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ABSTRACT: Thermoplastic elastomers (TPEs) that are closed-loop
recyclable are needed in a circular material economy, but many current
materials degrade during recycling, and almost all are pervasive
hydrocarbons. Here, well-controlled block polyester TPEs featuring
regularly placed sodium/lithium carboxylate side chains are described.
They show significantly higher tensile strengths than unfunctionalized
analogues, with high elasticity and elastic recovery. The materials are
prepared using controlled polymerizations, exploiting a single catalyst
that switches between different polymerization cycles. ABA block
polyesters of high molar mass (60−100 kg mol−1; 21 wt % A-block) are
constructed using the ring-opening polymerization of ε-decalactone
(derived from castor oil; B-block), followed by the alternating ring-opening copolymerization of phthalic anhydride with 4-vinyl-
cyclohexene oxide (A-blocks). The polyesters undergo efficient functionalization to install regularly placed carboxylic acids onto the
A blocks. Reacting the polymers with sodium or lithium hydroxide controls the extent of ionization (0−100%); ionized polymers
show a higher tensile strength (20 MPa), elasticity (>2000%), and elastic recovery (>80%). In one case, sodium functionalization
results in 35× higher stress at break than the carboxylic acid polymer; in all cases, changing the quantity of sodium tunes the
properties. A leading sample, 2-COONa75 (Mn 100 kg mol−1, 75% sodium), shows a wide operating temperature range (−52 to 129
°C) and is recycled (×3) by hot-pressing at 200 °C, without the loss of mechanical properties. Both the efficient synthesis of ABA
block polymers and precision ionization in perfectly alternating monomer sequences are concepts that can be generalized to many
other monomers, functional groups, and metals. These materials are partly bioderived and have degradable ester backbone
chemistries, deliver useful properties, and allow for thermal reprocessing; these features are attractive as future sustainable TPEs.

■ INTRODUCTION
Pervasive, petrochemical-derived plastics have negative environ-
mental impacts because their structures and chemistries were
optimized for applications but not end of life. Their redesign,
underpinned by sustainability considerations throughout their
lifecycles, should seek to maximize biobased/low-greenhouse-
gas-emission raw materials. New plastic properties and
processing should match the existing products and infra-
structure, facilitate efficient closed-loop recycling, and deliver
chemistries that can completely deconstruct to small molecules/
monomers (with low energy input).1−5 One important class of
polymers are thermoplastic elastomers (TPEs) or synthetic
rubbers. These products combine thermal processability with
high elasticity and are important alternatives to thermosets or
vulcanized natural rubber, neither of which can undergo closed-
loop recycling. They are widely used across construction,
packaging, automotive, household goods, medical, and elec-
tronic sectors. Uses span sealants, gaskets, plugs, tubing, cables,
heat-shrink films, tires, shoe soles, sports equipment, vehicle
bumpers and interiors, medical tubing, catheters, and implants,
to name a few.6 Currently, the most commercial TPEs are
petrochemicals and are prepared using uncontrolled polymer-
izations that necessitate careful regulation of conditions to yield

the desired phase-separated nanostructures.7 Developing
controlled polymerizations is critical to improve the process
efficiency;4 delivery of well-controlled polymer structures is
essential for optimizing macroscopic properties.8 A long-
standing challenge is to develop methods to increase TPE
tensile strength and toughness without simultaneously reducing
the elasticity and elastic recovery.9−11

ABA-type block polymers are a significant subclass of TPEs
since they have well-controlled structures. The B polymer is
usually amorphous and has a low glass transition temperature
(Tg) (“soft” block), while the A polymers may be semicrystalline
or amorphous with higher melting/glass transition temperatures
(“hard” block). Phase separation of the blocks into hard (A-
block) and soft (B-block) domains is critical, and the structures
should comprise a soft polymer matrix, imparting elasticity, with
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hard domains providing physical crosslinks conferring mechan-
ical strength.6 One issue is that the tensile strength and
extensibility tend to be inversely related. For example, increasing
the A-block content results in stiffer but less stretchable
materials.
Dynamic covalent bonds are useful in polymer chemistry to

install impermanent and switchable crosslinks; successful
examples include hydrogen-bonding, metal−ligand coordina-
tion, or ionic interactions.12−20 The concept remains underex-
plored in TPE chemistry, although hydrocarbon polymers
bearing ∼1−15 mol % ions, known as ionomers, have long been
known to show useful properties.21 For example, a poly-
(ethylene-co-methacrylic acid)-based TPE, developed by
DuPont under the name Surlyn, shows impressive tensile
strengths (22MPa) when sodium cations partially neutralize the
carboxylic acid groups.22 Partially ionized “soft” blocks in the
poly(styrene-b-isoprene-b-styrene) (SIS) Kraton family of
commercial TPEs show an excellent toughness of 480 MJ
m−3.23 The limitation of these commercial ionomers is that both
the polymerization methods and ionic group functionalization
lack control; this means that material property optimization is
somewhat empirical. Important questions remain regarding how
the ionizable group, the extent of ionization, or choice of
counterions influence the thermomechanical properties.24−27

We hypothesized that by installing regularly placed dynamic
ionic interactions to a precision block polyester backbone, it
should be possible to deliver fully recyclable and high-
performance TPEs. Polyesters could also be useful since the
ester linkages are well known to fully degrade under acidic, basic,
or enzymatic conditions, thereby providing a future route for
chemical recycling and/or biodegradation.28−30 Hillmyer and
co-workers have pioneered block polyester TPEs using
controlled ring-opening polymerization (ROP) of bioderived
cyclic esters to make the ABA polymers. Soft-block polyesters

(−60 < Tg <−25 °C) were prepared frommenthide (mint),31,32

ε-decalactone (castor oil),33 6-methyl-ε-caprolactone,34 β-
methyl-δ-valerolactone (glucose), ε-caprolactone (petrochem-
ical but biodegradable),35 and γ-methyl-ε-caprolactone (cresols
from lignin).36,37 In all cases, the hard-block was polylactide,
PL(L)A (corn starch, Tg = 60 °C, Tm = 130−160 °C), and
stereocomplex formation [between the chains of poly(L-lactide)
(PLLA) and poly(D-lactide) (PDLA)] increased the Young
moduli and tensile strength by 2−3-fold.38,39 Although further
improvements could be achieved using substituted lactones,
these are not yet commercially available and, in some instances,
suffer from low polymerization enthalpy.40

Recently, we reported degradable, semiaromatic polyesters
prepared by ring-opening copolymerization (ROCOP) of
phthalic anhydride (PA) and cyclohexene oxide (CHO).41

When combined with a poly(ε-decalactone) (PDL) soft block,
polyester TPEs showed elastomeric properties matching those
at the lower end of commercial styrenic copolymers.42 Replacing
CHO with vinyl-cyclohexene oxide (vCHO) might allow for
functionalization and ionization at the vinyl sites, improving the
mechanical properties. vCHO is a commercial reagent with a
precedent for efficient alternating copolymerization with
anhydrides and postpolymerization functionalization to install
carboxylic acids.43−47 Ion selection was constrained to
inexpensive, earth-abundant, and light sodium or lithium.

■ RESULTS AND DISCUSSION
Synthesis. ABA-triblock polyesters were efficiently synthe-

sized using a one-pot procedure operating with a single catalyst
(Figure 1). This type of switchable polymerization allows
monomer mixtures to be selectively enchained using the same
catalyst to make specific block polymer sequences.48 In these
reactions, adding anhydride to cyclic ester ROPs results in rapid
anhydride insertion into the metal-alkoxide-propagating species,

Figure 1. Synthesis of polyester ionomers. (i) DL ROP at 80 °C catalyzed by LZnMg(C6F5)2 (see the Supporting Information for the structure) with a
1,4-benzenedimethanol (BDM) bifunctional initiator, where [Cat]0/[BDM]0/[DL]0 = 1:4:2000 (2-vinyl) and [DL]0 = 2.0M in toluene (see Table S1
for monomer conversions and reaction times). (ii) Addition of PA (400 equiv) and excess vCHO (1200 equiv). ROCOP conducted at 100 °C for 24 h.
For PE(v)−PDL−PE(v) (referred to as 1-vinyl), Mn,total by SEC = 60 kg mol−1 (Đ 1.04) with 21 wt % PE(v) by NMR spectroscopy. For 2-vinyl,
Mn,total by SEC = 100 kg mol−1 (Đ 1.05), 20 wt % PE(v). (iii) UV-mediated thiol−ene reaction (0.5 h) with 3-mercaptopropionic acid (MPA) and
dimethoxy-2-phenylacetophenone photoinitiator. PE(COOH)−PDL−PE(COOH) (referred to as 1-or 2-COOH) corresponds to 25/26 wt %
PE(COOH). (iv) Full or partial neutralization of the carboxylic acid with LiOH or NaOH.
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effectively switching the polymerization mechanism in situ and
obviating intermediary isolation/purification.49 Here, the
switchable catalytic selectivity was exploited to prepare ABA
(hard−soft−hard) block polyesters. The catalyst comprised a
high-activity heterodinuclear Zn(II)Mg(II) complex featuring
two organometallic ligands, that is, [LZnMg(C6F5)2]. It was
applied with 1,4-benzene dimethanol (BDM) and formed the
active initiator, a metal alkoxide, in situ (Scheme S1 for the
catalyst structure). This catalyst shows both high activity and
tolerance, meaning that it is particularly well suited for
producing higher-molar-mass polymers and operates without
any cocatalyst, giving the highest control over end-group
chemistry.42,50 End-group control yielding only hydroxyl
telechelic chains delivers the desired ABA structure (where
the cocatalysts would lead to contamination by lower block
sequences, e.g., AB polymers). Both polymerizations are very
well controlled, meaning that each polymer block achieves
predictable degrees of polymerization. Polymerizations were
conducted by adding ε-decalactone (DL), dissolved in toluene,
to the Zn(II)Mg(II) catalyst and BDM. The ROP of DL
proceeded to form the soft-block PDL (B-block), as judged by
aliquot analysis (TOF = 1000 h−1). PA was then added to switch
the polymerization mechanism into the vCHO/PA ROCOP
cycle and install the semiaromatic polyester end blocks (A-
blocks). Monomer conversion was monitored by aliquot
analysis (1H NMR spectroscopy) throughout the reaction.
Once complete, the reaction was quenched and the final
polymer isolated by precipitation from methanol.

The successful formation of the ABA triblock polyester was
confirmed using a range of techniques. Polymer end groups were
titrated using 31P{1H} NMR spectroscopy, and the final block
polyesters showed only A-blocks, that is, poly(vinyl-cyclohexene
oxide-alt-phthalic anhydride), henceforth referred to as PE(v)
(Figure S1). Further support for selective ABA polyester
formation came from observing a single diffusion coefficient
for the polymer signals by diffusion ordered NMR spectroscopy
(Figure S2). Size-exclusion chromatography (SEC) analysis of
the aliquots showed an increase in polymer molar mass as the
polymerization progressed and the continual evolution of
narrow dispersity and monomodal distributions (Figure S3).
The hard block, PE(v), content was targeted at 21 wt % as the
analogous cyclohexene oxide-containing copolymer was a TPE
at this composition.42 The experimental polymer composition
closely matched the starting monomer ratios, consistent with
well-controlled polymerizations, as determined by relative
integration of proton environments specific to PDL (4.85
ppm) and vCHO (5.83 ppm) in the 1H NMR spectrum of the
purified polymer. Even after repeated precipitations, the
polymer composition remained constant, consistent with
selective block polymer formation (Figure S4). By varying the
catalyst:monomer ratios, two different triblock polyesters were
produced, showing an overallMn value of 60 (1-vinyl) or 100 kg
mol−1 (2-vinyl) (Table S1).
The radical-mediated thiol−ene reaction with MPA installed

carboxylic acid groups onto every vinyl-CHO unit in the hard
PE(v) segment. After precipitation from methanol, the acid-

Figure 2. Characterization of block polyester ionomers. (A) FTIR spectra of polymer films comparing the unmodified (1-vinyl), carboxylic acid-
functionalized (1-COOH), and fully lithium/sodium neutralized carboxylates (1-COOLi and 1-COONa). (B) Differential scanning calorimetry
(DSC) thermograms (measured between −80 and 200 °C at 10 °C min−1). (C) Thermogravimetric analysis (TGA) curves (10 °C min−1 heating
rate). (D) Room-temperature small-angle X-ray scattering (SAXS) profiles with labeled principal scattering peaks (*) and higher-order peaks (q/q*)
(Table S3).
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functionalized polymer was characterized using 1H NMR
spectroscopy (Figure S5). The data confirm the complete loss
of the vinyl alkene resonances (5.83 ppm) and the appearance of
new resonances assigned to the alkylene bridge moieties (2.56,
2.57 ppm). A new signal at 177.8 ppm, in the 13C{1H} NMR
spectrum, is characteristic of the carboxylic acid carbonyl
groups. No additional signals were observed for the block
carbonyl groups, indicating that no polyester backbone
transesterification occurred under these conditions (Figure
S6). The SEC traces show slightly broadened molar mass
distributions for the carboxylic acid versus vinyl-substituted
polymers. However, importantly, the distributions remained
monomodal with no higherMn tailing, indicating little/no vinyl
crosslinking as side reactions (Figure S7). The distribution
broadening is tentatively attributed to changes to the polymer
hydrodynamic radii on introducing the hydrophilic carboxylic
acid.
The pendant carboxylic acid substituents were neutralized to

pH 7 by reaction with lithium or sodium hydroxide; the reaction
progress was monitored using a pH meter. The neutralized
solution was poured into a Teflon mold and dried overnight at
room temperature, before being dried in a vacuum oven at 80
°C, until a constant mass was achieved (72 h). Fourier-transform
infrared (FTIR) spectroscopic analysis of the resulting polymer
films showed new absorbances, characteristic of the carboxylate
salt antisymmetric and symmetric stretches. These were
observed at 1595 and 1422 cm−1 for the lithium carboxylate
and 1580 and 1433 cm−1 for the sodium carboxylate,
respectively (Figure 2A).20,23 The effect of the extent of sodium
neutralization of the carboxylic acids was also investigated using
1-COOH. Neutralization extents from 25, 50, and 75 mol % (vs
COOH) were achieved by adding substoichiometric quantities
of sodium hydroxide versus the starting carboxylic acid
concentration and were verified by the relative band integrals
of sodium carboxylate at 1580 cm−1 and polyester carbonyl
signal at 1730 cm−1 in the FTIR spectra (Figure S8). ICP
analysis was also used to verify the Na/Li content (Table S2).
The ionomers were soluble in a mixture of THF and water.
Lithium or sodium ions were also confirmed in all samples using
either 7Li or 23Na NMR spectroscopy of the polymer films
dissolved in 1:1 THF/D2O (Figure S9). SEC data showed that
the neutralization process did not affect the backbone chemistry;

for example, the molar mass distribution of 1-COONa25
remained monomodal with comparableMn to 1-COOH (Figure
S10).

Thermal Properties. The key parameters for elastomeric
applications are the polymers’ thermal transitions and potential
for block phase separation. As expected, the polymers all showed
completely amorphous structures since the polymerization is
regiorandom and atactic, and both constituent polymer blocks
are amorphous. DSC of the vinyl-functionalized triblock
polymers shows a glass transition temperature (Tg) at −46 °C,
close to the value for pure PDL (−51 °C)51 and consistent with
block phase separation (Figure 2B). There was no discernible
upper Tg for the semiaromatic PE(v), but such phenomena are
commonly observed for these amorphous “hard” blocks.42

Postpolymerization functionalization of the latter domain with
the hydrophilic carboxylic acid lowers the PDL domain glass
transition temperature slightly to −51 °C, suggesting marginally
enhanced phase separation. The neutralized metal carboxylate
polymers show both the lower Tg (−51 °C) and the upper Tg at
91 °C (Li) or 76 °C (Na), respectively. The higher glass
transition temperature for the lithium carboxylate is consistent
with smaller cations forming stronger ionic associations.52

Partial neutralization of the carboxylic acid moieties results in
materials showing progressively increasing upper Tg values with
neutralization extent (Figure S11). For the higher Mn polymer
series (2-vinyl, 2-COOH, and 2-COONa75), two Tg values are
observed in all cases and for 2-COONa75 at −55 and 101 °C
(Table 1 and Figure S11). All polymers show high thermal
stability, with the onset of thermal degradation at temperatures
>300 °C (Figures 2C and S12).

Small-Angle X-ray Scattering. The phase morphology of
the block polymer films was probed by SAXS conducted at room
temperature (Figure 2D). The films were prepared by casting
from THF or THF/water and drying in a vacuum oven (80 °C)
for 72 h. From the principal scattering peak (q*), the calculated
domain size (d = 2π/q*) was found to decrease from 28 nm for
1-COOH to 26 nm on neutralization with LiOH and
substantially for 1-COONa (16 nm). Sharper, more intense
q* and higher-order peaks are observed for the ionomers and
their positions (q/q* = √3, √4, √7, √13) are evidence for
hexagonally packed cylindrical morphologies (Table S3).
Surprisingly, carboxylation of 2-vinyl leads to a shift in q* to

Table 1. Summary of the Key TPE Dataa

sampleb σb (MPa) εb (%) Ey (MPa) UT (MJ m−3) Tg1, Tg2 (°C)
c Td,5% (°C)d

1-COOH 0.52 ± 0.03 2214 ± 20 1.1 ± 0.2 10.3 ± 0.6 −50, n.o 304
1-COONa75 17 ± 0.2 1919 ± 47 8.1 ± 1.5 166 ± 2 −51, 76 315
2-vinyl 1.02 ± 0.01 2785 ± 56 0.15 ± 0.01 ∼2.1 −50, 140 328
2-COOH 5.8 ± 0.3 2747 ± 42 1.52 ± 0.02 97 ± 3 −50, 113 [−44, 120*] 323
2-COONa75 19.5 ± 0.2 2420 ± 28 8.8 ± 1.0 283 ± 8 −55, 101 [−52, 127*] 320
PE−PDL−PE (90, 23)42 6.5 ± 0.2 1097 ± 37 5.0 ± 0.7 40 ± 3 −51, 136* 307
PLLA−PDL−PLLA (191, 25)54 13.6 ± 0.5 1212 ± 25 2.9 ± 0.3 82 ± 5 −49, 60 (Tm 161) 225
PLLA/PDLA−PM−PLLA/PDLA38 21.8 ± 0.8 990 ± 62 29.2 ± 2.9 ∼108 −21, (Tm 211)
PLLA−PyMCL−PLLA (73, 28)36 35 ± 3 895 ± 20 13 ± 10 ∼157 −59, 52 (Tm 162)
PLLA−PCVL−PLLA55 46.3 ± 1.4 2100 ± 65 2.4 445 ± 12 (Tm 29, 160)

aTensile mechanical data of polymer films. Ey = Young’s modulus; εb = elongation at break; σb = tensile strength; UT = tensile toughness (area
under the stress−strain curve). ± is the standard deviation from at least three measurements. b1- and 2- refer to triblock polymers withMn,SEC 60 or
100 kg mol−1, respectively; carboxylic acid-functionalized (1/2-COOH) or 75% neutralized with Na (1/2-COONa75). PE = poly(cyclohexene
oxide-alt-phthalate) (i.e., PA/CHO ROCOP); 90 or 105, the overall triblock Mn,SEC (kg mol−1), 18−23 wt % PE. PLLA = poly(L-lactide). PM =
poly(menthide). PγMCL = poly(γ-methyl-ε caprolactone). PCVL = poly(ε-caprolactone-co-δ-valerolactone). cGlass transition from DSC (10 °C
min−1 heating rate, second heating curve). * Tg measured by DMTA from the peak in tan δ. dThermal degradation behavior measured by TGA; the
temperature at which 5% mass is lost.
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higher values (smaller domains), and a similar morphology to 1-
COONa is observed for 2-COONa75 but with a larger domain
spacing (24 nm).
Mechanical Properties. Polymer films for mechanical

testing were prepared using solution-casting methods and
stored in a glovebox before testing (Figure S13 shows a sample’s
mechanical performance after 1 month’s exposure to atmos-
pheric moisture). One of the samples, polymer 1-vinyl, that is,
with Mn = 60 kg mol−1 and 21 wt % PE(v), failed to yield
standalone films for mechanical testing. However, after installing
the carboxylic acid functionalities, 1-COOH formed transparent
and colorless standalone films with the properties of a soft
elastomer (Figure 3A and Table 1). The lithium sample, 1-
COOLi, shows a ∼16× increase in tensile strength while
retaining comparable elongation at break to 1-COOH. The
sodium polymer, 1-COONa, shows ∼35 × greater tensile
strength and only a slight decrease in the elongation at break
(1900%). Regardless of the functionality/ions present, all the
polyesters remained transparent upon stretching (Figure S14).
Testing the influence of partial neutralization showed that the
tensile strength increased with the sodium content. It was found
that 75% sodium carboxylates along the polymer backbone (1-
COONa75) showed the optimum tensile toughness, as
measured by the area under the stress−strain curves (Figure
3B and Figure S15). A high toughness >160 MJ m−3 was
observed for this sample, and its stress at break reached ∼17
MPa (Table 1). The higherMn triblock polymer, 2-vinyl (100 kg
mol−1) of comparable wt % PE(v), formed self-standing films. It

also showed even better mechanical properties for 2-COOH and
2-COONa75 (Figure 3C). The sodium polyester, 2-COONa75,
showed the best properties, combining a high tensile strength,∼
20 MPa with an elongation at break >2400%, and a very high
toughness, >260 MJ m−3. The improvement is attributed to
ionic associations in the hard domain, limiting failure by chain
pull-out and a lower molecular weight between entanglements,
Me in the PDL matrix (higher storage modulus plateau, vide
infra).53

Common commercial TPEs are petroleum-based styrenic
block copolymers (SIS, SEBS, and SBS) and make up the largest
market share by volume. Literature reports of ionomeric styrenic
block copolymers typically incorporate sodium sulfonate groups
in the rigid polystyrene domains. Lead samples (1/2-
COONa75) show properties that match or improve upon
those of sodium sulfonated poly(styrene-b-butadiene-b-styrene)
(Na-SBS) (Figure 3D and Table S5). For example, they show
equivalent or higher tensile strengths (∼20 MPa) and greater
extensibility (×2.6), leading to superior performance toughness
(×3). One potential advantage of the polyester TPE ionomers
besides end-of-life degradability (vide infra) is the significant
control exerted during ionic group installation and the potential
to install different groups using the thiol−ene reaction. 1/2-
COONa75 also shows a greater elongation at break (×6) than
popular commercial ionomers based on random EMAA
copolymers with Na- or Zn-carboxylate crosslinks, albeit with
lower tensile strengths (<33 MPa). Other important TPE
ionomers are based on rubbers such as Zn-carboxylate-

Figure 3.Tensile testing of polyester TPE ionomers. (A) Stress−strain curves (representative of three repeats) comparing 1-COOHwith 100%Na- or
Li-neutralized derivatives. (B) Elongation at break (εb), stress at break (σb), Young’s modulus (Ey), and tensile toughness (UT, calculated as the area
under the stress−strain curve) as a function of the neutralization extent of 1-COOH (0−100%). (C) Stress−strain curves for higher Mn triblock
polyesters (2-vinyl = 100 kg mol−1; 1-vinyl = 60 kg mol−1), comparing unmodified (2-vinyl), carboxylic acid-functionalized (2-COOH) and 75% Na-
neutralized (2-COONa75). (D) Ashby plot (Table S5 for details): sodium ionomers of styrenic block copolymers (SBS, SEBS), random Na-/Zn-
ethylene/methacrylic acid (EMAA) ionomers, and ionic rubbers.
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crosslinked acrylonitrile−butadiene rubber, against which the
new polymers show competitive performances (Figure 3D).
Interestingly, recent work incorporating Na-carboxylates in

the soft polyisoprene matrix in SIS gave an impressive tensile
strength (43 MPa) and elongation at break (2600%).54 This
approach is a promising future direction as anhydride/epoxide
ROCOP using functionalized commercial monomers should be
able to readily yield soft polyesters incorporating ionic
interactions.
So far, there are no other reports of all-polyester block

polymer ionomers. To understand the impact of the current
systems, the mechanical performance of 1/2-COONa75 is
compared against other block polyester-based TPEs, especially
those where the hard domains are reinforced through stereo-
complexation (Table 1). For example, Hillmyer and co-workers
pioneered polyester elastomers featuring PDL midblocks and
PLA/PLLA hard domains.33,54 Using the same soft-block
polymer, 2-COONa75 shows ∼3−4× greater toughness and
achieves higher stress and elongation at break than the
analogous materials featuring PLA or PLLA (A-blocks). The
ionomer approach allows for straightforward tuning of the
tensile strength from 1 to 20 MPa, without requiring new
monomers or changes to polymer compositions/structures. The
tensile stress of 2-COONa75 approaches values reported for
TPEs featuring polymenthide (PM, B-blocks, with stereo-
complexed PLLA/PDLA, A-segments, Table 1)38 but falls short
of those featuring poly(γ-methyl-ε caprolactone) (PγMCL) soft
segments.36 This comparison highlights the significance of the
soft-block polymer and its entanglement molecular weight in
controlling TPE performances: PγMCL typically forms more

entanglement soft segments than PDL. In the future, it should be
possible to replace the PDL B-block in these new polyesters with
alternative soft segments if higher TPE tensile strength were
required. It is worth noting that compared to DL, these
substituted lactone monomers are not yet commercially
available. However, high-toughness TPEs (>445 MJ m−3)
were recently reported with soft segments composed of random
copolymers of commercial ε-caprolactone and δ-valerolactone
(PCVL) with stereocomplexed PLA hard domains,55 although
no indication of elastic recovery was given.
To better assess the elasticity of the ionomeric block-polyester

TPEs, uniaxial cyclic tensile testing experiments were con-
ducted. Dumbbell samples of 2-COONa75 were stretched to
200% strain and then allowed to recover, a process repeated over
10 cycles (Figure 4A). The first cycle is different from the
subsequent ones, a common phenomenon and one observed for
all the block polyesters, attributed to the changes in the polymer
microstructure under stress (Figure S16). Nonetheless, these
changes are temporary since in all cases, the elastic recovery
values [defined as (εmax − εmin/εmax) × 100] are high at >80%
(Figure S17). The highest elastic recovery values were observed
for the sodium-, lithium-, or carboxylic acid-functionalized
polymers. Indeed, the elastic recovery decreased in the order
COOM (M = Li/Na) > COOH > vinyl (Figure 4B). These
results can be rationalized by the soft PDL matrix being
responsible for the extensibility and physical crosslinking from
the hard domains, aiding recovery. Higher elastic recovery
results from stronger phase separation in the COONa polymers,
resulting in sharper interfaces (Figure 2D) and reinforcement of

Figure 4. Elastic behavior. (A) Stretching−relaxing cycles of 2-COONa75 to 200% strain. (B) Corresponding elastic recovery and resilience for each
cycle. (C) Stress softening with cycle number; σ0 = maximum stress in the first cycle and σi =maximum stress in the subsequent cycle i. In 1-COONax,
x = 25, 50, 75, and 100% neutralized. (D) Stress relaxation experiments at 200% applied strain; stress is normalized to the stress at time, t = 0 (σ0).
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the hard chains either with hydrogen-bonding or stronger ionic
interactions.26,56,57

The resilience or percentage of energy recovered during cyclic
deformation was calculated as the ratio of the area under the
unloading-to-loading curves. The TPE resilience increased with
carboxylic acid functionalization and was even better with
sodium neutralization (Figure 4B). For 2-vinyl, the maximum
stress, at 200% strain, decreased with each loading/unloading
cycle such that after 7 cycles, the maximum stress plateaued at
∼60% of its original value. In contrast, 2-COONa75 showed
much less stress reduction and, after 7 cycles, retained 92% of its
original value (Figure S18). In Figure 4C, themaximum stress, at
200% strain, is plotted for each cycle normalized to the original
stress at cycle one (σi/σ0) and gives ameasure of stress softening.
The sodium polymers, 1-COONax, where x = extent of
ionization, show significantly less stress softening with the
cycle number than pristine 1-COOH. Interestingly, the effect
appears to be independent of the extent of sodium
neutralization.
As resilience and elastic recovery are important for TPE

applications requiring load bearing and dynamic loading, time-
dependent stress relaxation experiments were conducted. These
experiments involved stretching dumbbell specimens of 2-
COOH and 2-COONa75 to a constant strain of 200% and
monitoring the reduction in stress with time (Figure 4D). At this
strain, the stress was 1.1 and 3.0 MPa for 2-COOH and 2-
COONa75, respectively. After 0.5 h, the stress had reduced to
50% for 2-COOH, but it remained high at 85% for 2-COONa75.

Reprocessing and Degradation. A critical future
challenge for materials such as TPEs is to evaluate the potential
for material reprocessing and thus recycling to equivalent
products with retention of properties. These investigations are
relevant in a circular economy for postconsumer waste and
improved manufacturing efficiency by reprocessing polymer
scraps and off-cuts generated during article fabrication. Many of
the current commercial TPEs are surprisingly incompatible with
such closed-loop recycling due to problems of either thermal
instability or difficulties reproducing the original crystalline
phase-separated structures.58 Natural rubber and other vulcan-
ized thermosets cannot be recycled in this way. In these cases,
down-cycling (i.e., reuse in lower-value applications such as
fillers in asphalt/composites) and combustion for heat recovery
are currently the best options.59 Given its properties, the
potential for thermal reprocessing 2-COONa75 was inves-
tigated. First, its thermal processing window was assessed by
dynamic mechanical thermal analysis (DMTA). The loss-to-
storage modulus ratio (tanδ), over the temperature range from
−60 to 220 °C, was compared for 2-COONa75 and 2-COOH
(Figure 5A; see Figure S19 for storage and loss moduli).
Both data sets show a peak in tan δ at −52 °C, corresponding

to the PDL glass transition, and subsequently, two higher-
temperature transitions are observed for 2-COONa75. The peak
at 129 °C is consistent with the semiaromatic (PE) glass
transition. The broad peak at∼207 °C is attributed to transitions
within the hard phase of sodium ion aggregates/clusters.60−62 It
coincides with sufficient softening of the polymer to allow for
reprocessing at temperatures around 200 °C. In contrast, 2-

Figure 5.Thermal reprocessing of 2-COONa75 and degradation studies. (A) Temperature dependence of tan δ (storage/loss modulus) for 2-COOH
and 2-COONa75 measured by DMTA. (B) Temperature dependence of the storage modulus (MPa) for 2-COOH and 2-COONa75 measured by
DMTA. (C) Stress−strain curves of 2-COONa75 after repeated (×3) compression molding. (D) Degradation study in aqueous alkaline media (1 M
NaOH, RT).
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COOH shows a much steeper drop in the elastic response
(storage modulus) at the upper glass transition, and the sample
yields at 160 °C. Consequently, as proof-of-concept recycling
conditions, 2-COONa75 was reformulated at 200 °C and 20
MPa pressure. The tensile mechanical performance was
determined after each reprocessing cycle. After the first and
second cycles, the properties remained the same, within error, to
the original sample (Figure 5B). After the third recycle, the
polymer was slightly yellow, but its tensile strength remained
almost the same (see Figure S20 for SEC after each thermal
pressing step).
In future, these conditions will be fine-tuned to allow for

increased (re)cycles. Another option will be to explore the
polymers’ potential for chemical recycling. Given the solubility
of the ionized polymers in polar media (THF/water mixtures),
they should show faster water uptake and accelerated
degradation.29 Thin films (200 μm thick) of 2-vinyl, 2-
COOH, and 2-COONa75 were cut into discs (16 mm
diameter) and submerged into distilled water. After 1 h, mass
increases due to the water uptakes of 11, 30, and 40%,
respectively, were recorded (Figure S21). Degradation experi-
ments under alkaline conditions (1 M NaOH, pH 14) were
conducted by periodically removing the polymer discs and
drying to constant mass (after substantial deterioration of the
discs, solid particulates were isolated by centrifugation).
Complete mass loss for 2-COONa75 was observed after 10 h
(Figure 5D). To differentiate this mass loss from the polymer
dissolving in the aqueous media, SEC analysis of the residue
isolated after removing the water revealed no detectable
polymer. In contrast, the disc of 2-vinyl remained completely
intact after 24 h and noMn loss was recorded by SEC. The rate of
mass loss for 2-COOH was notably slower than 2-COONa75,
and after 10 h, the residual polymer of 2-COOH was still
observable (through ∼1/2 Mn). We previously demonstrated
degradation under acidic conditions of triblock polyesters based
on DL and PA/CHO to oligomers and small molecules.41 Here,
1H NMR spectroscopy (Figure S22) and LC-MS (Figure S23)
of the water-solubilized degradation products for 2-COONa75
suggested the presence of phthalic acid (m/z 165), the ring-
opened diol of the functionalized epoxide (m/z 148), 2-
hydroxydecanoic acid (m/z 187), and various smaller monomer
repeat units (Table S6).
The toxicity of these degradation products should form the

focus of future investigations. However, the methodologies and
structures described in this proof-of-concept work are amenable
to using other monomers, functional groups, and ions. In
particular, the switchable catalysts function well with cyclic
carbonates, thiiranes, carbon dioxide, or other heteroallenes,
providing routes to other backbone polymer chemistries.48

Notably, there are opportunities to improve the biobased
content and thus the potential for low-toxicity degradation
products. For example, a current limitation of the work is the
lack of a sustainable route to vCHO. Thus, future work might
exploit the natural rigidity and alkene functionality afforded by
terpene-derived anhydrides/epoxides such as limonene oxide
(derived from citrus peel) in the hard domains.63−65 In contrast,
DL is a biobased raw material (derived from castor oil), and
routes to PA (currently petroleum-based) from corn stover have
been reported.66,67 The metal-coordinating functional groups
could be easily changed; for example, sulfonates, phosphates, or
hydroxides are all compatible with the thiol−ene process.46,68,69
Changing the ions or metal salts affords access to different
coordination chemistries and aggregates. Although in the

context of both sustainability and cost considerations, the
advantages to inexpensive, colorless, and low-toxicity sodium
ions are hard to better.

■ CONCLUSIONS
In conclusion, all-polyester ABA-type TPEs with controllable
compositions and sodium/lithium ionization extents were
prepared. The syntheses occurred in one pot using a single
catalyst. The controlled ROP of ε-decalactone yielded hydroxyl
telechelic PDL B-block, which initiated vinyl-cyclohexene oxide/
PA ROCOP to install terminal alternating polyester A-blocks.
The vinyl groups on the A-block polyesters were quantitatively
transformed into carboxylic acid groups using a photoinitiated
thiol−ene reaction. Subsequent neutralization of the acids with
sodium or lithium hydroxide allowed tunable metalation to form
lithium/sodium carboxylates. The synthetic methodology and
polymer structures described here represent a straightforward
means to “tune” the thermoplastic elastomeric properties over a
wide range without requiring complex procedures, new
monomers, or major polymer redesign. The ionized polymers
significantly improved the tensile mechanical properties
compared to either the unfunctionalized or carboxylic acid-
substituted polyesters. For example, the stress at break increased
20−35-fold and toughness by 3−5×. The elongation at break
and elastic recovery were highest (>90%) for the sodium
polyesters, with high resilience during repeated deformation
(85%). The lead sample, 2-COONa75, showed properties
closely aligned with commercial petrochemical TPEs and
combined a high tensile strength ∼20 MPa, a high elasticity
>2400%, and a very high toughness, >260 MJ m−3. All the
polyesters, including ionized samples, can be thermally
processed, and recycling experiments were conducted using 2-
COONa75 without the loss of properties. The formation of
ionic aggregates is indicated in transitions observed by dynamic
mechanical thermal analysis, and the influences of ions,
functional groups, and ion separation will, in future, be
systematically investigated. The methods are expected to be
generalizable to many other monomer combinations, polymer
structures, and ions. The work serves as the starting point for a
new series of sustainable polymers and ionomers that span the
property portfolio of the current elastomers.
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