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Green Foundation

1. This work synthesises biobased long-chain polyether diols using a green scalable 
method, enabling flexible molecular designs of ether-based thermoplastic 
elastomers.

2. Different types of biobased thermoplastic elastomers with a broad range of 
controllable properties were synthesised from these long-chain polyether diols. 
They are promising sustainable alternatives to some existing fossil-based 
thermoplastic elastomers and vulcanised rubbers in various applications.

3. Specialty tests of these renewable thermoplastic elastomers may be carried out in 
the future to fully assess their potential for targeted applications, and where 
necessary optimisation of the material composition may be conducted to achieve 
desirable properties. 
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A Green Versatile Platform for Synthesising Renewable Ether-
Based Thermoplastic Elastomers

Sungkwon Yoona, Charlie Batemana,b, James J. C. Busfieldc, Peter J. Martina, and Biqiong Chen*,a,b

Ether-based polymers are commonly used in diverse applications. However, it is challenging to synthesise polyethers with 
more than five methylene groups in their main chains, which limits the molecular design of ether-based polymers. Creating 
a new synthesis pathway to enabling green chemistry and flexible design of their molecular structures is, therefore, highly 
desired. Here, a green versatile platform is presented for synthesising renewable ether-based thermoplastic elastomers 
(TPEs) with broad and tuneable properties. An organic acid catalyst is used to synthesise a long-chain polyether diol from a 
fatty acid diol via a SN2 reaction. This biobased, renewable polyether diol then serves as a universal platform for the synthesis 
of a wide spectrum of TPEs including thermoplastic polyurethanes, poly(urethane urea)s and poly(ether ester) elastomers, 
with controllable mechanical properties, excellent transparency and chemical resistance. The structure-property 
relationships, processability, and sustainability of these TPEs are also reported. The synthesis of these biobased TPEs can be 
readily scaled up, and different types of products are manufactured from the elastomers. This work provides a viable 
synthesis strategy to overcoming the limitations of the molecular design facing existing ether-based polymers, while 
enabling the sustainable manufacture of renewable ether-based TPE materials and products. 

Introduction

Biobased polymers are receiving increasing interest in the 
development of sustainable alternatives to fossil-based polymers, 
due to their renewability. A broad range of biobased renewable 
polymers such as thermoplastic elastomers (TPEs) and rigid plastics 
have been produced.1–3 Ether-based polymers are often found in 
various applications, because of their high chemical stability and 
flexibility in incorporating other chain segments.4,5 They are 
commonly prepared by ring-opening polymerisation (ROP) of cyclic 
ethers, with metal hydroxides or metal cyanides as catalysts.6 
However, this method cannot prepare polyethers containing six or 
more methylene units, due to the exceptional chemical stability of 
cyclic ethers 6, significantly limiting the variety of the main-chain 
structure and molecular design in the final polyethers and ether-
based polymers. Furthermore, the use of metal catalysts may cause 
issues like high costs, environmental concerns, and limitations of 
application in food contacts and healthcare.7

Williamson ether synthesis can achieve polyether diols with longer 
methylene units, in which a nucleophilic substitution of an alkoxide 
with a halogenated alkane is performed.8 However, generation of 
toxic halogen compound byproducts is often inevitable. The oxa-
Michael reaction does not inherently generate hazardous 
byproducts, but usually requires Michael acceptors such as 
acrylonitrile, methyl acrylate and acrylamide which are carcinogenic 
or irritant.9 Moreover, this reaction often suffers from side reactions 
with cyclic byproducts and radical homopolymerisation yielding 
polyacrylates instead of polyethers.10 Polyethers have also been 
produced by direct polycondensation of alcohols with acid catalysts 
such as sulfuric or sulfamic acid, and water as the byproduct.6 
However, ionic liquids with high temperature stability are often 
required to carry these catalysts to withstand the elevated 
temperatures during polycondensation.11 Due to the high costs of 
ionic liquids, this method is considered commercially inviable. 
Noneutectic or eutectic organic acid and base catalyst systems have 
been introduced to tackle this issue,12,13 but the reaction frequently 
leads to undesirable low molecular weights after a relatively long 
synthesis time (e.g., <1500 g mol–1, 48 h),12 or byproducts from the 
organic base that requires a further purification process.13 So a green 
and cost-effective route to synthesising polyether diols with long 
chains and controllable molecular structures, is highly demanded for 
the production of polyethers, with no metal catalysts and halogen 
byproducts involved.

Here, we present a green, versatile and cost-effective platform for 
synthesising renewable ether-based TPEs with a broad range of 
tuneable properties. A long-chain polyether diol was successfully 
synthesised from a sustainable dimerised and hydrogenated fatty 
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acid diol with 36 carbons (PripolTM 2030), by direct polycondensation 
using an organic acid catalyst, p-toluenesulfonic acid (PTSA), in a 
bulk, kilogram-scale production with water only as the byproduct. 
PTSA has a relatively high thermal degradation onset temperature 
(~200 °C, under inert gas).14 Combining the use of the long-chain fatty 
acid diol and the thermally stable PTSA, polyether diols with a 
desirably high methylene number and molecular weight were 
achieved. Thermoplastic polyurethanes (TPUs) with rational designs 
of molecular structure were prepared from this biobased long-chain 
polyether diol to achieve a wide spectrum of properties for diverse 
potential applications. Their property tuneability and versatile 
processability, as well as the generalised synthesis method for other 
TPEs including poly(urethane urea)s (PUUs) and poly(ether ester) 
elastomers (TPEEs), were demonstrated. Broadly, this work offers 
great flexibility for the sustainable design and synthesis of polyethers 
and ether-based TPEs.

Results and Discussion

Synthesis of Long-Chain Polyether Diols

Long-chain polyether diols were synthesised from Pripol 2030 by an 
SN2 or biomolecular nucleophilic substitution reaction using PTSA as 
the catalyst (Fig.s 1a-b and Supplementary Information Fig. S1). Here, 
the hydroxyl end groups in Pripol 2030 react each other to form ether 
linkages with water as the byproduct. Formation of ether bonds is 
confirmed by nuclear magnetic resonance (NMR) and Fourier 
transform infrared spectroscopy (FTIR) (Fig.s 1c-e, S2 and S3). The 
CH2 proton bonded with ether (C–O–C) linkages appears at 3.4 ppm, 
the proton of hydroxyl (O–H) end groups at 3.7 ppm (1H NMR, Fig. 

1c),15 the deshielded carbon from C–O–C at 71 ppm, carbon adjacent 
to hydroxyls at 63 ppm (13C NMR, Fig. 1d), 16 and C–O–C stretching 
vibration peak at 1117 cm–1 (FTIR, Fig. 1e).15,17 

The number average molecular weight, 𝑴𝒏, of polyether diols, 
determined by gel permeation chromatography (GPC), increases 
with synthesis time from 2200 ± 100 g mol–1 for 7 h to 4700 ± 200 g 
mol–1 for 19 h (Fig. S4 and Table S1). These 𝑴𝒏 values are equivalent 
to 76 and 163 carbons (CH2 and CH) on the main chain of polyether 
diols (with additional carbons on side chains), addressing the current 
challenge associated with producing polyether diols of more than 
five methylene units and offering the flexibility in designing the 
length of the main chain. The results also show a low batch-to-batch 
variation of less than 5%, giving evidence of good reproducibility. 

Design and Synthesis of Ether-based Thermoplastic Polyurethanes

Ether-based TPUs were investigated as the main model family of 
TPEs in this work, owing to their segmented copolymer structure that 
consists of alternating soft segments and hard segments allowing for 
flexible design of molecular structures. The new biobased long-chain 
polyether diol acts as the soft segment, while the hard segment is the 
product of a chain extender reacting with an excess diisocyanate 
(molar ratio of isocyanate to hydroxyl groups = 1.1:1) to compensate 
self-oligomerisation of diisocyanates (Fig.s 2a and S5).18 1,4-
cyclohexanedimethanol (CHDM) was selected as the chain extender 
for good optical clarity due to its ability to disrupt anisotropic 
ordering and suppress birefringence,19 as well as for enhanced 
hydrolysis resistance because of its bulky, cyclic structure.20 

Fig. 1 Synthesis and chemical structure of biobased long-chain polyether diols. a, Chemical reaction scheme showing the synthesis of the 
biobased polyether diols. The chemical structure presented for Pripol 2030 only illustrates one possible structure. b, A photograph showing 
a biobased polyether diol with a synthesis time of 19 h. c, 1H NMR spectra showing the CH2 proton bonded with ether (C–O–C) linkages. d, 
13C NMR spectra showing a peak associated with the deshielded carbon from C–O–C. The NMR spectra were shifted vertically for visual 
clarity. e, FTIR spectra showing the C–O–C stretching vibration peak. 
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Fig. 2 Characteristics of ether-based TPU elastomers. a, Chemical reaction scheme showing the synthesis of TPUs using the new biobased 
long-chain polyether diols. b, 1H and 13C NMR spectra affirming the formation of urethane linkages in TPUs. c, FTIR spectra showing urethane 
peaks of TPUs. d, DSC 2nd heating curves and e, TGA curves revealing the thermal transition characteristics of TPUs. 

Asymmetric cycloaliphatic isophorone diisocyanate (IDPI), symmetric 
aromatic 4,4′-methylenebis(phenyl isocyanate) (MDI) and symmetric 
cycloaliphatic 4,4′-methylenebis(cyclohexyl isocyanate) (HMDI) were 
used as diisocyanates to achieve different properties. The hydroxyl 
groups of the soft segment react with the isocyanate groups of the 
hard segment, yielding TPUs (Fig. S5). Sample codes of TPUs are 
presented as XYZ, where X represents the synthesis time of the 
polyether diols used (S for short 7 h or L for long 19 h), Y is the 
diisocyanate species (I for IPDI, M for MDI and H for HMDI), and Z 
indicates the relative molar ratio of hard segment to soft segment (L 
for low, M for medium and H for high) (Table S2).

Formation of TPUs is confirmed by the presence of new urethane 
bonds under NMR and FTIR (Fig.s S6 and S7). The urethane N–H and 
CH2–O proton peaks appear at 6.8 ppm and 3.4 ppm, respectively (1H 
NMR, Fig. 2b).21,22 The urethane C=O carbon peak appears at 156 
ppm (13C NMR, Fig. 2b).23 FTIR (Fig. 2c) affirms the urethane amide A 
(N–H stretching, 3325 cm–1) and amide I (C=O stretching, 1694 cm–

1).15,24,25 The absence of isocyanate group is confirmed by FTIR, 
indicating full conversion into urethane bonds.26

𝑴𝒏 of the TPUs varies with the synthesis formulation, ranging from 
10,100 to 32,200 g mol–1, with polydispersity index (PDI) between 
2.42 and 3.18 (Fig. S8 and Table S3). These 𝑴𝒏 values are similar to 
or lower than those reported for existing TPUs (which are typically in 
the range of 19,700 – 45,300 g mol–1).27,28 When MDI is used, 𝑴𝒏 

becomes higher, compared to the other two diisocyanates, because 
the charge resonance stabilisation of the aromatic rings in MDI 
provides higher reactivity and more extensive chain growth.21,29 The 
PDI over 2 originates from the branched structure in the polyether 
diols,17 and the non-stoichiometric ratios between isocyanate and 
hydroxyl groups.18

The new biobased TPUs are transparent or translucent, and are 
mostly amorphous (with very small and broad melting peaks from 
differential scanning calorimetry, DSC) (Fig.s 2d and S9–11), 
attributable to their irregular or branched chain structure 
predominantly arising from the soft segments with side chains. 
Depending on the structure and molecular weight, the melting 
temperature of the TPUs ranges from 88.6 to 141.4 oC. Despite the 
dominant amorphous structures, these TPUs have excellent 
resistance to water of different pH values (acidic pH 3.8, neutral pH 
6.8 and basic pH 9.8) (weight changes of no more than ±1% after 7 
days’ immersion) (Fig. S12 and Table S4). This high hydrophobicity is 
mainly due to the long and branched hydrophobic methylene chain 
segments in the soft segments as well as the bulky aromatic or 
cycloaliphatic structures in the hard segments.30,31 Some of these 
TPUs  also show excellent resistance to hydrocarbon oils (<5% 
absorption of mineral oil after 7 days’ immersion), especially when a 
higher hard segment ratio is used with increasing polar urethane 
linkages. 
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The TPUs exhibit glass transition temperatures, Tg, between −51.4 °C 
and −37.5 °C (from mid-point of DSC) (Fig.s 2d, S10 and Table S5), 
confirming their rubbery behaviour at ambient temperature (~20 °C). 
In general, increasing the length and/or molar ratio of the soft 
segment leads to a lower Tg while changing the hard segment from a 
cycloaliphatic to a more rigid aromatic diisocyanate gives rise to a 
higher Tg. Compared to their asymmetrical counterparts, 
symmetrical diisocyanates result in higher Tg on account of the 
formation of stronger intermolecular hydrogen bonding between the 
hard segments.32

The biobased TPUs show good thermal stability, with the first onset 
thermal degradation temperature (Td1onset) (measured by 
thermogravimetric analysis, TGA), between 266.5 – 295.9 °C due to 
the initial degradation of the hard segments through cleavage of 
urethane bonds (Fig.s 2g, 13 and Table S6).32,33 This Td1onset is higher 
when compared to some existing ether-based TPUs (200 – 
230 °C).34,35 The second onset thermal degradation (Td2onset) between 
400.2 – 428.4 °C is attributable to the degradation of the soft 
segments,36 which again is higher than existing TPUs (300 – 
380 °C),35,37 possibly due to the ample van der Waals interactions 
between the branched and long methylene chains in the soft 
segments.17,32,38 The two distinctive degradation behaviours in a TPU 
indicates well-defined phase separation structures between the soft 
and hard segments.32 These high Tds ensure the processing flexibility 
by reducing the risk of polymer decomposition during manufacturing 
processes.39

Tuneable Mechanical Properties of Ether-based Thermoplastic 
Polyurethanes

The new biobased TPUs are flexible and stretchable, withstanding 
repeated twisting and stretching (Fig. 3a). Their mechanical 

properties are tuneable by varying the composition of the building 
blocks, e.g., the chain length of the soft segment, the chemical 
structure of the hard segment, and the molar ratio of the soft 
segment, chain extender and diisocyanate. 

By using the shorter polyether diol as the soft segment (S-series 
samples), the tensile stress at 15% strain, tensile strength, and 
hardness of the resulting TPUs increase over those with the longer 
polyether diol (L-series samples), reaching 16.67 ± 1.15 MPa, 20.36 ± 
1.30 MPa, and 67.3 ± 1.7 (Shore D) (Fig.s 3b, 14 and Table S7). The L-
series TPUs show lower stress at 15% strain, tensile strength, and 
hardness values, as low as 0.19 ± 0.02 MPa, 5.68 ± 0.28 MPa and 50.7 
± 1.2 (Shore A), as well as higher elongation at break up to 791 ± 23% 
(Fig.s 3c, 15 and Table S8). These results are mainly attributable to 
the lower molar ratios of the hard segment in the TPUs. The TPUs 
with aromatic and symmetric hard segment (from MDI) show higher 
tensile strength and hardness than those with asymmetric 
cycloaliphatic hard segment (from IPDI) due to the presence of rigid 
aromatic rings and the stronger hydrogen bonding between 
macromolecular chains in symmetric structures.32

The L-series TPUs are highly elastic with no obvious yield during 
tensile testing (Fig. 3c), and low hysteresis during cyclic loading up to 
100% strain (Fig. 3d) reaching as low as 0.116 for the 100th cycle (Fig. 
S16 and Table S9). Notably, there is a synergistic effect of the higher 
degree of physical crosslinking with aromatic and symmetric hard 
segment providing higher elasticity, and the soft segment with higher 
methylene numbers providing better chain flexibility. Their 
compression sets are also lower than most of existing TPUs (10 – 
50%),40,41 measuring as low as 5.7% (after 24 h) or 13.6% (after 72 h) 
(Fig. 3e). 

Fig. 3 Tuneable mechanical properties of ether-based TPUs demonstrated by tensile, compression set, and cyclic tensile testing. a, 
Demonstration of stretchability and flexibility of TPUs by stretching and twisting a TPU strip. b, c, Representative tensile stress-strain curves 
of TPUs using (b) the shorter polyether diol soft segment (S-series samples), and (c) the longer polyether diol soft segment (L-series samples). 
d, A cyclic tensile stress-strain curve of a TPU using the longer polyether diol (LMM) after the first preconditional cycle. e, compression set 
measured from the L-series TPUs. f, A cyclic tensile stress-strain curve of a TPU using the shorter polyether diol (SML) after the first 
preconditional cycle.

Page 5 of 15 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 7
:5

0:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6GC00989A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6gc00989a


ARTICLE

Please do not adjust margins

Please do not adjust margins

Similarly, the highly flexible soft segment of the biobased polyether 
diol with high carbon numbers helps the TPUs deform during 
compression, and the high degree of physical crosslinking in the TPUs 
facilitates shape recovery after compression. In contrast, some of the 
S-series TPUs experience yield between 26.8 ± 2.5% and 28.3 ± 5.4% 
strain (Fig. 3b) and relatively high hysteresis or energy dissipation 
(Fig. 3f) (Fig. S16 and Table S9), due to the bulky cycloaliphatic hard 
segment structures, providing steric repulsions and eventual chain 
stiffness at the relatively high hard segment contents.42 

Viscoelastic and Die Swell Behaviour of Ether-based Thermoplastic 
Polyurethanes

Dynamic mechanical analysis (DMA) and rheological testing were 
carried out to evaluate the viscoelastic and die swell behaviour of 
TPUs. DMA results (Fig.s 4a‒b and S17) show the storage modulus of 
all the tested TPUs is above loss modulus across the test temperature 
range, suggesting the materials behave predominantly as a solid and 
confirming their elastomer characteristic.43 When the chain length 
and molar ratio of the soft segment are fixed, varying the 
diisocyanate influences the storage modulus in the order of IPDI > 

HMDI > MDI. The loss factor for the tested S-series TPUs is higher 
than that of the tested L-series TPUs, implying their higher damping 
and energy dissipation.43 Tg values of all the tested TPUs (from the 
peak temperature of tanδ) were observed between –23.9 and –
19.3 °C, confirming soft segment dominance in the TPUs45. 

The rheological characterisation of representative TPUs (Fig.s 4c‒d 
and S18) reveals their different viscoelastic behaviours at the test 
temperature 140 oC: LHH shows predominantly elastic response at 
frequencies above 0.1 rad s-1, while SIM exhibits mainly viscous 
behaviour across the test frequencies (0.05 – 628 rad s–1) due to their 
contrasting molecular structures. Furthermore, LHH shows highest 
shear storage modulus among the tested samples (Fig. S18), implying 
its highest die swell during extrusion. The long-chain polyether diol 
results in a TPU with a higher shear storage modulus (LIM) than that 
with the short-chain polyether diol (SIM). The complex viscosity of all 
the tested samples demonstrates significant shear-thinning, an 
important property for the melt to flow during processing, with LHH 
showing the highest values across the test region (Fig. S18). 

Fig. 4 Viscoelastic and die swell behaviour and extrusion modelling of ether-based TPUs. DMA curves of a, LHH and b, SIM TPUs. Rheology 
data of c, LHH and d, SIM TPUs. Simulation results of die swell using five mathematical models on LHH melt: e, pressure drop (inset picture 
represents the viscoelastic PTT model showing the plug effect as the polymer moves from the reservoir into the die and increased local shear 
rate; blue and red colours represent low and high shear rates, respectively) and f, increase in radius of extruded filament relative to the 
original die size taken from five mathematical models
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The viscoelastic behaviour and die swell of TPU melts were also 
studied by numeric simulations using ANSYS Polyflow with a die of 
internal diameter of 2.5 mm and five commonly used mathematical 
models: generalised Newtonian (GN), simplified viscoelastic (SV), 
Giesekus (GSK), Phan-Thien Tanner (PTT) and Pom-Pom (POMPOM). 

46–48 Among these models, the GN model only considers viscous 
properties of polymer melts, while the other four are viscoelastic 
models which also account for the elastic properties. The viscoelastic 
models predict an elastic storage modulus and a viscous loss 
modulus. The GN and SV models prove to be the least accurate for 
simulating a biobased TPU melt, which treat the melt as a Newtonian 
fluid instead of a non-Newtonian, or shear thinning fluid. They 
significantly underestimated the pressure required during 
processing, and do not accurately display the non-linear pressure 
drop or realistic velocity profile for the TPU melt (Fig.s 4e and 19). In 
comparison, the more advanced viscoelastic models (GSK, PTT and 
POMPOM) provide a much more accurate representation of the 
viscoelastic behaviours of TPU melts. They predicted higher 
pressures with a sharp non-linear pressure drop at the die exit and a 
plug-flow velocity profile, which is characteristic of the shear-
thinning and elastic stresses in polymer melts.49 The GSK, PTT and 
POMPOM models give die swell values of 10%, 14% and 16% 
respectively for LHH (Fig. 4f). Similar die swell values of 14 and 18% 
were found for LIM and SIM using the PTT model (Fig. S20).

The melt flow index of the TPUs ranges between 6.0 and 18.9 g.10 
min–1 (at 160 °C, 2.16 kg weight) (Table S10), which is higher than 
that of their petroleum counterpart (4.56 g 10 min–1 at 190 °C, 2.16 
kg weight).50 This can be attributed to its branched and amorphous 
structure which often leads to a low chain density with a higher 
flowability.51 Branched polymer chain structure in the TPUs are 
known to form a “folded ball” structure that reduces hydrodynamic 
volume and has lower resistance to chain movement.

Versatile Processability of Ether-based Thermoplastic 
Polyurethanes

The new ether-based TPUs can be readily manufactured into 
different shapes using common polymer processing techniques such 
as extrusion, injection moulding, and compression moulding. Using a 
twin-screw extruder, TPU (LIH) tubes with varying inner and outer 
diameters of 1.14 – 6.05 mm and 1.74 – 7.77 mm were successfully 
produced (Fig.s 5a, 21 and Table S11). The tubing with an inner 
diameter of 2.96 mm and outer diameter of 3.88 mm shows a tensile 
strength and elongation at break of 15.3 ± 1.3 MPa and 288 ± 18% 
(Fig. S22), comparable to existing elastomer tubings.52 Additionally, 
extrusion of these tubings was performed at a relatively low 
temperature (125 – 155 °C, owing to the lower melting point of TPUs 
(<141.4 °C) (Table S5) compared to commercial TPUs of similar Shore 

hardness (extrusion temperature ~200 °C),34 which is beneficial for 
reducing energy consumption during polymer processing. 

Fig. 5 Ether-based TPU elastomer products manufactured by 
common polymer processing techniques. a, TPU (LIH) elastomer 
tubings with three different inner and outer diameters (denoted as 
1, 2 and 3) produced by extrusion. b, TPU (LHH) filaments for 3D 
printing: (left) as extruded and (right) rolled on a 3D printer wheel 
cartridge. c, TPU (LHH) pellets pelletised from filaments. d, Dumbbell 
(LHH) specimens by injection moulding. e, A hot-pressed TPU (LIH) 
film demonstrating its transparency. f, (Left) a blue-coloured TPU 
(LHH) film and (right) yellow-coloured TPU (LHH) film illustrating their 
dyeability.

Filaments (LHH) of a diameter of 1.75 ± 0.04 mm were also produced 
by extrusion (Fig. 5b) for potential applications including creating 
tailored flexible prototypes from 3D printing, and bulk production of 
TPU pellets (Fig. 5c). Dumbbell tensile test specimens were produced 
by injection moulding (Fig. 5d), and transparent film samples were 
prepared by hot pressing (Fig. 5e). The polymers can be dyed into 
different colours to alter their aesthetic appearance (Fig.s 5f and 23) 
showing good dyeability. 

Generalised Synthesis Method for Other Ether-Based Elastomers

The green synthesis platform can be extended to other ether-based 
TPEs that contain long-chain polyethers, such as PUU and TPEE 
elastomers (Fig. S24, and Table S12). To synthesise PUUs, a polyether 
diol was polymerised with 1,6-hexamethylenediamine (HMDA) and 
IPDI, where the hydroxyl end groups of the polyether diol and 
primary amine end groups in HMDA reacted with the isocyanate 
groups in IPDI to form urethane and urea linkages, respectively. To 
synthesise TPEEs, 1,4-butanediol (BDO) and dimethyl terephthalate 
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(DMT) were used as the hard segment components, which reacted 
with the soft segment polyether diol by transesterification between 
the methyl ester group (COOCH3) in DMT and OH end groups in the 
polyether diol and BDO.53

The chemical structure of the resulting biobased PUU and TPEEs is 
confirmed by NMR and FTIR (Fig. S25). The highly amorphous 
structure is confirmed by DSC (Fig. S26) and X-ray diffraction (Fig. 
S11). The elastomers show excellent water resistance (acid, neutral 
and basic, Fig. S12 and Table S4). They exhibit Tg values between –
28.5 °C and –50.8 °C (by DSC), and the Td1onset values of 296.4 °C and 
379.3 °C (Fig. S26 and Tables S13–14). The tensile properties of the 
PUU are within the range of TPUs described above. In contrast, the 
TPEE with the lower hard segment  ratio (EEL) shows lowest tensile 
stress at 15% strain, tensile strength, hardness and highest 
elongation at break values, being 0.09 ± 0.01 MPa, 2.61 ± 0.23MPa, 
32.3 ± 1.2 (Shore A) and 995 ± 65%, respectively (Fig. S27 and Tables 
S14–15), due to the highest soft segment ratio and presumably 
lowest interchain interactions because of the lack of hydrogen 
bonding.53 

Sustainability of the Synthesis Method and the Synthesised 
Elastomers

The novel synthesis platform described here represents a green and 
universal approach to the synthesis of long-chain polyether diols 
without the use of a metal catalyst or the generation of harmful 
byproducts. Utilising these long-chain polyether diols, a broad 
spectrum of ether-based TPEs can be prepared. This synthesis can be 
readily scaled up for bulk production – using a laboratory set up, 
kilograms of TPEs were produced (Fig. S28). Due to the use of a long-
chain fatty acid diol derived from renewable plant oils (Pripol 2030), 

the resulting TPEs contain biobased contents of 54.2 ‒ 87.8 wt.%, 
which were calculated by the weight ratio of Pripol 2030 to the total 
amount of chemicals used to prepare each TPE. When a biobased 
chain extender and/or biobased diisocyanate is also used,55–58 these 
TPEs can achieve up to 100% fully biobased contents (Fig. 6a). The 
thermoplastic nature of the elastomers makes the TPEs 
reprocessable and recyclable, showing no degradation in material 
colours and integrity after re-processing of the samples three times 
(data not shown). Furthermore, the new TPEs show low densities of 
0.90 ‒ 0.99 g cm–3 (Table S16), which are below 1 g cm–3 and useful 
in float separation process during recycling.58

These new renewable and recyclable ether-based TPEs possess 
comparable properties to some of existing biobased TPEs, fossil-
based TPUs, and vulcanised rubbers (Fig. 6b),30,38,60-67 and may be 
sustainable alternatives to those elastomers in various applications. 
For instance, soft EEL TPEE may be considered for cushioning and 
inflatable devices. LMM, LMH and LHM TPUs with medium hard 
hardness have potential in apparels and shoe soles.68 Hard LIH, SIL, 
PUU and SML may be studied further for sealing and tubing with 
moderate flexibility.69 Furthermore, the low Tgs make these biobased 
elastomers promising in insulation for cold-chain logistics, medical, 
industrial and automotives in sub-zero environments, etc.31 The 
highly stretchable elastomers with low hysteresis may be useful for 
applications such as human motion sensors, soft actuators and soft 
robotics.70 The elastomers with high strength, hardness and energy 
dissipation have potential in shock or vibration absorption, while 
those with low compression sets may find applications in gaskets and 
seals.71 Specialty tests for each application should be performed to 
fully verify their applications.

Fig. 6: Biobased content of the TPEs in this study and comparison of their properties with some existing elastomers. a, Compositions of the 
biobased TPEs prepared in this work. b, A scatter plot of biobased TPEs prepared in this work, in terms of Shore A (blue stars and circled area) 
or D (red stars and circled area) hardness and tensile strength, in comparison to some existing biobased elastomers (PA: polyamide,30,38,60 
TPV: thermoplastic vulcanizate61, IBE: itaconate-based elastomers62, and TPU63), commercial TPUs32 and chemically crosslinked/vulcanised 
rubbers: EPDM (ethylene propylene diene monomer rubber),64 PDMS (polydimethylsiloxane),65 NBR (nitrile butadiene rubber)66 and SBR 
(styrene butadiene rubber)67.
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Conclusions

Biobased polyether diols with 76 and 163 methylene groups 
(including tertiary carbons) on the main chains were successfully 
prepared using a green chemistry method, which addresses the 
challenge associated with the synthesis of polyethers containing 
more than five methylene groups from cyclic ethers. A biobased 
monomer derived from fatty acids was used with an organic catalyst 
to prepare the polyether diols with only water as the byproduct. 
Synthesis condition was readily adjustable to control their methylene 
groups and molecular weights. 

Utilising the long-chain polyether diols as the soft segment, a series 
of TPUs were synthesised. By introducing aromatic, cycloaliphatic 
and molecular symmetry in their structure, a wide range of 
mechanical properties were achieved with hardness ranging 
between 50.7 (Shore A) and 67.3 (Shore D), as well as tensile strength 
and elongation at break up to 37.47 MPa and 995%. Their glass 
transition temperature as low as –51.4 °C ensures their performance 
in low temperature environments as elastomers. Processability of 
the sustainable elastomers was investigated by computational 
simulations with advanced viscoelastic models, and verified with 
industrial polymer processing techniques such as extrusion, injection 
moulding, and compression moulding completed to manufacture 
products with various shapes and dimensions. Chemical resistance, 
optical clarity and dyeability were also demonstrated.

The use of the long-chain polyether diols as a soft segment in TPEs is 
expandable and can be extended to other types of elastomers. In this 
study, PUU and TPEE types were explored, offering a wider 
performance range with softer mechanical properties and higher 
stretchability for the TPEE family. A kilogram scale of production of 
either polyether diols or TPEs was completed with a laboratory set 
up. Reprocessability and recyclability in the TPEs also benefit their 
sustainable manufacturing, together with the density of the TPEs 
lower than water density (0.90 ‒ 0.99 g cm–3) and biobased content 
as high as 87.8 wt.%.

The renewable ether-based thermoplastic elastomers investigated in 
this work have potential to replace some existing elastomers, in 
terms of comparable material performance and better sustainability. 
Specialty tests of TPEs (TPU, TPEE, and TPUU types) may be carried 
out in the future to fully assess their potential for chosen 
applications. The novel synthesis strategy reported here enables the 
sustainable production of ether-based polymers, with biobased long-
chain polyether diols as their building blocks, offering a viable 
platform to design and manufacture thermoplastic elastomers with 
flexible molecular designs and controllable properties for diverse 
applications.

Experimental
Materials

A biobased diol under the tradename of PripolTM 2030, with a 
composition of 1% of monomeric alcohol, 95% of dimer alcohol and 
4% of trimer alcohol by weight, was supplied by Cargill. Antimony (III) 

oxide (Sb2O3, 99.99%), 1,4-butanediol (ReagentPlus®, ≥99%), 
curcumin (≥75%, with bisdemethoxycurcumin ≤5% and 
demethoxycurcumin ≤20%), 1,4-cyclohexanedimethanol (mixture of 
cis and trans, 99%), deuterated chloroform (CDCl3, 99.8%), dibutyltin 
dilaurate (DBTDL, ≥96%), dimethyl terephthalate (ReagentPlus®, 
≥99%), 1,6-hexamethlyenediamine (98%), imidazole (≥99.5%), 
isophorone diisocyanate (98%), 4,4′-methylenebis(cyclohexyl 
isocyanate) (90%), 4,4′-methylenebis(phenyl isocyanate) (98%), 
phenolphthalein (ACS reagent), phthalic anhydride (ACS reagent, 
≥99%), p-toluenesulfonic acid (ACS reagent, ≥98.5%), pyridine (HPLC 
grade, ≥99.9%), sodium hydroxide (NaOH, ACS reagent, ≥97.0%), 
solvent green 3 (95%), tetrahydrofuran (THF, HPLC grade, ≥99.9%) 
and titanium(IV) n-butoxide (TBT, reagent grade, 97%) were 
purchased from Sigma-Aldrich.

Synthesis of long-chain polyether diols

A 2 L round bottom flask was purged by nitrogen thrice prior to use 
and equipped with an oil heating bath and mechanical stirrer (IKA 
HBR 4 Control). Pripol 2030 was charged into the flask and PTSA (3 
mol% to Pripol 2030) was added. The reaction was performed at 180 
°C for 7 h or 19 h with an agitation at 600 rpm under a flow of 
nitrogen. The water vapour generated by polycondensation was 
removed by a Dean-Stark apparatus first, followed by vacuum drying 
for the last 2 h of reaction. 

Synthesis of ether-based thermoplastic polyurethane elastomers

First, hard segment intermediates were prepared by mixing a chosen 
diisocyanate (IPDI, MDI or HMDI) and the CHDM chain extender with 
DBTDL catalyst (0.05 % w/w to diisocyanate) in THF (30 % w/w) at 65 
°C for 1 h. Secondly, the polyether diol and hard segment 
intermediates were mixed and their concentration in THF was 
adjusted to 40 % w/w. The reaction was performed at 65 °C for 3 h. 
The molar ratio of the polyether diol to diisocyanate to chain 
extender was varied. The resulting TPU elastomers were collected by 
pouring onto a non-sticky baking tray and dried in a fume cupboard 
at ambient temperature (20 ± 2 °C) for 24 h, followed by drying in a 
vacuum oven at 40 °C for 24 h. 

Synthesis of ether-based thermoplastic polyurethane-urea 
elastomers

The polyether diol with 7 h of the synthesis time was mixed with 
HMDA at 65 °C, together with DBTDL catalyst (0.05 % w/w to 
diisocyanate). IPDI was added dropwise and the reaction continued 
for 4 min. The molar ratio of polyether diol, HMDA and IDPI was 
1:1.67:3.5 (polyether diol:HMDA:IPDI). The resulting PUU elastomer 
was collected and dried in a vacuum oven for 24 h before use.

Synthesis of thermoplastic polyether-ester elastomers 

For the synthesis of TPEE, BDO and DMT were used as the hard 
segment components. The polyether diol with 7 h of the synthesis 
time was added by BDO and DMT at molar ratios of 1:0.28:1.42 or 
1:3.9:5.45 (polyether diol:BDO:DMT) together with Sb2O3 catalyst 
(0.1% w/w each to the total reactants). The [OH]/[COOH] molar ratio 
was kept at 1.10. The reaction temperature was raised from 140 °C 
to 220 °C at a ramp rate of 10 °C h–1 for 8 h, and kept at 220 °C for 
another 15 h. Subsequently, the temperature was increased to 240 
°C, TBT catalyst was added (0.1% w/w each to the total reactants), 
and the reaction was continued further for 6 h. The 
polycondensation reaction was performed under a flow of nitrogen, 
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and water vapour generate from the reaction was removed by a 
Dean-Start apparatus, a cold trap and then vacuum drying.  The 
resulting TPEE elastomers were collected and dried in a vacuum oven 
at 40 °C for 24 h before use. 

Characterisation

Gel permeation chromatography was carried out on an Agilent 1260 
Infinity II system with a refractive index detector. The eluent was THF 
with 2.0% v/v triethylamine and 0.05% w/v butylated 
hydroxytoluene inhibitor. Polystyrene standards (the peak molecular 
weight, 𝑀𝑝= 6570000, 3152000, 885000, 479200, 194500, 75050, 
22790, 10330, 4880, 1210, 580 and 162 g mol–1) were used for 
calibration. Samples were doubly filtered before the tests using 
polytetrafluoroethylene syringe filters (pore size = 0.45 µm).

¹H and ¹³C nuclear magnetic resonance spectroscopy was conducted 
on a Bruker Avance AVIII spectrometer equipped with a 5 mm 
solution-state BBO probe with Z-gradient using CDCl3 as the solvent 
at 25 °C. For ¹H NMR spectroscopy, a resonance frequency of 400.13 
MHz, excitation pulse of 30°, acquisition points of 64 k, as well as 
spectral width of 20 ppm with 128 transients and 6 s relaxation delay 
were used. For ¹³C NMR spectroscopy, a resonance frequency of 
100.2 MHz was used with the carbon-13 coupled with proton 
decoupling (C13-CPD) method and a 30° excitation pulse program of 
zgpg30 pulse sequence (2048 transients, 240 ppm spectral width, 64 
k FID size, 4 s recycle delay). The NMR spectra were normalised with 
an internal reference of tetramethylsilane. Attenuated total 
reflectance (ATR) Fourier transform infrared spectroscopy (FTIR) was 
performed on a Thermo Fisher Nicolet Apex with Smart iTX ATR 
accessory (500 – 4000 cm–1, resolution: 2 cm–1, and number of scans: 
16). For solid samples, a pressure of 180 N was applied by a built-in 
screw to extend the degree of sample contact on the diamond ATR 
crystal. The FTIR spectra were normalised by the background 
measurements as the reference.

Differential scanning calorimetry was conducted between −80 and 
200 °C at a rate of 10 °C min-1 under a nitrogen atmosphere (50 ml 
min–1). A TA Instruments Discovery DSC25 equipped with a RCS90 
refrigeration system was employed in this study. Small disc samples 
were prepared by punching (8.67 ± 1.03 mg). Two heating and 
cooling cycles were run with 2 min of isothermal between the cycles. 
The 2nd heating cycle was reported. Thermogravimetric analysis was 
carried out on a Perkin Elmer Pyris One between 25 to 800 °C at 10 
°C min-1 under a nitrogen atmosphere (50 ml min–1). The sample 
weights were 5.8 – 6.4 mg.

Quasi-static uniaxial tensile tests were performed at ambient 
temperature (21 ± 2 °C) following ISO 37. Dumbbell specimens 
(thickness: 2.04 ± 0.09 mm, n = 5) were cut from hot-pressed films 
using a cutting die (Ray-ran). A Lloyd LS5 mechanical tester equipped 
with a 500 N load cell was used at a crosshead speed of 200 mm min-

1. Cyclic tensile tests were performed between 0 and 100% strain for 
100 cycles at a speed of 200 mm min-1 and ambient temperature 
using a Lloyd LRX mechanical tester equipped with a 50 N load cell. 
There was no extra recovery time between the cycles. The hysteresis 
ratio (h) at a certain cycle was calculated by equation (1). 

ℎ = 1 ―
𝑒𝑑

𝑒𝑎
(1)

where ed is the dissipated energy calculated by the area between the 
loading and unloading curves and ea is the applied energy calculated 
by the area under the loading curve.

Compression set testing was done at ambient temperature according 
to ISO 815. Disk specimens (diameter: 12.7 ± 0.3 mm; thickness: 6.11 
± 0.02 mm; n = 3) were placed between rectangular stainless-steel 
plates with spacers (4.54 ± 0.01 mm). A thin coating of silicone-free 
lubricant (Brand 61610) was applied on the contact points between 
the disk specimens and the stainless-steel plates. Compression strain 
of 25.8 ± 0.2% was used according to the standard. At the specific 
time intervals of 24 and 72 h, the specimens were released and 
transferred to a bench to allow 30 min of recovery time. The 
thickness was then measured. The compression sets were calculated 
by equation (2), where t0 is the initial thickness of the specimens, t1 
is the thickness after recovery, and ts is the height of spacers.

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑠𝑒𝑡 =  
𝑡0 ― 𝑡1

𝑡0 ― 𝑡𝑠
× 100 (%)(2)

Hardness was measured at ambient temperature according to ISO 48 
with Shore type A and D indenters (Coats Machine Tool), with a test 
time of 15 s. The test pieces (thickness: 6.06 ± 0.19 mm) were 
prepared by a platen press (Collin P200P). The indentation points 
were at least 20 mm away from any edge of the specimens.

Computer simulation of elastomer extrusion process and die swell 
behaviour 

Simulations were performed in ANSYS Polyflow using five 
mathematical models: generalised Newtonian, simplified 
viscoelastic, Giesekus, Phan-Thien Tanner and Pom-Pom. The last 
three are viscoelastic models. A material model was produced by 
importing the data from rheological testing as well as density into 
Polyflow. An extruder model was designed with a die of an internal 
diameter of 2.5 cm, and then meshed with the mesh consisting of 
5534 nodes and 4298 elements, with a volume flow rate of 0.01106 
cm3 s–1 applied at the inlet. The outer surface of the polymer melt 
was treated as a free surface to allow for die swell to be shown. Die 
swell was calculated using the viscoelastic models by equation (3) 
where rmelt and rdie represent the radii of the melt and die 
respectively.  

𝐷𝑖𝑒 𝑠𝑤𝑒𝑙𝑙 =  𝑟𝑚𝑒𝑙𝑡―𝑟𝑑𝑖𝑒

𝑟𝑑𝑖𝑒
 𝑥 100%                                    (3)

Processing of ether-based TPU products

Elastomer powders were acquired by using a Rondol 6850 cryogenic 
mill with liquid nitrogen and used for the processing study below. 
Injection moulding was performed on a Ray-Ran Test Sample 
Injection Moulding Apparatus at 155 °C. 

For processing of tubings, a twin-screw extruder (ThermoScientific 
Haake Polylab OS RheoDrive 7 assembled with Haake Rheomix OS 
PTW16) was equipped with a cooling line with calibrator, a feeder 
(Movacolor Micro MC18), a pulling/cutting unit (Dr. Collin RA 400) 
which pulled the product at a constant line speed and cut the parts 
to desirable lengths, a water cooling bath, as well as a laser scanning 
unit (BETA LaserMike, NDC Technologies) which measured the 
diameter of products. The inner diameter of the die and outer 
diameter of the pin was 8.2 mm and 2.1 mm, respectively. Tubes of 
three different diameters were obtained by applying different 
winding speeds. The setting temperatures are 125, 130, 140, 155, 
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155 and 135 oC for barrel zones 1 – 6 respectively within the extruder. 
Filaments were also manufactured with extrusion by using a die with 
a diameter of 4.0 mm. Elastomer pellets were obtained by pelletising 
the filaments using a pelletiser (ThermoScientific L-002-0424). Films 
were acquired by pressing the materials in a stainless-steel mould 
(thickness: 2 mm) at 155 °C using a platen press (Collin P200P).

Statistics

All measurements were reported as the mean ± standard deviation 
with a confidence level of 95%. Error bars indicate standard deviation 
of the means.
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Data availability

The authors have cited additional references within the Supplementary Information. 
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The dataset underpinning this article will be made available on Liverpool Elements for open access.

Page 15 of 15 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 7
:5

0:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6GC00989A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6gc00989a

