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ABSTRACT: Simple renewable furans can be used to derive various monomer structures for use in polymeric materials. The
dimethyl esters of 2,5-furandicarboxylic acid (FDCA), 5,5′-thiodi(2-furoic acid), and 5,5′-sulfonyldi(2-furoic acid) were reacted with
diethylene glycol, yielding renewable polyesters with excellent O2 barrier properties and facile chemical recyclability. Glass transition
temperatures for the polyesters were 33−70 °C, while thermal decomposition took place at 321 °C or above. Oxygen permeabilities
were measured from free-standing films and compared to poly(ethylene terephthalate). The polyesters showed excellent barrier
improvement factors (BIFs) of 3.1−6.0 and 5.2−11.0 at 50 and 0% relative humidities, respectively, with the polyester from the
sulfide having the highest BIFs, followed by the polyesters of FDCA and the sulfone in an order that depended on humidity. The
three polyesters were remarkably easy to chemically recycle under mild conditions. The original dimethyl esters were recovered by
filtration after a room temperature reaction with anhydrous methanol and catalytic K2CO3. Monomer yields from film recycling
reached as high as 96% for the sulfide-based polyester with high purity.

1. INTRODUCTION
Environmental issues caused by the production and release of
fossil-based synthetic polymers, which are often very chemi-
cally stable, is a recognized issue that could be alleviated by
developing polymeric materials that are renewable, less
chemically stable in the long term, or more easily recycled
for reuse, chemically or otherwise. Supplanting polymers
currently in wide use will, of course, require that the new
materials are able to provide performance characteristics
similar to the current ones. Key polymers in this context are
polyesters. They provide inherent chemical reactivity for
potential biodegradation or recovery via, e.g., chemical
recycling, where the ester groups can be cleaved to yield
monomer for the synthesis of virgin polymer.1−5 Additionally,
many polyesters have properties that are desirable, e.g., suitable
glass transition temperatures, low gas permeabilities, or the
ability to form transparent films, etc. Known biobased
polymers that can be seen to fulfill such criteria for wider
adoption include poly(ethylene furanoate) (PEF), which in
many ways compares very favorably to poly(ethylene
terephthalate) (PET), a widely used commodity polyester in
packaging.6−9

The furan rings present in PEF and its congeners are central
moieties here, as the increased polarity and thus altered
hydrogen bond network in, e.g., poly(ethylene 2,5-furandi-
carboxylate) is understood to significantly lower gas perme-
abilities.10−16 2,5-Furandicarboxylic acid (2,5-FDCA) derived
from 5-hydroxymethylfurfural (HMF) is therefore becoming a
useful renewable alternative to terephthalic acid (TA) (Figure
1). Similar improved gas barrier properties have also been
measured for furfural-based polyesters, where furfural served as
the starting point for difunctional monomers.17,18 Additionally,
organosulfur moieties can be conducive to good oxygen barrier
properties when present in polyesters.19−22 Some examples
that fit both of the previous categories include polyesters
derived from 5,5′-thiodi(2-furoic acid) or 5,5′-sulfonyldi(2-
furoic acid) (Figure 1).22,23 Other useful heteroatoms in this
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context include oxygen, which when inserted to replace a
methylene group appears conducive toward both enhanced gas
barrier properties and higher glass transition temper-
atures.24−27 An example of this strategy has been the
replacement of 1,5-pentanediol with diethylene glycol. Of the
two 2,5-FDCA-based homopolyesters, it has also been
reported that diethylene glycol as the diol unit leads to a far
faster biodegradation than 1,5-pentanediol.26,28 Diethylene
glycol may also lower the stability of materials toward UV
irradiation (e.g., outdoors) due to the participation of ether
group in various radical reaction pathways.29

Considering all of these previous studies, we chose to
combine the heteroatom substitution strategy with the sulfur-
bridged difuran-based structures (Figure 1). Previously,
different aliphatic diols with 5,5′-thiodi(2-furoic acid) yielded
polyesters with enhanced oxygen barrier properties, which
were expected to combine well with diethylene glycol. We were
also interested in the chemical recyclability of these polyesters,
since diethylene glycol has been reported to increase the
biodegradation rate.26,28,30 In this work, three polyesters were
prepared by combining diethylene glycol and the dimethyl
esters of 2,5-FDCA (1), 5,5′-thiodi(2-furoic acid) (2), or 5,5′-
sulfonyldi(2-furoic acid) (3) (Figure 1). The polyesters
derived from the latter two are described here for the first
time. The three polyesters are characterized with techniques,
including DSC and oxygen gas permeation under two different
relative humidities, which reveal their good performance.
Notably, room temperature chemical recycling is demon-
strated, enabling high recovery of the initial dimethyl ester
monomers in high purity under very mild conditions.

2. EXPERIMENTAL SECTION
Diethylene glycol (>99%) and all solvents were used as received, apart
from toluene, which was stored over 4 Å molecular sieves. Methanol
used in polymer recycling experiments was anhydrous HPLC grade
(>99.9%). Tetrabutyl titanate (TBT, 99%) was used as received.
Monomers 1−3 were synthesized and purified according to previous
reports, with each compound obtained as a white crystalline powder
(1H NMR spectra in Figures S1−3).18,22,23 NMR spectra were
obtained at 23 °C (Bruker Avance III 400 MHz spectrometer).
Chemical shifts are referenced to internal tetramethyl silane standard

(0.00 ppm) or solvent peaks in the case of CF3COOD (11.50 and
164.20 ppm for 1H and 13C, respectively).

2.1. Polyester Synthesis. Diethylene glycol (2.2 equiv) and ca.
20 mM tetrabutyl titanate solution in dry toluene (0.05 mol % TBT
relative to the dimethyl ester) were mixed briefly with a magnetic
stirring bar in a round-bottom flask. Furan-based dimethyl ester (1−3,
6−8 mmol) was then added on top of this mixture. The flask was
connected to argon and vacuum lines via a short-path distillation
bridge. After 5 argon-vacuum cycles to purge the reaction system of
air, the mixture was heated to 180 °C and stirred under an argon
balloon for 2 h. Pressure was then gradually decreased to 5 mbar over
2 h to avoid excessive bubbling of the melt. The temperature was
ramped to 220 °C during the final 15 min of this step. Pressure was
then further lowered to 0.07−0.10 mbar to begin the final
polycondensation stage. After 4−6 h of reaction time, the system
was allowed to cool to room temperature under argon. For polyesters
5 and 6, crystalline deposits were then mechanically removed from
the top half of the reaction flask, followed by several small rinses with
acetone (20 mL in total). From syntheses of 5 and 6, ca. 150 mg of
byproducts 7 and 8, respectively, could be collected in this way. The
polymer left in the flask was dried under vacuum for a short period to
remove the remaining acetone before adding 1,1,1,3,3,3-hexafluor-
oisopropanol (HFIP). In this way, ca. 15% (m/v) polymer solution
was obtained after 20 h. Once poured into a 10-fold excess of
methanol, the precipitated polymer was collected via filtration and
dried under a reduced pressure of 5 mbar at 70 °C until a constant
weight was observed. Polymers 4, 5, and 6 were finally obtained as
white to off-white solids in 89, 75, and 75% yields, respectively.

2.1.1. Poly(oxidiethylene furanoate) (4). 1H NMR (400 MHz,
CDCl3, ppm): δ 7.20 (s, 2H), 4.50−4.48 (m, 4H), 3.86−3.84 (m,
4H). 13C NMR (100 MHz, CDCl3, ppm): δ 157.8, 146.6, 118.7, 68.8,
64.3.

2.1.2. Poly(oxidiethylene sulfanediyldifuroate) (5). 1H NMR (400
MHz, CDCl3, ppm): δ 7.13 (d, J = 3.7 Hz, 2H), 6.69 (d, J = 3.7 Hz,
2H), 4.44−4.42 (m, 4H), 3.82−3.80 (m, 4H). 13C NMR (100 MHz,
CDCl3, ppm): δ 157.7, 146.7, 146.2, 119.5, 118.5, 68.9, 64.0.

2.1.3. Poly(oxidiethylene sulfonedifuroate) (6). 1H NMR (400
MHz, CF3COOD, ppm): δ 7.48 (d, J = 3.8 Hz, 2H), 7.36 (d, J = 3.8
Hz, 2H), 4.64−4.63 (m, 4H), 4.11−4.09 (m, 4H). 13C NMR (100
MHz, CF3COOD, ppm): δ 162.1, 152.1, 150.0, 123.5, 121.9, 71.1,
67.4.

2.1.4. Compound 7. 1H NMR (400 MHz, CDCl3, ppm): δ 7.21
(d, J = 3.4 Hz, 2H), 6.62 (d, J = 3.4 Hz, 2H), 4.48−4.46 (m, 4H),
3.89−3.87 (m, 4H). 13C NMR (100 MHz, CDCl3, ppm): δ 158.0,
147.7, 144.7, 119.3, 116.6, 68.6, 63.9. HRMS: (m/z) calculated for
C14H12O7SNa [M + Na]+: 347.0196, found 347.0174.

Figure 1. Monomers under study in the current work.
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2.1.5. Compound 8. 1H NMR (400 MHz, CDCl3, ppm): δ 7.28
(d, J = 3.7 Hz, 2H), 7.24 (d, J = 3.7 Hz, 2H), 4.46−4.44 (m, 4H),
3.92−3.90 (m, 4H). 13C NMR (100 MHz, CDCl3, ppm): δ 157.5,
149.9, 148.7, 117.9, 117.8, 68.5, 64.8. HRMS: (m/z) calculated for
C14H12O9SNa [M + Na]+: 379.0094, found 379.0102.

2.2. Polymer Recycling. For each polymer, an amount of film
pieces corresponding to ca. 0.5 mmol of repeating units was weighed
(e.g., 4: 115.5 mg, 5: 161.9 mg, 6: 178.3 mg). The film pieces were
cut to ca. 1 cm × 1 cm squares and placed in an oven-dried 5 mL
reaction tube with K2CO3 (13.8 mg, 0.1 mmol), methanol (2.0 mL,
50 mmol), and a 3 mm × 8 mm stir bar. The tube was sealed with a
septum, and its headspace was flushed with argon from a needle for 3
min. The tube was submerged in a 25 °C water bath, and the mixture
was stirred magnetically at 1400 rpm for 24 h. In the liquid−liquid
extraction workup, deionized water was added (10 mL) to the
reaction mixture, which was then extracted with chloroform (3 × 15
mL). The organic layers were filtered through a 1−2 cm layer of silica
in a funnel, rinsing with the aid of ethyl acetate. Evaporation to
dryness under reduced pressure gave the corresponding dimethyl
esters 1, 2, or 3. In the alternate workup, the procedure was started by
filtering the methanolic reaction mixture, which had been kept at 4 °C
overnight, through filter paper in a small funnel. The tube and funnel
were rinsed with deionized water several times (20 mL in total). The
resulting filtrate was then extracted as described above to recover any
remaining monomer as a separate fraction.

2.3. High-Resolution Mass Spectrometry. The electrospray
ionization mass spectrometric measurements were performed using a
Thermo Scientific Q Exactive Plus Hybrid Quadrupole-Orbitrap high-
resolution mass spectrometer. Compound samples (ca. 1 mg/mL in
HFIP) were diluted 20-fold with H2O/acetonitrile 1:3 (v/v) mixture.
30−40 μL of the prepared dilutions was injected into the mass
spectrometer. Compounds were detected in the positive mode as
sodium adducts. Solvent system: Solvent A: 0.1% formic acid in H2O,
solvent B: 1% formic acid in acetonitrile, A:B 40:60. Flow rate: 0.02
mL/min.

2.4. Ultraperformance Liquid Chromatography. Samples for
ultraperformance liquid chromatography (UPLC) were prepared by
dissolving the compounds of interest into UHPLC grade >99.9%
acetonitrile (at ca. 0.4−0.5 mg/mL). Samples were analyzed with
Waters I-Class UPLC PLUS system equipped with Atlantis Premier
BEH C18 AX column (1.7 μm, 2.1 × 100 mm) and AQUITY PDA eλ
detector. Column and sample temperatures were 30 and 20 °C,
respectively. 1 μL injection volume and 0.3 mL/min flow rate were
used. Eluents A (H2O with 0.1% trifluoroacetic acid) and B
(acetonitrile with 0.1% trifluoroacetic acid) with 10 min linear
gradient elution from 85:15 (A:B) to 10:90 (A:B) were used.
Afterward, the eluent composition was restored to starting conditions
within 2 min using a linear gradient and held there for 3.5 min to

equilibrate the system for the next injection. Detection was conducted
at wavelengths of 210−400 nm.

2.5. Dilute Solution Viscometry. For the viscosity measurement,
the precipitated polymer samples were dissolved in a mixed solvent of
phenol and 1,1,2,2-tetrachloroethane (60/40 w/w) by briefly heating
them to 30−40 °C. Intrinsic viscosities were then calculated from flow
times of the solutions (c = 0.5 g/dL) and the pure solvent at 30 °C.
Flow times were manually timed three times, and the averages were
then used to calculate the intrinsic viscosity [η], as reported
previously.22

2.6. Size-Exclusion Chromatography. A Verotech PL-GPC 50
Plus system equipped with two PLgel 5 μm MIXED-D (300 Å ∼ 7.5
mm2) columns from Varian and a PL-RI Detector was used to analyze
the molecular weights of samples. Chloroform was used as the solvent,
and polymer concentration was ca. 3 mg/mL. The solutions were
filtered through a PTFE filter (pore size of 45 μm) before the
measurement. Polystyrene standards (160−371,000 g/mol) with
narrow molecular weight distributions were used for the calibration
curve.

2.7. Differential Scanning Calorimetry. The DSC (Mettler
DSC821e) was calibrated using In and Zn reference samples. The
polymer sample, ca 5 mg, was placed in a 40 μL Al cup that was then
closed with a pierced lid. Heating and cooling rates were kept at 10
°C/min with a N2 flow of 50 mL/min. The temperature ranges for the
scans were −20−200 °C (polyesters 4 and 5), 20−250 °C (polyester
6), or 20−300 °C (byproducts 7 and 8). The measurement end
points were held for 3 min before reversing. In annealing experiments,
4 and 5 were annealed at 60 °C for 1 h. Annealing at 130 or 160 °C
for 1 h was used for 6. Before annealing, prior thermal history was
removed by initial heating and cooling scans, as described above. The
annealing temperature was then approached at 10 °C/min. After
annealing, the sample was cooled to 20 °C at a rate of 10 °C/min.

2.8. Thermogravimetric Analysis. Thermogravimetry was
performed on film pieces (ca. 20 mg) at a heating rate of 10 °C/
min under a 40 mL/min N2 flow (Netzsch STA 409 PC/PG). The
temperature range of the measurements was 40−700 °C.

2.9. Film Processing. The methanol-precipitated polymer
samples were carefully dried to constant weight under a vacuum
prior to processing. For the pressing, the polymer sample was
sandwiched between two PTFE-coated glass-fiber mats inside of a
heated press. Temperatures for 4 and 6 were 190 °C, while for 5, 150
°C was used, and after a brief melting period (2−3 min) inside the
press, the press was closed for 1 min under 40 kN force. The glass
fiber mat frame around the sample limited the thickness to 0.1−0.2
mm. Films were cooled to room temperature (ca. 20 °C) with an
integrated water circulation system of the press at ca. 30 °C/min
before releasing compression.

2.10. Oxygen Permeability Testing. Oxygen permeability was
measured from duplicate film samples using Mocon OxTran 2/21 ML

Scheme 1. Polyester Syntheses Performed in This Work
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and reported as an average of the two values. The active test area was
5 cm2, while the temperature was set to 23 °C and the relative
humidity (RH) to 50 or 0%. The samples of polyesters PPeSF and
PPeSFO2 were those characterized previously under 0% RH.23 The
amorphous PET used for the reference film was synthesized and
processed into film, as reported previously.31

2.11. Dynamic Mechanical Analysis. TA Instruments DMA
Q800 was used in tensile mode (0.08% strain, 1 Hz) to test film
specimens (length × width × thickness ca. 20 × 5 × 0.1 mm3) at a
heating rate of 3 °C/min. The test was run under an atmosphere of
dry nitrogen generated by the gas cooling accessory.

2.12. Tensile Testing. Tensile tests were carried out under
controlled conditions of 23 °C and 50% relative humidity. The film
specimens were cut into strips 5 mm wide and then stored for at least
48 h under 23 °C and 50% relative humidity prior to testing. The
tensile tester (ZwickRoell 2.5 kN universal testing machine, Xforce P
1 kN load cell) was set to use a 30 mm gage length and a crosshead
speed of 5 mm/min (polyesters 5 and 6) or 15 mm/min (polyester
4). For each material, 5 specimens were tested.

2.13. UV−Vis. Transmittances were measured from free-standing
melt-pressed film specimens with a Shimadzu UV-1800 spectropho-
tometer from 200 to 800 nm.

2.14. Water Contact Angle. Free-standing film samples were
used for water contact angle (WCA) measurements at 20.0 °C (Krüss
DSA100, Germany, 2 μm droplet size). A mean value from 6 data
points over 1 min time was taken from three separate measurements
to calculate an average value for each polyester.

3. RESULTS AND DISCUSSION
3.1. Results of Polyester Synthesis. Polyesters 4−6 were

synthesized via transesterification of dimethyl ester monomers
1−3 with diethylene glycol, followed by melt polycondensation
under reduced pressure and increased temperature according
to Scheme 1. To limit possible byproduct-forming reactions
and discoloration, the polycondensation temperature was kept
at 220 °C. Under these conditions, polyester 4 obtained a faint
yellow color, whereas 5 and 6 were light brown to brown in
appearance. All three were glassy transparent solids. As for the
solubility of the polyesters, both 4 and 5 were soluble in
chloroform, whereas 6 required the addition of HFIP or
trifluoroacetic acid for complete dissolution. For the sake of
consistency, all polymers were collected from the reaction

Table 1. Molecular Weights, Intrinsic Viscosities, and Thermal Properties of Synthesized Polyestersa

SEC IV DSC TGA

sample code Mn (kg/mol) Đ [η] (dL/g) Tg (°C) Tcc (°C) Tm (°C) Td5 (°C) Td50 (°C)
4 31.8 2.53 0.85 36 350 408
5 34.3 3.54 0.95 33 83 322 380
6 0.49 70 133, 161 150, 178 321 378

aMn, number-average molecular weight; Đ, dispersity; [η], intrinsic viscosity in phenol/1,1,2,2-tetrachloroethane at 30.0 °C; Tg, glass transition
temperature from 2nd cooling; Tcc, cold crystallization peak temperature from 1st heating; Tm, peak melting temperature(s) from 1st heating; Td5,
5% mass loss temperature; Td50, 50% mass loss temperature.

Figure 2. DSC traces for heating (a) and cooling (b) at 10 °C min−1 with solid and dashed lines for first and second runs, respectively, and TGA
traces (c, d) measured at 10 °C min−1 under N2 flow.
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flasks via dissolution in HFIP, followed by precipitation in
methanol. Upon precipitation in methanol, 4 and 5 formed
dense clumps, while 6 had a looser, more fibrous appearance.
1H and 13C NMR spectra obtained from the polymers (Figures
S4−9) matched the expected signals in all cases.
Molecular weights of the products were evaluated using

SEC, with 6 excluded from the analysis due to its insolubility in
chloroform. Polyesters 4 and 5 had reached relatively high
molecular weights, as average molecular weights (Mn) well
above 30 kg/mol were measured (Table 1). The dispersity
value (Đ) was higher than expected for both polyesters at >2.5,
though the distributions were unimodal (Figure S10). The
intrinsic viscosities (IVs) of 4, 5, and 6, measured in the typical
mixed solvent of phenol and 1,1,2,2-tetrachloroethane, were
0.85, 0.95, and 0.49 dL/g, respectively. Polyester 4 has been
prepared in several previous reports, with values roughly
comparable to the current Mn and IV values, with some
consideration given to the slight variations in methods.24−26

The intrinsic viscosities reveal that despite the extended 6 h
polycondensation, the sulfone polyester struggled to reach half
the viscosity value of the other two polyesters. On the other
hand, the reactivity of the sulfone monomer during the
transesterification appeared to be high, since methanol was
collected at a comparable rate to the other two. Our experience
with monomer 3 suggests that further increase in poly-
condensation temperature will slightly increase the intrinsic
viscosity value at the cost of significant gelling of the polymer,
which stems from cross-linking.23

Another synthetic aspect worth a brief discussion is the
tendency of byproducts, 7 or 8, to collect on the necks of the
reaction flasks when diethylene glycol was polymerized with 2
or 3, respectively. Diesters 2 and 3 previously gave similar
products with 1,5-pentanediol, a diol structurally analogous to
diethylene glycol.23 Just as previously, 1H and 13C NMR
analyses of these solids were consistent with highly pure cyclic
compounds formed from the difuran diesters and the diol
component (Figures S11−14). Here, using high-resolution
mass spectroscopy (Figure S15), we found that 7 and 8 are,
surprisingly, monomeric, as illustrated in Scheme 1. DSC
revealed relatively high melting points (Tm = 214 °C for 7, Tm
= 234 °C for 8), with sharp endothermic peaks characteristic of
pure compounds (Figure S16). The amount of 7 or 8 isolated
from the reactions corresponded to ca. 5−10% yield, and it is
remarkable that only one cyclic species was observed to have
formed in both cases. The formation of these particular
compounds must, therefore, be favorable. Considering that the

difuran sulfide and the sulfone moieties must adopt a bent
shape due to the central sulfur atom, their structures likely
favor cyclization.32 Second, since a monomeric cycle is
possible, a low-molecular-weight ring with higher volatility is
formed, which allows for easier evaporation under vacuum
compared to larger rings that quickly increase in molecular
weight as ring size increases. It must be noted that careful
collection of all loose solids from the upper parts of the
reaction flasks with the help of acetone yielded polymers that
were essentially free from the cyclic compounds, as the 1H and
13C NMR signals associated with them do not appear in the
respective NMR spectra of the final polymers (Figures S4−9).
The use of 7 and 8 as potential monomers in ring-opening
polymerizations may well merit a further, detailed study.

3.2. Thermal Properties of Synthesized Polyesters.
DSC measurements (Table 1 and Figure 2a,b) carried out on
the precipitated polymers revealed that 4 and 5 had similar
glass transition temperatures of 36 and 33 °C, respectively,
whereas 6 had a far higher Tg of 70 °C. The 1,5-pentanediol-
derived analogs for 4−6 have glass transition temperatures ca.
7−19 degrees lower, i.e., a polar ether group increases Tg
noticeably compared to a methylene group.22,23,25 The FDCA-
based polyester 4 appeared to be devoid of any crystallinity
during DSC measurement. A broad but small endothermic
peak was detected with 5 at around 83 °C (with enthalpy of
melting ΔHm of 4.2 J/g) but with no signs of cold
crystallization. The sulfone-based polyester 6, by comparison,
was more semicrystalline in character, showing two cold
crystallization exotherms (with cold crystallization enthalpies
of 13.9 and 5.8 J/g) and two melting endotherms (ΔHm of
11.9 and 6.9 J/g) upon the first heating run. However, upon
cooling from the melt, neither 5 nor 6 showed crystallization or
melting in subsequent scans. The narrow temperature
difference between Tg and Tm of these polyesters is indicative
of imperfect crystals. Thermal annealing of the polyesters failed
to produce noticeable crystallinity in the samples (Figure S17).
All three polyesters are thus perhaps better described as being
amorphous with a low tendency to crystallize unless solvent
processing is involved. The terephthalic analog, poly-
(oxidiethylene terephthalate), has been reported to behave
similarly, as it is reluctant to crystallize unless solvents and long
crystallization times are involved.33

Thermogravimetric analysis showed that FDCA-derived
polyester 4 was the most stable in terms of 5 and 50% mass
loss temperatures (Table 1). However, the TGA trace showed
a small mass loss (ca. 3%) that occurred over a temperature

Figure 3. DMA traces for storage modulus E’ (a) and loss modulus E” and tan δ (b).

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.4c02050
Macromolecules 2025, 58, 4160−4169

4164

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c02050/suppl_file/ma4c02050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c02050/suppl_file/ma4c02050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c02050/suppl_file/ma4c02050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c02050/suppl_file/ma4c02050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c02050/suppl_file/ma4c02050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c02050/suppl_file/ma4c02050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c02050/suppl_file/ma4c02050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c02050/suppl_file/ma4c02050_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02050?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02050?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02050?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c02050?fig=fig3&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c02050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


range of 100−250 °C, whereas 5 and 6 had lost <1% sample
weight upon reaching 250 °C (Figure 2c). The TGA of
polyester 4 by Guidotti and co-workers showed the same
peculiar phenomenon, which leads us to believe that this small,
early mass loss is a characteristic of this polyester rather than of
our sample only.26 Otherwise, the mass-loss characteristics of 4
have previously been shown to be comparable to PEF.25

Comparing the difuran polyesters 5 and 6, we found that they
had remarkably similar mass loss characteristics between them,
with 5 and 50% mass loss temperature values differing by only
1−2 degrees (Table 1). The shapes of the TGA traces were
very distinct, however, and the derivative curves revealed that
the temperatures of the peak decomposition rates differ by 33°
(Figure 2d). The diethylene glycol units themselves appear to
lower the onset of thermal degradation (Td5) by about 20
degrees when compared against 1,5-pentanediol units in
otherwise similar polyesters.22,23 Nevertheless, the major
decomposition steps in all three cases are clearly above
reasonable processing temperatures. The residual weights, or
char yields, at 700 °C decreased according to 5 > 6 > 4, with
values of 21.6, 16.7, and 9.7%, respectively.
Continuing with thermomechanical analysis, film specimens

subjected to DMA showed behavior consistent with DSC
analysis, confirming the glass transition temperatures and the
absence of cold crystallization (Figure 3). In slight deviation
from the DSC measurements, the storage and loss modulus
traces suggest that 4 enters the rubbery state before 5.
However, the high overlap of the tan δ peaks (Figure 3b) for 4
and 5 indicates that the glass transitions occur at virtually the
same temperature (41 °C). It is also notable that the sulfide
and sulfone polyesters 5 and 6 have similar storage moduli that
lie above that of 4 (3.2, 3.3, and 2.8 GPa, respectively, at 20
°C), pointing to a stiffening effect by the difuran sulfur
moieties regardless of the oxidation state.

3.3. UV−Vis Properties of Films. Melt-pressed film
specimens were transparent to the naked eye as expected from
amorphous polymers (Figure S18). Polyester 4 showed a very
flat transmission curve at visible wavelengths (Figure 4), a

result that was in accord with a film that was colorless to the
naked eye. Polyesters 5 and 6 are differentiated from 4 by their
lower transmission of visible light at shorter wavelengths. The
cutoff wavelengths, situated in the UV area, follow previously
observed trends for the three different furan monomers,
increasing according to 5 > 6 > 4. That is, the sulfide difuran
unit has broader UV absorption than the sulfone, as expected.

3.4. Oxygen Barrier Properties. Oxygen barrier measure-
ments were carried out on various film specimens under
relative humidities of 0 and 50%, with comparisons also drawn
to some previously reported data (Table 2). Under both 0 and

50% RH, polyesters 4−6 showed much improved O2 barrier
performance relative to amorphous PET. The best performing
of the three prepared polyesters, the sulfide-based polyester 5,
had oxygen permeability significantly lower than PET and,
remarkably, even lower than PEF. The result further supports
the improved oxygen barrier properties that can be derived
from sulfur-containing furan monomers, including the current
combination with a heteroatom containing diol monomer.22,34

Humidity is a relevant factor affecting the gas barrier, as
illustrated by the improved oxygen barrier of PET under
increased humidity.35 For other polyesters tested here, the
effect of the humidity was variable. Notably, the FDCA
polyester 4 and the difuran sulfide polyester 5 both showed
increased oxygen permeability when RH was increased from 0
to 50%. The sulfone-derived polyester 6 appeared largely
unaffected, with no significant difference arising from a change
in humidity. The FDCA-derived polyester 4 is a particularly
interesting material, as large deviations are found in the
literature regarding its oxygen gas permeability, and some of
this difference appears linked to humidity. Our measurements
at 50% RH seem to fall in line with the results reported by
Meng et al., where a BIFPET value of just above 3 was observed
under 50% RH.24 Their measurements indicate that 4 has a
barrier performance inferior to that of PEF, particularly against
humidity. As for 0% RH, the result here for 4 was comparable
to that which was reported by Tian et al. (BIFPET = 9.06).25 It
is noteworthy that polyester 4 has been reported to behave
similarly to poly(pentylene furanoate) (PPeF), in that under
some processing conditions, it can yield films with gas
permeabilities many orders of magnitude lower than
PET.24,26,36,37

Overall, the O2 barrier properties of the diethylene glycol-
based polyesters 4, 5, and 6 were significantly improved
compared to their 1,5-pentanediol analogs (abbreviated PPeF,
PPeSF, and PPeSFO2, respectively, see Table 2). The barrier
enhancing effect of the ether oxygen versus methylene group is
interesting, in that it seems to extend to other monomers as
well, and for instance, diglycolic acid yields polyester with
improved oxygen barrier when it replaces glutaric acid as the

Figure 4. UV−vis transmittance curves from melt-pressed films of
polyesters 4−6.

Table 2. Oxygen Permeabilities Measured under 0 and 50%
Relative Humidities at 23 °Ca

0% relative humidity 50% relative humidity

polyester sample OP BIFPET OP BIFPET
4 472 7.9 920 3.1
5 342 11.0 480 6.0
6 725 5.2 693 4.2
PETb 3750 1.0 2877 1.0
PEF 487c 9.7c 5.9d

PPeF 16e 0.58f 0.26g

PPeSF 2397h 1.9h 2805 1.0
PPeSFO2 2211h 2.1h 1 759 1.6

aOP, oxygen permeability in mL μm m−2 atm−1 day−1; BIFPET, barrier
improvement factor relative to amorphous PET; PPeF, Poly-
(pentylene furanoate); PPeSF, Poly(pentylene sulfanediyldifuroate);
PPeSFO2, Poly(pentylene sulfonedifuroate). bMelt-pressed amor-
phous PET.31 cRef 34. dRef 24. eRef 26. fRef 25. gRef 36. hRef 23.
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diacid component.27 It is also apparent that while the polar
sulfone group increases Tg considerably and induces a degree
of semicrystallinity under some processing conditions, the
barrier properties become less affected by humidity. This result
is somewhat surprising and could be a sign that polyester 6 is
not easily plasticized due to the rigidity of the difuran sulfone
unit. In fact, 6 (and PPeSFO2) showed a slight decrease in the
permeability of the O2 at 50% RH.

3.5. Tensile Properties. The FDCA-based polyester (4)
had the lowest values of tensile modulus and tensile strength of
the three polyesters tested (Table 3). Conversely, it showed

the highest ductility, with elongation at break reaching on
average 300%. Elongations of up to 500% were reported
previously for 4, indicating very high ductility.26 However,
Meng et al. did report drastically different values, with yield
strength of 49 MPa and elongation at break of less than 60%.24

They also measured the tensile modulus of 4 to have a very
high value of 2.82 GPa. Of the three tested polyesters here, the
mechanical properties of the difuran sulfide derived polyester 5
were most balanced and closest to those of amorphous PET or
PEF, with a tensile modulus of ca. 2 GPa and tensile strength
of 37 MPa, which was more than double that of 4. Ductility
was relatively high at an average elongation at break of 130%.
The sulfone counterpart (6) was found to have the highest
tensile modulus of the three, at 2.6 GPa, but the film samples
proved to be quite brittle, resulting in lower tensile strength
and minimal elongation. Yielding was therefore not observed
for 6, in contrast to 4 and 5 (Figure S19). The intrinsic
viscosity of 6, which was the lowest of the three polyesters, was
most likely too low for ductile and strong films, limiting its
tensile strength. However, comparisons of 4−6 with PPeF,
PPeSF, and PPeSFO2 show that substituting 1,5-pentanediol
with diethylene glycol results in enhancements in the form of a
higher tensile modulus or strength (Table 3). Conversely,
elongation at break is decreased. The substitution of FDCA
units for difuran sulfur units, on the other hand, gives
significant increases in tensile strength and stiffness with either
diol among respective polyesters.

3.6. Chemical Recycling of Films. As briefly discussed in
the introduction, the potential ease of chemical recycling from
polymer to monomer is a benefit of polyesters. It allows the
recovery and reuse of carbon into new materials more directly
when compared to waste polymer incineration or biodegrada-
tion. Ideally, depolymerization would take place when a simple
stimulus is applied to the material, e.g., heat or perhaps UV
light.39,40 Alternatively, catalysts can be added to drive

depolymerization, as shown with certain polyesters derived
from cyclic monomers.41,42 Labile groups, e.g., acetal, present
in the backbone can be used to assist in breaking down the
polymer once under specific conditions.43 Methanolysis is
another mild way of chemically breaking down ester-based
polymers such as PET and others like it, though potentially
harmful cosolvents such as dichloromethane may be
required.44−47 For PEF, chemical recycling has been mostly
studied under relatively vigorous conditions involving temper-
atures of 120−180 °C or higher.48−53 Depending on the
reaction conditions, various end products have been obtained,
such as dimethyl ester 1, cyclic PEF oligomers, or the bis(2-
hydroxyethyl) ester of FDCA. The latter can be polymerized
by itself to form PEF in a closed loop manner. Room
temperature depolymerization of PEF into FDCA using
potassium hydroxide in methanol has also been demonstra-
ted.54 The process was significantly more efficient when the
methyl ether of sesamol, a biobased solvent, was present.
Polyesters 4−6 were found to be ideal candidates for

chemical recycling via methanolysis, as all three disintegrated
and reacted with neat methanol at room temperature (25 °C)
in the presence of catalytic K2CO3 (20 mol % relative to
polymer repeating unit). For example, ca. 0.1 mm thick film
pieces cut from 6 were largely degraded in anhydrous
methanol within a few hours under vigorous stirring. This
result contrasts with our previous work on the related 1,5-
pentanediol polyester, where some film pieces were left intact
at 25 °C, necessitating higher temperatures to achieve proper
chemical degradation.23 Yields of the dimethyl esters were also
slightly higher than previously; e.g., dimethyl ester 3 was
obtained in 89% yield after liquid−liquid extraction (Table 4).

The sulfide polyester (5) afforded an even higher, near-
quantitative monomer recovery (94%), whereas the FDCA-
based polyester (4) gave the lowest monomer yield (82%) of
the three. It is expected that the main byproducts will be
potassium mono- or dicarboxylates formed due to the presence
of water traces in the polyesters or the methanol.47 Polyester 4
having the highest affinity toward water and other highly polar
solvents appears reasonable on the basis that simple
submersion in methanol at room temperature turned the film
pieces hazy and distorted their shape quite quickly (Figure 5,
top left corner). This notion was supported by water contact
angle (WCA) measurements, which showed a decrease in
WCA according to 5 > 6 > 4 (Table S1). Additionally, the
WCAs make it clear that the diethylene glycol unit increases
hydrophilicity noticeably when compared against the 1,5-
pentanediol unit, potentially facilitating methanolysis.23,26 It
was also noted that despite polyesters 5 and 6 yielding films
with distinct colors, the corresponding monomers were
obtained with little color after chemical recycling.

Table 3. Tensile Test Results for Polyesters 4−6 and
Comparable Polyestersa

polymer E (GPa) σM (MPa) εb (%) reference

4 1.4 ± 0.1 16 ± 1 300 ± 110 This work
5 2.0 ± 0.2 37 ± 3 130 ± 90
6 2.6 ± 0.1 32 ± 3 1.3 ± 0.1
PEF 2.0 ± 0.1 93.2 ± 2.3 7.2 ± 0.2 38
PET 1.522 ± 0.070 58 ± 10 600 ± 40 31
PPeF 0.009 ± 0.001 6 ± 1 1050 ± 200 26
PPeSF 0.445 ± 0.027 6.3 ± 0.5 440 ± 100 22
PPeSFO2 2.096 ± 0.051 43.3 ± 3.1 2.3 ± 0.2 23
aE, tensile modulus; σM, maximum tensile stress; εb, elongation at
break; PPeF, Poly(pentylene furanoate); PPeSF, Poly(pentylene
sulfanediyldifuroate); PPeSFO2, Poly(pentylene sulfonedifuroate).

Table 4. Chemical Recycling Results for 4, 5, and 6

monomer yield (%)

polyester via extraction via filtration

4 82 55 (84a)
5 94 96 (96a)
6 89 89 (89a)

aCombined yield for filtration with successive extraction of the filtrate.
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Though the liquid−liquid extraction with organic solvent
facilitated complete recovery, it is a less attractive method
compared to simple filtration from the reaction mixture. We
thus examined an alternative workup, where filtration of the
reaction mixture is followed by a water rinse, avoiding the use
of organic solvents. The difuran monomers 2 and 3 especially
have low solubility in methanol, which helps to essentially
achieve quantitative recovery by filtration alone (Table 4). The
dimethyl ester of 2,5-FDCA is substantially more soluble in
methanol under the same conditions, as ca. one-third remained
dissolved in the reaction mixture even after being stored at 4
°C. Further extraction of the filtrate was required to reach yield
parity with the extraction method (Table 4). By comparison,
negligible amounts of 2 and 3 remained in solution after
filtration, and yields could not be increased with liquid−liquid
extractions of filtrates. The separation method, surprisingly, did
not appear to impact purity, and in all cases, the separated
monomer fractions did not contain any impurities detectable
by 1H NMR (Figures S20−22). Only trace peaks from solvents
used during workup were present in some samples. UPLC
measurement was further used to confirm that identical
chromatograms were obtained from the filtered monomers
with respect to the original, purified monomers (Figure S23).
The degree of color retained on the monomers after filtration
was also minimal, with colored impurities remaining in the
methanol solution or being washed away with water (Figure 5,
bottom row). Any unreacted polymer or oligomer is expected
to be retained on the filter cake during filtration, and thus, the
absence of these expected impurities points to full chemical
degradation of these polyesters at room temperature. It is the
complete conversion that ultimately allows this unusually facile
recovery of the diesters in purity that is comparable to that of
the initial pure monomers.

4. CONCLUSIONS
Three polyesters derived from diethylene glycol and three
different dimethyl ester monomers were synthesized and
processed into free-standing films. All three materials were
amorphous, with the furan and difuran sulfide monomers
leading to very similar glass transition temperatures. By

comparison, the difuran sulfone monomer resulted in a
much higher Tg. In terms of barrier performance, all polyesters
perform well, having lower oxygen permeability than PET. The
oxygen permeability decreased according to the order FDCA ∼
difuran sulfone > difuran sulfide, showing that the sulfur-
bridged difuran moieties were beneficial for low permeability,
with performance comparable to, or better than PEF. The
ether group of the diol was also beneficial for lowering oxygen
permeability relative to 1,5-pentanediol. Good mechanical
properties with relatively high ductility were observed for films
of polyesters 4 and 5, which stood in contrast with 6 and, for
instance, PEF. Importantly, polyesters 4−6 could be recycled
back to their respective dimethyl ester monomers by simply
stirring the film pieces and a catalytic amount of potassium
carbonate in anhydrous methanol at room temperature, which
is milder than typical processes used to recycle PEF. The
difuran sulfur monomers 2 and 3 were recovered in high yields
of 89−96%, while the FDCA monomer (1) was recovered in a
slightly lower 82% yield. A larger difference was observed when
the workup was simplified to a filtration procedure, where the
low solubility of 2 and 3 in methanol allows for practically
quantitative recovery of the formed monomer, whereas 1
remained partially dissolved. The results therefore showed that
the sulfur-bridged difuran monomers offered even better
recyclability than did the FDCA monomer. Overall, diethylene
glycol seems to confer many advantages over 1,5-pentanediol
in furan-based polyesters, in terms of key material properties
and chemical recyclability. Particularly, good balance of
mechanical properties, high oxygen barrier, and facile chemical
recyclability was obtained with the furfural-derived monomer 2
and diethylene glycol.
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