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ABSTRACT: High-molecular-weight poly(butylene 2,4-fura- Isomerism o
noate) (2,4-PBF), an isomer of well-known poly(butylene 2,S- & . f 25PBF vs 2,4-PBF \o )
furanoate) (2,5-PBF), was synthesized through an eco-friendly Wo/\/\/% P
solvent-free polycondensation process and processed in the form of ° °

an amorphous film by compression molding. Molecular character- . . .
ization was carried out by NMR spectroscopy and GPC analysis, -
confirming the chemical structure and high polymerization degree. e @ Enhanced

Increased hydrophobicity

Thermal analyses evidenced a reduction of both glass-to-rubber . VAN o © gasbarrier
o . . Higher g e 00
transition and melting temperatures, as well as a detriment of
L s . thermal o ©¢ @0
crystallization capability, for 2,4-PBF with respect to 2,5-PBF. stability ° o o
Nevertheless, it was possible to induce crystal phase formation by ©,00°

annealing treatment. Wide-angle X-ray scattering revealed that the

crystal lattices developed in the two isomers are distinct from each

other. The different isomerism affects also the thermal stability, being 2,4-PBF more thermally inert than 2,5-PBF. Functional
properties, such as wettability, mechanical response, and gas barrier capability, were tested on both amorphous and semicrystalline
2,4-PBF films and compared with those of 2,5-PBF. Reduced hydrophilicity was determined for 2,4-isomer, in line with its lower
average dipole moment, suggesting better chemical resistance to hydrolysis. Stress—strain tests have evidenced the higher flexibility
and toughness of 2,4-PBF with respect to those of 2,5-PBF and the possibility of improving its mechanical resistance by annealing.
Finally, the different isomerism deeply affects the gas barrier performance, being the O,- and CO,-transmission rates of 2,4-PBF 50
and 110 times lower, respectively, than those of 2,5-PBF. The gas barrier properties turned out to be outstanding under a dry
atmosphere as well as in humid conditions, suggesting the presence of interchain hydrogen bonds. The gas blocking capability
decreases after annealing because of the presence of disclination associated with the formation of crystals.

KEYWORDS: 2,4-furandicarboxylic acid, 2,S-furandicarboxylic acid, structural isomerism, thermal properties, diffractometric analysis,
mechanical properties, gas barrier properties

B INTRODUCTION

No one can dispute the fact that the use of plastics is
inevitable in modern society. In fact, compared to metallic
and nonmetallic materials, plastics possess a whole plethora
of properties (such as availability, lightweight, easy process-
ing, economy, colorability, acoustic, thermal, electrical
insulation, smart mechanical response, resistance to corrosion
and chemical inertia, as well as water repellency and
unassailable by molds, fungi, and bacteria, and many more)
that justify their extensive use in the most varied fields (such
as packaging, healthcare, fisheries, and agriculture, to cite only
a few).!

Although the advantages of plastics are innumerable and
important, their massive production from virgin monomers
and the ineflicient waste management by their end of life
have generated a substantial environmental impact, which

unfortunately affects both the terrestrial and marine
habitats."”> Therefore, mismanagement of plastic waste
undermines the ability of the global community to achieve
the carbon emission targets necessary to fight climate change
(United Nations Sustainable Development Goals 7 and 13;
UN, 2013).

To reduce such a huge environmental impact of plastics
and their dispersion into the environment; local, national, and
international political institutions have introduced several
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directives, which include taxes and legislative bans, such as
that related to single-use plastics.”*

The long-term goals of transitioning toward circularity of
plastics and sustainable economy presuppose recycling as the
best option for efficient management of plastic waste. Both
chemical and mechanical recycling methods have their own
merits of transforming the plastic waste further into (new)
products; the former gives an opportunity to use (consume)
spent plastics as a feedstock to derive primary raw materials
(i.e, monomers), which can be used to produce virgin
plastics (i.e., circularity). The increasing interest in develop-
ing and establishing efficient and cost-effective recycling
techniques for the used plastics (single- and multilayer
materials) is clearly evident from the number of publications
and patents.”®

The alternative solution lies in the eco-design of polymers
from renewable sources (potentially from agrifood
waste).””'® Furan-based polyesters represent a class of
bioplastics with enormous potential. 2,5-Furandicarboxylic
acid (2,5-FDCA) is widely advocated as a renewable
alternative monomer to fossil-derived p-terephthalic acid
(PTA) in polyester synthesis. Many studies have shown
that poly(ethylene 2,5-furanoate) (PEF), the polyester
synthesized from 2,5-FDCA and ethylene glycol (EG), has
superior properties (thermal, mechanical, and gas barrier)
compared to its terephthalate analogue poly(ethylene
terephthalate) (PET). It is worth mentioning here that
these superior properties have significant advantages
especially in packaging applications that meet the demands
like high heat resistance and lower melting temperature,
making the blow molding and extrusion process easier.' ™"’ ~**

The outstanding performances of PEF polymers have
received considerable attention from various chemicals
companies. This resulted in the transition from the lab-
scale synthesis to the industrial production of 2,5-FDCA
predominantly from carbohydrate feedstocks.”* The front
runners in producing this monomer include the following:
Avantium Chemicals (pilot plant, 40 tonnes/year), DuPont
and ADM (pilot plant, 60 tonnes/year), AVA Biochem
(production, 30 kt/year), and Corbion.*’

In addition to EG, a wide range of longer flexible aliphatic
glycols were used to prepare various random and block furan-
based copolymers later on.”*">* For example, poly(propylene
2,5-furancate) (PPF) and poly(butylene 2,5-furanoate)
(PBF), derived from 1,3-propanediol (1,3-PDO) and 1,4-
butanediol (1,4-BDO), respectively, hold thermal and
mechanical properties comparable to commercial terephtha-
late analogues (PPT and PBT).*Y73»3*73038743,45748 g4 e
specific works aimed to evaluate the possible use of these
new biobased materials in food packaging by investigating the
functional properties (mechanical and barrier) of the
corresponding films obtained by compression molding.” >’

Besides 2,5-FDCA, another isomer, i.e., 2,4-furandicarbox-
ylic acid (2,4-FDCA), is also a potentially interesting
monomer in polyester synthesis, which has been overlooked
in the last decades. 2,4-FDCA is formed up to 30% in a one-
pot Henkel-type disproportionation reaction, starting from
potassium-2-furoate (based on agricultural residues), together
with 2,S-furandicarboxylic acid (2,5-FDCA) (main product)
and 3,4-furandicarbocxylic acid (3,4-FDCA) (<5%)."° 2,4-
FDCA is an unsymmetrical molecule containing two
carboxylic acid groups in C2 and C4 positions, whereas in
2,5-FDCA at C2 and CS positions. Thiyagarajan and co-
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workers have investigated the structural characteristics of
dimethyl esters of 2,4-FDCA through single-crystal X-ray
diffraction studies; the interatomic distance between the
carboxylic acid groups in 2,4-FDCA is 5.075 A, while that in
2,5-FDCA is 4.830 A, and the projected angle between the
two substituents is larger for 2,4-FDCA (150° vs 129° for
2,5-FDCA). The position of the two carboxyl substituents in
2,4-FDCA makes this isomer less symmetric than 2,5-FDCA,
which explains the lower ability of 2,4-PEF to crystallize
compared to 2,5-PEF.”!

Polyesters from 2,4-FDCA and their properties are still less
studied, the most investigated being poly(ethylene 2,4-
furandicarboxylate) (2,4-PEF). Bourdet et al., using dielectric
relaxation spectroscopy, reported that the f transition
activation energy of 2,4-PEF was higher compared to that
of 2,5-PEF (75 vs 56 kJ/mol); moreover, the average dipole
moment of 2,4-PEF polymer chains was considerably lower
than that of 2,5-PEF (6.2 vs 8.2 D, respecﬁvely).sz’53 Nolasco
et al, through a combination of vibrational spectroscopy
techniques (infrared, Raman, and inelastic neutron scattering)
and ab initio calculations, have assessed that 2,4-PEF
randomly coiled chains based on gauche-ethylene glycol
segments are favored.”*

In addition to EG, only one report is available to date
describing the synthesis and physical characterization of
polyesters prepared from other linear glycols (1,3-PDO and
1,4-BDO) in combination with 2,4-FDCA.>° Very recently,
the copolymers synthesized using different ratios of 2,4-
FDCA in combination with 2,5-FDCA and PTA were
investigated.”>>

To the best of our knowledge, this is the first report
dealing with the potential of 2,4-FDCA-based polyesters in
the food packaging sector by studying their processability to
form films, of which to analyze the mechanical behavior as
well as the gas barrier performance.

In the present study, the main focus is on the investigation
of properties of compression-molded films of poly(butylene
2,4-furanoate) (2,4-PBF) (Scheme 1). Besides a deep
molecular, thermal, and diffractometric characterization,
tensile and barrier properties of oxygen and carbon dioxide
of both amorphous and semicrystalline films have been
investigated and correlated to the film microstructure; this

Scheme 1. Poly(butylene 2,4-furanoate) (2,4-PBF) and
Poly(butylene 2,5-furanoate) (2,5-PBF) Chemical
Structures”
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“Two repeating units with head-to-tail and tail-to-head orientations of
a furan moiety are reported for 2,4-PBF.
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latter, in turn, is related to structural isomerism. 2,5-PBF
(Scheme 1) has been also synthesized and processed in the
form of a film for the sake of comparison.

B EXPERIMENTAL SECTION

Materials. Dimethyl 2,4-furandicarboxylate (2,4-DMF) was
synthesized according to the procedure reported previously.*’
Furthermore, it was purified to the monomer grade by repeated
recrystallization from methanol (2X times); 2,S-furandicarboxylic
acid 98% (2,5-FDCA) (Carbosynth Ltd, Compton, Berkshire,
UK.), L4-butanediol (BD), titanium tetrabutoxide (TBT), and
titanium isopropoxide (TIP) (Sigma-Aldrich, Saint Louis, MO) were
used as purchased.

2,5-Furandicarboxylic Acid Esterification. Esterification of
2,5-FDCA was carried out in a round-bottomed flask containing 25
g (0.160 mol) of diacid and 390 mL (9.64 mol) of methanol, a large
molar excess with respect to the carboxylic acid terminals (about
1:30). As in the procedure described in the literature,”” the
suspension turned into a solution after heating at 70 °C for 30 min
under magnetic stirring. The flask was then cooled down to room
temperature, and then, 28 mL of thionyl chloride (1:1 molar ratio
with respect to the —COOH groups) was added dropwise while
keeping track of the temperature. Each drop originated a sizzling
sound the moment it touched the liquid. The suspension was heated
again at 70 °C under stirring for additional 3 h, turning into a pale
yellow solution. The flask was finally quenched in ice for 30 min,
making dimethyl furan-2,S-dicarboxylate (2,5-DMF) precipitate in
the form of glossy white flakes. The product was filtered under
vacuum and repeatedly washed with cold methanol. The obtained
crystalline solid (22 g, 0.119 mol, corresponding to a yield of 74%)
was dried overnight at room temperature and stored under vacuum
before use.

Poly(butylene 2,4-furanoate) and Poly(butylene 2,5-fur-
anoate) Synthesis. The synthesis of poly(butylene 2,4-furanoate)
(2,4-PBF) was carried out in a 250 mL stirred glass reactor put in a
thermostated bath, according to the polzf_condensation conditions
usually adopted for furan-based polyesters,””** starting from 2.8 g of
dimethyl 2,4-furandicarboxylate (2,4-DMF), 2.9 g of 1,4-butanediol
(1,4-BDO) (glycol 200 mol% excess), and 200 ppm of TIP used as
the catalyst. The reaction was performed in the following two steps:
the transesterification stage (first step) was carried out under a
nitrogen flow for 2 h and the temperature was slowly increased from
180 to 200 °C, while methanol was distilled off. The polymerization
stage (second step) was carried out under vacuum to significantly
increase the molecular weight of the product by eliminating the
glycol excess. At 210 °C, the pressure was lowered to 10 mbar and
then slowly decreased to 0.05 mbar over the course of 3 h, showing
a gradual increase of the torque value displayed by the stirrer up to
a plateau.

Poly(butylene 2,5-furanoate) (2,5-PBF) was also synthesized
using similar conditions as described for 2,4-PBF. The reagents
used were 7 g of 2,5-DMF and 10 g of 1,4-BDO (glycol molar
excess of about 300%). In total, 200 ppm of TBT and 200 ppm of
TIP were used as catalysts. The reaction conditions were previously
described.”” The as-synthesized 2,4-PBF and 2,5-PBF homopolymers
were purified by dissolution in hexafluoroisopropanol/chloroform
(5% v/v) and precipitation in methanol.

Molecular Characterization. The chemical structure of the
synthesized polymers was determined by means of proton- and
carbon-nuclear magnetic resonance spectroscopy ('"H NMR and “C
NMR) using a Varian Inova 400-MHz (Agilent Technologies, Palo
Alto, CA) at room temperature. Because of the different relaxation
times of 'H and "*C atoms, about 10 mg for 'H NMR and 40 mg
for 3C NMR, respectively, of all polymers were dissolved in 0.7 mL
of deuterated chloroform (containing 0.03 vol % tetramethylsilane as
an internal standard), with the help of a few droplets of
trifluoroacetic acid added just before the measurements.

Gel permeation chromatography (GPC) was used to determine
the molecular weight (M,) and the corresponding polydispersity

index (D) of the synthesized polymers using a 1525 binary HPLC
pump (Waters, Milford, MA) equipped with a PLgel 5 mm
MiniMIX-C column (Agilent Technologies) at 30 °C. GPC-grade
chloroform was used as an eluent, with a flow of 1 mL/min. The
samples were prepared as polymer/chloroform solutions (2 mg/mL)
with the addition of a few droplets of hexafluoroisopropanol. The
calibration curve was obtained using polystyrene standards in the
550—2 500 000 g/mol range.

Film Preparation. In total, 100 um thick free-standing films of
2,4-PBF and 2,5-PBF were prepared by compression molding using
a C12 laboratory press (Carver, Wabash, IN). About 2.5 g of
purified material was put in between two Teflon sheets, positioned
in the press and heated to a temperature 40 °C higher than their
melting temperature. After 1 min, the pressure was increased to 9
ton/m? and maintained for 2 min. Afterward, the films were
quenched in iced water, obtaining amorphous specimens. Two
additional films were prepared by cold crystallizing the initially
amorphous compression-molded films (2,4-PBF, 75 °C for 17 h;
2,5-PBF, 100 °C for 4 h).

Thermal Characterization. TGA analyses were carried out on a
TGA4000 (PerkinElmer, Waltham, MA), heating about S mg of
material at a constant rate (10 °C/min) in the temperature range of
40—800 °C, under a flow of pure nitrogen (40 mL/min). Ty, was
calculated as the temperature corresponding to a weight loss of 5%,
Tonet Was calculated as the temperature corresponding to the
beginning of weight loss, and T, was calculated as the minimum
value of the thermogram derivative. Thermal transitions were
evaluated using a DSC6 (PerkinElmer, Waltham, MA). About S mg
of material was placed in an aluminum pan and subjected to the
following thermal program: heating from —30 to 220 °C at 20 °C/
min, cooling from 200 to —30 °C at 100 °C/min, and heating from
—30 to 220 °C at 20 °C/min. The glass transition temperature (T,)
was calculated as the midpoint of the glass-to-rubber transition step,
while the specific heat increment (AC,) corresponds to the height
between the two baselines related to the glass transition step. The
melting temperature (T,,) and the cold crystallization temperature
(T.) were determined as the peak maximum/minimum of the
endothermic/exothermic phenomena in the DSC curve, respectively.
The corresponding heat of fusion (AH,,) and heat of crystallization
(AH,) were obtained from the total area of the endothermic and
exothermic signals, respectively.

Structural Characterization. Wide-angle X-ray scattering
(WAXS) experiments were performed on film samples using X-
rays from a copper source (wavelength of 0.154 nm) on an
X'PertPro diffractometer (PANalytical, Almelo, The Netherlands)
equipped with a solid-state X'Celerator detector moving in 0.1°
steps, at a rate of 100 s/step. The indexes of crystallinity (X.) were
obtained from the X-ray diffraction profiles, calculating the ratio
between the crystalline diffraction area (A.) and the total area of the
diffraction profile (A,). A, was obtained by subtracting the
amorphous halo from the total area of the diffraction profile. The
incoherent scattering was excluded from these calculations.

Mechanical Characterization. Tensile tests were performed
using an Instron $966 (Instron, Norwood, MA) equipped with a
rubber grip and a transducer-coupled 1 kN load cell. Rectangular
film samples (S mm X SO mm, gauge length of 20 mm) were
stretched at a constant rate of 10 mm/min. The load—displacement
results were converted into stress—strain curves, and the elastic
modulus (E) was calculated considering the initial linear slope. The
results are reported as average value + standard deviation, obtained
from at least five different tests for each material.

Water Contact Angle Test. Static contact angle measurements
were performed on films of 2,4-PBF and 2,5-PBF with a DSA30S
Drop Shape Analyzer (Kruss Scientific, Hamburg, Germany). A
syringe was filled with deionized water at room temperature, and
then, it was used to deposit a droplet on the film under observation.
For each film, at least five drops were deposited on different areas
and a picture of their profile was captured both just after deposition
and 1 min after. The profiles were processed and contact angles
were reported as the average value + standard deviation.

https://doi.org/10.1021/acssuschemeng.1c04104
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Scheme 2. 2,4-PBF”
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Figure 1. 'H NMR (top) and '*C NMR (bottom) spectra of the 2,4-PBF homopolymer with peak assignments.

Gas Barrier Property Evaluation. Barrier properties toward
pure O, and CO, were tested through a manometric method using
a permeance testing device, type GDP-C (Brugger Feinmechanik
GmbH, Munchen, Germany), according to the Gas Permeability
Testing Manual and standards ASTM 1434-82 (standard test
method for determining gas permeability characteristics of plastic
film and sheeting, 2009), DIN 53536 (gas permeability standard),
and ISO/DIS 15105-1 (plastic film and sheeting determination of
gas transport rate; part I: differential pressure method, 2007). Each
polymeric compression-molded film (diameter of 10 cm, surface area
of 78.5 cm?) was placed between two chambers, and the upper one
was filled with the gas under investigation (pressure = 1 atm,
temperature = 23 °C; gas stream = 100 cm®/min; 0 or 85% relative
humidity). In the lower chamber, a pressure transducer measured
the increase in gas pressure as a function of time, and starting from
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the pressure—time plot, it was possible to calculate permeability and
gas transmission rate (GTR) values, which represent the barrier
properties of the film. The temperature was set by an external
thermostat HAAKE-Circulator DC10-K15 type (ThermoFisher
Scientific, Waltham, MA). Each measurement was performed in
triplicate, reporting the mean value.

B RESULTS AND DISCUSSION

Molecular Characterization. The as-synthesized 2,4-PBF
homopolymer appeared as a light-colored solid with note-
worthy tenacity to the touch (Scheme 2a). After the
purification process described in the Experimental Section,
it turned into white flocculates (Scheme 2b) that, by
compression molding, produced a free-standing, yet flexible,

https://doi.org/10.1021/acssuschemeng.1c04104
ACS Sustainable Chem. Eng. 2021, 9, 11937—11949
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Table 1. GPC, WAXS, DSC (I Scan, Unless Otherwise Stated), and TGA Data”

GPC WAXS DSC TGA
M, FWHM T Ac T, AH,. T AH,, T AH,, Ty, T onset max
(g/mol) B X, (%) (dg)® (€ (/g0) O (/g (O (g (O @y (O (& (0
2,4-PBF
purified 44 500 23 17 + 2 0.8; 1.0 33 0.185 74 1 106 9 378 396 409
purified (II 0 33 0.337
scan)
film 0 33 0.376
annealed 20 + 2 0.6; 0.6 33 0.290 80 10 106 13
stretched 33 0.285 57 8 113 16
2,5-PBF
purified 32600 1.7 25 £ 2 1.7; 1.6 40 0.110 164 33 369 390 407
purified (I 0 39 0.318 107 25 165 25
scan)
film 0 39 0.360 100 25 165 25
annealed 24 + 2 1.3; 1.3 41 0.111 127 8 164 28
stretched 42 0.269 5S 16 167 35

“Full width at half-maximum (FWHM) of peaks at 17.3 and 24.4° for 2,4-PBF and peaks at 17.7 and 24.7° for 2,5-PBF (e.s.d. +0.1°).
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Figure 2. DSC traces (top row) and WAXS patterns (bottom row) of 2,4-PBF and 2,5-PBF homopolymers: purified samples (blue),

compression-molded (orange), annealed (red), and stretched (pink) films. DSC heating from —20 to 200 °C at 20 °C/min was applied to the
different as-prepared samples (I scan) and to the melt-quenched one (II scan).

transparent light-colored film (Scheme 2c, on the left of the

coin). The annealing process rendered the sample opaque 2¢, on the right of the coin). The analogous pictures for 2,5-
and stiff, suggesting crystalline phase development (Scheme PBF are shown in Scheme S1.
11941 https://doi.org/10.1021/acssuschemeng.1c04104
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In Figure 1, the '"H NMR and "*C NMR spectra of the 2,4-
PBF homopolymer are reported together with peak assign-
ment. NMR analysis allowed confirming the 2,4-PBF
chemical structure and excluding the occurrence of side
reactions during the synthesis process since no additional
signals were detected.

As concerns the 'H NMR spectrum, in addition to the
signals of the solvents (CDCl; and CF;COOH) and the
internal standard (tetramethylsilane, TMS), one can see the
singlets at low field ascribable to the furan ring hydrogen
atoms e and ¢, at 8.16 and 7.50 ppm, respectively, while
moving toward a higher field, the peaks of g and I protons
(4.41 and 4.37 ppm) and the multiplet of h and i hydrogen
atoms (1.90 ppm) corresponding to the —CH,— from 14-
BDO are seen. As concerns the *C NMR spectrum: in the
left region, one can find the peaks of the carboxylic group
carbons, f and a, at 162.3 and 158.4 ppm, followed by the b,
d, e, and ¢ carbon atoms of the furan ring at 145.4, 120.9,
150.5, and 117.3 ppm, respectively. Finally, at lower ppm
values, the signals of the glycol subunit were detected: the
secondary carbons in a-position to the carboxylic groups, g
and 1, resonated very close to each other at 65.0 and 64.7
ppm, while the h and i methylene groups were located at
25.2 ppm.

The NMR analysis conducted on 2,5-PBF confirmed the
chemical structure previously reported.”” The optimization of
the synthesis process was also confirmed by GPC measure-
ments. As one can see from the elugrams in Figure SI and
the data in Table 1, GPC analysis allowed determining the
high molecular weight (M,) and narrow polydispersity index
(P) for both PBF polymers. Even though 2,4-PBF showed
higher M,, both polymers have a sufficiently high molecular
weight; thus, the difference in M, and P has not to be
considered as an issue for the comparability of the functional
properties of the two isomers. It is worth highlighting the
compression molding process did not determine a M,
decrease.

Thermal and Structural Characterization. Figure 2
reports the DSC traces of 2,4-PBF and 2,5-PBF homopol-
ymers subjected to different thermal/processing treatments,
with the corresponding data collected in Table 1. As one can
see, both the as-purified polymers show a calorimetric curve
typical of semicrystalline materials being characterized by the
endothermic step of the glass-to rubber transition at lower
temperatures, followed by endothermic phenomena at higher
temperatures, due to the isotropization of ordered phases.
Nevertheless, the two isomers revealed differences both in
position, multiplicity, and intensity of the melting peaks; in
particular, 2,4-PBF showed double and less intense signals
located at lower temperatures than the single melting peak of
2,5-PBF (Table 1).

The observed reductions of T,, (106 vs 164 °C) and AH,,
(10 vs 33 J/g) revealed for 2,4-PBF are directly related to the
low symmetry of the repeating unit and also of the
macromolecular chain, this last due to a random distribution
of the 2,4-furanic moiety, leading to head-to-tail and head-to-
head (i.e., tail-to-tail) configurations.>*

The different crystallization capability of the two
homopolymers is also evidenced by the calorimetric traces
of the compression-molded films (Figure 2). As a matter of
fact, the DSC curve of the 2,4-PBF film showed just the T,
step at 33 °C, indicating that the film was not able to
organize in crystalline structures during the ballistic cooling

of the melt to room temperature neither during the heating
ramp. As concerns the 2,5-PBF isomer, a different behavior
was revealed. As one can see from Figure 2 and the data in
Table 1, once exceeded T, the polymer chains can fold-
crystallize at 100 °C (Tj and finally melt at 165 °C.
Nevertheless, being AH, = AH,, we can assume that even
2,5-PBF macromolecules were locked in the amorphous state
during film preparation.

The amorphous 2,4-PBF and 2,5-PBF films were then
submitted to (i) thermal annealing and (ii) mechanical
stretching. The thermal response of the resulting specimens
was checked, and the corresponding results are reported in
Figure 2 and Table 1.

After permanence at 75 °C for 17 h, the 2,4-PBF film
showed a DSC trace similar to that of the purified sample but
with more intense (Total AH,, = 23 J/g) and better-defined
double melting peaks.

Also, in the case of the 2,5-PBF film, annealing (100 °C for
4 h) determined polymer crystallization as evidenced by the
double endothermic phenomena at 127 and 164 °C whose
total melting heat, AH,,, resulted equal to 36 J/g. As well-
known, multiple melting signals can arise from the presence
of different crystalline phases or from melting—crystalliza-
tion—melting phenomena taking place during the heating
scan. To shed light on this sense, wide-angle X-ray scattering
analysis was carried out on all of the samples under study.

The calorimetric results obtained on the stretched films
resulted very peculiarly. As one can see from Figure 2, the
elongation of the compression-molded films produced
monomodal melting peaks at temperatures higher than both
purified and annealed samples. Furthermore, what might look
like a tilted baseline of the stretched samples DSC trace in
the 50—100 °C temperature range was interpreted as broad
and asymmetric exotherms located just above the T, step (T,
= §7 and 55 °C for 2,4-PBF and 2,5-PBF, respectively),
whose associated energy is lower than the final melting
enthalpy (2,4-PBF, AH_. = 8 J/g and AH,, = 16 J/g; 2,5-
PBF, AH, = 16 J/g and AH, = 35 J/g). These results
indicated that, for both polymers, elongation determined
partial crystallization (AH, < AH,), also promoting the
orientation of macromolecules favoring their further organ-
ization in ordered structures during the subsequent DSC
heating ramp. The diffractometric technique can be useful to
investigate more in-depth the polymer chain orientation
under stretching, too.

As concerns the glass-to-rubber transition temperature of
the polymers under study, it was evaluated on the fully
amorphous specimens obtained by fast cooling (100 °C/min)
from the melt, performed to erase the previous thermal
history. The corresponding II scans (Figure 2; Table 1) are
very similar to the film I scan traces, evidencing that fast
cooling is an effective tool to get both polymers amorphous.
The T, values so determined turned out to be 33 and 39 °C
for 2,4-PBF and 2,5-PBF, respectively. As well known, the
glass-to-rubber transition temperature mainly depends on
polymer free volume, directly related to the chemical formula
and also configuration, i.e., spatial arrangement, as well as on
the interchain interactions. All of these parameters affect
chain mobility. As expected, considering that the two
polymers under study are structural isomers, the two Tg's
are very close to each other. Nevertheless, the different furan
ring configurations could induce changes in both the free
volume and interchain interaction. The sum of all of the just
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mentioned parameters determines higher mobility for 2,4-
PBF (lower Tg) compared to that for 2,5-PBF (higher Tg).

Since thermal stability is a key parameter for material
processing, both PBF polymers have been subjected to
thermogravimetric analysis (TGA) under an inert atmos-
phere. The curves and the relative onset temperature (T, qe)
and the temperatures corresponding to 5% weight loss and
maximum degradation rate (Tsy and Th,,) are reported in
Figure 3 and Table 1, respectively. First, it is worth
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Figure 3. TGA curves of 2,4-PBF and 2,5-PBF homopolymers
acquired by heating the polymers from 50 to 800 °C at 10 °C/min
under nitrogen flow (40 mL/min).

highlighting the impressive thermal stability of both isomers,
in particular of 2,4-PBF. Since the two materials are
characterized by the same furan ring and carboxylic group
density and aliphatic segment length, the higher stability of
2,4-PBF could be due to the higher aromaticity of the furan
subunit coming from the different position of the two
-COOR groups on the ring and/or to a different balance of
interchain interactions as already reported for poly-
(pentamethylene 2,5-furanoate) (2,5-PPeF).”” The slightly
higher M, value determined for 2,4-PBF could also improve
its thermal stability. The TGA results obtained are
comparable to the ones previously reported for semicrystal-
line 2,5-PBE.”

Samples were submitted to WAXS investigation to get
deeper details on structural features. Figure 2 shows the
WAXS patterns of 2,4-PBF and 2,5-PBF samples prepared in
different conditions; the relative crystallinity degree values
(X.) and peak widths (FWHM) are reported in Table 1. The
purified 2,4-PBF sample in the form of powder exhibited
seven peaks at 2-theta values (interplanar distances in A are
reported in parentheses) of 9.7° (9.1), 15.5° (5.7), 17.3°
(5.1), 21.3° (4.2), 24.4° (3.6), 26.7° (3.3), and 31.3° (2.9).
The compression-molded film showed only the bell-shaped
background, typical of an amorphous material. The very tiny
peak at 18° for the 2,4-PBF film (barely detectable also in the
annealed and stretched samples) is due to inorganic
contaminants, present in a negligible amount. The annealed
film displayed Bragg reflections at the same angular values
and with relative intensities comparable to the purified
powder one but with sharper and better-resolved peaks. This
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is good evidence that they contain the same crystal phase,
although the crystallinity is higher as expected in the light of
calorimetric results. Moreover, the crystal domains are bigger
in the annealed sample since an inverse relationship exists
between the peak width (FWHM) and the size of crystallite
domains. The profile of the film sample previously stretched,
collected in the equatorial projection, showed only two broad
peaks at 17.4 and 24.4° overlapped to an amorphous halo,
suggesting the possible presence of a mesophase i.e., a phase
with a poor three-dimensional order. A molecular reorganiza-
tion from a partial order assembly up to get a crystal form
can be the origin of the exothermic event with AH.. < AH,
observed after T, in the DSC scan. The pattern of the 2,4-
PBF stretched film is similar to that one described for a
sample analogously treated of poly(butylene 2,5-thiophenedi-
carboxylate) (PBTF), although the peak positions are slightly
different.*®

Purified 2,5-PBF powder is semicrystalline, with peaks at
10.4° (d = 8.5 A), 17.7° (5.0), and 24.7° (3.6) overlapped to
a bell-shaped background, while the film is completely
amorphous. Also, in the case of 2,5-PBF, after annealing,
the film showed improved crystallinity. The pattern
resembled the powder one, but a further peak is evident at
22.3° (d = 4.0 A). The pattern detected in powder and film
2,5-PBF samples indicated the presence of the crystal phase
previously reported by Zhu et al. for 2,5-PBF.'’ The scan
collected after stretching the sample displays a bell-shaped
background with the addition of one very broad and intense
peak that can be due to the poor ordered phase. An overall
comparison between the patterns of the two isomers
suggested that 2,4-PBF samples, with sharper peaks
(FWHM in Table 1), have bigger crystal domains. 2,5-PBF
samples show higher values of crystallinity (X, in Table 1),
which means the volume fraction arranged in the tridimen-
sional order is bigger. A comparison between patterns of 2,4-
PBF and 2,5-PBF annealed films revealed the reflections of
2,4-PBF are in greater number and, the most intense, are
displaced by —0.3 and —0.7° with respect to those of 2,5-
PBF. For these reasons, although in the two series the
molecular unit is very similar, it is plausible that the crystal
phase of the two isomers is different. Not even the
comparison with the three crystal phases reported for
PBTE allows to establish a possible similarity with the
2,4-PBF structure.

Functional Property Characterization. The stress—
strain curves are given in Figure S3, and the obtained results
are presented in Table 2. The most representative curves are
reported in Figure 4. The amorphous 2,4-PBF film is
characterized by the excellent mechanical response, ie.
quite high elastic modulus (E) and stress at break (o),
accompanied by outstanding elongation at break (&), all of
these parameters contributing to remarkable toughness. The

Table 2. Mechanical Characterization Data

2,4-PBE 2,5-PBE
amorphous annealed amorphous annealed
E (MPa) 939 + 72 1330 + 180 1307 + 34 1382 + 125
o, (MPa) 16 + 1 35+ 42+6
£ (%) 37 £03 48 £ 1.1 38 £08
o, (MPa) 16+ 6 2% + 1 24+ 5 6+6
& (%) 564 + 139 208 + 82 312 + 61 62 £ 0.5
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Figure 4. Stress—strain curves of the amorphous (light-colored) and annealed (dark-colored) 2,4-PBF (green) and 2,5-PBF (purple) films.

Inset: magnification at low elongation.

annealing process permitted to further enhance the
mechanical resistance (E and o6, increased) thanks to the
development of crystalline microstructure, as evidenced by
DSC analysis, without affecting significantly the &, value that
remained quite high. Comparing the two PBFs, it is
important to note that the value of strain at break could
be influenced by the difference in molecular weights of the
polymers, contributing to a higher strain at break in the case
of 2,4-PBF. In any case, one can see that the amorphous 2,5-
PBF sample presented even better mechanical resistance
(higher E and o0,) but lower &, in line with the lower
molecular mobility, i.e., greater T, value (Table 1). It can be
also deducted from the experimental results that the
amorphous 2,5-PBF film presented tensile behavior similar
to that of annealed 2,4-PBF, in terms of E, o}, and &.
Nevertheless, annealed 2,4-PBF is supposed to maintain its
functional properties up to 70 °C, a temperature at which it
starts melting, while amorphous 2,5-PBF is stable below its
T, (39 °C). It can be noted that in the case of amorphous
2,5-PBF, the shape of the curve in Figure 4 is irregular (like
various others shown in Figure S3); this evolution could be
due to the changes in the geometry of the sample being
stretched, as well as to microstructure developed during the
test as confirmed by the calorimetric results for the stretched
samples (Table 1 and Figure 2). The development of crystals
in the 2,5-PBF film determined a further increase of elastic
modulus and stress but also an important decrement of
elongation at break. These results are comparable to the ones
previously reported for semicrystalline 2,5-PBE.”” Finally, the
stress—strain curves for all of the films investigated showed a
yielding point at quite low stress and elongation values (o,
and sy), which lead to excluding the elastic behavior of the
materials under investigation. The yielding phenomena shown
in Figure 4 are associated with the stress and strain
conditions at which the sliding of macromolecular chains
becomes irreversible, ie., the initially elastic deformation
turns plastic. Yielding can be evidenced both in the
amorphous and semicrystalline samples, except for annealed
2,5-PBF, probably because it easily breaks under stress.
Water contact angle (WCA) measurements were carried
out on both amorphous and annealed 2,4-PBF and 2,5-PBF
films. The water drop profile was measured just after
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deposition and also after 1 min. The calculated WCA values
are collected in Table 3.

Table 3. Water Contact Angle Values of the Just Deposited
Drop (WCAy) and After 1 min (WCA,)“

2,4-PBF 2,5-PBF
amorphous annealed amorphous annealed
WCA, 98.1 + 1.8 97.1 = 3.7 952 + 2.4 90.5 + 1.8
WCA, 98.1 + 1.8 91.3 + 3.1 90.2 + 2.2 859 + 14
WCA,—WCA, 0 5.8 5 46

“Units are expressed in degrees.

As an example, in Figure S, the drop shape on the
amorphous films, at 0 s and 1 min from deposition, is also

o =0 B

t=1

2,5-PBF

Figure 5. Water drop profiles on amorphous 2,4-PBF and 2,5-PBF
surfaces. Black profiles refer to the just deposited drop, while the red
one refers to the drop after 1 min from deposition.

reported. As one can see from the profiles in Figure 5 and
the results in Table 3, both the amorphous PBF isomers
show quite high WCA values, in particular 2,4-PBF.

The deposited water drop, as described in Scheme 3, left,
simultaneously interacts with the polar subunits (—COO—
groups and furan rings) and with the nonpolar moieties
(methylene groups), showing modest affinity with polymer
films. Nevertheless, a slight difference in WCA values
evidenced higher hydrophilicity for the 2,5-PBF film (lower
WCA), in line with the results reported by Bourdet et al.,>
who provided evidence that 2,5-PEF has a higher average
dipole moment than 2,4-PEF. In fact, even if both isomers
have the same density of electric dipoles (coming from
—COO- groups and furan rings), the average dipole
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Scheme 3. (Left Panel) Representation of Polymer Chain Interactions with Water Drop (e) and CO, Molecules () and
(Right panel) Representation of H Bonds (red dashed line) in 2,5-PBF and 2,4-PBE*

2,5-PBF 2,4-PBF

=water drop @ =CO, molecule

“Green segments represent the nonpolar subunits (mainly glycolic moieties), while the red arrows indicate the electric dipoles coming from
—COO- groups as well as furan rings. Ester link angles are from ref 54.

Table 4. O, and CO, Transmission Rates for the Compression-Molded Amorphous and Annealed 2,4-PBF and 2,5-PBF
Films at 23 °C Both in Dry (0% Relative Humidity, 0% RH) and Humid (85% RH) Atmospheres

2,4-PBF 2,5-PBF

amorphous annealed amorphous annealed
O,-TR (cm® cm)/(m? d atm) 0%RH 0.0022 0.131 0.104 0.149
85%RH 0.0026 0.125 0.0914 0.172
CO,-TR (cm® cm)/(m* d atm) 0%RH 0.0007 0.0580 0.0800 0227
85%RH 0.0021 0.0822 0.0950 0.176

14
Amorphous Annealed
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Figure 6. Gas transmission rates to O, and CO, at 23 °C: (left panel) for amorphous and annealed 2,4-PBF and 2,5-PBF both in dry (0% RH)
and humid (85% RH) atmospheres and (right panel) 2,4-PBF and 2,5-PBF GTR values at 23 °C and 0% RH also compared with EVOH (32%
ethylene),é3 PET,** PEF,'"** PPE,*” PPeF,” and poly(hexamethylene 2,5-furanoate) (PHF).””

moment, strongly dependent on the polar group steric WAXS data) produces a roughness surface increase that, in
orientation, turns out to be lower for the 2,4-isomer. turn, can enhance the hydrophilic character, i.e, WCA value
Considering the annealed films, a decrease of the WCA reduction.”” A decrease of around 5° of the water contact
value could be evidenced for the 2,5-PBF sample. To explain angle was also recorded with time for the annealed 2,4-PBF
this result, one should take into account that the develop- and the amorphous and annealed 2,5-PBF films (see Figure $
ment of the crystalline phase (as suggested by DSC and and Table 3). It can be supposed that, with time, the water—
11945 https://doi.org/10.1021/acssuschemeng.1c04104
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polar segment interactions prevail over water—apolar subunit
ones. No time effect was detected for the most hydrophobic
sample, amorphous 2,4-PBF.

The permeability performance to two different pure gases,
0, and CO,, was evaluated on the 2,4-PBF and 2,5-PBF
compression-molded films, both amorphous and annealed, at
23 °C under dry (0% RH) and wet (85% RH) atmospheres.
The so determined results, expressed as the gas transmission
rate (GTR), are collected in Table 4 and Figure 6 (the raw
data is reported in the SI). In the case of semicrystalline 2,5-
PBF, the results obtained are in perfect accordance with the
barrier properties previously determined by Guidotti et al.”’

From the conducted measurements, the effect of isomer-
ism, relative humidity, and the presence of ordered phases
can be inferred.

The influence of the different atom connections, i.e.,
structural isomerism, can be evaluated considering the two
amorphous 2,4-PBF and 2,5-PBF films tested at 23 °C and
dry conditions.

As one can see from the GTR values reported in Table 4
and Figure 6, the 2,4-PBF isomer showed really outstanding
barrier properties to both O, and CO,, much better than the
2,5-PBF ones, evidencing the deep effect of tiny chemical
modification on the final functional response like gas barrier
capability. The contribution of the higher molecular weight of
2,4-PBF should be limited considering the improvement up
to two orders of magnitude in GRT values for the 2,4-isomer.
More in detail, the O,-TR and CO,-TR values for the 2,4-
isomer are 50 and 110 times lower, respectively, than the 2,5-
isomer ones. These surprising results cannot be explained just
on the basis of macromolecular chain mobility and free
volume, related to the glass transition temperature, being
Ty24ppr < Tyosppe (see Figure 2 and Table 1). In fact, the
lower the T,, the higher the number of unoccupied spaces,
which should cause an increase of the gas transmission rate
(GTR), contrary to what is observed experimentally. An
explanation should be sought by considering the establish-
ment of intermolecular interactions. Previous studies
conducted on aromatic polymers containing phenyl and
thiophene moieties have evidenced the formation of
interplanar 7—7n stacking of the rings, possibly originating a
mesophase from which a more ordered 3D structure could
develop.®*™® 1In addition to this kind of intermolecular
interplay, another type of noncovalent interaction has been
described in the literature for aromatic furan-based
polyesters.””*”>* Both simulation®> and experimental®>*’
studies evidenced the presence of interchain side-by-side
hydrogen bonds, leading to a pretty compact macromolecular
array able to very efficiently lock the gas molecule passage
through the polymer matrix. In the case of the 2,5-PBF
isomer, considering the geometric features of the 2,5-furan
ring, in particular the angle in between the —COO— moieties
(as described in Scheme 3, right), it can be supposed that the
interchain H--O bonds mainly involve the ring hydrogen
atoms and the carboxylic oxygen ones. On the other hand,
the ring O atom becomes hardly accessible because of the
steric hindrance, limiting its involvement in the formation of
hydrogen bonds. In this sense, the different position of the
oxygen in the 2,4-furan ring makes it much more sterically
accessible, enhancing its capability to form hydrogen bonds
(Scheme 3, right). Consequently, a much more compact
structure can develop in 2,4-PBF, coming from a higher H-

bond density, involving both the ring and carboxylic O
atoms.

Very interestingly, the perm-selectivity ratio, defined as
GTR(o,/GTRy, that was reported to be <1 for 2,5-furan-

based polymers®>*” thanks to the good CO, solubility in the
polar polymer matrix, remains favorable and even lower for
the 2,4-PBF isomer, regardless of its lower polarity evidenced
by WCA tests. This unexpected datum can be explained
considering the very local CO, molecule—polymer chain
interaction. Carbon dioxide, in fact, can efficiently diffuse in
the polymer volume adopting the best conformation to
enhance local dipole—dipole interactions (Scheme 3, left).

The presence of hydrogen bonds in both 2,4-PBF and 2,5-
PBF films is also corroborated by their performance in a
humid atmosphere (85% RH). As well known,’' water
molecules typically exert a plasticizing effect, worsening the
final gas barrier performance, unless hydrogen bonds are
present in the polymer film. In this last case, H,O molecules
actively interact with polymer macromolecules, enhancing the
H-bond bridges, thus further improving gas locking and,
consequently, reducing GTR values (Figure 6 and Table 4).

Another quite surprising result regards the semicrystalline
films. In fact, after ordered structures had developed by
annealing, the GTR values to both oxygen and carbon
dioxide increase. This experimental evidence suggests that,
even if more compact microstructures able to stop the O,
and CO, molecules formed in the two PBF films, the
disclination content also increases, creating interphase spaces
through which gas molecules can more easily pass. The
higher the initial amorphous film performance, the greater the
crystallinity incidence in terms of barrier property detriment.

Amorphous 2,4-PBF gas performance, under dry conditions
and at 23 °C, was also compared with the commercially used
poly(ethylene terephthalate) (PET) and the most known
poly(ethylene furanoate) (PEF),'"**** with other furan-based
polyesters synthesized and characterized by us’**” and with
ethylene vinyl alcohol tested by other authors.” As one can
see from Figure 6, right, 2,4-PBF showed the best gas
properties together with 2,5-PPeF. It is worth highlighting
that, with respect to 2,5-PPeF, 2,4-PBF presents better
mechanical resistance (higher elastic modulus and stress to
strain). 2,4-PBF gas barrier response is also comparable to
the ethylene vinyl alcohol (EVOH) sample® but with much
better water resistance.

B CONCLUSIONS

In the present work, for the first time, a 2,4-FDCA-based
polyester has been successfully processed by compression
molding into a free-standing flexible film of 11 cm diameter.
Such a result is proof that the solvent-free polymerization
process used for the synthesis of poly(butylene 2,4-furanoate)
(2,4-PBF) has produced a high-molecular-weight polymer.
Film mechanical response and gas barrier performances were
investigated to evaluate the potential applicability of the new
material in sustainable food packaging.

First, a comparison with the 2,5-PBF isomer showed that
isomerism is a key parameter in determining the final
properties of the material. In fact, significant differences
between the two isomers have been found. Specifically,
compared to 2,5-PBF, 2,4-PBF is characterized by

e higher thermal stability, a crucial property during
polymer processing, which associated with a lower T,

https://doi.org/10.1021/acssuschemeng.1c04104
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in the case of the amorphous sample and a lower T,
for semicrystalline one determines a wider process-
ability window of the material;

o lower ability to crystallize with consequent easier
production of transparent films, required in food
packaging;

e lower hydrophilicity, which means higher polymer
resistance to humidity;

e superior mechanical properties, as the amorphous
sample is tough; through a proper annealing process,
mechanical resistance can be further improved, and
mechanical response become equivalent to that of
amorphous 2,5-PBF, but with the advantage of
preserving its properties up to a higher temperature;

e superior gas barrier properties (to oxygen and carbon
dioxide) in the amorphous form, with a particularly
significant improvement in the case of CO, gas, which
could potentially make this polymer suitable for the
production of bottles for soft drinks.

It is also important to underline how 2,4-PBF shows
significantly better barrier performance than 2,5-PEF, which
is currently considered the most credible biobased substitute
of PET. Compared to poly(pentamethylene 2,5-furanoate)
recently investigated and characterized by exceptional gas
barrier performance similar to EVOH, 2,4-PBF presents
comparable gas barrier response, maintained in humid
conditions, but higher mechanical resistance.

In conclusion, thanks to the combination of all of the
above-mentioned characteristics, 2,4-PBF represent a further
very important member of the furan-based polyester family,
opening up new possibilities in sustainable packaging
applications.
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