °C. For the other polymers under study, the gas
barrier properties in humid conditions lead to relatively small changes in
gas barrier properties, highlighting the outstanding performance of poly
(alkylene 2,4-furanoate)s, which were found to be by far superior to
EVOH not only in terms of mechanical properties, but also because they
can maintain their excellent gas barrier properties in humid conditions,
making their use in single-layer packaging applications possible.

As a way to compare the potential performance of the materials

under study, the shelf life was estimated as shown in the literature [50],
and showcased in Table 4. The results are a theoretical estimate which
concretely shows the potential consequences of the outstanding gas
barrier properties of 2,4-PAF. For 2,4-PTF and 2,4-PBF, the primary
application in food packaging is predicted to be rigid packaging due to
their high elastic modulus, so the case considered was of a single-
material bottle 0.055 cm thick, with a surface area of 0.14 m? con-
taining 1 L of carbonated liquid with a CO, concentration of 3500 ppm
and an internal pressure of 2.75 atm, stored at 23 °C. Given the CO,-TR
obtained in humid conditions (Table 4), a CO; loss higher than 20%
determines the shelf life of the beverage [50], which was calculated to
be exceptionally high for 2,4-PTF and 2,4-PBF (Table 4). These results
might be further improved after the potential processing via blow
molding, which typically induces biaxial orientation in similar poly-
mers, such as PET, further enhancing their gas barrier properties.
Biaxially oriented films should be produced and tested in the future to
confirm this hypothesis. In comparison, the shelf life of a biaxially
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oriented PET bottle, calculated in the same manner and using a CO,-TR
found in the literature [51], was estimated to be equal to 174 days, a
much lower value compared to 2,4-PTF and 2,4-PBF, which had a shelf
life equal to 691 and 24,089 days, respectively (Table 4). On the other
hand, for 2,4-PPeF and 2,4-PHF, the primary application in food pack-
aging is predicted to be flexible films, due to the lower elastic modulus,
so the case considered was of a mono-material film 0.005 cm thick, with
a surface area of 0.10 m?, containing 200 g of fresh food products, such
as meat, dairy or vegetables, stored at 23 °C. Given the O5-TR obtained
under humid conditions (Table 4), an input of O, higher than 5 ppm
determines the shelf life of the product [50]. In comparison, the O,-TR
found in the literature [51] for PVC kitchen wrap films was used to es-
timate the shelf life in analogous conditions, which was discovered to be
inferior to 1 day, comparably to 2,4-PHF, while 2,4-PPeF was associated
with a significantly longer shelf life, 35 times higher than that of PVC
(Table 4).

In summary, the study of the gas barrier properties of 2,4-PAF
showed that:

e In comparison with their respective 2,5-PAF isomers, 2,4-PBF
showed vastly improved gas barrier, previously attributed to its
amorphous state, its geometry and chain mobility [32,33,39]. 2,4-
PPeF and 2,4-PHF had slightly higher permeability because of their
lower Tg. The permeability was further increased for 2,4-PTF because
of its glassy state, as demonstrated with gas barrier experiments
carried out above Tj.

In humid conditions, the permeability increased for 2,4-PBF, 2,4-
PPeF and 2,4-PHF, possibly because the plasticizing effect of water,
while in 2,4-PTF, the same plasticization effect caused lower
permeability, since it might have favored intermolecular bond
formation.

In comparison with commercial products, 2,4-PHF and 2,4-PTF had
lower CO; permeability than PET, while 2,4-PBF and 2,4-PPeF had
outstanding gas barrier properties, comparable to those of EVOH. In
substitution to PVC wrap films, 2,4-PPeF was estimated to cause an
increase of shelf life of about 35 days, while in comparison to PET
bottles, 2,4-PBF was estimated to cause an increase of shelf life of
>65 years.

3.6. Self-healing microstructure of 2,4-PHF

While analyzing 2,4-PHF, several interesting details were observed.
As previously mentioned, DSC experiments carried out on 2,4-PHF at
various heating rates showed that the peak at 58 °C shifted towards
higher temperatures, unlike the typical melting of a crystalline phase
(Fig. 3, panel B). Additionally, PLOM experiments carried out on 2,4-
PHF at 200 °C showed that, upon compression, the material interacted
with the polarized light to produce patterns reminiscent of a liquid-
crystalline schlieren texture (Fig. 5), and interestingly, the formation
of a partially-ordered phase in 2,5-PAF homopolymers was also
observed to be favored by compression [40]. More evidence of an un-
usual behavior of 2,4-PHF was gathered after subjecting the sample to
tensile tests: specifically, the initially opaque samples of 2,4-PHF (Fig. 1)
became more transparent after stretching (Fig. 8). This was an unex-
pected result, since the typical effect of tensile tests on semi-crystalline
polymers is the strain-induced crystallization of the material, which
leads to a more opaque sample. The decreased thickness as a conse-
quence of the plastic deformation could have been a factor contributing
to the increased transparency of 2,4-PHF, but this could not be consid-
ered the only cause: upon further investigation, both DSC and WAXS
analyses were carried out on the stretched samples at various times after
the tensile tests (Fig. 9; Table 5), showing that the melting enthalpy and
the degree of crystallinity decreased considerably immediately after
stretching, then they slowly recovered over time, reaching the pristine
melting enthalpy (the one the material had before stretching) after a
year of storage at room temperature. Additionally, the melting peak of
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Fig. 8. Difference in transparency between the non-stretched (left) and
stretched (right) area of a 2,4-PHF sample, 1 min after stretching the sample
until break.

2,4-PHF also changed in position, from 58 to 48 °C immediately after
stretching, then the peak slowly shifted towards higher temperatures,
reaching a melting temperature of 53 °C after a year of storage. More-
over, despite being partially ordered, the deformation past the yield
point on 2,4-PHF was found to be reversible over time, as observed by its
shape recovery behavior (Video S2). Finally, despite the presence of an
ordered phase on both 2,5-PHF and 2,4-PHF, the latter has much higher
toughness (5 vs 114 J/m°, respectively). The large amount of evidence
presented suggests the presence of a self-healing microstructure,
possibly originated by hydrogen bond interactions which lead to the
formation of a partially ordered 2D phase, already observed in the past
for 2,5-PAF [40] and inferred in the case of 2,4-PBF [39]. More so-
phisticated experimental techniques which are out of the scope of this
work will be necessary to provide definitive proof of this hypothesis.

4. Conclusions

In the present work it was possible to successfully achieve the syn-
thesis and compression molding of 2,4-PAF, a family of homopolymers
based on 2,4-FDCA, a structural isomer of the better known 2,5-FDCA,
and linear glycols of increasing chain length, evaluating their perfor-
mance in food packaging applications. 'H NMR and GPC analyses
confirmed the success of the synthetic process. DSC analyses showed a
decreasing trend of Ty values with increasing glycol chain length. TGA
analyses showed high thermal stability for all the homopolymers under
study, with Tmax higher than 400 °C. Tensile tests showed a wide range
of mechanical response, from the stiff 2,4-PTF and 2,4-PBF, suitable for
rigid packaging applications, to the flexible and tougher 2,4-PHF and
finally 2,4-PPeF, which presented the stress-strain response typical of a
thermoplastic elastomer, with low hysteresis during cyclical tests. Both
2,4-PPeF and 2,4-PHF showed shape recovery after breaking, which
makes them suitable for the production of flexible and elastic packaging.
Gas barrier tests showed that 2,4-PBF and 2,4-PPeF had gas transmission
rates comparable to those of poly(ethylene vinyl alcohol) (EVOH), the
industrial standard for excellent gas barrier properties in polymeric
materials for food packaging, but unlike EVOH, the gas barrier values
remained practically unchanged in humid conditions and were paired
with excellent mechanical properties. When used for the production of
carbonated beverages, 2,4-PTF and 2,4-PBF would provide an excep-
tional increase in shelf life, particularly in the case of 2,4-PBF, which
would virtually stop the loss of CO,. When used for the production of
flexible films for fresh food products, compared to PVC wrap films, 2,4-
PHF would have similar performance, while 2,4-PPeF would improve
the shelf life by >8000%, greatly supporting the prevention of food loss
and food waste. Finally, an in-depth characterization of 2,4-PHF through
mechanical, thermal, and optical microscopy analyses lead to the
conclusion that a partially ordered self-healing phase might have caused
the unusual behavior of the material. Overall, the results open new
possibilities for investigation in the field of Materials Physics and
highlight the great potential of 2,4-PAFs as a new class of polyesters for
the production of biobased, monolayer, easily recyclable, and sustain-
able food packaging applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.reactfunctpolym.2024.106010.
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Fig. 9. DSC (Panel A) and WAXS (Panel B, equatorial beam incidence) traces of a 2,4-PHF film, before and at various intervals after stretching. Heat flow normalized

on the sample mass (mg).

Table 5
Chronological series of DSC (I scan) and WAXS (equatorial beam incidence) data
on stretched 2,4-PHF films. ? Time elapsed from the end of the stress-strain test.

DSC WAXS
Time® T, AC, Tendo  AHendo X,
°C J/(g°C) °C J/g
Not stretched - 9 0.286 58 18 13+ 0.1
Stretched 2h 6 0.347 48 4 8+0.3
Stretched 24 h 7 0.311 46 10 11+1
Stretched 48 h - - - - 11+ 0.3
Stretched 5 days - - - - 11 +0.2
Stretched 12 days - - - - 12+ 0.9
Stretched 26 days - - - - 12+1.8
Stretched 45 days 8 0.280 51 16 -
Stretched 1 year 12 0.374 53 21 -
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