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In situ copolyesters containing polylactide (PLA) and polyhydroxyalkanoate (PHA) segments were obtained via
ring-opening polymerization ofL-lactide using PHA as a macroinitiator with stannous octoate as catalyst.
Incorporation of PHA (20 wt %) into PLA affords a novel copolymer withMn values ranging from 25 to 50 KDa
and low polydispersities of 1.8-2.3. DSC analysis of the copolymer indicates well-defined crystallization and
melting transitions different from the homopolymers and corresponding blend. The polymers were characterized
by FT-IR, GPC, DSC, optical microscopy, NMR, and TGA. The results show successful reactivity of PHA as a
macroinitiator for the ring-opening polymerization of lactide.

Introduction

Environmental and sustainability issues concerning petroleum-
based feed stocks have begun a growing emphasis on the
opportunity of renewable resource and biodegradable materials
for plastics and fibers including pharmacological,1 biomedical,2,3

agricultural,4 and food packaging5 applications. Poly(lactic acid)
(PLA) (Scheme 1a), based on corn-derived lactic acid and lactide
monomer, has emerged as the leading renewable thermoplastic
resin.6-8 The ability of PLA to successfully compete in broad
applications with commodity plastics, however, is limited in
part due to its hard/brittle properties, poor elongation, and poorly
placed (ca. 50-60 °C) glass transition temperature. Commercial
production and expanding applications of PLA continue in many
countries with Natureworks LLC as the leading U.S. manufac-
turer.8

A key advantage of lactide is its ability to be enhanced or
modified via copolymerization,9-12 well-defined stereopoly-
merization,13,14and/or blending.15 Enhancing the properties and
performance of polymers formed from lactide can significantly
increase its use. Modification through copolymerization with
another biodegradable resin can offer an attractive way to
improve upon the properties of polymer products containing
PLA targeted for specific applications.

Polyhydroxyalkanoates (PHA) have also been extensively
studied for a variety of commercial applications (Scheme 1b)
and include a broad class of biocompatible thermoplastic
polyesters produced by bacteria under careful growth and
nutrient restrictions.16 Based on the ability of PHA to degrade
in aerobic and anaerobic conditions, PHA has renewed interest,
focused primarily in biomedical and commodity plastic
applications.16-20 Broader applications of PHAs, however, are

limited due to thermal degradation at high processing temper-
atures (presumably via random-scission reactions occurring
through aâ-mechanistic pathway), its blend compatibility, and
production costs of the fermentation processes.17

Alternative strategies are of renewed interest to improve the
applicability of this class of materials. Linear polylactide (PLA)
exhibits a Tg of ca. 60 °C and a melting transition of
approximately 170°C, whereas theTg of PHA is approximately
between-10 and 0°C, and its melting points range between
160 and 180°C. Proctor and Gamble Co. has recently
investigated the properties of alloys consisting of PLA and PHA
for improving the drawbacks of each while maintaining their
intrinsic advantages.18 Efforts toward enhancing the thermo-
mechanical and processing properties of both classes of
polymers have focused on blending PHA and PLA to produce
the most promising biodegradable materials for use in a variety
of applications.

Previous studies have used Sn(Oct)2 as an effective and
widely used catalyst for the ring-opening polymerization of
L-lactide.19 The use of tin catalysts have been shown to produce
high molecular weight polylactide with low polydispersities and
a minimum of side reactions. Here, we report the in situ
polymerization of lactide initiated by PHA/Sn(Oct)2 to produce
the first copolymer of PLA and PHA (1). PHA/PLA copolymers
wherein a covalent link is made between the two different
polyester chains were not known previously.
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Scheme 1. Structures of PLA (a) and PHA (b)
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Experimental Section

General. 1H NMR 300 MHz and proton decoupled13C NMR 125
MHz spectra were obtained using the Bruker AF-300 spectrometer
system. Chloroform-d was used as solvent, and chemical shifts reported
were internally referenced to tetramethylsilane (0 ppm) and CDCl3 (77
ppm) for 1H and13C nuclei, respectively. Gel permeation chromatog-
raphy (GPC) data were collected in CHCl3 using a Waters Alliance
refractive index detector at 35°C and equipped with Polymer Labs
PLGel 5 mm Mixed-C and Mixed E columns. Retention times were
calibrated against Polymer Labs Easical PS-2 polystyrene stan-
dards.

Thermal gravimetrical analysis (TGA) data were obtained from a
Mettler-Toledo 851 TGA/SDTA system at a heating rate of 10°C/min
in a nitrogen atmosphere. Differential scanning calorimetry (DSC) was
obtained from TA instruments Q1000 system with an auto sampler
and liquid nitrogen cooling system. Analysis was carried out using TA
Instruments Universal Analysis Software. The glass transition (Tg) was
obtained from a second heating curve after cooling at 10°C/min. The
reportedTg value was taken at the midpoint of theCp curve.

Viscoelastic measurements were performed using a Rheometric
Scientific ARES. Samples were tested using a cone and plate geometry
with a diameter of 25 mm where dynamic strain and frequency tests
were conducted at a temperature of 165°C.

Table 1

copolymer
PHA feed wt %

(NMR)a

Mn
b

(×10-3) Mw/Mn
b

Tm
g

(°C)
∆Hm

g

(J/g)
Tc

g

(°C)
∆Hc

g

(J/g)
Tg

(°C)
%

cryst.e Td
f

PLLA n/a 35 2.0 176 41 111 34 61 49 272
PHA 100 (100) 126 2.4 126, 145 3, 31 62 26 -1 n/a 283
blend 20 (20) 46 3.7 143,c 173d 6,c 40d 46,c 94d 4,c 5d -2c 48 286
1 20 (19) 29 2.3 170 34 84 11 56 40 269

a Calculated from 1H NMR. b Determined by GPC. c Peak associated with PHA. d Peak associated with PLA. e Calculated from 100% crystalline PLA
and DSC. f Determined by TGA. g Determined by DSC.

Scheme 2. Synthesis of PHA-co-PLA Copolymer 1 from PHA and L-Lactide

Figure 1. (a) GPC curves for PHA and degraded PHA; and (b) GPC
curves for PHA, PLA, PHA-co-PLA (1), and PHA/PLA blend.

Figure 2. 1H NMR spectrum of melt prepared PHA-co-PLA copoly-
mer 1 (a) and 13C NMR spectrum of solution prepared 1 (b).
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Spherulite morphologies and crystal growth were characterized on
a Nikon SMZ-U microscope utilizing linear polarized light, with an
attached Mettler FP82HT hotstage at which samples were brought to
170 °C, remained at isothermal point for 5 min, and then allowed to

cool at a rate of 5°C/min. Digital images were captured and analyzed
using Image Pro Plus (4.0) software at 10k magnification.

Fourier transform infrared (FTIR) spectroscopy was performed on
thin films using a ThermoNicolet Magna-IR 550 FTIR spectrometer

Figure 3. FTIR spectra of PLA, PHA, PHA-co-PLA copolymer 1, and 20 wt % PHA/PLA blends.
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equipped with a Nic-Plan microscope, with a resolution of 2 cm-1 using
16 scans.

Surface topologies were obtained using a scanning electron micro-
scope (Hitachi S-800) upon which samples were coated with platinum
before being mounted.

Materials. Poly(3-hydroxybutyrate-co)-3-hydroxyhexanoate samples
were generously supplied by Proctor and Gamble Co. under the
tradename, NODAX. Lactide, stannous octoate (Sn(Oct)2), chloroform-
d, and toluene were purchased from Aldrich or Fisher Scientific. All
reaction manipulations were conducted under nitrogen or argon.
Solvents were dried using standard procedures.20

Melt Copolymerization of PHA with L-Lactide (1). To a 5 mL
glass ampule were added poly(3-hydroxybutyrate-co)-3-hydroxyhex-
anoate (Mn ) 126 000, 0.2 g),L-lactide (0.8 g), and Sn(Oct)2 (100µL
of 0.01 mol L-1 solution in anhydrous toluene) under nitrogen. The
ampule was heated to facilitate mixing and sealed under vacuum. The
tube was then immersed in an oil bath at 130°C for 24 h. The crude
product was dissolved in chloroform, precipitated into both methanol
and hexane repeatedly, and then dried in vacuo to afford a white fibrous
material. Yield: >90%. FTIR (neat film) (cm-1): 756, 870, 978, 1050,
1092, 1131, 1185, 1268, 1304, 1362, 1383, 1453, 1684, 1758, 2894,
2944, 2994.1H NMR (300 MHz, CDCl3) δ (ppm): 5.2 (q,J ) 6.88
Hz, 1H,â-H, PHA), 5.1 (q,J ) 7.24 Hz, 3.16H,R-H, LA), 2.5 (dq,J
) 15.48, 7.24 Hz, 1.59H,R-H, PHA), 1.56 (d,J ) 6.88 Hz, 15.06,
CH3, LA), 1.25 (d,J ) 6.19, 1.26H, CH3, PHA), 0.88 (t,J ) 7.24 Hz,
0.16H, -CH2CH3, PHA). 13C NMR (500 MHz, CDCl3) δ (ppm):
169.71, 169.43, 169.25, 69.10, 67.70, 40.86, 19.86, 18.42, 16.73. See
Table 1 for other characterization details.

Solution Copolymerization of PHA with L-Lactide (20% PHA-
co-PLA Copolymer). To a 5 mLampule were added toluene (0.5 mL),
poly(3-hydroxybutyrate-co)-3-hydroxyhexanoate (Mn ) 126 000, 0.2
g), L-LA (0.8 g), and Sn(Oct)2 (100 µL of 0.01 mol L-1 solution in
anhydrous toluene) under nitrogen. The ampule was then heated slowly

to facilitate mixing. The ampules remained under nitrogen while being
immersed in an oil bath at 80°C for 24 h. The crude product was
dissolved in chloroform and precipitated into both swirling hexane and
methanol repeatedly. The resulting polymer was dried in vacuo to afford
a white fibrous material. Yield:>90%. FTIR (neat film) (cm-1): 756,
870, 978, 1050, 1092, 1131, 1185, 1268, 1304, 1362, 1383, 1453, 1684,
1758, 2894, 2944, 2994.1H NMR (300 MHz, CDCl3) δ (ppm): 5.2
(q, J ) 6.88 Hz, 1H,â-H, PHA), 5.1 (q,J ) 7.24 Hz, 4.12H,R-H,
LA), 2.5 (dq,J ) 15.48, 7.24 Hz, 1.11,R-H, PHA), 1.56 (d,J ) 6.88
Hz, 14.12, CH3, LA), 1.25 (d,J ) 6.19, 2.99H, CH3, PHA), 0.88 (t,J
) 7.24 Hz, 0.14H,-CH2CH3, PHA). 13C NMR (500 MHz, CDCl3) δ
(ppm): 169.71, 169.43, 169.25, 69.10, 67.70, 40.86, 19.86, 18.42, 16.73.
See Table 1 for other characterization details.

Blends of PLLA and PHA (20% PHA/PLLA). Solution blending
was obtained by using the designated weight percentages of PHA and
PLLA dissolved in a minimal amount of CHCl3 (10 wt % solutions).
The mixtures were then precipitated in cold, swirling methanol, then
hexane, and the resulting polymer blend was dried in vacuo. Analysis
was then performed and compared to the copolymer prepared in
situ.

Results and Discussion

Novel PLA/PHA copolymers (1) were prepared by the ring-
opening polymerization of lactide in the presence of commercial
PHA as shown in Scheme 2. Variable ratios of PHA and lactide
were investigated, and copolymers of PLA with 20 wt % PHA
were chosen for further studies on the basis of initial properties
and comparison with blend studies.8 Copolymers were synthe-
sized in the presence of Sn(Oct)2 (0.01 wt %) and reacted for
24 h at 130°C with or without anhydrous toluene. Both solution
and melt methods gave white fibrous polymer in high yield upon
precipitation and show similar properties, with slightly higher
molecular weights obtained for the melt process (Table 1).

The corresponding values obtained from GPC for PHA, PLA,
20 wt % PHA/PLA blend, and in situ PHA-co-PLA copolymer
1 are summarized in Table 1. In situ copolymerization resulted
in an overall decrease of PHA molecular weight fromMn )
126 000 to 29 000 for the new copolyester as determined by
GPC. The molecular weight dropped significantly possibly due
to random chain scission reactions known to occur at high
temperatures for PHA copolymers.8 To investigate the effects
of catalyst and heat on the high molecular weight PHA starting
polymer, control degradation of PHA alone in the presence of
Sn(Oct)2 (0.01 wt %) at 130°C for 24 h was performed to help
account for the decrease in molecular weight of copolymer1.
Figure 1a shows GPC chromatograms of starting and degraded
PHA where the decrease in molecular weight is significant (Mn

from 61k to 18k) and suggests that interchange or transesteri-

Figure 4. (a) DSC curves (second heating) for melt prepared PHA-
co-PLA copolymer 1, the 20 wt % PHA/PLA blend, PHA, and PLA.
(b) DSC curves (second heating) of PHA and degraded PHA.

Figure 5. Thermal degradation curves for PHA-co-PLA copolymer
1, PLA, PHA, and the corresponding 20 wt % PHA/PLA blend.
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fication reactions can occur during in situ polymerization. The
control degraded PHA was also analyzed by DSC and illustrates
that the thermal behavior of the degraded PHA is much different
from that of copolymer1 (Figure 4b). Transesterification is
known to occur in molten polyesters in addition to other chain
scission and recombination reactions and is used to prepare a
homogeneous random copolymer between two immiscible
polyesters.21-26 The mechanism of transesterification remains
somewhat ambiguous in many reported studies; however, several
approaches have been published on the kinetics of a transes-
terification reaction through detailed NMR and IR spectroscopy
analyses.27-31

After copolymerization with lactide, copolymer1 exhibits a
polydispersity (Mw/Mn ) 2.3) typically found between that for
PLA and PHA homopolymers. The corresponding blend shows
a higher polydispersity of 3.7 as compared to copolymer1
(Table 1). Elution time curves from GPC are compared and
shown in Figure 1b. The GPC results indicate significant chain
cleavage of PHA, suggesting that lactide segments could then
grow from multiple initiation sites in addition to transesterifi-
cation reactions.

The 1H and 13C NMR spectra for the 20 wt % PHA/PLA
copolymer (1) are shown in Figure 2a and b. Signals atδ 5.1
and 1.56 ppm in the1H NMR spectrum represent the methyl
and methylene protons of the lactide linkage, respectively, while
signals atδ 5.2 and 1.25 ppm represent the methyl andâ-protons
of the PHA units. The compositions were determined by the
integration ratio of the PLA methyl protons atδ 1.56 with those
of the methyl protons from PHA atδ 1.25. The actual ratio
calculated by NMR is consistent with the feed ratio as shown
in Table 1. The13C NMR spectrum was analyzed using the
expanded signals from the carbonyl region. New ester carbonyl
signals that differ from both parent polymers are found.

Films of PLLA, PHA, PHA-co-PLA copolymer1, and its
corresponding 20 wt % PHA/PLA blend were evaluated by
FTIR analysis, and the results are shown in Figure 3. The
characteristic peaks of the CdO bands for PHA, PLA, the blend,
and1 are observed from 1600 to 1700 cm-1, where PHA has
peaks at 1738 and 1725, and PLA at 1755 cm-1. The CdO
band occurring at 1758 cm-1 for the copolymer is much sharper
than that of the CdO stretching bands of PHA and PLA alone.
The blend of PLA and PHA clearly shows the overlapping of

both respective CdO broad bands, whereas copolymer1 exhibits
a sharper single band. The copolymer1 fingerprint region,
observed at 800-1500 cm-1, also shows formation of new peaks
that are suggestive of new C-H (1375-1450 cm-1) and C-O
(1300-1100 cm-1) vibrations, which appear in copolymer1
and which are clearly distinctive from that of PLA and PHA
and the blend.

The DSC data for PLA, PHA, copolymer1, the corresponding
20 wt % blend, and a 50 wt % blend are shown in Figure 4a.
The step transition at 61°C is attributed to the glass transition
temperature of PLA with a crystallization peak at 111°C and
a melting peak at 176°C. PHA exhibits a glass transition
temperature at-1 °C, a crystallization peak at 62°C, and two
melting peaks at 126 and 145°C. The 50 wt % blend shows
clearly the separate glass, crystallization, and melting transitions
representative of the PHA and PLA polymers. In comparison
to copolymer1, the 20 wt % blend of PHA/PLA shows expected
results where theTg of PHA alone is visible at-2 °C; the
crystallization peak of the blends shows a broad transition at
46 °C that overlaps with theTg for PLA and anotherTc

corresponding to the PLA transition at 94°C. The distinct
melting peaks are also visible at 143 and 173°C for PHA and
PLA, respectively. For copolymer1, the second heating scan
shows one sharp crystallization peak at 84°C, melting peak at
170°C, and a very broad glass transition temperature with center
around 56°C. The degree of crystallinity was calculated using
the equation:

where∆Hf is the melting enthalpy and∆Hf° ) 93 J/g is the
heat of fusion for 100% crystalline PLA.32 We chose to use the
100% crystalline PLA value as the reference enthalpy for
comparison because it is the primary component of the
copolymer and blend. The∆Hf values are obtained from the
melting curves of the second heating scans of the DSC. The
degree of crystallinity has been reduced by almost 10% from
the homopolymer of PLA and its corresponding blend. Thermal
properties of the copolymers are summarized in Table 1.

Figure 4b shows the DSC results for the control degradation
of PHA and catalyst (SnOct2 @ 130 °C) without lactide.
Polymorphic melting generally decreased and became more

Figure 6. Polarized optical micrographs at 10k magnification showing spherulitic morphology of PLA (a), 20 wt % PHA/PLA blend (b), PHA (c),
and 20 wt % PHA/PLA copolymer 1 (d) crystallized at 165 °C.

crystallinity (%)) (∆Hf/∆Hf°) × 100
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disperse with clear melting transitions of 145 and 126°C for
starting PHA to 140, 130, and 113°C for degraded PHA. The
Tg and crystallization temperatures also decreased by at least
5 °C after degradation. The new PHA-co-PLA copolymer1
shown in Figure 4a is not simply degraded PHA or a blend of
PLA and PHA, but a new copolymer with clear distinct thermal
behavior.

Copolymer1 exhibited expected thermal stability as shown
in Figure 5 by thermal gravimetric analysis (TGA). The
copolymer gave aTd value of 269°C and is similar to PLA,
while PHA has aTd of 283 °C. The higher molecular weight
blend experiences aTd of 286 °C, giving a higher thermal
stability than that of the copolymer1.

The optical polarized microscopy of PLLA, PHA, a 20 wt
% PHA/PLA blend, and PHA-co-PLA copolymer (1) is shown
in Figure 6. The spherulitic crystal morphology of the novel
copolymer differs significantly from that of PHA and PLLA
alone. The spherulites of both PHA and PLLA are evident in
the blend, suggesting phase immiscibility between the two
crystalline domains. The surface topography of the PHA-co-
PLA copolymer film and fiber was observed by SEM using a
cryofractured cross section of the film material and electrospun
fiber. Cross-section surfaces in Figure 7a exhibit homogeneous
morphology throughout the entire region and fiber width
averaged around 7-8 µm as shown in Figure 7b.

Dynamic mechanical characterization was performed on PHA,
PLA, and the in situ copolymer1 to determine its applicability
in applications that require rigorous processing conditions.
Samples were first subjected to a strain sweep test in which
they were deformed at different strain rates and the moduli
recorded to determine the linear viscoelastic region (not shown).
The samples were then subjected to a frequency sweep at
165 °C. Figures 8 and 9 exhibit the storage and loss moduli
and complex viscosity of PLLA, in situ PHA-co-PLA copolymer
1 and 20 wt % PHA/PLA blend. The loss modulus is typically
higher than the storage modulus for polymers and indicates that

the viscous response is stronger than the elastic response where
energy stored during deformation is greater than the loss of
energy due to changes in the frequency. An increase in the
frequency for copolymer1 shows less change in the storage
and loss moduli, whereas the storage and loss moduli of both
PLA and PHA (not shown) vary greatly over the range of
frequencies. The complex viscosity of PLA and the copolymer
is also shown, and the viscosity is reduced in the copolymer as
compared to that in the PLA homopolymer.

Conclusions

Lactide was successfully copolymerized with poly(3-hy-
droxybutyrate-co-3-hydroxyhexanoate) (PHA) using a catalytic

Figure 7. Scanning electron micrograph of cross-section surfaces
at 1.0k, 30 µm for melt copolymer 1 solution cast film and electrospun
fibers.

Figure 8. Complex viscosity at 165 °C versus frequency for (b) PLLA,
(9) 20 wt % PHA/PLA blend and (1) PHA-co-PLA copolymer 1.

Figure 9. Storage and (b) Loss moduli at 165 °C versus frequency
for (b) PLLA, (1) PHA-co-PLA copolymer 1 and (9) 20 wt % PHA/
PLA blend.
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amount of tin octoate to generate a novel in situ copolyester
consisting of both repeating units. Polylactide containing 20 wt
% of PHA exhibits significant changes in thermal behavior as
shown by DSC. Both the glass transition and the crystallization
transition have been altered significantly, indicating formation
of a new PLA-co-PHA copolymer different from that of its
starting materials and respective blend. The polymerization
proceeds by random transesterification and competing initiation
of lactide, occurring through chain scission reactions of PHA
in the presence of Sn(Oct)2 giving a random multiblock
copolymer (Scheme 2) with molecular weights ranging from
25k to 50k. The in situ copolymer1 also imparts improved
mechanical properties based on its lower viscosity and dynamic
moduli for superior processing conditions as compared to PLA
alone that may be useful in a variety of commodity and
biomedical applications.
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