Open Access Article. Published on 04 February 2025. Downloaded on 2/12/2026 2:58:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

7® ROYAL SOCIETY

Green Chemistry «w OF CHEMISTRY

View Article Online

View Journal | View Issue

Synthesis and chemical recycling of biobased poly

’ M) Check for updates ‘
(acetal-ester)s with a non-cyclic acetal unit+

Cite this: Green Chem., 2025, 27,

2554
Niklas Warlin, €2 2® Sathiyaraj Subramaniyan,® Maria Nelly Garcia Gonzalez, (2 ©

Rafael N. L. de Menezes, (2@ Smita V. Mankar,®® Nitin G. Valsange,?
Nicola Rehnberg,®€ Patric Jannasch () *@ and Baozhong Zhang (2 *@

There is a high demand to design and develop recyclable biobased polymers using eco-friendly synthetic
approaches. In this work, we present the facile synthesis of two dicarboxylate monomers with a central
non-cyclic acetal unit (dimethyl 4,4'-(methylenebis(oxy))dibenzoate and dimethyl 4,4'-(methylenebis
(oxy))bis(3-methoxybenzoate)), using potentially bio-sourced methyl paraben and methyl vanillate. The
synthetic parameters were evaluated by a cradle to gate life cycle greenhouse gas emissions aiming to
understand the environmental impacts. The two monomers were subjected to melt polycondensation
with three linear aliphatic diols (ethylene glycol, 1,4-butanediol, and 1,6-hexanediol) with varied lengths
and flexibility to yield six polyesters with molecular weights (M,,) ranging from 10-19 kDa, tunable glass
transition (T4 ~ 41-83 °C), and relatively high thermal stability. Most of the obtained biobased polyesters
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were amorphous, except for the polymer derived from butanediol and methyl paraben, which showed
slow crystallization according to differential scanning calorimetry results. We discovered that the non-
cyclic acetal bonds in the poly(acetal-ester)s could be selectively hydrolyzed under mild temperature

rsc.li/greenchem (70 °C) by varying the acid concentration, offering a potential strategy for chemical recycling.

Green foundation

1. Biobased polyesters containing non-cyclic acetal units were designed and synthesized, which showed decent thermal
stability and tunable glass transition temperatures, and they could be conveniently depolymerized under mild acidic con-
ditions to yield monomers that are suitable for repolymerization.

2. The molecular design towards biobased polyesters with chemical recyclability based on non-cyclic acetal structures was
demonstrated. The environmental impacts of the synthetic factors were preliminarily understood by LCA.

3. In the future, various possibilities of repolymerization of the monomers obtained from acidic depolymerization of the
new polyesters with non-cyclic acetals could be investigated in detail, which is expected to provide insights into closed-
loop recycling or upcycling.

Introduction

Conventional plastics have received growing environmental
concerns, such as plastics littering, greenhouse gas emissions,
and global warming." The transition toward sustainable bio-
based plastics has been considered a solution to some of these
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challenges.”> However, biobased polymers have been fre-
quently criticized for imposing challenges in the current re-
cycling process.®” Today, most polymers are recycled by ther-
momechanical processes (i.e., mechanical recycling), which
requires perfect sorting and separation of different types of
polymers.®® Any new polymer (even biobased ones) may
further complicate the sorting of mixed plastic waste and thus
hinder mechanical recycling.'® Therefore, alternative recycling

This journal is © The Royal Society of Chemistry 2025
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methods based on chemical or biological processes have been
under intensive development,"'™*® aiming to enhance the
recyclability of new biobased polymers. In this context, bio-
based polymers with acetal units (namely polyacetals) have
received growing attention because acetal bonds can be con-
veniently cleaved under acidic conditions, which may facilitate
chemical recycling.'*>*

The outcome of acidic hydrolysis of polyacetals can be
different if their backbones contain other acid labile functional
groups (e.g., esters, amides, urethanes, etc.). For instance, our
group has recently synthesized lignin-based poly(acetal-ester)s
that can be selectively depolymerized by acetal hydrolysis, while
leaving the ester bonds completely intact.'® This enabled
energy-efficient short-loop chemical recycling via the formation
and repolymerization of telechelic polymers. Interestingly, the
ester bonds in a different xylose-based poly(acetal-ester) could
be selectively hydrolyzed under acidic conditions, leaving the
cyclic acetal bonds intact.>® Other cyclic acetal units have also
been used for the design and synthesis of biobased chemically-
recyclable polyacetals, which yielded different building blocks
upon acidic hydrolysis.">**?° In addition, noncyclic acetals have
been investigated in the development of drug delivery
vehicles>° and crosslinked thermoset resins*~** which are
generally easier to hydrolyze compared to cyclic acetals.”*>*
Surprisingly, noncyclic acetals have received little attention in
the development of chemical recyclable thermoplastic polymers,
and the structure-property relationship concerning their acidic
hydrolysis remains largely unknown.

Another frequently encountered criticism of bioplastics is
whether they are truly eco-friendly simply because they are
made from renewable carbon.* Although the use of renewable
biomass sources can be generally perceived as sustainable, the
production of raw materials and polymers often involves many
different parameters such high temperature, and the use of
solvents and catalysts. The full environmental impacts of bio-
plastic synthesis can thus be difficult to predict. As such, pre-
liminary life cycle assessments (LCA) have recently started
gaining popularity in the development of new bioplastics. For
instance, the design and synthesis of plant oil-based acrylic
monomers were optimized to minimize their environmental
impacts according to LCA.*® In another approach, a prospec-
tive LCA was used to assess the chemical and biocatalytic syn-
thesis of a lactone-based monomer.>” In our own efforts to
develop new sugar- or lignin-based polymers, a preliminary
LCA was used to confirm the low greenhouse gas (GHG) emis-
sions of diol - and dicarboxylate monomers containing spiro-
cyclic acetal structures.™®?>*%3° However, the use of LCA in the
synthesis of new bioplastics is still rare, presumably due to the
lack of LCA data for most new molecules.

Herein, we report the molecular design and synthesis of
two new dicarboxylate monomers with a non-cyclic formal-
dehyde-based acetal unit using the potentially bio-based
monomeric building blocks methyl vanillate and methyl
paraben (Scheme 1).***' Various synthetic parameters were
optimized according to their preliminary GHG emissions. The
monomers were reacted with linear aliphatic diols to produce
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two series of poly(acetal-ester)s, of which the molecular,
thermal characteristics and chemical recyclability under acidic
conditions were preliminarily investigated. The impact of
methoxy groups on the acidic stability of the obtained poly-
mers was also investigated.

Experimental

Materials

Potassium carbonate (K,COsz;, 99%), dibutyltinoxide (DBTO,
98%), ethylene glycol (99%), mesitylene (98%), CDCl; (99.8%
atom D, 1% TMS), 1,6-hexanediol (97%), dimethylsulfoxide
(DMSO, 99.9%), DMSO-d (99.9% atom D), KI (99%), methyl
vanillate (99%), methyl paraben (99%), and dibromomethane
(99%) were purchased from Sigma Aldrich. Acetone (99.8%) was
purchased from Acros. NaHCO; (99.7%) and 2-propanol (99.8%)
were purchased from Merck. 1,4-Butanediol (99%) was pur-
chased from Riedel de haen. Xylenes was purchased from
Scharlau. NaOH and chloroform (99.8%) were purchased from
Fischer. Methanol, dichloromethane (DCM), tert-butanol
(+-BuOH), and acetonitrile (ACN) were purchased from VWR
chemicals. All solvents were of analytical grade or higher, and all
reagents and chemicals were used without further purification.

Analytical methods

'H and *C NMR measurements were performed on a Bruker
DR X400 spectrometer at 400.13 MHz and 100.61 MHz,
respectively. Chemical shifts were reported as § values (ppm).
HRMS (high-resolution mass spectrometry) was performed on
a Micromass QTOF mass spectrometer (ESI). Size exclusion
chromatography (SEC) measurements for the polyesters were
carried out using Malvern Viscotek TDAmax instrument with a
2 x PL-Gel Mix-B LS column set (2 x 30 cm) equipped with
OmniSEC triple detectors (refractive index, viscosity and light
scattering) and chloroform as eluent at 35 °C at a flow rate of
1 mL min~". Calibration was performed with a narrow poly-
styrene standard M, = 96000 Da, P = 1.03 (Polymer
Laboratories Ltd, Agilent Technologies and Water Associates).
Fourier transform infrared (FTIR) spectra were measured with
an attenuated total reflection (ATR) setup using a Bruker Alpha
II FT-IR spectrometer. TGA (thermogravimetric analysis)
measurements were carried out on a TA instrument mode TGA
Q500. The measurement was performed by heating from
50-600 °C with a heating rate of 10 °C min~". DSC (differential
scanning calorimetry) measurements were performed on a
DSC Q2000 analyzer from TA instruments. Data was recorded
from —50 to 200 °C, and T, was determined from the second
heating cycle. Annealing was performed at 10 °C below the T,
observed in the first heating cycle. The synthesized polyesters
were made into films of dimensions (17.5 x 5.5 x 1 mm) for
dynamic mechanical analysis (DMA). DMA measurements
were performed in a stretching mode using TA instruments
Q800 analyzer. The measured samples were heated from 20 °C
to 100 °C at a heating rate of 3 °C min~" and frequency of 1 Hz
with strain of 0.1%.
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Scheme 1 Synthesis of dicarboxylate monomers 1 and 2 and their polymerization with three aliphatic diols 3a—c to prepare polyesters Pla—c and
P2a—c (a—c in the polymer names indicate the use of aliphatic diols 3a—c for polymerizations, respectively).

Assessing global GHG emissions

The comparative analysis between Monomers 1 and 2 was per-
formed following LCA methodology, which is standardized in
the ISO 14040-14044 series by the International Organization
of Standardization. The lab data was incorporated into the
SimaPro LCA software, and the Ecoinvent database version 3.8.
(allocation at the point of substitution (APOS) system model)
was used as a background source. The foreground data was
then evaluated. The functional unit was “kg of monomer”. The
system boundary was set up following a cradle-to-factory gate
approach. At this early stage, the study was based on the IPCC
2021 method, which contains the Global Warming Potential
(GWP100) climate change factors of IPCC with a timeframe of
100 years. The most important precursor emissions originating
from this impact category are carbon dioxide (CO,), nitrous
oxide (N,0), and methane (CH,). The characterization factors
needed to quantify how much impact the new monomers have
in GHG emissions are taken from the IPCC 2021 method.

We assumed that the energy required to produce 1 kg of
monomer was equal to the energy required to produce 1 kg of
polyvinylchloride by emulsion polymerization at 70-90 °C. The
energy required for heating the reaction was calculated accord-
ing to eqn (1), ESL.{ The energy costs and reagents were taken
from the Ecoinvent database, version 3.8. The energy cost to
produce the solvent was excluded. LCA data for dibromo-
methane was unavailable, so its analogous molecule dichloro-
methane was used for calculations. The LCA data on 4-hydroxy-
benzoic acid (4-HBA) based on cane sugar was taken from
Kromer et al. (6.57 kg CO,-eq per kg 4-HBA).* In this study,
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results are given in a range of 5.96-12.25 kg CO,-eq per kg
4-HBA. These values depended on recycling of the biomass,
the type of feedstock etc. Our choice was based on the scaled
up base case for non-recycled biomass, and the intermediate
value for the available feedstocks was taken as an average.*?
Transportation of the feedstock and solvents from one factory
to the other for the monomer production was excluded.

The LCA data on lignin-derived vanillin was taken from
Borregaard (0.7 kg CO,-eq per kg DM).** To this value was
added the estimated GHG emissions corresponding to the
process of oxidizing vanillin to vanillic acid. Since LCA data for
the exact oxidation of vanillin to vanillic acid is unavailable in
the Sima Pro software, the GHG emissions for the oxidation of
a similar molecule, toluene, into benzoic acid was used as an
approximation (0.41 kg CO,-eq per kg molecule). The total
GHG emissions to produce vanillic acid were therefore esti-
mated as 1.11 kg CO,-eq per kg vanillic acid.

Monomer synthesis

To a 250 mL round bottom flask equipped with magnetic stirrer,
dibromomethane (5.00 g, 0.0285 mol), methyl paraben (8.75 g,
0.0575 mol), potassium carbonate (8.74 g, 0.0632 mol) and pot-
assium iodide (0.477 g, 0.0028 mol) were added. Afterwards,
acetonitrile (100 mL) was added until the reagents were comple-
tely dissolved. The reaction was heated with reflux for 24 h, and
then poured into cold water (1000 mL) to form a white precipi-
tate. The precipitate was collected by vacuum filtration, washed
with cold water (200 mL), and dried at 50 °C in vacuum oven to
give monomer 1 as a white powder (8.0 g, 88%). '"H NMR

This journal is © The Royal Society of Chemistry 2025
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(400.13 MHz, CDCl;, §, ppm): 8.00 (d, 4H, J = 8.93 Hz, Ar-H),
7.12 (d, 4H, J = 8.89 Hz, Ar-H), 5.81 (s, 2H, acetal CH,), 3.88 (s,
6H, -COOCH3;) *C NMR (100.61 MHz, CDCl;, 8, ppm): 166.56,
160.26, 131.64, 124.51, 115.75, 90.03, 51.99. HR-MS (ESI+, m/z):
exact calculated for [C;;H;60, + Na]': 339.0844 found 339.0845.

To a 250 mL round bottom flask equipped with a magnetic
stirrer, dibromomethane (5.00 g, 0.0285 mol), methyl vanillate
(10.5 g, 0.0575 mol), potassium carbonate (8.74 g, 0.0632 mol)
and potassium iodide (0.477 g, 2.80 mmol) were added.
Afterwards, acetonitrile (100 mL) was added until the reagents
were completely dissolved. The reaction was heated with reflux
for 24 h, and then poured into cold water (1000 mL) to form a
white precipitate. The precipitate was collected by vacuum fil-
tration, washed with cold water (200 mL), and dried at 50 °C in
vacuum oven to give monomer 2 as a white powder (9.8 g,
91%). "H NMR (400.13 MHz, CDCl;, 6, ppm): 7.63 (dd, 2H, J =
8.45 Hz, J = 1.98 Hz, Ar-H), 7.57 (d, 2H, J = 1.93 Hz, Ar-H),
7.28 (d, 2H, J = 8.49, Ar-H), 5.87 (s, 2H, acetal CH,), 3.889 (s,
6H, -OCH3), 3.886 (s, 6H, -COOCHj,). >C NMR (400.13 MHz,
CDCl;, 8, ppm): 166.65, 149.78, 149.57, 125.19, 123.26, 116.29,
112.93, 92.13, 56.06, 52.13. HR-MS (ESI+, m/z): exact calculated
for [C19H,,05 + Na]': 399.1052 found 399.1056.

Optimization of monomer synthesis

The synthetic procedure of reaction F was described as a
typical example:

To a 25 mL round bottom flask equipped with magnetic
stirrer, dibromomethane (171 mg, 0.980 mmol), methyl paraben
(302 mg, 1.98 mmol), KI catalyst (34 mg, 0.2 mmol), and NaOH
(88 mg, 2.2 mmol) were added. Afterwards, DMSO (5 mL) was
added. The reaction was stirred at 56 °C for 24 hours after which
a droplet was taken out, dried for 3 minutes under vacuum, and
then analyzed by "H-NMR spectroscopy.

Polymer synthesis

The synthetic procedure of P1b was described as a typical
example:

To a 25 mL round bottom flask equipped with mechanical
stirrer, 1,4-butanediol (0.860 g, 9.54 mmol), DBTO (20 mg,
0.080 mmol), monomer 1 (2.00 g, 6.32 mmol) and 2 mL of
xylenes were added. The reaction mixture was heated to 200 °C
and stirred under nitrogen for 4 h. Afterwards, the temperature
was increased to 220 °C with mesitylene (10 mL) added. A
faster nitrogen flow was applied for 12 h to facilitate removal
of the diol. Afterwards, the polymer was dissolved in chloro-
form and precipitated into methanol to give the polymer (P1b)
as a white solid (1.90 g, 88%). "H NMR (400.13 MHz, CDCl;, &,
ppm): 8.00 (d, 4 H, J = 8.92 Hz, Ar-H), 7.11 (d, 4 H, J = 8.91 Hz,
Ar-H), 5.80 (s, 2 H, acetal CH,), 4.35 (s, 4 H, O-CH,-), 1.91 (s,
4 H, -CH,-). *C NMR (100.61 MHz, CDCl;, §, ppm): 166.02,
160.26, 131.63, 124.61, 115.77, 90.02, 64.34, 25.58.

Chemical recycling

Acid hydrolysis of P1a was described as a typical example:
Pia (158 mg) powder was added to a 25 mL round bottom
flask equipped with a magnetic stirrer. HCI (12 M, 15 mL) was

This journal is © The Royal Society of Chemistry 2025
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added, and the reaction was stirred at 70 °C for 24 h.
Afterwards, the solution was diluted with water (30 mL), and
K,CO; (9.16 ) was added until pH ~ 1. Afterward, the slurry
was filtered to give a solid as the main crude product (107 mg),
which was the hydrolyzed bis-phenol structure. The aqueous
phase was extracted with DCM (3 x 50 mL) and the combined
organic phase was concentrated in vacuo to give another crude
solid (3.5 mg), which was a mixture of small molecules formed
by hydrolysis of the ester bonds in the polymer.

Ester hydrolysis

A typical example is described below.

Methyl vanillate (180 mg) was added to a 40 mL vial
equipped with a magnetic stirrer. HCI (12 M, 5 mL) was added
to the vial and the reaction was stirred at 70 °C for 1 h.
Afterwards, the solution was diluted with water (10 mL), and
K,CO;3 (3.0 g) was added until pH = 1. After this, the slurry was
filtered to give a solid as the first crude product consisting pri-
marily of methyl vanillate and vanillic acid (35.7 mg). The
aqueous phase was extracted with DCM (3 x 15 mL) and the
combined organic phase was concentrated in vacuo to give
another crude solid consisting of methyl vanillate and vanillic
acid (89.8 mg). For detailed calculations of the methyl vanillate
content please see the ESI.

Results and discussion
Synthesis and environmental analysis of monomers

The dicarboxylate ester Monomers 1 and 2 were synthesized by
a straightforward Sy2 reaction of methyl vanillate or methyl
paraben using dibromomethane according to a modified pro-
cedure from a patent (Scheme 1).** A mild base (K,CO;) was
used to enhance the nucleophilicity of the phenol groups, and
potassium iodide (KI) was used as catalyst. The reaction was
completed in 24 h, which afforded Monomer 1 and 2 in good
yields (88-91%) after a straightforward purification by precipi-
tation in water. The monomers were unambiguously character-
ized by NMR, as shown in Fig. S1-8.}

The key reaction parameters influencing GHG emissions
and conversion were evaluated for the synthesis of Monomer 1
from an environmental impact perspective. The Global
Warming Potential (GWP), an index measuring the infrared
thermal radiation absorption of a greenhouse gas over a given
time frame, was calculated for various conditions. These
included different solvents (ACN, acetone, DMSO, and
t-BuOH), bases (NaOH and K,CO;), and reaction temperatures
(20 °C to 82 °C), as detailed in Table S2 (ESIf). In general, the
lowest GWP values coincided with the highest conversions, as
this resulted in minimal waste of the reagents. Specifically, the
optimal conditions were achieved using DMSO as the solvent,
NaOH as the base, and a reaction temperature of 56 °C-82 °C.
Similar GWP and yields were observed when the reaction was
performed in ACN at 82 °C with NaOH as the base. Detailed
results for all tested conditions and the individual impacts of
each parameter on the GWP are provided in the ESL

Green Chem., 2025, 27, 2554-2564 | 2557
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Polyester synthesis and characterization

The two monomers (1,2) were polymerized by melt polycon-
densation with three linear aliphatic diols 3a-c¢ with varied
lengths, yielding two series of polyesters (Pla-c and P2a-c,

Table 1 Summary of the properties for the monomers and polyesters?

Scheme

1)

View Article Online

with moderately high molecular

Green Chemistry

weights

(10.2-18.8 kDa) according to SEC results (Table 1 and
Fig. S9-141). Excess diol (1.5 eq.) was used to compensate
for losses due to evaporation during the polycondensations.

Structure Sample M, (kba) M, (kba) b Ty (°C) T5(°C) Tq(°C) CY (%)
0._0
—0 o)
Pla 14.7 24.1 1.64 79 359 385 23
0 O~ o~}
n
0._0
" .
Pib 13.0 21.4 1.65 53 353 377 23
o O~ +
O
n
0._0
5 o Plc 18.8 28.1 1.50 41 348 384 22
NN
(0]
n
00O - - - —
0 o Monomer 1 200 258 2
OMe OMe
OMe OMe
0._0
-0 © P2a 10.2 14.8 1.41 83 352 378 28
o O
\/\o%
n
OMe OMe
0._0
—0 (0]
P2b 16.0 23.8 1.50 65 334 356 31
O O~ 1»
O
n
OMe OMe
0._0O
—0 (0]
P2c 16.0 24.1 1.58 52 332 363 15
(e} O~
(0]
n
OMe OMe
0._0
o 0 Monomer 2 — — — — 232 278 1
OMe OMe

“M, and M,, was measured by SEC in chloroform. T, was measured from the second heating curve in DSC. Ts, T4 and CY (char yield at 600 °C)

were measured by TGA.
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A small volume (2 mL) of xylene was added to reduce the vis-
cosity and thus facilitate the polycondensations.*>™*” The reac-
tion was initially performed at 200 °C under nitrogen to form
oligomers by transesterification. After 4 h, the temperature was
raised to 220 °C with a faster nitrogen flow to facilitate
removal of the condensed diol and shift the reaction equili-
brium towards higher molecular weight polymers. The reac-
tion was completed after an additional 12 h, and the resulting
crude was dissolved in chloroform and precipitated in metha-
nol to yield the polyesters as white powders. The chemical
structures of the polyesters were characterized using FTIR and
"H NMR spectroscopy (Fig. $15-32, ESI{).

Thermal properties

The thermal stability of the polyesters was investigated by TGA
(Fig. 1). All the polyesters exhibited an initial thermal

100
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decomposition temperature (75) above 330 °C, which is com-
parable to many other bio-based polyesters.*®*° A single
decomposition step was observed for all polymers (Fig. 1B),
which could be due to the degradation of the ester bond by
the typical beta hydrogen transfer mechanism.>*>!

Polyesters Pla-c¢ and P2a-c were further characterized by
DSC measurements (Fig. 2). As shown in the second heating
curves (Fig. 2A), most polyesters were fully amorphous without
any melting endotherm. The only exception was P1b, which
showed a small melting endotherm at ~150 °C. However, no
corresponding crystallization exotherm was observed in its 1*
cooling curve (Fig. 2B), which indicated a slow crystallization
process. The T, values of the polyesters ranged from 41 to
83 °C (Fig. 2A and Table 1), and decreased with an increased
length of the diol, which was consistent with the increased
backbone flexibility.”>® This T, is within the range for many

Fig. 1 Thermograms (A) and 1% derivative curves (B) of the monomers and polymers.
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Fig. 2 DSC (A) 2" heating and (B) 1 cooling cycle of Pla—c and P2a—c.
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commercial polyesters used in packaging, such as PET, PLA,
and PETG, and slightly higher than other biobased polyesters
with spirocyclic acetal units reported in the literature.”* >’
Furthermore, the T, values for P2a-c were higher compared to
that of the corresponding member in the Pla-c series (by
4-12 °C). This indicated that the additional methoxy groups in
P2a-c increased the bulkiness and reduced the segmental
mobility of the backbones, which was consistent with other
reported polymers with methoxy side groups.’®*° The glass
transition of all these polymers was also observed in the 1*
cooling curves (Fig. 2B).

Because P1b showed slow crystallization in the DSC
measurements, all the polymers were thermally annealed
(during the second cooling cycle) at a temperature that was
20 °C above their respective T, for 3 h. Afterward, the samples
were cooled to —50 °C to start the third heating cycle (Fig. 3).

3 heating cycle after annealing

. P1a
e P1b
-}
(@]
3T\ P1ic
<_% -------- N P2a
= P Y
D [ m——— . P2b
T A==

"""" N e P2c

0 50 100 150 200

Temperature (°C)

Fig. 3 DSC third heating cycle of polyesters after thermal annealing for
3 h during the second cooling cycle (curves not shown).
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Consequently, the melting endotherm of P1b was notably
larger during the third heating cycle, indicating a significant
increase in crystallinity due to the thermal annealing process.
However, all the other polymers remained completely amor-
phous after annealing (Fig. 3). The reason for the unique crys-
tallization behavior of P1b remains to be explored, but it may
be related to the absence of a methoxy group in P1b (compared
to P2a-c) which increases the regularity and packing of the
chains. In addition, it also has relatively low molecular weight
among the series (compared to Pla and Pilc), which can
increase the crystallization rate.®®¢*

Thermomechanical properties

The thermomechanical properties of the polyesters were ana-
lyzed by DMA (Fig. 4). The samples were subjected to an oscil-
latory deformation while heated from room temperature to
100 °C with a rate of 3 °C min™". As a result, the storage
moduli (E) of all the samples exhibited a characteristic 2
orders of magnitude reduction, followed by a rubber plateau
(Fig. 4A). The E' was in the range of 1-3 GPa at the glassy
plateau (at 30 °C), which was comparable to that of commer-
cial polyesters like PET and PLA.**%?"%* The E' curves for P2b
and P2c showed a slight increasing trend after the glass tran-
sition, which might be due to cold crystallization.®®*” The T,
values (taken from E” data as the temperature at the peak
value, Fig. 4B and Table 2) also showed a decreasing trend
with increased length of the alkylene units, which is consistent
with the DSC results (Table 1). The slightly different T, values
according to DMA and DSC results were due to the differences
in the mechanical and thermal response in connection with
the glass transition, which is a commonly observed effect.®®

Acidic hydrolysis

Two polyesters from each series (Pla and P2a) were selected
for a preliminary investigation of their chemical recyclability
under acidic conditions. The polymer powders were suspended
in concentrated HCI (12 M) and stirred at 70 °C for 24 h while

B Loss modulus

20 40 60 80
Temperature (°C)

100

Fig. 4 DMA temperature sweep showing the (A) storage moduli, E’, and (B) loss moluli, E” of the obtained polyesters.
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Table 2 DMA results of the obtained polyesters

Polymer T, * (°C) T,? (°C) E” (MPa)
Pla 69 79 1720
P1b 49 53 1340
Plc 38 41 1070
P2a 78 83 1100
P2b 60 65 3080
P2c 46 52 1930

“ T, was measured as the peak temperatures in the E” curves. b Ty was
measured by DSC. “E’ was measured as the storage modulus at the
glassy plateau at 30 °C for the polyesters.

being constantly monitored by visual inspection (Fig. 5). For
both samples, the initial polymer powders gradually turned
into finer particles, which formed a heterogeneous slurry after
24 h (Fig. S33, ESIt). Interestingly, the Pla slurry remained
white throughout the hydrolysis experiment, while the P2a
slurry turned brown after 8 h, and then black after 24 h. The
coloration during the hydrolysis of P2a was consistent with
side reactions commonly observed when working with lignin
and the formation of humic substances.**7>

After the hydrolysis, the slurry was diluted with water, and
the pH was adjusted to ~1 by the addition of K,CO; powder.
The resulting slurry was then filtered, and the aqueous phase

Acid sensitive

View Article Online
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was extracted with DCM. The filtered crude solid and the con-
centrated organic phase were both analyzed by "H NMR spec-
troscopy (Fig. S34 and 35%). In the case of Pla, the solid was
identified as a bisphenol BP1 (Fig. 5), with 71% yield and rela-
tively high purity according to the 'H NMR spectrum
(Fig. S34B, ESIt). This recovered BP1 structure has been pre-
viously investigated in the production of liquid crystalline poly-
esters,”® and it could act as a potential monomer for other
polymers like polycarbonates, polyesters, or polyurethanes. In
addition, this bisphenol may also have potential in biomedical
applications.”* However, direct repolymerization (i.e. polyaceta-
lization) of the obtained BP1 with dibromomethane was not
possible, due to incomplete conversion of the phenol groups
(Fig. S36, ESIf). The filtrate (from the organic phase) con-
tained only negligible amounts (~2%) of dry substances,
which were presumably small molecules formed by the hydro-
lysis of ester bond according to the 'H NMR spectrum
(Fig. S34C, ESIY). This indicated that the acidic hydrolysis
mainly took place at the acetal bonds while the ester bonds
remained largely intact under these conditions.

Acidic hydrolysis of P2a under the same conditions led to
significantly different results, despite the seemingly similar
structures of the two polymers (only the presence/absence of
methoxy groups). After the hydrolysis of P2a, a black insoluble
solid was isolated (in 21% yield), of which the structure could

Solid residue
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HCI .
o O~ Filtrate
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Fig. 5 Acidic hydrolysis of P1la and P2a in HCl (12.0 and 10.5 M, respectively), yielding a solid residue and a liquid filtrate phase after filtration.
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not be identified. In the meantime, vanillic acid was recovered
(in 31% yield) from the organic phase (Fig. S35, ESIf). This
indicated that both the acetal and ester bonds in P2a were
hydrolyzed. To explore the possibility to gain better control
over the hydrolysis process and achieve selective hydrolysis of
the acetal bonds in P2a, different experimental conditions
were investigated (Table S3 and Fig. S37-47, ESIf). The best
result was observed when 10.5 M of HCI was used at 70 °C.
Under this condition, the corresponding bis-phenol (BP2) was
recovered in 45% yield as a solid residue. However, we also
observed 15% of vanillic acid in the organic phase, which indi-
cated that some ester bonds were still hydrolyzed. The use of
even lower concentrations of HCI (3-9 M), or milder organic
acids (formic acid and oxalic acid) did not result in any signifi-
cant hydrolysis, and the polymer remained intact as the solid
residue (Fig. S45-47, ESIY).

According to our observations, the hydrolysis of P2a was sig-
nificantly faster than that of P1a, which indicated the effect of
the methoxy groups in the ortho position to the acetal. To gain
a further insight, a model hydrolysis of the two monomers
(methyl paraben and methyl vanillate) was carried out in 12 M
HCI at 70 °C for 4 h, which was basically ester hydrolysis. The
production of carboxylic acids (i.e., 4-hydroxylbenzoic acid and
vanillic acid, respectively) and the mass of the residual solid
weight were monitored (Fig. S48-49, eqn (S2)—(S5), ESIt). As a
result, the consumption of methyl vanillate and formation of
vanillic acid was both faster than that of methyl paraben and
4-hydroxylbenzoic acid, which indicated that the presence of
methoxy groups could enhance the acidic hydrolysis of the
ester bonds. Although the exact reason remained to be
explored, the enhanced hydrolysis rate by the presence of
methoxy group could be related to the electron donating effect
of methoxy group.”” In principle, the methoxy group can
stabilize the positively charged transition state,** which will
thus facilitate the hydrolysis. However, other factors such as
steric hindrance (by the methoxy groups) and the acidity of the
leaving group may also play a role. In the literature, decreased
thermal stability of molecules and polymers by the presence of
methoxy groups have also been reported.”®”®

We also noticed that there was no color change during the
acidic hydrolysis of both monomers. However, the solution
obtained from the hydrolysis of methyl vanillate turned black
after the addition of one drop of formaldehyde (Fig. S49, ESIT).
This observation suggested that the color change during the
hydrolysis of P2a could be attributed to formaldehyde-related
side reactions. To gain a further insight, a model reaction was
carried out by reacting formaldehyde and vanillic acid (equi-
molar amounts in 12 M HCI) at 70 °C until it started to turn
dark (ca. 2 h). Afterwards, a pale-yellow solid residue and dark-
brown concentrated filtrate were obtained using the same sep-
aration procedure adopted for the hydrolysis of P2a. "H-NMR
analysis revealed that the solid residue consisted of vanillic
acid (Fig. S51, ESI}), whereas the concentrated filtrate pre-
sented the expected peaks for vanillic acid, but also a series of
peaks at 3.8-3.9, 4.2-5.5, 6.5-8.0 and 9.3-10.4 ppm that could
not be elucidated. Some of these peaks (e.g. those observed at

2562 | Green Chem., 2025, 27, 2554-2564

View Article Online

Green Chemistry

5.2, 7.2-7.4 and 9.4-9.9 ppm) were also present in the spectra
of the analogous filtrate obtained from the acidic hydrolysis of
P2a in HCI 12 M (Fig. S35 and S51, ESI{), indicating that the
black coloration observed during the acidic hydrolysis of P2a
could be related to the side reactions involving vanillic acid
and formaldehyde (which could form during the hydrolysis of
the acetal bonds).

Conclusions

Two series of novel biobased poly(acetal-ester)s with non-cyclic
acetal units, tunable T,s, and reasonably high molecular
weights were synthesized, which provided an insight into the
fundamental structure-property relationship of this new class
of polymers. The key parameters for the monomer synthesis
were evaluated according to their GHG emissions, which pro-
vided a preliminary environmental insight for the further
development of such polymers in the future. Furthermore, the
non-cyclic acetals in this class of polymers could be selectively
cleaved under acidic hydrolysis conditions, which could facili-
tate chemical recycling by the molecular design. We also
observed that the presence of methoxy groups on the polymer
backbone accelerated the hydrolysis, which could enable
hydrolysis under milder conditions. However, this also
increased the risk of coloration due to side reactions. The
nature of the coloration and side reaction was preliminarily
investigated by model reactions of the corresponding small
molecules. In general, this work provided an effective method
to design and fabricate recyclable polyesters by utilizing bio-
sourced (e.g. lignin-based) monomeric hydroxybenzoic acids
with or without methoxy groups. In the future, synthetic
investigations of more structural varieties (e.g. the substitution
on the acetal carbon, or other substitutions on the phenolic
rings) are expected to provide deeper knowledge about how to
utilize non-cyclic acetals in the design of chemically recyclable
biobased polymers.
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