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ABSTRACT: Polyester block polymers containing polylactide
have garnered significant attention as renewable, degradable
alternatives to traditional elastomers. However, the low glass
transition of the PLA blocks limits the upper-use temperatures
of the resulting elastomers. To improve the thermal perform-
ance, we explore a series of multiblock polyesters composed of
poly(e-decalactone) (PDL) and poly(cyclohexene phthalate)
(PCHPE). These materials are prepared using switchable
polymerization catalysis followed by chain extension. The
strategy involves (i) alternating ring-opening copolymerization
(ROCOP) of cyclohexene oxide and phthalic anhydride, (ii) &-
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decalactone ring-opening polymerization (ROP), and (iii) diisocyanate coupling of the telechelic triblocks to increase molar
mass. The resulting multiblock polyesters are amorphous, and the blocks are phase separated; glass transition temperatures are
~—4S and 100 °C. They show thermal resistance to mass loss with Ty ~ 285 °C and higher upper use temperatures compared
to alternative aliphatic polyesters. The nanoscale phase behavior and correlated mechanical properties are highly sensitive to the
block composition. The sample containing PCHPE = 26 wt % behaves as a thermoplastic elastomer with high elongation at break
(&, > 2450%), moderate tensile strength (o, = 12 MPa), and low residual strain (&, ~ 4%). It shows elastomeric behavior from
—20 to 100 °C and has a processing temperature range of ~170 °C. At higher PCHPE content (59 wt %), the material has shape
memory character with high strain fixation (250%) and recovery (96%) over multiple (25) recovery cycles. The multiblock
polyesters are straightforward to prepare, and the methods presented here can be extended to produce a wide range of new
materials using a other epoxides, anhydrides, and lactones. This first report on the thermal and mechanical properties highlights
the significant potential for this class of polyesters as elastomers, rigid plastics, and shape memory materials.

B INTRODUCTION

Polymers are important chemical products that are manufac-
tured at >300 Mt/annum worldwide.' They are used in almost
every aspect of everyday life. However, their production does
have environmental impacts: the manufacturing raw material
and energy requirements consume ~8% of worldwide oil/gas
reserves, and their indiscriminate disposal can cause environ-
mental pollution because they are pervasive. An important
future challenge is to match, and improve upon, the properties
of current materials while increasing sustainability and
designing for degradation and recycling.'™* Currently, the
largest scale commercial sustainable polymer is polylactide
(PLA) which is sourced from high starch content crops such as
corn/sugar beet. PLA also biodegrades via ester bond
hydrolysis to the metabolite lactic acid.” Although PLA is
applied in various packaging, fiber, and medical applications, its
properties fall short of those required for many other
applications.’
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Block polymers can undergo phase separation to form
nanostructures showing improved macroscopic properties
compared to homopolymer blends. For example, thermoplastic
elastomers (TPE) are microphase-separated block polymers
used to replace rubber; typically they feature hard blocks of a
glassy thermoplastic dispersed in a soft elastomeric matrix.” The
soft blocks deliver elasticity while the hard blocks anchor the
structure and mitigate creep. Block polymer TPEs are used in
areas as diverse as household goods, automotive components,
construction, medical devices/implants, drug delivery, tissue
engineering, and electronics.” '’ Generally thermoplastic
elastomers are ABA triblock copolymers (where A = hard
block and B = soft block); this configuration is considered
optimal since it increases the hard block physical cross-links
which are important to the overall mechanical performance.
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Scheme 1. Preparation of the Multiblock Polyesters (MBPE) (for Values of n, m, and y See Table 1)*
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“Reagents and conditions: (a) 1 equiv of [LZn,Ph,], 2 equiv of cyclohexanedlol (CHD), 800 equiv of cyclohexene oxide (CHO), 100 equiv of
phthalic anhydride (PA) and 100 equiv of e-decalactone (e-DL), 100 °C, 3.5 h.>® See the experimental section for further details and Figure S2 for
the structure of [LZn,Ph,].>**? (b) 1.1 equiv of 4,4'-methylenediphenyl diisocyanate (MDI), 0.9 equiv of Sn(Oct),, toluene, 60 °C, 2 h.

One widely used ABA triblock thermoplastic elastomer is
polystyrene-b-polybutadiene-b-polystyrene (SBS) which exhib-
its high elasticity, moderate stress at break, and an operating
temperature range from —90 to 100 °C. Although widely
applied, poly(styrene)-b-polyolefin-b-poly(styrene) materials
are generally produced using conventional petrochemical raw
materials; one alternative is to develop degradable block
pol};r{llerf4 which may even derive from renewable resour-
es.”

Polyester thermoplastic elastomers are expected to be
degradable by ester hydrolysis reactions, the rates of which
depend on the precise structures. So far, various polyester
thermoplastic elastomers have been investigated,'" ™’ and
while there are alternatives to the polyolefin soft blocks,”'~*
the replacement of the polystyrene hard blocks presents a
different challenge. In this context, semicrystalline PLA has
shown promise; for example, the triblock copolymer [poly(r-
lactide)-b-poly(y-methyl-e-caprolactone)-b-poly(L-lactide) ]
showed comparable toughness and elongation at break to
SBS.*> Nonetheless, polylactide-derived thermoplastic elasto-
mers are unsuitable for many applications requiring high
temperature stability because PLA has only a moderate
temperature stability and lower glass and melting transitions
(T, = 60 °C; T,, = 160 °C).”® Block polyesters featuring main
chain rigid or aromatic functional groups are expected to
increase the thermoplastic glass transition temperature and are
therefore important targets as alternative hard blocks.

PLA, and related aliphatic polyesters, are best produced using
well-controlled lactone ring-opening polymerization (ROP)
which yields polyesters with predictable molar mass, narrow
dispersity, and a high fidelity of chain end groups.”” Sequential
lactone ROP reactions have been a very effective route to
aliphatic block polyester thermoplastic elastomers.'* In
contrast, using lactone ROP to prepare semiaromatic or rigid
polyesters requires the synthesis of new lactones.’® Many such
lactone syntheses require multistep reactions that are difficult to
scale and result in low overall yields.”® Unfortunately, many
aromatic/rigid functionalized lactones also show lower ring
strain which reduces the thermodynamic driving force for
polymerization.”® Practically, the overall conversion is reduced,
and intermediary polymer purification steps are required to
remove residual monomer. Recent advances in semiaromatic
polyester syntheses are interesting but have yet to be exploited
to prepare discrete block polymers.”*?'

On the other hand, the ring-opening copolymerization
(ROCOP) of epoxides/anhydrides provides an alternative,

2467

well-controlled route to aliphatic, semiaromatic, or rigid
polyesters.”®*® Importantly, the ROCOP thermodynamic
parameters are not significantly impacted by the use of
functionalized, aromatic, or rigid epoxides/anhydrides, and so
a wide range of polyesters can be produced with very high
monomer conversions and yields.”*™* Many epoxides and
anhydrides are also already industrially manufactured at
significant scale and low cost which is expected to simplify
larger-scale polymer synthesis. Most of these monomer
candidates are sourced from petrochemicals, but several are
or could be bio-derived.**™>* In the context of the current
work, routes exist to make cyclohexene oxide from triglycerides
and phthalic anhydride from carbohydrates, while e-decalactone
can be sourced from castor 0il.>*™>° One current limitation of
ROCOP is that rather high catalyst loadings are required (0.2—
1 mol % vs monomer). As the reaction is a controlled
polymerization, the corresponding polyester molar masses are
lower than those from ROP reactions (ROCOP polyesters
typically show 1000 < M, < 30000 g/mol).**** ROCOP
functions efficiently in the presence of chain transfer agents,
such as water or diols, and, under such conditions, results in
high selectivity for hydroxy telechelic polyesters. The ability to
prepare telechelics is essential to enable further chain extension
reactions to produce multiblock polymers. So far, the properties
and uses of polyesters prepared using ROCOP are underex-
plored, and stucge%s9 are restricted to uses as polyols or
macromonomers.”

Recently, we reported a one-pot process using a single
switchable catalyst to selectively enchain block polyesters from
mixtures of epoxide, anhydride, and lactone (Scheme 1)."*
The polymerization proceeds first by ROCOP and sub-
sequently by ROP; it is highly selective for triblock polyester
formation and proceeds with high monomer conversions and
control. Here, the goal is to characterize the resulting block
polyester thermal and mechanical properties so as to better
understand potential elastomeric and shape memory applica-
tions.

B RESULTS

Multiblock Polyester (MBPE) Synthesis. Multiblock
polyesters (MBPE) were synthesized by reaction of triblock
polyester precursors with a diisocyanate. The triblock
copolyester precursors were prepared, according to our
previous report, by using a dizinc catalyst and mixtures of
phthalic anhydride (PA), cyclohexene oxide (CHO), and e-
decalactone (e-DL) (Scheme 1).°*® The method yields only
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Table 1. Multiblock Polyester (MBPE) Characterization Data

fPDL,-b-PCHPE,-b-PDL,-MDH,°

Sample® n 2m y f PCHPEd M, pap (kg/mol); B M, ppz (kg/mol); B Tgf (°C)
MBPE-26" 36 150 16 027 34.6; 1.19 56.6; 1.32 —49; NA.
MBPE-42° 38 76 2.0 0.44 22.3; 1.22 44.8; 1.47 —47; 97
MBPE-49” 43 64 22 0.51 21.5; 1.16 47.4; 1.38 —43; 104
MBPE-59” 46 47 2.5 0.61 19.4; 1.21 48.1; 1.50 —42; 109
(PDL)yg 0 93 19 0 15.9; 1.19 29.8; 1.67 —49; N.A.

“MBPE synthesis: see Scheme 1 and Supporting Information for details. "MBPE-#: # stands for the weight fraction of PCHPE (wt %) in MBPE.
Determined using "H NMR spectroscopy by integration of peaks at 5.16 ppm (peak x) and 4.87 ppm (peak y), where the wt % PCHPE in MBPE =
[x X (MWps + MWeyo)/(x + 29)]/{[x X (MWps + MWeyo)/(x + 2y)] + [2y X (MWpp)/(x + 2y)]}; MWp,, MWy, and MWy, refer to the
molar mass of PA, CHO, and &-DL, respectively; x and y stand for integrals, corresponding to peaks x and y. “Determined using the following
equations: 1 = (M, yipioac X PCHPE wt 9%)/(MWps + MWyo); 2m = [M, gipioac X (100% — PCHPE wt %)]/(MWps + MWeyo); ¥ = M, mpps/
M, viblocki MWpa and MWy refer to the molar mass of PA and CHO, respectively. dfPCHPE was determined from the wt % (PCHPE) by using the
room temperature density values for PDL (0.97 g cm™)** and PCHPE (1.04 + 0.06 g cm™>, which was determined using a regular-shaped specimen;
see Supporting Information for details). “Determined by SEC, in THF, using an RI detector calibrated using narrow dispersity polystyrene standards.
SAcquired by DSC analysis from the second heating cycles, using a heating rate of 10 °C/min. The T, values are reported as the midpoint of each
transition (Figure 1A). #Telechelic PDL was reacted with MDI yielding chain-extended (PDL)y.
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Figure 1. (A) DSC thermograms of the MBPEs and a control sample of chain extended PDL, (PDL)y. The traces have been shifted vertically for
clarity. The DSC chromatogram of the triblock polyesters are illustrated in Figure S8. (B) SAXS profiles of the MBPE samples, at ambient
temperature (see Table 1, entries 1—4). Domain spacing (d) values are calculated (d = 277/q) as 14, 12, 14, and 12 nm, respectively. The traces have
been shifted vertically for clarity.

BAB triblock poly(&-decalactone)-b-poly(cyclohexene phtha- MBPE Microphase Separation. The multiblock copoly-
late)-b-poly(e-decalactone) (PDL-b-PCHPE-b-PDL) with the mers were analyzed by differential scanning calorimetry (DSC,
relative composition of the blocks controlled by monomer values are determined from the second-heating cycle): only
stoichiometry (Scheme 1 and Table 1). Importantly, the glass transition temperatures were observed. Most samples
triblock polyesters feature only hydroxyl end groups, ie., show two different T, values which are close to the values for
telechelic triblocks.”® To accelerate the rate of reaction, the the two constituent polyesters (Tygppy ~ —58 °C,* Typchpe

100 °C%). 1t is noteworthy that PCHPE shows a significantly
higher T, than alternative polyesters, such as polylactide (T, ~
60 °C).*"*%1%2 MBPE-26 showed only one T, at a
temperature close to that of its majority PDL block; the
second higher temperature transition is likely not observed due
to the low PCHPE content (Table 1 and Figure 1A). These
results are consistent with the formation of amorphous and
immiscible multiblock polyesters. DSC analyses did not show
any evidence of urethane linkage crystallization, even after
prolonged storage over several months. Moreover, the MBPEs
did not show any sharp peaks in the wide-angle X-ray scattering
(WAXS) analysis (at room temperature) either before or after
blocks in the multiblock polyesters (MBPE-#, where # is the thermal annealing (at 130 °C for 48 h); these findings are also
weight percentage of PCHPE block). The MBPEs have molar consistent with the formation of fully amorphous materials

catalysis was conducted in neat epoxide. Even under these
conditions, the selectivity is very high for the alternating
copolymer, and there were no detectable ether linkages.”® The
excess epoxide was removed after synthesis of the triblock
polymer; the polyester compositions, molar masses, and
dispersity (D) values were unchanged by this purification
protocol (Figure S1).

The triblocks are hydroxy-telechelic so it is straightforward to
carry out a postpolymerization chain extension by reaction with
4,4'-methylenediphenyl diisocyanate (MDI) which both
increases molar mass and forms the desired structure of A

masses in the range 44—57 kg/mol and, on average, contain ~1 (Figure S3).

to 2 urethane linkages per chain (Table 1). As the coupling Solvent-cast samples of the MBPEs were analyzed by small-

reaction is a step-growth process, there may be residual triblock angle X-ray scattering (SAXS) and transmission electron

polyester in the multiblock polymers (vide infra). microscopy (TEM), at ambient temperature, to determine
2468 DOI: 10.1021/acs.macromol.7b02690
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Figure 2. (A) TGA profiles of the MBPEs. (a) MBPE-26, Ty = 279 °C; (b) MBPE-42, T4 = 281 °C; (c) MBPE-49, T4 = 289 °C; (d) MBPE-59, Ty =
285 °C; Ty values are reported from the temperature at 5% mass loss. Heating rate: 20 °C/min. (B) Overlay of the storage modulus E’, loss modulus
E’, and tan(6) of MBPE-26; conditions: @ = 1 Hz, strain = 1%, temperature ramp rate = 3 °C/min.
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Figure 3. (A) Representative stress—strain curves for uniaxial extension of the multiblock polyesters MBPEs (Table 1). The failure points are marked
with an “X”. Inset: enlargement of the low strain region (0—15% strain). (B) Reversible hysteresis using sample MBPE-26. The sample was tested
from 0 to 200% strain, over six cycles, at a velocity of 10 mm/min. The average residual strain after the first cycle is 4 + 0.6% (Table S3).

the nanoscale morphology. SAXS analyses showed principal
scattering peaks for all MBPEs, consistent with phase
separation. However, only MBPE-59 displayed any well-defined
higher order peaks, indicating a lack of long-range order in
most samples (Figure 1B).”> The domain spacing values (d)
obtained from the SAXS data were 14 nm (MBPE-26), 12 nm
(MBPE-42), 14 nm (MBPE-49), and 12 nm (MBPE-59). The
samples were also investigated after thermal annealing, at 130
°C for 48 h, whereupon higher order peaks for MBPE-49 and
MBPE-59 were observed, indicating that thermal treatment
increases long-range order (Figure S4). As control experiments,
the equivalent SAXS analyses were conducted using films of the
precursor triblocks; principal scattering peaks at similar
spacings were observed, suggesting phase separation without
long-range order (Figure SS).

The phase separation was also confirmed by TEM analysis
(bright-field images in Figure S6 and the corresponding FFT
analyses in Figure S7). The morphology changed according to
the triblock composition, from worm-like PCHPE domains in a
PDL matrix (MBPE-26) to worm-like PDL domains in a
PCHPE matrix (MBPE-59). In line with SAXS measurements,
the TEM images did not show any evidence of long-range
order, even in the case of MBPE-59.

Temperature Stability and Thermomechanical Anal-
yses. Understanding the multiblock polyester temperature
stability is relevant to inform polymer processing and
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applications. Thermogravimetric analysis (TGA) was used to
assess thermal stability toward mass loss: all MBPEs showed
similar decomposition behavior and had degradation temper-
atures (T4 corresponding to 5% mass loss) ~ 285 °C (Figure
2A). In comparison, amorphous PLA undergoes thermal
degradation between 215 and 285 °C.° Overall, the difference
between the rigid block T, value (~100 °C) and the onset of
thermal degradation is at least 170 °C, which indicates a wide
temperature range for processing.

The MBPEs were also examined by dynamic thermome-
chanical analysis (DMTA). Figure 2B shows the dynamic
storage modulus (E’), loss modulus (E”), and tan(5) as a
function of temperature for MBPE-26. The DMTA analyses for
MBPE-42, MBPE-49, and MBPE-59 are shown in Figure S9.
All samples show similar trends: E’ decreases from —45 to 0 °C
due to the softening of the PDL phase. MBPE-26 shows a
rubbery plateau from 0 to 60 °C, with E’ ~ 3 MPa. At higher
temperatures, E’' decreases somewhat, and this is particularly
apparent as the temperature approaches the T, for the rigid
block (PCHPE). There is a concurrent increase in tan &,
indicating an increase in the mobility of some PCHPE chain
segments at temperatures >60 °C. For MBPE-26, the effect is
small and unlikely to be disadvantageous to elastomer
applications, but for the rigid plastic samples (MBPE-42 to
MBPE-59) the effect is more significant. There is no crossover
of E' and E” values up to 100 °C,** which confirms the hard

DOI: 10.1021/acs.macromol.7b02690
Macromolecules 2018, 51, 2466—2475


http://dx.doi.org/10.1021/acs.macromol.7b02690

Macromolecules

block T, determined by DSC and indicates that the material
remains elastic from ca. —20 to 100 °C. Overall, MBPE-26 has
a usable temperature range which is well aligned with many
thermoplastic elastomer applications.®®

Mechanical Properties. The MBPE samples were each
subjected to uniaxial extension experiments (10 mm/min): the
materials show stress at break (o;,) values from 12 to 17 MPa
and elongations at break (g,) from 420 to 2450% (Figure 3A
and Table 2). The tensile data for of those triblock precursors

Table 2. Mechanical Properties of the MBPEs as a Function
of Block Composition®

Sample E’ (MPa) 6, (MPa) &7 (%) &° (%)
MBPE-26 1.7 + 0.6 12+3 NA. 2450 + 450
MBPE-42 78 £ 9 13+6 19+6 1200 + 360
MBPE-49 180 + 18 16 + 6 12+3 570 + 180
MBPE-59 390 + 9 17+6 9+ 6 420 + 180

“95% confidence interval where the number of specimens is three in
each case. “Young’s modulus. “Stress at break. YStrain at yield.
e .

Elongation at break.

which formed suitable specimens are available in the
Supporting Information (Figure S10 and Table S1). The
mechanical properties are correlated with the block composi-
tions and easily controlled through the starting monomer
ratios. The three samples containing >42 wt % PCHPE showed
plastic behavior with distinct yield points in the stress—strain
plots (Figure 3A and Table 2). MBPE-42 also showed a strain-
induced plastic-to-rubber transition which is discussed in more
detail in the Supporting Information (Figure S11).

In contrast, MBPE-26 does not show any clear yield point
but rather behaves as a thermoplastic elastomer (TPE).
Moreover, relative to a range of common commercial and
literature polyester elastomers, it shows a high elongation at
break which reaches 2450% (Table S2). Its elastic recovery was
tested over six cycles of stretching to 200% strain, with a

velocity of displacement of +10 mm/min (cycles 1, 2, and 6 are
illustrated in Figure 3B). The Young’s modulus and stress at
constant strain both decrease slightly after the first cycle,
suggesting some plastic deformation and showing a residual
strain & = 4 + 0.6%, typical behavior for a thermoplastic
elastomer.”® After this first cycle, subsequent hysteresis cycles
exhibit nearly identical behavior and show no further increase
in residual strain (Table S3). Thus, the sample appears to retain
its physically cross-linked network even after being repeatedly
deformed, which is attributed to its hard block rigidity and high
T, (~100 °C).”

To demonstrate the importance of the block polyester
architecture, a telechelic PDL homopolymer was chain
extended by reaction with MDI to produce a chain extended
analogue, (PDL), (M, = 29.8 kg/mol; Table 1). The resulting
polymer could not retain its shape outside the mold and
exhibited no elastomeric behavior. Overall, MBPE-26 is an
elastomer showing high elongation at break with low residual
strain; its physical properties are consistent with its
nanostructure whereby rigid PCHPE domains are present in
a continuous PDL phase. This result underscores the
importance of the multiblock architecture.

Shape Memory Polymer MBPE-59. MBPE-59 showed a
shape memory effect. The tensile mechanical data show a
significant plateau from 20 to 300% strain prior to the break
point (Figure 3A). For rigid plastics such as MBPE-S9, such a
plateau is typically associated with cold drawing where polymer
segments undergo orientation parallel to the applied force at
temperatures below the glass transition.””*® Accordingly, the
material remains deformed even after the external force is
removed but may recover its shape when heated, particularly if
heated above a glass (or melting) transition temper;lturce.67_70

To investigate MBPE-59 further, a series of samples were
stretched to 300% strain at ambient temperature (18 °C) and
allowed to relax quiescently for 30 min, during which time only
a slight retraction occurred, and the fixed strain stabilized at
~280% for all samples. Next, the samples were each heated to
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Figure 4. (A) Thermally induced shape memory study using MBPE-S9 over 25 cycles. Right: the first cycle, 1) original shape; 2) stretched to &, =
300%; 3) left to relax at 18 °C for 30 min; 4) heated to 55 °C to induce recovery; S) shape recovered. Bottom: photographs of each stage of
stretching and recovery of the sample. The gauge length is marked by red lines. (B) SAXS profiles of MBPE-59 during a stretching and recovery
cycle: (a) as cast; (b) fully stretched (e: 280%) at 18 °C; (c) partially recovered (residual &: 185%) at SS °C, 10 s, and then quenched in liquid N,;
(d) partially recovered (residual &: 75%) at 55 °C, 20 s, and then quenched in liquid N,; (e) fully recovered (residual &: ~ 0%) at 55 °C, 30 s, and
then quenched in liquid N,. These samples were characterized at ambient temperature, and the curves have been shifted vertically for clarity.
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various temperatures (35, 55, 75, and 95 °C), and the resulting
strain was determined. No recovery was observed in the sample
heated to 35 °C, but the samples heated to 55 °C showed near
complete shape recovery within seconds and exhibited low
residual strain (<5%). Notably, this shape recovery behavior at
55 °C occurs well below the glass transition temperature of
pure PCHPE (T, = 100 °C%’) and that of the triblock precursor
(T, = 97 °C, Figure S8). Furthermore, the recovery appears to
be triggered abruptly at temperatures above 55 °C. To confirm
the strain fixation at lower temperatures, a sample of MBPE-59
was stretched to 300% strain (at ambient temperature) and
subsequently monitored over 6 weeks (again at ambient
temperature): no significant change in strain fixity ratio was
observed (see Supporting Information eq 1 and Figure S12).
Nonetheless, when the sample was heated to 55 °C, near
complete shape recovery occurred within seconds.

MBPE-59 was subjected to 25 stretching/recovery cycles to
evaluate the shape memory behavior (Figure 4 and Supporting
Information for the experimental details). Throughout the
entire 25 cycles, the shape memory properties of MBPE-59 are
retained, and the material shows an average strain fixity of 91%.
The absolute strain fixation is 250—290% (Figure 4A), and the
average strain recovery is ~96% (see Supporting Information
eq 2). Photographs illustrating one stretching/recovery cycle of
MBPE-59 are presented in Figure 4A.

Changes in morphology during one shape memory cycle
were monitored using SAXS (Figure 4B and Supporting
Information). After the sample was stretched to 280%, the
domain spacing decreased from 12 to 11 nm and the peak
intensity reduced and broadened; such data are indicative of
changes in domain structure. Further characterization using 2D
SAXS shows anisotropic scattering patterns (Figure S18).
Similar effects were previously observed during cold draw of
microphase-separated SBS or polystyrene-b-polyisoprene-b-
polystyrene.”'~”* Next, the stretched sample of MBPE-59 was
heated at 55 °C which triggered near complete shape recovery.
SAXS analysis of the recovered sample showed a broader
scattering peak compared to the original sample but did
confirm the return to the initial domain spacing (Figure 4B).
The recovery of the original phase-separated morphology was
also confirmed by TEM analysis (Figure S19). MBPE-59
samples both before and after stretching were also examined by
WAXS; the stretched sample shows a new low intensity but
sharp peak at g = 19.7 nm™' (Figure S16). Further
characterization using 2D WAXS was inconclusive (Figure
§17).

To investigate the thermally triggered recovery process in
more detail, a stretched sample of MBPE-59 (& ~ 280%) was
analyzed by DSC: in the first heating cycle, a low intensity
endothermic peak was observed at ~50 °C. This peak was not
observed in any subsequent heating cycles, suggesting it relates
to a transition induced by the stretching process (Figure S13).
The transition at ~50 °C was also observed when a stretched
sample was analyzed by DMTA (Figure S14). The moduli
apparently increase at the transition, as the sample cross section
increases after relaxation of the shape memory strain. The small
endotherm could be associated with some PCHPE melting
interactions (see below) or simply the return to a higher
entropy conformational state upon relaxation.

Samples MBPE-42 and MBPE-49 also showed shape
memory effects but with reduced strain fixation, and both
demonstrated cold draw only at limited strain values. The
reduced performance of these samples may be caused by
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disruption of the rigid (PCHPE) phase into individualized
domains at high strain values, consistent with the strain-induced
plastic to rubber behavior of MBPE-42 (see Supporting
Information). Consequently, the high strain fixation needed
for shape memory materials is only achieved for MBPE-59,
which contains the highest content of rigid block. It is clear that
sufficient rigid block content (PCHPE) is required to enable
shape fixation by percolation of the rigid block across the
network under shear. At temperatures above 50 °C, the
mobility of some PCHPE chain segments likely triggers the
shape recovery relaxation. A number of experiments were
conducted in order to identify the specific molecular
mechanism. The data were broadly consistent with various
hypotheses to rationalize the shape recovery. The strained
structure may be locked in place by the orientation of the
PCHPE chains either through a low degree of strain-induced
crystallinity or through local interchain interactions.”* In both
cases, the thermal trigger enables an energy barrier to chain
relaxation to lower energy conformations. Another possibility is
that there is a low degree of interdomain solubility, such that at
50 °C the crucial points in the rigid network are sufficient
plasticized to trigger shape recovery.”> The possibility that
residual triblock precursor present in the multiblock is directly
responsible can be seemingly ruled out, since it shows a T, at
97 °C, close to that for the MBPE-S9 (Figure S8).
Furthermore, when residual triblock is present in significant
concentration, it severely compromises mechanical perform-
ance (Figure S15).

B DISCUSSION

Thermoplastic Elastomers. MPBE-26 has strength (o, =
12 + 3 MPa) and extensibility (e, = 2450 + 450%) that are
competitive with various commercial thermoplastic elastomers
and with leading literature materials (Table S2).'%'%*%7¢
Commercial thermoplastic elastomers typically show stress at
break values 10—70 MPa with elongations at break <900%
(Table S2). For example, Styron SPRINTA, an SBS elastomer,
shows a stress at break of 19—22 MPa and elongations at break
from 380 to 500% (Table S2, entry 8). MPBE-26 also shows
competitive performance with various polyester/ether TPEs:
Hytrel shows a stress at break of 10—30 MPa and elongation at
break of 200—400% (Table S2, entry 1); Pibiflex shows stress at
break of 10—40 MPa and elongation at break of 400—900%
(Table S2, entry 4); and Kopel shows stress at break of 25—40
MI;% and elongation at break of 400—850% (Table S2, entry
5).%

Polyester thermoplastic elastomers have also been widely
explored in the academic literature, with significant research
focused on triblock polyesters based upon polylactide and other
lactones.*™"””7 Of direct relevance to this study are
polylactide-b-poly(e-decalactone)-b-polylactide and related
block polyesters which are promising TPEs.”””® For example,
high molar mass PLA—PDL—PLA triblock (M, = 148 kg/mol)
showed a stress at break of 9.4 MPa, with elongation at break of
1310%.”° Multiblock polyesters prepared from the same
monomers (LA/DL) showed better mechanical performances
at lower molar masses than the triblocks with equivalent molar
masses.”® Here, MBPE-26 shows a higher or equivalent
elasticity to other aliphatic polyesters but at lower molar
mass (M, = 57 kg/mol); the lower molar mass may be expected
to facilitate sample processing. In contrast to the previously
studied aliphatic polyesters, all prepared by sequential lactone
ROP, MBPE-26 was synthesized by a switchable catalytic
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process using epoxide/anhydride/lactone mixtures. The
catalysis proceeds in near quantitative yield (based on
anhydride and lactone), and monomer conversion is very
high, even at 100 °C. The results highlight the potential for
switchable catalysis using other rigid epoxides/anhydrides/
lactones to deliver improved performance thermoplastic
elastomers and for use in blends to toughen brittle bio-based
plastics.

Shape Memory Polymers. SMPs show promise for a
range of applications including in medicine,” in electronics’”*’
and as responsive textiles.’ Various aliphatic block polyesters,
including those containing blocks of semicrystalline PCL**~*
or PLA,**™%% show shape memory properties.gg_92 In the
majority of cases, the semicrystalline polyester blocks enable
shape Tecovery to occur at temperatures exceeding the melting
temperature,” although polyesters derived from bile acid were
triggered by heating above a glass transition temperature.”*
Here, MBPE-59 shows distinctive and highly reproducible
shape memory properties by using cold draw to fix the
temporary shape and with shape recovery triggered by heating
to ~55 °C, for a few seconds. Generally, cold-draw processing
is an underexplored shape memory programming method but is
attractive as heating is not necessary to fix shape (and is only
required in shape recovery).””***~'°" One limitation of SMP
cold-draw programming is that it usually affords low strain fixity
ratios, values are typically well below 100%, and chemical cross-
linking is required to increase strain fixity.”>”® In contrast, here
MBPE-59 shows high strain fixity and obviates the need for any
further chemical processing. It also shows high absolute strain
fixations (250—300%) which are at the upper end of values
reported with typical SMP showing <200%.”'%*~'** The
average strain recovery of ~96% is also considerably higher
than usual for physically cross-linked samples.”**°

B CONCLUSIONS

The straightforward synthesis of a series of multiblock
polyesters is reported via a combination of switchable
polymerization catalysis, which links aliphatic and semiaromatic
block polyesters, followed by chain extension. The switchable
catalysis is highly selective and is exploited to deliver
multiblocks with variable compositions and morphology
which are either high elasticity thermoplastic elastomers, rigid
plastics, or shape memory polymers. The elastomer delivers
high elasticity compared to other aliphatic polyesters and shows
competitive performance with some commercial materials. It
shows a wider usable temperature range (from ca. —20 to 100
°C) than previously reported polylactide-based materials.
Overall, this work demonstrates the potential for both the
switchable catalysis and alternating semiaromatic polyesters as
high-performance materials. It is noteworthy that the one-pot
catalytic method is particularly suited to the preparation of
BAB-type block polymers; however, the interesting materials
properties obtained suggest that it would worth exploring other
routes to analogous ABA systems. More generally, there are
many other anhydrides, epoxides, and lactones which could be
polymerized using the methods described here to yield a very
wide range of block polyesters and poly(ester)-b-poly-
(carbonates). The ability to use commercial monomers is
important to facilitate polymer scale-up and may be expected to
accelerate product implementation. Common commercially
available monomers include vinylpropylene oxide, vinyl-cyclo-
hexene oxide, maleic anhydride, and itaconic anhydride, all of
which could also undergo post-polymerization reactions and/or
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cross-linking reactions to deliver more sophisticated and
functional block polyesters. Finally, a wide range of bioderived
lactones/epoxides/anhydrides are known and should be
targeted to make fully bio-based elastomers and shape memory

polymers.
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