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ABSTRACT: Poly(r-lactide) (PLLA)’s broad applicability is P ——

hindered by its brittleness and slow crystallization kinetics. 5 40 void reorientation

Among the strategies for developing tough, thermally resilient £

PLLA-based materials, the utilization of neat PLLA block polymers g 304

has received comparatively little attention, despite its attractive £

technological merits. In this work, we comprehensively describe the 2 | Convergent microstructure
microstructural, thermal, and mechanical properties of two § g:’e"[:t’e‘zﬂ‘;;‘:“i
compositional libraries of PLLA-rich PLLA-b-poly(y-methyl-¢- é 10- Stretched PyMCL domains
caprolactone) (PyMCL)-b-PLLA (“LML”) triblock copolymers. W SN SRS —

Rubbery PYMCL domains microphase separate from the matrix in 0 f—FYMCL domain cavitation  Straininduced eystalization

the melt and intercalate between PLLA crystal lamellae on cooling. 0 100 200 300 400
Despite the mobility constraints associated with midblock Engineering strain (%)

tethering, the PLLA end-blocks crystallize as rapidly as a PLLA

homopolymer control of similar molar mass. Independent of their degree of crystallinity, LML triblocks exhibit vastly improved
tensile toughnesses (63—113 MJ m™*) over that of PLLA homopolymer (1.3—2 MJ m™), with crystallinities of up to 55% and heat
distortion temperatures (HDTs) as high as 148 °C. We investigated the microstructural origins of this appealing performance using
X-ray scattering and microscopy. In the case of a largely amorphous PLLA matrix, the PYMCL domains cavitate to enable concurrent
PLLA shear yielding and strain-induced crystallization. In highly crystalline PLLA matrices, PYMCL facilitates a lamellar-to-fibrillar
transition during tensile deformation, the first such transition reported for PLLA drawn at room temperature. These results highlight
the unique attributes of PLLA block polymers and prompt future architectural and processing optimizations to achieve ultratough,
high-HDT PLLA block polymer plastics after a simple thermal history on economical time scales.

B INTRODUCTION a wide processing window from 190 to 240 °C."* However, it
The unique technological superiorities of plastics made them a is inherently brittle f‘ftef sho.rt p‘osthocAessing aging ‘perioAdS,
cornerstone of the world economy, but the current paradigms and its slow crystallization kinetics limit the heat distortion
of plastics manufacturing, use, and disposal pose severe temperature (HDT) of products accessible under typical
ongoing harm to the biosphere.l Virtually all commercial processing routines. Despite these drawbacks, the production
plastics are fossil fuel-derived, and high rates of waste” and low capacity of high-molar mass poly(lactide) has steadily
rates of recycling”® have produced an unsustainable, linear increased since its commercialization and is expected to
plastics life cycle. Waste mismanagement has led to widespread double over the next 5 years.'* Addressing its technical
accumulation of plastics in terrestrial and marine ecosystems, shortcomings thus has both well-defined economic and
with severe economic, public health, and infrastructural environmental benefits.

consequences.s_7 Recent reports indicate that the already Efforts to simultaneously upgrade PLLA’s thermal and
poor recycling rates have been overestimated, calling fgr mechanical properties have spawned a rich subfield. Melt-
sweeping challenges to the single-use plastic convention.”” blending with rubbery polymers is the most well-explored

The development of renewably sourced and compostable
materials with competitive properties must contribute to the
continued fulfillment of plastic demand.”

Poly(v-lactide) (PLLA) is a promising candidate to replace
oil-derived plastics. Its monomer, lactide, can be renewably
produced from corn-derived dextrose,'’ and it readily under-
goes hydrolytic degradation in industrial composting, enabling
a circular life cycle.'"'” PLLA homopolymer has attractive
technological merits, including Young’s modulus between 3
and 3.5 GPa, a tensile strength ranging from 60 to 70 MPa, and

approach, owing to the low cost of bulk rubber, translatability
to existing melt-processing capabilities, and property tunability
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under a wide parameter space.'”'® In blends, the most
significant mechanical property enhancements most often
require reactive’ " or nonreactive compatibilization.” ™" In
other approaches without adding rubber, polymer-grafted
cellulose nanocrystals have garnered attention as crystal
nucleators’”** and tougheners.”>™>> Amphiphilic non-PLA
diblock polymers have also conferred toughness and aging
resistance to atactic PLA>*™° as well as tou§hness and
accelerated crystallization to semicrystalline PLLA.**" Finally,
thermomechanical preconditioning of PLLA*™** and its
composites’” can produce highly oriented matrices with
improved strength, ductility, and thermal resistance.

Neat PLLA block polymer plastics have received much less
attention in part because their syntheses are currently less
economical than blending strategies. Encouragingly, advance-
ments in orthogonal catalysis and chemical reaction engineer-
ing are steadily expanding the arsenal of more accessible one-
pot lactide ring-opening block polymerizations.”*™" In the
PLLA block polymer space, thermoplastic elastomers with
PLLA-lean compositions—defined here as having a total PLLA
block volume fraction (fp;;4) of less than 0.5—have so far
commanded much more attention than their PLLA-rich plastic
counterparts (fpr 4 > 0.5).

Nonetheless, investigations into such plastic materials have
yielded several key insights. Baimark and Srisuwan compared
the thermal and mechanical behavior of block-miscible, PLLA-
b-poly(ethylene glycol) (PEG)-b-PLLA triblocks with PEG
midblock molar masses of 20 kg mol™ (49-20-49 (block
masses, kg mol™"), fp;4 = 0.81) and 35 kg mol™" (47-35-47,
foiza = 0.65) with and without epoxide-mediated chain
extension.”’ Despite well-entangled rubbery midblocks
(Mcpggc =~ 2 kg mol™' (average molar mass between
entanglements), M_pgc & 5.9 kg mol™" (critical entanglement
molar mass)),”” chain extension of the triblocks into linear
multiblocks was required for meaningful toughness enhance-
ment. Lebarbé et al. investigated the thermomechanical and
microstructural properties of a series of PLLA-b-poly(ricinoleic
acid)-b-PLLA triblocks with 0.33 < fp; 4 < 0.88.”° The rubbery
poly(ricinoleic acid) midblock molar mass was fixed at 11 kg/
mol, leading to a state of poor-to-moderate entanglement (M,
= 6.2—8.1 kg mol™, assuming p = 1 g cm™>).”* In tensile
testing, the strength and ductility both increased monotonically
with increasing PLLA end-block molar mass, indicating that
the properties were limited by the number of PLLA matrix
entanglements.””*® Panthani and Bates synthesized a PLLA-b-
poly(ethylene-co-ethylethylene)-b-PLLA (“LEL”) triblock with
block masses of 4.2-2.1-4.2 kg mol™" (fp;14 = 0.7).”” They also
chain-extended the LEL to form a linear multiblock and
investigated the properties of various triblock-multiblock
blends. The LEL triblock demonstrated the fastest crystal-
lization but was highly brittle, likely due to a poor state of
entanglement in both the midblock and end-blocks.”>**** In
contrast, the pure multiblock and multiblock-rich blends
showed dramatic ductility enhancement but completely
arrested PLLA crystallization. Thermally annealing the pure
multiblock and a 60 wt % multiblock blend caused significant
and dose-dependent reductions in ductility with increased
PLLA crystallinity, which was ascribed to the consumption of
matrix-bridging PLLA chains by crystals. A similar trade-off
between crystallization rate and enhanced ductility was
reported for chain-extended PLLA-b-poly(isobutylene)-b-
PLLA triblocks with 0.061 < fpa < 0.74” and poly(e-
caprolactone)-b-PLLA-b-poly(p,L-lactide) multiblocks with
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fria = 0.8.°° Beyond linear architectures, graft-block
copolymers (0.5 < fpa < 0.7) with crystallizable PLLA
outer graft blocks have demonstrated substantial toughness
enhancement, though at the expense of Young’s modulus and
with maximum crystallinities of 11%.°"°> We desired to
synthesize a PLLA block polymer with well-entangled rubbery
blocks that microphase separate from an entangled PLLA
matrix that can crystallize on meaningful processing time
scales, producing a tough and highly crystalline plastic with a
single, simple thermal history.

Poly(y-methyl-e-caprolactone) (PYMCL) is an appealing
option for the rubbery block. Its monomer, yMCL, can be
economically sourced from p-cresol, one of the most readily
derivable components in lignin.> Among the alkyl-substituted
lactones, yMCL is distinguished by rapid ring-opening kinetics
and high equilibrium conversions due to its ring size and
methyl group positioning.”**> PyMCL is an amorphous
material with a T, of —61 °C and a low M, of 2.9 kg/mol,
which enables a state of dense entanglement even at modest
molar masses.*® It undergoes rapid and complete hydrolysis to
6-hydroxy-4-methylhexanoic acid, which is fully mineralizable
into the soil, a key compostability requirement.””*® As a
homopolymer, PYMCL has shown excellent elastomeric
performance in cross-linked,®® covalent adaptable net-
works,””’® and hydrogen-bonding bottlebrush molecular
topologies.”' Reisman et al. verified the compostability of
block polymers of PLLA and PyMCL.”* With fpy; 4 < 0.5, these
block polymers microphase separate into entangled PyMCL
matrices and physically cross-linked PLLA domains, producing
thermally resilient, high;performing thermoplastic elastomers
in linear,®”® star-block,”*”* graft-block,76 and miktoarm star
architectures.”” Efforts to translate these findings into the
tough plastics space have so far been restricted to atactic,
amorphous poly(lactide),”® so the capability of PYMCL to
simultaneously toughen and improve the thermal resilience of
semicrystalline PLLA plastics remains uninvestigated.

Here, we produced compositionally inverted (fp ;5 > 0.5)
PLLA-b-PyMCL-b-PLLA (“LML”) libraries of PLLA-rich
triblock polymer plastics. As part of our study, we developed
two complementary methods to quantify impurity species
resulting from adventitious initiation during synthesis, enabling
a detailed specification of the composition of each material.
The thermal properties, including dynamic and isothermal
crystallization behavior along with HDT's, were measured and
benchmarked against a PLLA homopolymer control. Mechan-
ical properties were surveyed through uniaxial tensile testing of
melt-pressed LML films and Izod impact testing of a scaled
batch of triblock. We performed extensive X-ray scattering and
microscopy experiments to characterize the pristine micro-
structure resulting from various processing histories, as well as
in and ex situ analysis of the tensile fracture process to elucidate
stress-induced microstructural changes. Using these observa-
tions, we propose mechanisms for the emergent thermal and
mechanical advantages of neat LML triblock plastics.

B RESULTS AND DISCUSSION

Molecular Characterization. LML triblocks were synthe-
sized according to the protocol developed by Watts et al,, as
summarized in Scheme 1 below.®® 1,4-Benzenedimethanol was
used as the initiator for the homopolymerization of yMCL to
form a difunctional @,w-dihydroxy-telechelic PyYMCL mid-
block, which was then chain-extended with r-lactide. While
previous work from our group has shown that LMLs can be

https://doi.org/10.1021/acs.macromol.3c02580
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Scheme 1. Synthesis of Dihydroxy-Telechelic PYMCL

Macroinitiator and LML Triblocks

0.1 mol % Sn(Oct),
/\©\/ neat, 125 °C

ji I 0.1 mol % Sn(Oct),
[O e}

toluene, 105 °C

synthesized in one pot using orthogonal catalysis and minute
quantities of solvent,”” here we sought to control the
polymerization conditions to keep molar mass dispersity low
and ensure that our nominal fp;; 4 descriptors were as accurate
as possible. As such, we purified the PYMCL macroinitiators
before chain extension in toluene. Both steps employed typical
Sn(Oct), catalysis. The naming convention for the triblocks is
“LML A-B-A,” where A and B are the molar masses of end- and
midblocks in kg mol™". PYMCL macroinitiators are denoted as
“M#”, where # is the molar mass in kg mol~! As a control for
thermal and mechanical property studies, a 78-kg mol™" linear
PLLA homopolymer was synthesized with 1,4-benzenedime-
thanol as initiator. This homopolymer is denoted as “L78.”
The molar mass, dispersity, composition, and purity character-
istics of the PYMCL midblocks and LML triblocks synthesized
for this study are listed in Table 1.

Figures S1, S2, and S3, respectively, display the '"H NMR
spectra of the highly pure yMCL, L-lactide, and BDM used for
synthesis. Accordingly, the spectra acquired for the PyMCL
homopolymer, LML triblock, and PLLA homopolymer control
(Figures S4, SS, and S6, respectively) show resonances
consistent with previous reports, 1nd1cat1ng reactlon comple-
tion and negligible incidence of side reactions.®® Furthermore,
Figure S7 shows that the LML triblocks’ *C NMR spectra
contain only the two carbonyl resonances corresponding to the
ester units in the PYMCL and PLLA homopolymers, showing
no appreciable mixing of monomer repeat units.

Size exclusion chromatograms for the PyMCL midblocks
and corresponding triblock libraries are displayed in Figure 1.
The product traces are shifted to lower retention volumes than
the PYMCL midblock trace after chain extension as expected.
Low-molar mass shoulders or secondary peaks appear in all the
triblock traces, indicative of some unreacted PYMCL macro-
initiator, “LM” diblocks resulting from monofunctional
impurity PYMCL chains, macrocyclic PLLA produced from
backbiting reactions, or linear homopolymer PLLA initiated by
adventitious impurities. The a-hydroxy methylene protons at
the ends of the PYMCL macroinitiator, which appear initially
in '"H NMR spectra as a multiplet spanning § = 3.77—3.61
ppm, are absent in all LML triblock spectra, supporting the
reaction of all macroinitiators (Figure S8). However, in this

2820

Table 1. Molecular Characteristics of PLLA Control, PYMCL Mid-Blocks, and LML Triblocks

WhpLLA

v

Wim

WML

d

Soria, ot

@

BSEC RI

M, pLrA, arm (kg morl)u M, 1, ot (kg morl)u M,, sic maLLs (kg morl)b

M, ppmcL (kg mol ™! )

designation

L78

0.020"

0.98

1.0

1.1

54.1

77.8

1.4
1.2
1.2
1.1

13.4
29.5

11.3

Mi11

0.019 0.058

0.92

0.64
0.80
0.91

11.3 11.0 33.4

LML 11-11-11

0.052
0.15

0.056
0.026

0.89
0.82

54.1
121

24.5 60.3
126

11.3

LML 24-11-24

11.3 63.1

LML 63-11-63

M22

1.2
1.2
1.2

26.5

22.1

0.11
0.

0.019

0.87

0.61
0.77

17.8 57.6 55.0

22.1

LML 18-22-18

0.025 21

0.77

36.7 958.5 82.1

22.1

LML 37-22-37
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Figure 1. Differential refractive index chromatograms for M11 and
the resulting 11-kg mol™" midblock LML library (top) and for M22
and the resulting 22-kg mol™' midblock LML library (bottom).
Traces are normalized such that the maximum signal value in the
analytical retention volume range is set to unity.

region, a singlet is visible at 3.66 ppm, consistent with
methanol-initiated, monofunctional PYMCL,”” suggesting that
LM diblocks were produced. We also measured an excess of
PLLA end-group methine protons with respect to the PYMCL
midgroup aryl protons relative to the ideal case of a pure
triblock. Reasoning that the major impurity species must have
contributed additional end-groups, we assumed a negligible
abundance of macrocyclic species. Using the relative
integrations of PyMCL methyl ester, PLLA end-group

methine, and PYMCL midgroup aryl proton resonances, we
calculated the mole fractions of “LM” diblock and linear PLLA
homopolymer impurity as described in the Supporting
Information (Scheme S9). In Scheme S10, we show that this
procedure can be generalized to any f-armed star-block
polymers (including diblocks and triblocks, corresponding to
f =1 and 2, respectively) synthesized through the chain
extension of a telechelic macroinitiator.

The weight fraction of impurities is more relevant to
material properties than the mole fraction, and its calculation
requires an estimate of the impurity species’ molar masses. It is
generally accepted that L-lactide polymerization with Sn(Oct),
catalyst behaves in a controlled manner, with the rate of
initiation far exceeding that of propagation, M, linearly
proportional to conversion, and reaction kinetics well-
described by a pseudo-first-order model.””®" If there is no
difference in the rate constants of initiation by monofunctional
impurities (e.g, water, lactic acid, lactoyllactic acid, and
methanol) and the telechelic PYMCL chain ends, then on
average, the molar masses of the PLLA homopolymer
impurities and the PLLA blocks of LM and LML molecules
would be equivalent. We verified this assumption for our
system through a trial chain extension reaction. The mole
fraction of impurity chains was constant throughout the
polymerization, and the M, values for the impurity distribution
matched the PLLA end-block size calculated from the LML
distribution in SEC (Figure S11). We then calculated impurity
weight fractions from the assumption of PLLA block size
equivalence (Table S12). The above scheme has a key
limitation, however: it uses relative integrations of mid- and
end-group 'H NMR resonances, which become increasingly
inaccurate with increasing molar mass due to signal-to-noise
limitations. As such, we devised a method for extracting
impurity species weight fractions directly from the differential
refractive index (dRI) SEC traces after peak deconvolution and
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Figure 2. (a) One-dimensional (i) SAXS and (ii) WAXS patterns obtained from full azimuthal integration of 2D scattering images collected during
staged cooling of LML 37-22-37 from the melt. The sample had been annealed at 200 °C for 77 min prior to the first pattern collection, and it was
annealed for S min at each temperature before pattern collection. The principal correlation peak in the SAXS patterns is marked with an inverted
black triangle. The dashed vertical line is aligned with the first extinction of the simulated cylindrical form factor (see discussion below) as a visual
guide. (b) Plot of PYMCL domain spacing (d), PLLA crystal lamellar long period (L,), lamellar thickness (I.), and crystallinity calculated from the
patterns in (a). (c) Cartoon schematic of the highly crystalline LML microstructure. Red chains are PYMCL, and blue chains are PLLA. Relative
length scales are represented as accurately as possible.
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accounting for the different (dn/dc) values among the blocks
(Scheme S13, Figure S14, and Table S15).

For LML 11-11-11 and 18-22-18, there is excellent
agreement between the two methods; the weight fractions
calculated for all species are within one percent of each other.
Additionally, the SEC analysis affirms that the PLLA
homopolymer outweighs the LM diblock, except for LML
24-11-24, for which they are roughly equal in weight fraction.
For fixed impurity concentration in the L-lactide feedstock, the
weight fraction of triblock would be expected to fall with
increasing fpr4. The SEC method reveals this trend, while the
'"H NMR method does not. This discrepancy reflects the
decreasing accuracy of the relative integrals and is underscored
by the fact that the discrepancies are larger for the 22-kg mol ™!
midblock library. Despite the extensive measures taken to
reduce the incidence of impurity initiation, with L-lactide
recrystallized six times and the PyYMCL predried in a stock
solution, the triblock weight fractions calculated from SEC for
LML 37-22-37 (77%) and LML 137-22-137 (58%) were 7 and
30% lower than the estimates from the 'H NMR method,
respectively. Encouragingly, switching to fully inert recrystal-
lization using cannulation techniques increased the triblock
weight fraction from 77 to 95% when comparing LML 37-22-
37 and LML 43-22-43, for which the targeted fp;;, was the
same. These results highlight the sensitivity of lactide chain-
extension reactions to impurity content and motivate more
rigorous impurity quantification beyond the typical qualitative
analysis of SEC trace modalities. The complementary
quantification methods developed in this work can be used
to calculate reasonable bounds for impurity contents and
identify modifications to synthetic procedures that mean-
ingfully reduce the incidence of adventitious impurity
initiation.

Pristine Microstructure. To evaluate the competition
between microphase separation and end-block crystallization in
the LML triblocks, we collected small-angle (SAXS) and wide-
angle X-ray scattering (WAXS) patterns during an extended
melt-annealing period and then during a subsequent staged
cooling period. Figures S16 and 2a respectively show the one-
dimensional patterns for LML 37-22-37 during the melt-
annealing and cooling stages, with the listed collection
temperatures and associated segregation strengths (yN)
calculated based on the previously determined y(T) and
using a reference volume of 118 A3.°® After annealing for more
than 1 h at 200 °C, only a single broad correlation peak is
observed at g* 0.0146 A~ indicating a disordered
microphase-separated structure with an average PyMCL
domain spacing of 43 nm. Uniquely out of all the LML
triblocks, LML 37-22-37 exhibited two convolved correlation
peaks that persisted throughout the entire melt-annealing
period, suggesting a coexistence of two disordered phases with
slightly different average PYMCL domain spacings. The 21 wt
% PLLA homopolymer in this material may not have been
uniformly solubilized in the end-block matrix, producing “dry
brush” behavior and swelling some matrix regions more than
others, creating a bimodal distribution of PYMCL domain
spacings.82

The ordering behavior of the LML triblocks is strongly
dependent on the total molar mass. Figures S17—S523 display
the SAXS and WAXS patterns collected during melt-annealing
and cooling for L78 and all other LML triblocks. LML 11-11-
11, the smallest triblock, is only very weakly segregated in the
melt (yN = 15.7) and then undergoes a clear disorder-to-order
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transition between 180 and 160 °C (yN 17.7 — 19.8) with the
sudden sharpening of the principal structure factor peak,
though no higher-order peaks are visible, indicating short-
range order (Figure S18). In contrast, LML 24—11-24
exhibits a sharp principal peak throughout the melt-annealing
period (YN = 27.5) and a weak secondary peak at \/3 q%
suggestive of a hexagonally packed cylinder (HEX) morphol-
ogy (Figure S19). On initial cooling, another weak secondary
peak at \/ 2 g* appears, corresponding to the (200) reflection
of a body-centered cubic (BCC) morphology. A coexistence of
these phases is plausible considering that the (fp i, ¥N)
coordinates in this vicinity are close to the HEX-BCC order—
order transition predicted from self-consistent field theory
(SCFT).* LML 18-22-18 displays a somewhat broad principal
peak during annealing (yN = 27.3) that sharpens slightly on
cooling (Figure S21). Interestingly, during a second trial of the
experiment on the same LML 18-22-18 sample, multiple
higher-order HEX peaks appear, and all structure factor peaks
intensify over the course of the melt-annealing period (Figure
$22), pointing to a kinetically limited ordering process. All
LML triblocks with larger total molar masses (63-11-63, 37-22-
37, and 137-22-137) display a single broad correlation peak in
the melt that intensifies slightly with cooling alongside diffuse
form factor scattering, indicating disordered and poorly
defined PYMCL domains distributed through the PLLA matrix
(Figures 2a and S16, S20, and S23). This suggests a kinetic
encumbrance to ordering above a certain threshold for total
molar mass, which for our system is approximately 60 kg
mol ™%,

In all materials, crystallization of the PLLA matrix begins to
proceed rapidly from 140 to 120 °C as evidenced by the stark
intensification of WAXS Bragg peaks and the appearance of a
broad SAXS peak corresponding to the crystal lamellar long
period. For LML 11-11-11, the sharp principal structure factor
peak at 140 °C is replaced by a broader, more diffuse peak
centered at the same scattering vector (Figure S18c). While the
relative contributions of PYMCL domain structure and crystal
lamellar periodicity to this peak are uncertain, the abrupt loss
of structure suggests that crystallization disrupts the melt
morphology and relegates the PYMCL to the interlamellar
amorphous regions.***> LML 11-11-11 is most susceptible to
this phenomenon due to its weak segregation at the onset of
crystallization (yN = 22.1)* During crystallization of all the
other, more strongly segregated triblocks, the correlation peak
is diminished and broadened but persists separately from the
lamellar spacing peak, which appears at a higher scattering
vector. These features reveal that crystallization proceeds from
a heterogeneous melt whose microstructure is perturbed but
not destroyed and that, on average, more than one PLLA
crystal lamella exists between PYMCL domains. This behavior
is opposite to that observed for block polymers that undergo
crystallization-induced microphase separation, in which the
lamellar long period exceeds the domain spacing of the
noncrystallizing block.””

The domain spacings, lamellar spacings, thicknesses, and
crystallinities are plotted in Figure 2b for LML 37-22-37 and in
Figure S24 for the other species. For LML 24-11-24 and LML
137-22-137, the PyMCL domain spacing is unchanged
throughout crystallization, whereas for LML 18-22-18 and
LML 63-11-63, crystallization causes a slight increase in the
PyMCL domain spacing. Because the crystallization-induced
densification of the matrix would, to the contrary, be expected
to contract the domain spacing, a topological modification is
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more likely—for instance, breaking up the PYMCL domains
into smaller, more numerous disordered objects. Taking the
ratio of q. to g* gives an estimate of the number of PLLA
crystal lamellae between the PyYMCL domains. This ratio
ranges from ~1 for the weakly segregated LML 11-11-11 to 2.6
for LML 63-11-63, suggesting that one to three lamellae exist
between rubbery domains, on average. Figure 2¢ summarizes
the findings from scattering in a cartoon schematic of the
pristine microstructure for higher-molar-mass LMLs after
matrix crystallization.

The relationship between the LML triblocks’ degrees of
polymerization (N,) and the PYMCL domain spacings (d) in
the melt and after staged cooling is displayed in Figure S25. Nj
was calculated following the procedure of Koo et al; the
triblock molar mass was converted to a 118 A’-referenced
degree of polymerization and divided by two to account for the
triblock architecture.®> All LMLs except for 137-22-137 obey
the mean-field scaling predicted for strongly segregated
amorphous polymers, d ~ N} /3, while LML 137-22—137’s
spacing falls below the predicted scaling. LML 137-22-137 has
the highest content of impurity PLLA homopolymer
determined from SEC trace deconvolution (32 wt %), which
likely plays a part in this deviation. Macrophase separation of
impurity homopolymers is generally expected in the limit of
high homopolymer molar mass or high homopolymer content
at molar masses comparable to that of the matching host
block.*® Here, it is likely that LML 137-22-137 underwent
macrophase separation, with the triblock phase producing
domain spacings closer to equilibrium (albeit still kinetically
encumbered as discussed above), while the other triblocks
were sufficiently lean in the PLLA homopolymer such that it
was solubilized in the matrix, expanding the domain spacings
relative to equilibrium. Figure S23a shows that during melt
annealing, LML 137-22-137’s correlation peak sharpens, and
its form factor scattering becomes more pronounced, signaling
a progressive narrowing of the distribution of PYMCL domain
spacings and ripening of the domain shape, which could be
occurring within the triblock phase of the two-phase melt.
Meanwhile, with the same fp;;, and less PLLA homopolymer
impurity, LML 63-11-63 shows a static SAXS pattern
throughout melt annealing, suggesting that it is instead a
one-phase melt that solubilizes the homopolymer in the matrix
(Figure S20a).

To examine any potential effects of ordering on crystal-
lization, we subjected the three triblocks displaying ordered
characteristics—LMLs 11-11-11, 24-11-24, and 18-22-18—to
isothermal melt crystallization while monitoring microstructure
with X-ray scattering using two thermal histories. In the first,
we melt-annealed the samples at 200 °C (10 min), cooled
them to 170 °C (30 min) to increase segregation strength
while forestalling crystallization, and then cooled them to 130
°C (100 min) to induce crystallization. In the second, the
samples were quenched directly from 200 (10 min) to 130 °C
(100 min). The SAXS and WAXS patterns collected during
these trials are shown in Figures $26—S31, from which the
scattering invariant (Q) and crystallinity (X.) were calculated
as described in the Supporting Information.

As with staged cooling, the structure factor peaks observed
in the melt intensify on cooling and persist separately from the
lamellar spacing peak that appears during the ensuing
crystallization. LMLs 11-11-11 and 18-22-18 exhibit higher-
order peaks at 2 g* and \/7 q* when cooled to 130 °C,
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signaling a HEX morphology. These peaks soon vanish as
Bragg peaks emerge in WAXS, indicating that crystallization
destroys the long-range order but preserves the principal
PyMCL domain spacing observed in the melt state. Plots of Q
and X, as a function of time are shown in Figures S32a,b and
S32¢,d, respectively. The relative crystallization half-times are
identified in Figure S32c¢,d as vertical lines. The 170 °C
annealing period appears to accelerate subsequent crystal-
lization at 130 °C; the half-times for LMLs 11-11-11, 24-11-24,
and 18-22-18 were, respectively, reduced from 9.3 to 4.6, from
8.2 to 5.7, and from 9.2 to 4.4 min relative to the case of rapid
quenching to 130 °C. Scrutinizing the invariant provides a
possible acceleration mechanism. The invariant is a measure of
the total scattering power and is directly proportional to the
mean-square electron density fluctuation across the entire
sample. Figure S32a shows that cooling from 200 to 170 °C
produces an immediate, subtle increase in Q that is correlated
to the extent of sharpening of the principal structure factor
peak across the three LMLs. Such a rise in Q upon ordering
has previously been documented for poly(isoprene)-b-PLA
diblocks.” Only after 20 min of annealing, the crystallization
process initiates. The PLLA crystal nuclei then speed the
subsequent crystallization at 130 °C (Figure S32c). We
hypothesize that the ordering that occurs during annealing at
170 °C is accompanied by interfacial sharpening that provides
heterogeneous nucleation surfaces for the PLLA crystallites. Ex
situ DSC analysis provides further support for the interfacial
nucleation hypothesis as discussed in the Supporting
Information (Figure S33).

To complement scattering with real-space imaging, we
performed atomic force microscopy (AFM) on LML triblock
film specimens after imposing various thermal histories.
Figures 3a and S34 display the “tapping” (AC) mode phase
images captured for LML 37-22-37 after rapid quenching from
the melt to room temperature. This thermal history produces
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Figure 3. AFM images of pristine LML 37-22-37 films with the
following thermal histories: (a) quenching rapidly from the melt to
room temperature and (b) quenching rapidly to 100 °C, holding
isothermally for S min, and quenching rapidly to room temperature.
Subpanels (i) and (ii) respectively show height (plane-fit) and AC
phase images. Here in the net repulsive regime (see SI), the rubbery
PyMCL domains are more dissipative than the glassy PLLA matrix,
and so they produce lower AC phase during tip interaction and are
rendered as the darker regions of the phase images. The image size is
1 X1 pm.
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Figure 4. DSC thermograms collected during (a) first cooling after complete melting and (b) on subsequent heating at 10 °C/min. Panel (b)
magnifies —80 to 70 °C, spanning the T,s of PYMCL and PLLA, and panel (c) magnifies 70 to 190 °C, spanning cold crystallization and melting
processes. The inset in panel (c) magnifies the pre-melting crystallization region for LML 18-22-18. The trace staggering and labeling scheme is
consistent from (a) to (c). (d) Storage moduli and (e) loss tangents recorded during DMTA temperature sweeps for 22-kg mol ™" midblock LML
library after rapid quenching from the melt. The insets in (d) and (e), respectively, magnify transitions associated with Tepmcy and Tprpa-

disordered, microphase-separated PYMCL domains dispersed
throughout the matrix, consistent with conclusions from SAXS.
The PyMCL appears to be part of a network of extended,
wormlike domains that percolate throughout the material.
Figure 3b presents the images for the same material after S min
of melt crystallization at 100 °C. Crystal lamellae are identified
as domains of higher phase (brightest/least dissipative), and
the PYMCL domains (lowest phase/most dissipative) are
sporadically positioned between lamellae, retaining some
degree of apparent continuity. Phase images with extracted
line profiles are shown in Figure S35. For melt-crystallized L78,
the phase varies by at most 10° from crystalline to amorphous
regions, whereas for LML 37-22-37, there are clear regions
where the phase drops by 20—40 degrees, signifying a
transition from the crystalline PLLA matrix to the much
more dissipative PYMCL domains. In between the low-phase
regions, phase variations matching those of L78’s lamellar
texture are observed. This corroborates the finding from
scattering that ¢* < g, and further supports our hypothesis of a
PyMCL-templated matrix crystallization process. LML 18-22-
18 behaves similarly to LML 37-22-37 (Figure S36a). In
contrast, LML 137-22-137 contains discontinuous, less
regularly spaced rubbery domains after both quenching and
melt crystallization (Figure S38).

To conclude the discussion of pristine microstructure, it is
worth noting that along with the slow melt diffusion of large
LML chains, the finite weight fractions of homopolymer may
influence the accessible morphologies. Blends of A-rich ABA
triblock polymers and small volume fractions of “A”
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homopolymer exhibit disordered micelle equilibrium struc-
tures, which could suitably describe the LML microstructures
and would suggest that diffusion is not rate-limiting.”
Macrophase separation is also possible, as discussed previously,
in which case the ordering of an LML-rich phase could be
delayed by impurity chain exclusion. We postulate that the
observed LML microstructures reflect both the thermody-
namics of homopolymer PLLA solubilization and the kinetics
of melt diffusion. Further work examining the influence of
controlled loadings of the homopolymer is necessary to specify
true equilibrium morphologies and refine the molar mass
threshold for diffusion-limited ordering in true single-
component LML melts.

Thermal and Thermomechanical Characterization.
We performed thermogravimetric analysis (TGA) to assess
the thermal stability of the LML triblocks (Figure S39). The
triblocks undergo a two-stage mass loss process, with the first
corresponding to PLLA degradation and the second
corresponding to PYMCL degradation based on the relative
areas of the temperature derivative peaks. PYMCL decomposes
at a lower temperature than that of PLLA homopolymers, but
this is reversed for all LML triblocks. The greater abundances
of hydroxyl groups from PLLA impurity chains would lead to
more frequent chain scission events.”’ A molar mass effect is
apparent in LML 11-11-11 and LML 137-22-137, which
respectively had the smallest (297 °C) and largest (323 °C)
Ty, s (5% mass loss temperature) values. The range of LML
degradation temperatures exceeds typical processing temper-
atures for PLLA-based materials (e.g, 180—210 °C).
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Figure 5. (a) Inverse exotherm peak times recorded during isothermal crystallization of (i) 11-kg mol™' midblock and (ii) 22-kg mol™" midblock
LML libraries at various crystallization temperatures. The behavior of L78 is also shown for comparison. (b) HDTs and crystallinities resulting from
three thermal histories imposed on L78 and the 22-kg mol™" midblock LML series. All error bars denote 95% confidence intervals calculated using
a student’s t-test statistic. Deflection versus temperature traces collected in HDT testing are shown in Figure S47.

To compare the intrinsic thermal characteristics of the LML
triblocks and L78, we performed differential scanning
calorimetry (DSC) and dynamic mechanical thermal analysis
(DMTA) (Figure 4, Table S40). After initial melting during
the cooling cycle, the polymers exhibit an exotherm with peak
PLLA crystallization temperatures (T.) between 90 and 98 °C.
L78 shows the highest T, but the smallest crystallization
enthalpy, signifying the most efficient PLLA crystal nucleation
but the least complete crystallization process.”” In the T,
regime of dynamic crystallization, covalent block tethering may
reduce conformational freedom such that larger undercooling
is required for primary nucleation. Typ,ncy and Tgppa are
distinctly observed for all LML triblocks, corroborating the
microphase-separated microstructure. The magnitude of the
heat capacity increase in DSC and storage modulus decrease in
DMTA at each glass transition is correlated to the abundance
of the associated block (Figures 4a—d). DMTA also reveals
that the loss tangent peak at T,p;;o narrows and shifts to
higher temperatures for LMLs containing more PLLA (Figure
4e). Because interfacial mobility coupling of glassy chains to
rubbery domains is more pronounced for shorter end-blocks,”®
the LML end-block relaxation begins at the lowest temperature
for LML 18-22-18 (fpria = 0.6) and then shifts to higher
temperatures as fpr;, increases.

Cold crystallization of the PLLA end-blocks occurs between
80 and 105 °C upon second heating, leading to a rubbery
plateau storage modulus of ~100 MPa typical for PLLA-based
materials.”* LML 37-22-37 uniquely displays a bimodal cold
crystallization exotherm, with a slightly larger primary peak
with an average cold crystallization temperature (T..) of 95 °C
preceded by a secondary peak or shoulder (over three
replicates) at 85 °C. Because LML 37-22-37 has the largest
weight fraction of impurity PLLA homopolymer out of the
suspected single-phase materials (see Table 1), a partial
fractionation process may occur. On second heating, the more
mobile, untethered homopolymer crystallizes at a lower T,
followed by the more encumbered LML end-blocks at a higher
T.. The PLLA crystal melting endotherm appears as a large
peak ranging from 165 to 176 °C, with T, correlated to the
PLLA end-block or homopolymer molar mass as expected.”
Each of these endotherms is preceded by a small premelting
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crystallization (“pmc” in Table S40) exotherm indicative of a
polymorphic transformation of less stable o crystallites into
the more stable @ form.”” WAXS patterns acquired during
staged cooling show the (004)/(103) Bragg reflection from the
a-form unit cell at ¢ = 0.88 A™' (Figure 2a).”” In films
deliberately crystallized at 100 °C for mechanical testing as
described below, the (004)/(103) reflection is less prominent
and is accompanied by the subtle (016)/(106) o’ reflection at
1.72 A7" (Figures S55a and S63a).”” Therefore, a coexistence
of @ and o crystal polymorphs evolves from the cooling
routines explored here. This is consistent with the nucleation
of a-form crystals above 120 °C during cooling and their
subsequent growth alongside the nucleation and growth of o’-
form crystals at lower temperatures.”

To evaluate the rate of LML end-block crystallization, we
examined isothermal melt crystallization behavior at crystal-
lization temperatures (T.) of 100, 115, 130, 140, and 150 °C
and benchmarked them against the behavior of L78. We used
the inverse of the crystallization exotherm peak time (tp_l) asa
proxy for the overall speed of the crystallization process
(Figure 5a).””'% For all polymers, the crystallization rate is
largest at 100 °C and then monotonically decreases with
increasing T.. All LML triblocks except LML 63-11-63 outpace
L78 crystallization at 100 °C and then more closely mirror its
behavior for T. > 115 °C. Because LMLs with end-blocks both
larger and smaller than L78 chains crystallize more rapidly than
L78, we ascribe this acceleration to the triblock architecture
and not to the end-block size. Polarized light optical
microscopy (PLOM) reveals that LML 37-22-37 has a higher
nucleation density than L78 at T, = 100 °C, suggesting that the
PyMCL domain interfaces may provide heterogeneous
nucleation sites for PLLA crystallites (Figure S41a). At T, =
130 °C, L78 and LML 37-22-37 crystallize at similar rates
(Figure Sa-ii), with PLOM showing that LML 37-22-37 has a
higher spherulitic growth rate and shorter nucleation induction
time than L78 (Figure S41b,c). Hoffman—Weeks extrapola-
tions'’" of apparent T,, values recorded for the various T,
conditions indicate that the equilibrium melting temperatures
of all LML triblocks are depressed relative to L78 even after
correction for end-block molar mass, suggesting that the
PyMCL domains constrain crystal lamellar thickness (Figure
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Figure 6. Representative stress—strain curves recorded during uniaxial tensile testing of dog-bone film specimens produced from three thermal
histories: (a) rapidly quenching from the melt to room temperature; (b) melt crystallization at 100 °C for S min; and (c) cold crystallization at 100
°C for 5 min. All samples were aged at room temperature for 12 days prior to testing unless indicated otherwise.

Table 2. Summary of Thermal and Mechanical Properties of L78 Control and 22-kg mol™' Midblock LML Library”

polymer, thermal history X, (%)° HDT (°C)° E (GPa)”
L78, q 13 +2 61 +£1 3.0+ 0.1
L78, mc 44 + 3 165 + S 3.1+ 0.1
L78, cc 46 + 6 165 + 3 3.1+0.1
LML 18-22-18, q 20+ 1 54 + 04 12 £ 0.1
LML 18-22-18, mc 54 +3 152 + 13 0.96 + 0.11
LML 18-22-18, cc S3+1 148 + 25 1.00 + 0.04
LML 37-22-37, q 20+ S S7+2 1.8 £ 0.1
LML 37-22-37, mc 46 + 4 144 + 33 1.8 £ 0.2
LML 37-22-37, cc 55 +2 148 + 14 1.8 £ 0.2
LML 137-22-137, q 12+2 60 + 1 2.5 + 0.1
LML 137-22-137, mc 34+2 155 + 28 2.6 +02
LML 137-22-137, cc 39+2 157 + 7 2.6 + 0.1
HIPS 91 + 4 1.54 + 0.04
ps s 99 + 3 29 403

o, (MPa) &g (%) oy (MPa) toughness (MJ m™>)
65+ 1 4+1 60 + 2 2+1
68 + 2 3.0+03 64 +2 12 £ 02
69 + 1 3+1 66 + 3 1.3 + 04
23+1 577 + 37 22+3 94 + 10
14 +1 540 + 33 34 +1 113 + 8

142 +£ 0.3 494 + 15 33+1 102 + 4
38+2 297 + 131 26 +3 71 + 32
35+1 290 + 30 39+2 89 + 10
33+1 217 + 133 33+8 63 + 42
SIlx1 16 £ 12 23 £ 12 6+ 4
60 + 2 17 £ 13 45+2 8+6
S7+2 9+3 39+ 6 4+1
16 +1 38+S 19+1 6+1

¢ 14 + 0.1 37+ 6 0.28 + 0.07

“Error bars denote 95% confidence intervals calculated using a student’s ¢ test statistic. bCrystallinity was measured using sections of the same films
used to prepare tensile specimens. Three replicates were performed. “HDT was measured using a small piece of film twice as thick as the tensile
specimens and subjected to an identical thermal history. Three replicates were performed. “The reported precision for Young’s modulus is
extended to show the finite confidence interval width where necessary. “Only four PS samples had acceptable breaks due to cracks outside the
gauge length that occurred during sample preparation due to the high fragility and brittleness. ”PS underwent brittle fracture, exhibiting no yield

point.

§42).'% Curiously, for the 22-kg mol™ midblock series,
shorter end-blocks crystallize more slowly at high T. We
speculate that while PYMCL domain surfaces may speed
primary nucleation, secondary nucleation is slower for shorter
end-blocks due to the comparatively greater influence of
interfacial mobility restrictions (see Discussion S43).

Figure Sb displays the crystallinities and HDT's measured for
L78 and the 22-kg mol™' midblock library resulting from (1)
rapid quenching from the melt, (2) melt crystallization at 100
°C for S min, and (3) cold crystallization at 100 °C for S min.
After rapid quenching, all polymers display low crystallinities
and HDTs limited by Tgpia. After the melt and cold
crystallization routines, the LML triblocks exhibit crystallinities
ranging from 39 and 55% and HDT's between 144 and 157 °C,
comparable to L78. In agreement with the HDT data, the
crystallization routines eliminate the storage modulus valley
between 60 and 100 °C in DMTA (e.g, in Figure 4d), with a
rubbery plateau extending from Tgpis to T, and modulus
values directly correlated to fp;, (Figure S44a,b). The
magnitude and area of the loss tangent peaks at Typj;s are
reduced, reflecting the crystallization of mobile amorphous
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chains and the attendant generation of a neighboring rigid
amorphous fraction (Figure S44c,d).

Mechanical Properties and Deformed Microstructure.
Figure 6 displays representative stress—strain curves for L78
and the 22-kg mol™' midblock LML library for specimens
created using the three thermal histories described above:
rapid quenching, melt crystallization, and cold crystallization.
The initial crystallinity, HDT, and tensile properties of each
specimen type are listed in Table 2. The corresponding data
for the 11-kg mol™" LML library are provided in Figure S46
and Table S47. The full sets of stress—strain curves for all
materials are given in Figures S48—S51. Samples were initially
aged for 12 days at room temperature prior to testing to allow
for the complete densification and native embrittlement of the
PLLA matrix.'*’

Young’s moduli of the materials range from 1.0 to 3.1 GPa,
with modulus correlated to the PLLA content, indicating
coupled PyMCL and PLLA deformation in the elastic regime.
Interestingly, the modulus only increases with crystallinity for
LML 63-11-63, whereas it is insensitive to crystallinity for
LMLs 24-11-24, 37-22-37, and 137-22-137, and it decreases
with crystallinity for the two lowest-fp;; 4 materials, LML 18-
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Figure 7. In situ tensile X-ray scattering results for LML 37-22-37 in (a) rapidly quenched and (b) melt crystallized states. The dashed line in the
stress—strain panel of panel a shows representative mechanical properties for LML 37-22-37 in the rapidly quenched state. Ex situ X-ray scattering
and AFM phase images are, respectively, reproduced from Figures S56 and S37a. The drawing direction for all X-ray and AFM images is horizontal.
In situ images are framed with solid magenta lines, and ex situ images are framed with dashed black lines. The dashed green line in the invariant
plots shows the expected change in the invariant due to thickness changes based on average sample thicknesses measured before and after necking.

22-18 and LML 11-11-11. This decrease of modulus with
crystallinity contrasts with the intuition that crystallization
increases modulus in semicrystalline polymers, including
PLLA.'”* The intercalation of rubbery domains between
crystal lamellae may have positioned PYMCL interfaces to
reduce the local T, of PLLA chains that would otherwise
comprise the rigid amorphous fraction at the lamellar fold
surfaces.”” Because the rigid amorphous fraction has a stiffness
contribution similar to that of crystalline domains, global
rubbery-crystalline impingement as occurs in the low-fp;a
materials could reduce the effective rigid amorphous fraction
even as crystallinity increases, decreasing modulus.'*>'*° With
less PYMCL-crystal interface, the effect would be more subtle,
hence the insensitivity observed in the higher-fp;; 4 materials.
Along with Young’s modulus, the yield stress is also correlated
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to fprra suggesting that PYMCL domains participate in the
onset of plastic deformation, potentially through cavitation or
stretching.'”'%®

L78 exhibits predictably low ductility, first yielding and then
fracturing at 3—4% strain, regardless of crystallinity. While
LML 137-22-137 retains an attractively high modulus of 2.5—
2.6 GPa, most samples fractured at low strains after yielding. In
the quenched state, the few ductile samples showed a double-
yield, craze-then-neck process consistent with previous reports
of intermediately aged, atactic PLA graft block polymers with
foia = 0.9 (Figure S49g, Movie $1).7%'% The few ductile,
highly crystalline LML 137-22-137 specimens displayed only a
single yield associated with shear band coalescence and
necking (Figure S49h,i, Movie S2). Evidently, for LMLs with
fria = 0.9, the PYMCL loading does not trigger sufficient
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crazing (low X.) or shear yielding (high X.) for meaningful and
reproducible ductility improvement.

In contrast, the LMLs with lower fp;;, values are much
more ductile regardless of their initial crystallinities. LMLs 18-
22-18 and 37-22-37, respectively, achieve strains at break of
577 and 297% after rapid quenching, resulting in toughness
values that are 47 and 35 times higher than rapidly quenched
L78. The materials yield by necking, and the stress plateaus as
the neck propagates throughout the gauge region. Once the
neck has filled the gauge length, strain-whitening emerges in
the center of the gauge length and propagates outward,
concurrent with the onset of a strain-hardening regime
indicated by the upturn of the stress—strain data (Figure
S49a,d). The highly crystalline LML 18-22-18 and 37-22-37
specimens exhibit similar toughness and improved ultimate
stress, owing to more pronounced strain hardening. However,
crystallization reduces the yield stress, signaling that matrix
crystals facilitate shear yielding. LML 18-22-18 clearly
demonstrates this effect; discrete necks emerge in the rapidly
quenched specimen (Figure S59a image inset), while the gauge
region of the cold crystallized specimen flows uniformly
(Movie S3). Finally, for technological context, we note that
LML 37-22-37 showed a higher Young’s modulus, yield
strength, ultimate stress, and ultimate strain than high-impact
polystyrene (HIPS), exceeding its toughness by a factor of 10
to 15 across crystallinity states. Moreover, the HDT of highly
crystalline LML 37-22-37 is more than 50 °C greater than that
of HIPS.

We also tested melt crystallized LML 37-22-37 and all
processing states of LML 18-22-18 after long aging periods.
Representative stress—strain curves for specimens aged for
several months are shown with dotted lines in Figures 6 and
S50. In the rapidly quenched LML 18-22-18, aging only
increases the yield stress, indicating that the yield process for
the quenched materials is sensitive to the state of the free
volume of amorphous PLLA chain segments. Conversely,
extensive aging does not change the yield stresses of the highly
crystalline materials and only slightly reduces ductility, thus
rendering these block polymers relatively insensitive to aged-
induced embrittlement.

In the case of the lower-fp;; , materials, the yield stresses of
the 11-kg mol™" midblock LMLs were 10—50% higher in the
rapidly quenched state, indicating a more difficult shear
yielding process (Figures S48 and S49). However, after cold
crystallization, the yield stresses more closely matched those of
the 22-kg mol™' midblock LMLs. The yielding behavior of
rapidly quenched LMLs possibly implicates the PyMCL
domains, as smaller rubbery particles require higher strains
for cavitation in the 11-kg mol™' midblock samples, and
consequently, higher bulk stresses.'”’ Additionally, the less
well-entangled PLLA end-blocks and greater end-group
concentration in the 11-kg mol™' midblock matrices may
have produced local strain-softening in the matrix, leading to
earlier failure of the necked regions.

To investigate the mechanism responsible for LMLs’
crystallinity-independent toughness, we performed in situ X-
ray scattering during tensile testing of LMLs 37-22-37 and 18-
22-18 in both rapidly quenched and melt crystallized states.
Figure 7 displays the results for LML 37-22-37, and the
contributing 1D patterns are shown in Figures S52—S5S. By
analyzing azimuthal slices of the 2D patterns oriented parallel
and perpendicular to the draw direction, we extracted the
PyMCL domain spacing, the change in the relative invariant,
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and the spacing of the (200) crystallographic planes in the
PLLA a/o’-form unit cell along both the equatorial and
meridional axes. We also extracted the fraction of matrix chains
oriented in the draw direction, f(500), 1/WprLa, as detailed in the
Supporting Information. Unfortunately, the rapidly quenched
LML 37-22-37 specimen chosen for in situ analysis was not
representatively ductile, presumably due to a sample defect
from film pressing, so we have supplemented the discussion
with a representative stress—strain curve (dashed line in Figure
7a). Figure 8 summarizes our mechanistic hypotheses in
cartoon schematics.

Low crystallinity

Strain-induced
crystallization

(b)
=1

Lamellar rotation,
fragmentation,
void reorientation

At yield: PyMCL domain cavitation o
Fibrillation

High crystallinity

VN

Convergent microstructure

(c)

At yield: coarse lamellar slip High strains: fibrillar crystals,

oriented voids, stretched
PyMCL domains

Figure 8. Cartoon schematic of tensile deformation mechanisms in
low- and high-crystallinity LML triblocks.

In its rapidly quenched state (Figure 7a), LML 37-22-37
shows strong meridional streaks immediately followed by a
diffuse equatorial lobe emerging in the 2D SAXS pattern as the
neck traverses the X-ray beam, which suggests the presence of
void-bulk interfaces resulting from cavitation, likely in the
rubbery PYMCL domains (Figure 8a).""%"'! These features
also signal sparse crazing, but the crazes likely play only a
minor role in energy dissipation due to the rapid disappearance
of the meridional streak and the persistence of only a small
equatorial streak throughout the neck elongation (Movie S4).
Additionally, McCutcheon et al. showed that the relative
equatorial invariant monotonically increased throughout multi-
ple crazing in PLLA,*' whereas here it peaks at yielding but
then is reduced during neck extension. The initial isotropic
ring of PYMCL domain correlations distorts into an ellipse as
the domain spacing is elongated along the meridional axis and
contracted along the equatorial axis, showing that the PYMCL
domains stretch with the PLLA matrix as it yields, also
corroborated by AFM imaging. Koo et al. observed the same
elliptical distortion in SAXS resulting from the stretching of
rubbery poly(ethylene-alt-propylene) domains in a multiblock
copolymer with polyethylene.'”® Necking also causes a rapid
increase in the chain alignment and crystallinity (Figure 8b).
The WAXS patterns in Figure S53 show consumption of the
amorphous material and pronounced sharpening of the pattern
at g = 1.17 A™" in the equatorial direction, corresponding to
the (200)/(110) plane of the a/a’-form PLLA unit cells, and
at g = 2.17 A™" in the meridional direction, corresponding to
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the (1010) plane of the a-form unit cell (also visible in Movie
S5). The broad WAXS peaks and heightened orientation
parameters indicate a large number of small crystallites
oriented with chain axes parallel to the draw direction. Ex
situ DSC analysis of post-fracture specimens reveals that
crystallinity is doubled from 20% in the pristine state to 40% in
the necked state (Figure S56). The transparent neck whitens
after consumption of the gauge length, and the strain-induced
crystallinity enables access to the strain-hardening regime.
Strain-hardening in semicrystalline polymers is generally due to
the formation of fibrillar crystals connected by an oriented
network of amorphous chains at large strains, and the voids
between the elongated fibrils scatter light, leading to visible
whitening.nz’113 Accordingly, in well-whitened gauge regions,
the low-q scattering in both the equatorial and meridional
directions intensifies, consistent with fibrillation and void
formation, and the matrix and rubbery domains become
further oriented as seen in the AFM image (Figure 7a, image
inset; Figure 8c schematic). SEM imaging of fractured gauge
regions also reveals the formation of interconnected fibrillated
structures during neck elongation (Figure SS57).

Melt-crystallized LML 37-22-37 undergoes a different failure
mechanism (Figure 7b). We summarize our hypotheses here
and direct the reader to Discussion S58 for a more detailed
explanation of the X-ray features. A two-stage yielding process
is observed concurrent with an intense “butterfly” SAXS
pattern that contracts to a “two-lobe” pattern with short
equatorial streaks. The meridional invariant initially peaks but
is overtaken by the equatorial invariant as the stress plateaus.
Together, the “butterfly” pattern and invariant crossover
suggest that in the first stress drop, draw-perpendicular voids
emerging in meridional spherulite regions (draw-perpendicular
chain axes) from coarse lamellar slip reorient to become draw-
parallel.'*~""” PyMCL domain cavitation is unlikely due to
the systematically lower yield stresses resulting from
crystallization and the lack of sharp meridional SAXS streaks.
Instead, stress concentration resulting from discrete PYMCL
domains may facilitate coarse slip of meridional lamellae at
lower stresses than those required for catastrophic PLLA chain
pullout during the first yield stage. The second yield stage
likely involves (1) rotation and fragmentation of the slipped
meridional crystal lamellae and (2) lamellar fragmentation in
equatorial spherulite regions, with PYMCL domains again
assisting (Figure 8d). The orientation parameter’s early peak,
valley, and subsequent plateau substantiate this progression.
Initial fragmentation of lamellae in the meridional spherulite
regions leads to an increase in orientation, followed by
fragmentation in equatorial spherulite regions, reducing
orientation. During neck extension, the orientation further
increases from the reorganization of the original lamellae into
small crystallites with draw-parallel chain axes (WAXS, Figure
S55) connected by an aligned amorphous network. In the
strain-hardening regime, the equatorial SAXS streaks intensify
and extend outward, signaling fibrillation of the oriented
amorphous chains, supported by microscopy (Figure 7b AFM
image inset, Figure SS7 SEM images). Taken together, these
features signify the lamellar-to-fibrillar transition typical of
ductile semicrystalline polymers,"'>''*~"*! the first demon-
strated for a PLLA-rich thermoplastic drawn at room
temperature to the best of our knowledge.

LML composition influences the tensile failure mechanism.
The analogous in situ data set for LML 18-22-18 (fpp 4 =
0.61) and its contributing patterns are shown in Figures SS9—
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S63, and ex situ X-ray analysis is shown in Figure S64. Similarly
to LML 37-22-37, the neck regions of LML 18-22-18 feature
stretched PyYMCL domains and considerable strain-induced
crystallization. However, SAXS showed much weaker signa-
tures of PYMCL domain cavitation in the rapidly quenched
material, suggesting that the abundance of PYMCL reduced the
shear stress below the critical cavitation stress. For the highly
crystalline specimens, we observed much less PLLA chain
orientation than in LML 37-22-37, consistent with less matrix
alignment and fibrillation detected in microscopy (Figures S59
inset and S65). LML 137-22-137 (fpia = 0.92) has starkly
contrasting behavior, as evidenced from ex situ X-ray analysis
(Figure S66). Rapidly quenched specimens follow a craze-
then-yield progression, while highly crystalline materials exhibit
lamellar reconfigurations and moderate fibrillation. AFM
reveals that LML 137-22-137 necked regions have the most
pronounced matrix orientation out of all materials (Figure
S38a). However, WAXS and SEM (Figure S67) suggest a less
complete lamellar-to-fibrillar transition than that observed in
LML 37-22-37. These compositional differences are discussed
in more detail in the Supporting Information.

Finally, we investigated LML impact toughness. Encouraged
by its combination of Young’s modulus, ductility, and strength,
we scaled up the synthesis of LML 37-22-37, producing a
similar LML 43-22-43 sample. Noting that higher matrix
crystallinity is generally associated with higher impact tough-
ness in neat PLLA and in rubber-toughened PLLA blends with
small (<0.3 ym) rubber particles, we tested melt crystallized
LML 43-22-43."**'** Figure S68a compares the toughness
measured for LML 43-22-43 and the HIPS control. LML 43-
22-43 exhibits a notched impact toughness of 4.5 + 0.2 k] m 2,
approximately half that of HIPS (8.9 + 0.1 k] m™?) and a
factor of 3 greater than typical values of 1—2 k] m™> reported
for neat PLLA."*>"** The impact-fractured surface of LML 43-
22-43 was imaged using SEM to investigate the origin of the
relatively low toughness (Figure 68b). Platelet-like structures
lined with fibrous anchors indicate local matrix yielding.
However, the massive shear yielding characteristic of ultra-
tough, highly crystalline PLLA blends is absent, suggesting that
the PYMCL midblock domains fail to trigger meaningful
yielding on the millisecond time scales of impact testing. This
may be due to their small (~20 nm) size as compared to
micrometer-sized particles in toughened blends, which can
more easily cavitate and initiate crazing and shear yielding.
Evidently, effective impact toughening of crystalline PLLA
requires matrix-additive interactions on length scales larger
than those of crystal lamellar long periods.

Bl CONCLUSIONS

We evaluated neat PLLA-b-PYMCL-b-PLLA triblock polymers
as tough, thermally resilient, renewable plastics. During chain
extension of telechelic PYMCL macroinitiators, homopolymer
PLLA and LM diblock chains were produced alongside the
target LML triblocks due to adventitious impurities. Two
complementary and generalizable schemes were developed and
used to quantify impurity species. The LML melt micro-
structure was highly sensitive to molar mass and impurity
content. Low molar masses and longer annealing times were
required for ordered self-assembly, while the high-molar mass
LML materials exhibited disordered morphologies. Microphase
separation was preserved throughout crystallization, producing
PLLA crystal lamellae intercalated with rubbery PyMCL
domains. The LMLs crystallized as quickly as a PLLA
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homopolymer control, showing that the triblock architecture is
amenable to typical PLLA processing. In tensile testing, the
LML triblocks exhibited toughness improvements by factors of
three to nearly 100 while retaining Young’s moduli between
1.0 and 2.6 GPa depending on the PLLA volume fraction.
Remarkably, the toughness improvements were independent of
matrix crystallinity. Melt and cold crystallized materials with
PLLA volume fractions of 60 and 75% showed crystallinities
ranging from 46 to 54%, HDTSs ranging from 144 to 152 °C,
and tensile toughness values ranging from 63 to 113 MJ m™.
These materials also demonstrated considerable aging
resistance, with improved ductility retained over months of
aging.

In situ X-ray scattering during tensile testing illuminated a
convergent microstructure across different sample crystallin-
ities at high strains. Low-crystallinity LMLs underwent PYMCL
domain cavitation and strain-induced crystallization, while
high-crystallinity LMLs” PyYMCL domains facilitated crystal
lamellar slip and fragmentation, enabling both types of samples
to fibrillate and strain-harden. This marks the first room
temperature observation of the “lamellar-to-fibrillar” transition
of ductile semicrystalline polymers in a PLLA-based thermo-
plastic. The LML architecture only slightly improved upon
PLLA’s impact toughness, suggesting that the energy
dissipation length scales of neat PLLA block polymers are
too small to trigger massive matrix yielding during impact
fracture. This study extols the technical advantages of the neat
block polymer approach to PLLA upgrading, prompting
further optimization of the molecular architecture and
crystallization kinetics. Additionally, the impurity quantifica-
tion tools developed here will enable more accurate composi-
tional descriptions of materials in the PLLA block polymer
space, furnishing structure—property insights that are more
rigorously informed by impurity content.
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