W) Check for updates A
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202500880

www.chemsuschem.org

Chemically Recyclable Polyester Thermosets from
Activated Adipic Acid and Renewable Polyols

Davide Rigo,* Matteo Lorenzon, Jonas Simon, Bennett Addison, Alvise Perosa, and

Maurizio Selva*

This study outlines a method for producing chemically recyclable
crosslinked polyesters using renewable polyols—glycerol and
sorbitol—combined with adipic acid (AA), which is trans-
formed/activated into a polyanhydride mixture prior to use. A
three-step procedure has been designed: 1) an acid-catalyzed
reaction of AA with nontoxic isopropenyl acetate or acetic anhy-
dride to form a crosslinking mixture (CLM) made of adipic-acetic
mixed polyanhydrides; 2) a solvent- and additive-free process
where glycerol or sorbitol, or a combination thereof, is reacted
with the CLM to achieve a prepolymer, and 3) a casting/molding
of the liquid viscous prepolymer to yield a thermoset as the end
product. Different thermosets (eight examples) are prepared by

1. Introduction

The global production of bio-based plastics (BBPs) is limited
compared to that of fossil-based polymers, not exceeding 2%
(~7.000tonny~") of all plastics available today."? Currently,
bio-based polymers that are either already produced commer-
cially or expected to become commercially available soon stand
at just over a dozen of compounds, including, high- and low-
density polyethylene, polyethylene-terephthalate and furanoate
(PET and PEF), polycarbonate (PC), polybutylene succinate
(PBS), polylactic acid (PLA), polyhydroxyalkanoate (PHA),
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changing the reagents ratio. These solids are thoroughly charac-
terized by tensile tests, DMA, high-resolution magic angle spin-
ning and solid-state NMR, thermal gravimetric analysis, DSC,
and fourier transformed infra red (FT-IR) spectroscopy. The forma-
tion of cross-linked polyesters is confirmed in all cases, but
mechanical properties varied significantly from one specimen
to another. Interestingly, a tensile strength up to 18 MPa—
approximately an order of magnitude higher than similar poly-
mers—is achieved when sorbitol and the CLM are used in a
1:1 wt% ratio. The chemical recycle of the resulting polymers is
achieved via methanolysis with quantitative recovery of the
monomeric units.

thermoplastic starch (TPS), and thermoplastic polyurethane
(TPU).B* The segments for the applications of these materials
are very different and are summarized in Figure 1. Other less
widespread BBPs have been synthesized starting from terpenes
and terpenoids,®® fatty oils,”® and lignin.>'”

The sector of BBPs, however, is expected to expand signifi-
cantly and gain an increasingly relevant market share."!

The design/development of existing or new BBPs implies
remarkable techno-economic challenges: bio-based materials
not only must meet severe requirements in terms of properties
and production costs competitive to their fossil-based counter-
parts, but they should be as compatible as possible with existing
recycling processes or be biodegradable/compostable.'"

An innovative and rather unexplored area in this context is
represented by renewable highly branched polymers (r-HBPs).
In general, HBPs are described as dispersed materials with a struc-
ture based on a randomly assembled pattern of chemical bonds
where branched (crosslinked) units and/or even dendritic ones
coexist with unreacted terminal/linear repeating segments.'"?
As an example, Figure 2 depicts a schematic representation of
an HBP (A, left) highlighting randomly distributed linear defects
(L), dendritic (D), and terminal (T) units in the structure, and an
example of a biomass-based hyperbranched polyol (B, right).'*'¥

The architecture of Figure 2 confers to HBPs unique physical
and chemical properties”'>'*2? as demonstrated for a variety
of polyesters,?® polyamides,* polyphenylenes,"*?? and polyur-
ethanes.”*”! For the specific interest in this work, the focus has been
placed on bio-based polyesters that, more than other polymers, are
fast emerging for their tunable properties and wide range of appli-
cation areas.*® The synthesis of such materials requires polyfunc-
tional building blocks. Sugar alcohols such as glycerol and sorbitol
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Figure 1. Shares of biobased polymers in different market segments in 2023. Data.")
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Figure 2. A) Schematic view of a hyperbranched polymer: linear defects (L), dendritic (D) and terminal (T) units and B) a biomass-based hyperbranched

polyol from triethyl citrate and glycidol.

represent excellent nucleophilic partners for the polymerization
reaction,”’=% while polyacids act as electrophilic cross-linking
agents.®" Particularly, adipic acid (AA), which is recognized from
IEA (International Energy Agency) as the most important dicarbox-
ylic acid,®? is often a natural monomer candidate to the scope. It
should be reminded here that both glycerol and sorbitol have con-
solidated positions in the list of the top platform chemicals from
the biodiesel industry®® (glycerol), and from the hydrogenation of
glucose® or cellulose™ (sorbitol). These polyols display one of the
largest potentials among bio-based molecules for further conver-
sions to value-added chemicals or materials.***”! Adipic acid,
instead, is still primarily manufactured from petrochemical feed-
stock, though an ongoing massive research promises to introduce
bio-based AA soon into the market via the treatment of biomass
(e.g. lignin and other agro-waste) with three major pathways,
including chemical catalytic processes, indirect fermentation with
chemical conversion, and direct fermentation.523%3%

Several examples of the polyesterification of AA with
glycerol,?24%-5% or sorbitol,*'->4 or mixtures of them®**! have
been already reported in the literature (Table S1). Strategies
based on enzymatic catalysis (mainly lipases),?”2943475135 and
metal-/organo-catalyzed protocols™'~* typically require temper-
atures in the range of 60-100°C and long times >24h.
Interestingly, a recent study claimed the economic viability
for the production of crosslinked polyesters from glycerol and
adipic acid, with costs around 1.7 € kg~ polymer.”® Harsher con-
ditions (150 °C, 2-5 days) have been described for catalyst-free
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syntheses of bio-based polyesters,>**®! with some protocols
even at very high temperatures and under high vacuum
(220°C, 0.001 bar).5”

Most of these procedures refer to the preparation of materials
and polymers (e.g., surfactants) soluble in conventional solvents
(water, acetone, chloroform, DMSO) and with modest mechanical
properties, while only few examples involving mixtures of mono-
mers and/or more severe processing describe the formation of
insoluble thermosets (Table S1).* These results reflect the
achievement of highly crosslinked polymers is a general major
issue in the synthesis of bio-based polyesters using dioic acids
and polyols, like AA, glycerol, and sorbitol.

We were prompted to investigate this problem based on the
results of our recent article on the poly-esterification of Kraft lig-
nin with the use of activated AA as a crosslinker.”® In this work,
we wish to report that after a deep revision of the protocol origi-
nally designed for lignin-derived polyesters, an original synthesis
of sugar alcohols-based recyclable thermoset polymers was suc-
cessfully achieved. A three-steps strategy was carried out where
at ~80°C, AA was initially activated by acetylation (with either
isopropenyl acetate, a nontoxic compound, or acetic anhydride)
and converted into a crosslinking mixture (CLM) comprised of
adipic acetic mixed polyanhydrides. Thereafter, at 150 °C, the
CLM was subjected to a transesterification reaction with both
glycerol and sorbitol and mixtures thereof to obtain a represen-
tative library of thermoset polyesters (eight examples). These
materials not only showed good/improved physicochemical
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and mechanical properties compared to previously reported
adipic acid and glycerol/sorbitol-based polyesters, but they also
proved compatible with a simple treatment of chemical recycling
via base-catalyzed methanolysis.

2. Results and Discussion
2.1. Synthesis of an Activated Acylating Mixture (CLM)

Several works demonstrated that isopropenyl acetate (iPAc), an enol
ester, was effective for the chemical upgrading of a variety of bio-
mass derivatives.*?¢°! iPAc was a privileged reagent because of its
nontoxicity and its peculiar reactivity: when involved in esterification
or transesterification reactions, it originates an enol as a coproduct
that quickly converts into the corresponding ketone (acetone),
thereby making the overall transformation irreversible.©"

iPAc was successfully used also in this work to promote the
initial activation/conversion of adipic acid into an activated acyl-
ating mixture comprised of adipic acetic mixed polyanhydrides.
The latter were far more powerful electrophiles than AA, for the
subsequent synthesis of crosslinked polyesters with both glycerol
and sorbitol. Since the activated acylating mixture was used with
this specific purpose (polymer preparation), it was named as CLM
in this work. The reaction for the preparation of CLM was the
same as described in a recent article by our group,”® but the syn-
thetic protocol was deeply revised here.

A parametric analysis of the process allowed a substantial
improvement of the procedure with a reduction of both PMI (pro-
cess mass intensity) and e-factor:®? 1) the iPAc excess (with
respect to AA) was halved from 4 to 2, 2) the catalyst (H,SO,)
amount was decreased by 100 times, from 0.5mol% to
0.05 mol%, 3) the amount of the most active sites for crosslink-
ing,® that is, adipoyl anhydride groups, was tripled from 1.8 to
54mmol g, and 4) the reaction was scaled up to 500 g without
affecting its outcome.

Figure 3 (bottom) describes a kinetic profile for the prepara-
tion of the CLM mixture according to the conditions set in this
work. A two-step one-pot synthesis was performed (Figure 3,
top). In step 1, a mixture of AA and iPAc (1:2mol mol™") was
set to react at the reflux temperature (97°C) in presence of
H,SO, (0.05 mol%) as the catalyst. After 1h, step 2 started via
a vacuum distillation of the residual iPAc and the coproduct ace-
tone. Both these compounds were quantitively recovered at 80 °C
and 10 mbar, in 4 h. NMR analyses confirmed the structure of the
obtained products (Supporting Information section). The prog-
ress of the reaction showed that after the initial formation of
oligomers bearing isopropenyl ester groups (green profile, in step
1), these were progressively converted into acetyl anhydrides
which in turn, over time, yielded the desired adipoyl anhydrides
(red and black profiles, respectively, in step 2). This transforma-
tion and the disappearance of the isopropenyl ester functions
occurred with the release of acetone. A plausible mechanism
is provided in Figure S1, Supporting Information.’” At the end
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Figure 3. Top: the synthesis of the adipic acid (AA)-based CLM with isopropenyl acetate (iPAc). Bottom: the trend of the reaction over time. - Symmetric anhy-
drides -e- Acetyl anhydrides -¥- Isopropeny! esters -¢- Adipic anhydride (1). Determined by 'H NMR with dioxane as the internal standard. The decline in isopro-
penyl ester signals was due to the formation of mixed anhydrides via an acid-catalyzed transesterification with carboxylic acid groups, accompanied by the

release of acetone.
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of the second step, the CLM was comprised of adipoyl anhydrides
(AdOCOOAd; Ad = adipoyl) and acetyl anhydrides (AcOCOOAd)
in amounts of 5.4 and 6.4 mmol g™, respectively. Heating under
vacuum was crucial to achieve this result, but no appreciable var-
iations of the CLM composition were noticed even when step 2
was prolonged up to 8 h. Furthermore, a small but detectable
amount of adipic anhydride (1, ~0.3 mmolg™') was observed.
The molar mass of the CLM was 23000 Da, evaluated via 'H NMR.

For comparison, the synthesis of CLM was conducted by
replacing iPAc with acetic anhydride (Ac,0) as a conventional acet-
ylating agent. With respect to iPAc, the use of Ac,0 released acetic
acid (AcOH) as a major by-product. This compound was readily
removed under vacuum distillation not only to prevent its accumu-
lation in the reaction mixture but also to avoid its release into the
environment and eliminate any unpleasant odor during the sub-
sequent curing step. Under the conditions of Figure 3 (top), the
outcome was similar to that described for iPAc: the CLM obtained
from Ac,0 consisted of adipoyl anhydrides and acetyl anhy-
drides in amounts of 7.9 and 4.2 mmol g~ ', respectively. Some (car-
boxylic) acid functional groups, up to 0.9 mmolg~', were also
observed (Figure S2, Supporting Information). This result provided
further evidence that iPAc was an alternative to acetic anhydride
for the activation of AA investigated in this work. Indeed, com-
pared to acetic anhydride, iPAc was not only a greener, nontoxic,
biodegradable, and renewable-based reagent, but notably, it did
not face any regulatory restrictions.®"

2.2. Activity of the CLM Obtained from iPAc and Ac,0

Preliminary control experiments were aimed at comparing the
behavior of CLM derived from iPAc and Ac,O, referred to as
CLM; and CLM,, respectively, in the synthesis of bio-based polyest-
ers. Both CLM; and CLM, were set to react with glycerol and
with sorbitol to prepare four polymeric specimens (Supporting
Information Section). This study revealed that the nature of the
CLM did not affect the resulting materials: characterization analy-
ses by fourier transformed infra red (FT-IR) spectroscopy, Thermal
gravimetric analysis (TGA), and DSC proved that glycerol-derived
polymers were substantially equivalent irrespective of whether
the CLM originated from iPAc or Ac,O. The same held true for
sorbitol-derived samples.

Results confirmed the potential of iPAc as a greener and safer
reagent compared to acetic anhydride that poses health risks,
corrosivity issues, and legal restrictions.®™ For practical reasons,
however, such as the lower cost of Ac,0, its larger availability, and
the need to design the preparation of polymers on a mid-large
scale (20-500 g for each test), the CLM, was selected for the con-
tinuation of this work.

2.3. Synthesis of the Glycerol-/Sorbitol-Based Polyesters

Glycerol and sorbitol (sugar alcohols) and their mixtures thereof
were set to react with the above described CLM.,. A representation
of the synthetic procedure is shown in Figure 4A, complemented by
a Table outlining reaction conditions. Different sugar alcohols:CLM

ChemSusChem 2025, 18, e202500880 (4 of 12)

weight ratios were used to obtain eight different samples. In the first
part of the polyester preparation (step 3), the transesterification of
CLM with sugar-alcohols originated liquid prepolymers along with
volatile by-products, predominantly acetic acid (AcOH, vide infra).

At 150 °C and ambient pressure, the gelation time required for
molding the prepolymers was 3-5h at 150°C and atmospheric
pressure, depending on the reactant sugar alcohol used and its
amount (Figure 4D). The control of prepolymerization conditions
was crucial also to minimize the release of bubbles due to volatiles.

The curing was carried out at 150 °C by pouring the hot liquid
prepolymers into a silicon mold and let them react/settle for 16 h
(step 4). This duration standardized the protocol for the preparation
of different samples (Figure 4D), based on: 1) the conditions previ-
ously reported by us for the synthesis of lignin-derived thermoset
polyesters®® and 2) control experiments that indicated that a pro-
longed curing (at least 14 h) was necessary even for sugar alcohols-
based prepolymers to achieve highly crosslinked final materials.

Additional DSC experiments were carried out to further ana-
lyze the curing behavior of the investigated polyesters. Mixtures
of glycerol: CLM and sorbitol: CLM in a 1:1 wt ratio, were heated
from ambient temperature up to 250 °C. The corresponding DSC
profiles highlighted a substantial heat flow through the samples,
consistent with the onset of crosslinking reactions, at T above
133°C (Figure S18, Supporting Information), suggesting that
150 °C was an appropriate curing temperature.

Thermoset polyesters were isolated in the form of dry, flexible,
and transparent films (=2 mm mm thickness) of amber color
(Figure 4B,C). Both the shape and the color, however, could be eas-
ily modified by changing the mold and adding dye to the prepol-
ymer before curing. Figure 5 shows orange, pale yellow, green,
and dark blue samples that were obtained by using rose bengal,
brilliant yellow, brilliant green, and methylene blue as dyes
(0.1 wt% with respect to the prepolymer added during step 2),
respectively.

The mass balance of the overall polymerization procedure was
validated by analyzing the weight loss during steps 3 and 4 of two
representative samples, G; and S;, that were achieved starting
from pure glycerol and sorbitol (Table S3). The formation of volatile
compounds in 12 wt% and 11 wt% with respect to the total mass
of reactants was observed during the prepolymerization (step 3,
Figure 4A). These volatiles included AcOH and acrolein in a
7.4:1 mol:imol ratio for G; and of AcOH alone for S;. Acrolein
was plausibly due to a side-dehydration reaction of glycerol, cata-
lyzed by the acidity of the CLM./*” Other volatile mixtures (=3 wt%
with respect to the total mass of reactants in total) also formed
during the curing (step 4). Albeit the composition of these fractions
was complex, main products were identified as glycerol and its
acetates for G, and isosorbide and its diacetate for S;, respectively
(Tables S4 and S5). Figure 6 exemplifies the evaluation of the mass
balance for a typical preparation of the polyester G,. The gravimet-
ric determination of the amounts of reagents (CLM and glycerol,
left) and products (polyester G, and volatiles from both step 3 and
4, right) proved a substantial match between input and output
mass and confirmed that the polymer was achieved in a good
85% mass yield. The mass balance was equally validated for the
polyester S; (from sorbitol), which was isolated in 86% mass yield.

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH
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Figure 4. A) Representation of the preparation of glycerol and sorbitol poly-adipates. B) Flat and C) bent typical polyester sample (S;). D) Prepolymerization
and polymerization conditions and labelling of the synthesized polyester samples. Glyc:Sorb:CLM = glycerol:sorbitol:CLM weight ratio in the prepolymer

synthesis.

Figure 5. Examples of dyed samples of polyesters obtained by the reaction
of glycerol with CLM. Conditions of prepolymerization and curing were
those of Figure 4.

Shortening the prepolymerization to 30 min resulted in the
production of final materials with bubbles of a relatively uniform
size (diameter in the range of 0.5-15 and 0.15-0.25mm from

ChemSusChem 2025, 18, €202500880 (5 of 12)

glycerol and sorbitol, respectively) by encapsulating the volatiles
in the polymeric matrix, that is, polyester foams (Figure S31,
Supporting Information).

2.4. Structural Characterization of the Polyesters

The occurrence of polyesterification was confirmed by solid state
and high-resolution magic angle spinning >C and HSQC NMR,
and FT-IR analyses. As an example, Figure 7 and 8 report the char-
acterization data for samples G; and S;.

2.4.1. FT-IR Spectra

Figure 7 shows normalized FT-IR spectra of G; (left) and S, (right)
recorded at three different time intervals (fresh, 9days, and
1 month of storage at ambient conditions, in air). The substantial
overlap of the three spectra for each sample suggested that no

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH
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Figure 7. FT-IR spectra of samples S, (left) and G, (right) over time.

significant modification of the chemical structure of the polymers
was appreciable over time, particularly indicating a substantial
moisture stability of the materials.

The intense signal at 1750 cm™" was typical of the carbonyl
stretching of aliphatic esters and the almost complete disappear-
ance of peaks in the range 3000-3600 cm ™' indicated that the
hydroxyl functionalities considerably converted into esters. The
absorbance at around 800 cm™' was associated with out-of-plane
bending vibrations, more specifically to C—O—C bending modes
of the ester group or rocking vibrations of -CH,— groups in the
polymer backbone, especially in regular, repeating aliphatic
segments. The absence of any signal at 1850 cm~'-the typical
symmetric (=0 stretching of noncyclic saturated anhydrides—
corroborated the full conversion of the reactive functions of
CLM during the synthesis of polymers. For comparison,
Figure S32, S33, and S34, Supporting Information, show the
FT-IR spectra of CLM, glycerol, and sorbitol, respectively.
Similar considerations were drawn from the FT-IR analysis of
the other samples (Figure S35-S40, Supporting Information). It
should also be noted here that from a visual inspection, both
G; and S; samples showed no appreciable changes even when
fully immersed in water for one week.
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2.4.2. High-Resolution Magic Angle Spinning (HR-MAS)
HSQC NMR

The peaks at /0y = 34-32/2.35-2.24 ppm and 3./6y = 34-32/
2.24-2.10 ppm in the aliphatic regions of the HR-MAS HSQC
of G; and S; (Figure 8a,b) suggested the presence of adipic
acid esters and carboxylic acid functionalities in both the
glycerol- and sorbitol-based materials.*®! These assignments,
corroborated by HR-MAS HMBC data (Figure S41 and S42,
Supporting Information), allowed us to evaluate the ratio
between adipic acid esters and acid functionalities via the
deconvolution of the two peaks in the 'H spectrum at
dy=2.35-224ppm and 3,=2.24-2.10 ppm, respectively
(Figure S43 and S44, Supporting Information).

The ratio between ester:acid functionalities was 86:14 mol%
and 83:17 mol% for G, and S,, respectively. In addition, acetyl
esters were identified based on the signal of the CH;—~COOR moi-
ety at §¢/8y = 22-20/2.0-1.9 ppm.®® The green and light blue
clusters in the oxygenated aliphatic region of G, (Figure 8c) at
Oc/dy=77-69/52-4.7 ppm and  5c/dy = 73-66/3.9-3.5 ppm,
respectively, confirmed the presence of glycerol mono-/di-/
tri-esters.[*¢%5-%81 This piece of evidence (along with FT-IR) strongly

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH

85UB17 SUOWILIOD BAITER1D 9|qedt|dde sy Aq peusenob ae sajoiLe O ‘8sn JO Sani 10) Ariq 1T duluQ A8|IM UO (SUONIPUOD-PUR-SWLIRIALIOY" A3 1M AeIq U1 |UO//:Sd1Y) SUONIPUOD PUB SWB | 8U) 89S *[9202/S0/GT] Uo ARiq1auliuo A8|IM ‘BIZaus A 11Ie3s0- BD BISIBAIUN - BS0J8d 8SIA|Y AQ 088005202 9SS9/200T 0T/I0p/iod’ A 1M Arelq1puljuoadoine-Ans iweyo//sdny wouy pepeojumoq ‘6TG202Z ‘X9598T


http://doi.org/10.1002/cssc.202500880

Research Article

Chemistry

Europe

European Chemical

ChemSusChem doi.org/10.1002/cssc.202500880 Socteties Publishing

(a) 18 (b) 18
o 20 20
22 22
<> 2 (i 2
26 26

28 28 €

30 30 &

32 p— 32 9
[ >om 34 34
36 36
38 38
40 40
42 42

2.55 245 2.35 2.25 2.15 2.05 1.95 1.85 1.75 1.65 1.556 1.45 1.35 1.25

2.50 2.40 2.30 2.20 2.10 2.00 1.90 1.80 1.70 1.60 1.50 1.40 1.30

© 5o (d) 60
61
63 65
o o P’
o £
% ® 69 75 &
\b © 71 Q
© 73 80
, 75 -
77
79 .
52 50 48 46 44 42 40 38 36 34 32 30 52 50 48 46 44 42 40 38 36 34 32 30
'H (ppm) 'H (ppm)
(e) | (f) | ||
[ ! N I . Wl | "I.l

W AN AN A MV 4| HR-MAS BC I

mewsc INEPTWM
MMC DP'MAMVM
WC CP'MAW

79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 61 60 59

3C (ppm)
O :
)kr" 5 o
RC) ~ RO_4A_oR
o .

HO)KV’\ é &
o) *)J\o

"’\O)k. RO\/‘\/OR

Adipic acid esters glycerol esters CH

RO o)
/\Ii:i\/OR

89 87 85 83 81 79 77 75 73 71 69 67 65 63 61 59
3C (ppm)

: 0
. RO
| 0

isosorbide CH,

OR OR

- RO

OR
- sorbitans CH, O

OR

Je

o4k _oR

glycerol ether CH

Figure 8. a,b): aliphatic regions of HR-MAS HSQC NMR spectra of samples G; and S,, respectively. c,d): oxygenated aliphatic regions of HR-MAS HSQC NMR
spectra of samples G, and S,, respectively. e) Overlay of *C HR-MAS, INEPT, DP-MAS, and CP-MAS NMR spectra. (e) and f): Overlay of 13C HR-MAS, INEPT,

DP-MAS, and CP-MAS NMR spectra for G1 nd S1 respectively.

supported the fact the primary mechanism for the formation of
G, and S; materials was based on the esterification of activated
acylating mixture (CLM) by the hydroxyl groups of the nucleo-
philic polyols as reaction partners. Other polymerization path-
ways based on isopropenyl double bonds were ruled out since

ChemSusChem 2025, 18, 202500880 (7 of 12)

the CLM obtained from iPAc no longer contained traces of iso-
propenyl groups (Figure 3).

The orange cluster at 8c/6y=75-79/3.8-3.4 ppm indicated
esters of glycerol ethers®™ These compounds (ethers) plausibly
formed via an acid catalyzed reaction of glycerol at high T.'® In
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the case of the S; sample, the HSQC analysis suggested that
sorbitol was fully converted into sorbitans and isosorbide.”"
These compounds derived subjected from an acid catalyzed
dehydration of sorbitol during the polymer synthesis. Esters
of isosorbide and sorbitans were also detected based on the signals
at 8c/0y =75-70/3.6-39ppm and J./dy = 65-60/4.2-3.9 ppm,
respectively.”273

2.4.3. Solid-State *C NMR

The HR-MAS NMR technique described in the previous paragraph
mainly analyzes highly plasticized and dynamic regions and does
not give info on highly rigid environments. Thus, solid-state NMR of
the DMSO-ds swollen materials was used as a supplementary
characterization technique to offer a more comprehensive under-
standing of the carbon environments. Three solid-state NMR
experiments were performed for the G; and S;: 1) Cross-
polarization magic angle spinning (CP-MAS), which emphasized
more rigid carbon environments; 2) direct polarization magic angle
spinning (DP-MAS), which displayed all carbons regardless of their
mobility, though not quantitatively; and 3) insensitive nuclei
enhancement by polarization transfer (INEPT), which selectively
detected highly dynamic carbons with covalently bound protons.
These ssNMR spectra were compared to the corresponding HR-
MAS '3C spectra (Figure 8ef and Figure S45-S52, Supporting
Information). The *C ssNMR data showed three main regions: clear
peaks of CO acid and ester groups were present in the range 170-
180 ppm, peaks of aliphatic chain of esterified and nonesterified AA
at 20-40 ppm, and the characteristic signals of esterified glycerol
and sorbitol in G; and S; were found at 8:=60-80 ppm and
8c = 60-90 ppm, respectively. Similar peaks in the C ssNMR
spectra of dry samples were spotted for all the other samples
(Figure S53-60). Across all methods—CP-MAS, DP-MAS, INEPT,
and HR-MAS—the "3C spectra of the G, sample showed strikingly
similar features and spectral intensities in the oxygenated aliphatic
region (8¢ = 90-60 ppm). This uniformity across ssNMR techniques,
which emphasized carbons with differing dynamics, suggested that
the G, polymer was homogeneously swollen by the plasticizing sol-
vent, retaining a balance between mobility and rigidity. For S;, a
similar behavior of near-homogeneous polymer swelling was
observed, however select regions were only visible under DP/
INEPT but not by CP. For example, sharp 'C signal clusters near
88, 85, and 82 ppm seen in the HR-MAS, DP, and INEPT spectra were
not observed in the CP spectrum. This evidence was interpreted
considering a more rigid and dynamically hindered cross-linked
core with more dynamic terminal end groups, consistent with
the conceptual model of hyperbranched polymers in Figure 2.

2.5. The Properties of the Polyesters
2.5.1. Thermal Properties and Stability
TGA allowed us to determine Tysy, and Tyse, the temperatures at

which 5% and 50% of the initial mass of each sample were lost,
respectively, during heating (see SI). Samples exhibited relatively
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high Tys, values, above 260 °C, that were higher for materials as
G;-Gos and S;-Sg5 (308-339 °C; entries 1-4) prepared from pure
monomers than for GS-polyesters (262-306°C; entries 5-8)
achieved from mixtures of glycerol and sorbitol. The Tys00, Values,
instead, oscillated within a narrower range of 409-424 °C for all
the eight samples. These data confirmed a high thermal stability
in all cases and were consistent with the occurrence of a substan-
tial crosslinking across the materials, in agreement with trends
reported for other bio-based polyesters.”+”*

The glass transition temperature (Ty), as determined by DSC,
was remarkably affected by both the type of sugar alcohol and its
proportion relative to the CLM (Figure S63, Supporting
Information). The Ty values ranged from —4.6 to 41.1°C, with
the highest and the lowest value recorded for a polymer prepared
from pure sorbitol and a polymer obtained from a glycerol-rich
mixture (glycerol: sorbitol = 4:1 weight ratio), respectively. These
two extremes of T, were referred to samples S; and GggSo., pre-
pared from sugar alcohol(s) and CLM in a 1:1 weight ratio (entries
3 and 8). Moreover, it was noticed that: 1) polymers G; and Gy
containing glycerol (entries 1-2) exhibited a T, lower than that of
the equivalent sorbitol-based materials (S; and Sy, entries 3-4)
and 2) when mixtures of sugar alcohols were used, a higher pro-
portion of glycerol relative to sorbitol led to lower T, values
(entries 5-8). Consistently with a different degree of crosslinking,
the observed changes of T, indicated that materials with different
elastic properties and brittleness were synthesized by adjusting
the CLM:sugar alcohol(s) ratio. Previous studies established that
the two primary hydroxyl groups of both sugar alcohols were
kinetically equivalent, and they acted as the sole reactive sites
in polymerization reactions with no other transformations occur-
ring.?’7¢) However, under the conditions explored in this work,
the NMR characterization revealed that most of glycerol under-
went the transesterification with CLM by preserving its original
structure, while sorbitol did not as, it was subjected to dehy-
dration and largely converted into isosorbide and sorbitans.
Such molecules, particularly isosorbide, have been reported
able to induce a significant increase of the T, for a variety
of polymers including polyurethanes, polyesters and polyacry-
lates, as it was observed in Table 1.7777%" As a final note, T,
gradually increased by increasing the cross-linking density
of the material in R1 and R2 (entries 9-10), consistent with
our findings.

The gel content was above 95% for all the samples. Albeit no
clear trends were spotted either varying the type/amount of
sugar alcohol or the CLM, the gel content was comparable,
but often higher, than that of previously reported insoluble poly-
esters belonging to the R1 and R2 families,*>>**”) thereby further
corroborating the fact that the synthesis designed in this work
was effective to achieve highly crosslinked materials.

2.5.2. Mechanical Properties
Mechanical properties were variable among the eight investi-

gated polyesters, but in general, the values of stretchability,
length of deformation and stiffness (tensile stress, tensile strain,
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Table 1. The thermal and tensile properties, and the gel fraction of polyesters examined in this work.
Entry Sample Tasos Taso% Ty Gel content [wt%)]” o9 ¥ £ Ref.

[°C] NG| rc? [MPa] [%] [MPa]

1 G, 339 424 0.4 99.6 1.8+05 11+2 16 +2 This work
2 Gos 322 424 —0.5 94.7 14+£0.2 4+1 35+1 This work
3 S 308 412 41.1 99.4 18+3 60+ 13 50+1 This work
4 Sos 337 421 4.4 97.6 32+03 202 17 £1 This work
5 GSos 306 421 8.4 97.6 26+0.7 16 £5 18+2 This work
6 GSos2s 262 409 123 99.2 34403 75+06 41+3 This work
7 Gg2Sos 263 416 44 99.6 58+0.2 247 +3 27 +1 This work
8 GosSo2 291 414 —4.6 97.7 27+03 16+2 18+1 This work
9 R1 na.l na.l —48 to —38 88.7-95.5 0.36-2.42 542-1728 0.08-0.86 [57]
10 R2 na.l na.l —30to -3 92.2-99.6 0.16-0.68 28.5-193.8 0.07-5.0 [45]
JEvaluated by DSC. ®Evaluated in acetone. “Tensile strength. “Tensile strain. ®Young’s modulus. P'n.a. = not available.

and Young's modulus: o, ¢, and E, respectively) were superior for
materials prepared from sorbitol than for those obtained from
glycerol or from glycerol-rich mixtures as crosslinkers (compare
entries 1-2 and 3-4, and 7 and 8).

This behavior was especially exemplified by the S; thermoset
synthesized from a 1:1 mixture of pure sorbitol and CLM (entry 3).
This sample provided an outstanding stress resistance of ~18 MPa
which was between one and two orders of magnitude higher
than that of the other specimens (entries 1-2, and 4-8) including
polyesters R1 and R2 (entries 9-10). The latter, however, showed
higher and lower ¢ and E values, respectively, compared to
S; and, more in general, to all other polymers of Table 1. This
difference was ascribed to the protocol for the preparation of
both R1 and R2, particularly the short polymerization time (6 h
@180-225°C, for R1) and the plasticizing effect of 1,4-butanediol
and ethylene glycol for R1 and R2, respectively. Moreover, S; also
possessed the highest tensile strain (60%) and Young’s modulus
(50 MPa) among the eight investigated polymers of Table 1. The
replacement of sorbitol with glycerol led to a material (G;) with
values of g, €, and E that were 10-, 6-, and 3-fold lower, respectively,
than those of S; (entry 1). Mechanical tests also highlighted
that decreasing the sugar alcohol(s):CLM weight ratio was detri-
mental for both the tensile strength and strain (compare entries
1-2 and 3-4).

Overall, results proved consistent with the synthesis of polyest-
ers with a highly variable crosslinking degree, where the presence
of sorbitol-derived sorbitans/isosorbide tended to originate more
reticulated materials with a higher resistance to stress and strain,
while glycerol acted as a plasticizer, decreasing tensile strength.
Noteworthy, an influence on the mechanical properties of the
sorbitol-based thermosets by the sorbitans/isosorbide in addition
to sorbitol should be considered. The stiffness (E) of the polymers
did not seem to follow any clear trend among the samples.
Apparently, decreasing the amount of sorbitol (from S; to Gg,Sos,
Sos, and GSys: entries 3, 7, 4 and 5) induced a drop in the elastic
modulus in line with the achievement of progressively less reticu-
lated materials. Such tendency, however, was contrasted by the
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behavior of samples Gy5 and GSy,s: albeit the content of glycerol
and sorbitol in these materials was lower compared to G; and Sy,
respectively, they showed surprisingly high E values (compare
entries 1 and 2, and 3 and 6).

Additional DMA (dynamic mechanical analysis) tests carried out
on samples G; and S,, offered values of T, in good agreement with
those obtained by DSC analysis. Moreover, below and above T,
DMA proved that the storage modulus (E’) was higher than the
loss modulus (E”) for both samples, thereby indicating that the elas-
tic component was predominant over the viscous one (Figure S64
and S65, Supporting Information).

2.6. The Chemical Recycling of the Bio-Based Polyesters

The chemical recycling/upcycling of polymers is conceptually dif-
ferent from the conventional “melt-and-reshape” approach, as, in
principle, it targets a virtually endless recycle and/or upgrade of the
monomers without loss of value.®°#" This is even truer for thermo-
sets, which, by definition, are not suitable for a melt and reshape
process. In this perspective, the chemical depolymerization of G,
and S; samples, chosen as models for glycerol- and sorbitol-based
thermosets, and the subsequent polymerization of the recovered
monomers were investigated.

2.6.1. The Depolymerization of G; and S,

The depolymerization was carried out after a screening of different
reactions, which led us to identify a base-mediated methanolysis as
an effective strategy, active under mild conditions. Polyesters G,
and S; were reacted at 50°C and atmospheric pressure with a
1wt% NaOH methanol solution for 1 h, providing homogenous
solutions which were subjected to a liquid/liquid extraction
(H,0/2-MeTHF, 1:1 v/v; see Supporting Information). The content
of the two phases, after removal of both water and the organic
solvent, was analyzed by NMR and GC/MS (see Supporting
Information). The overall procedure is depicted in Figure 9.
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Figure 9. Synthesis and recycle of the polyesters.

In the case of G;, glycerol and diglycerols (linear and cyclic: 3,3’-
oxybis(propane-1,2-diol), (1,4-dioxane-2,6-diyl)dimethanol), and (1,4-
dioxane-2,5-diyl)dimethanol) were detected as aqueous extracts
and quantified in 4:1 molar ratio respectively; the overall amount
of these compounds corresponded to 99 mol% of starting (reactant)
glycerol. The components of the organic fraction were adipic acid
and its mono- and di-methyl esters (AA+MMAd:DMAd = 1:6.6 molar
ratio). The weight-based (mass) recovery of these compounds
was 117 wt% (>99 mol%) because of the incorporation of methyl
groups in the ester derivatives. In the case of S;, the aqueous
extracts were isosorbide and a complex mixture of C6 polyols
that included, among others, 1,4-anhydrosorbitol, and 1,5-
anhydrosorbitol (see Supporting Information). These products
summed up to =79 wt% (>99 mol%) of the reactant sorbitol, a
result which was consistent with the loss of water due to the
dehydration of sorbitol itself during the synthesis of S;. Sorbitol
was not detected as a depolymerization product, in line with the
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results of HSQC HR-MAS spectra on the characterization of the S,
polyester (vide infra).

The organic extracts were methyl adipates MMAd and DMAd
(>99% pure by NMR) isolated in a 113 wt% yield compared to the
reactant adipic acid.

2.6.2. The Synthesis of Polymers from Recycled Monomers

Mono- and di-methyl esters derived from the depolymerization of
G, and S; were converted into adipic acid (r-AA) in quantitative
yield via an acid catalyzed hydrolysis procedure (H,SO, aqg. 1%v/v;
t=>5h; T=150°C;, MeOH ag. 10 v%; see Supporting Information).
Thereafter, the multi-step procedure of Figure 4A comprised of
the synthesis of recycled CLM (r-CLM), prepolymerization and cur-
ing, was followed by the recycling of the recovered components.
The transesterification of r-CLM with the mixtures of glycer-
ol+diglycerols and isosorbide-+sorbitans provided two polyesters

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH

85UB17 SUOWILIOD BAITER1D 9|qedt|dde sy Aq peusenob ae sajoiLe O ‘8sn JO Sani 10) Ariq 1T duluQ A8|IM UO (SUONIPUOD-PUR-SWLIRIALIOY" A3 1M AeIq U1 |UO//:Sd1Y) SUONIPUOD PUB SWB | 8U) 89S *[9202/S0/GT] Uo ARiq1auliuo A8|IM ‘BIZaus A 11Ie3s0- BD BISIBAIUN - BS0J8d 8SIA|Y AQ 088005202 9SS9/200T 0T/I0p/iod’ A 1M Arelq1puljuoadoine-Ans iweyo//sdny wouy pepeojumoq ‘6TG202Z ‘X9598T


http://doi.org/10.1002/cssc.202500880

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202500880

which were labelled as r-G; and r-S;, respectively. These materials
were characterized by FT-IR, DSC, TGA, tensile tests, and gel con-
tent (Table S8).

A substantial overlap was noticed among normalized FT-IR
spectra of original and recycled polymers, thereby indicating full
structural similarities between G, and r-G;, and S, and r-S; respec-
tively (Figure S94 and S95, Supporting Information). The presence
of an intense signal at 1750 cm™" typical of the carbonyl stretch-
ing of aliphatic esters together with the almost complete absence
of peaks in the range 3000-3600 cm ™" in all the spectra indicated
that transesterification of OH groups occurred. Moreover, the sim-
ilar intensities (two-by-two: G; vs. r-G;, and S; vs. r-S,) of the latter
peaks in the normalized spectra suggested that the extent of
transesterification was comparable in the recycled glycerol-
and sorbitol-based polyesters.

DSC and TGA analyses corroborated further similarities of orig-
inal and recycled polyesters. From DSC profiles, T, values of 0.4 and
0.2°Cand of 41.1 and 39.8 °C were determined for G, and r-G,, and
for S; and r-S,, respectively (Figure S96 and S97, Supporting
Information). From TGA measures, significant was the comparison
of Tyso9 that indicated close values for corresponding samples, par-
ticularly of 422 °C versus 382 °C and of 411 °C versus 423 °C for G,
and r-G;, and S; and r-S;, respectively (Figure S98, 599, S100, and
$102, Supporting Information).

However, the mechanical properties of -G, and r-S; were differ-
ent than the fresh materials. The tensile strength, the elongation at
break, and the Young's modulus of r-G; and r-S, were 0.7 + 0.1
and 34+0.7MPa, 23+2 and 200+ 30%, and 4.4 +0.3 and
5 + 4 MPa, respectively (Table S8 and Figure S116-5117, Supporting
Information), thereby indicating that the recycled materials bore a
lower (maximum) load to fracture and were more flexible and
stretchable with respect to the virgin samples. Moreover, the gel
content of r-G; and r-S; was 94.7% and 93.8%, respectively, lower
than that of G; (99.6%) and S, (99.4%). These results were consistent
to a lower degree of crosslinking of recycled polyesters compared to
the parent polymers. This behavior was ascribed to the occurrence
of dehydration reactions during the depolymerization and/or the
repolymerization treatments, which brought about a partial loss
of OH functionalities in the recovered monomers.

Overall, this investigation proved that the G; and S, thermosets
could be chemically recycled into materials with structure and
thermal properties comparable to those of the parent materials
but different mechanical properties that could make the recycled
polymers suited to other applications than the virgin polyesters.

3. Conclusion

The demand for bio-based and recyclable thermosets is
expected to see a significant increase in the coming years, which
means that there is an urgent need to design new synthetic con-
cepts aimed to improve both the sustainability of the prepara-
tion protocols and the properties of these materials. On this
premise, the present work has been focused on bio-based poly-
esters achieved by the reaction of adipic acid with either glyc-
erol or sorbitol and their mixtures thereof. This process is novel

ChemSusChem 2025, 18, €202500880 (11 of 12)

in that the activation of adipic acid with iPAc (or Ac,0) reported
here is a new key step offering genuine advantages over any
existing literature benchmark. To summarize the most relevant
ones: 1) the perspective of using nontoxic acetylating agents as
isopropenyl acetate to mediate the activation of adipic acid;
2) the preparation of highly crosslinked thermosets with tunable
mechanical properties, which are otherwise hard to obtain and,
in fact, are rather unconventional in this area and 3) the chemi-
cal recycling of the polyesters-very important in the case of
thermosets-through depolymerization, recovery of monomeric
substrates and subsequent repolymerization. Notably, mild con-
ditions (50°C, 1atm) identified for the depolymerization are
compatible with an industrially favorable process design per-
spective. Recycled polyesters show with a composition compa-
rable to the parent polymers but possess different mechanical
properties that may even broaden the range of applications of
the investigated materials.

Potential applications for the synthesized polyesters are coat-
ings, seals, gummy materials of various types, glues, packaging,
foams, and composite materials as, for example, carbon/glass fibers
or wood laminates.

Supporting Information

All experimental procedures and further experimental details are
reported in the supporting info (SI). The authors have cited
additional references within the Supporting Information.’#2-°"
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