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Abstract

This study describes in situ observation of crystallization in a spherulite of blends of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
[PHBV] and poly(3-hydroxybutyrate-co-3-hydroxypropionate) [PHBP] by FTIR microscopy. In order to trace the crystallization processes
of blend components separately, PHBV was deuterated. The C—D and C=O stretching bands in the IR spectra, respectively, show the
crystallization behavior of PHBV and the whole blend. D-PHBYV containing 6 and 8% HV [D-PHBV6 and D-PHBVS] are blended with
PHBP containing 11% HP [PHBP11]. The crystallization rates of D-PHBV6, D-PHBVS and PHBP11 decrease in this order. In case of the
blend of D-PHBVS and PHBPI11 the crystalline peaks of C—D and C=0 bands grows simultaneously during crystallization, and the growth
rates are rather close to that of D-PHBV8. The results indicate that D-PHBVS8, which is the component that shows higher crystallization rate
in the pure state, leads the cocrystallization of the blend. For D-PHBV6/PHBP11, on the other hand, the crystalline peak of C—D band grows
faster than that of C=0 band, indicating that the crystallization of D-PHBV6 proceeds before the crystallization of PHBP11. During the
crystallization of D-PHBV6, PHBP11 molecules get away from the growing front of the spherulite, i.e. the phase segregation precedes the
crystallization. These results demonstrate that FTIR microscopy is a powerful tool to trace the formation of different crystalline phases, such
as cocrystallization and phase segregation.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction lamellar thickness. On the other hand, the mechanism of the

phase formation in crystalline/crystalline polymer blends is

Many studies on the phase structure and the morphology
of miscible crystalline/amorphous polymer blends have
been reported. In such blends, the amorphous component
escapes from the growing front of crystals and resides in
interspherulitic, interfibrillar, and/or interlamellar regions.
The extent of the phase segregation depends on the
crystallization rate of the crystalline component, the chain
mobility of the amorphous component and the strength of
the intermolecular interactions between the components.
Faster crystallization of the crystalline component, lower
mobility of the amorphous component, and stronger
attractive force between the components make the amor-
phous component stay closer to the crystalline lamellas.
These factors also influence to the microstructure of the
crystalline component, such as degree of crystallinity and
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less well understood. The ability of the second component to
crystallize broadens the variation of the possible phase
structures [1—-10]. The crystallization of one component
suppresses the crystallization of the other in some cases and
both components simultaneously crystallize in the other
cases. In the latter cases, the components can exist inside a
lamella, in separate lamellas inside a fibril, in separate fibrils
inside a spherulite, or in separate spherulites. Among these
structures, the cocrystallization in a lamella is a rare
phenomenon observed only when the chemical structures
of two component polymers are very similar. Various level
of the phase separation also occurs in the amorphous phase.
Though the complicated structure of crystalline/crystalline
polymer blends makes the systematic analysis difficult, it
attracts of considerable technological interest and offers the
challenging research area.

Poly(3-hydroxybutyrate) [PHB] and its copolymers with
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other 3-hydroxyalkanoate have been extensively studied as
a biodegradable and biocompatible thermoplastic [11].
Studies on the blends of PHB with its copolymers such as
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [PHBV]
[12—14] and poly(3-hydroxybutyrate-co-3-hydroxypropio-
nate) [PHBP] [15] are among them. PHBV keeps high
crystallinity throughout a range of composition from 0 to
100% HV due to the isomorphous behavior [16,17]. PHBP
is also semicrystalline when the HP content is less than
30 mol% and more than 70 mol%. So, PHB/PHBV and
selected PHB/PHBP blends are crystalline/crystalline poly-
mer blends. These blends provide a wide variety of phase
structures from cocrystallization to immiscible phase
separation, which can be controlled by careful selection of
the HV or HP content, f,,, of PHBV or PHBP and sample
preparation conditions. The copolymers cocrystallize with
PHB in lamellas when f,, is less than 10 mol%. When f,,
exceeds this level, the copolymer content in lamellas
decreases, and finally, the copolymer forms separate
crystallites even in the miscible blend. When f,, exceeds
30-40 mol%, the blends become immiscible. Though the
microstructures of these blends were elucidated as just
described, there are few reports on the crystallization
dynamics. Since crystallization and phase segregation of
these blends are controlled by kinetic factors, observation of
the dynamic process is fundamental for the complete
understanding of their structures.

In this study, we report on in situ observation of the
crystallization of the blends of PHBV and PHBP by FTIR
microscopy. This pair of copolymers is selected for two
reasons. (1) Since both PHBV and PHBP are crystallized in
the same PHB-type crystalline lattice, we expected to occur
the cocrystallization of the two component polymers. (2)
The spherulite growth rates of PHBV and PHBP with HV or
HP content of 0—20 mol% are suitable for the real-time
observation by FTIR microscope. In order to trace the
crystallization process of the blend components separately,
deuterated PHBV (D-PHBV) is blended with normal PHBP.
The C—D and C=O stretching bands of the IR spectra are
used to trace the crystallization of D-PHBV and the whole
blend, respectively. The spherulites of D-PHBV and PHBP
grow to a few hundreds micrometers in diameter at a certain
crystallization temperature range. FTIR microscope allows
the observation inside a spherulite by setting an aperture
area of a few dozen micrometers in size.

2. Experimental section
2.1. Materials

D-PHBYV and PHBP samples were prepared by fermen-
tation of Ralstonia eutropha H16 (ATCC17699) and
Alcaligenes latus (ATCC 29713), respectively, as pre-
viously reported [18,19]. Carbon sources used for the
biosynthesis of D-PHBV and PHBP are a mixture of acetic

acid-d, and propionic acid-ds and a mixture of (R)-3-
hydroxybutyric acid and 3-hydroxypropionic acids, respect-
ively. After extraction from the dried cells with hot
chloroform, the copolyesters were compositionally fractio-
nated by using chloroform/heptane mixed solvent [20,21].

D-PHBYV containing 6 and 8§ mol% HV [D-PHBV6 and
D-PHBV&] and PHBP containing 11% HP [PHBP11] were
used in this study. Molecular characteristics of these
copolymers are listed in Table 1. Molecular weight
characterization was performed by gel-permeation chroma-
tography (GPC) equipped with a refractive detector.
Polystyrene standards with a low polydispersity were used
to construct a calibration curve. “H content and comonomer
composition was determined by 'H and *H NMR spec-
troscopy. It has been known that even if per-deuterated
carbon source is used for the biosynthesis, only partially
deuterated polyesters are produced due to the substitution of
H with 'H during the metabolic process of the polyester
synthesis [22,23]. The ’H contents in main-chain methine,
main-chain methylene, and side-chain groups of D-PHBV
were 0.25, 0.65, and 0.75, respectively, which gave the
average “H content as 0.65. The amount of °H of D-PHBYV is
enough for the observation of the C—D bands by FTIR
microscope. For D-PHBV, the HV contents determined by
'"H and H NMR spectra agree within a range of
experimental error indicating that the “H contents of HV
and HB units are similar. Only the data determined from 'H
NMR spectra are shown in Table 1. Spherulite growth rate
of the samples was measured by a polarized microscope
equipped with a hot stage. Samples were heated to 195 °C,
kept at this temperature for 1 min and then cooled to a
selected crystallization temperature (90 °C) where they
were kept isothermally. The spherulite growth rate was
taken as the slope of the linear plot of spherulite radius
versus time.

Blending of samples was performed by a conventional
solvent-casting technique from chloroform solution using a
glass Petri dish as a cast surface. 0/1, 1/3, 1/1, 3/1, and 1/0
(w/w) blends of D-PHBV6/PHBP11 and D-
PHBVS&/PHBP11 were prepared.

2.2. FTIR Microscopy

Time-resolved FTIR measurements during isothermal
crystallization of samples were carried out by using a
SHIMADZU AIM-8800 FTIR microscope equipped with a
Mettler FP82HT hot stage. A cast film was heated to 195 °C,
kept at this temperature for 1 min and then cooled to 90 °C
where it was kept isothermally. A growing spherulite
residing apart from the others was found visually under
polarized light. A square aperture of 30 X 30 wm was set
parallelized to and apart from the growing front of it. Fig. 1
shows the visual images of a growing spherulite of PHB
observed by the FTIR microscope apparatus. The square in
the images represents the aperture. Time was set to be zero
just when the growing front of a spherulite enters the
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Table 1
Molecular characteristics of PHBP and D-PHBV

Polyester HV content/mol%* M, x 107°° M, /M,° Spherulite growth rate/pum s~ '
D-PHBV6 59 14.6 1.8 2.31
D-PHBVS 8.0 14.8 1.8 1.44
PHBPI11 11.1 32 1.8 0.25

* Measured by 'H NMR.
® Measured by GPC.

¢ Growth rate at 90 °C determined with a polarized microscope equipped with a hot stage.

aperture area (Fig. 1(a)). The time just when the growing
front exits from this area was defined as 7, (Fig. 1(b)). A
series of FTIR spectra were recorded with a resolution of
4 cm™ ! at specified time intervals. The measurements were
started well before the growing front of the spherulite went
into the aperture and continued long after the front left the
aperture. The crystallization of samples was traced by the
C=O0 stretching band at 1722 cm ™' and the C—D stretching
band at 2230 cm~'. Because of the large difference in the
molar absorbance coefficients, the C=0 and C—D stretching
bands were observed by separate measurements. A thick
film sample on a BaF, plate was used for the C—D band
observation, while a thin sample inserted between the BaF,
plates was used for the observation of the C=0 band.

2.3. Thermal analysis

Melting behavior of isothermally crystallized samples
was analyzed. Cast-film samples were inserted between
aluminum plates with an aluminum spacer (0.1 mm
thickness) and were compression-molded at 195 °C for
3 min under a pressure of 5 MPa by using a Toyoseiki Mini
Test Press-10. The molten samples were then cooled to
90 °C and kept for four weeks to reach the equilibrium
crystallinity. Thermal analysis was carried out by a SEIKO
EXSTAR6000 system equipped with a DSC 220U. The
isothermally crystallized samples of 2—3 mg in aluminum
pans were heated from 30 to 200 °C at a heating rate of
10 °C/min. The melting temperature was taken as the
position of the melting peak.

3. Results and discussion
3.1. Thermal analysis of D-PHBV/PHBP

Fig. 2 shows the DSC melting curves of D-PHBV&/
PHBP11 and D-PHBV6/PHBPI11 blends and their com-
ponent copolymers crystallized at 90 °C. All the samples
excepting pure D-PHBVS8 and PHBPI1 show two-peak
melting behavior. Two melting peaks are often observed on
the melting curve of semicrystalline polymers and polymer
blends. When the two-peak behavior is interpreted, it is
important to distinguish multiple peaks arising from phase-
separated structures and those arising as a result of a melt/
recrystallization process. We differentiated between them
by simply varying the heating rate [24]. For all the samples
showing two-peak melting, the relative intensity of the
higher temperature peak decreased with the increase of the
heating rate (data not shown). Therefore, the higher melting
peak is ascribed to the melt/recrystallization process during
heating in DSC apparatus while the lower temperature peak
corresponds to the melting of crystals formed at the
crystallization temperature (90 °C). In other words, all the
samples of D-PHBV8/PHBP11 and D-PHBV6/PHBP11
form only one crystalline phase, indicating the miscibility of
these blends. This result was supported by the observation
of the melt state by polarized optical microscopy. No sign of
phase separation was observed (data not shown).

Fig. 3 shows the variation in the melting temperature
with weight fraction of PHBP11 for D-PHBVS8/PHBP11 and
D-PHBV6/PHBPI11 blends crystallized at 90 °C, respect-
ively. The melting temperature of D-PHBV8/PHBPI11
blends lies on a straight line connecting the melting

Fig. 1. Crossed polar images of a growing spherulite of PHB observed by the FTIR microscope atf = 0 (a) and t = #,5, (b). The square in the image represents

the aperture of 30 X 30 pwm.



7408 N. Yoshie et al. / Polymer 44 (2003) 7405-7412

(a) D-PHBVS/PHBP11

1/0

4

3/1

11

1/3

endo -e—»€exo

%

0/

4

T T 1 1
80 100 120 140 160 180
Temperature /c

(b) D-PHBV6/PHBP11

1/0

31
11
1/3

0/1

endo -—» exo

80 100 120 140 _160 180
Temperature /°C

Fig. 2. DSC melting curves for 1/0, 3/1, 1/1, 1/3 and 0/1 blends of (a) D-
PHBVS/PHBP11 and (b) D-PHBV6/PHBP11 crystallized at 90 °C.
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Fig. 3. Variation in the melting temperature with weight fraction of
PHBP11 for (a) D-PHBV8/PHBPI11 and (b) D-PHBV6/PHBP11 crystal-
lized at 90 °C.

temperatures of the component polymers, D-PHBVS and
PHBP11. The linear relationship between melting tempera-
ture and blend composition indicates that PHBP11 cocrys-
tallize with D-PHBVS [14]. The PHBP11 content in the
crystalline region is similar to the blend composition. On the
other hand, the plot of melting temperature for D-PHBV6/
PHBP11 blends becomes convex upward, indicating the
phase segregation [14]. PHBP11 molecules escaped from
the growing front of the crystals, and as a result, the
crystalline phase of these blends are suggested to be mainly
composed of D-PHBV6. Note that the melting temperature
of 3/1 D-PHBV6/PHBPI11 is rather higher than those of pure
D-PHBV6 and pure PHBPI11, although melting tempera-
tures lower than those of the component polymers is rather
expected for usual polymer blends. This result suggests that
the lamellas in the blend are thicker than those of pure D-
PHBV6. As shown later, the existence of PHBP11 makes
the crystallization slower, which may lead thicker lamellas.

3.2. FTIR microscopy of D-PHBV

Before describing the FTIR microscope analysis of D-
PHBV/PHBP blends, the changes of the C=0 and C-D
stretching bands during the crystallization of pure D-PHBV
and PHBP are described. Fig. 4 shows the time resolved
C=0 and C-D stretching bands of D-PHBVS during

0.8 (a)C=0

0.6

0.4

Absorbance

0.2

0.0

1780 1760 1740 1720 1700 1680

0.64 (b)CD 55

Absorbance

2260 2240 2220 2200
Wav enumber /cm”’

Fig. 4. Time resolved C=0 (a) and C-D (b) stretching bands of D-PHBVS8
measured during isothermal crystallization at 90 °C observed by FTIR
microscope.
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isothermal crystallization at 90 °C. The C=0 and C-D
bands are approximately symmetrical before the growing
front of the spherulite enters into the aperture area (¢ < 0)
while additional peaks begin to appear at lower wavenum-
ber side of these bands when the growing front enters this
area (t > 0). These peaks must be ascribed to the crystalline
phase.

In a previous paper [25], the C=0O band of PHB was
curve-resolved into three symmetrical (one Lorenzian and
two Gaussian) peaks ascribed to the crystalline, amorphous
and interfacial phases, respectively. Though this three-peak
model is also an appropriate model of the C=O band for D-
PHBYV and PHBP, we adopt a simpler model in this study.
The C=0 and C—D bands are analyzed with the assumption
that the bands are comprised of the two peaks from the
crystalline and amorphous phases, respectively. It should be
noted that these peaks are not constrained to be symmetrical
in order to open the way for counting the contributions of
the interfacial phase. Only the assumption imposed on this
two-peak model is that the absorption coefficients of
crystalline and amorphous phases at 1722cm™' (C=0
band) and 2230 cm~ ' (C—D band) are constant during the
crystallization process. In this model, the absorbance A(v, t)
at wavenumber v (v = 1722 or 2230 cm™ ') and time 7 is
given by

A, 1) = {x(D&ery(v) + [1 = X(D]eamos(WH ey

where I, x(1), €.y(V), and &,,0,(v) are sample thickness,
mole fraction of crystalline parts at time ¢, and absorption

1.2
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coefficients of crystalline and amorphous phases at v,
respectively.

Considering that the absorbance, A(v, —), well before
the growing spherulite reaches the aperture area is equal to
the absorbance of complete amorphous samples, the relative
degree of crystallinity, X(v, 1), at time ¢ is given by

X(v, 1) = x()/ x(0)
= [A(y,1) — A(y, —00)/[A(v,00) — A(v, —0)]  (2)

where ¢ = oo indicates the time when PHB has reached
equilibrium crystallinity. A(v, o) is given by the spectrum
measured well after the growing front of the spherulite
leaves the aperture area.

Fig. 5 shows the time dependence of the relative
crystallinity, X(»,f), for PHBP11 and D-PHBVS crystal-
lized at 90 °C. At this temperature, #,,, for PHBP11, and D-
PHBVS are 120 and 21 s, respectively.

Since the aperture is set far from the center of the
spherulite in this analysis, the aperture area occupied by the
spherulite increases at a constant rate from 1 = 010 1 = f;,.
Supposing that the crystallization is completed instan-
taneously at the exact position of the growing front, the
relative crystallinity, X(v, 1), is expected to increase linearly
with time. Contrary to this, however, the time dependence of
X(v,t) for PHBP and D-PHBV shows sigmoid curves (see
also X(1722,t) for D-PHBV6 shown in Fig. 6(b)).
Furthermore, X(v, ) begins to increase before the growing
front of the spherulite enters the aperture area (¢ < 0) and as
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Fig. 5. Time dependence of the relative crystallinity X(1722, ) and X(2230, ¢) for (a) PHBP11 and (b) D-PHBVS crystallized at 90 °C.
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Fig. 6. Time dependences of X (1722, 1) and X(2230, t) of 1/0, 1/1 and 0/1 blends of (a) D-PHBV8/PHBP11 and (b) 1/1 D-PHBV6/PHBP11.

a result, X(»,0) = 0.1 at r = 0. This fact may be partially
ascribed to some kind of conformational change that
happens before the formation of spherulite becomes visible.
However, the main cause of it must be diffraction of IR
light. After light has passed through the aperture, it spreads
out to a certain extent, reaches the sample area where the
aperture is expected to mask, and as a result, skews the
spectrum depending on the state of the sample in this area.
Hence, when the growing front of the spherulite reaches just
outside the aperture, part of diffracted light passes through
the spherulite and gives the spectrum of the crystalline state.
Though light diffraction also contributes to the increase of
X(v,1) at 1> fy, the pattern of X(,1) at > f, is
apparently different from that at # < 0. [1 — X(¥, f5,)] 18
slightly larger than X(v, 0) and X(v, 1) at t > ;4 grows over
longer period than that at # << 0. This result suggests that the
secondary crystallization contribute the growth of X(v, ) at
1> Lo

Fig. 5(b) demonstrates that the time dependence of
X(2230, 1) completely accords with that of X(1722, ¢) for D-
PHBVS. It has been reported that for the case of polystyrene
[26,27] and poly(bisphenol A-co-decane ether) [28], the
absorbances of IR bands change not simultaneously but
rather sequentially during the crystallization. These sequen-
tial changes were interpreted as the hierarchical confor-
mational change. Though this kind of behavior is

advantageous for, for example, the detection of the transient
liquid phase preceding the crystallization, it is undesirable
for the present study which aims to evaluate the time cause
of the crystallization of respective blend components
through the comparison of the bands ascribed to one
component and to the whole blend. A pair of bands that
reflect the same conformational change or synchronizing
conformational changes is required. Fortunately, the time
dependence of X(2230,¢) completely agrees with that of
X(1722,¢) for D-PHBVS as shown in the figure, indicating
these parameters reflect the synchronized conformational
changes during crystallization. The same result was
obtained for D-PHBV6. The time dependence of
X(2230, t) (data not shown) completely agreed with that of
X (1722, ) (shown in Fig. 6(b)) for D-PHBV6. Therefore, we
can evaluate the crystallization processes of the components
in D-PHBV/PHBP blends separately through the compari-
son of X(1722,1) and X(2230, 1).

3.3. FTIR microscopy of D-PHBV/PHBP blends

Fig. 6 show the time dependences of X(1722,¢) and
X(2230,7) of 1/1 D-PHBVS8/PHBPI11 blend and 1/1 D-
PHBV6/PHBP11 blend crystallized at 90 °C. X(1722,1) of
the component copolymers are also plotted. For the blends,
X(1722, 1) reflects the crystallization behavior of the overall
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blends, while X(2230, ¢) allows to pick out the information
on D-PHBYV component.

For D-PHBVS8/PHBP11 blend, X(2230,¢) shows the
same time dependence as X(1722,¢), demonstrating that
PHBPI11 crystallizes simultaneously with D-PHBVS. In
addition, the growing rates of X(v,f) (v= 1722 or
2230 cm™ ') of this blend are rather close to that of D-
PHBVS. As a measure of the crystallization rate, the time,
t12, when X(v,7) becomes 0.5 was estimated by linear
approximation of the data around X (v, ) = 0.5. The values
of t, of X(1722,t) for D-PHBVS, PHBP11 and the 1/1
blend are 14, 70 and 20s, respectively. These results,
together with the results of thermal analysis, reveal that
PHBPI11 crystallizes simultaneously with D-PHBVS8 to
form cocrystals. The existence of PHBP11 in the blend
retards the crystallization of D-PHBV8 probably due to the
dilution effect, while D-PHBVS accelerates the crystal-
lization of PHBP11 by entrapping the latter molecules at the
growing front of the crystals. The fact that the crystal-
lization rate of the blend is rather close to that of D-PHBV8
strongly suggest that the crystallization of this blend is
leaded by D-PHBVS, i.e. the component crystallizing faster
in the pure state. The D-PHBVS chains, that are about to
crystallize at the growing front of a spherulite, may trap the
PHBPI11 chains in the neighborhood and drag them into the
crystalline phase.

For D-PHBV6/PHBPI11, on the other hand, X(2230,t)
grows faster than X (1722, ). The values of #;,, of X(1722,¢)
and X(2230,7) for the 1/1 blend are 19 and 15s,
respectively, while those of X(1722,¢) for D-PHBV6 and
PHBP11 are 11 and 70s, respectively. Therefore, the
crystallization of D-PHBV6 proceeds before the crystal-
lization of PHBP11. During the crystallization of D-
PHBV6, PHBP11 molecules get away from the growing
front of the spherulite, i.e. the phase segregation precedes
the crystallization. The growing rate of X(1722,¢) of the
blend is, however, yet much higher than the average of pure
PHBPI11 and D-PHBV6. The preceding crystals of D-
PHBV6 probably trap molecules of PHBPI1 in the
interlamellar regions, which restrict the mobility of
PHBPI11, and as a result, hasten the crystallization of it.
The fact that no sign of two step growth is recognized for
X(1722,1t) of the blend also supports this indication.
Therefore, two crystalline phases must be formed in this
blend. Since only one melting peak was observed on the
DSC curve of this blend, PHBP11 forms microcrystals of
which heat of fusion is too small to be detected by DSC.

4. Discussion

This paper reports on the in situ observation of the
crystallization inside a spherulite for the blends of PHBV
and PHBP by FTIR microscopy. The crystallization
processes of the blend components are traced separately
by using deuterated PHBV as a blend component. The C—D

and C=0 stretching bands in the IR spectra show the
behavior of D-PHBV and the whole blend, respectively. In
case of the blend of D-PHBVS and PHBP11 the crystalline
peaks of C-D and C=O bands grow simultaneously,
indicating the occurrence of cocrystallization. For D-
PHBV6/PHBP11, on the other hand, the crystalline peak
of C-D band grows faster than that of C=O band,
representing the phase segregation preceding the crystal-
lization. These results demonstrate that FTIR microscopy is
a powerful tool to trace the formation of different crystalline
phases, such as cocrystallization and phase segregation.
This method is applicable to various blends, including other
blends of bacterial polyesters.

It is rather amazing that the difference in the HV content
of only 2% discriminates the crystallization mechanism in
D-PHBV/PHBP blends. As possible origin of the difference
in the crystallization mechanism between D-
PHBV6/PHBP11 and D-PHBVS&/PHBP11, we discuss two
factors here. One is the difference in the molecular weight of
the component copolymers. As well known, fractionation by
molecular weight frequently occurs during the crystal-
lization of polymers [29]. In the present case, the difference
in molecular weight between D-PHBV and PHBP is
certainly large, as shown in Table 1. So, this may be a
cause of phase segregation in D-PHBV6/PHBPI11 blend.
However, the molecular weights of D-PHBV6 and D-
PHBVS are similar, so that the difference in molecular
weight cannot be a cause of the difference in the crystal-
lization mechanism between the two blends.

The other factor we should discuss is crystallization rate.
The spherulite growth rates of D-PHBV6, D-PHBV8 and
PHBPI11 decrease in this order as shown in Table 1. The
crystallization of the blends are led by the component of
faster crystallization, i.e., D-PHBV. The spherulite growth
rate of D-PHBV6 is ca. 1.5 times larger than that of D-
PHBVS. Therefore, phase segregation must proceed to
lower degree before crystallization in D-PHBV6/PHBP11
than in D-PHBVS8/PHBP11. D-PHBV6 can drag more
PHBP11 chains into crystalline phase than D-PHBVS does,
which must induce the difference in the crystallization
mechanism. In order to confirm the effect of crystallization
rate on the crystallization mechanism, the analysis of the
temperature dependence of X(1722,¢) and X (2230, t) for D-
PHBV/PHBP and PHBV/D-PHBP blends with various
combinations is now in progress and will be reported in a
separate paper.
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