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Utilizing building blocks derived from lignocellulose is an attractive strategy towards biobased aromatic
polyesters. Here, we present the straightforward synthesis of three new asymmetric di-aromatic diester
monomers by one-step reactions of lignin-derived hydroxybenzoates (methyl paraben, methyl vanillate
and methyl syringate, respectively) with potentially sugar-based methyl 5-chloromethyl-2-furoate. The
two diester monomers based on methyl paraben and methyl vanillate were polymerized with 1,6-hexane-
diol, 1,4-butanediol, and neopentyl glycol, respectively, to produce two series of polyesters with reason-
ably high molecular weights (12—-37 kg mol™). The fully amorphous polyesters showed high thermal stabi-
lity (Tq5 > 275 °C), a tunable glass transition temperature (T4 ~ 36-75 °C), and moderately high mechanical
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chemical recycling of the polyesters through depolymerization using methanolysis, which allowed for the
recovery of the native diester and diol monomers. The recovered monomers were subsequently repoly-
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merized to produce a recycled polyester with properties comparable to the original one.

1. We have designed and prepared a family of asymmetrical diester monomers from lignocellulosic starting materials intending to develop robust and chemi-

cally recyclable biobased polyesters for use as, e.g., packaging materials.

2. The polyesters contain paraben, vanillate, syringate and furoate units, respectively, and showed a wide range of advantageous properties. Furthermore, we
successfully developed and demonstrated a method for closed-loop chemical recycling of the polyesters via depolymerization by methanolysis. This generated

the native diester and diol monomers, which were subsequently efficiently repolymerized to produce a recycled biobased polyester with properties compar-

able to the original ones.

3. After these achievements, there remains a need to mitigate monomer instability to facilitate the polycondensation process and to scale up and optimize
the recycling process to realize the full potential and circularity of these materials.

1. Introduction

Biobased polymers hold significant promise as a sustainable
alternative to traditional fossil-based plastics, offering impor-
tant benefits such as low greenhouse gas emissions and the
use of renewable raw materials."” However, their widespread
market introduction faces some critical challenges, including
high production costs and limited performance in comparison
to fossil-based plastics. Further challenges arise from the
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limited accessibility of building blocks, the polymerization of
heat-sensitive biobased monomers, and the processing of
inherently unstable biobased polymers. To outperform low-
cost fossil-based plastics and circumvent the high costs of bio-
based polymers, recent efforts have focused on developing bio-
based polymers with new and improved properties. In
addition, increasing attention has been directed toward the re-
cycling of biobased polymers to address end-of-life concerns,
promoting both sustainability and recyclability.>® Chemical re-
cycling is an attractive approach to achieve closed-loop re-
cycling of polymers by enabling the recovery and reuse of
monomers without significantly compromising the material
quality. Therefore, the development of chemically recyclable
biobased polymers with improved and new properties is
crucial to realize the full potential of these materials in a circu-
lar economy.”

This journal is © The Royal Society of Chemistry 2025
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Thermoplastic aromatic polyesters are an important class
of high-performance polymers due to their excellent thermo-
mechanical properties and good chemical resistance.®™° Poly
(ethylene terephthalate) (PET) and poly(butylene terephthalate)
(PBT) are the market-leading aromatic polyesters, widely used
in packaging and textile applications."*™* To a great extent,
the superior quality of these polyesters is attributed to the
presence of rigid terephthalate units in their backbone, which
provides substantial stiffness to the polymer chain and a high
melting point, which considerably improves the material pro-
perties. However, they are also considered rather problematic
materials because of the non-renewable origin of the ter-
ephthalic acid (TPA) used in their production.>*>'® Although
the semicrystalline nature of these polymers provides signifi-
cant mechanical strength to the materials, it limits their appli-
cations in cases where high optical clarity is essential.
Consequently, developing new biobased aromatic monomers
is an attractive strategy to replace terephthalic acid in aromatic
polyesters and to produce fully amorphous polyesters.

Among the various naturally occurring renewable resources,
lignocellulose is an abundant and readily available source of
chemical building blocks for polyesters.”'”'® Lignin is the
richest source of phenolic and aromatic compounds, account-
ing for ~15-30% of the lignocellulosic biomass in plants. It is
also a by-product of the paper and pulp industry and
~70 million tons of lignin are produced annually as waste,
most of which is incinerated to recover energy.'® Therefore, the
exploitation of lignin-based aromatics to develop value-added
products has drawn attention in academia and industry over
the last few decades.’* Vvarious hydroxyaldehydes such as
p-hydroxybenzaldehyde, vanillin, and syringaldehyde are
obtained after the depolymerization of lignin, and can be
directly transformed into their respective hydoxyacids, namely
p-hydroxybenzoic acid, vanillic acid, and syringic acid,
respectively.>*>* Both hydroxyaldehydes and their corres-
ponding acid derivatives have been used to prepare aromatic
monomers for polyester synthesis. For instance, Mialon et al.
used vanillin and acetic anhydride to prepare an acetylferulic
acid monomer, which was subsequently used to make bio-
based poly(dihydroferulic acid) (PHFA) with a glass transition
temperature (Ty) of 73 °C and a melting temperature (7y,) of
234 °C, hence demonstrating comparable thermal properties
to PET.”*® In an extension of this work, the same group has
reported on hydroxyacid monomers obtained via alkylation of
4-hydroxybenzoic acid, vanillic acid, and syringic acid, respect-
ively, using a,o-chloroalcohols of varying lengths.>” Next, a
series of poly(alkylene 4-hydroxybenzoate)s, poly(alkylene
vanillate)s, and poly(alkylene syringate)s with a thermal stabi-
lity up to 407-478 °C was prepared through polycondensa-
tions. The T, values of the polyesters ranged from 50 to 80 °C
and increased when the number of methoxy groups on the aro-
matic ring increased due to the increasing rotational barrier.
In a further study, vanillic acid was reacted with 1,4-dibromoo-
butane and chloroacetic acid, respectively, to synthesize sym-
metric and asymmetric diacid monomers. The polycondensa-
tion of the resulting monomers with different diols produced
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amorphous polyesters with T, values in the range 5-67 °C.*®
Cramail et al. have developed divanillin and dimethylvanillate
compounds through dimerization of vanillin and methyl vanil-
late, respectively, using laccase from Trametes versicol.>® They
further modified these compounds to obtain polymerizable
monomers, ie., methylated divanillyl diol and dimethyl-
vanillate dimer, and used these to develop aromatic polyesters.
For example, the diol monomer was polycondensed with a
variety of diacids. The resulting polyesters with terephthalic
acid and furandicarboxylic acid showed T, values of 102 and
139 °C, respectively. Such high Tgs are highly desired for hot-
filling packaging applications and for the production of con-
tainers for beverages. Consequently, lignin-derived monomers
demonstrate significant potential for the preparation of high-
performance aromatic polyesters.

Cellulose and hemicellulose account for the major fraction
(70-85 wt%) of lignocellulosic biomass and are recognized as
crucial renewable resources for the development of value-
added chemicals and materials.*® Sugars derived from cell-
ulose and hemicellulose are essential raw materials to produce
furanic building blocks, mainly 5-hydroxymethylfurfural
(HMF) and furfural.**" These furanic compounds are impor-
tant building blocks for the development of aromatic mono-
mers. For example, HMF is used to produce 2,5-furan dicar-
boxylic acid (FDCA), which has gained attention as a possible
replacement for fossil-based terephthalic acid in PET pro-
duction, yielding a 100% biobased poly(ethylene 2,5-furandi-
carboxylate) or PEF.*” Recently, a furfural-based bifuran diacid
(BFDCA) has been prepared as a biobased replacement of
fossil-based biphenyldicarboxylic acid (BDA) used to improve
PET properties.**** In another piece of work, a catalyzed two-
step synthesis of a difuranic-diacid obtained after the oxi-
dation of a di-HMF intermediate derived from p-fructose was
reported for polyester synthesis.>® Furthermore, several bis-
furanic diesters and diols with different linkages between the
furan rings have been reported for polyester preparation.®®>”
Most of the aforementioned lignin- and sugar-based polyesters
are semicrystalline, and the corresponding amorphous poly-
esters remain relatively rare. This motivates the development
of new biobased aromatic monomers for the production of
amorphous aromatic polyesters.

Herein, we present the synthesis of new asymmetric di-aro-
matic diester monomers via a facile reaction of lignin-based
chemical building blocks, i.e., methyl paraben, methyl vanil-
late, and methyl syringate, respectively, with biobased methyl
5-chloromethyl-2-furoate (MCMF) obtainable from cellulose
(sugar). The monomers based on methyl paraben and methyl
vanillate were then employed in polycondensations with
different linear and branched aliphatic diols to prepare two
series of amorphous polyesters, which were characterized con-
cerning the structural, thermal, and mechanical properties.
Furthermore, a chemical recycling process was developed and
studied to investigate the possibilities for closed-loop recycl-
ability of the polyesters. We aimed to demonstrate the use of
lignin- and sugar-based aromatic building blocks to develop
high-performance recyclable amorphous polyesters.
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2. Experimental

2.1. Materials

Methylparaben (99%), methylvanillate (99%), methyl syrin-
gate (>98%) K,CO; (99%), dibutyltinoxide (DBTO, 98%), neo-
pentyl glycol (NPG, 99%), mesitylene (98%), CDCl; (99.8%
atom D, 1% TMS), 1,6-hexanediol (1,6-HD, 97%), and 1,4-
butanediol (1,4-BD, 99%) were purchased from Sigma
Aldrich. Methyl 5-chloromethyl-2-furoate was purchased from
Chemtronica AB Sweden. Xylene was purchased from
Scharlau, chloroform (99.8%), DMSO (>98%), and ethanol
(99.1%) were obtained from Fischer, and methanol was sup-
plied by VWR chemicals. All solvents were of analytical grade
or higher, and all reagents and chemicals were used without
further purification.

2.2. Monomer synthesis

Monomer M1. Methyl paraben (7.0 g, 46.0 mmol) and
DMSO (150 mL) were added to a 500 mL three-necked round
bottom flask equipped with a magnetic stirrer and nitrogen
inlet. After the complete dissolution of methyl paraben, anhy-
drous K,CO; (12.7 g, 92.0 mmol) was added to the flask.
Subsequently, methyl 5-chloromethyl-2-furoate (16.06 g,
92.0 mmol) was added, and the reaction mixture was stirred
for 24 h under nitrogen atmosphere. Then the suspension
was poured into 800 mL ice water to obtain a beige-coloured
crude product, which was filtered, washed with water, and
then dried under vacuum. Afterward, the crude product was
purified by recrystallization in ethanol to obtain M1 as white
needles (10.0 g, 75%).

"H NMR (400.23 MHz, CDCl;, 8, ppm): 3.88 (s, 3H), 3.90 (s,
3H), 5.11 (s, 2H), 6.55 (d, J = 3.5, 1H), 7.01-6.93 (m, 2H), 7.17
(d, J = 3.5 Hz, 1H), 8.04-7.96 (m, 2H).

3C NMR (100.61 MHz, CDCl;, 8, ppm): 52.03, 52.15, 62.42,
111.76, 114.43, 118.84, 123.56, 131.76, 144.84, 153.80, 159.03,
161.72, 166.76.

Mass: HRMS (ESI+, m/z): exact mass caled for Cy5H404':
290.0790, found 290.0756.

Monomer M2. Methyl vanillate (7.0 g, 38.4 mmol) and
DMSO (150 mL) were added to a 500 mL three-necked
round bottom flask equipped with a magnetic stirrer and
nitrogen inlet. After the complete dissolution of methyl
vanillate, anhydrous K,CO; (10.6 g, 76.8 mmol) was
added to the flask. Subsequently, methyl 5-chloromethyl-
2-furoate (13.4 g, 76.8 mmol) was added, and the reac-
tion mixture was stirred for 24 h under nitrogen atmo-
sphere. Then the suspension was poured into 800 mL ice
water to obtain a beige coloured crude product, which
was filtered, washed with water, and then dried under
vacuum. Afterwards, the crude product was purified by
recrystallization in ethanol to obtain M2 as white needles
(9.34 g, 76%).

'H NMR (400.23 MHz, CDCl;, 6, ppm): 3.89 (s, 6H), 3.91 (s,
3H), 5.18 (s, 2H), 6.55 (dd, J = 3.5, 0.7 Hz, 1H), 6.96 (d, J = 8.5
Hz, 1H), 7.15 (d, J = 3.5 Hz, 1H), 7.57 (d, J = 2.0 Hz, 1H), 7.64
(dd, J = 8.4, 2.0 Hz, 1H).
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3C NMR (100.61 MHz, CDCl, 8, ppm): 52.10, 52.15, 56.14,
63.44, 111.90, 112.80, 113.07, 118.89, 123.37, 124.04, 144.72,
149.40, 151.37, 153.98, 159.05, 166.79.

Mass: HRMS (ESI+, m/z): exact mass caled for Cy6H;60, "
320.0896, found 320.0985.

The synthesis of diester monomer M3 was carried out using
a similar procedure as described for diester M1 and M2. 'H
NMR (400.23 MHz, CDCl;, 8, ppm): 3.85 (s, 6H), 3.87 (s, 3H),
3.89 (s, 3H), 5.20 (s, 2H), 6.46 (d, J = 3.4, 1H), 7.11 (d, J = 3.5
Hz, 1H), 7.27 (s, 2H).

3C NMR (100.61 MHz, CDCl;, 8, ppm): 52.01, 52.37, 56.35,
66.50, 106.77, 111.71, 118.85, 125.99, 140.11, 144.46, 153.26,
155.50, 159.19, 166.74.

Mass: HRMS (ESI+, m/z): exact mass caled for C;,H;504":
350.1002, found 350.1106.

2.3. Polyester synthesis

Diesters M1 and M2 were polymerized with the diols 1,6-HD
(a), 1,4-BD (b), and NPG (c) to obtain two series of polyesters,
Pla-c and P2a-c, respectively (Scheme 1). The polymerization
protocol of P1b is described here as a typical example. To a
50 mL three-neck round bottom flask equipped with a
mechanical stirrer, a nitrogen inlet, and a vacuum distillation
outlet were added monomer M1 (2 g, 6.89 mmol), DBTO
(9 mg, 0.5 mol%), and 1,4-butanediol (0.683 g, 7.58 mmol).
Subsequently, the reaction mixture was degassed by three suc-
cessive vacuum-nitrogen cycles at room temperature. Then,
3 mL of xylene was added, and the reaction mixture was
heated to 160 °C and stirred under a nitrogen atmosphere for
5 h. Next, the temperature was increased to 180 °C, and mesity-
lene (5 mL) was added. A high nitrogen flow was applied for
15 h to facilitate the removal of the excess diol. Afterward, the
product was dissolved in chloroform and precipitated into
methanol to give the polyester P1b as a white solid (1.95 g,
89%).

'H NMR (400.23 MHz, CDCl;, §, ppm): 1.99-1.82 (m, 4H),
4.45-4.29 (m, 4H), 5.11 (s, 2H), 6.54 (d, J = 3.5 Hz, 1H),
7.00-6.93 (m, 2H), 7.16 (dd, J = 1.1, 3.5 Hz, 1H), 8.03-7.96 (m,
2H).

3C NMR (100.61 MHz, CDCl3, 8, ppm): 25.50, 25.60, 25.62,
25.72, 62.45, 64.30, 64.41, 64.63, 64.74, 111.76, 114.46, 118.81,
123.61, 123.65, 131.76, 144.87, 144.91, 153.87, 153.90, 158.61,
158.64,161.77, 166.22, 166.24.

The other polyesters were synthesized using a similar pro-
cedure as described for Pla. However, in the synthesis of Plc
and P2c, a molar ratio of diester to diol of 1:2 was used, and
both the transesterification and polycondensation steps were
carried out for 15 h each.

Polyester Pla. 'H NMR (400.23 MHz, CDCl;, 8, ppm):
1.57-1.42 (m, 4H), 1.86-1.70 (m, 4H), 4.30 (qd, J = 1.9, 6.7 Hz,
4H), 5.10 (s, 2H), 6.53 (d, J = 3.4 Hz, 1H), 7.02-6.92 (m, 2H),
7.13 (d,J = 3.4 Hz, 1H), 8.02-7.95 (m, 2H).

3C NMR (100.61 MHz, CDCl;, 6, ppm): 25.67, 25.74, 25.85,
25.93, 28.66, 28.71, 28.77, 28.81, 62.46, 64.78, 64.83, 65.10,
65.14, 111.72, 114.42, 118.65, 123.80, 131.72, 145.04, 153.79,
158.74, 161.72, 166.33.

This journal is © The Royal Society of Chemistry 2025
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M1: R&R'=H
M2: R=-OCH,;, R'=H
M3: R&R' = -OCHj,4

@w*

DBTO | 1. Transesterification (160 °C, Xylene, N,)
HO—.—OH 2. Polycondensation (180 °C, Mesitylene, N,)

P1a-c: R&R'=
P2a-c:R = -OCH3, R'=H

Scheme 1 Synthesis of the diester monomers and their polymerizations with a variety of different diols using a modified melt polycondensation

method.

Polyester P1c. "H NMR (400.23 MHz, CDCl;, 6, ppm): 1.11 (t,
J = 8.6 Hz, 6H), 4.19 (dd, J = 5.4, 13.0 Hz, 4H), 5.10 (s, 2H), 6.53
(d, J = 3.4 Hz, 1H), 6.93-7.01 (m, 2H), 7.14 (dd, J = 1.9, 3.5 Hz,
1H), 8.03-7.96 (m, 2H).

C NMR (100.61 MHz, CDCl;, 5, ppm): 21.58, 21.88, 22.00,
22.12, 35.31, 35.35, 35.38, 62.39, 69.46, 69.52, 69.69, 69.77,
111.74, 111.77, 114.48, 118.83, 118.86, 123.37, 123.41, 131.75,
144.61, 144.64, 153.97, 153.99, 154.01, 158.46, 158.51, 161.78,
161.81, 166.02, 166.06.

Polyester P2a. '"H NMR (400.23 MHz, CDCl;, 6, ppm):
1.96-1.84 (m, 4H), 3.89 (s, 3H), 4.41-4.30 (m, 4H), 5.16 (s, 2H),
6.54 (d, J = 3.5 Hz, 1H), 6.95 (dd, J = 1.6, 8.5 Hz, 1H), 7.13 (d, J
= 3.5 Hz, 1H), 7.54 (t, J = 1.5 Hz, 1H), 7.62 (dt, J = 1.5, 8.5 Hz,
1H).

C NMR (100.61 MHz, CDCl;, 5, ppm): 25.68, 25.73, 25.82,
25.87, 28.67, 28.71, 28.78, 28.80, 56.17, 63.47, 64.95, 65.06,
111.87, 112.83, 113.03, 118.71, 123.30, 124.28, 144.93, 149.40,
151.39, 153.96, 158.75, 166.37.

Polyester P2b. 'H NMR (400.23 MHz, CDCl;, §, ppm):
1.55-1.40 (m, 4H), 1.85-1.69 (m, 4H), 3.90 (s, 3H), 4.30 (td, J =
1.9, 6.7 Hz, 4H), 5.17 (s, 2H), 6.53 (d, J = 3.4 Hz, 1H), 6.95 (dd,
J = 2.8, 8.5 Hz, 1H), 7.12 (d, J = 3.5 Hz, 1H), 7.55 (t, ] = 1.7 Hz,
1H), 7.62 (dt, J = 1.9, 8.3 Hz, 1H).

C NMR (100.61 MHz, CDCl;, 5, ppm): 25.49, 25.58, 25.61,
25.70, 56.17, 63.44, 64.46, 64.56, 64.65, 111.90, 112.82, 113.02,
118.85, 123.33, 124.09, 144.75, 144.78, 149.41, 151.44, 154.03,
158.62, 158.64, 166.27.

Polyester P2c. "H NMR (400.23 MHz, CDCl;, 6, ppm): 1.11 (t,
J =10.7 Hz, 6H), 3.86-3.93 (m, 3H), 4.19 (d, J = 14.5 Hz, 4H),
5.17 (s, 2H), 6.54 (d, J = 3.5 Hz, 1H), 6.96 (dd, J = 2.5, 8.4 Hz,
1H), 7.13 (dd, J = 0.9, 3.4 Hz, 1H), 7.58-7.54 (m, 1H), 7.63 (dt, J
=1.8, 8.4 Hz, 1H).

C NMR (100.61 MHz, CDCl;, 5, ppm): 21.86, 22.00, 22.14,
35.30, 35.39, 35.45, 56.13, 56.14, 63.36, 69.50, 69.52, 69.66,
69.69, 111.91, 112.80, 112.94, 118.91, 118.93, 123.28, 123.84,
123.87, 144.50, 144.53, 149.39, 151.47, 154.14, 158.46, 158.48,
166.06, 166.08.

This journal is © The Royal Society of Chemistry 2025

2.4. Characterization

'H and *C NMR measurements were performed on a Bruker
DRX400 spectrometer at 400.13 MHz and 100.61 MHz, respect-
ively, with the samples dissolved in chloroform-d. Chemical
shifts were reported as § values (ppm). Size exclusion chrom-
atography (SEC) of the polyesters were carried out using a
Malvern OMNISEC instrument equipped with one TGuard,
Org Guard, col 10 x 4.6 mm as a guard column, 2 x T6000M,
general mixed org. 300 x 8.0 mm as an analytical column, and
a refractive index (RI) detector using THF as the eluent at
40 °C at an elution rate of 1 mL min~". Calibration was per-
formed with narrow dispersity polystyrene standards (M, = 96,
52.4, 30, 17.5, 3.5 and 3.0 kg mol™"). Thermogravimetric ana-
lysis (TGA) was carried out on a TA instrument mode TGA
Q500. The measurement was performed under a nitrogen
atmosphere by heating from 50 to 600 °C with a heating rate of
10 °C min~". Differential scanning calorimetry (DSC) was per-
formed on a DSC Q2000 analyzer from TA instruments. Data
were recorded between —50 and 200 °C, and the glass tran-
sition temperature (Ty) was determined from the second
heating cycle. The polyesters were hot pressed into films
(35 mm x 5 mm x 1 mm) for dynamic mechanical analysis
(DMA). Hot pressing was performed at 50-60 °C above the T,
of the polymer, after which the samples were rapidly cooled to
room temperature. Dynamic mechanical analysis (DMA) was
performed in the stretching mode using a TA Instruments
Q800 analyzer. The hot-pressed samples were heated from
—20 °C to 120 °C at a heating rate of 3 °C min™" and a fre-
quency of 1 Hz with a constant strain of 0.1%.

2.5. Chemical recycling

Chemical recycling of the polyesters was investigated using
polyester P2a as a respresentative example.

Depolymerization via methanolysis. The as-obtained solid
pieces of polyester P2a (4.0 g, 10.7 mmol of the repeating units),
Zn(OAc), (98 mg, 0.53 mol), and methanol (40 mL) were added

Green Chem., 2025, 27, 5770-5781 | 5773
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into a 120 mL pressure seal-tube equipped with a magnetic
stirrer bar. The reaction mixture was kept at 120 °C for 8 h
before it was stopped. The homogeneous solution was allowed
to cool to room temperature and stand overnight, resulting in
the partial precipitation of the diester monomer. The precipi-
tated product was collected through simple filtration, followed
by washing with ethanol (25 mL) to obtain the crude diester
monomer. This crude monomer was subsequently purified by
recrystallization in ethanol to obtain the recycled diester (r-M2)
as a light beige solid (1.74 g, 51%). Next, the filtrate remaining
after the isolation of the crude diester was concentrated using a
rotary evaporator to obtain a semi-solid. This solid was washed
with a 25 mL water and ethanol mixture (80 : 20), yielding crude
1,6-HD after solvent removal and a solid residue exclusively con-
taining the diester monomer. The crude diol was recrystallized
from ¢-butyl methyl ether to obtain the recycled diol (r-1,6-HD)
as a pale white solid (0.91 g, 72%). Subsequently, the solid
residue and the solid product from the evaporation of the
mother liquor (from the initial diester recrystallization) were
combined and purified further by recrystallization to yield
additional r-M2 (0.79 g, 23%), increasing the overall yield of the
recycled diester to 2.53 g (74%).

Repolymerization. The recycled M2 and 1,6-HD monomers
were polymerized in a similar procedure that was used to
produce the original P2a. To a 50 mL three-neck round bottom
flask equipped with a mechanical stirrer, a nitrogen inlet, and
a vacuum distillation outlet were added diester r-M2 (1.70 g,
5.31 mmol), DBTO (7 mg, 0.5 mol%), and r-1,6-HD (0.69 g,
5.84 mmol). Subsequently, the reaction mixture was degassed
by three successive vacuum-nitrogen cycles at room tempera-
ture. Then, 3 mL of xylene was added, and the reaction
mixture was heated to 160 °C and stirred under a nitrogen
atmosphere for 5 h. Next, the temperature was increased to
180 °C before adding mesitylene (5 mL). Next, a high nitrogen
flow was applied for 15 h to facilitate the removal of the excess
diol. Afterward, the product was dissolved in chloroform and
precipitated into methanol to give the recycled polyester P2a as
a pale yellow solid (1.58 g, 80%).

3. Results and discussion

3.1. Monomer and polyester synthesis

Lignin-derived hydroxyacids and hydroxybenzoates are generally
considered having low toxicity due to their natural occurrence
and metabolic compatibility. As a result, these compounds are
widely used in the food, cosmetic, and pharmaceutical indus-
tries. Therefore, these building blocks represent a safer and sus-
tainable alternative for polymer development compared to the
corresponding petroleum-based compounds.®***° Three diester
monomers M1, M2, and M3 were synthesized by simple and
straightforward Sy2 reactions of methyl 5-chloromethyl-2-
furoate (MCMF, 4) with three different hydroxybenzoates,
namely methyl paraben (1), methyl vanillate (2) and methyl syr-
ingate (3), respectively (Scheme 1). The reactions were per-
formed at room temperature for 24 h using K,CO; as a base in
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dimethyl sulfoxide (DMSO). The choice of DMSO was made
because of its ability to dissolve the base and, thus, to efficiently
facilitate the deprotonation of the phenol group. The slurries
obtained after the reactions were poured into ice-cold water to
isolate the crude monomer products, which were subsequently
purified via straightforward recrystallization in ethanol to give
the diester monomers M1, M2, and M3 in good yields, i.e., 75,
76 and 77%, respectively.

The diester monomers were investigated in polycondensa-
tions with various biobased diols, i.e., 1,6-hexanediol (1,6-HD),
1,4-butanediol (1,4-BD) and neopentyl glycol (NPG). The poly-
merizations were conducted using a two-step modified melt
polycondensation method including transesterification and poly-
condensation steps, employing DBTO as a catalyst. The transes-
terification step was performed under a low nitrogen flow using
xylene as a solvent, and the subsequent polycondensation step
was conducted under a high nitrogen flow in the presence of
mesitylene as a solvent. Xylene was used in the transesterifica-
tion to reduce the evaporation of the diol and achieve complete
transesterification, and mesitylene was used in the polyconden-
sation step for the azeotropic removal of the excess diol, which
efficiently increased the molecular weights of the polymers.

The presence of electron-donating substituents on the aro-
matic monomers often promotes their degradation and
favours unwanted side reactions during polycondensations at
high temperatures. This usually imparts significant colour-
ation and branching/crosslinking of the resulting polymeric
material. The diesters M1-M3 all possess an electron-donating
methylene group on the furan ring and varying methoxy sub-
stitutions on the phenolic ring, which may influence the
thermal stability during polycondensations. Therefore, before
examining the polymerizability of each diester, temperature
screening was performed to identify suitable polymerization
conditions. The screening experiments were investigated using
diester M2 after hypothesizing that the monomer thermal
stability would decrease from diester M1 to M3, ie., with
increasing methoxy substitutions. Therefore, the optimized
polymerization conditions of the ‘intermediate’ diester (M2)
might also be favourable for both diesters M1 and M3. Diester
M2 was polymerized with 1,6-HD at different temperatures to
obtain the corresponding polyester, P2a. A 10% molar excess
of 1,6-HD in relation to the diester was used in all cases. Three
polymerizations involving different combinations of tempera-
tures for transesterification and polycondensation steps were
investigated (Table 1, entries 1-3). The transesterifications
were performed for 5 h at a temperature interval of 20 °C
between 160-200 °C, and the subsequent polycondensations
were conducted for 15 h at 20 °C above the transesterification
temperature. As can be seen, transesterification at 160 °C and
polycondensation at 180 °C showed the best results (entry 2)
and gave a reasonably high molecular weight (M,, = 25.0 kg
mol ™) and a high isolated yield (84%). A comparatively lower
molecular weight (M, = 11.7 kg mol™") and yield (77%) were
obtained when the corresponding steps were carried out at 140
and 160 °C, respectively (entry 1). Moreover, transesterification
at 180 °C and polycondensation at 200 °C resulted in signifi-
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Table 1 Optimization of reaction temperatures used during the polymerization of diester M2 and 1,6-hexanediol

Temperature” (°C)
Entry Transesterification (step 1) Polycondensation (step 2) yield” (%) M,° (kg mol™) M, (kg mol™) bBf
1 140 160 77 11.7 33.2 2.84
2 160 180 84 25.0 58.0 2.32
3 180 200 52 18.07 53.17 2.957

% Polymerization conditions: temperature for transesterification and polycondensation steps (step 1 and 2, respectively). Transesterification was
carried out for 5 h under a low nitrogen flow using xylene as a solvent. Next, polycondensation took place under a high nitrogen flow for 15 h
with mesitylene as a solvent. ® Calculated from the weight of the polyester obtained after purification. ¢ Measured by SEC in THF against poly-
styrene standards. 4 Molecular weight of the soluble polymer fraction isolated from the partially crosslinked product.

cant monomer degradation and, consequently, a partially
crosslinked product was formed (entry 3). Additionally, the
molecular weight of the soluble portion (uncrosslinked) was
lower (M, = 20.0 kg mol™") than what was obtained for entry 2.
The higher monomer degradation was also reflected in the
physical appearance of the product, which had a dark yellow
colour. Even though no degradation/crosslinking was detected
for entries 1 and 2, a pale-yellow tint was observed in these pro-
ducts. This might imply a very minor monomer degradation
during the polymerization. Still, a fine balance between sufficient
monomer stability and the formation of a high molecular weight
polymer was achieved for entry 2. Therefore, the transesterifica-
tion at 160 °C and polycondensation at 180 °C were identified as
the best polymerization conditions and were subsequently used
in the polycondensations involving diesters M1-M3.

In the next step, diesters M1 and M3 were employed in poly-
merizations with 1,6-HD using the optimized conditions.
Diester M1 successfully gave polyester Pla in a reasonably
good yield (80%) and high molecular weight (M, = 36.7 kg
mol ™). The product was almost white, indicating no monomer
degradation during the polymerization. In contrast, diester M3
suffered from severe degradation during the polymerization
and consequently formed a completely crosslinked product.
No crosslinking/gelation was observed when the polymeriz-
ation was performed at lower temperatures and shorter times.
However, these products showed significantly lower molecular
weight and a prominent brown colouration, indicating a very
low thermal stability of diester M3. Therefore, the initial
assessment of the polymerization of the diesters revealed that
an increasing methoxy substitution on the phenolic group
decreased the thermal stability of the diester monomers and
favoured side reactions that yielded coloured or crosslinked
products. Still, diesters M1 and M2 showed excellent stability
under the optimized conditions to produce reasonably high
molecular weight polymers without any significant colouration
or gelation. Therefore, only diesters M1 and M2 were investi-
gated in the further polymerizations with 1,4-BD and NPG.
The polymerizations of M1 and M2 with 1,4-BD were con-
ducted using similar conditions to those with 1,6-HD, with a
slight excess of diol (10 mol%) to obtain polyesters P1b and
P2b. However, in the polymerizations with NPG, only a signifi-
cant excess of diol (100 mol%) and a longer transesterification
time (15 h) yielded polyesters P1c and P2c with reasonably

This journal is © The Royal Society of Chemistry 2025

high molecular weights. The use of a small NPG excess
resulted in incomplete transesterification and the formation of
low molecular weight polymers. In all cases, the viscous mix-
tures obtained after the polymerizations were dissolved in
chloroform and the products were then precipitated in metha-
nol to give two series of polyesters, ie., Pla—c and P2a-c in
73-89% and 54-84% isolated yields, respectively. The mole-
cular weights of the polyesters were measured by SEC and the
results showed the formation of reasonably high molecular
weight polymers with M, ranging between 15.0 and 36.7 for
Pla—c and 11.9 and 25.0 kg mol™" for P2a-c. Furthermore, the
polydispersity (D) of the polyesters in both series was in an
acceptable range, i.e., 1.86-2.37, indicating successful polymer-
izations without any significant side reactions.

The chemical structure of the monomers and polyesters
was confirmed by "H NMR spectroscopy and further supported
by C NMR investigations (Fig. S1 and S2 and S8-S137).
Moreover, the monomer formation was validated by HRMS
analysis (Fig. S5-S77). The stacked "H NMR spectra of the M1
and M2, along with the respective polyesters, are depicted in
Fig. 1A-H. The 'H and “C NMR spectra of M3 are shown in
the ESI (Fig. S3 and S41). In the "H NMR spectrum of M1
(Fig. 1A), the multiplets between 7.96-8.04 and 6.93-7.01 ppm
were assigned to the phenolic protons (b and c, respectively).
In addition, the signals corresponding to the protons of the
furanoate units were observed as two doublets at 7.17 (f) and
6.55 ppm (e), respectively, and a singlet at 5.11 (d) ppm. The
signals of the methyl ester group attached to the phenolic ring
appeared as a singlet at 3.90 (a), while the methyl ester group
of the furanoate units was observed at 3.88 (g) ppm. In the "H
NMR spectrum of M2 (Fig. 1E), the doublet of doublet at 7.64
(b) ppm and two doublets at 7.57 (k) and 6.96 (c) ppm were
attributed to the protons of the phenyl ring. In addition, the
singlet of the methoxy group was observed at 3.89 (i) ppm,
which was merged with the signal of the methyl ester group (g)
of the furanoate units. On the other hand, the signal of the
methyl ester group linked to the phenolic ring appeared as an
isolated singlet at 3.91 (a) ppm. The protons of the furanoate
units (e and f) were observed at almost identical chemical
shifts as in the case of M1, except for proton d, which was
slightly downshifted. After the polymerizations (Fig. 1B-D and
F-H), the methyl ester signals (a and g) almost disappeared,
indicating complete transesterification. In addition, the
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Fig. 1 'H NMR spectra of monomers M1 and M2 and polyesters Pla—c and P2a—c recorded in CDCls.

signals corresponding to the aliphatic diol residues (1-3), the
phenolic protons (b, ¢, and h), the furanoate unit protons (e, f,
and d) and the methoxy group (i) were also observed in the 'H
NMR spectra of the polyesters, confirming their structures.
Notably, isolated signals were observed for the methylene
groups (1) of the diol unit attached to the ester groups in poly-
esters Plc and P2c, attributed to the asymmetric structure of
the diester units. In particular, P1lc exhibited four distinct
signals for the methylene protons (1), indicating the presence
of possible dyad structures along the polymer chains.
Similarly, the methyl group protons (2) displayed dyad sensi-
tivity and split into multiple signals both in Pic and P2c. For
polyesters Pla-b and P2a-b, the signals of the methylene
groups (1) of the diol unit attached to the ester groups of the
phenyl and furan rings merged and were observed as multi-
plets. A similar pattern was observed for methylene protons 2
and 3 of the diol units in the respective polymers.
Furthermore, the *C NMR spectra (Fig. S8-5137) of all the
polyesters revealed multiple resonances for each diol carbon
resulting from the different dyad structures in the polymer
chain due to the asymmetric nature of the diester units.
Notably, no signals indicating the presence of cyclic products
were detected. Still, the possibility of their formation at a negli-
gible level cannot be excluded.

5776 | Green Chem., 2025, 27, 5770-578I

3.2. Thermal properties

The thermal stability of the polyesters was investigated by
thermogravimetric analysis (TGA) under nitrogen (Fig. 2a and b,
Table 2). All the polyesters exhibited relatively high initial
thermal decomposition temperatures (T4 s > 275 °C), indicating
the possibility for melt processing. Oddly, polyesters Pla-c
showed three decomposition rate maxima in contrast to the
polyesters in the P2a—c series, which only showed two. In both
series, the second decomposition rate maximum at Ty ~ 380 °C
indicated a major decomposition step and may be ascribed to
the degradation of the ester bonds.*' The first decomposition
rate maxima at Ty ~ 325 and 250 °C for Pla-c and P2a-c,
respectively, may be attributed to the degradation of the ether
bonds in the backbone. The presence of a third decomposition
rate maximum in Pla-c was difficult to explain. Compared to
the Pla-c polyesters, the P2a-c polyesters exhibited slightly
lower thermal stability due to the electron-donating methoxy
groups, which was consistent with the observations made with
other methoxy-containing polymers.*>** When compared to
other aromatic polyesters, the thermal stability of the present
polyesters was lower than that of PET (T4 s = 382 °C), but close
to PEF (Tq,s = 329 °C), especially for the P1la—c series polyesters
(Tq,s = 309-312 °C).*4*

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 TGA weight loss (a) and derivative weight loss (b) curves of the polyesters recorded under a N, atmosphere.

Table 2 Synthesis and thermal data of polyesters prepared via modified
melt polycondensation®

vield® M,? M,? Tas Ty
Polyester (%) (kgmol™)  (kgmol™) H* (°C)  (°C)
Pla 80 37 70 1.9 312 36
P1b 89 27 53 2.0 314 50
Pic 73 15 32 2.1 309 75
P2a 84 25 58 2.3 290 48
P2b 84 17 40 2.3 281 61
P2c 54 12 27 2.3 274 75

“Calculated from the weight of the polyester obtained after purifi-
cation. ®M,, M,, and P were measured by SEC in THF. ‘T4s was
measured by TGA. dTg was measured from the second DSC heating
curve.

The thermal transitions of the polymers were investigated
by differential scanning calorimetry (DSC), and the data
obtained are shown in Fig. 3 and Table 2. As can be seen, no
melting endotherm was observed for any of the polymers, indi-
cating their amorphous nature. The T, values of the two series
of polyesters increased with the decreasing length of the diol,
which was consistent with the increased backbone rigidity. In
general, the T, values for the polyesters in the P2a-c series
were higher than those recorded for the corresponding
samples in the Pla-c series, suggesting that the increased
bulkiness due to the presence of the methoxy substituent in
P2a-c reduced the segmental mobility of the polymer
backbones.*®*” However, polyester P2c¢ showed a similar T, to
Pic (75 °C) despite possessing the bulky methoxy substituent
on the backbone. This may be due to the lower molecular
weight of P2¢ (12 kg mol™") than that of P1c (15 kg mol™*). The
obtained T, value of 75 °C for P1c and P2c was comparable to
that of commercial PET (76 °C), indicating an excellent heat re-
sistance of the polymers.” The wide T, range of the current
polyesters suggests a potential use in both flexible and rigid
packaging applications. Moreover, their fully amorphous
nature implies a high degree of biodegradability, potentially

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 DSC traces of the polyesters obtained during the second heating
cycle with the Ty values indicated.

making them a biodegradable alternative to semicrystalline
materials such as PET and PEF.

3.3. Dynamic mechanical properties

The mechanical properties of the polyesters were studied by
DMA analysis of hot-pressed samples. An oscillatory defor-
mation was applied to the samples while heating at a rate of
3 °C min~" from —20 to 120 °C. The storage moduli (E') of the
P1la-c and P2a-c series at the glassy plateau (20 °C) were in the
range of 1.97-2.01 and 2.05-2.69 GPa, respectively (Fig. 4a;
Table 3), demonstrating a moderately high stiffness. As can be
seen, the E’ values for both series of polyesters (except for Plc
and P2c) increased with decreasing chain length of the diol
unit, which can be correlated with the increased stiffness of
the polymer backbone. Furthermore, polyesters P2a-c dis-
played comparatively higher E' than the corresponding poly-
mers in the Pla—c series due to the additional rigidity from the
bulky methoxy substituents. The lower E’ of samples P1c and
P2c, compared to their longer-chain analogues (Pla-b and
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Fig. 4 DMA data showing the storage (a) and loss modulus (b) of the polyesters (1 Hz, 0.1% strain).

Table 3 T, and E’ data of the polyesters

Polyester T, (DMA, °C) T,? (DSC, °C) E* (GPa)
Pla 37 36 1.97
P1b 48 50 2.27
Pic 73 75 2.01
P2a 45 48 2.17
P2b 54 61 2.69
P2¢ 74 75 2.05

“Determined at the peak maximum in the E” curve. ? Ty measured by
DSC. ¢ Storage modulus obtained at 20 °C.

P2a-b, respectively), may be explained by their lower molecular
weight that prevented efficient chain entanglements and con-
sequently made these samples softer. Notably, the E’ values of
the polyesters were comparable to those of PET (E' = 2.0 GPa)
and PEF (E' = 2.5 GPa), indicating their high stiffness.*®

The T, values were taken at the local maximum of the loss
moduli (E") in the glass transition region, and the results
showed a decreasing trend as the length of the diol units
increased (Fig. 4b, Table 3). This observation was consistent
with the DSC results. Moreover, the T, values obtained by
DMA were in good agreement with those measured by DSC,
indicating a good correlation between the two methods.

3.4. Chemical recycling

The ester links of the aromatic polyesters can be broken by
methanolysis to recover the starting methyl diester and diol
monomers, which can then be repolymerized to generate the
original polymer structure, enabling closed-loop chemical re-
cycling. In the present case, the chemical recyclability was
investigated using polyester P2a as a representative case. The
depolymerization was conducted in a pressure tube at 120 °C
for 8 h, using Zn(OAc), as a catalyst in an excess of methanol
(Fig. 5a). These conditions were identified after initial small-
scale optimization reactions carried out in an exploratory
manner, which suggested that more than 97% of the polymer
was degraded into its constituent monomers under these con-
ditions. The high degree of depolymerization observed under
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relatively mild conditions may to a high degree be attributed
to the amorphous nature of the polyesters. In contrast, semi-
crystalline polyesters like PET typically require much higher
temperatures and pressures for complete depolymerization.*®
As can be seen, the P2a sample completely disappeared after
the methanolysis, resulting in a homogeneous solution to indi-
cate complete depolymerization (Fig. 5b). Notably, the diester
monomer partly precipitated from the solution during over-
night storage at room temperature, facilitating straightforward
isolation through filtration. In contrast, the diol monomer
remained soluble in methanol, along with a fraction of unpre-
cipitated diester monomer, as confirmed by the "H NMR spec-
trum of the filtrate. Although the obtained diester was crystal-
line, suggesting high purity, it was further recrystallized in
ethanol to ensure sufficient monomer purity for a successful
repolymerization. This process produced a recycled diester
(r-M2) with a yield of 51%. The diol monomer was isolated
from the filtrate by evaporating the solvent (methanol) and
washing the resulting semi-solid with a water-ethanol mixture
(80:20) to extract 1,6-hexanediol. After solvent removal,
the crude product was purified via simple recrystallization
in t-butyl methyl ether to obtain the recycled diol (r-1,6-HD)
in 72% isolated yield. The solid residue remaining after
the extraction of the diol monomer exclusively contained
the diester monomer. This residue, together with the
product obtained from the mother liquor in the first recrystal-
lization process, was recrystallized to obtain additional
r-M2 monomer. This step improved the yield of r-M2 to
74%. Both recycled monomers were analyzed by 'H NMR
spectroscopy, and the resulting spectra were identical to those
of the original monomers, confirming the recovery of high-
purity monomers after the depolymerization process (Fig. 5c
and d).

To close the recycling loop, the two recycled monomers
(r-M2 and r-1,6-HD) were repolymerized by following a similar
modified melt polycondensation protocol as used for the
initial polymer P2a, involving transesterification at 160 °C and
polycondensation at 180 °C for 5 h and 15 h, respectively. This
produced a recycled polymer (r-P2a) with an isolated yield of

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Illustration of the chemical recycling process of polyester P2a, including both the de- and repolymerization steps (a), photographic images

showing the depolymerization (before and after methanolysis), the recycled monomers, and the recycled polymers (b), stacked *H NMR spectra to
compare the data of the recycled monomers (r-M2 and r-1,6-HD) and the recycled polymer (r-P2a) with their respective original counterparts (c—e),
TGA thermograms (f) and DSC traces from the second heating cycle (g) of the initial P2a and recycled r-P2a samples, respectively.

80%, obtained after precipitating the product in methanol.
Measurement by SEC gave a molecular weight of M,, = 23.4 kg
mol ™", which was close to that of the initial P2a (M, = 25 kg
mol™), indicating a successful repolymerization. This was
further supported by the 'H NMR spectrum of the recycled
polymer (Fig. 5¢). The spectrum of the recycled polymer was in
complete agreement with that of the original polymer,
showing the disappearance of the methyl ester signals (a and
g) and the presence of backbone signals corresponding to the
aliphatic diol residues (1-3), the phenolic protons (b, ¢, and

This journal is © The Royal Society of Chemistry 2025

h), the furanoate unit protons (e, f, and d) and the methoxy
group (i). Furthermore, the thermal properties of the recycled
polymer were investigated by TGA and DSC analysis (Fig. 5f
and g). The measured Tyqs and T, values of the recycled
polymer were 295 and 47 °C, respectively, nearly identical to
those of the original polymer (Tgs = 290 °C and T, = 48 °C).
These findings strongly suggest the efficient chemical recycl-
ability of these new polymers without compromising their
molecular structure and material properties, thus paving the
way for closed-loop recycling. Still, the limited thermal stability
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of the monomers, which decreases with the number of elec-
tron-donating methoxy substituents on the phenyl ring, is a
crucial issue when considering the feasibility to recycling
these polymers. In addition, the cost of the biobased building
blocks and the chemical recycling process will affect the
overall sustainability of these polymers. Consequently, a
thorough investigation focusing on mitigating monomer
instability and optimizing the recycling process is needed to
realize the robustness and sustainability of the polymer
recycling.

4. Conclusions

This work demonstrated the successful utilization of lignin-
and sugar-derived building blocks for the preparation of amor-
phous aromatic polyesters. Three asymmetric di-aromatic
dicarboxylates with varying methoxy-substitutions were syn-
thesized by reacting sugar-based methyl 5-chloromethyl-2-
furoate with lignin-based hydroxybenzoates, ie. methyl
paraben, methyl vanillate, and methyl syringate. The two
former dicarboxylate monomers were successfully polymerized
with different diols under optimized conditions to yield two
series of amorphous polyesters with reasonably high mole-
cular weights. These polyesters showed excellent thermal stabi-
lity and T,s in the range 36-75 °C. The highest T, was achieved
by the two polyesters based on neopentyl glycol and is compar-
able to the T, of commercial PET. The possibility to depoly-
merize the polyesters through methanolysis into the original
monomers was successfully demonstrated. Furthermore, it was
possible to repolymerize the recovered monomers to produce
recycled polyesters with comparable molecular weights and
properties to the original polymers, indicating viable closed-
loop recyclability of the polymers. This -circular plastic
approach not only offers a solution for effectively managing
plastic wastes, but also addresses the end-of-life issues con-
nected with these polymers, promoting more sustainable prac-
tices in the use of plastics, thus contributing to a circular
economy.
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