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Polylactide (PLA) is an intriguing polymer from both a bio-
medical and a sustainable perspective due to its biorenewable
origins and benign degradation products.'> However, the appli-
cations of PLA are currently limited by its brittle nature.’ General
strategies for polystyrene toughening (e.g., approaches based on
polystyrene—polybutadiene block polymers and high impact
polystyrene) have inspired a great deal of effort toward increas-
ing the ductility of PLA through the introduction of a rubbery
(i.e., low glass transition temperature, low modulus) phase in
blends and block copolymers.>™'® The rubbery component
provides supplementary energy dissipation mechanisms during
deformation and thus improves toughness (or ductility).!" To
achieve toughening without compromising other mechanical
responses, the rubber content should be minimized. For example,
high rubber content typically reduces the elastic modulus and
(vield) strength of a composite material.'*'?

Syntheses of block copolymers containing PLA for modified
mechanical behavior have been reported in the literature, but
most typically ernploy a linear architecture with less than about
50 wt % PLA."7'® In the few reported cases of PLA block
copolymers containing predominantly PLA, composmons of
greater than 90 wt % PLA have rarely been explored 7 Grijpma
and co-workers were able to synthesize a star-block copolymer of
poly(trimethylene carbonate) [PTMC] and polylactide contain-
ing 6 wt % PTMC."® However, the resulting material showed a
15% decrease in tensile yield strength and no increase in ductility
when compared with polylactide. To the best of our knowledge,
there are no reports of PLA block copolymers containing less
than 10 wt % rubber that exhibit improved ductility relative to
PLA homopolymer.

Motivated by previous reports, we hypothesize that the synthe-
sis and development of PLA graft copolymers may well provide
materials with enhanced toughness.'®~>* To this end, we recently
described the synthesis of a bifunctional monomer consisting of a
lactone substituted with a norbornene moiety.** Ring-opening
metathesis polymerization (ROMP) of the bifunctional mono-
mer and 1,5-cyclooctadiene yielded a rubbery macromolecule
with pendant lactones. Subsequent ring-opening transesterifica-
tion polymerization (ROTEP) of br-lactide in the presence of the
rubbery “backbone” provided mixtures composed of polylactide
graft copolymer and homopolymer poly(bL-lactide) [PLA]. At
20 wt % rubber, the composite material exhibited significantly
enhanced tensile toughness (8 x) as compared to a model PLA
homopolymer.

Inspired by that study, we now introduce a simplified synthetic
approach for the facile synthesis of polylactide graft copolg-
mers (Scheme 1) utilizing both ROMP and ROTEP.'"-#~28

*To whom correspondence should be addressed. E-mail: hillmyer@
umn.edu.

pubs.acs.org/Macromolecules Published on Web 08/31/2010

Macromolecules

COMMUNICATION TO THE EDITOR

First, a rubbery backbone is synthesized by ring-opening meta-
thesis copolymerization of commercially available 1,5-cycloocta-
diene (C) and 5-norbornene-2-methanol (N) catalyzed by the
second-generation Grubbs’ catalyst (G2).'*’ A chain transfer
agent (CTA), cis-1,4-diacetoxy-2-butene, is used to control the
degree of polymerization of the copolymer.*® The resulting
polymer, poly(1,5-cyclooctadiene-co-5-norbornene-2-methanol)
[PCN], has a low glass transition temperature (7, ~ —80 °C) and
statistically distributed pendant primary hydroxyl groups capa-
ble of initiating the ROTEP of lactide.*' ~** The average number
of grafts per chain and spacing between grafts can be controlled
through the comonomer ratio and CTA concentration. ROTEP
of pL-lactide (L) [a racemic mixture of the D- and L-stereoisomers]
from the PCN macroinitiator catalyzed by 1,5,7-triazabicyclo-
[4.4.0]dec-5-ene (TBD)™ provides the desired graft copolymer,
poly(1,5-cyclooctadiene-co-5-norbornene-2-methanol-graft-pL-
lactide) [PCNL] (Scheme 1). Although interesting, the effect of
PLA crystallinity was not considered in this initial study.

Scheme 1. PLA Graft Copolymer Synthesis
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In this Communication, we focus on one specific graft copoly-
mer, PCNL-332-10.9-95, where the numbers respectively desig-
nate the number-average degree of polymerization of the 1,5-
cyclooctadiene in the PCN backbone, average number of grafts
per chain, and weight percent of PLA in the copolymer as
determined by nuclear magnetic resonance (NMR) spectroscopy.
The theoretical molecular weight of each PLA graft is 65.0 kg/mol.
A comparison of the "H NMR signals (Figure S2) from the PLA
initiation sites along the PCN backbone (the methylene adjacent
to the cyclopentane ring in the backbone) and the terminating end
groups (the terminal methine proton of the PLA chains) reveals a
slight excess of the terminal methine proton (ca. 19 mol %),
suggesting the graft copolymer may contain a small portion of
PLA homopolymer from adventitious initiation.’” Assuming the
molar masses of the free and grafted PLA chain are equal, we
calculate the sample as having ~18 wt % PLA homopolymer.
The calculated number-average molecular weight (M) of all
the PLA chains (free and grafted) in the system is 57 kg/mol. On
the basis of the molar mass of the PCN backbone, the estimated
PLA arm length, and the average number of arms per backbone,
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we estimate an M, for PCNL-332-10.9-95 of 659 kg/mol. For
comparative purposes, we also prepared a PLA homopolymer
sample (M, = 59.0 kg/mol, NMR spectroscopy) initiated by
benzyl alcohol using TBD. Size exclusion chromatography (SEC)
data for the macroinitiator (Figure 1a), PCN-332-10.9, shows a
relatively symmetric, monomodal peak (M, = 55.6 kg/mol,
PDI = 1.69, PS standards). PCNL-332-10.9-95 (Figure 1b) elutes
at a smaller retention volume than the macroinitiator, indicating
successful grafting of PLA from the macroinitiator, but exhibits
both high and low molecular We1ght shoulders (M,, = 305 kg/mol,
PDI = 2.34, PS standards*®). Comparison of the SEC traces for
the macroinitiator, graft copolymer, and PLA control (Figure Ic;
M, = 94 kg/mol, PDI = 1.88, PS standards) suggests that the
low molecular weight shoulder may arise from unfunctionalized
backbone chains, PLA homopolymer, or both. The origin of
the high molecular weight shoulder of PCNL-332-10.9-95 is
currently under investigation.

The morphology adopted by PCNL-332-10.9-95 is important
based upon the well-established impact of mlcrophase separation
on ductility in rubbery—glassy composites.*® The PCNL-332-
10.9-95 graft copolymer presumably lies near the order—disorder
phase boundary based on the large compositional asymmetry
(95 wt % PLA).***! However, the anticipated high degree of
immiscibility between PLA and the aliphatic PCN backbone'”*!
combined with an effectively large conformational asymmetry
between the PLA grafts and the PCN backbone both favor
microphase separation.”* Differential scanning calorimetry
(DSC) [Figure S3] of PCN-332-10.9 revealed a T, of —81 °C
and a broad set of endothermic melting transitions between about
—10 and 50 °C due to the semicrystalline nature of the poly-
(1,5-cyclooctadiene). After grafting of PLA onto the macroini-
tiator, only a very weak melting transition was observed (centered
near 20 °C). The PLA T, in PCNL-332-10.9-95 was apparent at
57 °C, a value nearly identical to that in the PLA control sample
and consistent with microphase separation; the 7, of the rubbery
backbone in PCNL-332-10.9-95 was not observable.

Small-angle X-ray scattering (SAXS) of PCNL-332-10.9-95
showed a single peak in the one-dimensional profile of intensity
versus spatial frequency (Figure S4), suggesting a microphase-
separated structure with a principal domain spacing of ~32 nm.
Transmission electron microscopy (TEM) of thin sections of
PCNL-332-10.9-95 (stained with OsQOy) revealed a phase-separated
morphology consisting of spheroidal domains rich in poly-
(1,5-cyclooctadiene) [the double bonds in the PCN backbone
being stained by OsO,] surrounded by a matrix of PLA (Figure 2).
The thickness of the ultramicrotomed sections (~70 nm) results
in overlapping rubber domains and the appearance that more
than 5% of the imaged area is stained. Although the TEM image
is a two-dimensional projection of a three-dimensional sample,
the approximate domain spacing (~30 nm) supports the results
from SAXS. Both the PCNL-332-10.9-95 and PLA control
sample were optically transparent (Figure 3a.c).

The mechanical behavior of PCNL-332-10.9-95 was charac-
terized by tensile testing of compression-molded samples.**
Mechanical properties of the graft copolymer were compared
to those of the PLA control. The PLA control (Figure 3a,b) failed
catastrophically after a relatively small amount of deformation
without neck formation and only slight stress whitening, char-
acteristic of a brittle material. On the contrary, the graft copoly-
mer exhibited stress whitening, neck formation, and cold
drawing, resulting in extensive elongation (Figure 3c,d). Repre-
sentative engineering stress—strain curves for both materials are
shown in Figure 4. On average, the PLA control elongated to
13 &+ 4% before failure, s1m11ar to a reported literature value for
amorphous poly(L-lactide).* In contrast, PCNL-332-10.9-95
exhibited an average ultimate elongation of 238 + 43%, a
1700% increase relative to PLA. Furthermore, the average tensile
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Figure 1. Size-exclusion chromatograms of (a) the PCN-332-10.9
macroinitiator, (b) the PCNL-332-10.9-95 graft copolymer, and
(c) the PLA control sample.

Figure 2. Transmission electron micrograph of PCNL-332-10.9-95
reveals a microphase-separated morphology (OsOy staining; ~70 nm
thickness).

Figure 3. Representative tensile bars illustrate the PLA control
(a) before and (b) after tensile testing. The significant increase in ulti-
mate elongation, stress whitening, and necking of PCNL-332-10.9-95
(d) after testing, relative to (c) before testing, is readily apparent.

modulus, £, and yield strength, ¢,, of the graft copolymer (£ =
1.86 & 0.09 GPa, 0, = 64.8 & 2.0 MPa) were only slightly lower
than the PLA control (E = 2.03 £ 0.07 GPa, 0, = 67.9 £ 1.3
MPa). Overall, the tensile toughness of PCNL-332-10.9-95 was
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Figure 4. Representative engineering stress—strain curves illustrate the
increase in ultimate elongation of PCNL-332-10.9-95 (---) relative to
PLA (—). The failure points are denoted by the x’s. The small strain
limit is shown in the inset highlighting the similar tensile modulus and
yield strength of the two materials.

remarkably 14 times larger than the PLA control sample (95 +
23 MJ/m® vs 7 + 2 MJ/m*).* Notably, the graft copolymer
exhibited two yield points, the first at ~6% strain (I) and the
second, corresponding to the onset of neck formation, at ~12%
strain (II) before the start of cold drawing at nearly constant
stress (IIT) as seen in the inset of Figure 4.

Plastic deformation in rubber-toughened glassy polymers can
occur through a number of mechanisms including crazing,
cavitation of the rubber phase, and shear yielding.*> Whitening
of the gage region was observed in PCNL-332-10.9-95 before
neck formation. Additionally, some whitening was observed in
the PLA homopolymer, and a comparison of the tensile curves
reveals similar stress values from about 6—12% strain. As PLA
homopolymer is known to deform by a crazing mechanism,* it is
possible that the graft copolymer also deforms from point I to
point IT (denoted in the Figure 4 inset) by a similar crazing
mechanism. When considering the possibility of rubber phase
cavitation, theoretical models predict that the critical volume
strain required to cause cavitation is inversely proportional to
the size of the rubbery domains.*>® Thus, if the small size of the
rubber domains in the graft copolymer causes the critical stress
for cavitation to be greater than that for an alternative deforma-
tion mechanism (e.g., matrix crazing), the matrix phase may yield
prior to cavitation. However, Lazzeri and Bucknall have noted
that cavitation of the rubber domain may still occur even after
initial deformation of the matrix phase provided that strain
hardening takes place, resulting in an increase of the true stress.*’
Consequently, despite their nanoscale dimensions, cavitation of
the rubber domains may also play a role in the initial deformation
of the graft copolymer. Experimental evidence for cavitation of
nanoscale rubber particles in glassy polymer matrices has been
reported in the literature, supporting its feasibility.'**%4

After the initial deformation from point I to point IT (Figure 4),
a decrease in the engineering stress occurs from point II to point
IIT due to the formation of a neck with reduced cross-sectional
area relative to the undeformed gage. At point III, cold drawing
begins and the engineering stress remains approximately constant
near 35 MPa due to the propagation of the neck through the gage
length."? The stress then increases up to about 50 MPa as the cold
drawing front approaches the grips of the tensile bar before
catastrophic failure in the gage takes place. Both neck formation
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and cold drawing have been attributed to shear yielding mech-
anisms'? and were not observed for homopolymer PLA. The
presence of the rubber domains coupled with the graft architec-
ture of the block copolymer has altered the deformation mecha-
nism that occurs in uniaxial extension when compared with
homopolymer PLA. The exact role of the rubber phase in the
deformation mechanism and the effect of block copolymer
architecture and composition are ripe for further investigation.

In summary, a rubber-toughened PLA hybrid material con-
taining only 5 wt % rubber was synthesized using a grafting-from
approach. Despite the large compositional asymmetry, a micro-
phase-separated morphology was observed by SAXS and TEM
analysis. The large improvement in tensile ductility (without a
major loss of strength or rigidity) observed for the graft copolymer
relative to PLA demonstrates the potential for an optically
transparent and impact-resistant polylactide-based material. We
are currently exploring the molecular parameters needed to
achieve the improved properties in these materials and their
influence on impact performance.
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