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Abstract

Comparison of miscibility and structure of poly((R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate) (P(HB-co-HHx)) (M, = 638,000 g mol ~ l)
and poly(L-lactic acid) (PLLA) (M, = 150,000 g mol ') with those of poly((R)-3-hydroxybutyrate) (PHB) (M,, = 600,000 g mol™ 1, and PLLA
having the blending ratios was investigated by wide angle X-ray diffraction (WAXD), differential scanning calorimetry (DSC), and infrared (IR)
microspectroscopy techniques. WAXD reflection patterns show that the lattice parameters of  and b axes for PHB and P(HB-co-HHx) are unchanged
in their blends with PLLA regardless of blending ratio. These WAXD results suggest that their crystalline structures are independent of the second
component. The glass transition temperature (T;) of blend components did not significantly change. The crystallization temperature (1) of PLLA
reveal that both PHB/PLLA and P(HB-co-HHx)/PLLA blends form mixed semicrystalline systems. The T.. of PLLA in the PHB/PLLA blends and
that in the P(HB-co-HHx)/PLLA blends shift to opposite directions indicating that both blends are immiscible but exhibit different levels of
compatibilities. Micro IR spectra show that crystalline bands due to PHB appear even for the 20/80 blend but those due to PLLA are hardly observed
for all the PHB/PLLA blends investigated. On the other hand, the crystalline bands of PLLA are observed in the micro IR spectra of some spots in the
20/80 P(HB-co-HHx)/PLLA blend. Micro IR spectra also show significant differences in the compatibility and crystalline structures between the
P(HB-co-HHx)/PLLA and PHB/PLLA blends.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction (PHA)s are biosynthetic aliphatic polyesters produced and de-
graded by bacteria in soil [1—8]. Poly((R)-3-hydroxybutyrate)

Biodegradable polymers have been receiving keen interest as (PHB) is one of the most studied PHAs among biosynthetic
environmentally friendly materials. Poly(hydroxyalkanoates) polyesters. Some of the physical and mechanical properties of
PHB are similar to those of petroleum-based polymers. How-

ever, PHB is rigid and stiff, and thus it is not always suitable

* Corresponding author. Tel.: +-81 79 565 8349; fax: 4+-81 79 565 9077. for practical applications. One of the improvement methods
E-mail address: ozaki@kwansei.ac.jp (Y. Ozaki). for physical and mechanical properties of PHB is to blend

0032-3861/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2007.01.020


mailto:ozaki@kwansei.ac.jp
http://www.elsevier.com/locate/polymer

1750 T. Furukawa et al. | Polymer 48 (2007) 1749—1755

PHB with other polymers, including biodegradable polymers
and conventional petroleum-based polymers [9—12]. Another
effective improvement method is the copolymerization of
PHB with other monomer units [13—16]. Poly((R)-3-hydroxy-
butyrate-co-(R)-3-hydroxyhexanoate) (P(HB-co-HHx)) is one
of the promising PHA copolymers [1—4,8,14]. P(HB-co-HHx)
has a lower crystallinity and higher flexibility than PHB and
has good compatibility with other biodegradable and synthetic
polymers. P(HB-co-HHx) shows biodegradability under both
aerobic and anaerobic conditions. The physical and mechanical
properties of P(HB-co-HHx) depend on the level of HHx
comonomer content [1—4,8,14].

Poly(r-lactic acid) (PLLA) is a chemically synthesized
aliphatic polyester and is also biodegradable [8,16—18]. One
of the raw materials for PLLA is starch, which is harvested
from corn, sweet potato, and so on. PLLA 1is synthesized via
the ring-opening reaction of lactide that is prepared from fer-
mentation products of starch. PLLA is degraded to lactic acid
that already exists in human body. Therefore, PLLA has good
biocompatibility and has already been used in many applica-
tions. One of the most popular applications of PLLA lies in
the medical field; PLLA is used as a drug delivery system
(DDS) [19,20], implants [21], and bone fixation [22]. In
some applications, PLLA is superior to other biodegradable
polyesters, because of the better thermal and mechanical
properties, as well as the excellent transparency of products.

PHB and PLLA have been blended with various biodegrad-
able and nonbiodegradable polymers for the improvement of
their physical and mechanical properties [9,11,23—27]. The
morphology, thermal behavior, miscibility, and physical prop-
erties of different kinds of PHB blends and PLLA blends have
been investigated. Poly(ethylene glycol) (PEG) is one of the
most widely used materials blended with PHB [9] or PLLA
[23—27]. The thermal behavior and miscibility of their blends
depend on the molecular weight of PEG.

The miscibility and crystallinity of PHB/PLLA blends have
also been investigated [28—34]. The molecular weight of PHB
influences the miscibility of PHB/PLLA blends; only PHB
with a low molecular weight is fully miscible with PLLA
[28,29]. On the other hand, PHB is miscible with low molec-
ular weight PLLA in the melt over the whole composition
range [30,31]. The crystallinity and growth rate of spherulitic
structure of PHB are affected by the blending ratio of PHB/
PLLA blends [33,34].

Several research groups have already reported the physical
and mechanical properties of the P(HB-co-HHx)/PLLA blends
[35] and the possible existence of different crystalline forms of
P(HB-co-HHXx) [36]. Noda et al. investigated the physical and
mechanical properties, energy-to-break toughness, and trans-
parency of P(HB-co-HHx) (HHx =35 mol%)/PLLA blends
with different blending ratios [35]. They also analyzed the
state of crystallization of these blends by using temperature-
dependent IR spectra [35]. Marcott et al. studied P(HB-
co-HHx)/PLLA blends with different blending ratios by
combining temperature-dependent IR spectra with chemo-
metrics and two-dimensional correlation analysis [36]. They
revealed the early disappearance of more-ordered crystalline

P(HB-co-HHx) on heating the sample and the formation of the
amorphous P(HB-co-HHx) before the complete disappearance
of less-ordered crystalline P(HB-co-HHx). These studies, based
mainly on the analysis of C=0 stretching bands, suggested that
the crystallization of P(HB-co-HHx) and PLLA in the blends
depends on the domain sizes of each component [36].

IR spectroscopy enables one to explore the structure and in-
teraction of molecules at the functional group level. For this
reason, IR spectroscopy has extensively been used to elucidate
the crystalline and amorphous structure of polymers [34—43].
Microspectroscopy is a very powerful tool of microanalysis for
very small samples or small regions within a larger sample to
extract chemical information about materials. It has microme-
ter order spatial resolution, so that it is possible to investigate
the microstructure of inhomogeneous blends as well as that of
homogeneous samples.

We have investigated the structure and thermal behavior of
PHB and three kinds of P(HB-co-HHx) with different HHx
contents by using IR spectroscopy and wide angle X-ray dif-
fraction (WAXD) [41,42]. We found the existence of an inter-
molecular C—H---O=C hydrogen bond between the C=0
group and the CH; group in PHB and P(HB-co-HHx). The
CH stretching band at 3009 cm ™' due to the C—H---O=C hy-
drogen bond shifts gradually to a lower wavenumber with tem-
perature in the temperature-dependent IR spectra from just
above room temperature [37]. This observation indicates that
the weakening of the C—H:---O=C hydrogen bond proceeds
gradually even from fairly low temperature. Our other studies
have shown the differences in C—H---O=C interactions
among PHB, PLLA, and PLLA/poly(p-lactide)(PLLA/
PDLA) stereocomplex [43]. In the case of PHB, there are
a chain of C—H:---O=C hydrogen bond pairs that combine
two parallel helical structures, stabilizing the chain folding
of PHB crystalline units. In the PLLA/PDLA stereocomplex
system, the C—H---O=C interaction may be ascribed to the
intermolecular hydrogen bond. As for PLLA, there is no
strong hydrogen bond among the PLLA chains, and only
dipole—dipole interactions and van der Waals interactions
are involved.

Structure, dispersibility, and crystallinity of PHB/PLLA
blends with the blending ratios of 80/20, 60/40, 40/60, and
20/80 were investigated by polarized light microscopy, micro
IR spectroscopy, and differential scanning calorimetry (DSC)
in our previous study [34]. In that study the spherulitic struc-
ture of PHB was not observed in the 20/80 blend by means of
polarized light microscopy and micro IR spectra. IR bands
arising from nonspherulitic parts were observed for both
PHB and PLLA in all the blends investigated. In the DSC
curves, the temperatures of melt and crystallization of PHB
and PLLA were almost the same for all the blends. These
results suggested that the PHB/PLLA blends are immiscible
and inhomogeneous system.

In the present study, four kinds of PHB/PLLA and P(HB-
co-HHx) (HHx =12 mol%)/PLLA blends with the PLLA
content ranging from 20 to 80 wt% have been investigated
by using WAXD, DSC and IR microspectroscopy to elucidate
the miscibility, structure, and crystallinity of P(HB-co-HHx)/
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PLLA blends. The results of both blend systems are then com-
pared with each other. This study revealed the difference of the
miscibility of PHB/PLLA and P(HB-co-HHx)/PLLA blends.

2. Experimental part
2.1. Preparation of blends

The chemical structures of PHB, P(HB-co-HHx), and
PLLA are shown in Fig. 1. PHB (M, = 600,000 gmol ',
My /M, =22) and P(HB-co-HHx) (M, = 638,000 gmol ",
M, /M, =2.4) were obtained from the Procter & Gamble
Company and PLLA (M,, = 150,000 gmol ™!, M,/M, =1.8)
was obtained from Shimadzu Corporation (LACTY5000).
The composition of HHx in P(HB-co-HHx) was 12 mol%.
Since P(HB-co-HHx) is a random copolymer, P(HB-co-
HHx) means that the probability of finding two consecutive
units of 3HB is ca. 0.9% Blends of PHB and PLLA and those
of P(HB-co-HHx) and PLLA were prepared by dissolving each
component together in hot chloroform, and then the solution
was cast on a aluminum dish as a film. The blending ratios
of PHB/PLLA blends and P(HB-co-HHx)/PLLA blends were
80/20, 60/40, 40/60, and 20/80 by weight.

2.2. Wide angle X-ray diffraction (WAXD)

WAXD data for PHB/PLLA blends and P(HB-co-HHXx)/
PLLA blends were measured at room temperature in the scat-
tering angle range of 20 =2—40° by using RIGAKU RINT
2000. Cu Ko radiation (wavelength, 1.5418 nm) from an
X-ray generator was used as an incident X-ray source
(40 kV, 20 mA).

1-x

P(HB-co-HHXx)

|
O.
CH;\\ \H n

PLLA

@

Fig. 1. Chemical structures of PHB, P(HB-co-HHx), and PLLA.

2.3. Differential scanning calorimetry (DSC)

DSC measurements were performed on a Perkin—Elmer
Pyris6 DSC system over a temperature range from —10 to
190 °C at heating and cooling rates of 20 °C min~'. The analysis
of DSC curves was carried out for the second heating run data.
The sample films (5—6 mg) were sealed in aluminum pans.

2.4. FTIR microspectroscopy

IR spectra were measured at a 4 cm™ ' spectral resolution
with a FTIR microspectrometer (IlluminatIR, Smith Detec-
tion) equipped with a mercury cadmium telluride (MCT)
detector, and 512 scans were co-added. Micro IR spectra
were collected at a 4 cm™ ' spectral resolution by attenuated
total reflection (ATR) mode. The ATR element used was
made of type II diamond (refractive index is 2.42) with the
incident angle of 45°. The spatial resolution was 12 pm
diameter.

3. Results and discussion
3.1. WAXD

The WAXD patterns of PHB/PLLA blends and P(HB-
co-HHx)/PLLA blends are shown in Fig. 2A and B. The
crystalline structure of PHB has been well established to be
orthorhombic with lattice parameters of a =5.72 A and b=
13.12 A with its chain conformation in the left-handed 21 helix
[44,45]. On the other hand, as for the crystalline structure (o
form) of PLLA, there are two main opinions on the chain con-
formation of PLLA in the unit cell. One is the “pure” 10;
helix regular [47,48], and the other is the so-called “‘distorted”
105 helix conformation owing to the interchain interactions be-
tween CHj groups [46]. In the WAXD patterns of neat PHB
and P(HB-co-HHXx), the (020) and (110) reflection peaks are
observed, respectively, at 13.5° and 16.9°. In the case of
PLLA, the WAXD pattern shows the (010) reflection peak at
14.8°, and the (110) and (200) reflection peaks at 16.7°.

As can be seen in Fig. 2A and B, although the reflection
peaks of PHB are observed even for the 20/80 PHB/PLLA
blend, those of P(HB-co-HHx) are not identified for the
20/80 P(HB-co-HHx)/PLLA blend. Since the crystallinity
and the crystal growth rate of PHB are higher and faster
than those of P(HB-co-HHXx) the reflection peaks of PHB are
observed even in the blends with higher PLLA content. On
the other hand, PLLA reflection peaks are found only in the
PLLA-rich blends for both the blends with PHB and P(HB-
co-HHx). The a and b lattice parameters of each component
in PHB/PLLA and P(HB-co-HHx)/PLLA blends are summa-
rized in Table 1. The lattice parameters are almost unchanged
in PHB/PLLA and P(HB-co-HHx)/PLLA blends irrespective
of the blending ratios. This result suggests that each compo-
nent in the blends forms its crystalline structure independently
of the second component [32]. The WAXD results also re-
vealed that both PHB/PLLA and P(HB-co-HHx)/PLLA blends
are immiscible.
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Fig. 2. WAXD patterns of (A) PHB/PLLA and (B) P(HB-co-HHx)/PLLA
blends. (a) PHB (P(HB-co-HHXx)), (b) 80/20 blend, (c) 60/40 blend, (d) 40/
60 blend, (e) 20/80 blend and (f) PLLA.

3.2. DSC

Fig. 3A and B displays the second heating processes ob-
served in the DSC scans during the heating of PHB/PLLA

Table 1
The a and b lattice parameters of PHB, P(HB-co-HHx), and PLLA

blends and P(HB-co-HHx)/PLLA blends from —10 to
190 °C. The glass transition temperature (T), the crystalliza-
tion temperature (7,.) and the melting temperature (7,,,) of all
samples are listed in Table 2. The T, of neat PHB, P(HB-co-
HHx), and PLLA are 4.0, 2.8, and 61.6 °C, respectively. The
T, of PHB and PLLA in their blends are 4.0—6.9 and 57.0—
61.8 °C, respectively. Those of P(HB-co-HHx) and PLLA in
their blends are 3.7—4.7 and 64.8—67.8 °C, respectively. How-
ever, it is difficult to detect the T, value of P(HB-co-HHx) in
the 20/80 blend because of the low P(HB-co-HHx) content.
The DSC curves of PHB/PLLA (P(HB-co-HHx)/PLLA)
blends exhibit two T, values of PHB (P(HB-co-HHx)) and
PLLA, and the differences of them in the blends do not
show remarkable changes. This observation indicates that
both blend systems are immiscible systems [31,32]. The
peak positions of the detected T, are indicated by the arrows
in Fig. 3A and B.

Although the T, of neat PLLA appears at 122.8 °C, those of
PHB and P(HB-co-HHx) cannot be detected. The T, of PLLA
is observed also in both blend systems except for the 20/80
P(HB-co-HHx)/PLLA blend. This result suggests that both
PHB/PLLA and P(HB-co-HHx)/PLLA blends are mixed
semicrystalline systems. Since both PHB/PLLA and P(HB-
co-HHx)/PLLA blends are immiscible, the crystals of both
components exist side by side. In the PHB/PLLA blends, the
T, peak appears in the temperature range of 109.4—130.3 °C
and is influenced by the blending ratio. The T, peak shifts to
lower temperature with the increase in the PHB contents.
This result suggests that a small amount of PLLA component
disperses in the PHB phase [31]. In the P(HB-co-HHx)/PLLA
blends, although the T, value of PLLA for the blends shifts
slightly to high temperature in comparison with neat PLLA,
there is no clear relationship between the T, values and the
blending ratio. For the miscible blends of PHB and PLLA
with low molecular weight, the increase in 7. suggests that
the crystallization process takes place from a single homoge-
neous phase [31]. Therefore, the increase of T, value with
increasing PLLLA component leads us to conclude that P(HB-
co-HHx)/PLLA blends are immiscible but have higher com-
patibility than PHB/PLLA blends. The peak positions of the
T. of PLLA are also indicated by the arrows in Fig. 3A and B.

PHB, P(HB-co-HHXx)

PLLA

a lattice paIameter/A

b lattice parameter/;&

a lattice parameter/;%

b lattice parameter/;&

PHB 5.72
80/20 PHB/PLLA 5.72
60/40 PHB/PLLA 5.68
40/60 PHB/PLLA 5.72
20/80 PHB/PLLA n.d.
P(HB-co-HHx) 5.72
80/20 P(HB-co-HHx)/PLLA 5.72
60/40 P(HB-co-HHx)/PLLA 5.72
40/60 P(HB-co-HHx)/PLLA n.d.
20/80 P(HB-co-HHx)/PLLA n.d.

PLLA

13.12 — —

13.12 n.d. n.d.
13.12 n.d. n.d.
13.12 10.62 n.d.
13.12 10.62 n.d.
13.21 — —

13.19 n.d. n.d.
13.18 n.d. n.d.
13.22 10.62 n.d.
n.d. 10.59 n.d.
- 10.60 5.99

n.d.: not detected.
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Fig. 3. DSC scans during the heating processes of (A) PHB/PLLA and (B)
P(HB-co-HHx)/PLLA blends from —10 to 190°C. (a) PHB (P(HB-co-
HHx)), (b) 80/20 blend, (c) 60/40 blend, (d) 40/60 blend, (e) 20/80 blend,
and (f) PLLA. The peak positions of T, and T, for the blend components
are indicated by the arrows.

Table 2
Thermal properties of the PHB/PLLA and P(HB-co-HHx)/PLLA blends

T,/ °C T.°C Tpl°C
PHB P(HB-co-HHx) PLLA PLLA
PHB 40 — - -

168.4 175.0

80/20 PHB/PLLA 69 — 61.0 109.4 166.3 174.3
60/40 PHB/PLLA 6.7 — 58.7 1125 172.1
40/60 PHB/PLLA 51 — 57.0 116.8 171.8
20/80 PHB/PLLA 40 - 61.8 130.3 172.0
P(HB-co-HHXx) - 28 - - 1204
80/20 P(HB-co-HHx)/PLLA — 4.7 66.8 n.d. 175.7
60/40 P(HB-co-HHx)/PLLA — 3.7 649 1374 1753
40/60 P(HB-co-HHx)/PLLA — 4.7 67.8 143.4 178.1
20/80 P(HB-co-HHx)/PLLA —  n.d. 64.8 139.6 176.7
PLLA - 61.6 12238 176.1

n.d.: not detected.

The T,, peaks of neat PHB are observed at 168.4 and
175.0 °C as double peaks. Yoshie et al. and Abe et al. reported
that the lower and higher peaks are assigned, respectively, to
the melting peak of crystals formed at 7, and the melting
peak of crystals which are recrystallized during the heating
process [13,14]. The T, of PLLA at 176.1 °C is overlapped
with those of PHB in the PHB/PLLA blends. Therefore, it is
difficult to identify each T,, peak in the PHB/PLLA blends.
Although the T, peak of P(HB-co-HHX) is very weak because
of its low crystallinity, it appears at 120.4 °C. However, this
temperature is close to the T, of PLLA, and the intensity of
the T. of PLLA is stronger than that of T,, peak of
P(HB-co-HHx). Therefore, in the P(HB-co-HHx)/PLLA
blends, only the 7. of PLLA can be identified.

3.3. FTIR microspectroscopy

Fig. 4A and B shows micro IR spectra in the 2000—
1000 cm™"' region of PHB/PLLA and P(HB-co-HHx)/PLLA
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Fig. 4. Micro IR spectra of (A) PHB/PLLA and (B) P(HB-co-HHx)/PLLA
blends. (a) 80/20 blend and (b) 20/80 blend.
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Table 3
Wavenumbers (cm™') and assignments of IR bands of PHB, P(HB-co-HHXx),
and PLLA

PHB, P(HB-co-HHx) PLLA
1755 C=0 stretching (C)
1744 C=0 stretching (A)
1720 C=0 stretching (C)
1453 CHj; asymmetric deformation CHj; asymmetric deformation
1384 CH; symmetric deformation CH; symmetric deformation
1356 CH deformation and CHj3 CH deformation and CHj;
symmetric deformation symmetric deformation (C)
1275 C—0—C stretching (C)
1265 C—0—C stretching + CH
deformation (A)
1261 C—0—C stretching + CH

deformation (C)

1210 C—0—C stretching (C)
1179 C—0—C stretching C—0—C stretching
1130 CH; rocking

1084 C—0—C stretching
1043 C—CHj stretching C—CHj; stretching

A: amorphous, C: crystalline.

blends with the 80/20 and 20/80 blending ratio. The differ-
ences in the IR spectra between neat PHB and P(HB-
co-HHx) lie mainly in the intensities of crystalline and
amorphous bands [37,38,42]. Assignments of IR bands of
PHB, P(HB-co-HHx), and PLLA are summarized in Table 3.
In our previous micro IR study of PHB/PLLA blends, crystal-
line bands of PHB were clearly observed, but those of PLLA
were not identified in the micro IR spectra of the 80/20 and 20/
80 blends [34]. The ratios of peak intensities of PHB and
PLLA bands are dependent on measurement points in both
blends. In the 80/20 PHB/PLLA blend, the spectra of many
spots are similar to the crystalline PHB spectrum. The ob-
served main PHB crystalline bands are as follows: the C=0
stretching band at 1720 cm~', C—O—C stretching band at
1275 cm™ !, and the band at 1261 cm™' due to the coupling
of C—0O—C stretching and CH deformation modes. These
bands are clearly identified in the spectra shown in
Fig. 4A(a) and B(a). The spectra including amorphous
PLLA bands at 1745cm™' are obtained in some spots as
shown in Fig. 4A(a). As can be seen in Fig. 4A(b), the crystal-
line C=0 stretching band at 1720 cm™' due to PHB is
observed anywhere in the 20/80 PHB/PLLA blend. The
crystalline C=0 stretching band of PLLA at 1755 cm™ " ap-
pears weak also for any spots. Other PLLA crystalline bands
at 1356 and 1210 cm ™" assigned, respectively, to the coupling
of CH deformation and CH3 symmetric deformation mode and
the C—O—C stretching mode are also not so strong. These re-
sults indicate that the crystallization of PHB is relatively easy
and that of PLLA components is hard, even in the 20/80 PHB/
PLLA blend [34].

In the case of P(HB-co-HHx)/PLLA blends, the intensity
ratios of P(HB-co-HHx) and PLLA bands are also dependent
on measurement points of locations in the 80/20 and 20/80
blends. In the 80/20 P(HB-co-HHx)/PLLA blend, the crystal-
line bands of P(HB-co-HHX) are also observed, but those of

PLLA are absent in the spectra from any spots as shown in
Fig. 4B(a). The weak amorphous bands of PLLA are observed
in the spectra of 80/20 P(HB-co-HHx)/PLLA blend. On the
other hand, the crystalline and amorphous bands of P(HB-
co-HHx) are not observed in the spectra of some spots
of the 20/80 P(HB-co-HHx)/PLLA blend (Fig. 4B(b)). One
of the most characteristic amorphous bands of PLLA at
1265 cm™ ' assigned to the coupling of C—O—C stretching
and CH deformation modes is also missing in the spectra of
the 20/80 P(HB-co-HHx)/PLLA blend. Thus, the spectra
from some spots of the 20/80 P(HB-co-HHx)/PLLA blend
are very similar to the neat crystalline PLLA spectra.

These results for IR microspectroscopy reveal that PHB and
P(HB-co-HHx) are crystallized but not PLLA in the 80/20
blends. These are in good agreement with the WAXD results
that the reflection peaks of only PHB and P(HB-co-HHx)
are observed in the 80/20 blends. Moreover, the observation
of the existence of PHB crystalline bands, contrasting the
absence of the P(HB-co-HHx) crystalline bands in the spectra
of the 20/80 blends are also in good agreement with WAXD
results that the reflection peaks are observed only for PHB
and not for P(HB-co-HH). These results also indicate that
P(HB-co-HHx) component dispersed in a PLLA matrix at
a relatively low level does not crystallize much [35].

4. Conclusion

In this study, the miscibility and structure of PHB/PLLA
and P(HB-co-HHx)/PLLA blends are investigated by using
DSC, WAXD, and IR microspectroscopy. The results are
then compared between the two kinds of blends. The follow-
ing conclusions can be reached from the present study.

The combination of DSC, WAXD, and IR microspectro-
scopy revealed that both PHB/PLLA and P(HB-co-HHx)/
PLLA blends are immiscible, but the P(HB-co-HHx)/PLLA
blends are somewhat more compatible.

WAXD reflection patterns revealed that PHB component
can be crystallized in the PHB/PLLA blends with any ratio
and that P(HB-co-HHx) component can also be crystallized
in the P(HB-co-HHx)/PLLA blends except for the 20/80
blend. The a and b lattice parameters of each component in
the blends are almost constant, suggesting that their crystalline
structures are kept intact in the blends.

The T, values for P(HB-co-HHx) and PLLA components in
the P(HB-co-HHx)/PLLA blends also do not change signifi-
cantly, as well as the case of those for PHB and PLLA compo-
nent in the PHB/PLLA blends. The observation of the T, of
PLLA in both blend systems suggests that each component
in not only the PHB/PLLA but also P(HB-co-HHx)/PLLA
blends forms the mixed semicrystalline structures. The T, of
PLLA in the PHB/PLLA and P(HB-co-HHx)/PLLA blends
shift, respectively, to lower and higher temperature with the in-
crease in the PHB or P(HB-co-HHx) component. These results
indicate that the PHB/PLLA blends with decreasing T, are
totally immiscible, while the P(HB-co-HHx)/PLLA blends
with increasing T, are somewhat compatible.
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Micro IR spectra from any spots of the 80/20 PHB/PLLA
and P(HB-co-HHx)/PLLA blends show the crystalline bands
only due to PHB and P(HB-co-HHx) components but not for
PLLA. On the other hand, although the micro IR spectra
from any spots of the 20/80 PHB/PLLA blend also show the
crystalline bands due to PHB, those from some spots of the
20/80 P(HB-co-HHx)/PLLA blend show only the crystalline
bands of PLLA component. P(HB-co-HHx) dispersed in
a PLLA matrix at this low level does not crystallize.
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