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ABSTRACT: A series of novel degradable triarm poly-
(propylene oxide)-block-polylactide (PPO-b-PLA) copoly-
mers was synthesized by ring-opening polymerization of
L-lactide (LLA) or D,L-lactide (DLLA) using low unsatu-
rated PPO triols as macromolecular initiator. The chemical
structures of the resulting copolymers were characterized
by Fourier transform infrared (FTIR), gel permeation chro-
matography (GPC), and proton nuclear magnetic reso-
nance (1H-NMR) spectroscopy. Combination of FTIR,
GPC, and NMR results confirmed the formation of PPO-b-
PLA copolymers. One glass transition was observed by
differential scanning calorimetry (DSC), suggesting good
miscibility between PPO and PLA segments in the copoly-
mers. DSC and wide-angle X-ray diffraction demonstrated
that PPO-b-PLLA copolymers were semicrystalline materi-

als, and the crystallinity increased with increasing the
PLLA content. In contrast, PPO-b-PDLLA copolymers
were totally amorphous. The PPO-b-PLA copolymers
exhibited improved thermal stability when compared with
PPO polyols according to thermogravimetric analysis. The
thermal degradation behavior of the copolymers depended
on the composition. Polyurethane foams were prepared by
crosslinking PPO and PPO-b-PLA copolymers using iso-
cyanate. Alkaline degradation of the foams was investi-
gated in 10 wt/vol % NaOH at 80�C. The results show
that the novel PPO-b-PLA copolymers could be promising
as degradable polymeric materials. VC 2010 Wiley Periodicals,
Inc. J Appl Polym Sci 118: 2304–2313, 2010
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INTRODUCTION

During the last two decades, the development of
degradable copolymers based on polylactide (PLA)
has attracted much attention for both biomedical
and environmental applications. These materials can
be used in the fields of sustained drug delivery,
gene delivery, osteosynthesis, and tissue engineer-
ing. They can also be used as engineering plastics
with the aim of reducing environmental pollution
related to plastic wastes. However, PLA is a hydro-
phobic and brittle polymer, which considerably
restricts its potential applications. Hydrophilic and
flexible polyether blocks have been incorporated into
degradable polyesters. By combining the properties
of both components, materials with suitable hydro-
philicity, degradability, mechanical and biological
properties can be achieved. Poly(ethylene glycol) or

poly(ethylene oxide) (PEO) has been used as a
source of hydrophilicity due to the outstanding
physicochemical and biological properties including
solubility in water and in organic solvents, nontoxic-
ity, and filterability through kidney when the molar
mass is below 30,000. The glass transition tempera-
ture (Tg) of PLA plasticized with PEO can be effi-
ciently reduced by about 30–70�C, and various
PLA/PEO block copolymers have been prepared
and investigated as drug carriers in the form of
microparticles, nanoparticles, micelles, and hydro-
gels.1–3 However, phase separation due to crystalli-
zation of PEO segment in PLA/PEO copolymers
was found to affect the material properties, such as
increased stiffness and decreased elongation at
break.
Poly(propylene oxide) (PPO) is an amorphous

polymer with a very low glass transition tempera-
ture (about �75�C).4 PPO is miscible with PLA,
which makes it an attractive plasticizer for PLA
processing. Piorkowska and Galeski5,6 investigated
the role of PPO segment in the plasticization of PLA
in PPO/PLA blends. PLA was blended with PPO
with molecular weight of 425 and 1000 g/mol. The
PLA/PPO blends exhibit lower glass transition tem-
perature, lower yield stress, and higher elongation at
break when compared with pure PLA. PPO/PLA
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copolymers have been synthesized by ring-opening
polymerization of lactides and propylene oxide
using different catalysts.7 The ring-opening mecha-
nism of PO and lactides was discussed. PPO/PLA
block copolymers were obtained by consecutive
reactions of both cyclic monomers. Aubrecht and
Grubbs prepared (PEO-stat-PPO)-b-PLA diblock and
PEO-b-(PEO-stat-PPO)-b-PLA triblock copolymers by
ring-opening polymerization of LA using BuO-(PEO-
stat-PPO)-OH and MeO-PEO-b-(PEO-stat-PPO)-OH
as macroinitiators and AlEt3 as catalyst.8 The block
copolymers were incorporated with PEO-stat-PPO
blocks to prepare thermoresponsive amphiphilic
materials used as stimuli-responsive polymeric
micelles in aqueous solution.

Low unsaturated PPO triols are well known com-
mercial chemicals, whose most important application
is polyurethane production.9–12 In the past, PPO
polyols have been prepared using simple and inex-
pensive catalysts such as sodium and potassium
hydroxides or alkoxides. During oxypropylation,
propylene oxide is subjected to a competing internal
rearrangement, which generates unsaturated alco-
hols. The resulting products usually contain unsatu-
rated, monohydroxyl-functional species, leading to
lower functionality and wide molecular weight (Mw)
distribution. Many attempts have been made to
lower the degree of unsaturation.13–15 Recently, low
unsaturated PPO polyols with narrow Mw distribu-
tion have been prepared by double metal cyanide
complex oxyalkylation catalysts.16–18 It has been
proved that flexible slabstock polyurethane foams
synthesized from low unsaturated polyoxyalkylene
polyethers have substantially improved indentation
force deflection and resilience characteristics
while maintaining other physical properties
unchanged.19,20

The purpose of this work was to synthesize PPO-
b-PLA copolymers by ring-opening polymerization
of LLA or DLLA using low unsaturated PPO as
macroinitiator. The chemical structure and the com-
position of the copolymers were characterized by
FTIR, GPC, and 1H-NMR. The thermal properties
were investigated by differential scanning calorime-
try (DSC) and thermogravimetric analysis (TGA),
and the crystallization behaviors and crystal struc-
ture were determined by DSC and wide-angle X-ray
diffraction (WAXD). In addition, the alkaline
degradability of flexible polyurethane foams contain-
ing PPO-b-PLA block copolymers is also reported.

EXPERIMENTAL

Materials

Low unsaturated PPO triol with number average
molecular weight ðMnÞ of 3300 was supplied by

Shanghai Research Institute of Petrochemical Tech-
nology.21 The maximal degree of unsaturation of
PPO is less than 0.01 mmol/g. PPO was dehydrated
and degassed under vacuum at 105�C for 90 min
and was stored under dried nitrogen before use.
Lactic acid (LA), zinc powder, and stannous octoate
(Sn(Oct)2) were purchased from Sinopharm Chemi-
cal Reagent. Toluene diisocyanate mixture (80% of
2,4-isomer and 20% of 2,6-isomer, TDI-80), 33% dia-
minobicyclooctane in dipropylene glycol (A-33), and
surfactant (B8110) were supplied by Evonic (China)
and used as received.

Synthesis of L- and D,L-lactide

Both L- and D,L-lactide were synthesized by using a
two-step procedure: LA was first condensed to yield
low-molecular weight prepolymers, lactide was then
formed by depolymerization of the prepolymers.
Briefly, 250 mL of L- or D,L-LA and 0.3 wt % zinc
powder were charged into a 500 mL dried flask. The
mixture was slowly heated from 90 to 110�C under
about 400 mmHg to remove residual water during 2
h. Then the temperature was gradually increased up
to 180�C at a heating rate of 10�C every 30 min, and
the condensation reaction was allowed to proceed
for about 3.5 h. After that, depolymerization was
carried out under a lower pressure of about 40
mmHg. The temperature was slowly increased from
180 to 220�C. The reaction was stopped when no dis-
tillation was detected. Finally, crude lactide was
recrystallized from ethyl acetate for four times,
followed by vacuum drying up to constant weight.

Synthesis of PPO-b-PLA block copolymer and
PLA homopolymer

PPO-b-PLLA or PPO-b-PDLLA copolymers were
synthesized by ring-opening polymerization of lac-
tide using Sn(Oct)2 as catalyst and PPO triol as mac-
roinitiator. Lactide, PPO, and 0.1 wt % of catalyst
were transferred into a round-bottomed flask. After
purged with nitrogen three times, the flask was
sealed under vacuum (below 10�3 mmHg). The po-
lymerization was then allowed to proceed at 140�C
for 7 days. The copolymers thus obtained were dis-
solved in dichloromethane and precipitated with
methanol, followed by vacuum drying up to con-
stant weight. Four PPO-b-PLA copolymers were syn-
thesized with the PO/LA molar ratios (nPO/nLA) of
2/1 and 1/1, and were abbreviated as PPO-b-PLLA
2/1, PPO-b-PLLA 1/1, PPO-b-PDLLA 2/1, and PPO-
b-PDLLA 1/1, respectively.
As reference samples, PLLA and PDLLA homo-

polymers were synthesized by ring-opening poly-
merization of L-lactide or D,L-lactide, using Sn(Oct)2
as catalyst and octanol as initiator. The L-lactide or
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D,L-lactide/octanol molar ratio was 69/1. Polymer-
ization was performed at 140�C for 2 days. The
obtained homopolymers were purified by the disso-
lution/precipitation method mentioned earlier. The
Mn value determined by GPC was 18,200 for PLLA,
and 17,200 for PDLLA.

Preparation of polyurethane foams containing
PPO-b-PLA block copolymers

PPO, isocyanate, and PPO-b-PLA copolymers were
maintained at 20–25�C before use. PPO triols were
mixed with 36.0 wt % of PPO-b-PLLA 2/1 or PPO-b-
PDLLA 2/1 copolymers, or with 25 wt % of PPO-b-
PLLA 1/1 or PPO-b-PDLLA 1/1 copolymers, for the
PPO content of the polyol mixture was a constant
about 86.2 wt %. The polyol mixture, water (blowing
agent, 4.2 wt %), A-33 (catalyst, 0.2 wt %), Sn(Oct)2
(catalyst, 0.2 wt %), and B8110 (surfactant, 1.2 wt %)
were charged into a stainless steel container and
stirred for 60 s at 1300 rpm. The formulation was
based on the total PPO content. Then, a predeter-
mined amount of isocyanate was rapidly poured
into the container and the reactants were mixed
thoroughly for 7 s with a high-speed stirrer at 2000
rpm. The amount of isocyanate is determined by the
following equation:

n�NCO ¼ 1:05� ðn�OHðpolyolÞ þ 2� nwaterÞ (1)

where nANCO is the number of moles of ANCO,
nAOH(polyol) is the number of moles of AOH from
PPO and PPO-b-PLA copolymer polyols, and nwater

is the number of moles of water. The reactants were
rapidly poured into a mold with dimensions of 250
� 250 � 250 mm3. The mold was kept at room tem-
perature for 10 min, and polyurethane foam was
formed by blowing and gelling reactions. The foam
was allowed to fully develop with an additional 1 h
cure at 100�C. After curing, the polyurethane foams
were kept at room temperature for 1 week before
degradation experiments. For the sake of simplicity,
the foams are named as PU-L21, PU-L11, PU-DL21,
and PU-DL11, where L and DL stand for PPO-b-
PLLA and PPO-b-PDLLA copolymers, and 21 and 11
indicate that the PO/LA monomer molar ratio is 2/1
and 1/1, respectively. A polyurethane foam without
PLA segment (named PU0) was also synthesized
from PPO only for comparison.

Hydrolytic degradation of polyurethane foams

PU-LA foam samples with dimensions of 20 � 20 �
10 mm3 were placed into a small flask filled with 25
mL of 10 wt/vol % NaOH at 80�C. At each degrada-
tion time, three specimens were withdrawn, washed
with deionized water, and then dried under vacuum

at 45�C for a week before weighing. The degradabil-
ity is estimated from the weight loss of the samples:

Weightloss% ¼ ðW0�WtÞ=W0 � 100% (2)

where W0 is the weight of the original samples and
Wt is the weight of residual samples after the degra-
dation for various time.

Characterization

The specific optical rotation of lactide monomers,
[a], was measured at 20�C in dichloromethane at a
concentration of 8.6–9.0 mg/mL with a WZZ-2S
digital automatic spectropolarimeter at a wave-
length of 578 nm. The [a] values of L-lactide and
D,L-lactide were found to be �261 and 0, corre-
sponding to a L-lactide content of 96.1 and 50.0 wt
%, respectively.
Fourier transform infrared (FTIR) spectroscopy

was carried out with a Nicolet Magna-IR560 FTIR
spectrometer with a resolution of 2 cm�1 in the
range from 400 to 4000 cm�1.
The molecular weights were measured at 40�C

with gel permeation chromatography (GPC) on Per-
kinElmer Series 200GPC System using polystyrene
standards. Chloroform was used as the eluent at a
flow rate of 1.0 mL/min.
Proton nuclear magnetic resonance (1H-NMR)

spectra were recorded on a BRUKER spectrometer at
400 MHz. Deuterated chloroform was used as the
solvent, and tetramethylsilane as the internal
standard.
DSC was performed with a Dupont instrument

DSC 910 under N2 atmosphere. The samples were
first heated up to 250�C and kept for 2 min, fol-
lowed by quenching in liquid nitrogen. A second
run was then performed from �80 to 250�C at a
heating rate of 10�C/min.
WAXD measurements were carried out with a

Bruker D8 advance diffractometer equipped with
a scintillation counter, using CuKa radiation with a
wavelength of 0.1542 nm. The instrument was oper-
ated at an excitation voltage of 40 kV and a current
of 40 mA. The scanning rate was 4 deg/min, and
the spectra were recorded at a resolution of 0.02�.
TGA measurements were carried out with a

Dupont instrument TGA 951 at a heating rate of
10�C/min under air atmosphere.
Microstructure of the samples was examined with

a SUPERSCAN SSX-550 scanning electron micro-
scope (SEM). Thin foam slices, about 5 mm, were
mounted to aluminum stubs using copper tape.
Before SEM observation, a thin layer of Au, about 5
nm, was electrically deposited to enhance the con-
ductivity of the sample.
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RESULTS AND DISCUSSION

Chemical structure and composition of PPO-b-PLA
copolymers

The copolymers were prepared by ring-opening
polymerization of L-lactide or D,L-lactide using low
unsaturated PPO triols as macroinitiator at various
molar ratios, as shown in Scheme 1. The resulting
copolymers were characterized by FTIR, 1H-NMR,
and GPC. Figure 1 presents the FTIR spectra of
PPO-b-PLLA 2/1, PPO-b-PLLA 1/1, and PPO. The
broad absorbance bands in the range of 3600–3400
cm�1 indicate the presence of the OH groups. The
absorbance bands in the range of 3000–2800 cm�1

are assigned to the CAH stretching. PLLA segments
in the copolymers present strong absorbance bands
in the range of 1750–1735 cm�1 due to carbonyl
groups,22 and two strong absorbance bands of the
CAO stretching in the range of 1300–1050 cm�1 [Fig.
1(a,b)], confirming the formation of polyester blocks.
PPO exhibits only a strong absorbance at 1100 cm�1

in the range of 1300–1050 cm�1 (Fig. 1c), which is
characteristic of the CAOAC (ether) groups of PPO.
Compared with the FTIR spectrum of pure PPO, the
absorbance bands in the range of 1300–1170 cm�1

are ascribed to the CAO bond of the PLA segments,
and 1170–1050 cm�1 to the CAO bond of both PLA
and PPO segments. On the basis of the intensity of
the absorbance bands in the range of 1170–1050
cm�1, the relative absorbance intensity in the range
of 1300–1170 cm�1 of PPO-b-PLLA 1/1 is much
higher than that of PPO-b-PLLA 2/1, in agreement
with higher PLLA content. Similar results are
obtained for the PPO-b-PDLLA copolymers. There-
fore, the FTIR spectra evidence the formation of
PPO-b-PLA block copolymers.

GPC is an important method for the determination
of molecular weight and molecular-weight distribu-
tion of polymers. The molecular weights of the
copolymers measured by GPC are listed in Table I.
The Mn of the macroinitiator PPO is 3300 as deter-
mined by GPC. The Mn values of the PPO-b-PLLA
and PPO-b-PDLLA copolymers are in the range of
5400–10,100. Furthermore, both the Mn and the
weight average molecular weight ðMwÞ increase with
the PLA content in the copolymers. The copolymers
all presented monodisperse curves with polydisper-
sity index (PDI) in the range of 1.03–1.09. Similar
results were obtained in the previous articles where
Sn(Oct)2 was used as catalyst for the ring-opening
polymerization of L-lactide initiated by alcohol, such
as pentaerythritol23 or glycerol.24

1H-NMR was used to determine the chain struc-
ture, composition, and absolute molecular weight of
the copolymers. 1H-NMR spectra of PPO-b-PLLA 2/
1 and PPO are shown in Figure 2. Comparative anal-
ysis of the spectra allows complete assignment of all
the signals. From the 1H-NMR spectrum of PPO
[Fig. 2(b)], the signals at 1.09 ppm are assigned to
the methyl protons of PPO, and those 3.36–3.51 ppm
to the methine and methylene protons of both PPO

Scheme 1 Synthesis of PPO-b-PLA copolymers.

Figure 1 FTIR spectra of PPO-b-PLLA copolymers and
PPO (a) PPO-b-PLLA 2/1, (b) PPO-b-PLLA 1/1, and (c)
PPO.

TABLE I
Molecular Characteristics of PPO-b-PLA Copolymers Determined by GPC and 1H-NMR

Samples

GPC 1H-NMR

Mnð�103Þ Mwð�103Þ PDI nPO/nLA DPPLA Mnð�103Þ
PPO-b-PLLA 2/1 5.9 6.0 1.03 1.73 24.1 4.2
PPO-b-PLLA 1/1 10.1 11.1 1.09 0.74 56.6 6.6
PPO-b-PDLLA 2/1 5.4 5.7 1.07 1.76 23.8 4.2
PPO-b-PDLLA 1/1 6.2 6.8 1.09 0.96 43.2 5.6
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and glycerol (GL, the initiator of PPO triol), respec-
tively.25 The PO/GL molar ratio (nPO/nGL) or the
mean number average degree of polymerization of
the PPO segments (DPPPO), and the Mn of PPO
ðMnPPOÞ can be obtained from the following equa-
tions:

nPO=nGL ¼ DPPPO ¼ ðIe=3Þ=ððIaþbþcþd� IeÞ=5Þ (3)

MnPPO ¼ 58�DPPPO þ 92 (4)

where I represents the integration intensities, the
subscript stands for different protons, and 58 and 92
are the molecular weights of PO repeat units and

glycerol, respectively. The value of DPPPO is found
to be 41.7, and the MnPPO is 2511, that is slightly
lower than the GPC result which is based on poly-
styrene standards.
In the 1H-NMR spectrum of PPO-b-PLLA 2/1 [Fig.

2(a)], the resonance signals at 1.14 ppm are assigned
to the methyl protons of PO units, and the signals
around 1.60 ppm to the methyl protons of LLA
units.24,26 The signals of the methine and methylene
protons of glycerol and PO units are detected in the
range of 3.4–3.7 ppm. The signals at 4.35 ppm are
assigned to the methine protons of LLA end units,
and those at 5.18 ppm to the methine groups of LLA
main chain units.24,26

The PO/LA molar ratio (nPO/nLA) in the PPO-b-
PLA copolymers, the mean number average degree
of polymerization of the PLA segments (DPPLA), and
the Mn of the copolymers are determined using the
integration intensities of the methyl protons of PO
units and the methine protons of LLA units, as
shown in the following equations:

nPO=nLA ¼ ðIe=3Þ=ðIf þ IhÞ (5)

DPPLA ¼ DPPPO=ðnPO=nLAÞ (6)

Mn ¼ MnPPO þ 72�DPPLA (7)

where 72 is the molecular weight of LA repeat units.
The results are summarized in Table I. According to
eq. (6), the lower the nPO/nLA, the higher the DPPLA,
as DPPPO is a constant (41.7). Similarly, eq. (7) sug-
gests that the Mn of the copolymers increases with
the DPPLA value since the 1H-NMR derived MnPPO

is a constant (2511). The Mn values determined by
1H-NMR range from 4221 to 6585 for the PPO-b-PLA
copolymers. Therefore, combination of FTIR, GPC,

Figure 2 1H-NMR spectra of PPO-b-PLA copolymer and
PPO: (a) PPO-b-PLLA 2/1 and (b) PPO.

Figure 3 DSC curves of PPO-b-PLA copolymers, PPO,
PLLA, and PDLLA: (a) PPO-b-PLLA 2/1, (b) PPO-b-PLLA
1/1, (c) PPO-b-PDLLA 2/1, (d) PPO-b-PDLLA 1/1, (e)
PPO, (f) PLLA, and (g) PDLLA.
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and NMR data suggests that PPO-b-PLA copolymers
were successfully obtained by ring-opening poly-
merization of lactide initiated by PPO triol.

Glass transition temperature of PPO-b-PLA
copolymers

The glass transition temperature (Tg) of the PPO-b-
PLA copolymers was evaluated by DSC, and a sec-
ond run was performed to determine the thermal
properties of the copolymers (Fig. 3). The Tg of PPO
initiated by glycerol is detected at �59.6�C, in agree-
ment with the flexibility of PPO chains [Fig. 3(e)].
While with relatively rigid backbones, PLLA and
PDLLA homopolymers exhibit a glass transition at
58.8 and 48.8�C [Fig. 3(f,g)], respectively. In the case
of the copolymers, Tg is detected at �32.8�C for
PPO-b-PLLA 2/1, at �14.9�C for PPO-b-PLLA 1/1,
at �38.8�C for PPO-b-PDLLA 2/1, and at �29.3�C
for PPO-b-PDLLA 1/1. In general, the glass transi-
tion temperature of copolymers strongly depends on
the composition and the chemical structure of the
components. From the DSC curves, a single glass
transition between those of corresponding homopol-
ymers is observed for the PPO-b-PLLA and PPO-b-
PDLLA copolymers, suggesting good miscibility

between the PPO segments and the PLLA or PDLLA
segments. The Tgs of the copolymers are higher than
that of PPO homopolymer, and increase with
increasing PLA content or DPPLA, because of chain
rigidification with attachment of PLA segments. On
the other hand, flexible PPO segments exert plastici-
zation effects on rigid PLA segments. Therefore, the
Tg of the copolymers decreases by about 70–90�C,
compared with PLA homopolymers.

Crystallization behavior of the copolymers

The chemical structure of a polymer determines
whether it will be able to crystallize. Generally, sym-
metrical chain structures favor crystallinity, whereas
asymmetrical chain structures hinder crystallization.
PPO with asymmetrically placed methyl groups is
intrinsically amorphous, as proved by DSC [Fig.
3(e)]. In the case of PLA polymers, the crystallization
behavior depends on the stereochemical structure.
PDLLA is unable to crystallize because it is synthe-
sized from an equimolar mixture of L- and D-lactides
and thus exhibits low stereoregularity [Fig. 3(g)]. As
a consequence, PPO-b-PDLLA copolymers are also
intrinsically amorphous materials [Fig. 3(c,d)].
PLLA homopolymer was obtained from a mixture

containing 96.1% L-lactide. It is able to crystallize
because of its high stereoregularity. A crystallization

TABLE II
Thermal Properties, Crystallinity, and Lamellar Thickness of PPO-b-PLLA Copolymers and PLLA

Samples Tg (
�C) Tc (

�C) DHc (J/g) Tm (�C) DHm (J/g) Xc (%) l (nm)

PPO-b-PLLA 2/1 �32.8 55.7 5.2 94.7 5.6 6.4 4.7
PPO-b-PLLA 1/1 �14.9 64.8 12.8 105.2 15.7 18.0 5.2
PLLA 58.8 99.4 42.8 171.7 57.7 66.3 14.9

Figure 4 Wide-angle X-ray diffraction (WAXD) patterns
of PPO-b-PLA copolymers: (a) PLLA, (b) PPO-b-PLLA 1/1,
(c) PPO-b-PLLA 2/1, (d) PPO-b-PDLLA 1/1, and (e) PPO-
b-PDLLA 2/1.

Figure 5 TGA curves of PPO-b-PLA copolymers, PPO,
PLLA, and PDLLA: (a) PPO-b-PLLA 2/1, (b) PPO-b-
PDLLA 2/1, (c) PPO, (d) PLLA, and (e) PDLLA.
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temperature (Tc) is observed at 99.4�C and a melting
temperature (Tm) at 171.7�C [Fig. 3(f)]. PPO-b-PLLA
copolymers are also semicrystalline. However, the Tc

decreases to 55.7�C for PPO-b-PLLA 2/1 and to
64.8�C for PPO-b-PLLA 1/1. In principle, a semicrys-
talline polymer is able to crystallize above its Tg.
The difference between Tc and Tg reflects the crystal-
lization ability. This difference is 40.6 for PLLA, 79.7
for PPO-b-PLLA 1/1, and 88.5 for PPO-b-PLLA 2/1.
Therefore, attachment of PPO segments disfavors
crystallization of PLLA. Similarly, Tm and DHm of
the PPO-b-PLLA copolymers are much lower than
those of PLLA homopolymer. PPO-b-PLLA 2/1
presents lower Tm and DHm than PPO-b-PLLA 1/1
because of lower DPPLA of the former. All the ther-
mal property data are listed in Table II.

The equilibrium melting temperature (T0
m) of a

polymer is the temperature at which the chemical
potential of the polymeric units in the crystalline
phase is equal to that in the melt.27 In fact, the value
of T0

m is usually defined as the melting temperature
of lamellae of infinite thickness. The lamellar thick-

ness (l) can be estimated from l ¼ 2reT
0
m

DHðT0
m�TmÞ.

28 Here

re is the fold surface free energy (for PLLA, re ¼
6.09 � 10�2 J/m2),29 DH is the heat of fusion per
unit volume (for PLLA, DH ¼ 1.11 � 108 J/m3),29

and T0
m for PLLA is 207�C.29,30 The lamellar thick-

ness of PLLA is estimated to be 14.9 nm (Table II).
In contrast, much lower lamellar thickness values
were obtained for the copolymers, that is, 5.2 nm for
PPO-b-PLLA 1/1 and 4.7 nm for PPO-b-PLLA 2/1.
These findings indicate that the perfection of PLLA
crystals in PPO-b-PLLA copolymers decreases due to
attachment of PPO segments. PPO-b-PLLA 1/1
presents higher lamellar thickness than PPO-b-PLLA
2/1 because of higher DPPLA of the former.

The degree of crystallinity (Xc%) for the PLLA seg-
ments in the PPO-b-PLLA copolymers is calculated
by using Xc% ¼ DHm

DH0
m

� 100%, where DHm is the en-

thalpy of melting (J/g), and DH0
m is the enthalpy of

melting for a completely crystallized PLLA homo-
polymer (J/g). The value of 87 J/g is used as DH0

m
of PLLA.31 The degree of crystallinity is estimated to
be 66.3% for PLLA homopolymer. The copolymers
present much lower crystallinity, that is, 18.8% and

6.4% for PPO-b-PLLA 1/1 and PPO-b-PLLA 2/1,
respectively, due to the presence of flexible PPO
segments.

WAXD measurements were carried out to exam-
ine the crystal structure and dimensions of the PPO-
b-PLLA copolymers. The diffraction patterns of the
copolymers are presented in Figure 4. The PPO-b-
PLLA copolymers are more or less crystalline with
the presence of well-defined diffraction peaks. The
(110)/(200) and (203) reflections appear at 2y ¼ 16.8�

and 19.2�, respectively, corresponding to a crystal
cell of PLLA.32–40 The reflections of PPO-b-PLLA 1/1
is much stronger and sharper than those of PPO-b-
PLLA 2/1, indicating higher perfection of lamellae
with higher crystallinity of PPO-b-PLLA 1/1, in
agreement with DSC derived results. In comparison
with the PPO-b-PLLA copolymers, the PPO-b-
PDLLA copolymers appear totally amorphous with
a broad amorphous halo.
On the basis of the half-height width of the (110)/

(200) reflections, the average lateral size of
crystal particles (L) of the PPO-b-PLLA copolymers
can be calculated by using Scherrer equation,41

L ¼ Kk=ðb cos hÞ . Here k is the wave length of the
incident X-rays, b is the half-height width of the

TABLE III
Thermal Decomposition Data of PPO-b-PLA Copolymers, PPO, PLLA, and PDLLA Determined by TGA

Samples Tdi (
�C) (dx/dT)m1 (%/�C) Tdm1 (

�C) (dx/dT)m2 (%/�C) Tdm2 (
�C)

PPO-b-PLLA 2/1 249 0.99 296 – –
PPO-b-PLLA 1/1 255 1.43 297 – –
PPO-b-PDLLA 2/1 235 1.32 266 0.41 362
PPO-b-PDLLA 1/1 241 0.92 270 0.71 382
PPO 207 11.70 257 – –
PLLA 271 2.48 299 – –
PDLLA 243 1.84 289 – –

Tdi is the intersection temperature of the baseline and the tangent of decomposition curve.

Figure 6 DTG curves of PPO-b-PLA copolymers, PPO,
PLLA, and PDLLA: (a) PPO-b-PLLA 2/1, (b) PPO-b-
PDLLA 2/1, (c) PPO, (d) PLLA, and (e) PDLLA.
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diffraction peaks, y is the diffraction angle, and K ¼
0.9 is a constant.41 The L value for PLLA homopoly-
mer is 12.6 nm. Because of the attachment of flexible
PPO segments, the regularity of the PLLA crystal
particles decreases. As a result, the L values for
PPO-b-PLLA 2/1 and PPO-b-PLLA 1/1 are 8.6 and
10.5 nm, respectively. Furthermore, the crystal size
increases with increasing the PLLA content in the
PPO-b-PLLA copolymers.

Thermal stability of PPO-b-PLA copolymers

TGA has been widely used to investigate the ther-
mal stability and the decomposition characteristics
of materials. Figure 5 presents the TGA curves of
the PPO-b-PLA copolymers and PPO, PLLA, and
PDLLA homopolymers. The thermal decomposition

data are summarized in Table III. With rigid chemi-
cal structures, the thermal stability of PLLA or
PDLLA homopolymer is higher than that of flexible
PPO homopolymer. The initial decomposition tem-
perature (Tdi) of PPO is 207�C, and those of PLLA
and PDLLA homopolymers are 271�C and 243�C,
respectively. PLLA with higher stereoregularity is
thermally more stable than PDLLA. In the case of
the copolymers, the thermal stability is intermediate
of the corresponding parent homopolymers. The
PPO-b-PLLA copolymers present higher thermal sta-
bility than the PPO-b-PDLLA ones with the same
monomer molar ratio, and the Tdi value is higher for
copolymers with higher PLA contents. It can be con-
cluded that both the PLLA and PDLLA segments
contribute to improve the thermal stability of the
copolymers, and the contribution of highly

Figure 7 SEM photographs of PU foams of original samples and after alkaline hydrolysis in 10 wt/vol % NaOH solution
at 80�C for 15 h: (a) original PU-L11, (b) PU-L11 after degradation, (c) original PU-DL11, (d) PU-DL11 after degradation,
(e) original PU0, and (f) PU0 after degradation.
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stereoregular PLLA segments is larger than that of
less stereoregular PDLLA ones.

The derivative thermogravimetry (DTG) curves
are shown in Figure 6. dx/dT stands for the decom-
position rate of the polymers, (dx/dT)m the maxi-
mum decomposition rate, and Tdm the temperature
at the maximum decomposition rate. The detailed
data are listed in Table III. PPO exhibits an acceler-
ated process throughout the whole decomposition
range, and has a relatively high (dx/dT)m value
(about 11.70%/�C) and low Tdm value (about 257�C),
suggesting that PPO tends to undergo thermal
decomposition. PLLA and PDLLA homopolymer
show a single DTG peak, in agreement with a ran-
dom thermal decomposition along the polymer
backbone. The Tdm of PLLA (about 299�C) is 10�C
higher than that of PDLLA, which is consistent with
the Tdi results. Two peaks are observed on the DTG
curves of PPO-b-PLLA 2/1 and PPO-b-PDLLA 2/1
copolymers [Fig. 6(a,b)], indicating that the thermal
decomposition consists of two chemical reactions, in
the range of 200–315�C as reaction I and 315–425�C
as reaction II. Reaction I, occurring at lower temper-
ature, is caused by the ether bonds destruction in
the PPO segments. And reaction II, at higher tem-
perature, is assigned to the ester bonds destruction
in the PLA segments. With increasing PLLA or
PDLLA content in the copolymers, the weight loss
contribution in the range of 200–315�C becomes
lower, and that in the range of 315–425�C becomes
more important. It is noted that with higher stereore-
gularity of the PLLA segments, the Tdm values of
reaction II of the PPO-b-PLLA copolymers are about
30�C higher than those of the PPO-b-PDLLA ones
with the same monomer molar ratio. Reaction II of
the PPO-b-PLLA copolymers almost overlaps with
reaction I. Thus, the Tdm values of reaction II of the

PPO-b-PLLA copolymers are hardly distinguishable.
In the case of PPO-b-PDLLA copolymers, thermal
decomposition of the PPO segments first occurs at
lower temperature, followed by that of the PDLLA
segments at higher temperature.

Degradation of polyurethane foams containing
PPO-b-PLA block copolymers

To evaluate the degradability of polyurethane foams
containing PPO-b-PLA block copolymers, alkaline
hydrolysis experiments were performed in 10 wt/
vol % NaOH solution at 80�C. SEM was used to
monitor the changes of the strut structures of the PU
foams of original samples and after alkaline hydroly-
sis for 15 h. First of all, it was observed that the strut
structures of original PU-L11, PU-DL11, and PU0
were well-formed and integrated [Fig. 7(a,c,e)].
While after degradation in 10 wt/vol % NaOH solu-
tion at 80�C for 15 h, the strut structures of PU0
almost unchanged [Fig. 7(f)], indicating that no deg-
radation behavior occurred for PU0. On the contrary,
decayed struts structures of PU-L11 and PU-DL11
were observed under the same degradation condi-
tions [Fig. 7(b,d)], suggesting that degradation took
place for PU foams containing PPO-b-PLLA 1/1 or
PPO-b-PDLLA 1/1. To quantitatively measure the
degradability, the weight-loss of the samples was
recorded after alkaline hydrolysis for different time.
Figure 8 shows the corresponding weight-loss data.
It appears that the weight-loss percentages of the
polyurethane foams containing PPO-b-PLLA or PPO-
b-PDLLA copolymers increased rapidly during the
first 15 h, and then attained a constant value
between 15 and 19%. The weight loss values are
slightly higher than the PLA content in the PU
foams probably because some tiny particles were
washed away. Therefore, the polyurethane foams
containing PPO-b-PLA block copolymers exhibit sig-
nificantly improved degradability when compared
with commonly used polyurethane foams.

CONCLUSIONS

Degradable PPO-b-PLA copolymers are prepared by
ring-opening polymerization of lactide using stan-
nous octoate as catalyst and low unsaturated PPO
triol as macroinitiator. DSC results show that the Tg

of the copolymers increases with increasing the PLA
content. The PPO-b-PDLLA copolymers are intrinsi-
cally amorphous. In contrast, the PPO-b-PLLA
copolymers are semicrystalline, and higher Tm and
crystallinity are obtained with increasing the PLLA
segment length. WAXD spectra of the PPO-b-PLLA
copolymers exhibit two main peaks at 16.8� and
19.2�, belonging to the (110)/(200) and (203) reflec-
tions of a crystal cell of PLLA. Thermal

Figure 8 Weight loss changes of PU-LA foams in 10 wt/
vol % NaOH solution at 80�C.
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decomposition data confirm that the thermal stabil-
ity of the block copolymers can be improved by
introducing PLA segments. Polyurethane foams con-
taining the PPO-b-PLA copolymers are synthesized.
Alkaline hydrolysis experiments proved that the pol-
yurethane foams containing PPO-b-PLA copolymers
exhibit a partial degradability. Therefore, these novel
copolymers present a potential as environmentally
friendly materials.
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