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Levoglucosenol, the reduced form of levoglucosenone (LGO), was utilized in this work to synthesize
seven novel monomers bearing both pendant alkene functional groups and the inherent internal double
bond of the bicyclic LGO structure. Monomers possessing ester, carbonate and carbamate linkers were
prepared with a specific focus on developing compounds with a high fraction of bio-derived carbon,
which was achieved using fatty acids (oleic and linoleic acid) and plant-based acids (citronellic and
10-undecenoic acid). The monomers were cured via ultraviolet (UV)-initiated radical thiol-ene “click”
chemistry with commercially available multifunctional thiols generating optically transparent cross-linked
thermosets in typically less than 60 seconds, and which possessed tuneable thermal and mechanical pro-
perties. Thermogravimetric analysis revealed that most polymers were stable up to 300 °C, with glass

Received 4th April 2025,
Accepted 23rd July 2025

DOI: 10.1039/d5py00339¢c

transition temperatures ranging from 0.3 to 37.4 °C and tensile strength values varying from 0.5 to 54.0
MPa, depending on the nature of the structure of the LGO-based monomer. The hydrolytic degradation
of these thermosets via ester hydrolysis was demonstrated in an alkaline medium, the rate of which could
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Introduction

Society has benefited significantly from the creation of poly-
meric materials that have given comfort to human beings in
various applications in everyday life, ranging from commodity
plastics to high-performance materials. However, the polymer
industry has relied heavily on fossil-fuel-based resources that
are non-renewable and their isolation and extraction can lead
to significant environmental consequences.'” Furthermore,
numerous classes of polymers persist in the natural environ-
ment for an extended period as their structure often prevents
degradation.* To address the negative impact of these fossil-
fuel-based products, there has been a significant effort to
move towards designing polymers from renewable sources of
monomer feedstocks, such as biomass, to create eco-friendly
and degradable networks. The most common biomass precur-
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be controlled by the length of the monomer side chain and nature of the linker unit.

sors suitable for the preparation of biopolymers are cellulose,
starch, proteins, and lipids.>*”’

Biomass is an abundant renewable resource, and the most
abundant source, cellulose, provides access to valuable com-
pounds through pyrolysis.® Levoglucosenone (LGO) is a bicyc-
lic compound obtained from the pyrolysis of cellulose and is a
desirable chiral molecule for the synthesis of green solvents,
natural products, therapeutic agents and molecules with fixed
and known stereochemistry.® ! The Circa group has developed
a catalytic aerobic fast pyrolysis method for the bulk pro-
duction of LGO from waste biomass.'® They have reported the
capacity to produce LGO on an industrial scale (50 tons per
year) and its derivative Cyrene™ is a bio-based solvent that is
an alternative to hazardous dipolar aprotic solvents.’*'* Due
to possessing several unique structural features and being
accessible on an industrial scale, LGO is becoming increas-
ingly popular in various research fields."*'® It is an unsatu-
rated bicyclic ketone-diether molecule containing two stereo-
genic centres. The 1,6-anhydro bridge confines the pyranose
ring in the specific conformation and offers excellent facial
selectivity. Therefore, it is an ideal candidate for the synthesis
of targeted compounds using various reaction pathways.'**®

The incorporation of LGO into traditional step-growth poly-
mers such as polyesters, polyamides, and polyurethanes is
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potentially an interesting method for the synthesis of novel
biodegradable and environmentally friendly materials.'”™°
These materials have applications in biomedical goods and
numerous other sectors including food packaging.'”*° In
recent work, researchers have leveraged LGO to synthesize
renewable biopolymers as an alternative to non-renewable
polymers using various polymerization techniques such as
ring-opening metathesis polymerization (ROMP), cationic ring-
opening polymerization (CROP) and thiol-ene chemistry.”*'>?

In recent years, thiol-ene “click” chemistry has become
popular with bio-based platforms including
levoglucosan,?™** levoglucosenone,”?* isosorbide,***® furan®”
and terpene**® derivatives to generate both linear and
network polymers. This is in part due to its rapid reaction
kinetics, and potential to achieve quantitative conversion
involving a stereospecific and orthogonal equimolar reaction
between thiol and alkene functionalities. Additionally, the
reaction is oxygen-tolerant during curing.”® The resulting
network polymers have low shrinkage, possess a homogenous
structure and overall are considered a more environmentally
friendly technique.’** This was recently demonstrated by
Flourat et al.>* who took advantage of this thiol-ene photo-
polymerization technique in LGO chemistry to obtain bio-
based and more eco-friendly thermosets with T, ranging from
—8 to 11 °C depending on the carbon chain length in the
monomers.

Our research group has recently focused on the synthesis of
polymers having a high fraction of bio-derived carbon. There
is an abundance of reports demonstrating the synthesis of
various biobased compounds using fatty acids and plant-based
acids. Hernandez et al.*® have worked on bio-based polymers
obtained from modified fatty acids. They used oleic acid and
lauric acid, converting them into ester derivatives. Inspired by
this research we were successfully able to prepare LGO-based
ester derivatives using unsaturated fatty acids such as oleic
acid and linoleic acids. Similarly, plant-based unsaturated
acids such as 10-undecenoic acid and citronellic acid were
linked with levoglucosenol (HO-LGO) through ester linkage
based on the study of Dépping et al.*® These monomers syn-
thesized from fatty acids and plant-based acids assisted in
improving the biobased carbon up to two times in the corres-
ponding polymer than in our previous work which used allyl
ether and pentenoic acid ester derivatives of LGO.”?
Furthermore, we were interested in investigating the potential
of LGO-derived carbamates, similar to the work performed by
Goculdas et al.’” After the successful synthesis of carbamates
we turned our attention to the focus on obtaining carbonates
using allyl alcohol and 4-pentenol with HO-LGO. The carba-
mate and carbonate monomers extended the class of polymers
that have been presented in the literature, providing access to
unique mechanical properties.

Expanding on our previous study,”” herein we utilize the
reduced form of LGO i.e., HO-LGO, to develop the synthesis of
seven novel bio-based diene monomers suitable for thiol-ene
photopolymerization. These monomers contain the inherent
double bond inside the bicyclic system and a double bond

various
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added through LGO derivatization. During monomer syn-
thesis, we varied the carbon chain length from three to eigh-
teen in addition to changing the linking functional groups
(such as ester, carbonate and carbamate) to tune the material
properties. Initially, we focused on linking fatty acids (oleic
and linoleic acid) and plant-derived acids (citronellic and
10-undecenoic acid) to form esters and then some carbonates
and carbamate leveraging the hydroxy group of HO-LGO. As
per our previous approach,’® all the monomers were sub-
sequently polymerized via thiol-ene “click” chemistry utilizing
commercially available tetra-thiol to generate cross-linked net-
works. The polymerization kinetics were studied using real-
time FTIR, and the thermal and mechanical properties of the
networks were shown to be strongly dependent on monomer
structure. The hydrolytic degradation of the networks was ana-
lysed in an alkaline medium, to demonstrate the potential of
these materials for chemical degradation under relatively
benign conditions.

Experimental
Materials

All reagents and solvents such as 10-undecenoic acid, citronel-
lic acid, oleic acid, linoleic acid, allyl chloroformate, 4-penten-
1-ol, allylamine, 1,1'-carbonyldiimidazole (CDI), 4-dimethyl-
aminopyridine (DMAP), dichloromethane (DCM), ethyl acetate
(EtOAc), n-hexane, and pyridine used in these studies were
used as received from Sigma-Aldrich, AK Scientific, Combi-
Blocks, and Oakwood. Other commercially available reagents
such as acids bases and salts from these vendors were used
without further purification. LGO was received from Circa
group. TLC was performed using Merck silica gel 60-F254
plates. Developed TLC plates were visualized by using UV light
and potassium permanganate stain (KMnO,, K,COjz; H,O).
Automated flash column chromatography was conducted with
a Reveleris® X2 flash chromatography system with 12 and
40 pm silica gel cartridges. Unless otherwise specified, reac-
tions were conducted with magnetic stirring under nitrogen.

Characterization

NMR spectroscopic experiments were performed on a Bruker
Avance III NMR spectrometer operating at 600 MHz (*H) or
150 MHz (**C). The deuterated solvents used were CDCl; and
D,0. Chemical shifts were recorded in ppm. Spectra were cali-
brated by assignment of the residual solvent peak to éy =
7.24 ppm and 6¢ = 77.23 ppm for CDCl; and 6y = 4.80 ppm for
D,0. Coupling constants (J) were recorded in Hz. Molecular
mass was analysed by infusion into an Orbitrap Q-Exactive HF
mass spectrometer equipped with a heated electrospray ioniza-
tion (HESI) source. Data were acquired over the scan range of
150-2000 m/z in positive ionization mode at a resolution of
240000 K.

FTIR was performed on a Bruker Vertex 70 FTIR spectro-
meter using a Bruker platinum ATR accessory with a diamond
crystal and a liquid-nitrogen-cooled MCT detector. Spectra
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were recorded in the range of 4000-600 cm™". 32 scans were
used for the background and sample measurement. A UV
lamp (370 nm, 54 W sun UV led nail lamp) was used during
the polymerization and polymerization kinetics study.
Dynamic mechanical analysis (DMA) of cured specimens
was performed using single cantilever mode on a TA Q800
dynamic mechanical analyser. Specimens were cured in a
mold with dimensions length x width x thickness = 17 x 8 x
2 mm. The actual dimensions were measured with a digital
calliper. The experimental method was as follows: from —15 °C
to 100 °C at 2 °C min~" (3 °C min~" for samples 1-3). A con-
stant frequency of 1 Hz and displacement of 5 um was use.
DMA measurements were performed in duplicate. The glass
transition temperature was determined using the temperature
at the peak of the tan é curve. The cross-linking density v was
determined via eqn (1) below:

E!
U=
3RT

(1)

where R is the universal gas constant, 7 the absolute tempera-
ture at a value 30 K above the peak in the tan é curve, and E' is
the storage modulus at this temperature.

A 100 kN Instron mechanical tester with a tensile grip
fixture was used to measure the tensile test of cured polymer
samples. For tensile samples, the dog-bone tabbed ends were
used. Differential scanning calorimetry (DSC) experiments
were performed using a Netzsch Caliris 300 instrument. The
samples were encapsulated into an aluminium crucible during
sample preparation. A temperature range from —25 °C to
100 °C was used to monitor thermal transition. Three loops of
heating and cooling were performed, and a second heating
loop was taken to determine the T, results. The standard
heating rate of 10 °C per minute was applied during analysis.
Thermogravimetric analysis (TGA) was performed using a
Netzsch STA 449 F5 Jupiter. Aluminium oxide crucibles were
used to hold the sample in the furnace. The sample (~15 mg)
was heated from 25 to 800 °C at a rate of 10 °C per minute in a
high-purity nitrogen atmosphere. The contact angle was
measured at room temperature using a smart Surface Electro
Optics Phoenix equipped with a 22-gauge needle.
Approximately 3.50 pL deionized water droplet was placed on
the smooth surface of clean polymer samples. The final
contact angle for each sample was calculated as the average of
three measurements.

Synthesis of HO-LGO

HO-LGO was synthesized by using Ma and coworkers’
method.*® LGO (5 g, 39.65 mmol) was dissolved in methanol
(60 mL) and cooled at 0 °C. The solution was then treated care-
fully with CeCl;-7H,O (15.0 g, 40.25 mmol, 1 equiv.) and
NaBH, (1.5 g, 36.95 mmol, 1 equiv.). After stirring for 1 h, the
solvent was evaporated, and the residue was subjected to flash
chromatography (2:1 v/v ethyl acetate/hexane elution) to
afford the allylic alcohol (HO-LGO) as a white crystalline solid
in 91% yield.

This journal is © The Royal Society of Chemistry 2025
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Synthesis of monomer 1

10-Undecenoic acid (7.0 g, 37.99 mmol, 1 equiv.) was dissolved
in dry dichloromethane (DCM) (60 mL). 1,1-
Carbonyldiimidazole (CDI) (8.0 g, 49.38 mmol, 1.3 equiv.) was
added and stirred at room temperature for 2 h to form the
intermediate compound a (see Scheme 1). The formation of
the intermediate was monitored by TLC and '"H NMR. HO-LGO
(3.75 g, 29.27 mmol, 1 equiv.) and 4-dimethylaminopyridine
(DMAP) (0.36 g, 2.93 mmol, 0.1 equiv.) were added to the flask
containing the intermediate compound and the reaction
mixture refluxed for 12 h. Water (60 mL) was added, and the
mixture was extracted with DCM (3 x 60 mL). The organic
phase was dried and evaporated to give the product which was
purified by column chromatography to obtain the monomer 1
as a colourless oily liquid (6.25 g, 21.24 mmol, 73% yield), R¢
0.79 (EtOAc-hexane, 2 : 3 v/v).

Synthesis of monomer 2

Citronellic acid (4.7 g, 28.12 mmol, 1 equiv.) was dissolved in
dry DCM (60 mL). CDI (6.24 g, 36.55 mmol, 1.3 equiv.) was
slowly added and stirred at room temperature for 2 h. Water
(60 mL) was added, and the mixture was extracted with DCM
(3 x 60 mL). The organic phase was dried and evaporated to
obtain the intermediate product b. HO-LGO (3.64 g,
28.39 mmol, 1 equiv.) was dissolved in DCM (60 mL); the inter-
mediate compound b obtained in the previous step and DMAP
(0.35 g, 2.84 mmol, 0.1 equiv.) was added and the reaction
mixture refluxed for 12 h. Water (60 mL) was added, and the
mixture was extracted with DCM (3 x 60 mL). The organic
phase was dried and evaporated to give the product which was
purified by column chromatography to obtain monomer 2 as a
colourless oily liquid (5.98 g, 21.34 mmol, 76% yield), R; 0.31
(EtOAc-hexane, 1:9 v/v).

Synthesis of monomer 3

Oleic acid (7.0 g, 24.78 mmol) was dissolved in dry DCM
(60 mL), and CDI (5.49 g, 32.04 mmol, 1.3 equiv.) was added
and stirred at room temperature for 3 h. Water (60 mL) was
added, and the mixture was extracted with DCM (3 x 60 mL).
The organic phase was dried and evaporated to obtain the
intermediate product ¢. HO-LGO (3.0 g, 23.42 mmol, 1 equiv.)
was dissolved in DCM (60 mL) and the intermediate com-
pound ¢ and DMAP (0.29 g, 2.34 mmol, 0.1 equiv.) were both
added and the reaction mixture refluxed for 12 h. Water
(60 mL) was added, and the mixture was extracted with DCM
(3 x 60 mL). The organic phase was dried and evaporated to
give the product which was purified by column chromato-
graphy to obtain the monomer 3 as a colourless oil (7.82 g,
19.93 mmol, 86% yield), R; 0.56 (EtOAc-hexane, 1:4 v/v).

Synthesis of monomer 4

Linoleic acid (0.5 g, 1.78 mmol) was dissolved in dry DCM
(10 mL), and CDI (0.4 g, 2.32 mmol, 1.3 equiv.) was added and
stirred at room temperature for 3 h. Water (20 mL) was added,
and the mixture was extracted with DCM (3 x 20 mL). The

Polym. Chem., 2025, 16, 3835-3848 | 3837
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Scheme 1 Synthesis of monomers 1 to 7 from HO-LGO.

organic phase was dried and evaporated to obtain the inter-
mediate product d. HO-LGO (0.2 g, 1.54 mmol, 1 equiv.) was
dissolved in DCM (10 mL) and the intermediate compound d
and DMAP (0.02 g, 0.15 mmol, 0.1 equiv.) were both added
and the reaction mixture refluxed for 12 h. Water (20 mL) was
added, and the mixture was extracted with DCM (3 x 20 mL).
The organic phase was dried and evaporated to give the
product which was purified by column chromatography to

3838 | Polym. Chem., 2025, 16, 3835-3848

obtain the monomer 4 as a colourless oil (0.39 g, 1.01 mmol,
65% yield), R; 0.56 (EtOAc-hexane, 1:4 v/v).

Synthesis of monomer 5

HO-LGO (5.0 g, 39.03 mmol) was dissolved in dry DCM
(60 mL) and allyl chloroformate (6.30 g, 50.73 mmol, 1.3
equiv.), DMAP (0.48 g, 3.90 mmol, 0.1 equiv.) and pyridine
(15.43 g, 195.13 mmol, 5 equiv.) were added. The reaction

This journal is © The Royal Society of Chemistry 2025
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mixture was stirred at room temperature for 12 h. The crude
product was initially washed with 2 M HCI (60 mL) and finally
with 2 M Na,CO; (60 mL). The organic extract was evaporated
and dried to give the crude product that was purified by
column chromatography (EtOAc/hexane) to obtain monomer 5
as a colourless oil (5.53 g, 26.06 mmol, 67% yield), R 0.63
(EtOAc-hexane, 2 : 3 v/v).

Synthesis of monomer 6

HO-LGO (0.1 g, 0.78 mmol, 1 equiv.) was dissolved in dry DCM
(6 mL), and CDI (0.17 g, 1.01 mmol, 1.3 equiv.) was slowly
added and stirred at room temperature for 5 h. Water (20 mL)
was added, and the mixture was extracted with DCM (3 x
20 mL). The organic phase was dried and evaporated to obtain
the intermediate product. 4-Penten-1-ol (0.07 g, 1.01 mmol, 1.1
equiv.) was dissolved in DCM (8 mL) and the intermediate
compound and DMAP (0.01 g, 0.08 mmol, 0.1 equiv.) were
both added, and the reaction mixture refluxed for 12 h. Water
(20 mL) was added, and the mixture was extracted with DCM
(3 x 20 mL). The organic phase was dried and evaporated to
give the product which was purified by column chromato-
graphy to obtain the monomer 6 as a colourless oil (0.12 g,
0.45 mmol, 64% yield), R¢ 0.35 (EtOAc-hexane, 1: 4 v/v).

Synthesis of monomer 7

HO-LGO (5.0 g, 39.02 mmol, 1 equiv.) was dissolved in dry
DCM (60 mL), CDI (8.66 g, 50.73 mmol, 1.3 equiv.) was added
slowly and stirred at room temperature for 5 h to obtain an
intermediate compound (monitored by TLC and 'H NMR).
The flask containing the intermediate was treated with allyl
amine (3.41 g, 58.55 mmol, 1.5 equiv.) in the presence of
DMAP (0.48 g, 3.90 mmol, 0.1 equiv.) and the reaction mixture
stirred at rt for 12 h. Water (60 mL) was added, and the
mixture was extracted with DCM (3 x 60 mL). The organic
phase was dried and evaporated to give the product which was
purified by column chromatography to obtain the monomer 7
as a slightly pale-yellow oil (7.21 g, 34.14 mmol, 88% yield), R¢
0.47 (EtOAc-hexane, 2 : 3 v/v).

General procedure for polymerizations

In a typical experiment, the diene monomer (2 equiv.) was
mixed with the pentaerythritol tetrakis(3-mercaptopropionate)
(tetra-thiol) (1 equiv., denoted 4SH) in an aluminium foil-
wrapped vile and mixed properly using a magnetic stirrer. DPO
(0.2% w/w) was added to the reaction mixture and stirred/soni-
cated at room temperature to mix them homogeneously. The
mixture was transferred to the dog-bone-shaped mold and
cured with UV light (370 nm, 54 W sun UV led nail lamp).

General procedure of degradation

Four polymer samples were added in separate vials containing
1 M NaOH at room temperature and monitored the weight loss
in 24 h interval. Once the degradation was completed, the
degraded products were divided into two halves. One half of
the degraded solution remained as an aqueous basic solution,
and the other half was acidified with 1 M HCl and sub-

This journal is © The Royal Society of Chemistry 2025
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sequently extracted using ethyl acetate. Both the ethyl acetate
extract and the aqueous phase were analysed via '"H NMR, **C
NMR and FTIR spectroscopy. In addition, the acidified extract
of the poly(3-co-4SH) and poly(7-co-4SH) were further purified
for the detail analysis of degraded fragments.

Results and discussion
Synthesis of monomers and their characterization

In this work, several multifunctional monomers were prepared
using both LGO and several naturally occurring unsaturated
compounds, such as 10-undecenoic, citronellic, oleic and lino-
leic acid. 10-Undecenoic acid is a monounsaturated acid
derived from castor 0il*® while citronellic acid is a medium-
chain monounsaturated fatty acid primarily found in essential
oils of Pelargonium species at levels ranging from 27.9 to
89.3% (%w/w).>° Similarly, long-chain unsaturated fatty acids
such as oleic and linoleic acids are abundant in olive oil
(55-83% w/w)*® and soybean oil (55% w/w)*' respectively.
These compounds were reacted with HO-LGO as described in
Scheme 1 (monomers 1-4) to prepare diene or triene-type
monomers that comprise the rigid HO-LGO bicyclic ring and
an unsaturated, bio-derived side chain connected via an ester
linkage. Two monomers with carbonate linkage (monomers 5
and 6) and a carbamate (monomer 7) were also prepared with
a view towards modifying the properties of the resulting poly-
mers through the differing chemistries of the linker unit.
HO-LGO was obtained by the reduction of LGO using the
method of Ma and co-workers (91% yield).*® To prepare mono-
mers with ester functionality, we used a method similar to our
previous approach,”* where initially - N-acyl imidazole inter-
mediates a, b, ¢ and d were prepared by the reaction of
10-undecenoic acid, citronellic acid, and two unsaturated fatty
acids (oleic acid and linoleic acid) with CDI respectively. The
'"H NMR of these monomers are shown in, Fig. $29-S32 of the
ESL.T HO-LGO and DMAP were subsequently added to these
intermediates and refluxed in DCM for 12 h, to obtain mono-
mers 1, 2, 3 and 4 in good yields (see Scheme 1). Confirmation
of the monomer structures was supported via 1D and 2D NMR
(see Fig. S1-S16 of the ESI}) analysis, as well as mass spec-
trometry (see Fig. S34-S37 of the ESI}). Monomers 1-4 consist
of 100% bio-derived carbon (see Table 1).

Under the same catalytic and solvent conditions as the
ester-based monomers, a carbonate-based monomer
(monomer 5) was successfully prepared by the reaction of allyl
chloroformate with HO-LGO at room temperature obtaining a
67% yield. An additional carbonate 6 was prepared as well as a
carbamate 7, however, a different synthetic methodology was
employed. For the synthesis of monomers 6 and 7, HO-LGO
was initially converted into N-acyloxy imidazole intermediate
(*H NMR spectra can be found in Fig. $33, ESI{) through reac-
tion with CDL This intermediate was reacted with 4-penten-1-
ol or allyl amine in the presence of a DMAP catalyst to obtain
carbonate 6 (64% yield) and carbamate 7 (88% yield)
(Scheme 1). Monomer 6 was obtained after reflux of the reac-
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Table 1 Preparation of polymer from each monomer and calculation of bio-based carbon content for each thiol network

No. of carbon

Polymer No. of carbon No. of bio-based atoms per tetra- Total carbon atoms (2:1 Bio-based carbon per
Monomer code atoms per diene carbon per diene thiol diene : tetra-thiol) thiol-ene network (%)
1 Poly(1-co- 17 17 17 51 66.7
4SH)
2 Poly(2-co- 16 16 17 49 65.3
4SH)
3 Poly(3-co- 24 24 17 65 73.8
4SH)
5 poly(5-co- 10 6 17 37 32.4
4SH)
6 Poly(6-co- 12 6 17 41 29.3
4SH)
7 Poly(7-co- 10 6 17 37 32.4
4SH)

tion mixture in DCM for 12 h, whereas synthesis of monomer
7 was possible within 6 h at room temperature. The "H and *C
NMR of monomers 5-7 are shown in Fig. S17, S18, S21, S22,
S25 and S26, ESI.t These structures were also supported by
mass spectrometry (see Fig. S38-S40, ESI{). Monomers 5-7
have a lower percentage of bio-derived carbon than monomers
1-4, however, the variation in functional linker gives signifi-
cantly different thermal and mechanical properties in the
resulting polymer networks (see subsequent discussion). We
have thus developed a catalogue of HO-LGO-derived mono-
mers with high levels of bio-derived carbon possessing ester,
carbonate and carbamate linkers whilst preserving the internal
double bond of the HO-LGO for subsequent polymerization.

Thiol-ene photopolymerization and kinetic study of bio-based
networks

The dienes and one triene (monomer 4) prepared in this work
were subsequently polymerized using thiol-ene “click” chem-
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with the desired monomer along with a UV-active type I photo-
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groups via FTIR spectroscopy, to determine functional group
conversion in each thermoset. This was achieved by collecting
FTIR spectra at 10 s intervals upon continual UV irradiation of
the thiol-ene mixture. We have previously shown® using
model UV photocuring reactions with 1-dodecanethiol that the
C=C double bond within the LGO ring is slightly slower to
react than terminal C=C bonds in our monomers, however
both are fully consumed within 60-120 s of irradiation. Here,

”

Tetra-thiol

B

Degraded product

Fig. 1 Schematic illustration of polymerization using thiol-ene chemistry and degradation in an alkaline medium.
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based on percentage conversion on thiol-ene photo-
polymerization of LGO-based monomers, the photocuring was
rapid and a solid thermoset was formed in less than one
minute for monomers 1, 2, 5, 6 and 7 (see Fig. 2). Near-quanti-
tative conversion of C=C groups was achieved in ~10 s for
monomers 1, 5 and 6, and ~30 s for monomer 7. Monomers 2
and 3 were the slowest to polymerize, taking over 60 s to
achieve high conversion of ene groups, and the polymer
derived from monomer 3 was soft and tacky under these con-
ditions. In order to ensure full polymerization, monomer 3
was polymerized at a higher loading of photoinitiator (0.5%
w/w) compared to all other systems (0.2% w/w). The extent of
functional group conversion of all six thermosets at ¢ = 0 and
at t = 120 s are provided in the ESI (Fig. S47-S527). The cured
thermosets were transparent and colourless (Fig. S621) in
appearance except for the polymer obtained from monomer 7
which possessed a slightly pale-yellow colour.

We note that our attempt to polymerize monomer 4 was
unsuccessful under equivalent conditions successfully used
for other monomers (Fig. S53 and S547). The bis-allylic C-H
bond in the unsaturated chain within monomer 4 is relatively
weak (possessing a bond dissociation energy ~80 kcal mol™*)
in comparison to the allylic C-H bonds (88 kcal mol™") within
the other monomers. The estimated bond dissociation energy
of the bis-allylic proton is lower than the S-H (84 kcal
mol").*> Therefore, the bis-allylic hydrogens in the monomer
backbone are relatively good hydrogen atom donors. In the
presence of a UV-active photoinitiator and tetra-thiol, thiyl rad-
icals would abstract the hydrogen atom from bis allylic system,
generating a carbon-centred free radical that is stabilized by
conjugation.*”** As a result, this yields either slower or no
polymerization. Monomer 4 was subsequently omitted from
further characterization and mechanical analysis due to these
issues faced during its polymerization.

We also observed via visual inspection that increasing the
carbon chain length within the fatty acid side chain of the
monomers resulted in softer polymer networks. For instance,
polymers obtained from the ester-linked monomer 1 (eleven

A) c=C
1004
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:
c
O 60
[
2 ol |
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| Poly(3-co-4SH)
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| = Poly(6-co-4SH)
0 / - - Poly(7-co-4SH)
0 20 40 60 80
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terminal carbon chains) and monomer 2 (ten terminal carbon
chains) were flexible. In contrast, monomer 3 which has eigh-
teen carbons on the terminal chain (albeit with a C=C bond
in the middle of the chain, generating a nine-carbon branch
after polymerization) afforded polymer that was so soft as to
be malleable by hand. Monomers 5 and 7 (having only three
terminal carbon chains) and monomer 6 (containing two
additional carbon atoms in the terminal chain) produced
much more rigid networks, as reflected in their mechanical
analysis (see next section). These mechanical differences are
also in part due to the rigidity and potential hydrogen bonding
of the carbonate and carbamate linkers respectively.

Mechanical and thermal analysis of UV-cured networks

The biobased thermosets prepared in this work were subjected
to thermal and mechanical analysis. Mechanical analysis was
performed at 25 °C on dog-bone-shaped samples (according to
ASTM D638-14) which were UV-cured in silicone molds. The
results of these are presented in Table 2 and Fig. 3.
Mechanical analysis results showed that there was a significant
difference in the tensile strength and Young’s moduli across
the various networks prepared which we attribute to differing
lengths of the alkyl side chains of our monomers in addition
to the chemical nature of the linker unit. A wide range of
tensile strengths (from 0.51 to 53.98 MPa) and Young’s moduli
(from 0.62 to 450.80 MPa) were observed, as shown in Fig. 3.
We group our thermosets into soft (Fig. 3A) and hard (Fig. 3B)
materials based on the very large differences in tensile
strength and Young’s modulus. The softest samples all pos-
sessed long alkyl chains from the fatty acids (in addition to the
carbonate poly(6-co-4SH)) used in their synthesis; samples poly
(1-co-4SH), poly(2-co-4SH) and poly(3-co-4SH) possessed both
low tensile strengths (2.62, 1.53 and 0.51 MPa respectively) and
Young’s moduli (3.13, 0.82 and 0.62 MPa respectively). In con-
trast, the carbonate (monomer 5) and carbamate (monomer 7)
networks with only three carbons in the monomer side group
possessed much higher tensile strength (47.76 and 53.98 MPa)

B) S-H
100 I B
_ 80+
9
c
S 60+
4
$
g 41 Poly(1-co-4SH)
© Poly(2-co-4SH)
Poly(3-co-4SH)
201 Poly(5-co-4SH)
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0 ; ' .
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Fig. 2 Percentage conversion vs. irradiation time: (A) alkene (C=C) and (B) thiol (S—H), for all six thermosets, based on FTIR analysis during UV

irradiation.
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Table 2 Thermal and mechanical (tensile) analysis data of our networks
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Polymer Terminal Tonset Tmax Residual mass T, DSC Tensile strength Elongation at break = Young’s modulus
code linker (°C) (°C) (%) (°C) (MPa) (%) (MPa)
Poly(1-co- Ester 359.5 385 2.0 14.4 2.62 83.05 3.13
4SH)
Poly(2-co- Ester 334.5 346 1.3 16.2 1.53 186.56 0.82
4SH)
Poly(3-co- Ester 350.5 364 2.6 0.3 0.51 85.43 0.62
4SH)
Poly(5-co- Carbonate 334.3 365 1.3 37.4 47.76 10.18 450.8
4SH)
Poly(6-co- Carbonate 268.4 293 4.1 27.9 12.06 164.71 7.61
4SH)
Poly(7-co- Carbamate 309.4 332 9.1 341 53.98 13.88 402.54
4SH)
A) ' : T W Tensile B) 600 mmensie
18 - [ ]Young's Modulus [ 1Young's Modulus:
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16- 2% 500
— —_—
141 2 S
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Fig. 3 Mechanical analysis of LGO-based thiol-ene networks: (A) soft polymers and (B) firm polymers (error bars indicate the standard deviation,
left Y-axis represents tensile strength and Young's modulus and right Y-axis represents % elongation at break).

and Young’s moduli (450.80 and 402.54 MPa) as observed in
Fig. 3B. The softer samples typically demonstrated a larger
elongation at break compared to their more rigid counterparts,
with a maximum elongation at break achieved for the polymer
based on citronellic acid, reaching 186.6%. An interesting
comparison exists between the networks prepared from mono-
mers 5 and 6, which are both carbonates that differ only in an
extra two carbons in the pendant side group. Increasing the
alkyl pendant by two carbons increases the elongation at break
(from 10.2% to 164.7%) of the network, whilst decreasing the
tensile strength (from 47.76 to 12.06 MPa) and Young’s
modulus (from 450.80 to 7.61 MPa), highlighting the tuneabil-
ity of our network design.

TGA and DSC were used to analyse both the thermal stabi-
lity and thermal transitions of the cured thermosets. Fig. 4A
and B illustrate the mass loss of each thermoset as a function
of temperature, and the derivative of this mass loss. All net-
works have decomposition onset temperatures greater than

3842 | Polym. Chem., 2025, 16, 3835-3848

250 °C, with five of the six networks possessing a two-step
decomposition process; the poly(6-co-4SH) network has the
lowest decomposition temperature (To,sec = 268 °C) along with
a three-step mass loss curve. The first prominent mass loss
step is attributed to the decomposition of the C-S bond of the
resin, and the breaking of the O-C bonds, as previously
reported.”” The third mass loss is attributed to the decompo-
sition of the C-C bond within the network.’

The glass transition temperature (T,) of the six thermosets
was determined using DSC (Fig. 4C and Table 2).
Unsurprisingly, poly(3-co-4SH) had the lowest T, value of
0.3 °C, which was attributed to the long fatty acid chain
present within the monomer structure. When comparing the
ester-containing polymers, the sample derived from the
longest chain fatty acid monomer (poly(3-co-4SH)), possessed
a lower T, than the polymers of shorter carbon chain mono-
mers (poly(1-co-4SH) and poly(2-co-4SH)). The 9-carbon short
chain branch due to the structure of monomer 3 also is likely

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (A) Percentage of weight loss over the temperature of LGO-based thiol-ene networks. (B) First derivative obtained from the TGA curve. (C)

DSC thermograms of all six polymers.

to contribute to the low T, of this material. Carbonate and car-
bamate-based monomers possessed the highest glass tran-
sition temperature values, with the highest T, (37.4 °C) belong-
ing to the carbonate with the shortest side chain poly(5-co-
4SH) (see Table 2). Once again within our two carbonate
monomer networks, we observe a trend of decreasing T, with
increasing chain length of the alkyl side chain (e.g., poly(6-co-
4SH) vs. poly(5-co-4SH)). We conclude that both the thermal
and mechanical performance of our polymer networks are
influenced by the targeted design of our bio-based monomers,
with the ability to control the mechanical performance and
glass transition temperature of the resulting materials.
Dynamic mechanical analysis (DMA) was also performed to
study the temperature dependent nature of the storage (E') and
loss (E") moduli of our thermosets, and in addition to deter-
mining the cross-linking density within the polymeric struc-
ture. The storage modulus (E') and tan delta (defined as the
ratio of E"/E") of our thermosets as a function of temperature
are shown in Fig. 5 (loss moduli data is shown in Fig. S61,
ESIt). We observe a wide range of E' values at ambient con-
ditions (25 °C); poly(1-co-4SH), poly(2-co-4SH) and poly(3-co-
4SH) all possess very low E’ values (<30 MPa) whereas poly(5-
c0-4SH), poly(6-co-4SH) and poly(7-co-4SH) all have E’ values

This journal is © The Royal Society of Chemistry 2025

>1.7 GPa; this trend is identical to the Young’s moduli and
tensile strength data for our polymers in Table 2. The glass
transition temperature by DMA, defined as the maximum in
the tan delta curve, show a comparable trend to those
measured by DSC (see Table 3), with polymers poly(5-co-4SH),
poly(6-co-4SH) and poly(7-co-4SH) all possessing T, values
above room temperature; the other polymers were softer and
had T, values either at or lower than room temperature. The T,
values determined by DMA were systematically higher than
those measured by DSC (Table 2); other methods of determin-
ing the T, by DMA (for example, the temperature at which E”
reaches a maximum value, Table S2) also give an identical
trend to our DSC results.

The storage moduli at a temperature 30 K above T, was
used to determine the cross-linking density of our thermosets
(see eqn (1) and Table 3). We observed that despite vastly
different E', Young’s moduli, tensile strength and T, values,
the cross-linking densities were very similar for most thermo-
sets (with values typically between 0.40-0.60 mmol cm™>). This
is somewhat unsurprising, given stoichiometric ratios of thiol
to ene groups were used for all thermosets. Two exceptions
were the oleic ester poly(3-co-4SH) and carbamate poly(7-co-
4SH), which had higher cross-linking densities at 1.26 and

Polym. Chem., 2025, 16, 3835-3848 | 3843
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Fig. 5 DMA analysis of UV-cured thermosets, showing both (A) storage modulus and (B) tan delta as a function of temperature.

Table 3 DMA characterization of UV-cured thermosets

Polymer code E' (MPa) at 25 °C

T,“ DMA (°C)

E' (MPa) at (T +30) °C # (mmol em™)

Poly(1-co-4SH) 10.16 23.7
Poly(2-co-4SH) 28.07 25.3
Poly(3-co-4SH) 13.26 13.1
Poly(5-co-4SH) 2409.7 58.6
Poly(6-co-4SH) 1787.7 46.8
Poly(7-co-4SH) 2414.9 52.3

4.29 0.52
3.51 0.42
9.98 1.26
5.04 0.55
3.59 0.41
9.53 1.07

“Based on the temperature at which tan § is at its maximum value. ? As determined from eqn (1) (see Experimental section).

1.07 mmol em™
density is a likely factor in the rate of chemical degradation of
our poly(3-co-4SH) sample, however the hydrophobicity of the
material is also important (see later discussion). The cross-
linking density could be intentionally varied if desired through
changing the ratio of thiol to ene groups prior to photocuring.
Based on the mechanical properties of our thermosets pre-

respectively. The variation in cross-linking

sented here, they have the potential to serve as an alternative
to commonly used fossil-fuel-based polymeric materials.
Specifically, thermosets poly(1-co-4SH), poly(2-co-4SH), poly(3-
co-4SH) and poly(6-co-4SH) which exhibit low T,, greater
elongation at break and low tensile strength, and so could
potentially serve as substitutes for flexible polymers such as
low-density polyethylene (LDPE), silicone elastomers, ethylene
vinyl acetate (EVA), plasticized polyvinyl chloride (PVC) and
soft polymeric gels, which typically have reported tensile
strengths between 7-30 MPa and elongation at breaks from
100-600%. Poly(5-co-4SH) and poly(7-co-4SH) on the other
hand are rigid solids with T, value above room temperature
and possess low elongation and high tensile strength; these
materials may be suitable alternatives to rigid polymers such
as polystyrene (PS), polyethylene terephthalate (PET), polycar-
bonate (PC) and polylactic acid (PLA) which have typical
tensile strength and elongation at break values from 34-75
MPa and 1-100% respectively. Our bio-based thermosets have
high optical transparency (see Fig S62, ESI} for digital photo-
graphs) and so have potential as protective coatings or barrier
products. As a further advantage, our bio-based thermosets

3844 | Polym. Chem., 2025, 16, 3835-3848

can be chemically degraded under relatively mild conditions
(see next section).

Chemical degradation of thiol-ene networks

The degradation of the cured networks was studied in an alka-
line medium at room temperature. Previous studies have
shown that polymers using an ether and ester linkage to intro-
duce the alkene are susceptible to hydrolytic cleavage.”**
These polymers also contained ester linkages introduced via
the tetra-thiol. Herein, networks containing ester, carbonate
and carbamate functionality were investigated for their degra-
dation behaviour. Four representative samples (Fig. 6) of the
LGO-derived polymer networks were selected and monitored
for their degradation in 1 M NaOH solution. These materials
do not swell in water, suggesting degradation driven from the
surface; the degradation of the poly(7-co-4SH) network was
rapid (2 days) followed next by poly(5-co-4SH) (3 days). The
process was significantly slower for the poly(3-co-4SH) and poly
(6-co-4SH) networks, highlighting that targeted monomer
design enables tuneable degradation kinetics of the resulting
network. The varying rates of degradation are correlated to
both the carbon chain length of the side chain within the
monomer structure and the functional group present in each
network. Due to having a shorter carbon chain along with the
N-H group in the poly(7-co-4SH) network, it has a more hydro-
philic character than the networks containing carbonate and
ester functional groups. This is supported by static water
contact angle measurements. As expected, poly(7-co-4SH)

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (A) Degradation study of the poly(3-co-4SH), poly(5-co-4SH), poly(6-co-4SH) and poly(7-co-4SH) networks in 1 M NaOH solution. Vials with

poly(7-co-4SH) polymer: (B) before decomposition and (C) after two days.

exhibited the lowest contact angle (55.9°), while poly(3-co-4SH)
displayed the highest (67.7°) among these thermosets. Poly(5-
c0-4SH) (63.6°) and poly(6-co-4SH) (65.9°) displayed intermedi-
ate contact values. All the networks are relatively hydrophilic
with static contact angles <90°, even those with fatty side
chains such as poly(3-co-4SH), which is attributed to the polar
nature of the thiol within the network. Network polymers with
relatively shorter carbon chains, such as poly(5-co-4SH) and
poly(7-co-4SH), were degraded more quickly than bulkier side
groups, with at times quite large effects on degradation (e.g. an
extra two carbon atoms from poly(6-co-4SH) compared to poly
(7-co-4SH) significantly increased the degradation time). This
result (see Table S31) is aligned with our previous study.*”

The degradation products of various thermosets in 1 M
NaOH were studied via "H and >*C NMR and FTIR spectroscopy
to provide insight into the mechanism of polymer degradation.
This was achieved via acidifying the aqueous solution of
degraded products followed by NMR analysis, in addition to
ethyl acetate liquid-liquid extraction and purifying the soluble
extracts (see Experimental section for further details). In the
case of the ester-based poly(3-co-4SH), which contains fatty acid
chains derived from oleic acid, the major isolated product after
ethyl acetate extraction was a substituted oleic acid derivative.
The ester linkages of both monomer 3 and PETMP are suscep-
tible to hydrolysis, resulting in a 3-mercaptopropionic acid
functionalized oleic acid being recovered as the purified major
component (see Fig. S63-S66, ESIf). Signals that suggest a
3-mercaptopropionic acid substituted HO-LGO product were
observed in the remaining fractions (see Fig. S63, ESIT). These
findings support the notion that all ester linkages in both the
LGO-based monomer and the PETMP tetra thiol are cleaved via
base hydrolysis to promote network degradation, which is com-
parable to other reported degradation studies of thiol-ene ther-
mosets with ester linkages within the structure.®™*®

We also analysed the degradation of the carbamate-based
poly(7-co-4SH) network, which showed the most rapid degra-
dation in alkaline solution. A mixture of compounds were
identified in both the basic aqueous solution as well as the
acidified extract via "H NMR (see Fig. $67-71, ESI{). The crude

This journal is © The Royal Society of Chemistry 2025

acidified extract was shown to contain signals arising from
3-mercaptopropionic acid, levoglucosenol (HO-LGO), and the
sulfide and disulfide of 3-mercaptopropionic acid. Extracts
from the basic fraction contained the pentaerithytol core from
PETMP, pentaerithryol diacetate ester (as major fraction), and
HO-LGO as minor fraction. These findings suggest less-than-
quantitative conversion of LGO double bonds and thiol groups
from PETMP during the formation of this thermoset.
Polymeric networks readily form at monomer conversions
<100%, and so it is plausible that a small fraction of unreacted
alkene and thiol groups exist within the network structure,
giving rise to the identified compounds post-degradation. The
degradation products of these thermosets can thus be readily
identified via NMR and FTIR spectroscopy, with the materials
showing bond cleavage through the abundant linkages within
the structure susceptible to base hydrolysis.

Conclusions

This work expands the library of LGO-derived diene mono-
mers, introducing ester, carbonate and carbamate functional-
ity as linkers to other unsaturated compounds, and their sub-
sequent use in thiol-ene photopolymerization. The monomers
containing ester functionality were derived from either fatty
acids or plant-based acids, and the structure of the side chains
contributed to the thermal and mechanical properties of the
resulting thermosets. All thermosets possessed good thermal
stability (up to 300 °C) and tuneable glass transition tempera-
ture. Carbonates and carbamates based on LGO were also pre-
pared, which typically gave highly rigid structures. The tensile
strength and Young’s modulus of carbonate poly(5-co-4SH)
and carbamate poly(7-co-4SH) reported here surpass the pub-
lished mechanical properties of LGO-based polymers in the lit-
erature, highlighting the benefit of introducing carbonates
and carbamates to bio-based thermosets. The degradation of
the cured thermoset networks in an alkaline medium was also
shown, revealing the material can be degraded with tuneable
kinetics based on the nature of the LGO monomer. Given their
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impressive mechanical properties, tuneable thermal pro-
perties, rapid curing and high transparency, we believe these
materials represent an exciting step forward in the design of
bio-derived thermosetting materials based on LGO.
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