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Abstract

Star block (ABC)s terpolymers consisting of a rubbery poly(y-methyl-g-caprolactone)
(PYMCL) (C) core and hard poly(L-lactide) (PLLA) (B) and poly(D-lactide) (PDLA) (A) end-
blocks with varying PDLA to PLLA block ratios were explored as high-performance, sustainable,
aliphatic polyester thermoplastic elastomers (APTPEs). The stereocomplexation of the
PDLA/PLLA blocks within the hard domains provided the APTPEs with enhanced thermal
stability and an increased resistance to permanent deformation compared to non-stereocomplex
analogues. Variations in the PDLA:PLLA block ratio yielded tunable mechanical properties likely
due to differences in the extent and location of stereocomplex crystallite formation as a result of
architectural constraints. This work highlights the improvements in mechanical performance due
to stereocomplexation within the hard domains of these APTPEs and the tunable nature of the hard
domains to significantly impact material properties, furthering the development of sustainable

materials that are competitive with current industry standard materials.



Thermoplastic elastomers (TPEs) have wide ranging applications in adhesives, personal
care products, automotive parts, and many other commercial goods due to their tunable properties
and processability unlike traditionally chemically crosslinked elastomers.! The archetypal example
of a TPE is an ABA triblock polymer with hard (high-7; or -7m) A blocks as the minority
component covalently connected to a soft (low-7g) midblock (B). Block incompatibility-driven
microphase separation typically produces A domains embedded in a matrix of B, resulting in a
physically crosslinked network.? Trapped entanglements within the rubbery B midblocks, in
combination with the physical crosslinks through the hard domains, result in characteristically high
tensile strength, toughness, and elastic recovery properties. Styrenic TPEs, containing hard
polystyrene (PS) end-blocks and polydiene midblocks, comprise the majority of commercial
materials due to their relatively low cost and versatility.!* However, there is a large disparity
between usage and material lifetimes, the latter of which can be centuries in a landfill,* for these
petroleum-based and essentially non-degradable polymers.

Sustainable alternatives to incumbent petrochemical-derived TPEs that display competitive
mechanical properties but are more readily degraded at their end-of-life are being actively
pursued.’"'* For example, aliphatic polyesters TPEs (APTPEs) can be prepared from biomass and
are susceptible to hydrolytic degradation that facilitates biodegradation under conducive
conditions. Polylactide (PLA), which is both low cost and commercially available, has been widely
utilized for the hard domains of APTPEs as its thermal and mechanical properties are comparable
to PS.'* Previous ABA-type APTPEs comprised of semicrystalline poly(L-lactide) (PLLA) as the
hard domains and poly(y-methyl-g-caprolactone) (PYMCL) as the soft blocks have exhibited
impressive mechanical properties with ultimate tensile strengths (oB), elongations at break (es),

and resiliencies comparable with commercial styrenic materials.!”
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Star block APTPE architecture further improves mechanical performance due in part to the
ability for the core block domains to more effectively distribute applied stresses throughout the
network.'? The star architecture also helps to mitigate the impact of stress relaxation, which can
result in undesirable creep behavior. The star APTPEs (PLLA-b-PyMCL)n ((LM)n) have
impressive mechanical properties; however, semicrystalline PLLA displays considerably slower
crystallization rates than other commercially useful semicrystalline thermoplastic materials.!>-10
This sluggish crystallization of PLLA is undesirable for commercially-relevant processing
methods such as injection molding; thus improvements are needed.

Polylactide can be synthesized using racemic D,L-lactide to provide amorphous, atactic
PLA, or using L-lactide (or D-lactide) to yield semicrystalline, isotactic PLLA (or PDLA).!7:!8
Blending of PLLA and PDLA results in co-crystallized PDLA/PLLA stereocomplex crystallites
(SCs) that are distinct from homopolymer crystallites (HCs).!*2° SCs exhibit a melting temperature
significantly higher than that of HCs (7Tmsc = 230 °C; Tmuc = 180 °C) and have improved
resistance to hydrolysis,?! increased tensile moduli,>> more rapid crystallization kinetics,?3?* and
enhanced thermal stability.?> The improved properties are thought to arise from stabilization of the
stereocomplex crystal structure, which consists of 31-helices of opposite configuration, with strong
van der Waals interactions that allow for specific energetic interaction-driven packing.?6-’

In addition to PDLA/PLLA blends, there have been many reports on the synthesis and
properties of PDLA/PLLA stereoblock polymers of varying architectures.?® 3% The stereoblock
architecture has been shown to provide more facile stereocomplex crystallization than in analogous
1:1 PDLA:PLLA blends due to the close proximity of the neighboring enantiomeric PDLA and
PLLA blocks. There have been reports of both star PLLA-b-PDLA stereo diblock polymers3>-37

and linear ABCBA stereo pentablock copolymers.3—4!
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Here we report the synthesis of 4-arm stereoblock star terpolymers (PDLA-PLLA-
PYMCL)s ((DLM)4) to yield high performance APTPEs. We posit that PDLA/PLLA
stereocomplexation within the hard domains will provide enhanced thermal stability and will
mitigate undesirable stress relaxation and further improve tensile properties in these materials.!%!2
A set of 4-arm star block APTPEs with a constant overall volume fraction of polylactide but
differing PDLA to PLLA (D:L) block ratios were prepared and studied. D:L block ratios of 1:2,
1:1, 2:1, and 3:1 at a fixed volume fraction of polylactide (fLa = 0.30) were targeted to probe the
effect of symmetric and asymmetric stereoblock hard domains on material performance as
compared to a star APTPE with PLLA-only end-blocks (0:1).

We first synthesized tetrafunctional (PYMCL)4 star polymers by Sn(Oct)2-catalyzed ring
opening transesterification polymerization (ROTEP) of YMCL in the melt (Figure 1).'° The
hydroxy-telechelic (PYMCL)4 core was then used as a macroinitiator for the ROTEP of L-lactide.
Sn(Oct)2 was used due to the need for a high degree of stereoretention in the PLLA and PDLA
blocks.!>1842 Successful star synthesis was indicated by disappearance of the end-group
resonances for the (PYMCL)4 core and appearance of resonances that correspond to the PLLA end
groups by '"H NMR spectroscopy (Figure S1). In the third step, the Sn(Oct)2-catalyzed ROTEP of
D-lactide was performed using the (LM)4 stars as a tetrafunctional macroinitiator. Formation of
the (DLM)4 stereoblock star polymers was evidenced by 'H NMR spectroscopy through
comparative integration of the polylactide resonances (Figure S2) and by size exclusion
chromatography (SEC) traces (Figure S3) from the shift toward lower elution times in the

stereoblock compared to the parent (LM)s (Table S1). The 5 samples studied here are labeled



according to the stereochemistry of the polylactide blocks (DLM or LM) followed by the D:L

block mass ratio (e.g., DLM-1:1).
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Figure 1. a) Representative synthesis of DLM 4-arm star stereoblock terpolymers using
pentaerythritol as the initiator and b) schematic detailing melt processing conditions employed for
processing.

We processed the samples at a temperature below the order-disorder transition temperature
(Topr) to avoid undesirable crystallization-induced microphase separation from a homogenous
melt.!#3~4 Variable temperature small-angle X-ray scattering (SAXS) (Figures S4-S8) suggests
that the Topr for the samples is in the range of 230-240 °C (Table S3), therefore these materials
were melt processed below 230 °C to promote crystallization from a microphase separated melt.
Previous work has shown that SCs can act as heterogeneous nucleators for the crystallization of
PLA HCs, which can impact the thermal and mechanical properties of the material.!6-23-2428.29.46-51
Wide angle X-ray scattering (WAXS) patterns of all DLM stereoblocks (Figures S13—-S17)
display diffraction peaks characteristic of the stereocomplex after annealing at 220 °C for 10 min.

For consistency, we used a processing temperature of 215 °C that provided an microphase
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separated melt (77 < Topr) in which SCs were present for all DLM samples (see Supporting
Information). Processing at 215 °C also decreases the potential for degradation during processing
given the observed degradation temperatures for related materials (7a,5% = 245-260 °C).'%!! This
processing protocol leverages the ability of SCs to promote further crystallization through
nucleation, providing systems with decreased crystallization half times that are amenable to, for
example, injection molding without the addition of nucleating agents.?

The modulus of the melt-pressed films under uniaxial extension was measured as a function
of temperature by dynamic mechanical thermal analysis (DMTA) (Figure 2). The drops in storage
modulus near —56 °C are due to the glass transition of PYMCL, corroborated by dynamic scanning
calorimetry (DSC) measurements (Table 1). Interestingly, despite containing equivalent
polylactide volume fractions and overall molar masses, the initial relatively invariant moduli
values (En,1) following the PYMCL glass transition for the APTPEs vary dramatically. The
difference in material behavior is most clear in comparisons of the symmetric stereoblock, DLM-
1:1 (En,1 = 1-10 MPa), and the PLLA analogue, LM-0:1, (En,1 = 80—100 MPa), which display the
lowest and highest initial £n,1 values, respectively. The remaining asymmetric stereoblocks fall in
an intermediate range between these two extremes but exhibit a clear trend of increasing EN
values with increasing PDLA block lengths (i.e., Exy DLM-3:1 > Exi DLM-2:1 > Ex,i DLM-1:2).
This variation in En,1 is distinct from the behavior exhibited by (LM)a star APTPEs and for linear
PLLA-b-PyMCL-b-PLLA triblock polymers,'®!! which display similar initial moduli upon heating
during DMTA experiments for samples with equivalent polylactide volume fractions (fia). The
difference between the En,1 values observed in the stereoblocks may be due to the proximity of
stereocomplex to the domain interface (see below and Supporting Information).?*> However, the

difference between the sample with the highest modulus, LM-0:1, and the remaining lower-moduli
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stereoblock samples may also be due to the formation of discrete and more-isometric, hard

domains in samples with higher SC content, which could result in a filler effect that has a smaller

consequence on the modulus of the material compared to more extended domains (e.g., cylinders).

Table 1. Thermal and mechanical properties of stereoblock star polymers.

Sample Mo Mhoa  Mhar Tmic  Tisc , , . Resid Recov d
(Cogl)posi 3 féA r(nl’<LI;a raflga ‘ ‘ " (MEl;a) (I\(E’/a) (izl) S‘Eilin ery" (n
tion-D:L) (kDa) ) ) O O < (%) m)
LM-0:1 172 031 151 0 165 0.20 3‘;_9; 411'éi 1;55;’ %_6720‘ 77-79 35
DLM-12 162 030 9.0 49 210 039 1%f 431"87i fg;) %?453‘ 86-88 33
DLM-1:1 158 029 60 68 221211 0.47 120..381 4‘2‘2* iogg %326_ 84-86 33
DLM-2:1 178 032 58 103 217 035 2%.77i 281'2* 237% %:5501‘ 83-84 36
DLM-3:1 181 033 44 123 126 207 029 361'_5; 362'? lilgg %_6657‘ 77-78 39

a Estimated by '"H NMR spectroscopy using end-group analysis. ® Calculated using ppria = 1.25 g cm™ and ppymcr = 1.037
g cm™ at 25 °C. ° First heat in DSC heating at 10 °C min!. “Taken as the peak of melting endotherm on the first heating
cycle at 10 °C min~! in DSC. ¢ Crystalline fraction within PLA domains (¢.) calculated using the equation ¢ = AHm/((Wsc
X AHmsc™ Y H(wic X AHmnc™)), where AHmnc™ =93 J g7, AHmsc™ =142 J g7, wyc s the weight fraction of PLLA or PDLA
homocrystallites, and wsc is the maximum weight fraction of stereocomplex crystallites. f Average values and standard
deviations are reported for tensile tests of at least five samples extended at 50 mm min™' until failure. & The residual strain
was taken to be the percent strain at which the sample exhibited zero stress on the 10th extension cycle to 300% strain. "
Strain recovery calculated by using the equation 100 x (applied strain — residual strain)/applied strain. ! Hard domain spacing
determined from room-temperature SAXS patterns using d =27/q*.
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Figure 2. Thermal properties of stereoblock star polymers with D:L block ratios of 0:1 (magenta),
3:1 (yellow), 2:1 (blue), 1:1 (black), and 1:2 (aqua) analyzed by DMTA in tension upon heating
as-processed samples at 5 °C min™' (top, 1 Hz, 0.05% strain) and DSC upon heating at 10 °C min~
! (bottom, first heating cycle). DSC traces have been vertically shifted for clarity.

After passing through the PLA glass transition, the DLM stereoblocks all achieve the same
plateau modulus (En2 = 4—-8 MPa) which can be attributed to trapped entanglements in the PYMCL
blocks, which are expected to be consistent between samples as the molar masses of the PYMCL

blocks are much greater than the entanglement molar mass, Me (MnpymcL = 120 kg mol™'; Me = 2.9
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kg mol™).! DLM-1:1, DLM-1:2, and DLM-2:1 maintain this plateau modulus until the onset of
material softening at 200 °C due to melting of the SCs as confirmed by DSC (Figure 2). The
softening temperature of DLM-3:1 is slightly lower than the other stereoblocks, with the modulus
beginning to decrease gradually around 160 °C before precipitously dropping at ~190 °C. This
behavior agrees with the low intensity melting endotherm at 157 °C by DSC for DLM-3:1,
indicating the presence of HCs in the sample. The LM-0:1 analogue exhibited a much lower
plateau modulus than the DLM samples following the polylactide 7. We observed recovery of the
modulus due to cold crystallization of PLLA from ~110-130 °C, which was corroborated by the
exothermic signal in DSC over this temperature interval.

The high melting temperature of the SCs results in significantly elevated softening
temperatures for the DLM stereoblocks compared to the LM analogue. The high thermal stability
provides a remarkably wide usable temperature range for these APTPEs. Additionally, the
observed spread in the modulus at TgpymcL< T < Tgpra (i.e., the typical usage window) for the
DLM stereoblocks suggests that a range of mechanical characteristics can be achieved for systems
with equivalent volume fractions of PLA, simply by changing the D:L ratios.

Room temperature SAXS patterns for the DLM stereoblocks can be seen in Figure 3. All
DLM stereoblocks display a broad principal scattering peak, ¢*, at 0.16-0.19 nm™' (d = 2n/q*=
33-39 nm), with no higher-order reflections. These domain spacings are comparable to TPEs with
similar compositions and molar masses.®!%!2°7 While all of these samples are microphase
separated, the absence of distinct higher-order peaks indicates that the samples lack long-range
order. The consistency between the SAXS patterns suggests that all stereoblock-containing
samples display a similar morphology after processing and implies that the variations observed in

the modulus are not related to gross morphological differences between the samples. The absence
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of higher order peaks characteristic of lamellar morphologies indicates that crystallization in
stereoblock-containing samples did not disrupt the melt-state morphology through crystalline

breakout.!!:#3

(300/030)

(110) (220)

TTITm T Ty 1 1107

Intensity (a.u.)
Intensity (a.u.)

TTTM T T TI0m  T TOIim) T T IO T T T I

04 0.6 0.8 10 5 6 7 8 9 101
q(nm™) 20 ()

Figure 3. SAXS (left) and WAXS (right) patterns of stereoblock star terpolymers at room

temperature with D:L block ratios of 3:1 (yellow), 2:1 (blue), 1:1 (black), 1:2 (aqua), and 0:1

(magenta). The patterns have been vertically shifted for clarity. The small peak at 10.5° in the

WAXS patterns is due to background scattering from the aluminum pans in which samples were

analyzed.
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Variable temperature WAXS was also used to confirm the presence of SCs in the star
terpolymers (Figures S13-S17). Unlike LM-0:1, which displays only a large amorphous halo at
room temperature, the DLM stereoblocks all display clear diffraction peaks assigned to the (110),
(300/030), and (220) planes of the SCs.!”>3 None of the DLM stereoblocks display peaks

associated with PLLA or PDLA HCs at RT; the lack of observed HCs in the asymmetric samples
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is contrary to previous reports for asymmetric PLLA and PDLA blends and linear ABCBA
stereoblock polymers, which typically display WAXS diffraction peaks characteristic of both HCs
and SCs 232446485455 However, exclusive stereocomplex crystallization has been observed in
asymmetric linear stereo-diblocks with high molar masses.*¢

Stress relaxation is a measure of the time-dependent stress response to a fixed applied
deformation. In TPEs, stress relaxation is typically associated with chain-pullout of the end blocks
from the hard domains that releases trapped entanglements and allows for rearrangements of the
polymer chains that relax stress with concomitant permanent deformation.!'!:!237-38 The impact of
SCs and block ratio on the stress relaxation behavior in these APTPEs was investigated through
uniaxial extensional rheology by applying a constant strain at varied temperatures and measuring
the stress response over time. Samples were equilibrated for 10 min at the indicated temperature
before application of a 25% step strain. The DLM stereoblocks relax less stress than the LM
analogue at all temperatures investigated (Figure 4 top). For example, at 40 °C, the symmetric
stereoblock DLM-1:1 relaxed only 35% of the applied stress while the LM-0:1 analogue relaxed
60% of the applied stress (Figure 4 top, blue curves) over 3 h. As observed in the WAXS and DSC
data (Figure 3), the improved stress relaxation behavior can likely be attributed to the increased
initial degree of crystallinity in the stereoblocks. This crystallinity-driven enhancement in stress
relaxation behavior has been previously reported.!® The enhanced stress relaxation behavior for
the DLM stereoblocks showcases the improvements attained by the introduction of SCs into the
hard domains in these APTPEs, given the common processing conditions employed for both

samples.
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Figure 4. Stress relaxation of stereoblock star terpolymers with varied D:L block ratios at 0 °C
(black), 40 °C (blue), 50 °C (green), 60 °C (yellow), and 70 °C (red) (top). Samples were held at
a 25% strain for 3 h. The modulus values have been normalized to the initial modulus (¢ = 0) to
allow for comparison between samples. Graphic representing conformational constraints to SC
formation based on length of inner PLLA block (covalently bonded to rubbery midblock) (bottom).

The difference in the stress relaxation behavior of these systems may be due to
conformational constraints associated with the sequencing and relative lengths of the PDLA and
PLLA blocks. For systems where the inner PLLA block is shorter (i.e., DLM-2:1 and DLM-3:1),
the stereocomplex is forced to form closer to the hard domain interface with the PyMCL matrix as

they are constrained by the inner PLLA blocks pinned to the interface. In the cases where the inner

PLLA block is longer or equivalent in length to the outer PDLA block (i.e., DLM-1:2 and DLM-
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1:1) the SCs can form closer to the interior of the hard domains as the PDLA chain ends are not
directly tethered to the rubbery PYMCL matrix (Figure 4 bottom).>* These constraints on the
location for stereocomplex formation could impact their ability to mitigate chain pullout, with SCs
buried deeper within the hard domains being more effective than those closer to the hard-soft
interface.

Unexpectedly, the stress relaxation behavior of DLM-1:2, DLM-1:1, and DLM-2:1 at 50
°C, improves (i.e., relaxes less stress), while the remaining APTPEs show the expected trend of
increased stress relaxation with increasing temperature (Figure 4 top, green trace). However, when
the temperature is increased to 60 °C, all APTPEs, including the LM analogue, exhibit superior
stress relaxation behavior when compared to their performances at both 40 °C and 50 °C (Figure
4 top, yellow trace). DSC studies of the samples after testing do not indicate a significant change
in the enthalpy of fusion, suggesting that this improvement is not a result of increased crystallinity
(Figure S18). The change in the shape of the stress relaxation curves between 40 and 60 °C
suggests a change in the molecular mobility of the polymer chains upon passing through the 7 of
PLA. This behavior persisted at even higher temperatures; for example, the DLM-1:2 stereoblocks
only relaxed 25-30% of the applied stress at 120 °C, indicating impressive stress retention well
above the Ty of PLLA (See Figures S19 and S20).

Representative stress-strain curves for the samples can be seen in Figure S21 and average
values with standard deviations for the Young’s modulus (£), ultimate tensile strength (oB),
percent recovery, and elongation at break (es) are reported in Table 1. All of the samples display

strain hardening behavior, resulting in high ultimate tensile strengths (o = 3045 MPa) and

elongations at break (es = 9501250 %), indicating strong and highly extensible materials. The
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ultimate tensile strength, percent recovery, and Young’s modulus as a function of D-lactide content
are shown in in Figure 5. The impressive ultimate tensile strengths of the samples are competitive
with commercial materials and suitable for high-performance applications. While the ultimate
tensile strengths of these APTPEs remain fairly consistent, there is variation in the Young’s moduli

and recovery behavior for the samples as a function of the D-lactide content.
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Figure 5. Mechanical properties from uniaxial extension: (top) Young’s modulus (E), (middle)
percent recovery, and (bottom) ultimate tensile strength (oB), of stereoblock star terpolymers with

15



D:L block ratios of 0:1 (magenta, half filled), 1:2 (aqua, open), 1:1 (black, open), 2:1 (blue, open),
and 3:1 (yellow, open). Samples were extended at 50 mm min~! with percent recovery calculated
from residual strain after 10 cycles of a 300% strain.

Similar to the trend observed in the initial plateau modulus by DMTA, the Young’s
modulus and percent recovery values vary with the D-lactide content of the material. Samples
containing higher D-lactide content showed higher Young’s modulus values with more plastic-
like behavior (i.e., lower percent recovery) (Figure 5) which may be a result of confinement effects
on stereocomplex formation induced by the arm architecture. The observed variation in both the
Young’s modulus and precent recovery values for the DLM stereoblocks indicate tunable
stiffnesses while maintaining high tensile strengths and strains at break. Typically, to achieve such
differences in the Young’s moduli, changes to the overall hard block volume fraction or polymer
architecture are required which can negatively impact elastomeric behavior or lead to undesirable
microstructured morphologies and processing difficulties. In these materials, we have
demonstrated that simply changing the D:L composition of the hard blocks can produce APTPEs
with tunable mechanical properties for an array of applications. This enhanced understanding of
the impact of SCs within TPEs will enable the development of new materials with differing hard
block loadings and varying molar masses to further improve material design and our understanding

of the impact of architecture on TPE performance.
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