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d polyesters prepared by ring-
opening copolymerization of epoxidized baru nut
and macaw palm oils with cyclic anhydrides†

Aaron L. Vermiglio,a Rafael T. Alarcon, b Éder T. G. Cavalheiro, b

Gilbert Bannach, c Thomas J. Farmer *a and Michael North *a

Epoxidised Brazilian vegetable oils obtained from the baru nut (Dipteryx alata Vogel) and the macaw palm

(Acrocomia aculeata) react with bioderivable anhydrides (succinic, glutaric, itaconic or citraconic) to give

highly crosslinked polyesters. The polymerisation is initiated by a metal-free catalyst system comprising

dicyclohexyl urea and bis(triphenylphosphine)iminium chloride. The resulting polymers can be obtained

as powders or rubbery disks and are chemically and physically characterised. On treatment with aqueous

sodium hydroxide, the polymers degrade to water soluble glycerol and sodium carboxylates.
Sustainability spotlight

The work in this paper aligns primarily with UNSDG 12: sustainable consumption and production as it is concerned with the synthesis of highly crosslinked
polyesters from epoxides obtained by epoxidation of triglycerides obtained from Brazilian biomass and bioderivable anhydrides. The resulting polymers are
shown to be degradable at end of life. Hence, the polymers address sustainability issues at both start and end of life. The overview of UNSDG 12 notes that
unsustainable patterns of consumption and production are root causes of climate change, biodiversity loss and pollution. Our approach to a major class of
chemicals (polymers) will help to address this.
Introduction

Polymers are ubiquitous in modern life and have been
produced commercially for over 100 years. Their global
production currently exceeds 360 million metric tonnes per
annum.1 However, both the production and end of life disposal
of polymers give rise to serious sustainability issues. Commer-
cial polymers are almost entirely derived from petrochemicals
by processes which consume 8% of global oil and gas produc-
tion, making them second only to transport fuel in the use of oil
and gas. Currently, less than 1% of commercial polymers are
sustainably sourced.1 The end of life treatment of polymers is
equally problematic with just 9% being recycled. The remainder
is either incinerated (12%) resulting in carbon dioxide emis-
sions or discarded on land or in the oceans2 (79%) causing
major pollution problems.3 Thus a major challenge in green
chemistry is the development of new polymers which are sus-
tainably sourced and degradable at end of life. This will allow
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@york.ac.uk; thomas.farmer@york.ac.uk

University of São Paulo, 13566-590, São

ry, UNESP – São Paulo State University,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
the development of a sustainable and potentially circular
economy for polymers,4 but requires the integrated consider-
ation of feedstocks, production methodology and design for
degradation.

Polyesters have great potential to address these sustain-
ability issues. They are potentially chemically degradable at end
of life by hydrolysis of their backbone ester bonds, making them
more recyclable than many other classes of widely used poly-
mers.5 In addition, the oxygenated functional groups needed to
produce monomers for polyester synthesis are commonly found
in biomass, giving polyesters the potential to be biosourced.
There are three main routes for the production of polyesters.
Commercially, the most developed synthesis is the thermally
induced condensation polymerization between a diol and
a diacid or diester (Scheme 1a)6 which, for example, is used in
the production of poly(ethylene terephthalate) (PET).7 Since
many diacids and diols are readily available from biomass, it
should be possible to prepare sustainably sourced polymers in
this way. However, the harsh thermal conditions8 needed to
drive this process to high molecular weights (220–260 °C for
PET9) limit the functional groups that can be present in the
monomers. An alternative approach to polyester synthesis
involves the ring-opening polymerisation of lactones or lactides
(Scheme 1b)10 which is used in the commercial production of
poly(caprolactone) and poly(lactic acid).11 This is a lower
temperature, catalysed process which is already being used with
RSC Sustainability, 2023, 1, 987–993 | 987
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Scheme 1 Routes for the synthesis of polyesters. (a) Condensation
polymerisation. (b) Ring-opening polymerization. (c) Ring-opening
copolymerization.

Fig. 1 Simplified structural representations of epoxidised oils 1 and 2.
In reality each fatty acid chain may contain 0–2 epoxides and fewer or
more than the 18 carbon atoms shown. On average, 1 contains 3.5
epoxides per triglyceride and 2 contains 4 epoxides per triglyceride.
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biomass derived monomers, but the range of potential mono-
mers is rather limited. The third approach to polyester synthesis
is the ring-opening, alternating copolymerization (ROCOP) of
epoxides and cyclic anhydrides (Scheme 1c).12 ROCOP is a lower
temperature catalysed process, so it is also compatible with
functionalized monomers. Cyclic anhydrides are readily
prepared from diacids and epoxides can be formed by the
epoxidation of alkenes; so the ROCOP route to polyesters is also
compatible with sustainably sourced monomers.

ROCOP is a living polymerization process that is capable of
producing polymers with narrow molecular weight distribu-
tions. However, it is also very susceptible to chain-transfer by
adventitious moisture which reduces the molecular weight of
the polymer. As a result, ROCOP is typically carried out under
rigorously inert and anhydrous conditions involving the use of
a glove box. Recently, we reported that ROCOP of functionalised
biomass derivable anhydrides and epoxides could be carried
out with both metal-based and metal-free initiators without the
need for a glove box or other specialised equipment.13 Although
the linear polyesters formed had rather low molecular weights
due to moisture induced chain-transfer, the functionality they
possessed (alkenes and alkyl halides) allowed them to be
crosslinked to produce insoluble, polyester derived resins. This
approach worked well, but did require two steps and a non-
bioderived crosslinking agent. We realised that both these
factors could be avoided if instead of using simple mono-
epoxides as monomers, a biomass derived monomer contain-
ing multiple epoxides was used. This would allow the one-step
synthesis of completely sustainably sourced crosslinked poly-
ester resins. In addition, the detrimental effect of chain-transfer
would be avoided as each crosslinking polyester chain can be
short without compromising the formation of the crosslinked
resin.

In previous work we have also reported the synthesis of
epoxidised triglycerides obtained from baru nut (Dipteryx alata
Vogel) and macaw palm (Acrocomia aculeata) oils (Fig. 1).14 Baru
nuts and macaw palms are grown commercially in the Cerrado
988 | RSC Sustainability, 2023, 1, 987–993
region of Brazil15 and produce vegetable oils which are high in
polyunsaturated fatty acids. Hence, epoxidation of baru nut oil
gave epoxidised baru nut oil 1 containing on average 3.5 epox-
ides per triglyceride and epoxidation of macaw palm oil gave
epoxidised macaw palm oil 2 containing on average 4 epoxides
per triglyceride. Therefore, in this paper, we show that ROCOP
applied to epoxidised vegetable oils 1 and 2 and biomass
derivable anhydrides leads directly to highly crosslinked,
insoluble polyester resins. Both the chemical and physical
properties of the resins are determined and it is shown that they
can be degraded to water soluble sodium carboxylates on
treatment with aqueous sodium hydroxide.
Results and discussion

In previous work,11 we showed that both metal-based catalysts
(aluminium and chromium salophen complexes) and the
organocatalyst dicyclohexyl urea16 (DCHU, 3, Fig. 2) were
capable of inducing the ROCOP of mono-epoxides and anhy-
drides in the presence of bis(triphenylphosphine)iminium
chloride (PPNCl, 4) at 100 °C for 15–60 minutes under solvent-
free, standard laboratory conditions. Of these catalysts, DCHU
is particularly attractive as it is an industrial by-product17 and
will not introduce coloured and/or toxic metal residues into the
polymer. Therefore, in this work polymerisations were carried
out using the DCHU/PPNCl initiator system. DSC analysis (ESI,
Fig. S1†) of a mixture of macaw oil 2, succinic anhydride 5,
DCHU 3 and PPNCl 4 (250 : 1000 : 1 : 1 ratio) showed that 100 °C
was the lowest temperature at which exothermic polymerisation
occurred, so this was used as the polymerisation temperature
throughout the study (Scheme 2). Reactions were le for 18
hours as initial studies showed that the reaction mixture
became highly viscous and then solidied as the crosslinking
polymerisation progressed.
Fig. 2 Structural formulas of initiators 3 and 4 and anhydrides 5–8.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of cross-linked polyesters 9a–h.
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Epoxidised macaw palm oil 2 is a liquid at room temperature
whilst epoxidised baru nut oil 1 is a low melting point solid.
Each of these epoxidised triglycerides were polymerised with
four potentially bioderivable anhydrides 5–8. Succinic anhy-
dride 5 can be obtained from succinic acid which is produced
commercially by fermentation of sugars.18 Itaconic anhydride 6
can be produced either from itaconic acid (manufactured by
fungal fermentation of sugars19) or by thermolysis of citric
acid.20 Citraconic anhydride 7 is a regioisomer of itaconic
anhydride 6. It is a natural product found in coffee and can be
manufactured by thermolysis of itaconic or citric acids.17 Glu-
taric anhydride can be obtained from the natural product glu-
taric acid.21 Thus a set of eight highly crosslinked polyesters 9a–
hwas produced as shown in Scheme 2. Aer polymerisation, the
solid polymer mass produce was ground to a powder and sub-
jected to Soxhlet extraction (using dichloromethane, ethyl
acetate or ethanol) to constant weight to remove initiators 3 and
4 along with any unreacted monomers, giving polymers 9a–h as
white–yellow powders with the percentage yields shown in
Table 1. These percentage yields are based on the theoretical
incorporation of all of the epoxidised oil (1, 2) and all of anhy-
drides 5–8. In reality, this cannot be achieved for two reasons.
As the polymerisation progresses, the reaction mixture becomes
more viscous, so the ROCOP process becomes slower, resulting
in unreacted monomers and low molecular weight oligomers
being formed which are subsequently removed during the
Soxhlet extraction. In addition, ether formation (involving only
epoxidised oils 1 or 2) can occur and will result in unreacted
anhydride 5–8 being present and subsequently removed during
the Soxhlet extraction. Whilst intermolecular reaction of epox-
ides to form polyethers is only a minor side-reaction in ROCOP
using the 3/4 initiator system,13 in the case of epoxidised oils 1
and 2, ether formation can occur intramolecularly and this is
likely to occur at a rate that is more competitive with ROCOP,
Table 1 Yields and thermal properties of powdered polymers 9a–h

Polymer Yielda (%) Ts
b (°C) TD10

b (°C) Tg
b (°C)

9a 67 273 340 −14.9
9b 61 264 325 −5.5
9c 59 253 304
9d 46 271 341 −14.9
9e 35 295 352
9f 54 274 339
9g 59 261 334
9h 46 290 356 −13.6

a Percentage yield aer Soxhlet extraction and based on the theoretical
incorporation of all epoxidised oil and anhydride. b Limit of thermal
stability temperature (Ts) and temperature at which the polymer has
lost 10% of its weight (TD10) determined by thermogravimetric
analysis under argon with a heating rate of 10 °C min−1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
especially as the rate of ROCOP is reduced in the latter stages of
the polymerisation.

Thermogravimetric analysis (ESI, Fig. S2–S10†) showed that
all of the powdered polymers 9a–h were thermally stable up to
ca. 250 (9c); 260 (9b, g); 270 (9a, d, f) or 290 °C (9e, h). Polymers
derived from baru nut oil (9e–h) all had higher thermal stability
and decomposition temperatures (by 12–30 °C) than the corre-
sponding polymer made from the same anhydride and macaw
palm oil (9a–d). The polymers derived from unfunctionalised
anhydrides 5 and 8 had similar decomposition temperatures
(TD10); 340 ± 1 °C for 9a, d and 354 ± 2 °C for 9e, h and these
were higher than the corresponding decomposition tempera-
tures of polymers derived from unsaturated anhydrides 6 and 7
(304–325 °C for 9b, c; 334–339 °C for 9f, g). The polymers ob-
tained from anhydrides 5 and 8 also presented a higher thermal
stability (271 ± 2 °C for 9a, d; 290 ± 5 °C for 9e, h).

Polymers 9a–h were also analysed by differential scanning
calorimetry (DSC) between −60 and 200 °C (ESI, Fig. S11–S18†).
Polymers 9a, b, d, h had glass transition temperatures between
−5 and −15 °C (0.3–0.4 J g−1), no glass transition temperature
was detected for the other four polymers and no other phase
changes were detected, suggesting that all of polymers 9a–h
were amorphous.

IR analysis of polymers 9a–h (ESI, Fig. S21–S28†) revealed
that in the functional group region (4000–1600 cm−1), the
spectra were very similar to those of the epoxidised vegetable oil
from which they were prepared (ESI, Fig. S19 and S20†), but
there were clear differences in the ngerprint region (1600–
600 cm−1). However, detailed analysis of the 2000–1500 cm−1

region did show the presence of a weak alkene stretching band
at 1653 cm−1 in polymers derived from macaw oil and unsatu-
rated anhydrides 6 and 7 as shown in Fig. 3. In the corre-
sponding baru nut oil derived polymers (9e–h), this alkene
stretching band was weaker and only clearly visible in polymer
9g derived from anhydride 7 (ESI, Fig. S27†).
Fig. 3 Expansion of the IR spectra of polymers 9a–d between 1500
and 2000 cm−1.

RSC Sustainability, 2023, 1, 987–993 | 989

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3su00088e


Fig. 4 Comparison of the 13C NMR spectra of epoxidisedmacaw palm
oil 2 (bottom) and polyester 9a (top).

Fig. 5 Comparison of the 60–200 ppm region of the solid-state 13C
NMR spectra of polymers 9a–d.

Fig. 6 Polymeric disk obtained from triglyceride 2, anhydride 5 and
initiators 3 and 4 (250 : 1000 : 1 : 1 ratio).
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Polymers 9a–h were also analysed by solid-state 13C NMR
spectroscopy (ESI, Fig. S29–S36†). Fig. 4 shows a comparison of
the solution state 13C NMR spectrum of epoxidised macaw palm
oil 2 and the solid-state 13C NMR spectrum of polymer 9a
derived from 2 and succinic anhydride 5 (the corresponding
spectral comparison of epoxidised baru nut oil 1 and polymer 9e
is given in the ESI, Fig. S37†). The peaks between 10 and 35 ppm
in both spectra correspond to the aliphatic chains of the macaw
palm oil and show that the oil has remained intact during the
thermal polymerisation. Ester carbonyl peaks are also clearly
visible at 170–180 ppm in both spectra. The most signicant
difference between the two spectra is in the 50–90 ppm range. In
the spectrum of epoxidised oil 2, a series of signals corre-
sponding to C–O groups are present. Those in the range 50–
60 ppm can be assigned to carbons within epoxide rings, whilst
the two signals between 60 and 70 ppm correspond to the
esteried glycerol carbons. In the spectrum of polymer 9a, the
epoxide carbons are clearly absent, showing that the polymeri-
sation has gone to completion and a broadened ester C–O signal
is present at 70–90 ppm corresponding to both the glycerol
esters and the newly formed esters arising from reaction of the
epoxides with anhydride 5.

Whilst all eight polymers 9a–h displayed very similar solid
state 13C NMR spectra (ESI, Fig. S29–S36†), there were subtle
differences between the spectra as illustrated in the 60–200 ppm
expansions of polymers 9a–d shown in Fig. 5. Thus, polymers 9a
and 9d derived from unfunctionalised anhydrides 5 and 8 dis-
played almost identical spectra, though the C]O peak of
polymer 9d was broader than that of polymer 9a. The spectra of
polymers 9b and 9c derived from a,b-unsaturated anhydrides 6
and 7 both showed an additional C]O peak at 165–170 ppm
corresponding to a conjugated carbonyl system. This was
further supported by the presence of conjugated alkene signals
between 120 and 155 ppm. It is known22 that itaconic and cit-
raconic groups can equilibrate under thermal conditions which
accounts for both the complexity of the alkene region of the
spectra of polymers 9b and 9c and their similarity.

The synthesis of polymers 9a–d could be modied to
produce polymeric disks (ca. 3 cm diameter and 3 mm depth)
rather than powders. Epoxidised macaw palm oil 2 was chosen
990 | RSC Sustainability, 2023, 1, 987–993
for this study as it is a liquid at room temperature. Addition of
polymerisation initiators 3 and 4 and an anhydride (5–8) fol-
lowed by warming under nitrogen to 50 °C gave a free owing
homogeneous solution. At this temperature, no polymerisation
occurs as shown by DSC analysis of the polymerisation mixture
(ESI, Fig. S1†). The solution of monomers and initiators could
then be poured into an aluminium mould placed within a at-
bottomed ange ask and heated to 100 °C under nitrogen for
18 hours to induce the polymerisation. Aer cooling to room
temperature and removal of the aluminium mould, trans-
parent, yellow–orange disks were obtained as shown in Fig. 6.
The Shore A hardness,23 of the disks were determined using
a durometer, giving the results shown in Table 2. All the disks
had Shore A hardness values of 60–80 which are comparable to
those of car tyre treads (70) and shoe heels (80).20

DSC analysis (−80 to 200 °C) of samples of the polymeric
disks identied a glass transition temperature at between −18
and 1 °C for all four polymers as detailed in Table 2 (ESI,
Fig. S38–S41†). These values are comparable with those ob-
tained for powdered samples of polymers 9a, b and d. Polymer
9a showed a second glass transition at 90 °C. Tan d values ob-
tained by differential mechanical analysis (DMA) are equivalent
to Tg temperatures obtained by DSC. All the disks exhibited tan
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Physical properties of the polymeric disks

Polymer Shore A hardness Tg
a (°C) tan db (°C) Vb (mol m−3) Stress (mPa) Strain (%)

9a 63 −4.6 (89.9) 0.5 794.8 0.4 11.6
9b 70 −12.6 0.5 408.7 0.4 18.4
9c 72 0.6 17.5 1738.1 0.8 11.3
9d 80 −17.5 −9.4 699.0 0.0005 7.6

a Glass transition temperature determined by DSC. b Determined by DMA.
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d temperatures below room temperature indicating that they are
in a rubbery state at 25 °C (ESI, Fig. S42†). These results are
consistent with the Shore A hardness values, indicating that the
disks are so and have low rigidity. Below the tan d tempera-
ture, the polymers are in the glassy region, turning into a brittle
and rigid material. Polymer 9c has the highest temperature of
tan d, which can be related to a higher cross-linking density (n,
1738.1 mol m−3).

Tensile strength analysis (ESI, Fig. S43†) indicates that all the
polymer disks support stresses below 1 MPa, which can be
related to their rubbery state. Furthermore, the strain for each
sample did not surpass 20%, as expected for non-linear and
cross-linked polymers.24,25

Finally, the ability to chemically degrade the polymers at the
end of their life to prevent them accumulating in the environ-
ment was investigated. Samples of polymers 9a–d were exposed
to 1 M aqueous sodium hydroxide. Polymers 9a, b, d completely
dissolved in less than 8 hours whilst polymer 9c required 24
hours to give a homogeneous solution (ESI, Fig. S44†).
Experimental
Materials and methods

Epoxidized baru nut and macaw palm oils were obtained as
previously reported.12 Other chemicals were obtained from
Merck, Sigma-Aldrich or Alfa Aesar and used as received.

Infrared spectra were recorded on a PerkinElmer Spectrum
400 FTIR spectrometer. Solution-state 13C NMR spectra were
recorded at 100 MHz on a JEOL ECS400 spectrometer and solid-
state 13C NMR spectra were recorded at 100 MHz on a Bruker
AVIII HD 400 WB spectrometer.

DSC traces on powdered samples were acquired using a TA
Instruments Q2000 modulated Differential Scanning Calorim-
eter. DSC curves for disk samples were obtained using a DSC-
Q10 modulus controlled by a Thermal Advantage® for Q-
Series soware v.5.5.24 (both from TA Instruments) using 11.0
± 0.2 mg of sample, analysed in a 40 mL closed aluminium
crucible with a 0.7 mm pin hole in the centre of the lid in
cooling/heating stages (−80 to 200 °C) with a dynamic N2

atmosphere (50.0 mL min−1) and setting a heating rate of 10.0 °
C min−1. Measurements of thermal transitions were taken from
the nal heat-cool cycle (4th or 5th) in all instances. TGA analyses
were acquired using a Stanton Redcro STA 625 instrument.

DMA analyses were carried out using a Q800 apparatus
controlled by a Thermal Advantage® for Q-Series soware
v.5.5.24 (both from TA instruments). The polymer samples were
© 2023 The Author(s). Published by the Royal Society of Chemistry
cut into strips with ca. 20 mm length, 6 mm width and 2 mm
thickness (±0.02 mm) prior to analysis. Samples were analysed
from −80 °C to 80 °C under a N2 atmosphere, using a frequency
of 1 Hz and a heating rate of 3 °C min−1. The DMA provided
curves which were used to obtain storage modulus (E′) and tan
d values. The cross-link density (n) was determined from the
equation (n = E′/3RT) where E′ is the rubbery region storage
modulus, R is the gas constant (8.314 J K−1 mol−1), and T (K) is
the rubbery temperature (Tg +40 °C). The tensile strength test
(stress–strain curves) for each polymer was determined in the
same DMA equipment with similar specimens at 25 °C.

Shore A hardness measurements were made using a Sauter
100-0 HBA Shore A Durometer. The needle of the durometer was
pushed into polymer disks (9a–d) until the hardness value had
peaked. In all cases, the peak Shore A is reported and
measurements were taken under ambient conditions.
General procedure for the synthesis of powdered polymers
9a–h

To an oven-dried 15 mL sample vial were added DCHU 3
(2.24 mg, 0.01 mmol, 1 eq.), PPNCl 4 (5.7 mg, 0.01 mmol, 1 eq.),
triglyceride 1 or 2 (2.5 mmol, 250 eq.) and anhydride 5–8
(10 mmol, 1000 eq.). The vial was sealed, purged with N2, then
heated to 100 °C for 18 hours. Aer cooling to room tempera-
ture, the polymerisation mixture was ground to a powder and
placed in a cellulose Soxhlet extraction thimble. Extraction of
initiators and unreacted monomers using CH2Cl2 until the
polymer reached constant weight le polymers 9a–h as white–
yellow powders. EtOAc or EtOH could also be used as greener
extraction solvents and were only marginally less effective than
CH2Cl2 (4–5%, by weight, less material extracted aer 18 hours).

9a. Obtained as a white powder (2.29 g, 2.42 mmol) in 67%
yield. nmax 2926, 2855 and 1733 cm−1; dC (100 MHz, solid) 174.9,
77.0, 34.8, 32.3, 27.8, 25.6 and 16.9 ppm; TGA (10% weight loss)
340 °C; DSC (glass transition temperature) −5.0 °C.

9b. Obtained as a yellow powder (2.17 g, 2.29 mmol) in 61%
yield. nmax 3000, 2970, 2926, 2855, 1737 and 1656 cm−1; dC (100
MHz, solid) 175.4, 168.0, 151.0, 135.9, 120.8, 78.1, 65.4, 36.7,
34.8, 32.4, 27.9, 25.6, 23.5 and 16.9 ppm; TGA (10% weight loss)
325 °C; DSC (glass transition temperature) −5.4 °C.

9c. Obtained as a yellow powder (2.11 g, 2.23 mmol) in 59%
yield. nmax 2925, 2855, 1733 and 1653 cm−1; dC (100 MHz, solid)
174.8, 171.4, 166.8, 150.5, 134.1, 120.7, 77.2, 65.0, 36.1, 34.5,
32.3, 27.9, 25.5, 23.3 and 16.8 ppm; TGA (10% weight loss) 304 °
C; DSC (glass transition temperature) none detected.
RSC Sustainability, 2023, 1, 987–993 | 991
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9d. Obtained as a white powder (1.63 g, 1.72 mmol) in 46%
yield. nmax 2926, 2855 and 1733 cm−1; dC (100 MHz, solid) 179.2,
174.8, 76.6, 34.6, 32.1, 27.9, 25.3, 22.8 and 16.6 ppm; TGA (10%
weight loss) 341 °C; DSC (glass transition temperature)−14.9 °C.

9e. Obtained as a white powder (1.26 g, 1.35 mmol) in 35%
yield. nmax 2926, 2949, 2926, 2854 and 1738 cm−1; dC (100 MHz,
solid) 174.9, 91.3, 84.6, 77.6, 75.2, 67.4, 59.0, 34.6, 32.2, 30.5,
27.3, 25.4 and 16.9 ppm; TGA (10% weight loss) 352 °C; DSC
(glass transition temperature) none detected.

9f. Obtained as a yellow powder (1.52 g, 1.63 mmol) in 54%
yield. nmax 2976, 2926, 2855, 1737 and 1656 cm−1; dC (100 MHz,
solid) 174.3, 91.4, 85.0, 77.4, 74.8, 74.1, 67.6, 32.3, 27.7, 25.3 and
16.8 ppm; TGA (10% weight loss) 339 °C; DSC (glass transition
temperature) none detected.

9g. Obtained as a yellow powder (1.67 g, 1.79 mmol) in 59%
yield. nmax 2925, 2854, 1734 and 1655 cm−1; dC (100 MHz, solid)
175.2, 167.2, 134.5, 91.4, 84.6, 77.6, 75.0, 74.1, 71.9, 67.7, 64.8,
59.7, 36.6, 34.6, 32.1, 27.7, 25.3 and 16.6 ppm; TGA (10% weight
loss) 334 °C; DSC (glass transition temperature) none detected.

9h. Obtained as a white powder (1.31 g, 1.40 mmol) in 46%
yield. nmax 2925, 2854 and 1733 cm−1; dC (100 MHz, solid) 175.0,
91.4, 84.4, 77.6, 74.8, 74.1, 67.6, 65.0, 60.1, 36.3, 34.6, 32.1, 27.7,
25.3, 23.2, 20.8 and 16.8 ppm; TGA (10% weight loss) 356 °C;
DSC (glass transition temperature) −13.6 °C.
General procedure for the synthesis of polymer disks 9a–d

To an oven-dried 15 mL sample vial were added DCHU 3
(2.2 mg, 0.01 mmol, 1 eq.), PPNCl 4 (5.7 mg, 0.01 mmol, 1 eq.)
and epoxidised macaw palm oil 2 (2.4 g, 2.5 mmol, 250 eq.). The
vial was sealed, purged with N2, then warmed to 50 °C for 30
minutes. Aer this time, anhydride 5–8 (10.0 mmol, 1000 eq.)
was added. The vial was resealed, purged with N2, then warmed
to 50 °C until a homogeneous solution formed (ca. 5 minutes).
The pre-polymerisation solution was poured into a circular
aluminiummould (3 cm diameter) which was placed into a at-
bottomed ange ask. The ask was sealed and ushed with
nitrogen, then heated to 100 °C for 18 hours. Aer cooling to
room temperature, the ange ask was opened and the polymer
removed from the aluminium mould to give polymers 9a–d as
yellow–orange disks.

9a. Combustion analysis, found: C, 65.2; H, 8.7; N, 0.2%;
Shore A hardness 63; DSC (glass transition temperature) −4.4
and 89.9 °C; DMA tan d 0.4 °C, stress 0.4 MPa, strain 11.6%,
cross-linking density 794.8 mol m−3.

9b. Combustion analysis, found: C, 65.5; H, 8.9; N, 0.2%;
Shore A hardness 70; DSC (glass transition temperature)−12.7 °
C; DMA tan d 0.5 °C, stress 0.4 MPa, strain 18.4%, cross-linking
density 408.7 mol m−3.

9c. Combustion analysis, found: C, 65.9; H, 8.7; N, 0.2%;
Shore A hardness 72; DSC (glass transition temperature) 0.9 °C;
DMA tan d 17.5 °C, stress 0.8 MPa, strain 11.3%, cross-linking
density 1738.1 mol m−3.

9d. Combustion analysis, found: C, 66.1; H, 8.8; N, 0.2%;
Shore A hardness 80; DSC (glass transition temperature)−17.4 °
C; DMA tan d −9.4 °C, stress 0.0005 MPa, strain 7.6%, cross-
linking density 699.0 mol m−3.
992 | RSC Sustainability, 2023, 1, 987–993
Conclusions

Ring-opening copolymerisation of epoxidised Brazilian triglyc-
erides and biomass derivable anhydrides can be used to
produce bio-derivable, highly crosslinked polyesters. The poly-
merisation is induced by non-metallic initiators and requires no
special precautions (glove box etc.) to avoid chain-transfer due
to adventitious water. The polymers can be produced as either
powders or disks and their spectral and physical properties are
dominated by those of the triglyceride from which they were
prepared. The polymers were totally degraded to soluble
components in 8–24 hours on treatment with 1 M aqueous
sodium hydroxide. Thus, the polymers are both sustainably
sourced and at end of life can be treated to prevent their accu-
mulation in the environment.
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