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Abstract
Poly[(styrene-alt-N-hydroxyethylmaleimide)-ran-(styrene-alt-N-ethylmaleimide)]-grafi-[poly(4-
methylcaprolactone)-block-poly( (1) -lactide)] (g-ML) graft polymers containing 50 vol%
poly((%)-lactide) (PLA), were mixed with a commercial PLA homopolymer to modify the brittle
mechanical behavior of this industrially compostable plastic. Various graft architectures, including
linear, tri-arm and tetra-arm polymer backbones, were prepared using a grafting-from method.
Small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM) revealed that
the pure g-MLs form a lamellar morphology where the degree of long-range order is dictated by
the polymer architecture. When melt-blended with PLA at low concentrations the g-MLs formed
well-dispersed nanoscale particles within the PLA matrix, yielding moldable plastics with high
optical transparency. The tensile toughness of the PLA/g-ML blends was substantially enhanced
over that of pure PLA using g-ML concentrations as low as 5 wt% and exhibited average strains
at break of 280% following 2 days of aging at room temperature; pure PLA failed at 7% strain.
The elastic modulus, yield stress and transparency of the toughened plastic were virtually
unaffected by the low concentration of rubbery poly(4-methylcaprolactone) (M) domains and the
formation of well-dispersed nanoscale particles. Graft block polymers were shown to toughen PLA
more efficiently than a linear triblock copolymer analogue LML, which produced a strain at break
of 105 % at a loading of 5 wt%. Blending g-ML into PLA significantly delays the onset of physical
aging and the onset of the ductile-to-brittle (DTB) transition, which depends on the concentration
of g-ML utilized.
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1. Introduction

Due to lightweight, low cost and exceptional mechanical properties, plastics are found in
grocery bags, diapers, cell phones, household plumbing, automobile components, and many other
common products. Most plastics are derived from non-renewable sources such as petroleum and
natural gas, and are non-degradable, which contributes to environmental pollution.! For example,
many synthetic plastics are discarded after single use, which results in landfill waste or pollution
in the oceans, and do not substantively degrade over decades. In comparison, polylactide (PLA)
can be derived from renewable sources and is susceptible to hydrolytic degradation and industrial
composting rendering it more environmentally sustainable than most petroleum-based polymers.!'-
4 PLA is a high modulus plastic and is produced at economically competitive prices relative to
petroleum-based plastics.> However, the inherent brittleness and low impact strength of PLA
present limitations to its wider implementation.®

Various strategies, including copolymerization, plasticization, and melt blending with
rubber have been employed to toughen PLA.> Combining PLA with certain rubbery materials
can provide control of the dispersion and morphology of rubbery domains at the nanoscale. Such
dispersed rubbery domains function as stress concentrators due to their low modulus compared to
the matrix and facilitate rubber particle cavitation and matrix shear yielding.!° Block copolymers
(BCPs) of PLA and soft rubbery blocks including poly(8-methyl-y-valerolactone)!! and poly(y-
methyl-e-caprolactone)'? have been shown to improve mechanical properties. Such BCPs are often
melt blended with homopolymers to achieve desirable properties at lower cost than pure BCPs.!!
Plasticization by melt miscible, low Tg, additives increases the flexibility and ductility of PLA
chains by lowering the glass transition temperature. A number of plasticizers, including lactide

monomer,'? citrate esters,!? poly(ethylene glycols),'* poly(ethylene oxide)!® and poly(vinyl



acetate),'¢ have been studied and the elongation at break has been shown to increase dramatically
with increasing concentration of the plasticizer. However, effective plasticization generally
requires a relatively high concentration of additive, typically more than 10 wt%, resulting in a loss
of tensile strength and a significant reduction in the glass transition temperature, which greatly
limits applications.® Furthermore, low molar mass molecules that are typically used tend to migrate
to the surface leading to contamination and embrittlement over time.”!”

Melt blending PLA with rubbery material is an economical and convenient approach to
tune its properties.” A host of elastomeric polymers have been melt blended with PLA to improve
toughness, including linear low-density polyethylene,'® polycaprolactone,'® poly(butylene adipate-
co-terephthalate),?® natural rubber?!, ethylene-propylene copolymer,?? ethylene-acrylic rubber,??
acrylonitrile-butadiene rubber?? and poly(butylene succinate).>> However, melt blending with
rubber often results in micron-scale particles due to thermodynamic immiscibility, which reduces
transparency and compromises the mechanical properties; addition of a block copolymer
compatibilizer can reduce the surface tension between the rubber and PLA mitigating these
effects.®242

Pure block copolymers also have been shown to be effective additives for improving the
toughness of PLA. Li et al. and McCutcheon et al. have demonstrated that low molar mass
poly(ethylene oxide)-poly(butylene oxide) (PEO-PBO) diblock copolymers form well-dispersed
particles in PLA, leading to a dramatic enhancement in tensile toughness and impact strength
without sacrificing the elastic modulus and transparency of the material; however, the yield
strength decreased significantly.?**¢ BCPs including poly(ethylene oxide)-poly(propylene oxide)-

poly(ethylene oxide) (PEO-PPO-PEO)?” and a multiblock copolymer of polycaprolactone-PLA?8



also have been employed to toughen PLA, and BCPs have been employed to toughen other brittle
polymers including polypropylene and polystyrene.!!-2%-30

We explored graft block polymers as alternative modifiers for toughening PLA. Improved
mechanical and rheological properties of undiluted graft polymers, versus linear analogues, have
been reported earlier.’!3* The application of graft, and graft-block, polymers as additives to
toughen brittle polymers has not received significant attention. A graft-block molecular
architecture resembles tri-arm, tetra-arm, and higher functionality star-polymers, which have
attractive processing characteristics, including low melt viscosities.*>*¢ Moreover, star-shaped
polycaprolactone has been shown to improve the tensile toughness and impact properties of
PLA 3738

Previously, we reported that undiluted graft-block polymers, poly[(styrene-alt-N-
hydroxyethylmaleimide)-ran-(styrene-alt-N-ethylmaleimide)]-grafi-[poly(4-methylcaprolactone)
-block-poly(=+-lactide)], containing 80—100% PLA forms a tough plastic.>* These compounds,
denoted g-ML, displayed superior mechanical properties over the linear counterpart (LML) and
significantly retarded PLA aging kinetics.** Also, previous studies have shown that graft polymers
can function as compatibilizers in polymer blends.’**" We speculated that these excellent
mechanical properties, along with a large number of interfacial entanglements with the matrix, and
relatively low melt viscosity, would make g-ML polymers good candidates for toughening brittle
PLA. In addition, the mechanical and rheological properties of g-ML can be tuned by varying the
length of the backbone, number of graft chains, grafting density and molar mass of the grafts.’* In
this study, g-MLs containing 50% by volume PLA are examined for toughening a commercially
available PLA homopolymer. PAMCL (the M block) is also a degradable polymer with a low glass
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transition temperature, Tgm =—55 The molecular architecture, number of grafts and molar



mass of the graft polymers were systematically varied and the influence of these structural
characteristics on the morphology and mechanical property of the blends was established. We also

report on the kinetics of physical aging of PLA/g-ML blends.

2. Materials and Methods
Experimental details of polymer synthesis, processing and characterization can be found in the

Supporting Information.

3. Results and Discussion

3.1 Pure Triblock and Graft-block Copolymers

Graft polymers (g-MLs), poly[(styrene-alt-N-hydroxyethylmaleimide)-stat-(styrene-alt-
ethylmaleimide)]-grafi-[poly(4-methyl caprolactone)-block-poly(+-lactide)] with linear, tri-arm
and tetra-arm backbone chains were synthesized using a grafting-from technique.** Representative
'"H-NMR spectra of g-MLs are shown in Figure S1. In addition to the linear backbone graft
polymer reported by Maher et al.,** tri-arm and tetra-arm polymer backbones were synthesized in
this study wusing 1,1-tris[(dodecylthiocarbonothioylthio)-2-methylpropionate]ethane  and
pentaerythritol tetrakis[2-(dodecylthiocarbonothioylthio)-2-methylpropionate] as RAFT agents,
respectively (Scheme 1). Characterization data for the backbone polymers used to prepare g-MLs
are summarized in Table S1. Subsequently, PAMCL and PLA blocks were sequentially grown by
initiation of ring-opening transesterification polymerization (ROTEP) from the pendant hydroxyl
groups resulting in graft-block polymers (g-MLs) with linear, tri-arm and tetra-arm backbone
structures as shown in Scheme 2. The molar mass of the graft was fixed at approximatelyl5 kDa

with 50% by volume PLA. The molar mass of the PLA blocks is close to the entanglement molar



mass (8.7kg/mol) and the molar mass of PAMCL is above the entanglement molar mass
(2.9kg/mol).!#4145 The molecular architecture of g-ML with a tri-arm or tetra-arm polymer

backbone resembles that of star graft polymers.3®
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Scheme 1. Synthesis of linear, tri-arm and tetra-arm backbone polymers (a’,b’,c’) using various
RAFT agents (a,b,c). The number of grafting sites per arm (Y) varies from 10 to 40 for the linear
g-MLs (a’) and was fixed at 10 for tri-arm and tetra-arm g-MLs (b’, ¢”).

@
Sn(Oct), 130°C

e

Sn(Oct),,
Toluene, 110°C oj@\\g %55{%

(&) 3t () 4o o b’)3-g-ML(Y)  C”)4-gML(Y)
~

Scheme 2. Synthesis of g-MLs, poly[(styrene-al/t-N-hydroxyethylmaleimide)-stat-(styrene-alt-
ethylmaleimide)]-grafi-[poly(4-methyl caprolactone)-block-poly(=x-lactide)]. PLA and PAMCL
blocks are grafted onto backbone polymers (a’,b’,c’) to form linear, tri-arm and tetra-arm g-MLs



(a”’,b”’,c”’), respectively. The number of grafts per arm (Y) varies from 10 to 40 for linear g-MLs
(a’”) and was fixed at 10 for tri-arm and tetra-arm g-MLs (b’’, ¢”’).

A linear triblock copolymer (LML) with the same composition as the g-MLs, 50 vol% PLA,
was synthesized for comparison purposes using ring opening transesterification polymerization as
reported by Watts et al.*' The LML compound is analogous to g-ML with one backbone repeat
unit and two grafts; the molar mass was chosen to match that of two grafts. Molecular
characterization data for LML and the g-MLs are summarized in Table 1. In this report, the graft-
block polymers are named X-g-ML(Y) where X denotes the number of arms per backbone (1 for
linear, 3 for tri-arm and 4 for tetra-arm) and Y denotes the number of grafts per arm. The molar
masses of the grafts for all g-MLs are comparable, and SEC traces for the backbone polymers, the
g-MLs and the LML are presented in Figure S2. The nomenclature for the backbone polymers is
X-b(Y) where X refers to the number of arms per backbone (1 for linear, 3 for tri-arm and 4 for

tetra-arm) and Y indicates the number of grafting sites per arm.

Table 1. Characterization data for triblock and graft-block polymers containing 50% PLA by

volume
Structure Total Number of Mn)gmft paMcL? Mn’graﬁ pLAb Mn,tot ¢ % backbone®
b JfrLal
grafts (kDa) (kDa) (kDa)
I 1 1 1 1 1 1 1 1
LMLf 2 7.5 9.5 46 1.14 0.51 0
I 1 1 1 1 1 1 1 1
1-g-ML(10) 10 6.0 8.0 240 1.17 0.52 5.8
I 1 1 1 1 1 1 1 1
1-g-ML (30) 30 6.9 8.2 810 1.29 0.50 3.7
I 1 1 1 1 1 1 1 1
1-g-ML(40) 40 7.1 8.4 1,000 1.32 0.50 34
I 1 1 1 1 1 1 1 1
3-g-ML (10) 30 7.1 8.0 620 1.70 0.48 3.7




4-g-ML (10) 40 6.7 9.0 1,200 1.49 0.53 2.7

aNumber average molecular weight (M,), determined from % conversion by 'H-NMR
® Number average molecular weight (M,), determined by 'H-NMR
¢ Determined by SEC-MALS (SEC-multi-angle light scattering with a THF mobile phase)
d Calculated assuming densities ppamcr=1.04g/mL and ppra=1.25g/mL at 25 °C. The backbone
contribution is ignored.>*
¢% of the overall polymer mass associated with the backbone
fTriblock copolymer is analogous to a graft polymer with two grafts

Figure 1 shows differential scanning calorimetry data for the triblock and graft-block
copolymers. All the polymers exhibit two glass transitions corresponding to PAMCL (7y = —53
°C) and PLA (T, = 42 °C) domains consistent with microphase separated morphologies.*! The
glass transition temperatures of all the polymers are listed in Table S2; all the values are
comparable, attributable to the common molar mass of the grafts. Also, all the polymers exhibit
nearly identical order-disorder transition temperatures (7opts), which were established based on
the point where the dynamic elastic modulus (G") discontinuously drops while heating the material.
Consistent with a previous report dealing with similar graft-block copolymers,*” we find that Topr

is relatively invariant to the molecular architecture at fixed graft composition and molecular weight

as illustrated in Figure S3, where Topr= 180 + 10 °C.
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Figure 1. Differential scanning calorimetry curves of triblock copolymer (LML) and graft
polymers (g-MLs) during 2"¢ heating at a rate of 10 °C/min. The DSC curves are vertically shifted
for clarity. All the polymers show two glass transition temperatures associated with PAMCL (T
~ —53°C) and PLA (T, = 42°C) consistent with microphase separation between the different
blocks.

TEM images obtained from the pure triblock and graft-block copolymers are shown in
Figure 2. All the polymers exhibit a lamellar morphology with various degrees of long-range order.
LML displays large areas of uniform lamellar domains, while the lamellar domains of the g-MLs
with 3 and 4 backbone branches are less homogeneous. SAXS patterns shown in Figure S4 are
consistent with a reduction in long-range order with increasing molar mass (1-g-ML(10) versus 1-
g-ML(30) versus 1-g-ML(40)) and backbone branching (3-g-ML(10) versus 4-g-ML(10)). The 4-
g-ML(10) material shows more irregularities in lamellae spacing and more defects including
interconnected lamellae structures. The lattice spacings deduced from the primary peak positions
of SAXS patterns (q* = 0.026 - 0.032A"") matches those measured from TEM images (I = 20 ~ 24

nm). Based on TEM and SAXS, we can conclude that the LML and g-ML materials display a

lamellae morphology, which is moderately affected by the polymer architecture.
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Figure 2. TEM images of (a) LML (b) 1-g-ML(10), (c¢) 1-g-ML(40), (d) 3-g-ML(10), (e) 4-g-
ML(10). Specimens were stained with RuO4 which preferentially stains the PAMCL domains. The
scale bars denote 100 nm.

The stress-strain behavior of the LML and g-MLs are shown in Figure 3. Both have similar
elastic moduli and yield stresses as summarized in Table 2. Beyond the yield point, LML reaches
a stress plateau, which extends to the point of failure, while all the g-MLs show significant strain
hardening at € > 200%. All the copolymers are highly ductile with a strain at break of 450-500%.
However, the g-MLs are characterized by a tensile strength 6, = 16 MPa, which is roughly 50%
greater than for LML. We attribute these results to the significantly higher number of
intermolecular interactions associated with the graft-block copolymers versus the linear triblock

copolymer.
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Figure 3. Stress-strain behavior of LML and g-MLs during tensile deformation at a strain rate of
10 mm/min. Graft-block polymers show significant strain hardening while LML exhibits a stress
plateau. A complete set of stress-strain results are shown in Figure S5. Specimens were aged for 2
days prior to measurement.

Table 2. Mechanical properties of LML and g-MLs containing 50% PLA?

Toughness
Name E (MPa) oy (MPa) &y (%) o» (MPa) &b (%)
(MJ/m®)
I ] ] ] ] ] ] 1
LML 758£110 14+4 2.3+0.1 40+4 10+1 440452
I ] ] ] ] ] ] 1
1-g-ML(10) 641+80 13+2 2.7+0.1 54+5 17+1 476+34
I ] ] ] ] ] ] 1
1-g-ML(30) 660+90 132 2.4+0.2 4545 15+1 430424
I ] ] ] ] ] ] 1
1-g-ML(40) 624+54 12+1 2.44+0.2 5142 16+1 468+9
I ] ] ] ] ] ] 1
3-g-ML(10) 640+42 13+1 2.5+0.2 52+5 17+1 467+24
I ] ] ] ] ] ] 1
4-g-ML(10) 523+38 11+1 2.6+0.2 47+2 16+1 442+18

2Three or more measurements were averaged and the error denotes half the range of the data

3.2 PLA-Block Copolymer Blends
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TEM images obtained from PLA blended with the LML and five g-MLs samples are shown in
Figure 4. The concentration of block copolymer in the blends was fixed at 5 wt%. Since the
composition of the LML and g-MLs polymers is approximately 50 vol% P4MCL, the total
concentration of the rubbery PAMCL domains in the blends is only 2.5 wt% (= 3 vol%). All the
LML and g-MLs are well dispersed in the PLA matrix due to the matrix compatible PLA blocks
in the linear and graft block modifiers. The LML forms what appears to be a mixture of micelles
and small aggregates, whereas g-ML, for example, 1-g-ML(10), forms particles with a layered
structure with a spacing that matches that of the pure graft-blocks (see Figure 2 and Figure S6).
The proposed molecular arrangement of LML and 1-g-ML(10) chains within the PLA matrix is
shown in Figure 5. The interlayer spacing between layers is about 21 nm and agrees with SAXS
data shown in Figure S7. SAXS patterns reveal a single broad peak at q = 0.03 A"! for the PLA/g-
ML blends, however, PLA/LML blend shows a less distinct peak, consistent with the presence of
fewer aggregated particles and more micelles. Multi-lamellar particles (i.e., vesicles) have been
shown to produce a scattering peak that corresponds to the interlayer thickness.**#” All the blends
display a relatively broad particle size distribution, and most of the particles appear to be elongated,
which we interpret as being due to the flow of the material during the hot pressing procedure. The
average particle size (corresponding to the minor axis in elongated particles) ranges between 65
and 105 nm and the particle size distributions for the blends are shown in Figure S8. Particle sizes
associated with the PLA/g-ML blends are larger than those produced by the PLA/LML blend; for
example, the average particle size for PLA/LML and PLA/3-g-ML(10) are 67 nm and 91 nm,
respectively. This difference reflects a greater extent of g-ML association for the graft-block

copolymers. Nevertheless, all 6 polymers are reasonably well dispersed in the PLA.
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Figure 4. TEM images of PLA blended with 5 wt% of (a) LML, (b) 1-g-ML(10), (c) 1-g-ML(30),
(d) 1-g-ML(40), (e) 3-g-ML(10) and (f) 4-g-ML(10). The scale bar represents 500 nm. TEM
specimens were stained with RuQOj to selectively darken the PAMCL domains. TEM images reveal

formation of well-dispersed nanoparticles in the PLA matrix. Higher magnification TEM images
are shown in Figure S6.
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Figure 5. Postulated molecular arrangement of (a) LML and (b) 1-g-ML(10) polymer chains
dispersed within the PLA matrix at 5 wt% concentration, based on TEM images shown. LML
forms mostly polymer micelles whereas 1-g-ML(10) forms spherical bilayer vesicles with an
interlayer spacing of 21 nm, consistent with the spacing derived from SAXS patterns shown in
Figure S7.

PLA blends containing 5 wt% of the block copolymer additives exhibit high transparency
as shown in Figure 6. This feature is highly desirable for many applications such as food packaging.
Most rubber-toughened plastics are opaque due to the combination of large, i.e. micron size,
particles and differences in refractive index between the matrix and rubbery phases.?* The high

transparency of the blends reported in this study is due to the combined effects of a low

concentration of well dispersed nanoparticles (ca. 100 nm in size, Figure 5) with relatively modest
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refractive index contrast between the matrix PLA and particles, which contain 50% by volume

PLA/LML PLA/1-g-ML(10)
B S
PL,;\/ 1-g-ML(30) PLA/1-g-ML(40)
P
PLPL)B;g-ML(TO) PLA/4-g-ML(10)

; o ; Py

Figure 6. Optical image of films of PLA blended with 5 wt% of LML and the g-ML block
copolymers demonstrating high transparency. Specimens were melt-blended at 180 °C for 10
minutes then hot pressed to obtain 0.2 mm thick sheets.

Representative stress-strain curves of blends prepared with LML and the g-MLs are shown
in Figure 7; mechanical properties extracted from these data are tabulated in Table 3. Tensile
specimens were aged for two days at room temperature prior to testing. The pristine PLA displays
brittle failure, with strain at break of & = 7%. Addition of to the LML increases & to 105%, and
blending the g-MLs further improves the tensile toughness where &= 160 — 280 %. Based on the
results from the 1-g-MLs, the tensile toughness appears to be dependent on the number of grafts.
The elongation at break increases from 160% to 230% to 280% as the number of grafts increases
from 10 to 30 and 40, respectively. 3-g-ML(10) and 4-g-ML(10) blended with PLA display
elongations at break of 280% and 245%, respectively, which are indistinguishable within
experimental error. A complete set of stress-strain results are shown in Figure S10. The impact of

blending LML and g-ML on the elastic modulus and yield stress is insignificant as summarized in
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Table 3, attributable to the small amount of rubbery PAMCL (2.5 wt%) present. However, this
minor amount of rubbery polymer has a dramatic impact on the overall tensile toughness (area
under the stress-strain curve) which increased 22 fold using LML and between 20 and 34 times for
the g-MLs, relative to pure PLA. To the best of our knowledge, this represents the greatest
enhancement in toughness of PLA reported in the literature at such low levels of added rubber,
hence without sacrificing elastic modulus or yield stress. Several photographs of the PLA/3-g-
ML(10) blend before and after tensile testing are shown in Figure S11. The patches of whitened

gauge section of the tensile specimen indicate a mixture of plastic deformation, cavitation, and

crazing.*®
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Figure 7. Stress-strain curve of: (left) pristine PLA, and PLA blended with LML; (middle) PLA
blended with 1-g-ML(10), 1-g-ML(30), 1-g-ML(40); (right) PLA blended with 3-g-BCP(10) and
4-g-ML(10). The concentration of modifiers (LML, g-MLs) is 5 wt% for all blends. The tensile
toughness of PLA improves dramatically after blending with graft polymer modifiers. All tensile
specimens were aged at room temperature for 2 days before testing and the strain rate was 1
mm/min. Stress-strain responses in the low strain (<10%) regime are shown in Figure S9.
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Table 3. Mechanical properties of pristine PLA and PLA blended with 5 wt% of LML and g-

MLs?
Toughness Ob
Name E (GPa) oy (MPa) &y (%) & (%)
(MJ/m®) (MPa)
I 1
PLA 2.5+0.1 5342 2.6+0.1 2.8+1.1 6.742.5
I 1
PLA/LML 2.5+0.1 5342 2.6+0.1 60+28 35+4 105£50
I 1
PLA/1-g-ML(10) 2.440.1 53£3 2.8+0.3 54425 33£5 158+73
I 1
PLA/1-g-ML(30) 2.540.1 5142 2.6%0.1 77£12 3743 234+£31
I 1
PLA/1-g-ML(40) 2.320.1 5042 2.7+0.1 9042 39+1 28244
I 1
PLA/3-g-ML(10) 2.540.1 51£3 2.6+0.1 9444 401 280+£9
I 1
PLA/4-g-ML(10) 2.3+0.1 50£1 2.840.1 87+l 39+1 245+46

At least three measurements were averaged, and the error denotes half the range of the data

The stress-strain curves of PLA blended with 2.5, 5, 10, and 20 wt% of 3-g-ML(10) are

presented in Figure 8, and the associated tensile properties are tabulated in Table 4. Just 2.5 wt%

of this graft-block copolymer increases the elongation at break from 7% to 83%. Increasing the

concentration to 5 wt% yields & = 280%, and this property remains essentially invariant up to 20

wt%. However, the plateau in the stress at higher strains drops above 5 wt% of 3-g-ML(10), which

can be attributed to the greater rubber content and a much courser morphology as shown by TEM
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images in Figure S12. Therefore, maximum toughness is obtained at about 5 wt% loading of the

additive.

2.5 wt%
5 wt%

10 wt%
20 wt%

0 . 1 N 1 . 1 N 1 . ! N
0 50 100 150 200 250 300
e (%)

Figure 8. Stress-strain curves of PLA blended with 2.5 to 20 wt% of 3-g-ML. Tensile specimens
were aged at room temperature for 2 days before testing at a strain rate of 1 mm/min.

Table 4. Mechanical properties of PLA blends with various concentration of 3-g-ML(10)

modifier Toughness Oy
E (GPa) oy(MPa) & (%) & (%)

concentration (wt%) (MJ/m®) (MPa)

I I I I I I I 1
0 2.5+0.1 5342 2.6+0.1 2.7+1.1 6.7+2.5

I I I I I I I 1
2.5 2.4+0.1 512 2.5+0.1 28+13 34+1 83+39

I I I I I I I 1
5 2.4+0.1 5143 2.6+0.1 94+4 40+£1 28049

I I I I I I I 1
10 2.2+0.1 46+1 2.6+0.1 8142 361 275+10

I I I I I I I 1
20 2.1+0.2 34+4 2.2+0.1 71£15 314 280437

The TEM images, shown in Figure S12, also reveal the evolution of a coarser particle

dispersion and more complex overall morphology with increasing concentrations of graft polymer.
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At low concentration (2.5 wt%), the vesicles are smaller and form a single-layer. At high
concentration (10, 20 wt%), the size distribution broadens, and the particle shapes are far from
spherical. SAXS patterns shown in Figure S14 reveal that the internal spacing associated with
block segregation remains the same at all concentrations. DSC measurements shown in Figure S13
demonstrate that the glass transition temperature of the PLA does not change with addition of up
to 20 wt% 3-g-ML(10), consistent with segregation of the graft-block copolymer from the
homopolymer matrix. It is worth noting that the blend maintains relatively high transparency while
the concentration of g-ML in the blend increases from 2.5 to 20 wt% as shown in Figure S15. The
stress-strain behavior of PLA blended with various concentration of 3-g-ML(10) during physical
aging is shown in Figure 9. Tensile specimens were kept at room temperature for specified periods
of time before testing. After aging 2 days, PLA/3-g-ML(10) (5wt%) blend shows ductile behavior
with an elongation at break of 280%. However, after 15 days of aging, the elongation at break
reduces to 125%, and the stress-strain curve begins to exhibit a double yield behavior as reported
previously?%#° with pristine g-ML containing 90% PLA.3* After 22 days of aging, the 5 wt% blend
material fails at about 22 % strain, before reaching the 2"¢ yield point. PLA blended with 5wt% of
1-g-ML(30) and 4-g-ML(10) also displayed a ductile to brittle transition (DBT) after 22 days of

aging as shown in Figure S17.
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Figure 9. Stress-strain behavior of PLA blended with (a) 5 wt%, (b) 10 wt%, and (c) 20wt% of 3-
g-ML(10) at various stages of physical aging at room temperature. During physical aging, the
tensile specimen undergoes a ductile-to-brittle transition. The kinetics of physical aging are
determined by the concentration of graft polymer in the blends. The low strain portions of these
data are shown in Figure S16.

We previously showed that it took 21 days for pure 1-g-ML with 90 vol% PLA (10 vol%
P4MCL) to undergo a DBT.?* It is interesting to note that the same DBT time is realized in the
PLA/3-g-ML(10) (5wt%) blend with only 2.5 wt% (3 vol%) of rubbery PAMCL. Surprisingly,
adding a small amount of the graft-block copolymer to the commercial PLA homopolymer is more
efficient at delaying aging than is the pure copolymer, and without reductions in the modulus and
yield stress; the 1-g-ML with 90 vol% PLA (10 vol% P4MCL) was characterized by a 12.5% drop

in elastic modulus and 15% reduction in the yield stress.** As the PAMCL content increases to 5wt%

(10wt% of 3-g-ML(10)) in the PLA/3-g-ML(10) blend, the DBT is delayed to 147 days. For the
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blend with 10 wt% of PAMCL (20wt% of 3-g-ML(10)), the tensile specimen did not show any

sign of a decrease in elongation at break even after 107 days.

Conclusions

Blending graft-block copolymers containing 50% by volume rubbery PAMCL and 50% by volume
PLA blocks, denoted g-MLs, with commercial PLA results in dramatic increases in toughness
compared to the pristine brittle plastic. We have achieved the highest toughness, a 34-fold increase
over pure PLA, by melt blending 5wt% of 3-g-ML(10), a 3-arm graft-block copolymer. Due to the
low overall amount of rubbery PAMCL (2.5 wt.%) in the blend, the hardness and yield strength of
the modified plastic were largely unaffected. The number of grafts and architecture of the g-ML
modestly influence the toughness of the blends. These g-ML additives form well dispersed
nanoparticles within a PLA matrix and the blends retain high optical transparency. The ductile to
brittle transition (DBT), which occurs within about 1 day in pure PLA, can be delayed by more
than 100 days by the addition of g-ML, where the kinetics of physical aging are determined by the

concentration of the modifier.
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