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An R,ω-functionalized polymenthide was synthesized by the ring-opening polymerization of menthide in the
presence of diethylene glycol with diethyl zinc as the catalyst. Termination with water afforded the dihydroxy
polymenthide. The reaction of this telechelic polymer with triethylaluminum formed the corresponding aluminum
alkoxide macroinitiator that was used for the controlled polymerization of lactide to yield biorenewable polylactide-
b-polymenthide-b-polylactide triblock copolymers. The molecular weight and chemical composition were easily
adjusted by the monomer-to-initiator ratios. Microphase separation in these triblock copolymers was confirmed
by small-angle X-ray scattering and differential scanning calorimetry. A representative triblock was prepared
with a hexagonally packed cylindrical morphology as determined by small-angle X-ray scattering, and tensile
testing was employed to assess the mechanical behavior. On the basis of the ultimate elongations and elastic
recovery, these triblock copolymers behaved as thermoplastic elastomers.

Introduction

Polylactide is an attractive biodegradable polyester that
possesses many desirable properties such as nontoxicity, hy-
drolyzability, and biocompatibility.1 These properties contribute
to polylactide’s potential for use in the biomedical and
pharmaceutical fields.2,3 Polylactide is most commonly synthe-
sized by the ring-opening polymerization of lactide, the cyclic
dimer of lactic acid.4 Polymerization of racemicD,L-lactide
typically results in atactic, amorphous (Tg ≈ 60 °C) poly(D,L-
lactide) (PLA), whereas polymerization ofL-lactide orD-lactide
results in isotactic, semicrystalline (Tm ≈ 180°C) poly(L-lactide)
(PLLA) or poly(D-lactide) (PDLA).5 Under tension, polylactide
fractures at very low strains (ca. 3%), and is therefore unsuitable
for use in numerous applications where elasticity and ductility
are essential. Modifications of polylactide by plasticization,6

blending,7 and incorporation into block copolymers8 can be used
to enhance its portfolio of properties, thus widening its ap-
plicability.

With the aim of enhancing the utility of polylactide, we have
been interested in polylactide-containing ABA triblock copoly-
mers. ABA triblock copolymers that contain immiscible seg-
ments where A is a “hard”, highTg or semicrystalline polymer
and B is a “soft” amorphous, lowTg polymer can behave as
thermoplastic elastomers (TPEs).9 The mechanical properties
of this class of triblock copolymer are a result of the microphase
separation of the soft and hard blocks in which the soft, rubbery
matrix phase is physically cross-linked by the microphase-
separated hard phase, thus providing both strength and elastic-
ity.9,10 The stress-strain properties of TPEs are similar to that
of vulcanized rubbers, but the materials can be processed like
conventional thermoplastics.9

Polylactide-containing ABA triblock copolymers with non-
biodegradable, non-renewable midblocks, such as polyisoprene

(PI),11,12an aniline pentamer,13 and polyisobutylene,14 have been
synthesized. We have shown that PLA-b-PI-b-PLA triblock
copolymers exhibited high elongations (especially for a sample
with cylindrical morphology, with ultimate elongations of 650
( 70%) and good elastomeric recovery, but this system has
drawbacks because it is inherently only partially renewable and
biodegradable.11 The synthesis of fully biodegradable triblock
copolymer systems containing a poly(3-hydroxybutyrate) (PHB),
poly(1,3-trimethylene carbonate) (PTMC), poly(1,5-dioxepan-
2-one), poly(ε-caprolactone), or poly(ethylene oxide) middle
blocks and PLA, PLLA, or PDLA end blocks has also been
investigated.15-18 The triblock copolymer series PLLA-b-PHB-
b-PLLA showed an improved initial modulus relative to the
elastomeric homopolymer PHB, but demonstrated low ultimate
elongations of less than 200%.15 The triblock copolymers PLLA-
b-PTMC-b-PLLA and PDLA-b-PTMC-b-PDLA exhibited im-
pressive elongations of>1800% when containing 10 mol %
PLLA or PDLA, and low creep rates were obtained by
stereocomplex formation between enantiomeric polylactide
segments of the triblock copolymers in blends.16

Such completely biodegradable ABA triblock copolymers as
those described above will expand the potential utility of TPEs
to be used in applications such as drug delivery matrices, flexible
implants, substrates for cell culture and scaffolds for tissue
engineering.2,19We are interested in using polymenthide (PM)20

as the soft, lowTg segment of a PLA containing ABA triblock
copolymer. PM is one of a variety of new polymers derived
from biorenewable resources.21 The ring-opening polymerization
of menthide (M , Scheme 1), a derivative of (-)-menthol, was
investigated by Zhang et al.,20 who showed thatM can be
polymerized in a controlled fashion with molecular weights up
to 91 kg/mol. PM is a noncrystalline, amorphous polymer that
exhibits aTg of -25 °C, making it a suitable candidate for a
soft segment in TPEs. We have found that PM and PLA
homopolymers are immiscible (at moderate molecular weight,
a blend of PM (30 kg/mol) and PLA (30 kg/mol) exhibits two
glass transition temperatures corresponding to each of the
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homopolymers) and have the potential to microphase separate
once incorporated in block copolymers. We herein report the
synthesis of PLA-b-PM-b-PLA TPEs and their full characteriza-
tion, including by1H and13C NMR spectroscopy, size exclusion
chromatography (SEC), differential scanning calorimetry (DSC),
and small-angle X-ray scattering (SAXS). We also synthesized
a PLA-b-PM-b-PLA triblock copolymer on a 2 g scale for
mechanical testing, the results of which demonstrated its
elastomeric behavior.

Experimental Section

Materials. All air- or moisture-sensitive compounds were handled
under a nitrogen atmosphere in a glovebox, as indicated. Toluene used
for polymerizations was purified by passing through activated alumina-
based columns (Glass Contour, Laguna Beach, CA) followed by
distillation from sodium.D,L-Lactide (Purac) was purified by recrys-
tallization from toluene followed by repeated (2×) vacuum sublimation.
Diethylene glycol (DEG; Sigma Aldrich) was distilled under reduced
pressure from sodium. Molecular sieves (4 Å) were dried under vacuum
at 180°C for a minimum of 16 h. All other solvents and reagents were
used as received from the commercial source indicated without further
purification. All glassware used in polymerizations was treated with a
solution of Me2SiCl2 (10% in CH2Cl2) and oven dried at 200°C for a
minimum of 3 h before use.

Measurements.1H and13C NMR spectra were collected on a Varian
INOVA-300, VXR-300 or Varian INOVA-500 spectrometer. Samples
of the polymers were prepared by dissolving approximately 30 mg of
polymer in 1 mL of CDCl3 (Cambridge). Molecular weights (Mn and
Mw) and polydispersity indices (PDIs) (Mw/Mn) were determined by
SEC using polystyrene standards. Samples were analyzed at 40°C using
a Hewlett-Packard high-pressure liquid chromatograph equipped with
three Jordi poly(divinylbenzene) columns of 104, 103, and 500 Å pore
sizes and a HP1047A differential refractometer. Fourier transform
infrared (FT-IR) spectra were collected on a Thermo Nicolet Avatar
370 FT-IR spectrometer. The kinetics of selected polymerizations were
monitored by a Mettler Toledo ReactIR 4000 equipped with a diamond
probe. DSC measurements were performed using a TA Instruments
Q1000 with nitrogen as the purge gas. An indium standard was used
for calibration, and the scan rate was 10°C/min. Samples weighing
3.0-8.0 mg were loaded into aluminum hermetic pans, and the pans
were sealed prior to measurement. Measurements for SAXS were
performed at the University of Minnesota Twin Cities Characterization
Facility beamline. Cu KR X-rays (λ ) 1.542 Å) were generated by a
Rigaku RU-200BVH rotating anode fitted with a 0.2× 2 mm2

microfocus cathode and Franks mirror optics. Temperature control
inside the evacuated sample chamber was accomplished with water-

cooling and electrically heating the brass-block sample holder. All
samples were heated to 160°C and annealed for 10 min in the sample
chamber prior to SAXS measurements at 80-160°C. Two-dimensional
diffraction images were recorded using a Siemens area detector located
at the end of a 2.30 m evacuated flight tube and corrected for detector
response before analysis. The two-dimensional images were azimuthally
integrated and reduced to the one-dimensional form of scattered
intensity versus the spatial frequencyq. Tensile deformation experiments
were carried out at room temperature using a Rheometrics Scientific
Minimat instrument operated at a cross-head speed of 5 mm/min. The
sample gage length was 5 mm, the gage width was 3 mm, and the
gage thickness was 1 mm.

General Procedure for the Synthesis of PM.As previously
reported,20 M was synthesized from (-)-menthone usingmeta-
chloroperbenzoic acid.22 M was readily obtained on a 100 g scale in
>70% yield by recrystallization from hexanes and sublimation of the
crude product. Initial monomer concentrations were kept at 1 M. A
stock solution of DEG ([DEG]) 0.10 M in tetrahydrofuran (THF))
was stored in the glovebox at-30 °C. The amount of catalyst and
DEG used varied depending on the desired molecular weight of the
resulting polymers. A representative procedure was as follows: In the
glovebox, portion of DEG solution (1.84 mL, 0.184 mmol) was injected
into the reaction flask followed by the addition of diethyl zinc (ZnEt2;
Sigma Aldrich, 1.0 M in hexanes) (918µL, 0.918 mmol). The reaction
flask was then charged withM (2.500 g, 14.68 mmol), toluene (11.93
mL), and a stir bar. The reaction flask was sealed and taken out of the
glovebox to stir at 100°C for 4.5 h (73% conversion of monomer).
Exposure to air and the addition of water (3.0 mL) quenched the
reaction. The majority of the solvent was evaporated, and the polymer
was washed with methanol at 0°C and dried at 90°C in a vacuum
oven (1.7 g recovered, 93% yield).1H NMR (CDCl3) δ 4.73 (m, 161H),
4.23 (t,J ) 4.5 Hz, 4H), 3.69 (t,J ) 4.5 Hz, 4H), 3.34 (m, 1H), 2.30
(dd, JAB ) 15.3 Hz,J ) 5.4 Hz, 161H), 2.07 (dd,JAB ) 14.4 Hz,J )
8.4 Hz, 161H), 1.94 (m, 161H), 1.82 (m, 161H), 1.53 (m, 322H), 1.33
(m, 161H), 1.18 (m, 161H), 0.94 (d,J ) 6.6 Hz, 482H), 0.89 (d,J )
6.9 Hz, 964H);13C{1H} NMR (CDCl3) δ 173.2, 78.6, 42.2, 32.9, 31.4,
30.6, 28.7, 20.0, 18.9, 17.7.

General Procedure for the Synthesis of LML Triblock Copoly-
mers. Initial D,L-lactide concentrations were kept at 1.0 M. The amount
of D,L-lactide used varied depending on the molecular weight of the
macroinitiator. Each macroinitiator copolymerization series was per-
formed under identical initial conditions (exception: LML(3.3-28-
3.3)). The time allowed for each block copolymerization in the series
was tailored to the product molecular weights desired. A typical
procedure was as follows: In the glovebox, a reaction flask was charged
with PM10 (Table 1, 0.1250 g, 0.0125 mmol) and toluene (0.988 mL)
followed by the addition of AlEt3 (Sigma Aldrich, 1.0 M in heptane)
(12.5 µL, 0.0125 mmol). The reaction flask was sealed and removed

Scheme 1
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from the glovebox to stir at 90°C. After 30 min, the reaction flask
was brought into the glovebox, andD,L-lactide (0.144 g, 1.00 mmol)
was added. The resultant mixture was heated at 90°C with stirring
outside the glovebox for 50 min (41% conversion of monomer). The
reaction flask was then exposed to air, and 10% HCl solution was added
(3.0 mL) to quench the reaction. Minimal toluene was added (ca. 1
mL), and the organic layer was precipitated into an excess of methanol
at 0 °C (300 mL). The product was isolated and dried in a vacuum
oven at 80°C overnight (70% yield assuming complete recovery of
the PM block).1H NMR (CDCl3) δ 5.19 (m, 66H), 4.73 (m, 161H),
4.23 (t, J ) 4.5 Hz, 4H), 3.69 (t,J ) 4.2 Hz, 4H), 2.30 (dd,JAB )
14.4 Hz,J ) 5.4 Hz, 161H), 2.08 (dd,JAB ) 14.7 Hz,J ) 8.7 Hz,
161H), 1.94 (m, 161H), 1.82 (m, 161H), 1.60 (m, 196H), 1.53 (m,
322H), 1.33 (m, 161H), 1.18 (m, 161H), 0.94 (d,J ) 6.3 Hz, 482H),
0.89 (d,J ) 6.6 Hz, 964H);13C{1H} NMR (CDCl3) δ 173.1, 169.3,
78.4, 69.2, 42.1, 32.8, 31.3, 30.5, 28.6, 19.9, 18.8, 17.7, 16.8.

Kinetic Experiments. A ReactIR 4000 spectrometer was used to
monitor the polymerization reactions in situ. The glassware used was
oven dried at 200°C for at least 3 h. The ReactIR probe and the reaction
flask containing a solution of monomer, catalyst, and initiator were
assembled in the glovebox and quickly attached to the spectrometer
outside the glovebox. The consumption ofM was monitored to over 5
half-lives at 1274 and 1048 cm-1. A nonlinear fit of the curve toAt )
(Ao-A∞) exp(-kobst) + A∞ gave the observed rate constant (kobs). On
the basis of previous kinetic experiments, the dependence on [ZnEt2]
was assumed to be first-order.20,24 The second-order rate constant,kp,
was therefore calculated by using the equationkobs ) kp[ZnEt2]0.

Synthesis of PM29.In the glovebox, a volume of 0.10 M DEG
(1.60 mL, 0.160 mmol) was injected into a reaction flask followed by
the addition of ZnEt2 (801 µL, 0.801 mmol). The reaction flask was
then charged withM (6.00 g, 35.2 mmol) and toluene (32.84 mL),
and a stir bar was added. The reaction flask was sealed and taken out
of the glovebox to stir at 100°C for 5.25 h. Exposure to air and the
addition of 10% HCl solution (ca. 20 mL) quenched the reaction. The
solution was shaken, and the emulsion was precipitated into an excess
of -78 °C methanol (ca. 300 mL). The polymer was isolated, dissolved
in minimal CH2Cl2, and precipitated into a second flask of-78 °C
methanol (ca. 300 mL). The second isolation was performed, and the
majority of the solvent was evaporated under a stream of N2. The
product was dried at 40°C in a vacuum oven overnight (70% yield).
SEC (THF)Mn ) 21.1 kg/mol,Mw ) 26.7 kg/mol,Mn/Mw ) 1.26;Mn

(1H NMR) ) 29.4 kg/mol;1H NMR (CDCl3) δ 4.73 (m, 170H), 4.23
(t, J ) 4.5 Hz, 4H), 3.69 (t,J ) 4.5 Hz, 4H), 3.34 (m, 1H), 2.30 (dd,
JAB ) 15.3 Hz,J ) 5.4 Hz, 170H), 2.07 (dd,JAB ) 14.4 Hz,J ) 8.4
Hz, 170H), 1.94 (m, 170H), 1.82 (m, 170H), 1.53 (m, 340H), 1.33 (m,
170H), 1.18 (m, 170H), 0.94 (d,J ) 6.6 Hz, 510H), 0.89 (d,J ) 6.9
Hz, 1020H);13C{1H} NMR (CDCl3) δ 173.2, 78.6, 42.2, 32.9, 31.4,
30.6, 28.7, 20.0, 18.9, 17.7.

Synthesis of the LML(7.8-29-7.8) Triblock Copolymer. In the
glovebox, a reaction flask was charged with PM29 (Table 1, 1.50 g,
0.0510 mmol), toluene (5.15 mL), and molecular sieves and allowed
to stir overnight. AlEt3 (0.0510 mL, 0.0510 mmol) was added to the
reaction flask, which was sealed and removed from the glovebox to
stir at 90°C. After 30 min,D,L-lactide (0.750 g, 5.20 mmol) was added
to the reaction flask in the glovebox. The resultant mixture was heated
at 90°C with stirring for 4.5 h. The reaction flask was then exposed to
air, and 10% HCl solution was added (ca. 6 mL) to quench the reaction.
Minimal toluene was added (ca. 1 mL), and the solution was shaken

and precipitated into an excess of-78 °C methanol (ca. 300 mL). The
polymer was isolated and precipitated into a second flask of-78 °C
methanol (ca. 300 mL). The resulting polymer was dissolved in minimal
dichloromethane and filtered to remove the molecular sieves. The
product was dried in a vacuum oven at 50°C overnight (75% yield
assuming complete recovery of the PM block). SEC (THF)Mn ) 29.5
kg/mol, Mw ) 36.9 kg/mol,Mn/Mw ) 1.25;Mn (1H NMR) ) 45.0 kg/
mol; 1H NMR (CDCl3) δ 5.19 (m, 108H), 4.73 (m, 170H), 4.23 (t,J
) 4.5 Hz, 4H), 3.69 (t,J ) 4.2 Hz, 4H), 2.30 (dd,JAB ) 14.4 Hz,J
) 5.4 Hz, 1H), 2.08 (dd,JAB ) 14.7 Hz,J ) 8.7 Hz, 170H), 1.94 (m,
170H), 1.82 (m, 170H), 1.60 (m, 324H), 1.53 (m, 340H), 1.33 (m,
170H), 1.18 (m, 170H), 0.94 (d,J ) 6.3 Hz, 510H), 0.89 (d,J ) 6.6
Hz, 1020H);13C{1H} NMR (CDCl3) δ 173.1, 169.3, 78.4, 69.2, 42.1,
32.8, 31.3, 30.5, 28.6, 19.9, 18.8, 17.7, 16.8.

Results and Discussion

Preparation of HO-PM-OH. As shown in Scheme 1,
difunctional PM (HO-PM-OH) was prepared using the
difunctional initiator DEG. ZnEt2 was used as the catalyst due
to its availability and low cost.23 To guarantee the polymeri-
zation of M , a [ZnEt2]/[OH] ratio of 2.5 was employed. All
polymerizations ofM were performed at 100°C in toluene ([M ]0

) 1.0 M) under an inert atmosphere.
The rate of polymerization ofM using DEG and ZnEt2 was

determined by monitoring the decay of the absorbance of the
peaks at 1274 and 1048 cm-1 by in situ FT-IR spectroscopy.
The decay of [M ] over time was found to be exponential,
characteristic of first-order dependence on [M ]. On the basis
of a previous kinetic experiment, the dependence on [ZnEt2]
was assumed to be first-order.20,24The propagation rate constant
kp for varied ZnEt2 loadings was (3.5( 0.35)× 10-3 M-1 s-1

at 100°C (Figure S1). At a typical concentration of [ZnEt2]0 of
0.023 M, the half-life for this polymerization is about 140 min.

The molecular weights of HO-PM-OH could be controlled
by varying the monomer-to-initiator ratios and controlling the
conversion ofM (Table 1). Polymerizations were quenched by
exposure to air and water at approximately 75% conversion of
M (confirmed by NMR spectroscopy). The molecular weights
(by SEC versus polystyrene standards) of HO-PM-OH were
generally controlled, as demonstrated by the increase in the
apparent molecular weight of HO-PM-OH with the decrease
of DEG in the feed and by the linear increase in molecular
weight and ([M ]0 - [M ]t)/[I] 0 with a y-intercept near zero. The
PDIs for HO-PM-OH obtained by this method were relatively
narrow (PDI≈ 1.3).

1H NMR spectroscopy was employed to verify end function-
alization, confirm the connectivity of DEG in the polymer chain,
and determine theMn. All proton signals of the PM repeating
units agree with those found in the previous literature.20 Figure
1a shows the typical expanded1H NMR spectrum fromδ 3.0-
4.4 ppm of the difunctional PM. The two methylene resonances
attributed to the internal DEG unit appear atδ 3.68 ppm (Ha)
and 4.22 ppm (Hb), and the resonance of the methine protons
R to the hydroxyl chain end is apparent atδ 3.35 ppm (Hc).

Table 1. Data for Ring-Opening Polymerization of Ma

sample [M]0/[DEG]0

convb

(%)
time
(h)

Mn
b (conv)

(kg/mol)
Mn

b (EG)
(kg/mol)

Mn (SEC)
(kg/mol)

PDI
(SEC)

Fn
c

(NMR)
Tg

d

(°C)

PM10 80 73 4.5 9.9 10 20 1.28 2.4 -26
PM28 220 76 7.0 28 29 35 1.31 2.6 -26
PM43 310 81 10.3 43 38 55 1.28 2.7 -25

a Conditions: [M]0 ) 1.0 M, [Zn]0 ) 0.063 M (PM10); 0.023 M (PM28); 0.016 M (PM43), toluene, 100 °C, [M]eq ) 0.120 ( 0.063 M.20 b Calculated from
1H NMR spectroscopy. c Calculated from relative integrations of HO-PM-OH end groups and DEG in the 1H NMR spectrum. d Determined by DSC.
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The resonance from the HO-PM-OH methine protonsR to
the hydroxyl chain end (Figure 1a, Hc) was used to determine
theMn of the polymer chain (assuming exactly two end groups
per chain). TheMn values were calculated from the integral
ratio of these protons relative to the main chain methine
resonance atδ 4.70 ppm. We observed excellent agreement
between the calculatedMn and theMn based on the conversion
of the monomer (Table 1), confirming the average chain end
functionality (Fn) to be 2. We observed a ratio of 1:1 when
comparing the resonances of the protons on the DEG unit
(Figure 1a, Ha and Hb). However, the integration ratio of the
HO-PM-OH terminal methine protons (Figure 1, Hc) to the
resonance from the protons on the DEG unit (Figure 1, Ha and
Hb), gaveFn values greater than 2 (Table 1). On the basis of
these highFn values, we conclude that there is an inconsistency
between the number of DEG units expected in the polymer chain
and the number of DEG units observed, while the observed
number of terminal methine protons (Figure 1, Hc) per polymer
chain is as expected (because of the agreement between the
calculatedMn based on the integration of the terminal methine
protons and theMn based on conversion of the monomer). We
are not certain as to why this inconsistency in the number of
DEG units per polymer chain exists.13C{1H} NMR and IR
spectroscopic data for the HO-PM-OH samples were consis-
tent with previous data reported,20 and DSC revealedTg’s of
the PM samples of about-25 °C. No crystallinity was detected
up to 100°C.

Synthesis and Characterization of PLA-b-PM-b-PLA
Triblock Copolymers. The set of HO-PM-OH samples given
in Table 1 were used as macroinitiators in the metal-catalyzed
ring-opening polymerization of lactide. Aluminum alkoxides
formed from AlEt3 and HO-PM-OH were targeted as the
initiators. To avoid the formation of gels, [OH]0/[Al] 0 ) 2 was
chosen.11 All polymerizations were performed at 90°C and
quenched by exposure to air and dilute HCl. A linear increase
in molecular weight with ([LA]0 - [LA] t)/[I] 0 was observed
with a y-intercept near zero, consistent with the controlled
polymerization of lactide. Triblock copolymers containing 20,

30, 40, and 50% PLA by mass were targeted. These series of
triblock copolymers are summarized in Table 2.

The PLA-b-PM-b-PLA triblock copolymers were character-
ized by1H NMR spectroscopy. The percent conversion ofD,L-
lactide in solution was measured by integration of the resonance
from the methine protons corresponding to the polylactide chain
(δ 5.18 ppm) and the resonance from the methine protons
corresponding toD,L-lactide (δ 5.05 ppm). The resonance for
the methine protonsR to the hydroxyl functionality at the chain
ends of HO-PM-OH (δ 3.35 ppm) was absent in the PLA-
b-PM-b-PLA triblock copolymers (Figure 1b). This resonance
was replaced by the resonance of the methine protons of the
chain ends of the triblock copolymers (δ 4.36 ppm). Last,1H
NMR spectroscopy was used to determine the percent PLA in
the triblock copolymer by comparing the resonance from the
methine protons corresponding to the PLA blocks and the
resonance from the methine protons corresponding to the PM
block. We observed excellent agreement between the calculated
percent PLA based on the conversion of monomer in solution
and the determined percent PLA in the product.

Triblock copolymer formation was detected by the shift of
the SEC traces relative to the respective homopolymer traces;
a representative series is given in Figure 2. As the PLA
composition increases for each series of triblock copolymers, a
shift toward the high molecular weight occurs. The molecular
weight distributions of the triblock copolymers were relatively
narrow (PDI) 1.2-1.4).

Thermal Properties and Morphology of PLA-b-PM-b-PLA
Triblock Copolymers. Microphase separation of the PLA-b-
PM-b-PLA triblock copolymers is necessary to achieve the
physical properties associated with TPEs.9 DSC and SAXS
characterization were used to determine the immiscibility and
ordered morphology of the triblock copolymers, respectively.
DSC analysis of all triblock copolymers revealed two glass
transition temperatures, consistent with microphase separation
(Table 3). For each series, theTg values corresponding to the
PM blocks were relatively invariant (ca.-22 °C), while theTg

values corresponding to the PLA blocks range from 20 to
51 °C depending on the molecular weight of the PLA block.
Figure 3 shows representative DSC thermograms of the PM28
triblock copolymer series.

SAXS of PLA-b-PM-b-PLA Triblock Copolymers. SAXS
was used to examine the spatial distribution of microphase-
separated domains in these PLA-b-PM-b-PLA triblock copoly-
mers. Figure 4 shows the SAXS results for each sample at 80
°C. All of the PLA-b-PM-b-PLA triblock copolymers exhibited
a principal reflection,q*, followed by several higher-order
reflections (Figure 4b,c,f). In some samples, broad oscillations
in intensity (Figure 4e,g,h,i,j,k) followed the principal reflection
consistent with microphase-separated domains that do not exhibit
long-range order. On the basis of the positions of the higher
order reflections, lamellar morphologies were observed for
LML(4.6-10-4.6) and LML(14-28-14), and hexagonal mor-
phologies were observed for LML(2.3-10-2.3), LML(3.8-
10-3.8), and LML(6.6-28-6.6). We could not definitively
determine the exact nature of the microphase-separated domains
for the balance of the triblock copolymers and denote them as
micellar (Table 3). On the basis of the SAXS data for three of
the triblock copolymers in the lowest molecular weight series
(Figure 4b,c,d), we suspect that the higher molecular weights
of the samples shown in Figures 4e-h kinetically thwart the
attainment of long-range order.

A crude estimate of the effective interaction parameter
between PLA and PM was made based on the change in lamellar

Figure 1. Expanded 1H NMR spectra for (a) HO-PM-OH (* )
methine proton of residual M) and (b) PLA-b-PM-b-PLA.
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domain spacing of LML(4.6-10-4.6) as a function of tem-
perature. Equation 1 describes the domain spacing of strongly
segregated lamellar mesostructures:25

whereb is the statistical segment length,N is the number of
segments, andø is the effective interaction parameter and is
customarily given the functional formø ) A/T + B. For
simplicity, the average statistical segment length was assumed
to be 8 Å, andN is equal to the overall degree of polymerization.
Figure 5 depicts the measured lamellar domain spacing (D )
2π/q*) divided by 1.10bN2/3 and raised to the sixth power versus
inverse temperature. The line-of-best-fit represents the estimate
of ø. The effective interaction parameter that results from this
analysis for this compositionally symmetric triblock copolymer
is ø ) 364/T - 0.50. Our assumptions forb andN amount to
using an unknown segment reference volume for each.ø
represents interaction per segment volume, so meaningful
comparison withø for other block copolymer systems cannot
be made. However, we feel this analysis gives a reasonable
estimate ofø between PM and PLA.

Mechanical Properties for PLA-b-PM-b-PLA Triblock
Copolymers. For the purpose of mechanical testing and
evaluation of TPE behavior, we targeted a triblock copolymer
with hexagonally packed cylinders of PLA in a PM matrix. TPEs
within hexagonally packed cylinders typically display impressive
recoveries and high elongations at break.9 Successful synthesis
of LML(7.8-29-7.8) was achieved by utilizing molecular
sieves during the lactide triblock polymerization to eliminate
water and by performing multiple precipitations of the product
to remove residual HCl (see Experimental Section); the larger
scale syntheses were not successful without these precautions.
The final product was a rubbery solid with SEC traces and1H
NMR spectra typical of the triblock copolymers previously

Table 2. Results of the Block Copolymerization of D,L-lactide Initiated with Dihydroxyl-Terminated PMa

triblock [LA]0/[PM]0

LA convb

(%)
time
(min)

PLA-PM-PLA
Mn (NMR)
(kg/mol) % PLAc

Mn (SEC)
(kg/mol)

PDI
(SEC)

yieldd

(%)

LML (1.3-10-1.3) 80 21 20 1.3-9.9-1.3 20.2 24.0 1.22 65
LML (2.3-10-2.3) 80 41 50 2.3-9.9-2.3 31.6 29.9 1.19 70
LML (3.8-10-3.8) 80 58 60 3.8-9.9-3.8 42.8 32.2 1.22 69
LML (4.6-10-4.6) 80 79 100 4.6-9.9-4.6 48.0 35.5 1.22 54
LML (3.3-28-3.3) 62 79 60 3.3-28-3.3 18.9 48.0 1.29 66
LML (6.6-28-6.6) 220 38 45 6.6-28-6.6 31.8 54.1 1.28 75
LML (9.7-28-9.7) 220 66 90 9.7-28-9.7 40.7 50.5 1.40 53
LML (14-28-14) 220 86 120 14-28-14 49.9 66.9 1.34 86
LML (6.5-43-6.5) 400 19 35 6.5-43-6.5 23.1 64.1 1.29 89
LML (10-43-10) 400 33 60 10-43-10 32.1 71.2 1.30 75
LML (15-43-15) 400 54 60 15-43-15 41.2 69.8 1.39 84
LML (23-43-23) 400 74 85 23-43-23 51.5 90.8 1.41 75

a Conditions: [LA]0 ) 1.0 M, toluene, 90 °C. b Calculated from 1H NMR spectroscopy. c Mass percent PLA calculated from 1H NMR spectroscopy and
composition of the triblock copolymers. d Isolated yield.

Figure 2. SEC data for PM10 and the corresponding triblock
copolymers.

Table 3. Thermal and Morphological Properties of
PLA-b-PM-b-PLA Triblock Copolymers

triblock % PLAa morphologyb

D
(Å)c

Tg(PM)
d

(°C)
Tg(PLA)

d

(°C)

LML(1.3-10-1.3) 20.2 disordered 135 -22 21
LML(2.3-10-2.3) 31.6 cylindrical 178 -22 38
LML(3.8-10-3.8) 42.8 cylindrical 209 -22 42
LML(4.6-10-4.6) 48.0 lamellar 194 -21 44
LML(3.3-28-3.3) 18.9 micellare 231 -22 34
LML(6.6-28-6.6) 31.8 cylindrical 259 -22 46
LML(9.7-28-9.7) 40.7 micellare 471 -22 46
LML(14-28-14) 49.9 lamellar 367 -22 50
LML(6.5-43-6.5) 23.1 -22 48
LML(10-43-10) 32.1 micellare 314 -21 51
LML(15-43-15) 41.2 micellare 357 -21 53
LML(23-43-23) 51.5 micellare 455 -22 53

a Mass percent PLA calculated from 1H NMR spectroscopy and
composition of the triblock copolymers. b Based on SAXS data from 80
to 160 °C. c Determined by SAXS from the primary reflection (D ) 2π/q*)
at 80 °C. d Determined by DSC. e The SAXS data of these samples consist
of a strong primary reflection followed by several low-amplitude, broad
peaks due to the form of the microphase-separated domains.

D ) 1.10bN2/3ø1/6 (1)

Figure 3. DSC analysis data for LML(3.3-28-3.3), LML(6.6-28-
6.6), LML(9.7-28-9.7), and LML(14-28-14).
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synthesized (see Experimental Section). DSC revealed twoTg’s
at-25 °C and 44°C, and SAXS measurements were consistent
with hexagonally packed cylinders of PLA in a matrix of PM
(considering the relative fractions of PLA and PM).

The tensile properties of the PLA-b-PM-b-PLA triblock
copolymer were characteristic, for the most part, of traditional
TPEs. At low strains, a linear response was observed in the
stress-strain curve for all of the trials. However, the Young’s

modulus observed (1.4( 0.3 MPa) was significantly reduced
when compared to commercial polystyrene-b-polybutadiene-b-
polystyrene TPEs (>6.0 MPa).9 Representative stress-strain
plots for the triblock copolymer pulled to ultimate tensile failure
are shown in Figure 6. Beyond the low strain elastic region,
the triblock copolymer shows yielding behavior indicative of a
semicontinuous PLA phase dispersed in a PM matrix.26 The
ultimate tensile strength was 1.7( 0.1 MPa, which is also low
compared to commercial polystyrene-b-polybutadiene-b-poly-
styrene TPEs (20-40 MPa). However, high elongations (960
( 60%) were achieved for every trial. These ultimate elonga-
tions are comparable to those of commercial TPEs9 and are
higher than the largest elongations observed by the PLA-b-PI-
b-PLA triblock copolymer series (650%) and the PLLA-b-PHB-
b-PLLA triblock copolymer series (200%).11,15

We investigated the recovery or “true elasticity” of the
triblock copolymer by subjecting the sample to cycles of loading
and unloading at a strain of 300%. The recovery was measured
by observing the residual strain after a sample was unloaded.
Residual strain was measured in two separate trials. First, a
sample was subjected to consecutive cycles of loading and
unloading, resulting in a residual strain of 30% after four cycles.
Second, a separate sample was subjected to four cycles and
allowed 6 min between each cycle for maximum recovery,
resulting in a residual strain of only 16% after four cycles
(Figure 7).9 In both trials the residual strain increased with each
cycle and then remained constant after the third cycle. This could
be due to an alignment of the cylinders induced by the applied

Figure 4. SAXS of all PLA-b-PM-b-PLA triblock copolymers at
80 °C. (1) Peak positions calculated based on q* (marked with an
asterisk) are labeled by their Miller indices (hk for the two-dimensional
hexagonal lattice, h for the one-dimensional lamellar lattice). For
samples with little or no lattice order, only q* is indicated. (a) LML-
(1.3-10-1.3), (b) LML(2.3-10-2.3), (c) LML(3.8-10-3.8), (d) LML-
(4.6-10-4.6), (e) LML(3.3-28-3.3), (f) LML(6.6-28-6.6), (g) LML-
(9.7-28-9.7), (h) LML(14-28-14) (This sample exhibits the ordered
lamellar morphology above 140 °C.), (i) LML(10-43-10), (j) LML-
(15-43-15), (k) LML(23-43-23).

Figure 5. (D/1.10bN2/3)6 vs 1/T × 103 for the lamellar LML(4.6-10-
4.6). The line of best fit represents the estimate for ø: ø(T) ) 364/T
- 0.50.

Figure 6. Three representative stress-strain curves for LML(7.8-
29-7.8) pulled to ultimate failure.

Figure 7. Four loading (filled symbols) and unloading (open symbols)
cycles for LML(7.8-29-7.8) pulled to 300% with 6 min delays
between cycles: first cycle, squares; second cycle, diamonds; third
cycle, triangles; fourth cycle, circles.
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strain; as a result, the aligned polymer would not fully
recover.11,27 Once this putative alignment was achieved, the
subsequent cycles displayed identical stress-strain behavior
(Figure 7, third and fourth cycles). The lack of complete
recovery can also be explained by a slippage of trapped
entanglements in the soft block during deformation.9 This
slippage results in a delay of the failure of the hard domains in
the TPE, resulting in elongated samples. The overall recovery
of the samples is affected because the slippage of chains is not
instantaneously reversible.9,11,28Most likely, the lack of recovery
displayed by LML(7.8-29-7.8) is the result of both induced
alignment and slippage of the PM block.

A separate sample of LML(7.8-29-7.8) was pulled to 200%,
released to zero strain, and immediately pulled to ultimate
failure. Ultimate tensile failure was not observed as a result of
the sample slipping out of the grips at 1100%, which can be
viewed as a lower limit. This value is significantly higher than
that of the samples that were pulled once to failure (Figure 6).

Conclusion

A series of all biorenewable ABA triblock copolymer TPEs
with soft PM and hard PLA segments were obtained with
varying composition and morphology. Synthesis involved the
ring-opening polymerization ofM by DEG and ZnEt2, giving
the difunctional macroinitiator HO-PM-OH, followed by the
ring-opening polymerization of lactide to yield the desired PLA-
b-PM-b-PLA triblock copolymer. We were able to control the
molecular weights of HO-PM-OH by varying theM -to-
initiator ratio. These HO-PM-OH materials were characterized
by NMR spectroscopy, SEC and DSC, and then subsequently
used as macroinitiators forD,L-lactide polymerization. Three
series of triblock copolymers with varied lactide composition
were obtained. SEC traces of all of the samples showed
unimodal signals and a gradual shift to the high molecular
weight region when the PLA block length increased. Microphase
separation of the blocks was confirmed by SAXS. Tensile
measurements demonstrated impressive elongations and elas-
tomeric properties of the PLA-b-PM-b-PLA TPEs. These results
demonstrate that PLA-b-PM-b-PLA triblock copolymers are
potentially suitable for numerous applications in the biomedical
and pharmaceutical fields.
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